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PREFACE

This report was prepared for Environment Canada, Fisheries and Oceans
Canada, the Canadian Pulp and Paper Association, and the Ontario Ministry of the
Environment, as part of their shared effort to gain an understanding of current knowledge,
concerns and monitoring techniques associated with the aquatic toxicity of pulp and paper
mill effluents. The report constitutes an objective review and evaluation of publicly
available documents and published reports that deal with this subject. The intent of the

review was to undertake a critical assessment of the literature specific to the following

topics:

. toxic constituents in mill effluents, receiving waters and sediments;

. laboratory monitoring for toxicity;

. toxic effects of mill effluents within recéiving waters;

. bioaccumulation and elimination of organic constituents in mill effluents; and,

. bioassay tests for predicting “the impact of whole mill effluents in the aquatic
‘environment. |

Each topic is considered separately in discrete chapters of the report, although
concepts and information relevant to more than one chapter are included where and as
appropriate.

The following computerized data bases were searched for relevant informa-

tion, using discrete sets of key words:

Chapter 1: ASFA, AQUALINE, BIOSIS, CEN, PAPERCHEM
Chapter 2: AQUALINE, CEN, DIALOG, ENVIROLINE, PAPERCHEM

Chapter 3: AQUALINE, BIOSIS, CEN, DIALOG, ENVIROLINE, PAPERCHEM
Chapter 4: CEN, DIALOG, ENVIROLINE, FSTA, LIFE SCIENCES, PAPERCHEM

The series of technical reports prepared by the Cooperative Pollution Abate-
ment Research (CPAR) program and the National Council of the Paper Industry for Air
and Stream Improvement, Inc. (NCASI) were searched manually, as were articles published
during the period 1979 - 1984 in the following journals: Aquatic Toxicology; Bulletin of
Environmental Contamination and Toxicology; Environmental Pollution; Environmental
Science and Technology; Journal of Fisheries Aquatic Science; Journal of the Water
Pollution Control Federation; Marine Pollution Bulletin; Pulp and Paper Canada; TAPPI;

Transactions of the American Fisheries Society; and Water Research. Listings for the
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U.S. Environmental Protection Agency's Publications Bibliography Quarterly Abstract
Bulletin (1979 to 1984) and for the B.C. Research and Environment Canada (West
Vancouver) libraries were also examined. Publicly-available reports, reprints and pre-
prints were kindly provided following personal contacts with the regional U.S. Environ-
mental Protection Agency (Seattle), the U.S. National Oceanographic and Atmospheric
Administration (Seattle), U.S. Army Corps of Engineers (Seattle), Environment Canada,
Fisheries and Oceans Canada, the B.C. Ministry of Environment, the Alberta Ministry of
Environment, the Council of Forest Industries (COFI) of British Columbia, MacMillan
Bloedel Limited and Weyerhaeuser Canada Limited; and in response to written requests
mailed to informed persons and organizations within Canada (34), the U.S.A. (59), Sweden
(18), Finland (16) and other countries (19).

Chapter 1 was written by Dr. B. McKague (B.C. Research, Vancouver) and
Chapters 2 to 5 by Dr. D. McLeay. Initial drafts of all sections were evaluated critically
by Dr. C.C. Walden (Forintek Canada Ltd., Vancouver). His substantial comments were
incorporated, as appropriate. Other comments and suggestions for revision, as provided
by the project sponsors, were considered and incorporated in our final revisions. The
interpretations and conclusions presented in this report are solely those of the authors,

and may or may not represent the viewpoints of the sponsoring agencies.



PREFACE

Le présent rapport a été préparé a l'intention d'Environnement Canada, de Péches et
Océans Canada, de I'Association canadienne des producteurs de pites et papiers et du
ministére de I'Environnement de I'Ontario dans le cadre d'un effort conjoint visant a faire
le point des connaissances, des problémes et des techniques de surveillance reliés a la
toxicité des effluents de l'industrie des pites et papiers pour la biocénose aquatique. Ce
document est A la fois une étude et une évaluation objectives des ouvrages et des rapports
publiés dans ce domaine et accessibles au public. 1l s'agit d'une enquéte bibliographique qui
juge d'un oeil critique la documentation, eu égard aux sujets suivants:
composition toxique des effluents, des eaux réceptrices et des sédiments;

. détermination en laboratoire de la toxicité de l'effluent de pites et papiers;

. toxicité de l'effluent de pAtes et papiers dans les eaux réceptrices;

. bicaccumulation et élimination des composants organiques de l'effluent de péites et
papiers;

. prévision de la toxicité de l'effluent de pites et papiers pour la biocénose aquatique au
moyen d'essais biologiques.

Chaque sujet a été traité séparément dans un chapitre du rapport, méme si les
notions de base et les données ont été reprises aux endroits appropriés lorsqu'ils
s'appliquaient a plus d'un chapitre.

On a consulté les bases de données suivantes au moyen d'un certain nombre de mots-
clés pour en retirer I'information pertinente :

Chapitre 1: ASFA, AQUALINE, BIOSIS, CEN, PAPERCHEM

Chapitre 2: AQUALINE, CEN, DIALOG, ENVIROLINE, PAPERCHEM

Chapitre 3: AQUALINE, BIOSIS, CEN, DIALOG, ENVIROLINE, PAPERCHEM
Chapitre 4: CEN, DIALOG, ENVIROLINE, FSTA, LIFE SCIENCES, PAPERCHEM

On a directement consulté les rapports techniques préparés par le CRRP et le
NCASI ainsi que les articles publiés entre 1979 et 1984 inclusivement, dans les périodiques
suivants: Aquatic Toxicol.; Bull. Environ. Contam. Toxicol.; Environ. Poll.; Environ. Sci.
Technol.; J. Fish. Aquat. Sci.; J. Water Poll. Control Fed.; Mar. Poll. Bull.; Pulp Paper
Can.; TAPPI; Trans. Amer. Fish Soc.; les Water Res. Listings préparées pour le U.S. EPA
Publ. Bibl. Quart. Abst. Bull. (1979-1984) et les bibliotheques de B.C. Research et
d'Environnement Canada (West Vancouver). On s'est procuré les rapports, les réimpres-
sions et les préimpressions accessibles au public apreés contact personnel avec les
employés régionaux de I'EPA (Seattle), de la NOAA (Seattle), du U.S. Army Corp. Eng.
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(Seattle), d'Environnement Canada, de Péches et Océans Canada, du ministére de I'Environ-
nement de la Colombie-Britannique, du ministere de I'Environnement de I'Alberta, du
COFI, de MacMillan Bloedel Limited et de Weyerhaeuser Canada Limited; certains
documents ont été obtenus aprés demande écrite aux personnes et aux organisations
pertinentes du Canada (34), des Etats-Unis (59), de la Suéde (18), de la Finlande (6) et
d'autres pays (19).

Le chapitre 1| a été rédigé par M. B. McKague (B.C. Research, Vancouver) et les
chapitres 2 a 5 par M. D. McLeay. Chaque section a été examinée par M. C.C. Walden
(Forintek Canada Ltd., Vancouver) dans sa version initiale, a laquelle on a intégré les
commentaires de ce dernier. On a également examiné et incorporé les remarques et les
suggestions formulées par les parrains du projet au moment de la rédaction définitive. Les
interprétations et les conclusions que le lecteur trouvera dans ce rapport sont celles des

auteurs et peuvent ou non représenter le point de vue des organismes parrains.
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XV
EXECUTIVE SUMMARY

Toxic Constituents in Mill Effluents, Receiving Waters and Sediments

Substantial information is available on the nature of the organic compounds
present in pulp and paper mill effluents that are potentially toxic to fish. Most of the
acute toxicity is attributed to resin and fatty acids, chlorinated phenols and, to a lesser
extent, a broad group of neutral compounds. Concentrations of resin acids, fatty acids
and chlorinated phenols in untreated and biotreated whole mill effluents are well
documented, with the exception of mechanical pulping effluents.

Levels of resin acids in untreated pulp mill effluents often exceeded lethal
limits.  Reported total concentrations in whole mill effluents ranged from 100-
25 000 ug/L in untreated kraft effluents, and from non-detectable levels to 16 000 ug/L
in untreated sulphite effluents. Untreated mechanical pulping effluents from groundwood
mills have been reported to contain from 1 300-80 000 ug/L resin acids, but information
on levels in thermomechanical (TMP) and chemi-thermomechanical (CTMP) pulping
effluent was not found in the published literature. Resin acid concentrations in untreated
paper mill effluents ranged from 420 to 8 500 ug/L.

Biotreatmént normally reduced resin acid concentrations to sublethal levels in
effluents from all mill processes. Concentrations of unchlorinated resin acids usually
decreased by 90% or more due to treatment, whereas chlorinated resin acids were more
resistant to biological removal.

Fatty acids have been reported in untreated whole mill effluents in total
concentrations ranging from 20 ug/L (sublethal) to 22 000 ug/L (above acutely lethal
levels). Biotreated effluents contained only sublethal levels of fatty acids, indicative of
their facile biodegradation.

Chlorophenolic compounds, namely chloroguaiacols, chlorocatechols and chlor-
ophenols, arising from the bleaching of pulp, were normally present at sublethal levels in
untreated whole mill effluents from bleached kraft and sulphite mills. Maximum total
concentrations were normally in the range of 1 000-2 000 ug/L irrespective of bleaching
variables. Biotreated effluents may contain up to 1 000 ug/L chlorophenols.

Recent environmental studies have provided some information on concen-
trations of potentially toxic mill effluent constituents in receiving waters and sediments.
Dehydroabietic acid was the major resin acid reported in freshwater receiving sites.

Concentrations ranged up to 1 930 ug/L in the immediate vicinity of one (Canadian) mill
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discharging untreated effluent, and decreased to background levels at a distance of 3 km.
Up to 600 ng/L dehydroabietic acid was present in receiving water 0.1 km from another
(Finnish) mill discharging biotreated effluent but levels decreased to background within a
few kilometres. Maximum detectable levels of other resin acids and fatty acids from the
same mill were usually less than 100 ug/L at a distance of 0.1 km from the mill.

The total concentration of chlorophenols measured in freshwater sampled 3 km
downstream from the nearest of three mills discharging biotreated bleached kraft effluent
to the Fraser River (B.C.) was approximately 3 ug/L. Sub-microgramn levels of specific
chlorophenolic compounds were detectable 50 km déwnstream from these millis.

No reports were found documenting levels of resin and fatty acids in
estuarine/marine receiving waters near mills. Sub-microgram levels of specific chloro-
phenols were present in estuarine/marine receiving waters near B.C. coastal bleached
kraft mills discharging untreated effluent whereas up to 2 ug/L individual chlorophenolic
compounds were present in the vicinity of similar mills in Sweden.

Dehydroabiétic acid was the major resin acid reported in either freshwater or
estuarine/marine sediment near mills. Levels ranged from 100-150 ug/g for surficial
sediments within | km of mills discharging untreated effluents, to low ug/g levels at
more distant sites. Levels of specific chlorophenols reported present in freshwater and
estuarine/marine sediment near B.C. bleached kraft mills were <0.01 ug/g whereas
surficial sediments collected within the vicinity of a number of bleached kraft mills in
Finland and Sweden often contained higher (0.02-6 ug/g) levels. Tetrachlorocatechol was
often the major chlorophenol reported in sediment, and was suggested as being a

metabolite of other chlorinated compounds such as pentachlorophenol.
Laboratory Monitoring for Toxicity of Mill Effluents

Available 96-h LCs5¢ data for juvenile rainbow trout exposed to untreated or
primary-treated (clarified) pulp mill effluents of various types indicate that these
effluents are normally acutely lethal, although dilutions of 100:1 to 20:1 or less will
eliminate this effect. Primary treatment does not appreciably increase LCj5q values, i.e.,
little reduction in acute lethal toxicity is evident due to fibre removal. No real'
difference exists for the acute lethal toxicity of unbleached, semi- or fully bleached kraft
or sulphite whole mill effluents. Similarly, the toxicity of sulphite mill effluents is not
appreciably dependent on the pulping bases (Na, Ca, Mg, NH3) employed. Mechanical
pulping effluents (stone or refiner) are somewhat more toxic than chemical pulping whole

mill effluents, with 96-h LCs5q values frequently within the range of 1-10%. Untreated or
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primary-treated newsprint or fine paper mill effluents have a generally low acute lethal
toxicity (LCsqg values 25->100%). Only scanty information is available concerning the
relative toxicity of TMP or chemi-thermomechanical pulping (CTMP) effluents, but no
marked differences from other mechanical effluents are apparent.

Secondary (aerobic microbiological) treatment is effective in reducing the
acute lethal toxicity (to fish) caused by conventional types of bleached or unbleached pulp
and paper whole mill effluents. However, the treatment system must be properly
designed and maintained, and protected from serious in-plant spills. When this is done,
most conventional secondary-treated whole mill effluent samples are non-lethal, accor-
ding to their LCsp values.

Conversion of LCsg values to toxic units and toxicity emission rates (TER)
permits direct, linearly proportional comparison of toxic concentrations and quantities,
without knowledge of the toxic constituents involved. On occasion, such calculations have
been used to provide estimates of the relative quantities of toxic material discharged
daily to the environment by one or more mills. Attempts to use the toxic unit concept to
develop a chemical approach for predicting the acute lethal toxicity of pulp mill
effluents, and to assess the relative toxic contributions of in-plant process streams, have
proven largely unsuccessful.

In addition to fish bioassays, a number of short-term (48 h or less) bioassays
with aquatic invertebrates or other non-fish organisms are now used in many countries for
measuring the acute toxicity of effluents or chemicals. Non-fish toxicity tests most
commonly employed are daphnia (freshwater) bioassays, algal bioassays and bacterial
(e.g., Microtox) assays.

Laboratory bioassay tests with daphnia are being used in Canada and elsewhere
for evaluating the acute toxicity of pulp and paper mill effluents, process streams and
effluent constituents. Besides their inherent value for assessing the toxicity of a
particular discharge towards a sensitive freshwater fish-food organism, other advantages
of daphnia bioassays include the easy culturing and maintenance of the test species,
simplicity of test apparatus, minimal effluent volume requirements, and a relatively short
test duration (48 h). The Microtox microbial assay, which requires less than one hour to
complete, is of value where the toxicity of an in-plant or final mill effluent requires
definition prior to a decision as to containment, additional treatment or discharge.
Shortcomings of the Microtox assay include a high capital cost, a periodically inconsistent
performance for differing batch-cultures of the test microorganism, and unconfirmed

(unpublished) reports of unreliable results for some pulp mill effluents. Where colour
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concentrations are high, routine corrections are essential. Although the sensitivity of
both Microtox and daphnia bioassays to pulp and paper mill effluents is, in general, similar
to that of the 96-h LCs5( rainbow trout test, tests with specific effluent samples often
show dissimilar results. The oyster larval (seawater) assay has been used infrequently in
recent years although the test appears to be sensitive to dilute concentrations of effluent
and is applicable to the early life stages of a commercially relevant marine organism.
Rapid tests for quantifying the toxicity of mill effluents to indigenous and cultured
species of freshwater and marine algae are being developed and refined.

A review of the published literature on sublethal responses of aquatic life to
acute or chronic exposure to pulp and paper mill effluents under controlled conditions
indicates that our present understanding is based primarily on studies with kraft mill
effluents and freshwater fish species. Our knowledge of sublethal effects (and median-
effect concentrations) caused by newsprint, paper mill, TMP or CTMP effluents is
extremely limited or absent altogether. Similarly, pertinent information with respect to
sulphite whole mill effluents is also sparse at best, and does not permit any cornparison of
effects and effect-concentrations attributable to the differing commercial sulphite
processes.

Brief (hours, few days) exposure of salmonid and other sensitive fish species to
dilute concentrations of untreated or primary-treated whole mill effluents above 0.05
LCsp can cause diverse sublethal responses including stress and other metabolic effects,
respiratory/circulatory effects, reduced tolerance to natural environmental variables, and
behavioural alterations (avoidance or attraction responses). More prolonged (several days,
months) exposure to these dilute concentrations of effluent under laboratory conditions
does not result in fish mortalities; however, a number of diverse sublethal effects have
been reported. Our present knowledge concerning the effects of dilute (<2%) concentra-
tions of the various types of whole mill effluents on the reproduction, development and
disease resistance of freshwater organisms is limited; such information for sensitive
estuarine and marine species is cursory at best. The effects of these effluents on
populations and communities of organisms have not been studied to any extent.

Studies conducted to date with secondary-treated pulp and paper mill effluents
indicate that, in most instances, biotreatment markedly reduces the extent of their
sublethal toxic effects. Notwithstanding, some instances of acute and chronic sublethal
effects have been reported for secondary-treated whole mill effluents at strengths <1-5%,

even though these effluents were not acutely lethal at full strength.
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The lethal and sublethal bioassay tests undertaken with samples of pulp and
paper mill effluents under controlled conditions have in most instances provided optimal
or near optimal conditions of temperature and dissolved oxygen. Available evidence
indicates that the toxicity of pulp and paper mill effluents to fish is enhanced with only
moderate declines in the dissolved oxygen content, and that acclimation/test tempera-
tures can modify the toxic responses of fish and fish-food organisms.

Certain diluent-water characteristics, namely pH and, to a lesser extent,
alkalinity/hardness, can markedly influence the toxic effects of pulp and paper mill
effluents and of the primary chemical constituents known to contribute to effluent
toxicity. This is true not only for fish bioassays but also for tests with other organisms.
The modifying effects of salinity and seawater chemistry on the toxicity of pulp and paper
effluents are not understood.

Inter- and intra-laboratory acute lethal and other bioassay results for samples
of pulp and paper mill effluents are subject to the differing conditions and procedures
employed. Besides the modifying influences of diluent-water chemistry, controlled or
uncontrolled test variables including the innate tolerance and acclimation history for the
particular population of organisms used, aeration rates, loading densities, and the degree
(if any) to which test solutions are renewed during the bioassay, may substantially affect

the findings.
Toxic Effects of Mill Effluents Within Receiving Waters

Numerous studies have examined aquatic biota within waters adjacent to
effluent discharges from pulp and paper mills for possible biological effects. Although
receiving-water studies of individual fish and fish populations have been undertaken in
Canada and abroad, the majority of surveys conducted have dealt with effects on infaunal
invertebrate or phytoplankton/periphyton communities. Most of these investigations have
not distinguished effects due to toxic effluent constituents from those caused by other
effluent characteristics (i.e., temperature, colour, salinity, nutrients, settleable and
suspended solids, pH, and oxygen demand).

Many of the reported studies have not performed concurrent water quality
monitoring for natural variables (i.e., pH, temperature, salinity, dissolved oxygen) at the
biological sampling stations, or have ignored the potential significance of their impact on
the biological findings. Other data deficiencies common to the receiving-water studies
include absent or incomplete information concerning effluent type and treatment,

effluent characteristics, and concentrations of effluent or its (toxic) constituents within
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these waters. The concurrent presence (or absence) of contaminants in receiving waters
unrelated to the mill discharges was variously reported and considered, not exam-
ined/reported, or noted without consideration of their possible biological implications.
The majority of these receiving-water studies incorporated a restricted number of
sampling stations, often confined to the immediate waters adjacent to the outfalls.
Studies that extended beyond this region normally did not attempt to determine effluent
concentration nor its pattern of mixing and dispersal in association with the biological
sampling sites.

Fish kills associated with pulp and paper mill discharges have been seldom
observed. In situ studies conducted during the 1960s and earlier identified certain poorly
flushed waterbodies that were acutely toxic to fish due to discharges of untreated mill
effluent. These waters were often found to be oxygen-deficient. Findings of fish kills are
now almost nonexistent and, when they have occurred, have been due to accidental in-
plant spills or failures of effluent treatment systems. However a few Canadian receiving
waters do contain zones adjacent to outfalls discharging untreated or primary-treated
pulp mill effluent which are still inimical to fish survival (e.g., L'Etang Estuary and
Neroutsos Inlet). These situations are caused at least in part to poor flushing rates, high
oxygen demand of the effluent and/or deposited fibre. Such localized zones of influence
are rare in Canadian receiving waters. No fish kills have been reported in any
waterbodies receiving discharges of biotreated mill effluent.

Receiving-water studies with freshwater fish have not reported any definitive
effects of untreated or treated pulp mill effluents on fish migration, avoidance,
attraction, or other responses. One study reported a decreased liver enzyme function for
rainbow trout held in cages at distances of up to 6 km from a mill discharging biotreated
bleached kraft whole mill effluents (BKME). There are no other reports of biochemical or
physiological changes for indigenous freshwater fish or those exposed experimentally to
receiving waters. No receiving-water studies designed to examine the influence of mill
effluent on reproduction, development or the disease resistance of freshwater fish have
been found in the published literature. Surveys of fish distribution in Canadian or U.S.
rivers receiving biotreated pulp and paper mill discharge have not identified any changes
in downstream waters. Similar surveys for lakes or rivers receiving untreated or clarified
effluents have indicated, variously, either increased fish abundance for waters proximate
to the outfall, or a decreased yearly abundance associated with a combination of
suspected causes includling these discharges. Surveys of freshwater benthic macroinverte-

brates have revealed numerous instances where species abundance and diversity have been
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modified, often markedly and for considerable distances downstream, by the discharge of
untreated or clarified mill effluents. Similar changes have not been reported for mills
with effective secondary treatment of effluent prior to discharge. The changes in
invertebrate communities that have been noted for waters receiving untreated or clarified
discharges were frequently attributed to fibre deposits and oxygen-deficient waters.
Surveys of phytoplankton and zooplankton communities in Canadian freshwaters adjacent
to pulp mill outfalls have been somewhat limited, although effects, reported due primarily
to effluent nutrients and colour, have been noted. Finnish studies indicate that significant
toxic effects on indigenous planktonic communities can be anticipated in instances where
untreated mill effluents are discharged to waters with limited circulation and flushing.
Fish studies conducted within estuarine or marine receiving waters have
largely ignored examinations for histological, biochemical or physiological changes
associated with mill discharges. For the limited surveys of fish condition or performance,
findings have been equivocal and confounded by possible disease problems. Worthwhile
studies of the possible influence of pulp mill discharges on the disease resistance of
indigenous fish frequenting these waters have been extremely limited in number.
However, isolated observations of increased incidences of liver lesions, gill parasites, and
skin mucosal bacteria have been recently reported. Changes in the horizontal or vertical
distribution of adult salmon migrating upstream through estuarine waters receiving
untreated pulp mill effluent have been reported in two instances, although migration
apparently was not impeded significantly. In situ behavioural studies have shown
convincing evidence for the avoidance by certain salmonid fish species of untreated BKME
and sulphite whole mill effluent (SME) introduced to surficial marine waters at two B.C.
coastal sites. The contribution of toxic constituents to this response was unclear, as
dissolved oxygen values in these surface waters were also depressed. The effects of mill
discharges on populations of fish frequenting marine or estuarine waters adjacent to
coastal mill outfalls have received only limited attention. Decreased fish abundance has
been shown for waters within two regions where the dispersal of untreated or clarified
effluent was poor and acutely lethal conditions prevailed in surface waters. Surveys of
Pacific oysters have found decreased condition factors and increased numbers of abnormal
or dead larvae exposed to coastal waters receiving untreated or primary-treated effluent.
As with freshwater sites, numerous studies have found a decreased abundance and
diversity of benthic macroinvertebrate communities in estuarine or marine waters at
variable (and in some cases, appreciable) distances from mills discharging untreated or

primary-treated pulp and paper mill effluents. Fibre deposits, in some cases associated
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with hypoxic bottom conditions, appeared to be responsible in most instances. Light-
dependent productivity of marine/estuarine phytoplankton has been shown to be depressed
in some receiving waters due to effluent colour, although compensatory mechanisms may

negate any real influence. Zooplankton have seldom been examined.
Bioaccumulation and Elimination of Organic Effluent Constituents

Current knowledge concerning the bioaccumulation and retention in aquatic
life of pulp mill effluent constituents is sparse. For those constituents examined to date,
data have related primarily to freshwater fish.

A number of laboratory studies have demonstrated that dehydroabietic and
other resin acids can accumulate to an appreciable extent in certain tissues (blood plasma,
liver, kidney, brain) of fish exposed to pure chemicals or to dilute strengths of BKME;
although their accumulation in muscle tissue is low. The bioaccumulation of resin acids
(pimaric, isopimaric, dehydroabietic and neoabietic) in liver and plasma of resident/caged
freshwater or estuarine fish and in estuarine clams collected from waters receiving
untreated pulp and paper mill effluents has also been demonstrated. Unchlorinated resin
acids have been shown to accumulate rapidly (within two days) in certain tissues of
exposed fish, but steady-state tissue concentrations due to prolonged exposures have not
been ascertained. Rates for clearance of accumulated resin acids from specific tissues
are also unknown, although resin acids accumulated in fish appear to be eliminated rapidly
(within a few days) by their conjugation (detoxification) in the liver and excretion in the
bile.

The bioaccumulation of chlorinated resin or fatty acids in aquatic organisms
exposed to bleached pulp mill effluent in the laboratory or in receiving waters has, to our
knowledge, not been studied. The uptake and elimination by aquatic life of fatty acids
associated with effluent discharges also has received little attention.

Controlled bioaccumulation studies conducted with the chlorinated phenolic
compounds known to be present in treated and untreated bleached whole mill effluents
(trichlorophenol, tri-and tetrachloroguaiacol, chlorocatechols) indicate that these chemi-
cals can accumulate in exposed organisms. The degree to which these chemicals can be
taken up and stored in tissues of freshwater or estuarine/marine organisms is presently
unclear, although the limited data available suggest a greater potential for accumulation
of chloroguaiacols than that for chlorocatechols or di/trichlorophenol. Both the
accumulation and subsequent excretion of tri- and tetrachloroguaiacol can occur rapidly

(within one day).
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Laboratory studies with fish exposed for one to eight weeks to dilute (2-2.5%)
concentrations of kraft bleach plant or bleached whole mill effluents have demonstrated
that appreciable quantities of trichloroguaiacol and, to a lesser extent, trichlorophenol
and tetrachloroguaiacol can accumulate in fish livers or whole bodies. Subsequent
transfer of exposed fish to uncontaminated water resulted in the clearance of these
compounds within three weeks.

A limited number of field investigations have reported elevated levels of
trichlorophenol, tri- and tetrachloroguaiacol in fish and shellfish captured within the
vicinity of sulphite and/or kraft mills producing bleached pulp. For a number of
freshwater, estuarine and marine sites downstream of untreated (freshwater, estuar-
ine/marine) or treated (freshwater) mill discharges, the accumulations of trichlorophenol,
trichloroguaiacol and/or tetrachloroguaiacol in fish liver tissue were significant, whereas
concentrations of specific chlorophenolic compounds measured in fish muscle tissue or in
whole-body tissues of shellfish were below the limit of detection or present only in trace
quantities. Of the chlorophenolic compounds examined in field specimens, tissue
concentrations of trichloroguaiacol were often highest. Results from one survey of a
variety of freshwater species provided a limited indication that chloroguaiacols were bio-
magnified in higher food-chain organisms; however, confirmatory evidence is still
required.

The biocaccumulation in fish of tri- and tetrachloroveratrole, two metabolites
formed by the bacterial methylation of tri- and tetrachloroguaiacol, has been recently
reported. Bioconcentration factors for each of these metabolites were high (several
thousand), although each was cleared rapidly from fish tissues following their transfer to
uncontaminated water. Accumulations of each metabolite were identified in liver and
muscle-fat extracts from three species of estuarine fish captured in waters receiving
discharges from bleached pulp mills.

The bioaccumulation of other organic constituents of pulp and paper mill
effluents in aquatic life has not been examined to any extent. Certain chemicals
(chlorobenzenes, chlorocymenes, chloroform, chloroethylenes, monoterpenes) have been
identified in tissues of freshwater or estuarine/marine fish caught adjacent to waters
receiving pulp and paper mill effluents. However, for a number of reasons these findings
are suspect: similar tissue concentrations were reported in certain instances for speci-
mens from more remote sites (chlorobenzenes, chlorocymenes, chloroethylenes); efflu-
ent/water concentrations of these constituents were not determined (terpenes, chloro-

form, chlorocymenes); or data were not developed for reference sites (chloroform).
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Reports of off-flavours for edible aquatic life frequenting waters receiving
pulp and paper mill effluents have been related primarily to freshwater fish. Many of
these studies failed to demonstrate that the mill discharge was the cause. Evidence for
off-flavours attributable to mill discharges was restricted to waterbodies where effluent
mixing and dilution was minimal.

Reported evaluations of flavour impairment for commercially relevant aquatic
species exposed experimentally to pulp and paper mill effluents were limited to studies
with freshwater fish. Those investigations demonstrated that fish off-flavours can result
from brief (one to seven days) exposure to unbleached or bleached kraft whole mill
effluent. One study showed that significant off-flavours were caused by only one-hour
exposure to dilute (0.5-1% untreated; 3-8% treated) BKME. Biotreatment of effluent
reduced but did not eliminate its tainting propensity. Off-flavours in fish exposed to
whole mill effluents or foul condensate were lost within a few days following transfer to
fresh water. Little information was available concerning fish (or shellfish) tainting,
attributable to sulphite whole mill effluents; and no flavour-evaluation data were found
for mechanical, thermomechanical or paper mill effluents. Flavour-evaluation tests with
mill process effluents indicated that dilute (<1%) concentrations of sulphite waste liquor
or kraft condensates could taint fish, whereas kraft bleach plant and paper machine
effluents were less involved.

The known or suspected contribution of specific effluent constituents to fish
off-flavours was reviewed. Di- and trichlorophenol have reportedly caused tainting at
strengths as low as 0.0l ug/L. Resin acids, organosulphur compounds, terpenes and
cymenes have been proposed as potential off-flavour sources, although proof is lacking.
No information was found concerning the contribution (if any) of chloroguaiacols or

chlorocatechols to off-flavours in fish or shellfish.
Bioassays for Predicting the Toxicity of Mill Effluents Within the Aquatic Environment

The capability of a single-species (e.g., rainbow trout) acute lethal bioassay to
predict the toxic environmental consequences of a whole mill effluent is limited. The
LCsq bioassay is of limited sensitivity for evaluating the level of toxicity in an effluent
under standardized conditions. This bioassay cannot predict any toxic (sublethal) effects
which may be caused by the discharge of typical (non-lethal) biotreated pulp and paper
mill effluents, nor can this test predict the long-term consequences for indigenous aquatic
species exposed briefly or for extended periods to sublethal concentrations of mill

effluent within receiving waters. Nonetheless, instances have been documented where
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acute lethal bioassays have accurately predicted environmental improvement associated
with decreased effluent toxicity (e.g., following the installation of biotreatment facili-
ties); or toxic (lethal) environmental effects associated with mill effluents that are
atypically high in toxicity and/or discharged to receiving waters where mixing and dilution
are minimal.

Application factors have been derived for laboratory LCsqg values in order to
predict effluent concentrations within receiving waters which would not cause any toxic
(sublethal) effects of consequence. This approach has merit when based upon extensive
relevant sublethal data derived for the effluent type, receiving-water type, and fisheries
resource in question (e.g., kraft mill effluent, freshwater and salmonid fish), together with
a knowledge of effluent strengths within receiving waters. Such data could be derived on
a site-specific basis, using the species of concern for extensive sublethal evaluations in
conjunction with LCs5q bioassays, and deriving an application factor accordingly. Such an
approach is, however, unwieldy and depends on the correlation between acute lethal data
and sublethal effects.

Acute lethal bioassays conducted in situ or with receiving-water samples can
assess whether proximate waters receiving untreated mill discharges may cause short-
term mortalities of sensitive indigenous aquatic life (e.g., oyster larvae or early life
stages of other invertebrates or fish species). However, many such studies conducted to
date have yielded erroneous results due to poor experimental designs or sampling
strategies.

A number of sensitive, acute sublethal bioassay tests with fish or aquatic
invertebrates (e.g., oyster larval assays for developmental anomalies; stress bioassays;
tests for metabolic dysfunctions; avoidance/preference behavioural bioassays) have been
developed and applied to pulp and paper mill effluents and receiving waters or samples
thereof. These tests are promising tools for assessing treatment efficiency and residual
(sublethal) toxicity of treated whole mill effluents, as well as the toxic zone of influence
within receiving waters of untreated, partially or fully treated discharges. The utility of
on-line, fully automated early warning systems which continuously monitor physiological
responses of fish to untreated (diluted) or treated pulp mill effluents is presently being
evaluated and shows promise due to their sensitivity, continuous nature and built-in alarm.
The automated Microtox test can also provide an early warning of atypically toxic
effluents, although this test is relatively insensitive and cannot detect any residual

(sublethal) toxicity.
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The use of chronic sublethal bioassay tests for assessing pulp mill effluents and
receiving waters is necessary where concerns exist with respect to the long-term well-
being of effluent-exposed organisms. Such concerns include possible influences on
development, growth, reproduction, disease resistance/induction, and long-term survival.
Complete and partial life-cycle studies with fish and aquatic invertebrates (e.g., daphnid
species) have been and are continuing to be developed for this purpose. Sensitive
organisms with rapid rates of growth and reproduction are available which permit these
bioassays to be completed within one or two weeks, thus enabling their more routine
application at reasonable cost. Other promising but seldom-used approaches for antici-
pating the toxic environmental consequences of mill effluents and their potential zone of
effect include histological/physiological examinations of transplanted shellfish held in
receiving waters at various distances from the mill outfall; benthos studies of larval
settlement, survival and growth on artificial substrates positioned at appropriate sites;
and multiple-species microcosm tests with dilute effluents and receiving-water samples
for population and community effects. These latter approaches are research-oriented and
need further development and refinement before their routine application is realized.

Toxicity bioassays with samples of mill effluent or receiving water cannot
accurately predict the combined impact (due to other effluent characteristics besides
toxicity) of mill discharges on fish habitat. Other techniques, including bioassays and
chemical analyses of bottom sediments, substrate settlement studies and receiving-
water/sediment surveys, have been employed successfully to evaluate the toxicity of
effluent-contaminated sediment and the extent to which fish habitat may be affected.

Bioassays which determine the degree to which specific effluent constituents
may accumulate in fish or shellfish tissues can forecast the likelihood of their uptake by
indigenous organisms. Similarly, such studies can assess the biotransformation of effluent
constituents, their partitioning into specific tissues, and their rate of elimination upon
transfer of the organisms to effluent-free water. Available evidence from these uptake
studies and from field surveys indicates little or no accumulation in edible tissues (e.g.,
fish muscle or shellfish soft tissues) for any of the effluent constituents examined to date.

The presence of significant off-flavours in edible fisheries products due to the
presence of dilute pulp mill effluent in receiving waters can be predicted or verified by a
combination of laboratory or in situ bioassays and taste panel evaluations. This proven
but unwieldy approach enables a distinction as to the causative agent(s) (natural or

otherwise) which may taint indigenous fish or shellfish species, and provides a means for
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identifying specific effluent constituents and processes which are likely to contribute to
off-flavours.

Current methods and strategies adopted by industrialized countries to monitor
the toxicity of effluents and receiving waters were reviewed. An integrated approach,
using a battery of appropriate bioassay tests together with effluent dispersal and water
quality studies, while surveying individuals and populations of commercially relevant
species for effect, is the most promising. Such studies are currently underway in Sweden,
Finland and the U.S.A., and their findings should be timely and enlightening. As with
these other countries, Canadian scientists and environmental regulatory personnel recog-
nize the need for ecotoxicological bioassays to forecast and monitor the toxic environ-
mental consequences of effluent discharges. A number of test procedures have been
established within Canada and elsewhere for this purpose; others are being developed or

require research and confirmation before routine application.

Conclusions
1. Toxic Constituents in Mill Effluents, Receiving Waters and Sediments
1.1 The nature of materials responsible for the acute lethal toxicity of conven-

tional pulp and paper mill effluents to fish is well documented. Resin and
fatty acids, derived from the wood furnish, and chlorophenolic compounds,
derived from pulp bleaching, are the major materials responsible.

1.2 Levels of resin acids in untreated whole mill effluents often exceed concentra-
tions reported to be acutely lethal to fish. Fatty acids are rarely present at
lethal levels in untreated effluents. Biotreatment of conventional (kraft,
sulphite, paper mill) effluents normally reduces levels of resin and fatty acids
to sublethal levels.

1.3 Chlorophenols are normally present at sublethal levels in untreated whole mill
effluents but remain significant components of biotreated effluents because of
their resistance to biodegradation. Manipulation of bleaching cycles or partial

" substitution of chlorine by chlorine dioxide does not significantly reduce levels
of chlorophenols in final mill effluents.

1.4 Non-acidic compounds, such as chloroform and the chloromethyl sulphones,
are not present at acutely lethal levels in untreated or biotreated whole mill
effluents.

1.5 Published data on concentrations of potentially toxic compounds in final
discharged effluents from mills employing mechanical, TMP, CTMP and other
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ultra high-yield pulping processes are notably lacking and their analysis needs
to be addressed.

In terms of their potential environmental impact, the levels of all toxic
chemicals in final discharged mill effluents need to be kept in perspective with
respect to discharge volumes, a consideration beyond the scope of this review.
Of the naturally occurring resin acids present in high concentrations, dehydro-
abietic acid is the most persistent and is probably detectable in water and
sediment near most mills, particularly where effluents are not biotreated.
Traces of other resin acids are also likely detectable in the receiving
environment, although in appreciably lesser amounts.

A variety of chlorophenols are present in receiving waters and sediments near
mills discharging both untreated and biotreated effluents. Although only trace
levels are normally detectable, the discharge of sublethal levels of the more
environmentally persistent chlorophenols is potentially of more concern than
the discharge of lethal levels of rapidly degradable resin and fatty acids,
because more stable materials might accumulate or otherwise exert sublethal
toxic effects while being widely dispersed.

Information is needed on the environmental fate of high molecular weight
effluent constituents such as chlorolignin, as these may degrade to lower
molecular weight, potentially toxic chlorophenol derivatives.

More knowledge is required concerning the environmental dispersal patterns

for persistent mill-derived chlorophenolic compounds.
Laboratory Monitoring for Toxicity of Mill Effluents

The LCs( bioassay using rainbow trout and other sensitive aquatic organisms is
a useful laboratory test for monitoring one aspect of the toxicity of pulp and
paper mill effluents, i.e., to determine if the effluent sample is acutely lethal
to these organisms and at what threshold (median effective) concentration.
The results derived from this bioassay are quantitative only insofar as they are
viewed with respect to the test conditions and procedures employed. Although
certain test variables have been standardized in recent years, others have not
and the bioassay results are subject to their influence.

The toxic unit concept permits calculation of toxicity emission rates. These
values, derived from LCs5q and effluent flow data, are useful for providing

estimates of the quantity of (acutely) toxic material discharged daily to the



2.4

2.5

2.6

2.7

2.3

2.9

XXix

environment at one or more mill sites. As with the LCsq, the numbers derived
are not absolute and are relative to the specifics of the bioassay test.
Inasmuch as the toxic contributions of chemical constituents and individual
mill process effluents are not consistently additive in effect, chemical assays
are an unsuitable substitute for bioassays. The application of toxic units in
these contexts is limited accordingly.

Rapid bioassay tests using daphnia or Microtox, although no more sensitive
than LC5(Q tests with rainbow trout, offer a number of specific advantages and
are amenable to assessments by researchers or mill personnel of modifications
in effluent toxicity due to process changes, in-plant spills and altered
treatment systems. These and other rapid toxicity tests (e.g., algal toxicity
tests) using aquatic invertebrates or microorganisms should, however, be used
to complement rather than replace fish bioassays.

The 48-h oyster larval bioassay should be re-examined to evaluate its relative
sensitivity, reliability and worth for monitoring the acute toxicity of coastal
mill discharges.

Further development of rapid toxicity tests with freshwater, estuarine and
marine species of phytoplankton is desirable. Algal tests designed for
monitoring effluent toxicity must be capable of distinguishing this effect from
those caused by effluent colour or nutrients.

The LCsq fish bioassay is inappropriate for monitoring the residual (sublethal)
toxicity of biotreated mill effluents and receiving waters, which in most
instances are not acutely lethal to the test organisms. A number of rapid
sublethal fish bioassays are now available and have proven useful (freshwater
only), but the development of additional quantitative sublethal bioassays using
freshwater, estuarine and marine organisms characteristic of those within our
receiving waters is warranted.

A substantial amount of information exists concerning the acute lethal and
sublethal toxic effects on freshwater-acclimated fish of exposure to untreated
or primary-treated bleached and unbleached kraft and sulphite whole mill
effluents under controlled conditions. Dilution of these effluents to concen-
trations equivalent to 0.05 of the samples' 96-h LCs5¢ values eliminates the
known physiological/biochemical reactions, although behavioural responses

may still be evident.
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Basic information is required regarding the toxicity and toxic effects caused
by TMP and CTMP effluents, treated and untreated.

Insufficient data exist concerning the acute and chronic sublethal effects on
fish and other aquatic life of exposure to dilute concentrations of biotreated
whole mill effluent under controlled conditions.

Our knowledge of the influence of both untreated and treated whole mill
effluents on the early developmental life stages of sensitive aquatic organ-
isms, their reproduction and disease resistance is deficient. So too is our
understanding of toxic effects and their significance at the population and
community levels of organization. These information gaps should be given
serious attention.

Laboratory (research) bioassays performed to investigate the extent to which
specific effluent types may be deleterious to aquatic life should include
testing under variable conditions of temperature and dissolved oxygen which
typify the ranges characteristic of our receiving waters.

Laboratory or on-site controlled bioassays conducted with the intent of
assessing the potential biological impact of a mill discharge within a particular
receiving Water, should use the receiving water source, taken upstream of the

mill discharge, as the diluent water.
Toxic Effects of Mill Effluents within Receiving Waters

The vast majority of receiving-water studies conducted to date do not
distinguish biological effects due to toxic effluent constituents from those
caused by other effluent characteristics (e.g., colour, temperature, salinity,
nutrients, oxygen demand, solids content). Such a distinction is necessary to
discern the necessity for the controlled removal of toxic constituents from an
effluent.

Very few of these receiving-water studies have attempted to define the toxic
zone of influence caused by a mill discharge.

The demonstration of biological effects within receiving waters, associated
with mill discharges, does not necessarily mean that the responses noted are
deleterious to the environment.

The preponderance of receiving-water studies associated with pulp and paper
mill discharges have examined biological changes in communities of benthic

invertebrates, phytoplankton and periphyton. Although many site-specific
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instances of effects have been demonstrated, few if any of these studies have
shown that these changes resulted in adverse effects on fisheries resources.
Instances where significant environmental effects on aquatic life have been
demonstrated are normally associated with pulp and paper mills discharging
untreated or primary-treated effluent into poorly flushed waters with limited
capacities for dilution and dispersal.

No studies have been found which show conclusive evidence of significant
toxic effects within receiving waters which are attributable to typical
biotreated mill effluent.

Reported receiving-water effects pertinent to the commercial fisheries in-
clude lethal (in exceptional cases only) and (in some instances) sublethal
effects in captive fish; isolated findings of increased frequencies of fish liver
lesions, gill parasites and skin mucosal bacteria; and observations of toxic
effects in oysters. The frequency with which such effects occur, the (toxic)
zones of influence and the relevance of these effects to exposed f{fish
populations have yet to be ascertained for our waters.

Loss of habitat associated with fibre deposits, although a real and significant
environmental impact at many receiving-water sites, is not related to effluent
toxicity per se.

Application of the findings reviewed in this chapter to other discharge
situations is, in most instances, vitiated by a lack of definition of effluent
type, quality and treatment; effluent dispersal patterns and receiving-water

concentrations; and/or the characteristics of the receiving waters.
Bioaccumulation and Elimination of Organic Effluent Constituents

Our present knowledge concerning the extent to which specific (toxic) effluent
constituents bioaccumulate in exposed freshwater, estuarine or marine organ-
isms is limited.

At the present time, we don't know at what level the concentration of any
effluent constituent accumulated in fish or other aquatic life poses a threat to
that organism (or to a commercial fishery resource), nor do we have any
proven techniques for making such assessments.

Controlled-exposure studies with kraft bleach plant or whole mill effluents and
with toxic effluent constituents show that unchlorinated resin acids, certain

chlorophenolic compounds (di- and trichlorophenol, tri- and tetrachloro-
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guaiacol, chlorocatechols) and chlorinated guaiacol metabolites (tri- and
tetrachloroveratrole) can rapidly (days, weeks) accumulate in liver and certain
other (fatty) tissues of fish and shellfish.

The elimination (clearance) from tissues of these compounds, following the
transfer of exposed organisms to uncontaminated water, appears to be rapid
(days).

The relative potential for bioconcentration of these effluent constituents has
not been established, although available data for the chlorinated compounds
suggest tetrachloroveratrole > trichloroveratrole > trichloroguaiacol > tetra-
chloroguaiacol > di/trichlorophenol > chlorocatechols.

The distribution (partitioning) of accumulated chemicals in the various fish
tissues has not been studied intensively. Laboratory data indicate highest
accumulations in liver and fatty tissues, with appreciably lesser (or undetect-
able) concentrations in muscle or whole-body tissues.

The limited number of field surveys of bioaccumulated effluent constituents in
aquatic biota provide evidence that unchlorinated resin acids, chlorophenolic
compounds and certain biodegradation products (chloroveratroles) can, in
instances where effluent mixing and flushing is poor, accumulate in fish and
shellfish. As with the laboratory findings, the results of these (freshwater,
estuarine and marine) surveys indicate appreciably greater accumulations in
fish liver than in muscle or whole-body tissues (where concentrations are
frequently below the limits of detection).

The interrelationships between bioconcentration of effluent constituents and
effluent type, treatment and receiving-water concentrations are presently
unknown.

There is a need for more (comprehensive) field surveys to examine the degree
of accumulation of effluent constituents (and metabolites) in exposed aquatic
life. Additionally, more laboratory investigations should be undertaken which
determine the bioconcentration potentials, elimination rates, mechanisms for
detoxification/excretion and associated toxic effects for the known toxic pulp
and paper mill effluent constituents and metabolites.

For fish and shellfish species exposed for a sufficient period (hours, days) to
pulp mill effluent in waters with minimal mixing and dilution (i.e., effluent

strengths >1%), off-flavours in edible portions are possible.
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Evidence suggests that off-flavours imparted by mill effluents are rapidly
eliminated following movement by the fish to clean water.

The few comparative flavour-evaluation studies conducted in the laboratory
with treated and untreated samples of unbleached and bleached kraft whole
mill effluent indicate that conventional biotreatment reduces the effluents'
tainting propensity.

Flavour-evaluation studies, conducted in conjunction with chemical analyses of
edible tissues, offer promise but have not yet identified the effluent constitu-
ents responsible for tainting.

No obvious relationship exists between effluent toxicity and off-flavours in
fish or other edible aquatic life.

Bioassays for Predicting the Toxicity of Mill Effluents in the Aquatic
Environment

The acute lethal bioassay test with rainbow trout is severely limited as a (sole)
laboratory procedure for predicting the toxicity of pulp and paper mill
effluents in the aquatic environment.

The applicability of this (and other) freshwater biocassay(s) to estuarine and
marine environments has not been demonstrated.

The predictive worth of acute lethal bioassays is restricted because they
cannot measure potential acute sublethal toxic effects nor assess long-term
toxic effects due to either brief or prolonged exposures.

The value of acute lethal bioassays in predicting the likelihood of short-term
lethal toxic effects on aquatic life frequenting the receiving waters can be
enhanced by the selection of appropriate test species (for freshwater, estu-
arine or marine discharges), use of multiple species, and use of the receiving
water as the diluent for the tests.

Meaningful site-specific predictions of toxic environmental effects, based on
laboratory (lethal or sublethal) bioassays, cannot be made without worthwhile
estimates of (seasonal) concentrations of effluent in the receiving waters.
Conventional laboratory bioassays with mill effluents cannot predict toxic
effects due to possible toxic metabolites formed during effluent degradation.
A number of reasonably rapid and sensitive sublethal bioassays are now
available for monitoring the toxicity of treated or untreated mill effluents and

receiving waters to fish and other (lower) aquatic life under controlled
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laboratory conditions and on-site. The worth of these promising bioassays in
predicting the toxicity of mill discharges to indigenous aquatic life and
defining possible toxic zones of influence within receiving waters remains to
be proven.

Some of the more promising (predictive) aquatic bioassay tests/approaches
include automated on-line physiological monitoring (fish) systems; acute stress
bioassays; tests for metabolic dysfunctions and activation of detoxification
mechanisms; behavioural assays; histopathological examinations; tests for
developmental anomalies (e.g., oyster larval assay); partial or complete life
cycle studies with selected aquatic species (e.g., daphnia); and multiple-
species microcosm tests.

Toxicity tests with samples of mill effluent or receiving water cannot predict
with any accuracy the extent to which a particular discharge may affect fish
habitat. Such predictions require the inclusion of appropriate sediment
bioassays in conjunction with the appropriate chemical analyses of sediments
and overlying waters.

The ability of laboratory and in situ bioassay tests to predict the potential for
bioconcentration in indigenous aquatic life of specific (toxic) mill effluent
constituents has been demonstrated. So too has the application of a
combination of controlled-exposure bioassays and organoleptic (flavour
evaluation) studies for predicting the potential off-flavours in edible aquatic
life due to mill discharges.

An integrated approach which includes a battery of sensitive effluent and
receiving-water bioassay tests and test organisms appropriate to the receiving
environment is now being applied (in various manners) by Sweden, Finland and
U.S.A. in order to examine their capabilities for predicting and monitoring the
toxic environmental effects of pulp and paper mill discharges. This approach
offers considerable promise, although findings (as yet unavailable) from these
comprehensive studies deserve our review to evaluate their predictive worth.
Assurance that this ecotoxicological bioassay approach can usefully predict
the toxic environmental impact of mill discharges requires concomitant
surveys of receiving-water quality, effluent dispersal and concentration, and
the condition and abundance of populations of commercially relevant fish,
shellfish and fish-food organisms at various sites adjacent to and distant from

the outfalls.
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LIST OF ABBREVIATIONS

AABT
ADt
AL

AS
BCF
BKME
BPE
BSME
BW
ClyC
Cl3G
ClyG
ClpP
Cl3P
ClyP
CF
COFI
CPPA
CPAR

CTMP
DDMS
DDT
DHA
ECs0

EPA
EPS
Fw

ISO
km
KME

algal assay bottle test

air-dried ton(ne)

aerated lagoon

activated sludge

bioconcentration factor

bleached kraft whole mili effluent
bleach plant effluent

bleached sulphite whole mill effiuent
brackish water

tetrachlorocatechol
trichloroguaiacol
tetrachloroguaiacol

dichlorophenol

trichlorophenol

tetrachlorophenol

continuous-flow bioassay

Council of Forest Industries of British Columbia
Canadian Pulp and Paper Association

Committee for Pollution Abatement Research (Environment Canada,
Ottawa, Ontario)

chemi-thermomechanical pulping effluent
dichlorodimethylsulphone
dichlorodiphenyltrichloroethane
dehydroabietic acid

effective concentration causing a response for 50% of test
organisms '

Environmental Protection Agency (U.S.)

Environmental Protection Service (Environment Canada)
freshwater

gram

hour

International Organization for Standardization
kilometre

kraft whole mill effluent
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mg
Mg~
mL
MPE
Na~
NCASI

ng
NOAA
NSSC
°/oo
02
QECD

PCB
PME

SME
SS
SW
TEF
TER
TMP
TU

Hg
UKME
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litre

(lethal) concentration causing the death of 50% of test
organisms

milligram

magnesium-based sulphite pulping
millilitre

mechanical pulping effluent
sodium-based sulphite pulping

National Council of the Pulp and Paper Industry for Air and
Stream Improvement, Inc. (New York, NY)

nanogram
ammonia-based sulphite pulping

National (U.S.) Oceanic and Atmospheric Administration
neutral sulphite semi-chemical pulping

parts per thousand

oxygen

Organization for Economic Cooperation and Development
(International)

polychlorinated biphenyl

pulp mill effluent

static bioassay

sulphite whole mill effluent
semi-static (periodic renewal) bioassay
seawater

toxicity emission factor

toXicity emission rate
thermomechanical pulping effluent
toXic unit

microgram

unbleached’ kraft whole mill effluent

U.S. (USA) United States of America

USME

v/v

unbleached sulphite whole mill effluent

volume/volume
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GLOSSARY
Abiotic - devoid of life.

Acclimate - To become physiologically adapted to one or more environmental variables,
usually under controlled laboratory conditions.

Acidic Fraction - Alkali-soluble organic constituents of pulp and paper mill effluent.
Acute Toxicity - A relatively short-term lethal or sublethal effect, usually defined as
occurring within four days for fish and macroinvertebrates and shorter times for smaller

organisms.

Algae - A group of aquatic plants, variously one-celled, colonial or filamentous,
containing chlorophyll and/or other pigments and having no vascular system.

Algal Blooms - Proliferations of algae (microscopic aquatic plants containing chlorophyll
and/or other pigments; variously one-celled, colonial or filamentous) within water.

Anadromous - Fish (e.g., certain salmonid species) which spend their early life stages in
freshwater, enter the sea for a period of active feeding and growth, and return to
freshwater to spawn.

Anoxic - Devoid of oxygen.

Anthropogenic - Of human origin; caused by man.

Aquatic - Growing, living in or frequenting water; occurring or situated in or on water;
analagous to "terrestrial" for the case of land.

Aquatic Ecotoxicology - The science of the integrated assessment of toxic aggression on
all biological communities of the environment.

Aquatic Toxicology - A study of the effects of toxic substance(s) on a target freshwater,
estuarine or marine species.

Bacteria - Microscopic unicellular organisms, living singly or in columns within (in this
instance) the aquatic environment.

Benthic - Inhabiting the bottom of streams, lakes or oceans.

Bioaccumulation - The uptake and storage in tissues of an aquatic organism of a chemical
from the diet and/or the surrounding water.

Bioassay - The use of an organism or part of an organism as a method for measuring or
assessing the presence or biological effect of one or more substances,wastes or
environmental factors under defined conditions.

Bioconcentration - The accumulation in an aquatic organism of a chemical taken up
directly from the water.
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Bioconcentration Factor (BCF) - A constant of proportionality between the concentration
(wet weight) of the chemical in the aquatic organism (Cy) and the water (Cy), as follows:
Co = CW x BCF.

Biomagnification - The accumulation in an aquatic organism of a chemical taken up
through diet (via the food chain).

Brackish - Describes water having a salinity within the range of 0.5 to 17 o/oo (parts per
thousand).

Carcinogenic - Able to cause cancer.

Chronic Toxicity - Long-term effects that may be related to changes in growth,
metabolism, reproduction, disease resistance and death. Often signifies effects occurring
over periods of at least one tenth of the life span of the organism.

Condition Factor - A measure of the plumpness or fatness of aquatic organisms. For
oysters, values are derived based on the ratio of the soft tissue dry weight to the volume
of the shell cavity.

Continuous-Flow Bioassay - Bioassay in which the solution to which the organism is
exposed is replaced continuously in the test chamber at a controlled rate for the duration
of the test. Also called a flow-through bioassay.

Crustacean - A class of mostly aquatic organisms having an outer skeleton ("exoskeleton")
composed of chitin (nitrogenous polysaccharide). It includes daphnia, crabs, lobsters,
shrimps and barnacles.

Daphnia - A freshwater micro-crustacean found in ponds, lakes or streams. Sometimes
referred to as water fleas. Genus Daphnia.

Demersal - Being or living near bottom waters.

Effluent - Waste material (liquid and suspended solids) discharged into the aquatic
environment.

Epibenthic -~ Aquatic organisms living on or just above the surface of bottom sediments.
Epidemiology - The field of science dealing with the relationships of the various factors
which determine the frequencies and distributions of a disease or a physiological state in a

human community.

Epifaunal - Animals living on or just above the surface of the bottom sediment of fresh,
estuarine or marine waters.

Estuarine - Residing or situated in a semi-enclosed coastal body of water which has a free
connection with the open sea and within which seawater is measurably diluted with
freshwater derived from land drainage.

Fauna - The animal life present in fresh, estuarine or marine waters.

Fecundity - Ability to produce offspring rapidly and in large numbers.
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Gonopodium - An elongation and modification of the anal-fin rays of certain male fish
species, used to facilitate copulation.

Halocline - A vertical salinity gradient within a body of water that is greater than the
gradients above and below it.

Hematocrit - Packed volume, following centrifugation, of circulating blood cells;
expressed as a percentage of the whole blood volume. Values correspond primarily to
erythrocyte (red blood cell) content.

Hypoxic - Oxygen deficient.

Indigenous - Belonging/found naturally in a particular body of water.

Infaunal - Invertebrate organisms living within the bottom sediment of fresh, estuarine or
marine waters.

Lacustrine - Pertaining to a lake, or from a lake environment.
Lesion - Any pathology of tissue.

Leucocrit - Packed volume, following centrifugation, of circulating white blood cells
(leucocytes), expressed as a percentage of the whole blood volume.

Lethal Toxicity - Causing or able to cause death by direct action.

Lignin - Naturally occurring phenolic polymer found between cell walls of woody tissues.
Lipophilicity - The measure of a substance's relative solubility in an oil-like matrix.
Macroinvertebrates - Invertebrate (without backbone) animals that are not microscopic.
Median Effective Concentration - The concentration of a specific toxicant (ECsq) which
effects a specific response (i.e., avoidance, stress, loss of equilibrium) in 50% of the test

organisms; usually within a given time.

Median Lethal Concentration - The concentration of an effluent or chemical which causes
death of 50% of the test organisms, usually within a defined time period (e.g., 96-h LC5q).

Microsomal - Finely granular elements within the cytoplasm of cells.
Microtox - An automated (Beckman Instruments Inc.) rapid screening assay which

determines the ECs5p concentration of a chemical or effluent which reduces the amount of
incident light emitted by a culture of fluorescent bacteria (Photobacterium phosphoreum),

Migratory - To pass, usually predictably (based on aquatic species), from one region or
climate to another for purposes of feeding, breeding, etc.

Monomer - A fundamental structural unit of a system of repeating units.

Mutagenic - Ability to induce genetic mutations.
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Mutation - A genetic change which, when transmitted to offspring, gives rise to heritable
variation.

Nektonic - Free-swimming organisms, inhabiting the water column in lakes or oceans at
various depths.

Neoplasm - Any new and abnormal growth in a tissue or organ, i.e., a tumour.
Neoplastic - Pertaining to or like a neoplasrﬁ.

Neutral Fraction - Alkali-insoluble organic constituents of pulp and paper mill effluent.
Palatable - Pleasing to the taste.

Parthenogenesis - A sexual reproduction from germ cells, without fertilization.

Partition Coefficient - The ratio of the equilibrium concentration or a chemical in equal
volumes of two mutually immiscible liquids, in contact with one another.

Pelagic - Organisms inhabiting the water column and subject to the currents therein, i.e.,
not free swimming.

Periphyton - Attached freshwater or marine algae; mainly filamentous.

pH - A symbol for the degree of acidity or alkalinity of a solution; originally expressed as
the logarithm of the reciprocal of the hydrogen ion concentration in gram equivalents per
litre of solution.

Phytoplankton - Plant life, mostly microscopic, found floating or drifting in the oceans or
large bodies of freshwater; forms the basis of most aquatic food chains as the main
primary producer. '

Plume - The main pathway for dispersal of effluent within the receiving waters, prior to
its complete mixing.

Prey - Organisms hunted and consumed by predators for food.

Primary Treatment - Removal of particulate matter from an effluent, usually by
sedimentation.

Proximate - Within the immediate vicinity.

Rapid Infiltration - A system for tertiary treatment of effluent, involving passage of
effluent through a naturally occurring, porous soil bed, into receiving waters. Normally a
number of soil beds are available and are alternated periodically. The principal function
of this type of treatment is to remove effluent colour.

Riverine - Pertaining to a river.

Salinity - A measure of the quantity of dissolved salts in seawater. Formally defined as
the total amount of dissolved solids in seawater - in parts per thousand (o/oo) by weight -
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when all the carbonate has been converted to oxide, the bromide and iodide replaced by
chloride, and all organic matter is completely oxidized.

Salmonid Fish - Fish belonging to the family Salmonidae (includes all species of salmon,
trout, char, grayling).

Secondary Treatment - Microbiological treatment of an effluent as a means of reducing
the dissolved organic loading; normally following primary treatment.

Sedimentation - Process by which matter settles to the bottom of a liquid.

Semi-Static Bioassay - Test in which the solution to which the organism is exposed is
renewed periodically (usually at 24-h intervals) with a fresh test solution of the same
concentration and composition.

Shellfish - Aquatic invertebrates with shells or carapace. Included are crustaceans
(shrimps, prawns, crabs, lobsters) and molluscs (clams, mussels, oysters).

Sonic-Tagged - Equipped with an external or internal (stomach) ultrasonic transmitter,
which permits tracking by telemetry of fish movements.

Static Bioassay - Test in which solutions to which organisms are exposed are not replaced
during the exposure period.

Sub-Acute Toxicity - A lethal or sublethal effect extending beyond an acute (short-term)
period and which may become chronic.

Sublethal Toxicity - Causing or able to cause deleterious effects (anatomical, behavioural,
physiological, biochemical) within or towards an organism; may ultimately result in death
if exposure is prolonged, or if organism is simultaneously/subsequently exposed to other
environmental stressors.

Taint - To cause an unpleasant or off-flavour in food.
Tainting Propensity - Inclination or tendency to cause an off-flavour in food.
Teleost - Fish of order Teleostei, with skeleton completely ossified.

Threshold Concentration - The lowest concentration demonstrated or estimated to cause a
detectable effect or response.

Tolerate - To withstand or endure.

Toxicity, Toxic - Adverse effect (lethal or sublethal) to a test organism caused by
effluents or other aquatic contaminants. Toxic effects are a result of effluent concentra-
tion and exposure time, and are modified by variables such as temperature, chemical form
and availability.

Toxic Unit (TU) - A concept for expressing the toxic strength or concentration of a
chemical or effluent in terms of a multiple or fraction of its LC5p value, whereby 1 TU is
equivalent to this value.
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Toxicity Emission Factor - Represents the daily discharge of toxicity (based on an efflu-

ent's LCs5g value) per unit of production. For pulp mills, this factor is determined by
dividing the toxicity emission rate by the daily tonnage (odt) of pulp produced.

Toxicity Emission Rate - Represents the amount of toxicity (based on an effluent's LCsg
value) discharged daily in an effluent. This value represents the product of the effluent's
toxic units and the daily volume of the effluent released.

Tributary - Usually a smaller stream or river flowing into a larger one.

White Water System - The water recovered from formation of paper on the Fourdrinier
machine; usually with a high degree of internal recycle within the paper mill.

Zooplankton - Animal life, usually microscopic, found floating or drifting in the water
column of oceans or bodies of fresh'water; form the bulk of the primary consumer link in
aquatic food chains.



1 TOXIC CONSTITUENTS IN MILL EFFLUENTS, RECEIVING WATERS AND
SEDIMENTS
1.1 Introduction

Numerous articles have been published in the last ten years concerning the
nature of toxic constituents in pulp mill effluent. Brouzes (1976), Walden (1976), Hutchins
(1979), and Walden and Howard (1981) all have reviewed the literature covering informa-
tion acquired during the seventies. A large number of compounds have been identified in
the various process streams and final effluents associated with the production of pulp and
paper. The emphasis of research in this area is now on the determination of the
concentrations of these compounds and their degradation products in receiving waters and
bottom sediments, and the assessment of biological effects in the aquatic environment,
particularly the longer-term implications associated with the discharge of the more
persistent compounds.

It is important to realize that an evaluation of the toxicity of any complex
organics-containing effluent is necessarily based on two types of measurements. The first
involves identification of the organic constituents and subsequent quantification of their
concentrations. Modern instrumentation has improved the limits of detection and the
accuracy of this measurement, while decreasing costs, and simplified procedures have
bfought this capability within the reach of an increasing number of laboratories.
However, before the role of these organic constituents as toxicants can be assessed, their
toxicity must be established by undertaking or by reference to a second (biological)
measurement, usually called a bioassay. A bioassay test measures the response of some
biological parameter to the time-concentration effects of the toxicant. Under properly
defined conditions it meets the requirements of any assay, namely that it is reproducible
and produces quantitative data. Indeed, under empirical conditions the contribution of
individual toxicants to the overall toxicity of complex effluents can be quantified. For
this chapter, toxicity ascribed to the various organic constituents is restricted to their
acute (<96-h) lethality to juvenile salmonid fish, usually rainbow trout, under controlled
laboratory conditions. Information concerning the sublethal toxicity of effluent constitu-
ents and whole mill effluents is reviewed in Chapter 2.

The purpose of this review is to provide updated information on the nature and
concentration of toxic constituents present in final discharged pulp mill effluent,
receiving waters, and bottom sediments. The determination of constituent concentrations

and their dispersal and persistence within the environment is a necessary and important



step in the overall assessment of their fate and effects. The effects of biotreatment on
levels of toxic constituents in effluents from mills employing different processes are also
reviewed. Gaps in information are identified which indicate specific problems still to be
addressed.

Because of the large volume of literature available on effluent toxicity,
information on volatile compounds, ubiquitous environmental contaminants (such as
phthalate esters), and products from other forestry operations (such as pentachlorophenol
from the logging industry) has been deliberately excluded. Similarly, toxicity associated
with non-chemical components of mill discharges, such as suspended solids and fibres, is

not reviewed.
1.2 Toxic Constituents in Mill Effluents

Most of the toxicity in pulp and paper whole mill effluents and process streams
is attributed to resin and fatty acids, chlorinated phenols and, to a lesser extent, a broad
group of neutral compounds. In this review, levels of these compounds in untreated and
biologically treated effluents from mills employing different processes, i.e., kraft,
sulphite or mechanical pulping, are documented. Primary-treated effluents are consi-
dered untreated, since levels of toxic constituents are not significantly reduced during the
short residence time required for clarification (Easty et al., 1978; Willard, 1983). In
instances where novel mill processes are used, for example, oxygen or chlorine dioxide
bleaching, relevant information is included on any effects these processes have on levels
of toxicants.

A number of recent descriptions of the various pulping processes are available
(Beeland et al., 1979; Hutchins, 1979; Casey, 1980; Dellinger, 1980; McCubbin, 1983) and
the reader is referred to these sources for specific information. Brief descriptions of the
three major categories of pulp mills covered in this review, kraft, sulphite and mechani-

cal, follow.

Kraft: The kraft process is the dominant chemical pulping process in Canada and other
countries. In this process, wood chips are digested or "cooked" under pressure with a
mixture of hot caustic soda and sodium sulphide. Lignin and wood extractives are
solubilized, leaving the insoluble cellulose fibres as pulp. In an unbleached kraft mill, the
product may be pulp or may be processed into unbleached kraft products such as
linerboard and paper bags. In a bleached kraft mill, the bleached pulp has a variety of end
uses, such as a component of newsprint and other papérs. ‘The chemicals are recovered

from the spent (strong) black liquor and pulp washings (termed weak black liquor) through



a series of steps involving concentration, combustion, clarification and causticizing.
Sulphur-containing gases, turpentine and tall oil by-products are produced during digestion

and in the chemical recovery systems.

Sulphite: The sulphite process employs solutions of calcium, magnesium, ammonium or
sodium sulphite as the cooking liquor. Cooking is done under either acidic or neutral
(NSSC) conditions during which lignin is solubilized as ligninsulphonic acids. In the NSSC
(neutral sulphite semichemical) process, separation of the pulp fibres is completed
mechanically. Typical products of acidic sulphite processes include: a component of
newsprint; fine papers; and highly bleached pulp (a-cellulose) for the manufacture of
rayon. NSSC processes are used to produce unbleached products. Spent cooking liquor is
not invariably processed for recovery of pulping chemicals. Recent improvements in

sulphite processes have resulted in increased pulp yields.

Mechanical Pulping: Mechanical pulping involves conversion of wood into fibres by
physical or mechanical grinding, aided in some cases by heat or chemicals. Stone
groundwood and refiner groundwood pulp are produced by grinding short logs and chips
respectively. Thermomechanical pulping (TMP) involves heating wood chips briefly under
pressure with steam prior to mechanical refining. In chemi-thermomechanical pulping
(CTMP), small amounts of sodium sulphite are included in the steaming process to improve
softening of the chips prior to refining. All the mechanical pulping processes produce high
yields of pulp since a large portion of the lignin is retained with the fibre. Mechanical
pulp is a major component of newsprint, with the use of TMP for this purpose becoming

more widespread in recent years.

1.2.1 Kraft Effluent. Because of its pre-eminent commercial position, more
information has been compiled concerning toxic constituents in kraft effluents than for
effluents from the other types of processes. Levels of resin acids which occur in kraft
whole mili effluent are shown in Table l.l. Both unbleached (UKME) and bleached
(BKME) kraft whole mill effluents contain a wide range of concentrations of these
compounds. In general, levels of the non-chlorinated resin acids appear higher in
untreated UKME than untreated BKME, probably because of dilution of BKME by
bleaching effluent. With the exception of the chlorinated dehydroabietic acids, bleachery
effluents do not contain appreciable quantities of resin acids (Kringstad et al., 1984).
Notwithstanding the pooling of data in Table 1.1, the effectiveness of
biotreatment on resin acid removal is clearly evident. A number of the references cited

in the table provide information on resin acid levels in untreated and treated effluent



TABLE 1.1 RANGE OF CONCENTRATIONS (ug/L) OF RESIN ACIDS IN UNTREATED AND BIOTREATED WHOLE MILL EFFLUENTS DERIVED FROM VARIOUS PROCESSES
Mechanical
UKME BKME USME BSME Groundwood TMP/CTMP Paper
96-h LCs503

Resin acid (ug/L) untreatedd biotreated untreated biotreated untreated biotreated untreated biotreated untreated biotreated untreated biotreated untreated biotreated
abietic 700-1500 30-9970 <20-3630 <20-4800 <10-1780 520-4840 437-500 <10-1000 <10-100 210-16000 14-4200 -¢ - 50-1900 50
chlorodehydro-
abietic 600-900 - - <10-750 <1-260 - - <10-900 <10-450 - - - - - -
dehydroabietic 800-1740 990-5780 <20-1930 <30-4580 <1-2140 700-4620 247-1100 <20-8500 10-700 490-15100 8-5800 - - 227-4000 1000-3900
dichlorodehydro-
abietic 600-1200 - - <10-410 <10-152 - - <10-40 <10-30 - - - - - -
isopimaric 400-1000 70-4120 <20-1420 <20-4800 <10-930 100-5070 100-294 <10-300 <10-310 150-9300 12-7900 - - 30-1200 780-800
ievopimaric 700-1000 <10-2700 <10-30 <10-2400 <1-1190 100-510 200 <10-100 <10-60 80-22000 11-1800 - - 12 -
neoabietic 610-730 <50-1200 - <10-1000 <1-150 - - - - 30-6800 <1-3800 - - 29-450 -
palustric 500-600 - - 90-100 80 - - - - 300-7700 - - - 63 -
pimaric 700-1200 100-1830 <20-890 <20-1010 14-54D 490-1140 20 <20-30 <20 - - <20-610 500-800
sandaracopimaric 3604 - - - - - - - - 20-6800 <1-5700 - - 9.275 §5_110
4  Median lethal concentration derived for rainbow trout under static bioassay conditions.
b May or may not be clarified.
€ Not indicated/not determined/not applicable.
d value for underyearling coho salmon,
References for Table 1.1
Resin acid 96-h LC5q UKME BKME USME BSME Mechanical ~ Paper
abietic 1,2 3-5 3,4,6,7 3,4,7,8 3,4,8,9 1,4,10-12 3,13,14
chlorodehydro- 2,15 - 3,4,6,7, - 3,4,8,9 - -
abietic 16
dehydroabietic 1,2,17 3-5 3,4,6,7 3,4,7,8 3,4,8,9, 4,10,11 3,13,14,

18,19 18
dichloro- 2,15 - 3,4,6,7, - 3,4 - -
dehydroabietic 16
isopimaric 1,2 3-5 3,4,6,7 3,4,7,8 3,4,8,9 1,4,10,12 3,13,14
levopimaric 2 4,5 4 4,11 4,11 4 13
neoabietic 4 4 4,6 - - L3 13,14
palustric 1,2,20 - 6 - - 12,20 -
pimaric 1,2 3 3,6,7 3,7 3 1,4,10-12 3,13,14
sandaracopimaric 20 - - - - 13
1. Leach & Thakore (1976} 11.  Howard & Leach (1973)
2. Chung et al. (1979) 12.  Walden & Leach {1975)
3. Easty et al. (1978) 13.  Richardson & Bloom (1983)
4, Leach & Chung {1980) 14, Keith (1976)
5. Willard (1983) 15.  Leach & Thakore (1975}
6.  Holmbom & Lehtinen (1980) 16. Claeys et al. (1980)
7. NCASI (1981a) 17. Davis & Hoos (1975)
8.  Howard & Leach (1978) 18, Ball et al. (1978)
9.  Walden et al. (1976) 19.  Peterman et al. (1980)
10.  Walden & Howard (1974} 20. Leach & Thakore (1977)



from individual mills. These, and separate reports on resin acid biodegradability (Rogers
et al., 1975; Leach et al., 1977; Chung et al., 1979; Willard, 1983) show that biological
treatment normally reduces concentrations of non-chlorinated resin acids by at least 90%.
Chlorinated resin acids are more resistant to biological treatment (Leach et al., 1977;
Chung et al., 1979).

Concentrations of fatty acids in untreated and biotreated whole mill effluents
from various processes are shown in Table 1.2. A comparison of LCsq values in this table
with those for resin acids (Table 1.1) indicates that fatty acids are less toxic to fish than
resin acids. Individually, the highest reported concentrations of these toxic constituents
in untreated UKME and BKME are frequently below the 96-h LCsqg values for various
fatty acids, indicating their presence in sublethal amounts. The low levels shown for
biotreated effluent indicate that fatty acids are readily degraded. Leach and Thakore
(1977) reported that degradation of fatty acids occurred rapidly during bioassays, making
determination of LCsq values difficult.

A comprehensive study of the levels of "Toxic and Nonconventional Pollutants"
in untreated and treated effluents from different categories of pulp and paper mills in the
United States has been carried out by the Environmental Protection Agency (Dellinger,
1980). The extensive data are reproduced, in part, in Appendix A. Concentration ranges
for resin acids in untreated UKME for individual resin acids were as follows: abietic, 350-
12 000 ug/L; dehydro-abietic, 330-27 600 ug/L; isopimaric, 78-1600 ug/L; and pimaric,
38-2500 ug/L. Treated UKME contained 0-250 ug/L abietic, 6-200 yug/L dehydroabietic,
0-32 pg/L isopimaric, and 0-60 ug/L pimaric acid. Corresponding levels for untreated
and treated BKME respectively were 0-18 000 and 0-2500 ug/L abietic, 10-5200 and 0-
1000 pg/L dehydroabietic, 0-1300 and 0-590 ug/L isopimaric, 0-1900 and 0-790 ug/L
pimaric, 0-1600 and 0-700 pg/L chlorodehydroabietic and 0-86 and 0-65 ug/L dichloro-
dehydroabietic acid. The range of concentrations is wider than that shown in Table 1.1,
particularly for untreated effluents. Levels for treated UKME are lower than those shown
in Table 1.1, but concentrations in treated BKME samples are generally similar. Marked
reductions (48-99%) in average levels of abietic, dehydroabietic, isopimaric and pimaric
acid were observed in dissolving kraft and unbleached kraft effluent for bag production,
the two processes producing the highest average influent concentrations whereas some-
what lesser (32-67%) reductions were reported for the chlorinated dehydroabietic acids
contained in dissolving kraft effluent. These results again indicate that chlorinated resin
acids are more resistant to biodegradation than their non-chlorinated counterparts. In the

same study, oleic, linoleic and linolenic acid levels reported in untreated UKME and



TABLE 1.2 RANGE OF CONCENTRATIONS (ug/L) OF FATTY ACIDS IN UNTREATED AND BIOTREATED WHOLE MILL EFFLUENT FROM VARIOUS PROCESSES

UKME BKME USME BSME Mechanical Paper
96-h LCs5q
Fatty acid (ng/L) untreated@ biotreated untreated biotreated untreated biotreated untreated biotreated untreated biotreated untreated biotreated
dichloro-
stearic 2500 b -b <40-552 <40-268 -b -b <40 <40 -b -b b -b
epoxystearic 1500-3400 -c -C 40-1540 <40 < -c <40 <40 -c -C -C -c
linoleic 2000-4500 <10-1160 <20-60 <20-9300 <20-500 90-14600 -c <20-1110 <10-50 490-9000 23-1500 60-480 100
linolenic 2000-6000 <20-110 <20 <20-260 10-30 270-700 -c <20-390 <20 <100-800 -C <20-30 -C
oleic 3500-8200 40-2490 <20-120 30-7750 <20-2340 <50-6780 25 20-1040 10-370 230-4300 24-1400 50-430 80-400
a  May or may not be clarified.
b Not applicable,
€ Not indicated/not determined.
References for Table 1.2
Fatty acid LCsp UKME BKME USME BSME Mech. Paper
dichloro-
stearic 1 - 2 - 2 - -
epoxystearic 3,4 - 2 - 2 - -
linoleic 4,5 2,6 2,6,7 2,6 2,6 6,8,9 2,10
linolenic 4,5 2 2,7 2 2 9 2
oleic 4,5 2,6 2,6,7,11 2,6 2,6 6,8,9 2,10
1. Leach & Thakore (1977) 7. Holmbom & Lehtinen (1980)
2. Eastyetal. (1978) 8.  Walden & Howard (1974)
3. Leach & Thakore (1975) 9.  Walden & Leach (1975)
4. Chung et al. (1979) 10.  Keith (1976)

5.  Walden et al. (1976)
6.  Leach & Chung (1980)

1.

NCASI (1981a)
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BKME were generally at or below the respective individual LCs5q values. Biotreatment
reduced concentrations of fatty acids by over 709% in most instances to levels below
500 ng/L.

Data presented in Tables 1.1 and 1.2, and the results of the U.S. EPA
(Dellinger, 1980) study, indicate that biotreatment effectively reduces the concentration
of individual resin and fatty acids in kraft whole mill effluents to levels that, in most
instances, are below acutely lethal values. As shown subsequently, certain resin and fatty
acids persist in receiving waters and sediments downstream of mills discharging
biotreated wastes. However, the precise environmental! impact attributable to these
individual components is unknown, and difficult if not impossible to determine. Certain
mills, particularly those on tidewater, may discharge untreated effluent and, as a result,
will discharge higher levels of resin and fatty acids than mills with biotreatment
facilities.

Chlorophenols are produced in bleached kraft mills during the degradation of
lignin with chlorine, and by chlorination of the phenolic residues, produced during pulping,
which pass into the bleach plant with the unbleached pulp. Process-derived chlorophenols
found in BKME include 2,4-dichlorophenol, 2,4,6-trichlorophenol, dichloroguaiacol (various
isomers), 3,4,5- and 4,5,6-trichloro-guaiacol, tetrachloroguaiacol, 4,5-dichlorocatechol,
3,4,5-trichlorocatechol and tetrachlorocatechol (Claeys et al., 1980; NCASI, 1981a,b;
Holmbom and Lehtinen, 1980; Kovacs et al., 1984). Other chlorophenols produced during
bleaching, for example 2,6-dimethoxy-3,4,5-trichlorophenol (trichlorosyringol) from the
bleaching of hardwood pulp (Holmbom and Lehtinen, 1980), and various chlorovanillins and
protocatechualdehydes (Voss et al., 1980), are present at lower concentrations than
reported in Table 1.3, at least in BKME (Kovacs et al.,, 1984). The presence of
pentachloro-, tetrachloro- and 2,4,5-trichloro-phenol is regarded as originating from the
use of slimicides or recycled waste paper (Ball et al., 1978; NCASI, 1982). The wood
furnish may also contain penta- and tetrachlorophenol as a result of their application to
lumber at sawmills.

Levels of chlorophenols in untreated and treated BKME are shown in Table 1.3.
Values reported for cHloroguaiacols include the corresponding cate-chol in some instances
since the analytical method used did not distinguish these two groups of phenols. Most
results reported after 1980 were obtained by a method (Coutts et al., 1979; Voss et al.,
1981a) which allows distinction not only of the chlorocatechols and chloroguaiacols, but
various isomers of the di-and trichloroguaiacols. For purposes of this review, the levels of
di- and trichloroguaiacol include the combined levels of the isomers of each cornpound.

As noted in Table 1.3, LC35q values are for 4,5-dichloro- and 4,5,6-trichloro-guaiacol.



TABLE 1.3 RANGE OF CONCENTRATIONS (ug/L) OF CHLOROPHENOLS IN UNTREATED AND BIOTREATED
WHOLE MILL EFFLUENTS FROM VARIOUS PROCESSES

BKME BSME References*
96-h LC50

Chlorophenol (ng/L) untreated  biotreated untreated  biotreated LCsg BKME  BSME

dichlorocatechol 500-1000 12-90 1-120 -C - 1 2-5 -

dichloroguaiacols 23002 22-100 12-60 6-12 2-7 6 2,4,5 7

2,4-dichlorophenol 2800 9-15 2-51 4-10 2-8 6 3-5,8,9 3,7

tetrachlorocatechol 400-1500 22-420 2-240 - 2-5 1,10 2-5 3

tetrachloroguaiacol 200-1700 <10-620 <1-220 12-130 1-80 6,11,12 2-5,8,9, 7,13,14
: 13-15

3,4,5-trichloro-

catechol 1000-1500 120-270 2-280 - 4-9 1 2-5 3

trichloroguaiacols 700-1000b <10-340 <1-220 16-39 6-60 11,12 2-5,&,9, 7,13,14

13-17

2,4,6-trichloro- 450-2600  <1-51 <1-61 3.764 3.30 6 2-5,%,9, 3,7,18

phenol 16,18

a 4,5-isomer.

b 4,5,6-isomer.

€ Not indicated/not determined.

*References:

1. McKague (1981a) 7.  Leuenberger et al. (1985) 13, Easty et al. (1978)

2. Holmbom & Lehtinen (1980) 8.  Claeys et al. (1980) 14, Leach & Chung (1980)

3. NCASI (1981b) 9. NCASI (1981a) 15.  McKague (1981b)

4, Kovacs et al. (1984) 10. Voss et al. (1981b) 16. Anon. (1984)

5.  Voss & Yunker (1983) 11. Leach & Thakore (1975) 17. Ball et al. (1978)

6. Voss et al. (1980) 12.  Chung et al. (1979) 18. NCASI (1982)



With the possible exception of tetrachloroguaiacol, concentrations of chloro-
phenols in untreated BKME (Table 1.3) do not exceed lethal thresholds. The cited ranges
of concentrations for biotreated BKME are greater in some instances, whereas marked
reductions in these constituents due to biotreatment are not apparent. The tri-and
tetrachlorocatechols and guaiacols are present in higher concentrations in both untreated
and treated BKME than any of the dichlorophenols or 2,4,6-trichlorophenol.

Somewhat lower levels (<30 ug/L) of 2,4-dichlorophenol, 2,4,6-tri-chloro-
phenol, trichloroguaiacol and tetrachloroguaiacol were reported for untreated BKME in
the U.S. EPA study (Appendix). Levels in treated BKME were often below the detection
limit.

The information available on levels of chlorophenols in untreated and treated
kraft whole mill effluents indicates that, while concentrations of these constituents in
untreated effluent are relatively low, biological treatment is not particularly effective in
reducing these levels. A number of studies have reported that the chlorophenols in BKME
are more resistant to bio-treatment than resin and fatty acids (Leach et al., 1977; Chung
et al., 1979; Anon., 1982). Kringstad et al. (1984) reported that levels of chlorophenols
are normally reduced by about 30%. The classic example for stability of chlorophenols, of
course, is pentachloropheno! which is now an ubiquitous environmental contaminant (Rao,
1978; Jones, 1981, 1984). The U.S. Environmental Protection Agency has included 2,4-
dichlorophenol and 2,4,6-trichlorophenol on the list of EPA Priority Pollutants because of
their persistance in the environment. Nonetheless, simple calculations suggest that their
combined contribution to the acute total lethal toxicity of BKME is only of the order of
0.5%.

A number of studies have been carried out to determine how levels of
chlorophenols and toxicity of bleach plant effluents are related to bleaching techniques.
Maximum production of chlorophenols, at 120% chlorine demand, occurred at a !:1 ratio
of chlorine and chlorine dioxide (Voss et al., 1980, 1981b,c). At higher levels of
substitution, levels of chlorophenols dropped. Effects of chlorine dioxide substitution on
toxicity have not been clearly established, although a slight reduction may occur (Kutney
et al., 1984). Oxygen prebleaching has been claimed to reduce the quantities but not the
spectrum of compounds subsequently appearing in the bleach plant effluent (Kringstad et
al., 1984; Kringstad and Lindstrom, 1984). Data on the effects of oxygen prebleaching on
levels of chlorophenols and toxicity of bleach plant effluent are limited (Wong et al.,

1978; Anon., 1982; Nikki and Korhonen, 1983). Present information does not permit any
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firm conclusions concerning the efficacy, if any, of modified bleaching techniques in
reducing levels of chlorophenols in bleach plant and whole kraft effluents.

Although a number of toxic neutral compounds have been identified in kraft
mill process streams, information concerning the levels of these compounds in final mill
effluents is limited. Researchers have not directed any appreciable effort to these
neutral compounds, since they account for only a limited fraction of total effluent
toxicity. Chloroform, a volatile neutral compound with very low toxicity, is present at
sublethal concentrations in BKME (Claeys et al., 1980; NCASI, 1977, 1982; Voss 1983).
Typical concentrations range from 500-7000 ug/L in untreated BKME and 10-2000 ug/L
in biotreated BKME. The highest concentrations of chloroform are in effluents from mills
where the hypochlorite bleaching follows chlorination directly, without any intermediate
caustic extraction stage (NCASI, 1983).

Leach and Chung (1980) reported that the combined levels of todomatuic acid
and the neutral balsam fir extractive, juvabione, ranged from below 10 to 280 ug/L in
treated BKME. Juvabione has an LCsq value of 1.5 ug/L for rainbow trout (Walden and
Leach 1975; Leach et al.,.1975), but is readily biodegraded. Chlorinated sulphones,
particularly dichloromethyl methyl sulphone, have been reported in biotreated BKME at
levels of about 500 ug/L (Voss, 1983). Although dichloromethyl methyl sulphone is not
acutely lethal to rainbow trout at levels up to 10 000 ug/L (McKague, 1981a), it is
resistant to biodegradation and little is known about its biological properties. Some
evidence for its bioaccumulation has been reported (see Chapter #4). Other neutral
terpenoids such as pimarol and isopimarol, camphor and fenchone (Hrutfiord et al., 1975;
Holmbom and Lehtinen, 1980; Anon., 1984) have been reported in biotreated BKME, but

corresponding toxicity data are not available.

1.2.2 Sulphite Effluent. Sulphite whole mill effluents contain the same resin acids,
fatty acids and chlorophenols that are found in kraft mill discharges. Although fewer
studies have been carried out on mills using the sulphite process, surveys by Easty et al.
(1978), Howard and Leach (1978), Leach and Chung (1980) and NCASI (1981a) have shown
that abietic, dehydroabietic, isopimaric, levopimaric and pimaric acid are present in
untreated and treated unbleached sulphite whole mill effluent (USME) (Table 1.1). The
ranges of concentrations in untreated USME are generally similar to those found in
untreated UKME. As with untreated UKME, concentrations are highest for abietic (520-
4840 ng/L), dehydroabietic (700-4620 pg/L) and isopimaric (100-5070 pg/L) acid. These

same resin acids are also the principal ones found in biotreated USME although the
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maximum reported concentrations are only 15-50% and 25%, respectively, of the
corresponding values for biotreated UKME and BKME. Excepting dehydroabietic acid, the
levels of non- chlorinated resin acids are distinctly lower in untreated BSME than in
untreated USME, UKME or BKME. Similarly, the resin acid concentrations reported for
biotreated BSME are generally lower than those found in treated USME, UKME or BKME.

Studies by the U.S. EPA (Dellinger, 1980; Appendix) also showed that abietic,
dehydroabietic, isopimaric and pimaric acid were present in sulphite mill effluent. The
ranges of concentrations reported for these resin acids in untreated sulphite effluent are
generally lower than corresponding levels in untreated kraft effluents reported either in
the same study or in Table 1.1. Abietic acid was found in concentrations up to 5200 u‘g/L,
but all other resin acid concentrations were below 2000 pg/L. Individual levels of all
resin acids in biotreated sulphite effluent were below 1000 ug/L.

The levels of fatty acids in USME and BSME (bleached sulphite whole mill
effluent) shown in Table 1.2 are derived from only two studies (Easty et al., 1978; Leach
and Chung, 1980). Nevertheless, the range of concentrations reported is very wide,
particularly for linoleic acid (90-14 600 ug/L) and oleic acid (< 50-6780 pg/L) in untreated
USME. It can be seen from Table 1.2 that biotreatment easily reduces concentrations of
fatty acids to very low levels. Oleic acid was the major fatty acid reported by the U.S.
EPA (Dellinger, 1980; Appendix), with concentrations ranging up to 1860 ug/L in
untreated effluents from dissolving pulp operations. The same process also produced up to
1000 ug/L linoleic acid, and 800-850 ug/L epoxystearic acid. Biotreatment reduced
levels of all fatty acids to less than 250 ug/L.

The combined data for whole mill sulphite effluent suggest lesser con-
centrations of resin acids in untreated and treated effluent than in the corresponding
whole mill kraft effluents. A comparison between the two types of chemical pulping
processes concerning fatty acids cannot be made, since information such as the soft-
wood/hardwood mix used in the mill furnishes is not available. Similarly, any real
difference between levels of resin acids in sulphite effluents attributable to the different
pulping bases is less than the variation reported for the data which have been presented
here. For example, Leach and Chung (1980) found levels of most resin acids in
ammonium-base untreated BSME could be either higher or lower than in calcium-base
untreated BSME.

Levels of chlorophenols reported in untreated BSME, except for 2,4,6-
trichlorophenol, are below those reported for untreated BKME (Table 1.3). Dichloro-

phenols are all below 15 ug/L whereas trichloroguaiacols range from 16 to 39 nug/L and
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tetrachloroguaiacol from 12 to 130 ug/L. Trichlorophenol is present at concentrations
ranging up to 764 ug/L (NCASI, 1982), more than ten times the maximum concentration
encountered in untreated BKME. Values for chlorinated catechols in untreated BSME
have not been reported. Biotreated BSME contains lesser concentrations of chlorophenols
than biotreated BKME (Table 1.3). The highest values, up to 80 ug/L for tetrachloro-
guaiacol and 60 ug/L for trichloroguaiacol, are three to four times lower than correspon-
ding values for the same compounds in biotreated BKME. Results of the EPA study
(Dellinger, 1980; Appendix) also showed that the maximum concentration for any
chlorophenol in untreated BSME was 370 ng/L for 2,4,6-trichlorophenol. Levels of 2,4-
dichlorophenol ranged up to 220 ug/L whereas both trichloro- and tetrachloroguaiacol
were <10 ug/L. Di-and trichlorophenol were also found to be the major chlorophenols in
biotreated BSME, present at up to 130 and 270 ug/L, respectively.

The results shown in Table 1.3 and in the Appendix suggest that levels of
chlorophenols are generally lower in untreated and treated BSME than in BKME. The 2,4-
dichloro- and 2,4,6-trichlorophenol are the predominant chlorophenols produced during the
bleaching of sulphite pulp, whereas the chloroguaiacols predominate during production of
kraft pulp.

The levels of chlorophenols in final whole sulphite effluent are clearly below
the levels at which acute lethal toxicity would be a problem, even with inefficient
biotreatment. Similarly, concentrations of the non-chlorinated phenols eugenol and trans-
isoeugenol (Walden et al., 1976; LCsp 6500 and 3400 nug/L, respectively), in final
discharged sulphite effluent are likely to be too low to constitute any major contribution
to effluent toxicity. Concern with regard to these compounds must relate primarily to
longer-term environmental implications.

More information is available concerning the neutral constituents of sulphite
effluent than kraft effluent. The information relates principally to sulphite bleach plant
effluent, although recent data have pertained to whole mill effluents. Reported
chloroform levels have ranged from 40-1130 ug/L in untreated, and 8-330 ug/L in treated
sulphite effluent (NCASI, 1977, 1982; Leuenberger et al., 1985). Some of these results are
for effluents from the combined production of sulphite pulp and nonintegrated fine papers.
Combined levels of juvabione and todomatuic acid reported by Howard and Leach (1978)
and Leach and Chung (1980) ranged from 20 to 3200 pg/L in untreated sulphite effluent
and from <10 to 200 ug/L in treated effluent. Juvabiol, which has an LCsq for rainbow
trout of 1800-2000 nug/L (Walden and Leach, 1975; Leach et al., 1975), was reported by

the former authors to be present in a sample of untreated BSME at approximately
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1800 ug/L. Concentrations of chlorocymenes have been reported by Leuenberger et al.,
(1985) at levels of 55-167 ug/L in untreated and 15-18 pg/L in treated BSME. Although
the toxicity of the chlorocymenes has not been reported, these compounds are chlorinated
aromatics which potentially could bioaccumulate (see Chapter 4#). Leuenberger et al.
(1985) also reported the presence of a number of chlorinated and non-chlorinated neutral

terpenoids in untreated BSME, without determining their concentration.

1.2.3 Mechanical Pulping Effluent. Mechanical pulping commonly produces pulp
yields in the range of 90% (McCubbin, 1983). Appreciable degradation of the lignin does
not occur as in the kraft and sulphite processes and most of the lignin remains with the
pulp. Wood extractives are removed, however; hence the high concentrations of resin
acids found in the studies reported in Table 1.l. Levels range from below 100 pg/L in
some instances for levopimaric, neoabietic and pimaric/sandaracopimaric acid to over
15 000 nug/L for abietic, dehydroabietic and levopimaric acid. Levels in final biotreated
effluent from these mills also can be high, with concentrations up to 7900 ug/L in the
case of isopimaric acid. Information on levels in thermomechanical (TMP) or chemi-
thermomechanical (CTMP) effluents could not be found in the published literature.
Because TMP and CTMP processes employ heat and/or chemical treatment of wood chips
prior to refining, the solubilization of wood extractives such as resin acids could be
expected to be greater. Dellinger (1980; Appendix A) reported the following levels of
resin acids in untreated effluent from groundwood - fine paper mills: abietic (11-
600 ug/L), dehydroabietic (28-360 u g/L), isopimaric (0-110 pg/L), pimaric (31-150 ug/L).
The low levels of resin acids found in effluents for this category of mechanical mills are
undoubtedly due to the dilution represented by the papermaking effluents from these
integrated operations.

Levels of fatty acids in untreated effluents from groundwood and refiner
mechanical mills are not dissimilar from those in untreated BKME, and range from
<100 ug/L for linolenic acid to 9000 pg/L for linoleic acid (Table 1.2). Concentrations in
biotreated effluent are below the LCj5q values. Dellinger (1980; Appendix A) reported 17-
450 ug/L oleic, 180-620 pg/L linoleic, and 120-480 ug/L linolenic acid in untreated
groundwood effluent.

Toxic neutral compounds found in mechanical pulping effluent include pimarol,
isopimarol, juvabione, juvabiol (Leach and Thakore, 1976), sandaracopimaradiene,
dehydroabietane and #4-p-tolyl-1-pentanol (Rogers et al., 1979). Combined levels of

juvabione and todomatuic acid which arise from pulping balsam fir (Leach and Thakore,
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1976) range from 200 to 1700 ng/L in untreated effluent and from 8 to 1600 ng/L in
treated effluent from groundwood mills (Leach and Chung, 1980).

Additional information on levels of resin acids, fatty acid and neutral wood
extractives in TMP and CTMP effluents is required, particularly since more mills are now
employing these processes. Because mechanical pulp is brightened with hydrosulphite or

peroxide there are no noxious bleaching products corresponding to the chlorophenols.

1.2.4 Paper Mill Effluent. Limited information is available concerning toxic
constituents and their concentrations in paper mill effluents. Integrated production of
pulp and paper, as occurs in most paper mills in Canada (McCubbin, 1984), and internal
recycling of washwaters complicate any analysis of available information. Many mills
have reduced white water losses to a minimum, and recycle effluent to the white water
system. Cooling water from paper machine areas is uncontaminated. However, toxic
constituents can originate within the paper mill with the pulp stock/waste paper which
constitutes the mill's raw materials. In many instances a mill's end product may be paper,
but its process activity would be very predominantly chemical pulping. An example would
be the category "unbleached kraft-bag" (Dellinger, 1980; Appendix). Deinking compounds,
slimicides or other additives also can represent sources of potentially toxic materials in
paper mill effluents.

Keith (1976) reported resin and fatty acids were present in effluent from two
unbleached kraft paper mills in the state of Georgia, U.S.A. Untreated effluent contained
420-1900 ug/L abietic, 3600-4000 pug/L dehydroabietic, 770-1200 wpg/L isopimaric,
450 ug/L neoabietic, 570-610 ng/L pimaric and 125-275 pg/L sandaracopimaric acid.
Treated effluent (3-6 months' lagooning without aeration) contained 50 ug/L abietic,
1000-3900 ug/L dehydroabietic, 780-800 ug/L isopimaric, 500-800 pg/L pimaric and 45-
110 ug/L sandaracopimaric acid. Comparable concentrations of 13-abieten-18-oic and
6,8,11,13-abietatetraen-18-oic acid and lower levels of a number of unidentified resin
acids were also reported. The fatty acids, linoleic and oleic, were present at 160-
230 ug/L and 120-430 pg/L, respectively, in untreated effluent, and at 100 ug/L and 80-
400 pg/L in treated effluent. Easty et al. (1978) reported lower levels of resin acids in
untreated paper effluent from an unbleached kraft mill. Final treated effluent from a
paper mill in Wisconsin, U.S.A., was reported to contain up to 3200 ug/L dehydroabietic
acid (Ball et al., 1978). The papermaking activity associated with unbleached kraft mills
is usually minimal, producing coarse grades such as bag paper. Although the nature of the

papermaking process at the mills involved has not been defined by the respective authors,
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it is highly probable that the effluents are more characteristic of those from unbleached
kraft mills than otherwise.

The survey by Dellinger (1980; Appendix) also reported levels of resin and
fatty acids in a variety of paper mill effluents. Concentrations of 0-14 000 ug/L abietic,
0-6000 ug/L dehydroabietic, 0-3000 ug/L isopimaric, 0-1600 ug/L pimaric, 0-3600 ug/L
linoleic, 0-330 pg/L linolenic and 0-3500 pg/L oleic acid were found for various cate-
gories of mill discharges. Average levels of individual resin acids in treated effluents
were all below 350 pg/L, and fatty acids below 600 ug/L.

Traces of chlorophenols may be found in effluents from paper mills that
purchase bleached pulp or use slimicides containing chlorophenols (Ball et al.,, 1978;
Peterman et al.,, 1980). Tetrachloroguaiacol was reported in one effluent at 14 pg/L.
Dellinger (1980; Appendix) reported 0-5 ug/L 2,4-dichlorophenol, 0-420 pg/L 2,4,6-
trichlorophenol, 0-28 ng/L trichloroguaiacol and 4-16 pg/L tetrachloroguaiacol in un-
treated effluents. Treated effluents contained 0-3 ug/L 2,4-dichlorophenol, 0-450 ug/L
2,4,6-trichlorophenol, 10-17 ug/L trichloroguaiacol and 6-13 ug/L tetrachloroguaiacol.
Deinking of recycled wastepaper also releases PCBs, which were previously used in
printing inks. Levels from this source are decreasing (NCASI, 1982). Additives such as
dyes, adhesives and fillers may have some inherent toxicity (Rosehart and Ozburn, 1975)

but are used in small enough amounts that concentrations in effluents will be very low.
1.3 Toxic Constituents in Receiving Waters

Environmental research relating to the pulp and paper industry is increasingly
concerned with the potential consequences of the discharge of sublethal levels of toxic
chemicals. Although concentrations of toxic constituents in final discharged effluent may
be evaluated in terms of acutely lethal effects, "safe" levels have long been recognized as
those which do not stress the flora and fauna of the receiving ecosystem (see Chapters 2
and 3).

A prerequisite to defining the causative agent(s) for any toxic effect on
indigenous organisms attributed to discharged pulp and paper mill effluents is the
evaluation of the nature and concentration of the responsible chemicals within the
receiving environment. Such determinations may enable appropriate remedial measures
to be taken.

Loadings of toxic materials discharged to the environment have been greatly
reduced in recent years by tightening up in-mill flows, thus eliminating losses of pulping

liquors; and by the introduction, in some instances, of biotreatment systems for whole mill
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effluents. Bartsch (1964) and Waldichuk (1962) provide some assessment of industry

problems as viewed by investigators 20-25 years ago.
1.3.1 Freshwater.

1.3.1.1 Resin and fatty acids. Maenpaa et al. (1968) analyzed receiving water in the
vicinity of kraft and sulphite pulp mills on the shore of Lake Saimaa, Finland. The mills
produced spruce sulphite pulp, and pine and birch sulfate pulp. Dehydroabietic acid and
small amounts of abietic, pimaric and palustric acids were found up to 6 km from the mill
outfall. Details regarding effluent treatment were not given and concentrations of the
resin acids in the discharges were not reported. The same geographical area was studied
by Oikari et al. (1980) after production of sulphite pulp was discontinued and primary and
secondary wastewater treatment were installed. Levels of resin and fatty acids in
composite water samples representative of the whole water column (total depth from
3-5 m) were highest near the mill outfall, and close to detection limits 3.5 km away
(Tables 1.4 and 1.5). Abietic, dehydroabietic, isopimaric and pimaric were the dominant
resin acids present in this receiving water. Unsaturated fatty acids decreased to
background levels of a few micrograms per litre within 3.5 km of the outfall (Table 1.5).
The preceding data and those presented subsequently in this report for other Scandinavian
lakes and for the coastal waters of the Gulf of Bothnia are not necessarily representative
of Canadian receiving-water situations, where the industry is much more dispersed and it
is rare that two or more major mills discharge concurrently and in proximity into the
saime receiving waterbody. Indeed, the degree of effluent dilution and flushing for many
Scandinavian receiving-water sites is notoriously poor. Attention is given to these
overseas studies due to their comprehensive nature and the lack of extensive (similar)
receiving-water studies for North American sites.

Fox (1976, 1977) analyzed the levels of resin and fatty acids in the effluent
plume from a combined bleached kraft and groundwood mill which discharged clarified
(primary-treated) effluent into Nipigon Bay on Lake Superior. Trace levels (usually
<10 ug/L) of isopimaric, sandaracopimaric, dehydroabietic, abietic, 6,8,11,13-abietate-
traen-18-oic acid and 7-oxodehydroabietic acid were identified in the pluine at distances
of more than 2 km from the ill. Dehydroabietic acid decreased in a dilution-related
manner from an average of 3700 ug/L at the mill outfall to background levels of
approximately 40 pg/L or less at a distance of 2 km (Fox, 1976). According to Fox (1976),
dehydroabietic acid was "the single major effluent component which shows a tendency to

reach an equilibrium concentration in the receiving water at significant distances from
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TABLE 1.4 CONCENTRATIONS OF RESIN ACIDS IN FRESHWATER RECEIVING SITES AT VARIOUS
DISTANCES FROM MILL QUTFALL(s)

Distance Receiving-
Effluent from water
outfall(s) concentration
Resin acid type(s) treatment (km) (ng/L) Reference
abietic acid BKME secondary* 0.1 1-114 QOikari et al., 1980
0.8 2-7
3.5 <0.5
- 6.0 <0.5-1
dehydroabietic BKME secondary 0.1 6-600 Oikari et al., 1980
acid 0.8 4-10
3.5 <0.5-1
6.0 1-3
dehydroabietic BKME primary 0.1-0.5 290-1930 Fox, 1976
acid + 0.6-1.0 1.8-295
mechanical 1.1-2.0 12-380
2.1-3.0 35-40
dihydroabijetic BKME secondary 0.1 <0.5-34 Qikari et al., 1980
+ sandaraco- 0.8 <0.5
pimaric 3.5 <0.5
6.0 <0.5
isopimaric BKME secondary 0.1 2-79 Oikari et al., 1980
0.8 2-3
3.5 <0.5-1
6.0 <0.5-1
neoabietic BKME secondary 0.1 1-10 Oikari et al., 1980
0.8 <l
3.5 <0.5
6.0 <0.5
pimaric BKME secondary 0.1 1-67 Oikari et al., 1980
0.8 2
3.5 <0.5
6.0 <0.5-2
* 24-h retention in aerated lagoon.
TABLE 1,5 CONCENTRATIONS OF FATTY ACIDS IN FRESHWATER RECEIVING SITES AT VARIOUS
DISTANCES FROM THE MILL OUTFALL
Distance Receiving-
Effluent from water
outfall(s) concentration
Resin acid type(s) treatment (km) (ng/L) Reference
oleic acid BKME* secondary* 0.1 12-114 Oikari et al., 1980
0.8 8-14
3.5 2-15
6.0 1-6
linoleic BKME secondary 0.1 2-54 Oikari et al., 1980
0.8 3-10
3.5 <0.5-1
6.0 <0.5-2
linolenic BKME secondary 0.1 <3-25 Oikari et al., 1980
0.8 <l-<2
3.5 <0.5
6.0 <0.5

* 24-h retention in aerated lagoon.
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the source". Oleic and linoleic acid were also detected in the plumes but at levels
equivalent to background. Brownlee and Strachan (1977) found trace levels (0.1-2.2 ug/L)
of 7-oxodehydroabietic and sandaracopimaric acid in water samples collected outside the
effluent plume from the same mill, up to 4.7 km from the outfall. Similarly, low levels of

dehydroabietic acid were found outside the plume.

1.3.1.2 Chlorophenols. Salkinoja-Salonen et al. (1981) reported that chlorophenols
were present in surface and bottom waters of a lake receiving effluent from two bleached
kraft pulp mills in Finland. Respective ranges of 2,4,6-trichlorophenol, trichloroguaiacols
and 2,6-dimethoxy-3,4,5-trichlorophenol were 0.1-13.1, 0.1-3.1, and 0-12.28 ug/L at
approximately 1 km distant from the mills; and 0.2-3.0, 0.1-1.0, and 0.02-0.6 ug/L, 4-
5 km from the mills (Table 1.6). Chlorocatechols (3,4-dichloro-, 3,4,5-trichloro- and
tetrachloro-) and 2,4-dichlorophenol were also identified at the same sites but low
recoveries negated quantification.

Chlorophenols were detected by Voss et al. (1981a) in a Canadian river up to
110 km downstream from a softwood bleached kraft pulp mill. More recently, Voss and
Yunker (1983) measured the concentrations of various chlorophenols in the Fraser River
(B.C.) at a site appproximately 3 km downstream (below the Nechako River confluence) of
the nearest of three adjacent mills discharging biotreated BKME, and at a second site
50 km below a fourth mill (farther downstream) also discharging biotreated BKME. Of the
chlorophenolic compounds measured, concentrations of trichloroguaiacols were highest
(1.0 ug/L at the 3-km site; 0.2 pg/L at 50 km) (Table 1.6). The predominent
trichloroguaiacol at each site was the 3,4,5-isomer. Concentrations of tetrachloroguaia-
col, trichlorocatechol (3,4,5-) and tetrachlorocatechol at the Fraser River site 3 km
downstream were 0.3, 0.4 and 0.8 ng/L, respectively. Lower (<0.1 nug/L) but detectable
concentrations of these three compounds were found at the 50-km downstream site {Table
1.6). Levels of dichlorophenol, trichloropheno!l and dichloroguaiacol detected at each site
did not exceed 0.1 ug/L (Voss and Yunker, 1983).

1.3.1.3 Other organic constituents. The literature contains almost no information on
the concentrations of other mill-derived toxicants in freshwater receiving environments.
Trace levels (2-6 ug/L) of chloroform were reported approximately 2.5 km downstream
from a bleached kraft pulp mill in Alberta (Anon., 1984). Levels of chloroform are
detectable short distances downstream from any pulp mill employing chlorine bleaching
and, as will be reported subsequently, can be used as a tracer for studying effluent

dispersion patterns. The logical source of other compounds such as the chloromethylsul-



TABLE 1.6 CONCENTRATIONS OF CHLOROPHENOLS IN FRESHWATER RECEIVING SITES AT VARIOUS
DISTANCES FROM MILL OUTFALL(s)

61

Distance Receiving-
Effluent from water

outfall(s) concentration
Chlorophenol type treatment (km) (ng/L) Reference
4,5-dichloroguaiacol BKME secondary 3a 0.08 Voss & Yunker, 1983
4,5-dichloroguaiacol BKME . secondary 50 NDb Voss & Yunker, 1983
2,4-dichlorophenol BKME secondary 3 0.1 Voss & Yunker, 1983
2,4-dichlorophenol BKME secondary 50 0.02 Voss & Yunker, 1983
2,6-dimethoxy-3,4,5- BKME -C ! 0-12.8 Salkinoja-Salonen et al., 1981
trichlorophenol BKME - 4-5 0.02-0.6 Salkinoja-Salonen et al., 1981
tetrachlorocatechol BKME secondary 3 0.8 Voss & Yunker, 1983
tetrachlorocatecho! BKME secondary 50 0.02 Voss & Yunker, 1983
tetrachloroguaiacol BKME secondary 3 0.3 Voss & Yunker, 1983
tetrachloroguaiacol - BKME secondary 50 0.09 Voss & Yunker, 1983
trichlorocatechol BKME secondary 3 0.4 Voss & Yunker, 1983
trichlorocatechol BKME secondary 50 0.009 Voss & Yunker, 1983
trichloroguaiacols BKME - 1 0.1-3.1 Salkinoja-Salonen et al., 1981
trichloroguaiacols BKME - 4-5 0.1-1.0 Salkinoja-Salonen et al., 1981
trichloroguaiacols BKME secondary 3 1.0 Voss & Yunker, 1983
trichloroguaiacols BKME secondary 50 0.2 Voss & Yunker, 1983
2,4,6-trichloro- BKME - 1 0.1-13.1 Salkinoja-Salonen et al., 1981
phenol BKME - 4-5 0.2-3.0 Salkinoja-Salonen et al., 1981
2,4,6-trichloro- BKME secondary 3 0.09 Voss & Yunker, 1983
phenol BKME secondary 50 0.04 Voss & Yunker, 1983
a

Below a river junction.
b Not detectable.
€ Not indicated.
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phones, which have been found in tissues of fish collected near pulp mills (see Chapter &),
are the pulp mills themselves; so presumably these compounds do exist in some

concentration in adjacent receiving waters.
1.3.2 Estuarine/Marine Waters.

1.3.2.1 Resin and fatty acids. No information was found on levels of resin and fatty

acids in estuarine/marine receiving waters.

1.3.2.2 Chlorophenols. Levels of chlorophenols in estuarine/marine receiving waters
near pulp mills have been determined recently by scientists in both Sweden and Canada.
The extensive program of environmental research undertaken recently in Sweden (Anon.
1982) determined that chlorophenols were present in an area characterized by brackish
water with limited replacement (Table 1.7). Concentrations of 0.12-0.28 ug/L 2,4-
dichlorophenol, 0.45-0.90 wg/L 2,4,6-trichlorophenol, 1.04-2,0 ug/L trichloroguaiacols
and 0.45-1.3 ug/L tetrachloroguaiacol were present in surface water 2 km from the mill;
and 0.04-0.26 ug/L, 0.14-0.36 ng/L, 0.14-0.73 ug/L and 0.06-0.4 ug/L, respectively, at a
distance of 6 km (Table 1.7).

Voss and Yunker (1983) reported levels of chlorophenols in receiving waters
adjacent to two coastal mills in British Columbia which discharge untreated bleached
kraft mill effluent to Howe Sound and Stuart Channel (Table 1.7). Chlorocatechols were
present in concentrations up to 0.08 ug/L within 2.6 km of one of the mills, and up to
0.05 pg/L within 4.8 km of the second mill. Beyond these distances, chlorocatechols were
not detected. Chloroguaiacols were found in concentrations ranging up to 0.17 pg/L
within 12 km of one mill and up to 0.45 pg/L within 7 km of the second mill. Levels of
2,4-dichlorophenol and 2,4,6-trichloropheno! ranged from background levels to 0.07 ug/L
over similar distances. The proportion of chlorocatechols relative to other chlorophenols
was much lower in the receiving water relative to the mill effluent in both cases,
indicating different removal rates for these two groups of phenols. Depth profiles were
different at each site and this was attributed to a difference in the location of the
diffuser at each mill and to differences in physical oceanography and tidal patterns in
each area.

Xie et al. (1984) studied levels of chlorophenols in estuarine waters off the
east coast of Sweden. The distribution pattern of the effluent was determined by
analyzing chloroform levels in the receiving waters, a technique reported previously by
other Swedish researchers for tracking effluent plumes (Fogelqvist et al., 1982). Approxi-

mately 2 km from the mill, chloropheno! levels ranged from 0.11-0.12 pg/L for 2,4-



TABLE 1.7 CONCENTRATIONS OF CHLOROPHENOLS IN ESTUARINE/MARINE RECEIVING-WATERS AT
VARIOUS DISTANCES FROM MILL OUTFALLS
Distance Receiving-
Effluent from water
outfall concentration
Chlorophenol type treatment (km) (ug/L) Reference
4,5-dichlorocatechol BKME untreated 0.25 0.006 Voss & Yunker, 1983
0.72-7.0 NDa
4,5-dichloroguaiacol BKME untreated 0.16 0.05 Voss & Yunker, 1983
1.7-12.5 ND
4,5-dichloroguaiacol BKME untreated 0.25-6.5 ND-0.02 Voss & Yunker, 1983
6.8-7.0 ND
2,4-dichlorophenol BKME -b 2 0.12-0.28 Anon., 1982
6 0.04-0.26
2,4-dichlorophenol BKME untreated 0.16-4.6 0.008-0.04 Voss & Yunker, 1983
8-12.5 -C
2,4-dichlorophenol BKME untreated 0.25-7.0 0.004-0,05d Voss & Yunker, 1983
2,4-dichlorophenol BKME ~ 2-8 0.002-0.12 Xie et al,, 1984
tetrachlorocatechol BKME untreated 0.16-2.6 0.005-0.08 Voss & Yunker, 1983
3.2-12.5 ND
tetrachlorocatechol BKME untreated 0.25-4.8 ND-0.05 Voss & Yunker, 1983
5.6-7.0 ND
tetrachlorocatechol BKME untreated 2-13 <0.001-1.34 Xie et al., 1984
tetrachloroguaiacol BKME - 2 0.45-1.30 Anon., 1982
6 0.06-0.40
tetrachloroguaiacol BKME untreated 0.16-10 0.005-0.05 Voss & Yunker, 1983
12.0-12.5 -C
tetrachloroguaiacol BKME untreated 0.25-7.0 0.006-0.35¢€ Voss & Yunker, 1983
tetrachloroguaiacol BKME - 2-15 <0.001-1.3 Xie et al., 1984
trichlorocatechol BKME untreated 0.16-2.6 ND-0.02 Voss & Yunker, 1983
3.2-12.5 ND
trichlorocatechol BKME untreated 0.25-2.1 0.003-0.05 Voss & Yunker, 1983
2.4-7.0 ND
trichloroguaiacols BKME - 2 1.04-2.0 Anon., 1982
6 0.14-0.73
trichloroguaicols BKME untreated 0.16-12 0.004-0.17 Voss & Yunker, 1983
12.5 -C
trichloroguaiacols BKME untreated 0.25-7 0.006-0.45 Voss & Yunker, 1983
trichloroguaiacols BKME ~ 2-15 <0.001-1.77 Xie et al., 1984
2,4,6-trichloro- BKME ~ 2 0.45-0.90 Anon., 1982
phenol 6 0.14-0.36
2,4,6~trichloro- BKME untreated 0.16-12 ND-0.038 Voss & Yunker, 1983
phenol 12.5 -c
2,4,6~trichloro-
phenol BKME untreated 0.25-7.0 0.003-0,07% Voss & Yunker, 1983
a8 Not detected in composite sample.
b Not indicated.
€ Background levels.
d Background samples contained 0.01 pug/L.
fe Background samples contained 0.006 pg/L.

Background samples contained 0.009-0.01 pg/L.
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dichlorophenol, and from 0.93-1.77 ug/L for the trichloroguaiacols. Concentrations of
other chlorophenolic compounds determined at this site were intermediate between these
ranges. Between 2 and 10 km downstream from the mill, these concentrations decreased
sharply; although detectable amounts of some chlorophenols could be found at a distance
of 15 km. Xie and co-workers (1984) also determined the "half distances"; that is, the
distance down-current within the distribution pattern for each compound, over which the
measured concentration was diminished by 50 percent. '"Half distances" for 2,4,6-
trichlorophenol, 3,4,5-trichloroguaiacol, tetrachloroguaiacol and tetrachlorocatechol were
between 0.5 and 1.l km,

_ It is evident from the three studies cited above that sublethal concentrations
of chlorophenols can be present in receiving water near bleached pulp mills; particularly
where effluents are not biotreated. Their slow degradation rates, as presented previously,

create a potential for dispersal well beyond the immediate vicinity of the mill outfall.

1.3.2.3 Other organic constituents. As for freshwater situations, limited information
exists on levels of other organic constituents in estuarine/marine waters. Chloroform is
one of the few compounds for which information is available and, as mentioned above,
chloroform concentrations can be used as a means of tracing effluent plumes. Xie et al.,
(1984) reported that, for the mill they studied, levels of chloroform within receiving
waters decreased from 5.4-15 ug/L at approximately 2 km, to 0.02 ug/L at a distance of
15 km. Detection in aquatic organisms of other compounds such as chlorinated cymenes
and sulphones is the sole evidence for the presence of these compounds in receiving
waters (see Chapter 4). Indeed, where bioaccumulation in the fat tissues in aquatic organ-
isms does occur, this is a considerably more sensitive technique for detection of
environmental contaminants. Where it does not occur, their presence at these concentra-

tion levels is of no significance.
1.4 Toxic Constituents in Sediments

Organic compounds which have low solubilities in water can be removed by
suspended solids or sediment by surface adsorption phenomena. Factors such as surface
area and sediment composition affect the adsorption process. While any detailed
discussion of the mechanisms of removal of organic material by sediment is beyond the
scope of this review, it can be stated that adsorption is generally greater when sediment
particles are smaller (i.e., have a large surface area) and have a high organic content, as
in the case of pulp mill fibres. Effects such as chelation and pH changes may influence

the binding of phenols to sediment (Schellenberg et al.,, 1984). Most receiving-water
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sampling studies now include sediment sampling as an integral part of the program.
Sediments serve as repositories for pollutants and the information derived regarding levels
of organics in sediment relative to water provides considerable insight with respect to
their bioavailability and potential toxicity.

Determining the relative levels of toxic constituents in water and sediment
from the same area also permits predictions to be made regarding which biota (i.e.,
bottom or surface dwelling) will be affected to the greatest extent. The limited
information available concerning levels of toxic constituents in sediment collected near

pulp and paper mills is summarized here.
1.4.1 Freshwater Sediment.

1.4.1.1 Resin and fatty acids. Dehydroabietic acid is the major resin acid reported in
freshwater sediment. Fox (1976) reported levels of 100 1 g/g in surface sediment near the
outfall from a bleached kraft and groundwood mill discharging untreated effluent into
Nipigon Bay (Lake Superior). A study of its distribution pattern showed elevated levels
were present along a deep bottom channel, with 10 ug/g or about 10 times background
still being present 15 km from the discharge. Brownlee and Strachan (1977) analyzed
sediment near the same mill and found levels of 150 ug/g dehydroabietic acid, 1 km from
the discharge; and 0.1-2 ug/g (i.e., background levels) at 3-7 km. In a more detailed study
of distribution within the sediment, Brownlee et al. (1977) reported that abietic, pimaric,
an abietanoic and an abietenoic acid were present in the surficial layer of sediment near
the same mill. Abietic acid was suggested as a possible source of the latter two
compounds. Levels of fatty acids in sediment were not reported in this or other

environmental studies.

1.4.1.2 Chlorophenols. Paasivirta et al. (1980) analyzed levels of chlorophenols in lake
sediments near pulp mills in Finland. Tetrachlorocatechol was the main chlorophenol
found in sediment collected 5 km downstream from the mill (Table 1.8). The concentra-
tion was roughly 10 times that of tetrachloroguaiacol, trichloroguaiaco! and 2,4,6-
trichlorophenol. Traces of the same compounds (0.003-0.01 ng/g) were present 40 km
downstream from the same mill, at a point which was also about 15 km downstream from
the city of Jyvaskyla. Levels at the 40-km site were at least a factor of two above hack-
ground levels in samples collected at a remote site. Based on statistical correlations of
the concentrations of each chlorophenol, Paasivirta et al. (1980) concluded that, while

tetrachloroguaiacol, trichloroguaiacol and 2,4,6-trichlorophenol clearly originated from



TABLE 1.8 CONCENTRATIONS OF CHLOROPHENOLS IN FRESHWATER SEDIMENT AT VARIOUS DISTANCES
FROM PULP AND PAPER MILL OUTFALLS
Distance
Effluent from
outfall Concentration
Chlorophenol type treatment (km) (ngl/g) Reference
4,5-dichlorocatechol BKME secondary 50 ND2a-0.004 Voss & Yunker, 1983
4,5-dichloroguaiacol BKME secondary 50 ND-0.006 Voss & Yunker, 1983
tetrachlorocatechol -b - 5 0.35 Paasivirta et al., 1980
40 - 0.01
tetrachlorocatechol - - 2-3 2-6 Salkinoja-Salonen et al., 1981
tetrachlorocatechol BKME secondary 50 0.004-0.0! Voss & Yunker, 1983
tetrachloroguaiacol - - 5 0.05 Paasivirta et al., 1980
40 0.006
tetrachloroguaiacol BKME secondary 50 0.0009-0.003 Voss & Yunker, 1983
3,4,5-trichloro-
catechol BKME secondary 50 0.002 Voss & Yunker, 1933
trichloroguaiacols - - 5 0.04 Paasivirta et al., 1980
40 0.003
trichloroguaiacols BKME secondary 50 0.0007-0.0008 Voss & Yunker, 1983
2,4,6-trichloro- - - 5 0.03 Paasivirta et al., 1980
phenol 40 0.01
2,4,6-trichloro-
phenol BKME secondary 50 ND-0.0007 Voss & Yunker, 1983

2  Not detected.
Not indicated.

LA
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the mill, tetrachlorocatechol was probably also a metabolite of pentachloropheno! and
tetrachloroguaiacol. No water samples were analyzed in this study.

In another study in Finland, Salkinoja-Salonen et al. (1981) also found that
tetrachlorocatechol was the major chloropheno! in freshwater sediment near pulp mills.
Combined levels of tri- and tetrachlorocatechol ranged from 6 wg/g sediment in the
surface layer of sediment to less than 1 ug/g at depths below 10 cm. Since the levels of
tetrachlorocatechol in mill effluent were very low, these researchers suggested that other
chlorinated compounds in the sediment were converted to tetrachlorocatechol.

In the study by Voss and Yunker (1983), levels of a variety of chlorophenols in
sediment collected 50 km downstream from the nearest mill discharging biotreated BKME
to the Fraser River were reported (Table 1.8). Tetrachlorocatechol was present at 0.004-
0.01 ug/g sediment, the highest of any of the chlorophenols reported. Total chloroca-
techols ranged from 0.01-0.02 ug/g while total chloroguaiacols were approximately
0.01 ugl/g, and 2,4,6-trichlorophenol ranged from below the detection limit to
0.0007 ug/g.

1.4.1.3 Other organic constituents. Elevated levels of polynuclear aromatic hydrocar-
bons, plasticizers and chlorinated organics have been found in sediments in industrialized
areas. Polychlorinated biphenyls (PCBs) appear to be the major group of compounds in
sediments whose presence could be related to the pulp and paper industry. PCB levels in
sediment from the Lower Fox River in Wisconsin (Sullivan et al., 1983), which receives a
heavy effluent load from waste paper recycling plants, ranged from 0.1-100 ug/g. Since
the background level was <0.1 ug/g, elevated levels of PCBs were clearly present. As

mentioned earlier, the PCB content of wastepaper has declined (NCASI, 1982).
1.4.2 Estuarine/Marine Sediment. |

1.4.2.1 Resin and fatty acids. Dehydroabietic acid was found in sediment samples
collected from the Saint John River estuary near bleached kraft and groundwood pulp
mills (Bacon and Silk, 1978). Levels ranged from 7.4-25 ug/g sediment. Details
concerning effluent treatment were not reported. Kinae et al. (1981) analyzed sediment
collected at three points on the coast of Japan near pulp and paper mills (effluent
treatment not indicated). Dehydroabietic acid was identified in sediment at one of the
locations but no details were given on the concentration or distance from the mill. Levels
of fatty acids have not been reported, mainly because of the natural occurrence of these

materials in the environment.
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1.4.2.2 Chlorophenols. Kinae et al. (1981) reported that 2,4,6-trichloro-phenol and
tetrachloroguaiacol were present in the sediment sample mentioned above. As with
dehydroabietic acid, concentrations and sampling details were not given. Swedish
scientists measured levels of chlorophenols in estuarine/marine sediment near a number of
coastal mills (Anon., 1982). Chloroguaiacols were not detectable in surficial sediment
samples collected from one marine area which had good flushing. However, sediment
from a bay in the Baltic Sea contained measurable quantities of 3,4,5-trichloroguaiacol
and tetrachloroguaiacol. Most samples of surficial (0-4 cm) sediment contained 0.01-
0.1 ug/g of each chlorophenol, lower concentrations being found at a depth of 4-8 cm. In
these studies, levels of chlorophenols were generally elevated above background levels
only within a few kilometres of the mills.

Concentrations of a number of chlorophenolic compounds in estuarine/marine
sediments sampled at distances of up to 15 km from mills discharging BKME (untreated or
‘treatment unidentified) have been reported (Table 1.9). For the two B.C. coastal mill
sites examined, the highest sediment concentrations found were for the trichloroguaiacols
(<0.01 ug/g) and tetrachlorocatechol (0.007 ug/g). The highest concentration of
trichlorocatechol and tetrachloroguaiacol detected in surficial sediments was 0.003 ng/g.
Concentrations of these chlorophenolics were not related consistently to distance from
either mill outfall. Other chlorophenolic compounds measured were below detection
limits or present in trace amounts only (Table 1.9). Voss and Yunker (1983) noted that the
chlorinated catechols, often present only in minor amounts in the receiving water
samples, were major components of the effluent constituents identified in sediment
samples. These researchers speculated that these chlorinated catechols may have been
formed by the degradation of other chlorinated organics or they may have preferentially
precipitated from the water column. The maximum concentrations of trichlorocatechols
(3.0 ng/g), tetrachlorocatechol (0.8 pg/g), trichloroguaiacols (0.3 g/g) and tetrachloro-
guaiacol (0.1 ug/g) reported by Swedish investigators for samples of coastal sediments
collected within the vicinity of bleached kraft mills were appreciably higher than those
found in B.C. coastal waters (Xie, 1983; Xie et al.,, 1984) (Table 1.9). As with the
Canadian studies, the concentrations of other chlorophenolic compounds measured in
these sediments were normally below the limit of detection or present in trace amounts

only.

1.4.2.3 Other organic constituents. There is very little published information on

levels of other pulp mill-derived organic constituents in estuarine/marine sediment.



TABLE 1.9 CONCENTRATIONS OF CHLOROPHENOLS IN ESTUARINE/MARINE SEDIMENT AT VARIOUS
DISTANCES FROM PULP AND PAPER MILL OUTFALLS
Distance
Effluent from
- outfall Concentration

Chlorophenol type treatment (km) (ng/g) Reference
4,5-dichlorocatechol BKME untreated 0.25-2.4 0.0003-0.0004 Voss & Yunker, 1983

BKME untreated 3.6-6.8 NDa
4,5-dichloroguajacol BKME untreated 0.16-4.0 ND-0.002 Voss & Yunker, 1983

BKME untreated 4.6-12.5 ND Voss & Yunker, 1983
4,5-dichloroguaiacol BKME b 2 0.007 Xie, 1983

10 ND Xie, 1983

4,5-dichloroguaiacol BKME b 2-5 0.004-0.05 Xie et al., 1984
2,4-dichlorophenol BKME - 2 0.0009 Xie, 1983

BKME - 10 ND Xie, 1983
2,4-dichlorophenol BKME - 2-10 <0.0002-0.02 Xie et al., 1984
tetrachlorocatechol BKME untreated 0.16-12.5 ND-0.003 Voss & Yunker, 1983
tetrachlorocatechol BKME untreated 0.25-6.8 0.0009-0.007 Voss & Yunker, 1983
tetrachlorocatechol BKME - 2 0.01 Xie, 1983
tetrachlorocatechol BKME - 10 0.001 Xie, 1983
tetrachlorocatechol BKME untreated 2-15 0.0004-0.77 Xie et al., 1984
tetrachloroguaiacol BKME untreated 0.16-12.5 ND-0.002 Voss & Yunker, 1983
tetrachloroguaiacol BKME untreated 0.25-6.8 0.0006-0.003 Voss & Yunker, 1983
tetrachloroguaiacol BKME - 2 0.02 Xie, 1983

BKME - 1o 0.001 Xie, 1983
tetrachlorocatechol BKME - 2-15 <0.00005-0.136 Xie et al., 1984
trichlorocatechols BKME untreated 0.16-12.5 ND-0.0009 Voss & Yunker, 1983
trichlorocatechols BKME untreated 0.25-6.8 0.0002-0.003 Voss & Yunker, 1983
trichlorocatechols BKME - 2 0.08 Xie, 1983
trichlorocatechols BKME - 10 0.005 Xie, 1983
trichlorocatechols BKME - 2-15 0.0009-3.04 Xie et al., 1983
trichloroguaiacols BKME untreated 0.16-12.5 0.0009-0.01 Voss & Yunker, 1983
trichloroguaiacols BKME untreated 0.25-6.8 0.002-0.007 Voss & Yunker, 1983
trichloroguaiacols BKME - 2 0.03 Xie, 1983

BKME - 10 0.001 Xie, 1983
trichloroguaiacols BKME - 2-15 0.00009-0.31 Xie et al., 1984
2,4,6-trichloro- BKME untreated 0.16-12.5 ND-0.001 Voss & Yunker, 1983
phenol BKME untreated 0.25-6.8 0.0002-0.0008 Voss & Yunker, 1983
2,4,6-trichloro- BKME - 2 0.0004 Xie, 1983
phenol BKME - 10 0.0001 Xie, 1983
2,4,6-trichloro-
phenol BKME - 2-10 <0.00005-0.002 Xie et al., 1984

8  Not detected.
Not indicated.



28

Yamaoka (1979) reported diterpenoid hydrocarbons of the abietane type were present in
surface sediment near a coastal mill in Japan. Kinae et al. (1981) identified juvabione in

sediment near a mill, although no link with the mill was established.
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2 LABORATORY MONITORING FOR TOXICITY OF MILL EFFLUENTS

2.1 Introduction

Our knowledge of the toxicity of pulp and paper mill effluents to aquatic life
is based primarily on bioassay tests performed under controlled laboratory conditions.
Findings from acute (short-term) lethal bioassays with fish and other aquatic organisms
are used for varied purposes including the intercomparison of toxic loadings and emission
rates for various types of pulp and paper mill discharges, identification and control of in-
plant sources of toxicity and of specific toxic constituents, assessment of the efficacy of
effluent treatment in removing toxicity, and the routine monitoring of mill discharges for
quality control and compliance with respect to federal and provincial governmental
fegulatory requirements. Studies which have examined sublethal responses of aquatic life,
including determinations of lowest concentration(s) of effluent that elicit a response, have
been undertaken primarily to assess "safe" effluent concentrations in receiving waters,
below which no environmental impact occurs. Results from these studies have been
applied in the design and construction of effluent diffusers in receiving waters. Some of
the more sensitive, rapid and reliable sublethal bioassay procedures have been used for
laboratory or on-site monitoring of residual toxicity in treated mill effluents.

This review describes the proven and more promising bioassay tests now
available and/or in common use for monitoring lethal and sublethal toxicity of pulp and
paper mill effluents and effluent constituents. Besides the conventional acute lethal
bicassay with fish (rainbow trout), other tests (i.e., daphnia, oyster larval, algal and
Microtox assay), which are useful in quantifying the toxicity of pulp mill effluents, are
described. These bioassays have received various degrees of national and international
acceptance for use with pulp and paper mill effluents, and are applicable to differing
orders of both freshwater and estuarine/marine organisms.

Sublethal effects of brief (hours, days) and more prolonged exposure of
freshwater and estuarine/marine organisms to pulp mill effluent are reviewed here under
separate headings. Sublethal effects attributable to specific effluent constituents are
also described. Threshold concentrations of whole mill effluent evoking various diverse
sublethal responses are summarized in terms of both percentage concentration and
fraction of the 96-h LC5q value. The extent to which secondary (biological) treatment of

effluent modifies these responses is indicated.
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Although our current understanding is far from complete, we now know that a
number of natural environmental variables (i.e., dissolved oxygen, temperature, pH,
salinity) acting alone or in concert can modify the, toxicity (and thus the potential
environmental impact) of pulp mill effluents. Present-day knowledge with respect to the

modifying influence of these variables is reviewed and discussed.
2.2 Short-Term Bioassay Tests in Common Use

By definition, acute toxic effects are those which occur within a relatively
short period of time (conventionally within four days). These effects may be lethal (death
with short-term exposure) or sublethal, depending on the strength of the toxicant and on
the tolerance of the test organism (Sprague, 1969; Anon., 1980a). This distinction is
emphasized here inasmuch as the literature not uncommonly but also incorrectly equates
the terms "acute toxicity" or "acutely toxic" as synonymous with acute lethal toxicity,

ignoring acute sublethal toxic effects.

2.2.1 LCs5q Bioassays with Fish. Laboratory methods for measuring the acute lethal
toxicity of effluents to fish or other aquatic organisms have been established and have
been in common use since the 1950s. Specific procedural details for conducting these
laboratory bioassays, together with more recent improvements, have been published
elsewhere (Sprague, 1969; EIFAC, 1975; Peltier, 1978; Anon., 1980a). In Canada, bioassay
procedures for determining the acute lethal toxicity of pulp mill and other liquid effluents
to fish under controlled laboratory conditions have also been specified (Anon., 1972a;
Anon., 1980b; Anon., 1982a). The present review considers these test procedures only
insofar as their relevance for evaluating the toxic effects of pulp and paper mill effluents
within receiving waters and the manner in which environmental variables may modify the
test results.

In Canada and elsewhere, the standard laboratory test for evaluating the acute
lethal toxicity of pulp and paper mill effluents is the 96-h LCsg (median lethal

concentration) fish bioassay. Rainbow trout (Salmo gairdneri) are used routinely as a test

fish in Canada, Scandinavian countries and northern U.S. states where waters receiving
effluent discharges are cool. In warmer climates, warmwater fish species (i.e., fathead

minnows, Pimephales promelas; golden shiners, Notemigonus crysoleucas; bluegill sunfish,

Lepomis macrochirus) are employed. Other species of freshwater, estuarine and marine

fish suitable for laboratory bioassay tests with effluents or chemicals have been identified
(Peltier, 1978; Anon., 1980a; Parker, 1984).
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The LCsq bioassay involves placing groups of fish (usually ten per concentra-
tion) in a range of concentrations of effluent, diluted with freshwater (to which the fish
are acclimated), and observing their survival throughout a 96-h test period. Based on the
percentage survival of fish at various effluent concentrations, the median.lethal concen-
tration is calculated. Since effluent dilutions are normally on a volume-to-volume basis,
LC 50 values are expressed as percentage effluent by volume (% v/v). The term "LCsq" is
synonymous with TL, and TL 50 (median tolerance limit), used in the earlier literature.

The higher the LCsqn value, the less its toxicity, i.e., the higher the
concentration the fish or other aquatic organism can tolerate. Samples of effluent
identified as "non-toxic" are those in which more than half (50%) of the test fish exposed
to full-strength effluent for 96-h survived. "Non-toxicity" does not distinguish toxic
levels causing less than 50% deaths of test fish in full-strength effluent, nor any
unmeasured sublethal toxic effects.

In the LCsq fish bioassay it is not common to record behaviour such as loss of
equilibrium or immobilization of surviving fish at various test concentrations. However,
concurrent assessment of the median effective concentration (ECsg) causing these
sublethal responses has been recommended, as an expression of "functional death"
(Stephan, 1982). '

A number of test variables, controlled or uncontrolled, can influence (often
markedly) LCs5q values. For instance, untreated or clarified pulp mill effluent samples
appear to be two to four times more toxic if test solutions are renewed (semi-static or
continuous-flow tests) during the bioassay (Loch and MacLeod, 1974; Walden et al., 1975).
Inter-and intra-laboratory LCs5q or other lethal bioassay results for samples of pulp mill
effluents may also differ due to variations in the overall condition and tolerance of fish
stocks, differing fish-loading densities and/or aeration rates, and sample pH. Additional-
ly, the chemical characteristics of the diluent water can cause up to four-fold variations
in the LCs5p values derived with primary-treated (clarified) bleached kraft whole mill
effluent (McLeay et al.,, 1979a). The use of replicate (duplicate or triplicate) bioassay
tests with the same effluent sample enables an understanding of the validity and
reproducibility of the intra-laboratory test results (Sprague and Fogels, 1977); however, as
a '"cost-saving" measure, bioassays conducted for routine monitoring or even legal
purposes are often not replicated.

The acute lethal toxicity of various types of pulp and paper mill effluents to
freshwater fish and invertebrates, as determined under controlled laboratory conditions,

has been reviewed extensively (Brouzes, 1976; Walden, 1976; Walden and Howard, 1977,



37

1981; Poole et al., 1978; Hutchins, 1979; Willard, 1983). These summary documents
indicate that most untreated or primary-treated (clarified) pulp and paper whole mill
effluents are acutely lethal to fish or aquatic invertebrates. The LCsq values derived for
these effluents do not differ markedly due to process type, and are in most instances
greater than 5%. Compared to effluents from other industries, particularly those
processing chemicals, pulp and paper mill effluents are only marginally lethal (Brouzes,
1976; Poole et al., 1978). The concerns with respect to environmental impact stem from
the point discharge of large volumes of mildly toxic effluent (Poole et al., 1978) and the
resulting potential for adverse sublethal effects where dilution is minimal (Walden, 1976).
Bioassay results for all pulp and paper mill effluents that have received effective
secondary (biological) treatment indicate no acute lethal toxicity to salmonid fish or other
aquatic organisms when tested at full strength (Walden et al., 1972; Walden and Howard,
1974; Anon., 1979; Willard, 1983).

Some of the 96-h LCsn values reported for a single sensitive salmonid fish
species (rainbow trout) exposed to various types of whole mill effluents are presented in
Table 2.1, together with information concerning the type of mill process, bioassay type
and the type of effluent treatment. Inasmuch as these tests were conducted at a number
of facilities using somewhat differing test conditions (i.e., fish loading densities,
temperature, pH, solution replacement or not, fish stocks and diluent waters), the values
are not directly comparable. However, these data generally support the conclusions
reached in previous reviews, and delineate the efficacy of treatment in reducing or
removing the acute lethal toxicity of whole mill effluents of various types.

The data in Table 2.1 indicate a range of 96-h LCsp values for all types of
kraft effluents, from 3 to 100%. No obvious differences in toxicity are due to bleaching
or to primary clarification. Various authors have noted that primary treatment of kraft
whole mill effluent does not reduce the concentrations of known toxic constituents (Easty
et al., 1978; Wallin and Condrin, 1981; Willard, 1983). The species of wood pulped can
affect the acute lethal toxicity of kraft whole mill effluents (Holmbom and Lehtinen,
1980; Leach and Chung, 1980; Anon., 1982b) and, in general, effluents produced from
softwood furnishes are more toxic than those from hardwood. In-plant modifications in-
volving the substitution of chlorine dioxide for chlorine in the bleach plant (Rapson et al.,
1977; Donnini, 1983; Kutney et al., 1983, 1984) and the possible treatment of acid bleach
effluent with sulphur dioxide (Donnini, 1981; Donnini et al., 1984) can reduce the acute

lethal toxicity of kraft bleach plant process effluents. The extent to which chlorine
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TABLE 2.1 ACUTE LETHAL TOXICITY OF UNTREATED AND TREATED PULP AND PAPER MILL EFFLUENTS TO
RAINBOW TROUT

Effluent treatment

Bioassay No. of 96-h LC5sp
Type of process untreated primary secondary type samples (% v/v) References
unbleached X Static 5 7-14 Fisher, 1982
kraft X Static 5 15-58 Fisher, 1982
X Static 5 65-100 Fisher, 1982
X Continuous flow ! 3 Loch & Macleod, 1973
X Static 7 3-19 Leach & Chung, 1980
X Static 2 >100 Leach & Chung, 1980
AL Static 15 80->100 Fisher, 1982
bleached X Static 2 14-17 Holmbom & Lehtinen, 1980
kraft X Static 15 5-74 Fisher, 1982
X Semi-static 1 20 Miettinen et al., 1982
X Semi-static 2 9-15 Nikunen, 1983
X Static 2 20-40 Fahmy & Lush, 1974
X Static 29 5-87 Leach & Chung, 1980
AL Static, 1 >100 Loch & MacLeod, 1973
Continuous flow
AL Static 1 >100 Fahmy & Lush, 1974
AL Static 2 42-44 Holmbom & Lehtinen, 1980
X Static 4y 13->100 Leach & Chung, 1980
AL Static 15 15->100 Fisher, 1982
AS Semi-static 1 98 Miettinen et al., 1982
AL Semi-static 1 37 Nikunen, 1983
unbleached  (Na) X Static 1 8 Leach & Howard, 1978
sulphite
(Na) X Static 3 8-95 Leach & Chung, 1980
bleached (NH3, X Static 2 10-50 Leach & Howard, 1978
sulphite Ca/Mg)
- X Static 10 4-100 Fisher, 1982
(Ca) X Static 4 22-29 Anon., 1979
(Na) X Static 4 4-19 Anon., 1979
(Mg) X Static 4 2-7 Anon., 1979
(NH3) X Static 4 40-68 Anon., 1979
(NH3) X Static 3 9-76 Leach & Chung, 1980
(Ca) AL Static 4 21->100 Anon., 1979
(Na) AS Static 4 >100 Anon., 1979
(Mg) AL Static b 16->100 Anon., 1979
(NH3) AL Static 4 100 Anon., 1979
- AL Static 10 72->100 Fisher, 1982
(NH3) X Static 2 45->100 Leach & Chung, 1980
groundwood X Static 3 4-10 Leach & Howard, 1973
X Static 4 3-12 Leach & Howard, 1975
X Semi-static 1 9 Nikunen, 1983
X Static 6 1-100 Leach & Chung, 1980
AL*, AS* Static 3 >100, >65 Leach & Chung, 1973
X Static 4 3->100 Leach & Chung, 1980
thermo- X Semi-static 1 7 Buckney, 1978
mechanical AS* Semi-static 1 >100 Buckney, 1978
(TMP)
chemi- X Static 5 28-46 Fisher, 1982
mechanical X Static 5 85->100 Fisher, 1982
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ACUTE LETHAL TOXICITY OF UNTREATED AND TREATED PULP AND PAPER MILL EFFLUENTS TO
RAINBOW TROUT (Cont'd)

Effluent treatment

Bioassay No. of 96-h LC3sq
Type of process untreated primary secondary type samples (% v/v) References
newsprint X Static 2 25-26 Dumouchel et al., 1975
(kraft/ground- AS* Static 2 >100
wood)
newsprint (Na) X Static 1 16 Loch & MacLeod, 1973
(unbleached
sulphite/
groundwood)
fine paper X Semj-static 4 55-65 Wilson et al., 1975
X Static 5 29-100 Fisher, 1982
X Static 5 82->100 Fisher, 1982
NSSC X Static 4 10-28 Wilson & Chappel, 1974
X Static 2 18-48 Leach & Chung, 1980
NSSC/ X Static 4 16-56 Willard, 1983
unbleached X Static 4 >100 Willard, 1983
kraft
bleached X Static 2 25-65 Leach & Chung, 1980
sulphite and  (Mg) X Static 1 >100
kraft
unbleached X Static 4 20-43 Anon., 1979
sulphite/ (Mg) X Static 1 32 Leach & Chung, 1980
groundwood AL Static 4 19->100 Anon., 1979
X Static 1 >100 Leach & Chung, 1980
unbleached  (Mg) X Static 8 6-25 Anon., 1979
sulphite/TMP/ AL Static g >100 Anon., 1979
groundwood

* Bench-scale (laboratory) treatment.
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dioxide substitution and treatment of C-stage effluent with sulphur dioxide can reduce the
toxicity of whole bleach plant effluent and of BKME is unknown.

Untreated or primary-treated unbleached and bleached sulphite whole mill
effluents show a similar range of LCsq values for rainbow trout as does kraft whole mill
effluent (Table 2.1). The toxicity of these effluents is not affected by the pulping base
(Na, Ca, Mg or NH3). The lack of difference in LCsq values between unbleached and
bleached effluents indicates that the process streams involved are of approximately
equivalent toxicity (Rosehart et al., 1974; Hutchins, 1979; Table 2.1). Available LCsq

- . values for untreated or primary-treated NSSC effluent are similar to the above.

It is difficult to secure representative LCs5q values for untreated or primary-
treated groundwood (stone or refiner) or TMP effluent, since the toxicity of the effluent
depends greatly on the internal water recycle within the mill., However, generally, these
effluents are somewhat more toxic than untreated kraft or sulphite whole mill effluent
(Table 2.1). Although published information with respect to the acute lethal toxicity of
thermomechanical pulping (TMP) effluent is scarce, its toxicity is thought to be somewhat
greater than that of groundwood effluent (McCubbin, 1984a).

The LCsq (rainbow trout) values for untreated or clarified final effluents from
newsprint, fine paper or integrated mills varied from 6 to 65%, i.e., the toxicity of these
effluents was similar to untreated kraft or sulphite whole mill effluents (Table 2.1).

Conventional (aerated lagoon or activated sludge) full-scale secondary treat-
ment does effectively remove acute lethal toxicity to fish (LC 57 >100%) from all types of
pulp and paper mill effluents. Failures to detoxify (Table 2.1) are usually attributable to
improper design (short-circuiting), to inadequate operation of the biobasin, or to in-plant
spills. In North America the "typical" biotreated effluent discharged by modern pulp and
paper mills does not kill rainbow trout or other fish when tested at full strength in 96-h
laboratory or on-site bioassays (Walden and Howard, 1974; Anon., 1979; Schneiderman and
Allard, 1979; Fisher, 1982; Willard, 1983).

2.2.2 Toxic Unit Concept. "Toxic units" were originally proposed as a method for
expressing the toxicity of chemicals or effluents to fish in terms related directly to the
concentration of toxicants (Sprague and Ramsay, 1965; Sprague, 1971). According to this
concept, one toxic unit (TU) corresponds to the concentration of chemical(s) or effluent
which kills 50% of the test fish within 96 h, i.e., 1 TU = 96-h LCs5q. Using this approach,
the "amount of toxicity" in a particular effluent is expressed in terms of toxic units, as

follows:
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100%
TU =

96-h LC50 (%)

For example, an effluent with a 96-h LCs5q value of 20% (v/v) contains 5 TU, whereas a
more toxic sample would contain a correspondingly higher number of toxic units (i.e., for
a 96-h LCsp of 4%, TU = 100/4 or 25). The advantage of this approach is that toxic values
increase directly and linearly with toxicant concentration -- known or otherwise --
whereas this is not so for other bioassay values.

The toxic unit concept is useful to assess the quantity of toxicity discharged |
daily by a particular pulp mill or other industrial/municipal plant (Wilson et al., 1975b;
Metikosh, 1979), where toxicity emission rate (TER) is:

TU x daily discharge volume.

The discharge volume is normally expressed as cubic metres per day (m3/d).
This approach is also useful for comparing the relative quantities of toxic material
(sometimes referred to as toxic loading) discharged daily to the environment by various
industries or mills with differing processes/treatment systems, etc. TER calculations
provide a means to compare and assess relative differences in toxic loadings discharged
daily to the environment by one or more mills. Such comparisons are not possible where
discharge volumes are ignored and implications of the potential environmental impact of
these discharges are restricted to a consideration of the -effluent samples' LCs5q values.
Additionally, monitoring or regulatory guidelines based on TER values (Anon., 1972b)
vitiate any attempt to meet discharge requirements merely by effluent dilution (Brouzes,
1976).

For the process engineer, the quantity of toxicity generated per unit of
production frequently is important in evaluating mill operation and/or process design
modifications. These data are derived by dividing toxicity emission rates by the daily
tonnage (ADt) to yield a toxicity emission factor (TEF) (Wong et al., 1978, 1981; Holmbom
and Lehtinen, 1980; Voss et al., 1981; Anon., 1982b; Nikunen, 1983). However, these TEF
values are not directly relevant to effluent quality per se.

The toxic unit concept has been used to assess the relative contributions of in-
plant process streams to the overall toxicity of the final mill discharge. This approach
assumes that the toxic contributions of individual process streams are additive when the
streams are combined. Toxicity-balance studies have demonstrated that this has not
always been the case (Bruynesteyn, 1977; Metikosh, 1979).
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Toxic units have also been used in attempts to develop a chemical approach
for predicting the acute lethal toxicity (to fish) of pulp mill effluents (Leach et al., 1979;
Holmbom and Lehtinen, 1980; Leach and Chung, 1980). According to this approach, the
concentration of each individual toxicant in the effluent is determined by chemical
means. Then the toxic contribution (TU) of each of these toxicants is calculated as
follows (Leach et al., 1979):

concentration of constituent in effluent
TU =

96-h LCsq of constituent

The sum of the toxic unit contributions of the various individual toxicants is
taken as the overall toxicity of the solution.

For 113 samples of primary- or secondary-treated kraft or sulphite whole mill
effluents and groundwood effluent, measured and calculated toxicities were in close
agreement. However, variation exceeded 30% for 27% of the samples (Leach and Chung,
1980). These investigators concluded that "the (chemical) analysis method should be used
to augment information from conventional bioassay and not as a replacement for such
tests". Using a similar approach with kraft bleach plant effluents, Holmbom and Lehtinen
(1980) determined that, for 7 of the 12 samples examined, more than half of the toxicity
of kraft bleach plant effluents was unaccounted for by chemical assay. Thus the general
applicability (and cost effectiveness) of this approach has yet to be realized, and bioassay
tests "remain the standard toxicity measurement technique" (Willard, 1983).

Inasmuch as TU and TER values are derived from the results of LCsqg
bioassays, these values are not absolute measures of toxicity. Rather, they are relative
values, and are subject to the effects of those same controlled or uncontrolled test
varjables that influence the LC50p. The LCsq bioassay's inability to demonstrate acute or
chronic sublethal toxic effects is also integral in toxic unit and toxicity emission rate
values.

In summary, the LCs5qg value and the toxic unit are quantitative yet relative
(test-dependent) measures of the concentration and amount of toxicity, respectively,
which do not require that the makeup of the responsible chemical constituents is known.
Additional information is required before the biological impact of a particular discharge
on receiving waters can be assessed. This includes an understanding of water chemistry,
differing sensitivities of indigenous fish or other aquatic biota, and sublethal toxic effects
caused by their acute or chonic exposure. Unless these variables are considered, LCsq,

TU, TER or TEF values derived by bioassay tests with rainbow trout or other aquatic
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species (Voss et al., 1981) are subject to misinterpretation if used to assess the likelihood
of lethal toxic effects within the environment. Further, in reporting LC5p values or toxic
units, it still remains necessary to qualify the results with respect to the test conditions

and procedures employed.

2.2.3 Bioassays with Daphnia. Daphnia are freshwater micro-crustaceans (zooplank-
ton) commonly occur in cool or warmwater lakes and streams. These organisms often
comprise a major source of food for juvenile salmonid and other small resident freshwater
fish species. Daphnia are easily cultured under laboratory conditions, and are now used
routinely in Canada and other countries for evaluating the aquatic toxicity of effluents
and chemicals (OECD, 1984; Van Coillie et al., 1984).

Standardized laboratory procedures and guidelines for measuring the acute
toxicity of effluents or chemicals to daphnia are available (Anon., 1980a, 1982b; OECD,
1984). All these procedures are similar, except for some pertinent differences such as the
source and characteristics of the diluent water and culturing media. The Daphnia
bioassay has two specific advantages. It evaluates the tolerance of a sensitive fish-food
organism to an effluent or discharge. Also, it is simple and low cost, requires a minimum
effluent sample, and is suitable for on-site evaluations of in-plant toxicity or the efficacy
of effluent treatment (Tunstall and Solinas, 1977; Schmaltz, 1979; Cary and Barrows,
1981; Donnini, 1981, 1983; Voss et al., 1981). Two daphnid species (Daphnia pulex and D.

magna) have been used routinely for laboratory bioassays, although the latter is now the

accepted test species due to its larger size. Basic test procedures are similar to those for
the LCsq fish bioassay, except that bioassay solutions are not aerated and exposures
normally are for 48 hours. More extended exposures result in deaths due to starvation
(Zanella and Berben, 1980). Since death is difficult to discern for such small organisms
(particularly in a coloured effluent), the bioassay determines the median effective
concentration (ECsq) of effluent which causes complete immobilization of 50% of the
exposed organisms.

A number of researchers have compared bioassay results obtained for identical
samples of pulp and paper mill effluents, using both daphnia and rainbow trout as the test
organisms (Table 2.2). According to two studies, no differences in sensitivity were
observed between these two species for the majority of effluent samples examined
(Tunstall and Solinas, 1977; Schmaltz, 1979). However, other investigators (Brouzes and
Naish, 1975; Nikunen, 1983) found that rainbow trout were appreciably more sensitive

than daphnia (higher ECsg values for daphnia). Based on similar findings of lesser



TABLE 2.2 RELATIVE SENSITIVITY OF Daphnia sp. AND RAINBOW TROUT TO SHORT-TERM EXPOSURE TO
PULP AND PAPER MILL EFFLUENTS

Number of tests showing greater

Effluent Number of sensitivity for:
bioassays
type(s) treatment (each species) daphnia rainbow no difference Reference
BKME + process untreated 18 1 14 3 Brouzes & Naish, 1975
streams
newsprint untreated 2 2 Dumouchel et al., 1975
newsprint secondary 2 2 Dumouchel et al., 1975
BKME, chemi- untreated 23 2 2 19 Tunstall & Solinas, 1977
mechanical
groundwood,
newsprint
TMP ' untreated | | Buckney, 1978
BKME untreated 26 2 6 18 Schmaltz, 1979
BKME + process untreated 4 4 Nikunen, 1983
streams treated 1 | Nikunen, 1983
groundwood, 'untreated 3 3 Nikunen, 1983
debarking

kraft bleach plant untreated
treated

2 Donnini et al., 1984

NN

hh
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sensitivity for daphnia, Swedish scientists have excluded daphnia bioassays from their
battery of biological procedures used to evaluate the aquatic toxicity of kraft bleach
plant effluents (Anon., 1982a). In the 84 comparative bioassay results summarized in
Table 2.2, daphnia were more sensitive than rainbow trout in 9 instances (11%) and as
sensitive as rainbow trout in 45 cases (54%).

The differing conditions and procedures (i.e., test duration, replacement or
non-replacement of test solutions, etc.) employed in these comparative bioassays by the
different investigators may be responsible, in part, for the variation in results. For
example, ambient test temperatures should be optimal for the test species involved. The
range of temperatures (6-15°C) used by Brouzes and Naish (1975) for their daphnia tests
may be responsible for the reduced sensitivity encountered. The findings of Dumouchel et
al. (1975) suggest that higher temperatures (20°C) should have been employed for

maximum sensitivity with Daphnia magna. The sighiﬁcantly lesser sensitivity of daphnia

to pulp and paper mill effluents found by Nikunen (1983) may, on the other hand, be
attributable to his reported preparation of synthetic diluent water for this test according
to the ISO standard recommendation (Anon., 1982c). This document specifies a diluent
water with a pH of 7.8 and a hardness of 250+25 mg CaCO3/L.

Based on our present knowledge of the degree to which diluent-water pH and
hardness may alter the observed toxicity of pulp mill effluent (McLeay et al., 1979a), it is
likely that the use of this diluent water in daphnia bioassays with pulp and paper mill
effluents would decrease their apparent sensitivity, relative to that if softer, more acidic
waters were used (as was the case for the comparative fish bioassays performed by
Nikunen (1983)). Dumouchel et al. (1975) reported a three-fold increase in the ECsq
concentrations for daphnia exposed to a sample of newsprint mill effluent diluted with a
50 mg/L hardness water, compared with that using a softer (25 mg/L) diluent water and

otherwise identical test conditions.

2.2.4 Oyster Larval Bioassays. A short-term (48-h) marine bioassay using fertilized

eggs of the Pacific oyster (Crassostrea gigas) was developed during the late 1950s for

measuring toxic concentrations of sulphite pulp mill waste liquor in seawater, and for
evaluating the toxicity to oysters of receiving waters containing dilute concentrations of
whole mill effluents (Woelke, 1962). Procedures for conducting this test have since been

optimized (Woelke, 1967, 1972) and are reported in Standard Methods (Anon., 1980a) as an

accepted bioassay protocol. The oyster larval bioassay has also been used to evaluate the

toxicity of chemicals released from contaminated marine sediments (Chapman et al.,
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1983). Besides evaluating the toxic response to pulp mill effluent for commercially
relevant marine species, this test has other desirable attributes: it is simple; it is short-
term; it is highly sensitive to pulp mill effluent; and it is applicable to the early life
stages of the test organisms (Woelke, 1967; Woelke et al., 1972).

The test involves exposing freshly fertilized oyster eggs under controlled
conditions (20-25°C) for 48 hours to a range of effluent concentrations diluted with
seawater (26-30 ©/oo salinity). The percentage of embryos failing to develop into free-
swimming, fully-shelled veliger larvae are recorded. Where the range of effluent
concentrations under examination is sufficiently broad, 48-h LCsp and ECjsq (for
developmental anomalies) values can be determined concurrently. Although the oyster
larvae bioassay was developed over 25 years ago, it appears to have fallen into disuse, at
least for pulp mill effluents.

The following ECyq (concentration causing 20% abnormal larvae) and ECsq
values have been reported (Woelke, 1967; Woelke et al., 1972):

Effluent
EC20 ECs0

type treatment (% v/v) (% v/v)
sulphite (NH3) whole mill primary 0.3 0.3
sulphite (NH3) whole mill secondary 0.2 0.3
sulphite (Mg) whole mill primary 0.08 0.09
sulphite (Mg) whole mill secondary 0.13 0.15
BKME primary 1.8 2.0
BKME secondary 1.3 1.5
groundwood (refiner) untreated 1.7 -a
debarking untreated 1.6 -
debarking untreated 4.5 -
paper mill untreated >10b -

2 Not determined.

Highest concentration examined.

The reason(s) for the atypically poor performance of these treatment systems

was not apparent (Woelke et al., 1972) and no comparative data for fish bioassay tests

were provided. Although these results suggest a greater sensitivity to pulp and paper mill
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effluents for this bioassay than the 96-h LCj5q test with rainbow trout (see Table 2.1), the
evidence is inconclusive.

Because low-salinity waters can adversely affect the development of oyster
larvae (Woelke, 1968; Cardwell et al., 1979), any non-toxic freshwater effluent {or natural
freshwater runoff) could cause a "toxic" finding in this test. The degree to which
reduction in salinity can affect test results with toxic effluents is not known. According-
ly, caution in the use and interpretation of findings for this bioassay procedure are
merited in instances where the salinity of test solutions is lowered appreciably. A salinity
of 20 9/oo has been suggested as the minimum level acceptable for the normal develop-
ment and survival of Pacific oyster larvae, although salinity was judged to have a slight

negative effect on larval development at 24 /oo (Cardwell et al., 1979).

2.2.5 Microtox Assay. A number of bioassay tests using bacteria have been
developed for rapid screening of the toxicity of aquatic contaminants (Dutka and Kwan,
1981; Williamson and Johnson, 1981; OECD, 1984; Van Coillie et al., 1984). One of these
assays, known as "Microtox" (Beckman Instruments Inc.), has been examined with various
chemicals and industrial effluents including pulp and paper mill effluents (vanAggelen,
1982; Blaise, 1984a; McCubbin, 1984b). This test determines the median effective
concentration of effluent or chemical which inhibits light production by the luminescent

marine bacterium Photobacterium phosphoreum. The concentration-dependent extinction

of light output is thought to reflect the effluent's effect on cellular respiration, although
the exact mechanism(s) is not understood (Chang et al., 1981). The principal desirable
attributes of the Microtox asssay are its rapidity (<1 h) and small (<5 mL) effluent volume
requirements.

Some instances of large intra- and inter-laboratory errors in reproducibility
for Microtox assays with chemicals have been reported by Dutka and Kwan (1981). The
quality of the bacterial cell suspensions was implicated. However, replicate tests with
the same bacterial culture normally provide ECsq values which deviate by no more than
10% (de Zwart and Sloof, 1983).

A number of investigators (Chang et al.,, 1981; Dutka and Kwan, 1981;
vanAggelen, 1982; de Zwart and Sloof, 1983; Blaise, 1984a) have compared the Microtox
assay with LCsq fish bioassays or EC50 tests with daphnia or algae, using various diverse
aquatic contaminants. In comparative bioassays with 15 chemicals, de Zwart and Sloof

(1983) determined that, despite various inconsistencies, rainbow trout and Daphnia magna

were, on average, 2.0 and 2.5 times (respectively) more sensitive than Microtox. Similar-
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ly, the U.S. Environmental Protection Agency reported that the Microtox test identified
only 81% of effluent samples shown to be toxic to fish (fathead minnows; Pimephales
promelas) and only 62% of those samples toxic to daphnia (cited in Dutka and Kwan,
1981). Notwithstanding, correlation coefficients for Microtox vs. fish LCsq results as
high as 0.88 have been reported (Samak and Noiseux, 1981; vanAggelen, 1982.)

' Few results have been reported for Microtox assays with pulp and paper mill
effluents. Effluent colour is not a problem, since a correction is made for its absorbance
(vanAggelen, 1982). Comparative Microtox ECsqp and rainbow trout static 96-h LCjsq
assays with 15 samples of untreated BKME and mechanical pulping whole mill effluents
showed similar values for seven samples (47%) (vanAggelen, 1982). Of the remainder, the
sensitivity of the Microtox assay was greater in six instances (40%) and less in two (13%).
For 49 samples of untreated or treated pulp and paper whole mill effluents (kraft, chemi-
mechanical, TMP, fine paper), Blaise (1984a) determined that the ECj5q0/LCsq values
derived for Microtox and rainbow trout static biocassays were the same in four instances
(8%), whereas Microtox was the more sensitive assay for 37 (76%) and less sensitive for
eight (16%) of these comparisons. His lack of correction for effluent colour in the
Microtox assay may have accounted in part for the generally greater sensitivity of this
test. All effluent samples receiving secondary treatment were relatively non-toxic (mean
rainbow LC s 100%; Microtox EC5g 91%) according to both bioassay procedures.

As the sensitivity and stability of the Microtox procedure is reportedly
optimum at pH 6.7 (Dutka and Kwan, 1981), the efficacy of the test may be affected
where the pH of the effluent (or receiving water) deviates markedly from this value.
Chang et al. (1981) reported that different freshwater sources also affect the biolumi-

nescence of the test bacteria.
2.3 Sublethal Responses to Acute Exposure

2.3.1 Histological/Morphological Changes. Studies examining the effects of acute
(hours or few days) exposure to pulp mill effluent on the structure of tissues or organs of
aquatic species are limited. Light microscopic examination of gill, thyroid, spleen,
kidney, interrenal and epithelial tissues of juvenile coho salmon held in 30% neutralized
unbleached kraft mill effluent (a concentration equivalent to 0.5 of the 96-h LC5q value)
for 12 hours revealed no pathological changes (McLeay, 1973) (Table 2.3). Using scanning
electron microscopy, Howard and Monteith (1977) observed damage to the fine-ridged
structure of gill lamellae for rainbow trout exposed for 12 to 96 hours to dehydroabietic

acid at concentrations as low as 70 pg/L (the lowest strength examined). Regeneration of



TABLE 2.3

SUBLETHAL RESPONSES OF AQUATIC LIFE TO ACUTE EXPOSURE TO PULP AND PAPER MILL EFFLUENTS UNDER CONTROLLED

CONDITIONS
Median effective
concentration
Function Nature Duration
or Effluent of of Fraction of
system Test Diluent response exposure % 96-h LC50
affected type treatment  species water measured (h) (v/v) (% v/v) Reference
Histology/ UKME untreated coho salmon FwW histology of gill, 12 >30b >0.5b McLeay, 1973
Morphology thyroid, spleen,
interrenal, kidney
SME primary Pacific oyster Sw abnormal development 48 0.08 -a Woelke et al., 1972
(Mg) larvae
secondary Pacific oyster Sw abnormal development 48 0.13 -a Woelke et al., 1972
larvae
SME primary Pacific oyster SwW abnormal development 48 0.3 -a Woelke et al., 1972
(NH3) larvae
secondary  Pacific oyster Sw abnormal development 48 0.2 -a Woelke et al., 1972
larvae
BKME primary Pacific oyster Sw abnormal development 48 1.8 -a Woelke et al., 1972
larvae
secondary  Pacific oyster SwW abnormal development 48 1.3 -a Woelke et al., 1972
larvae
paper mill -& Pacific oyster SwW abnormal development 48 >10b -a Woelke, 1967
larvae
groundwood -a Pacific oyster Sw abnormal development 48 17 -a Woelke, 1967
(refiner) larvae
Metabolism/ BKME primary coho salmon Fw decreased liver 16-96 <40 <0.7 McLeay & Brown, 1975
Stress glycogen stores
BKME primary coho salmon Fw elevated blood lactate 3-96 <by <0.8 McLeay & Brown, 1975
BKME primary coho salmon Fw elevated blood sugar 4 0.6 0.04% McLeay, 1977
BKME primary coho salmon Fw elevated blood sugar 4 <3 <0.2 McLeay & Gordon, 1978
BKME primary coho salmon Fw decreased white 24 5 0.3 McLeay & Gordon, 1977
blood cells
BKME secondary coho salmon Fw decreased white 24 >90b -C McLeay & Gordon, 1977
blood cells
BKME primary rainbow trout FwW decreased white 24 3 0.2 McLeay & Gordon, 1977
blood cells
BKME secondary rainbow trout Fw decreased white 24 >90b -C McLeay & Gordon, 1977
blood cells
BKME primary coho salmon Fw decreased white 24 1.5 0.1 McLeay & Howard, 1977
blood cells
UKME untreated rainbow trout Fw decreased white 24 1-5 0.1-0.4 Fisher, 1982
blood cells
UKME secondary rainbow trout Fw decreased white 24 60 -C Fisher, 1982
blood cells
BSME untreated rainbow trout Fw decreased white 24 2-6 0.5 Fisher, 1982
blood cells
BSME secondary rainbow trout FwW decreased white 24 56-72 -C Fisher, 1982
blood cells
chemi- untreated rainbow trout Fw decreased white 24 2 0.1-0.2 Fisher, 1982
mechanical blood cells
chemi- secondary rainbow trout Fw decreased white 24 5 0.1-0.2 Fisher, 1982

mechanical

blood cells




TABLE 2.3

SUBLETHAL RESPONSES OF AQUATIC LIFE TO ACUTE EXPOSURE TO PULP AND PAPER MILL EFFLUENTS UNDER CONTROLLED
CONDITIONS (Cont'd)

Median effective

concentration
Function Nature Duration
or Effluent of of Fraction of
system Test Diluent response exposure % 96-h LCsp
affected type treatment  species water measured (h v/v) (% v/v) Reference
Respiration/  BKME primary rainbow trout Fw increased cough 3-12 20 0.2 Walden et al., 1970
Circulation frequency
BKME primary sockeye salmon FW increased cough <1-2 11 0.2 Davis, 1973
frequency
BKME primary sockeye salmon FW increased ventilatory 2 -a 0.2 Davis, 1973
volume
BKME primary sockeye salmon FW increased oxygen 2 -a 0.2 Davis, 1973
uptake rate
BKME primary sockeye salmon FW decreased blood 1-24 -a 0.3 Davis, 1973
oxygen
Stamina/ BKME primary coho salmon Fw reduced swimming 1 -a <0.4 Howard, 1975
Performance ) performance
BKME primary coho salmon Fw reduced swimming 18-96 -a 0.2 Howard, 1975
performance
BKME secondary coho salmon Fw reduced swimming 18 65->100 -2 Howard, 1975
performance
BKME primary coho salmon Fw reduced swimming 27 8 0.5 McLeay & Howard, 1977
performance
BKME primary coho salmon FwW reduced temperature 19 8 0.3 Howard & Walden, 1974
tolerance
BKME secondary coho salmon Fw reduced temperature 19 >25 < Howard & Walden, 1974
tolerance
BKME primary coho salmon Fw reduced temperature 19 5 0.3 McLeay & Howard, 1977
tolerance
BKME primary rainbow trout FwW reduced temperature 19 7 0.4 McLeay & Gordon, 1978
tolerance
BKME primary rainbow trout FW reduced tolerance 12 6 0.4 McLeay & Howard, 1977
to hypoxia
Behaviour KME untreated chinook salmon FW avoidance 1 <2.5 -a Jones et al., 1956
BKME primary Atlantic salmon FW avoidance 0.2 0.001 0.0001 Sprague & Drury, 1969
KME untreated coho salmon Fw avoidance 1 >10b -a Jones et al., 1956
BKME untreated coho salmon, Fw avoidance 0.2-1 14-28  0.7-2.7 Gordon & McLeay, 1978
rainbow trout
BKME secondary rainbow trout FW avoidance 0.2-1 32 -€ Gordon & McLeay, 1978
BKME untreated coho salmon, Fw attraction 0.2-1 0.1 0.003 Gordon & McLeay, 1978
rainbow trout
BKME secondary rainbow trout Fw attraction 0.2-1 0.5-1 -a Gordon & McLeay, 1978
BKME primary pinfish, Sw avoidance 1 0.06 0.006 Lewis & Livingston, 1977
killifish
BKME primary lobster Sw avoidance 0.2 >20b - McLeese, 1970
BKME primary amphipod SwW precopulation 96 20 0.5 Davis, 1978

0$



TABLE 2.3

SUBLETHAL RESPONSES OF AQUATIC LIFE TO ACUTE EXPOSURE TO PULP AND PAPER MILL EFFLUENTS UNDER CONTROLLED
CONDITIONS (Cont'd)

Median effective

concentration
Function Nature Duration
or Effluent of of Fraction of
system Test Diluent response exposure % 96-h LCsq
affected type treatment  species water measured (h) (v/v) (% v/v) Reference
Primary BKME primary Selenastrum sp. FW decreased C-14 uptake 5 7 -a Eloranta et al., 1985
Productivity = BKME primary Selenastrum sp. FW decreased C-14 uptake 96 3 -a Eloranta et al., 1985
BKME primary indigenous Fw decreased C-14 uptake 5 9 -a Eloranta et al., 1985
phytoplankton
BKME primary indigenous FW decreased C-14 uptake 96 10 -a Eloranta et al., 1985
phytoplankton
BKME primary Selenastrum sp. FW decreased 120 5 -a Nikunen, 1983
photosynthesis
BKME primary blue-green alga BW decreased biomass 5 4-9 -a Rainville et al., 1975
BKME secondary  blue-green alga BW decreased biomass 5 >100 -a Rainville et al., 1975
KME secondary  periphyton Fw decreased biomass 96 5 -a Bothwell & Stockner,
1980
BKME secondary  Selenastrum sp. FW increased 120 0.1 -a Nikunen, 1983
photosynthesis
BKME secondary indigenous BW decreased CO» 72 1 -a Anon., 1982b
phytoplankton assimilation
a Not determined/not indicated.

Highest concentration examined.
c 96-h LC50 >100%.
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this structure during a 20-day recovery of fish in freshwater was minor. More recently,
Tuurala and Soivio (1982) exposed rainbow trout to a high but sublethal concentration of
this resin acid for 96 hours and also reported structural and circulatory damage to the
secondary gill lamellae. The histological effects of dilute strengths of dehydroabietic
acid were not examined. Oikari et al. (1983) found that the relative weight of liver tissue
in rainbow trout decreased markedly during their 96-h exposure to a high (1.2 mg/L)
concentration of this resin acid.

Developing oyster larvae appear to be particularly susceptible to dilute pulp
and paper mill effluents. Exposure of developing embryos for 48 hours to effluent
concentrations as low as 0.08% (SME) or 1.3% (BKME) can cause deformities (Woelke et
al., 1972) (Table 2.3). Kinae et al. (1981) reported that ether extracts derived from kraft
pulp mill effluent (type and treatment undefined) caused impaired fertilization success,
retarded development, atypical morphology and cellular lysis for exposed sea urchin

(Anthocidaris crassipina) eggs during a 24-h incubation. Any effects attributable to the

unextracted effluent were not determined.

2.3.2 Metabolic/Stress Effects. Published studies examining metabolic changes in
aquatic life due to acute exposure to pulp mill effluent have been restricted to freshwater

fish. Exposure of juvenile coho salmon (Oncorhynchus kisutch) to primary-treated BKME

for periods as brief as three hours is known to affect their carbohydrate metabolism.
High (0.7 LCsq) sublethal concentrations of effluent can cause depletion of liver glycogen
energy reserves and elevated plasma lactic acid levels (McLeay and Brown, 1975; McLeay,
1977). These responses are indicative of acute stress (McLeay and Brown, 1975;
Wedemeyer and McLeay, 1981) due, in these instances, to effluent exposure. Similar
metabolic changes in fish have been found during their acute exposure to resin acids.
Short-term (three days) exposure of rainbow trout to a sublethal concentration
of a mixture of resin acids, equivalent to 0.3 of its 96-h LCsq value, has been shown to
deplete liver glycogen reserves and to inhibit the liver enzyme, UDP-giucuronyltrans-
ferase (Oikari and Nakari, 1982). A four-day exposure of trout to 20 ug/L dehydroabietic
acid also diminished UDP-glucuronyltransferase activities of both liver and kidney tissues
(Oikari et al.,, 1983). This enzyme is believed to be responsible for the conjugation
(detoxification) of certain effluent constituents (resin acids, chlorophenolic compounds)
known to bioaccumulate in effluent-exposed fish (see Chapter 4), prior to their excretion
in the bile (Oikari, 1984; Oikari et al., 1984a,b). The enzyme also serves to conjugate

bilirubin.
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Nikinmaa and Oikari (1982) observed a marked elevation in plasma bilirubin
concentration for rainbow trout held in a high sublethal concentration of a resin acid
mixture for 24 h. Blood bilirubin levels continued to increase during a subsequent 48-h
recovery of fish in freshwater; whereas other metabolic changes (elevated plasma lactate
and decreased plasma chloride concentrations) rapidly returned to normal. Similar
metabolic dysfunctions have been found previously in juvenile sockeye salmon (Oncorhyn-
chus nerka) acutely exposed to a high sublethal concentration of dehydroabietic acid
(Kruzynski, 1979).

Salmonids exposed to untreated or primary-treated pulp mill effluents (UKME,
BKME, BSME, mechanical) for 4 to 24 hours exhibit specific changes in certain blood
constituents (elevated plasma glucose, decreased leucocrit or numbers of circulating
white blood cells), which are characteristic of stressed fish. Standardized test procedures
for measuring the median effective concentrations of pulp mill effluent that cause stress
in fish (McLeay, 1977; McLeay and Gordon, 1977) have proven useful in on-site monitoring
of untreated and treated whole mill effluents (Fisher, 1982). The lowest concentration of
untreated or primary-treated whole mill effluent reported to cause acute stress in fish
was 0.6% (0.04 of the effluent's 96-h LCsq value), and median effective concentrations of
1-5% were common (Table 2.3). Conventional bio-treatment of effluent normally in-
creased these ECs5q values to 32% or higher (McLeay and Gordon, 1977; Fisher, 1982),
although some exceptions were evident. Among samples of secondary-treated pulp mill
effluent that permitted survival of all fish at full strength, the occasional sample caused
an acute stress response at concentrations as low as 10% (Leach and Meier, 19738).

Metabolic effects of pulp mill effluents on aquatic invertebrates have, to our
knowledge, not been examined. This is somewhat surprising since general biochemical
indices of sublethal stress responses in marine invertebrates have been used for a number
of years for evaluating fﬁe potential biological effects of other aquatic contaminants
(Bayne et al, 1976; Livingstone, 1982).

2.3.3 Respiratory/Circulatory Effects. Laboratory studies conducted more than
10 years ago with juvenile salmonid fish exposed to neutralized primary-treated (filtered)
BKME demonstrated that effluent concentrations equivalent to 0.2 of the 96-h LC s value
and higher caused a rapid (within one to three hours) increase in their "cough" frequency
(frequency of gill clearing) (Walden et al.,, 1970; Davis, 1973). This effect was transient,
and dissipated on prolonged exposure. Howard and Walden (1974) determined that this

response disappeared if the BKME received secondary treatment.
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Primary-treated pulp mill effluent also increased ventilatory volume (i.e., the
volume of water moved across fish gills per unit time) and oxygen uptake rate (Davis,
1973; 1976), at a median effective concentration equivalent to 0.2 LCsq (Table 2.3). As
with cough frequencies, these responses were also transient.

Davis (1973) measured the arterial oxygen tensions (the amount of oxygen
carried in the blood) for rainbow trout and coho salmon exposed acutely to neutralized
untreated (filtered) BKME. Values declined by approximately 50% within 1 h of exposure
to effluent strengths as low as 0.3 LCs5p, and remained depressed throughout a 24-h test
period. The recovery of arterial oxygen tension following the return of fish to fresh water
was not examined.

Early laboratory studies by Servizi et al. (1968) indicated that brief (5-h)
exposures of Pacific salmon alevins or young fry to sublethal concentrations of chlori-
nated catechols caused increased respiration. Threshold strengths of tetrachlorocatechol
which effected this response were equivalent to 0.1-0.3 (sockeye salmon) or 0.5 (pink

salmon; Oncorhynchus gorbuscha) of the respective 96-h LCsq values. Effects of acute

exposure to sublethal concentrations of resin acids on the respiration of fish (rainbow
trout) have been reported more recently. The responses observed (increased oxygen
uptake rates, decreased arterial oxygen tension) were consistent with those caused by pulp
mill effluent (Nikinmaa and Oikari, 1982; Oikari, 1983). Arterial oxygen tensions
remained depressed during the 48-h observation period in freshwater which followed a
24-h exposure (Nikinmaa and Oikari, 1982). However, the concentrations of resin acids

utilized in these experiments approached lethal levels.

2.3.4 Effects on Stamina/Performance of Fish. A number of laboratory studies have
assessed the threshold concentrations of pulp mill effluent that acutely affect the stamina
or adaptive capabilities of salmonid fish (Table 2.3). Untreated (filtered) BKME in
freshwater has been shown to impair the swimming stamina (critical swimming speed) of
juvenile coho salmon (Oncorhynchus kisutch) at mediah effective concentrations
equivalent to 0.2-0.5 of the effluent's 96-h LCsq values (Howard, 1975; McLeay and
Howard, 1977). However, biotreated (activated sludge or aerated lagoon) BKME samples

did not affect the swimming performance of fish until test concentrations were 65% or
higher (Howard, 1975). Other studies have shown that short-term exposure of salmonid
fish to primary-treated BKME impairs their tolerance of upper lethal temperatures
(Howard and Walden, 1974; McLeay and Howard, 1977; McLeay and Gordon, 1978) and

hypoxia (oxygen-deficient water) (McLeay and Howard, 1977) at median effective



55

concentrations equivalent to 0.3-0.4 of the 96-h LCsp (5-8% by volume). Biotreated
effluent at strengths of up to 25% did not affect temperature tolerance (Table 2.3). No
similar studies have been reported for other types of pulp mill effluents or for seawater-

acclimated fish species.

2.3.5 Behavioural Effects. Short-term controlled behavioural studies with pulp mill
effluents have focussed primarily on their ability to cause avoidance responses for
salmonid and other fish species. Jones et al. (1956) showed that juvenile chinook salmon

(Oncorhynchus tshawytscha) avoided untreated KME concentrations in freshwater as low

as 2.5%, whereas coho salmon were unresponsive to all strengths tested including 10%.
Chinook salmon also displayed avoidance reactions to dilute strengths of sulphite waste
liqguor. Using a sharp-gradient test apparatus, Sprague and Drury (1969) found that
Atlantic salmon (Salmo salar) showed a weak but consistent avoidance response within
0.2 h exposure to neutralized primary-treated BKME at concentrations as low as 0.001%
(Table 2.3). The median effective concentration for this response was only 0.0001 of the
reported 96-h LCsq value of 15%. These results are substantially different from those of
Gordon and McLeay (1978) who, using a similar test apparatus, were unable to detect
avoidance responses to untreated BKME by either coho salmon or rainbow trout, until

concentrations were 0.7-2.7 LCsq (Table 2.3). Biotreated BKME did not cause avoidance |
until effluent strengths were 32% or higher. More dilute concentrations of untreated
effluent (0.1-8%) or treated effluent (0.5-24%) attracted these fish species, although
these responses were not consistent for all samples or concentrations (Gordon and
McLeay, 1978). Laboratory tests with two marine fish species (pinfish, Lagodon
rhomboides; gulf killifish, Fundulus grandis) demonstrated significant avoidance reactions
to primary-treated BKME concentrations of 0.06% (0.006 LCsqg) and higher (Lewis and
Livingston, 1977). Greer and Kosakoski (1978) reported that seawater-acclimated pink

salmon (Oncorhynchus gorbuscha) fry avoided untreated BKME in a concentration range of

0.8-16%. However, they similarly avoided the same range of concentrations of freshwater
in seawater. Accordingly, in this instance the avoidance reactions were not attributed to
the BKME.

Wildish et al. (1977) determined that herring (Clupea harengus) avoided sodium

lignosulphonate (a component of sulphite whole mill effluent) at concentrations as low as
0.3 mg/L. Separate bioassays with 1.0 mg/L concentrations of abietic and dehydroabietic
acid failed to demonstrate any avoidance reactions. Behavioural responses of other fish

species to constituents of pulp mill effluent have not been reported.
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Only two reports pertain to behavioural effects caused by short-term exposure
of aquatic invertebrates to pulp mill effluent. McLeese (1970) found that lobsters

(Homarus americanus) did not avoid bleached kraft mill effluent at concentrations up to

and including 20%. Davis (1978) noted that neutralized untreated (filtered), salinity-
adjusted BKME concentrations of 20% or higher disrupted precopulatory behaviour of

marine amphipods.

2.3.6 Effects on Primary Productivity. Diverse bioassays have been conducted to
ascertain the effects of pulp and paper mill effluent on freshwater algae (i.e., aquatic
organisms at the bottom of the food chain). Studies reported include bioassays with the
green algae Selenastrum capricornutum (Dumouchel et al., 1975; Soniassy et al., 1977;
Eloranta and Eloranta, 1980; Eloranta and Laitinen, 1981, 1982; Blaise, 1984a; Van Coillie

et al., 1984), Ankistrodesmus falcatus (Eloranta, 1976a+b, 1978a); and Scenedesmus sp.

(Dumouchel et al., 1975; Anon., 1982b; Rowe et al., 1982). Freshwater species of blue-

green algae (Anaboena cyclindrica and Synechococcus cedrorum) were found to be

unaffected by high concentrations of untreated newsprint mill effluents (Dumouchel et
al., 1975) and subsequent tests with freshwater blue-green algae have not been reported.

The short-term exposure of freshwater species of phytoplankton or periphyton
to dilute concentrations of pulp mill effluent can affect their productivity. Nikunen
(1983) determined that sub-acute (5-11 day) exposure of Selenastrum sp. to untreated
BKME inhibited photosynthesis at concentrations of 5% (v/v) or higher; whereas 0.5%
effluent caused slight stimulation of algal growth. Similar results pertained to a mill-
treated (two-week aeration lagoon) sample of this effluent. Untreated newsprint whole
mill effluent caused no effects at 0.1% concentration, although higher strengths (0.5% and
2%) impaired photosynthesis (Nikunen, 1983). Eloranta et al. (1985) reported that
primary-treated BKME inhibited the productivity of Selenastrum sp. and indigenous
lacustrine phytoplankton, with median effective concentrations of 3-10% (Table 2.3). This
inhibition was attributed in large part to the attenuation of light caused by the effluent's
colour. Bothwell and Stockner (1980) determined that secondary-treated kraft mill
effluent concentrations of 5% and higher initially (within five to six days) inhibited the
productivity of attached freshwater algae; whereas a stimulatory effect occurred on a
more prolonged (8-28 day) exposure of these periphyton to treated effluent strengths of
0.5-25%.

Studies with diverse species of estuarine/marine phytoplankton or periphyton

exposed experimentally to pulp mill effluents have also shown differing responses and



57

levels of sensitivity. Rainville et al. (1975) reported decreased productivity for the
estuarine blue-green alga Coccochloris elebans during a 5-h exposure to primary-treated
BKME concentrations of 4-9% or higher. On the other hand, full strength BKME samples

from mills practising secondary treatment did not affect the production of this organism.
However, productivity of mixed cultures of indigenous brackish-water algae exposed to
secondary-treated BKME concentrations of 1% or higher for three days was inhibited, a
response attributed to the effluent's colour (Anon., 1982b). Productivity of three species

of marine phytoplankton (Skeletonema costatum, Dunaliella tertiolecta and Amphidinium

carteri) cultured in primary-treated BKME or combined BKME/newsprint effluent was not
affected until effluent concentrations exceeded 10% (Stockner and Costella, 1976). Four-

day bioassay tests by Walsh et al. (1982) with the marine alga Skeletonema costatum and

four samples of pulp and paper mill effluents (treatment not identified) indicated
enhanced growth at concentrations of 0.02-0.9% and growth inhibition at 14-62%.

The U.S. Environmental Protection Agency has examined a marine algal
bioassay method for the screening of industrial effluents for stimulatory or toxic effects
(EPA, 1977; Walsh and Alexander, 1980; Walsh et al., 1982). Preliminary comparative

four-day bioassays with Skeletonema costatum and the freshwater Selenastrum capricor-

nutum exposed to pulp and paper mill effluents suggest a somewhat lesser sensitivity for
this marine organism to stimulatory or inhibitory effects, although equivalent responses
were found in some instances. '

Apart from their potential toxic effects, dilute strengths of pulp and paper
mill effluents within receiving waters may inhibit the productivity of phytoplankton or
periphyton by light attentuation, or enhance productivity through nutrient enrichment.
These differing effects make the design and interpretation of algal bioassays difficult.
The biological relevance of the test results is also confounded by the variety of
pretreatment procedures used for sample preparation (i.e., filtration, autoclaving, pH
adjustment) and for monitoring algal survival and biomass (cell numbers, volume,
turbidity, chlorophyll, C-14 incorporation) (Eloranta, 1978b; Eloranta and Laitinen, 1981,
1982).

Standardized procedures and guidelines for the use of the freshwater green
alga, Selenastrum capricornutum, with chemicals and effluents have been proposed (Miller
et al.,, 1978; Joubert, 1980; OECD, 1984). An "Algal Assay Bottle Test" (AABT),
developed initially by the U.S. Environmental Protection Agency (Miller et al., 1978), has

proven useful in assessing nutrient effects of pulp and paper mill effluents within

receiving streams (Tesmer and Joyce, 1980; Mischuk, 1983). However, this test takes
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14 days. Joubert (1980) enriched the test media with nutrients, reducing the test period
to eight days. Blaise (1984a) found this modified technique useful for assessing the toxic
effects of dilute concentrations of pulp and paper mill effluents. Further modifications of
the AABT by Eloranta and Laitinen (1982) have permitted measurements of the percen-
tage inhibition of algal growth in lacustrine samples receiving pulp and paper mill
effluents within 96 hours and with increased sensitivity relative to the original (l4-day)
procedure. Short-term (24-h) procedures for evaluating the inhibiting effects of dilute
concentrations of pulp mill effluents on algal production are presently under development
(Eloranta et al., 1985). In Canada, modified algal toxicity tests requiring only four hours
also show promise for the routine monitoring of effluents or receiving waters (Blaise,
1984b).

Blaise (1984a) compared 96-h LCsq fish (static rainbow trout) bioassays with
eight-day Algal Assay Bottle Tests for 53 separate samples of pulp and paper whole mill
effluents. The algal assay was the more sensitive (lower EC5q values) for 49 (92%) of the
samples, with a lesser sensitivity for only 3 (6%). On average, the EC5q values for these
effluents were 0.1 of the LCsg values derived for rainbow trout, i.e., the samples
inhibited algal productivity at concentrations appreciably lower than those which killed
fish. Mill effluents which had received secondary treatment did not inhibit algal pro-
ductivity at effluent concentrations up to 40% v/v (Blaise, 1984a).

Using a short-term (96-h) modified AABT procedure, Kuivasniemi et al. (1985)
determined EC5q values for a number of chlorinated phenolic compounds, known to be
present in pulp and paper mill effluents. The ECs5q values derived for di-, tri- and
tetrachloroguaiacol were similar to respective LCs5q values reported for Daphnia sp. and
rainbow trout, whereas those for di-, tri- and tetrachlorocatechol were 3-10 times lower

(Kuivasniemi et al., 1985). Thus this algal species (Selenastrum capricornutum) is highly

susceptible to chlorocatechols. In preliminary assays, these authors found that the
tolerance of mixed cultures of indigenous lacustrine phytoplankton to the same chloro-

phenolic compounds was 1.2-4 times higher than that for Selenastrum capricornutum.

2.4 Effects of Prolonged Exposure

2.4.1 Survival. A review of published information concerning the effects of
prolonged (weeks or months) exposure of aquatic organisms to pulp mill effluents under
controlled conditions indicates that pertinent studies have dealt primarily with salmonid
fish exposed to kraft whole mill effluent diluted with freshwater. As shown in Table 2.4,

sustained (up to 200 days) exposure of juvenile fish to untreated or primary-treated BKME
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concentrations of 8-25% under otherwise optimum or near-optimum conditions normally
does not affect survival. This appears to be true even when the effluent concentrations to
which they are exposed are equivalent to 0.2-0.5 of the samples' 96-h LCsp values
(McLeay and Brown, 1974, 1979). Although one on-site investigation (Whittle and Flood,
1977) reported significant deaths of rainbow trout after 16 days' exposure to 10%
untreated BKME, periodic problems (toxic spills, low dissolved oxygen) may have been
responsible,

Generally, biotreatment of BKME enhanced survival of freshwater fish and
invertebrates to prolonged (15-200 day) exposure (Table 2.4). Juvenile coho salmon
exposed to laboratory-treated BKME at mean concentrations of 27 or 5% for 95 or
200 days, respectively, showed no appreciable mortalities (McLeay and Brown, 1979).
Similarly, exposure of free-swimming underyearling rainbow trout in outdoor experimental
channels to 1% secondary-treated BKME for 300 days (NCASI, 1982) did not affect fish
survival (NCASI, 1984a). However, separate studies with fish held for 270-300 days in
biotreated BKME strengths averaging 2% (NCASI, 1983a) or 5% (NCASI, 1984a) showed
fewer surviving fish compared to corresponding control groups (NCASI, 1984a).

Graves et al. (1980) found that crayfish (Procambrus clarki) and three species

of fish (green sunfish, Lepomis cyanella; hybrid bream, Lepomis sp.; channel catfish,

Ictalurus punctatus) survived for 30 days in continuous-flow bioassays with fresh mill-

treated BKME even when the concentration was 100% (undiluted). Similarly, Weinbauer

and Somers (1982) determined that the first and second generations of Daphnia magna

held in biologically treated effluent (BKME plus effluent from a fine paper mill) at
concentrations ranging from 1 to 100%, survived a 21-day test period.

The effects of prolonged exposure to biotreated (l4-day retention) BKME on
the survival and growth of salmonid fish in their early life stages have been reported
recently (NCASI, 1982, 1983a). Rainbow and steelhead trout (Salmo gairdneri), as freshly

fertilized or eyed eggs, alevins or fry, were exposed in continuous-flow bioassays to a
range of concentrations of freshly treated BKME for 4-62 days over two years. The
median lethal concentrations corresponding to the various life stages of these fish species
ranged from 16 to 91% when exposures were 16 days or more (Table 2.4). No-effect
effluent concentrations (i.e., strengths where mortalities did not differ from controls)
were consistently 10% or higher. The life stage most sensitive to BKME appeared to be
the early embryonic development prior to the eyed egg (NCASI 1982). In comparison,
trout exposed to treated BKME as free-swimming fry were relatively tolerant (LCjsg
values 42->100%) (NCASI, 1982, 1983a).



TABLE 2.4

EFFECTS ON AQUATIC LIFE OF PROLONGED EXPOSURE TO PULP AND PAPER MILL EFFLUENTS UNDER CONTROLLED

CONDITIONS
Median effective
concentration
Function Nature Duration
or Effluent of of Fraction of
system Test Diluent response exposure % 96-h LCs5q
affected type treatment species water measured (days) v/v) (% v/v) Reference
Survival BKME primary chinook salmon FW survival 56 >254 >0.538 Webb & Brett, 1972
BKME primary coho salmon Fw survival 200 >108 >0.2528 McLeay & Brown, 1974
BKME untreated rainbow trout Fw survival 18 >6<10 >0.2<0.4 Whittle & Flood, 1977
BKME primary coho salmon Fw survival 140 >14a >0.5a McLeay & Brown, 1979
BKME primary coho salmon Fw survival 200 >33 >0.3a McLeay & Brown, 1979
BKME secondary coho salmon Fw survival 95 >27a -b McLeay & Brown, 1979
BKME secondary coho salmon Fw survival 200 >5a -b McLeay & Brown, 1979
BKME. secondary catfish, bream, FW survival 30 >100 -b Graves et al., 1980
sunfish, cray{fish
BKME/fine secondary Daphnia magna FW survival 21 >100 -b Weinbauer & Somers,
paper 1982
BKME secondary rainbow/ Fw survival 15-62 25-91 -c NCASI, 1982
steelhead trout
BKME secondary rainbow/ Fw survival 15-38 16-68 -C NCASI, 1983a
: steelhead trout
BKME secondary rainbow trout Fw survival 270-300 >1<5a -C NCASI, 1984a
Metabolism/  BKME primary coho salmon Fw altered white 200 >5<12 >0.1<0.25 McLeay & Brown, 1974
Stress blood counts
BKME primary coho salmon FwW elevated blood 200 <5 <0.1 McLeay & Brown, 1974
sugar
BKME primary coho salmon Fw elevated blood 200 <5 <0.! McLeay & Brown, 1974
lactate: pyruvate
BKME primary coho salmon Fw elevated blood 200 <l <0.05 McLeay & Brown, 1979
sugar
BKME secondary coho salmon Fw elevated blood 200 <5 -b McLeay & Brown, 1979
sugar
BKME primary coho salmon Fw elevated blood 200 <1 <0.05 McLeay & Brown, 1979
lactate
BKME secondary coho salmon Fw elevated blood 200 <5 -b McLeay & Brown, 1979
lactate
BKME primary pinfish SwW decreased body 28 >0.1<1 <0.1 Stoner & Livingston,
lipid 1978
BKME primary pinfish Sw increased body 28 >0.1<«1 <0.1 Stoner & Livingston,

protein

1978
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EFFECTS ON AQUATIC LIFE OF PROLONGED EXPOSURE TO PULP AND PAPER MILL EFFLUENTS UNDER CONTROLLED

TABLE 2.4
CONDITIONS (Cont'd)
Median effective
concentration
Function Nature Duration
or Effluent of of Fraction of
system Test Diluent response exposure % 96-h LCsq
affected type treatment species water measured (days) (v/v) (% v/v) Reference
Respiration/  BKME primary pinfish SwW increased gill 28 >0.1<1 <0.1 Stoner & Livingston,
Circulation ventilation rate 1978
UKME primary coho salmon Fw increased number 25 <30 <0.3 McLeay, 1973
immature erythro-
cytes
BKME primary coho salmon FW increased number 200 >202 >0.25a McLeay & Brown, 1974
immature erythro-
cytes
BKME secondary rainbow trout Fw increased 300 >1<2 -C MCASI, {984a,b
hematocrit
BKME secondary rainbow trout FwW increased 300 >23 -C MCASI, 1984a, b
leucocrit
BKME secondary bass, bluegill Fw hematocrit 365 >102 -C NCASI, 1984b
BKME secondary bass, bluegill Fw leucocrit 365 >102 -C NCASI, 1984b
Stamina/ UKME primary chinook salmon FW swimming 12 >a -C NCASI, 1968
Performance performance
BKME primary coho salmon Fw swimming 90 >14a >0.58 McLeay & Brown, 1979
performance
BKME secondary coho salmon Fw swimming 90 >28a -b MclLeay & Brown, 1979
performance
BKME secondaryd  perch BW torque 14 >1-<2 -c Lehtinen & Oikari, 1980
compensation
Behaviour UKME primary chinook salmon FW rate of food 16 >]a -C NCASI, 1968
consumption
UKME secondary chinook salmon FW rate of food 16 >5a -b NCASI, 1968
consumption
Histology UKME primary coho salmon FW giil, thyroid, 25 >302 >0.32 McLeay, 1973
spleen, interrenal,
kidney
BKME secondaryd  perch BW liver 14 1 - Lehtinen & Oikari, 1980
BKME secondary perch BW gill 14 >4a -C Lehtinen & Oikari, 1980
BKME primary pinfish SW gill 28 >]a >0.1P Stoner & Livingston,
1978
BKME secondary rainbow trout Fw gill, liver, spleen, 300 >28 -c NCASI, 1984a
gonad, heart,
pancreas, kidney,
muscle, brain
UKME - flounder BW gill, liver 60 <2.5 -C Lehtinen et al., 1984
BKME -C flounder BW liver 60 <1 <0.03 Lehtinen et al., 1984
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TABLE 2.4

EFFECTS ON AQUATIC LIFE OF PROLONGED EXPOSURE TO PULP AND PAPER MILL EFFLUENTS UNDER CONTROLLED
CONDITIONS (Cont'd)

Median effective

concentration
Function Nature Duration
or Effluent of of Fraction of
system Test Diluent  response exposure % 96-h LCsq
affected type treatment species water measured (days) (v/v) (% v/v) Reference
Growth/ BPE neutralized  pink, sockeye Fw decreased growth -c 1-2 0.1 Servizi et al., 1966
Development salmon of alevins
UKME primary chinook salmon FW decreased growth 16 1 0.2 NCASI, 1968
of juvenile fish
BKME primary sockeye salmon FW decreased growth 56 >10<25  >0.2<0.5 Webb & Brett, 1972
of juvenile fish
UKME primary coho salmon Fw abnormal growth 25 >30a >0.3a McLeay, 1973
of juvenile fish
BKME primary rainbow trout Fw decreased growth 18 >-<6 >0.1<0.2 Whittle & Flood, 1977
of juvenile fish
BKME primary pinfish SwW decreased growth 28 >12 >0.1a Stoner & Livingston,
of juvenile fish 1978
BKME primary coho salmon FwW increased growth 50-200 >5<12 >0.1<0.25 McLeay & Brown, 1974
of juvenile fish
BKME primary coho salmon Fw increased growth 200 >14a >0.5a8 McLeay & Brown, 1979
of juvenile fish
UKME secondary chinook salmon FW decreased growth 30 5a -c Warren et al., 1974
of juvenile fish
BKME secondary coho salmon Fw abnormal growth 200 >5 -b McLeay & Brown, 1979
of juvenile fish
BKME secondary rainbow trout FW decreased growth 62 10 -C NCASI, 1982
(larval to fry)
BKME secondary rainbow trout FW decreased growth 18 10 -c NCASI, 1982
of juvenile fish
UKME secondary steelhead trout FW development 25 >4a -C NCASI, 1977a
(fertilized
eggs to alevins)
BKME secondary steelhead trout FW abnormal 22 32 -C NCASI, 1982
development
(to eyed egg)
BKME secondary Daphnia magna FW abnormal 21 >100 -b Weinbauer & Somers,
development

or growth

1982

(A



TABLE 2.4 EFFECTS ON AQUATIC LIFE OF PROLONGED EXPOSURE TO PULP AND PAPER MILL EFFLUENTS UNDER CONTROLLED
CONDITIONS (Cont'd)
Median effective
concentration
Function Nature Duration
or Effluent of of Fraction of
system Test Diluent  response exposure % 96-h LCsq
affected type treatment species water measured (days) (v/v) (% v/v) Reference
Reproduction UKME secondary brown, cut- Fw spawning success -C <4 -C NCASI, 1977a
throat trout affected
BKME secondary bass, sunfish FwW spawning success -c >7a -b NCASI, 1978
BPE untreated zebra fish Fw effects on second 13-14 1-2 0.03-0.1 Anon., 1982b
generation
BKME secondary Daphnia magna FW reproduction 21 >100 -b Weinbauer & Somers,
1982
Disease UKME secondaryd  perch BwW proliferation of 14 <1 - Lehtinen & Oikari, 1980
Resistance gill parasites
UKME -c flounder BW proliferation of 60 <25 -C Lehtinen et al., 1984
gill parasites
BKME -c flounder BW proliferation of 60 <l -C Lehtinen et al., 1984
gill parasites
BKME secondary rainbow trout Fw incidence of 300 >24 -C NCASI, 1984
parasites and
other lesions
Productivity = UKME primary chinook salmon FW enhanced 90 <i5 <0.06 Warren et al., 1974
production in
laboratory streams
UKME primary chinook salmon FW reduced 30 >0.5-<1.5 >0.06-<0.2 Seim et al., 1977
production in
laboratory streams
UKME secondary chinook salmon FW enhanced 30 <t -b Seim et al., 1977
production in
laboratory streams
UKME secondary chinook salmon FW reduced 30 1.5 -b Seim et al., 1977
production in
laboratory streams
BKME secondary rainbow trout FwW enhanced 300 >2-<5 -C NCASI, 1983a, 1984a
production in
outdoor streams
BKME -C Fucus sp. BW reduced 60 1 -C Anon., 1982b
productivity in
model ecosystem
2 Highest concentration examined.
b 96-h LC50>100%.
g Not determined/not indicated.

Unfiltered whole mill effluent from an aeration lagoon.

€9
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2.4.2 Metabolic/Stress Effects. Chonic exposure to primary-treated BKME concen-
trations of 1% and higher (concentrations equal to 0.05-0.1 of the samples' 96-h LCsg
values) causes a number of metabolic disturbances in freshwater and marine fish
(Table 2.4). Effects noted include altered carbohydrate metabolism (decreased liver
glycogen energy reserves at 30 days; increased liver:muscle glycogen ratio and plasma
glucose concentrations at 200 days) and elevated concentrations of lactic acid (or
increased lactate:pyruvate ratios) in fish blood (McLeay and Brown, 1974, 1979). Changes
in differential white blood cell counts (increased numbers of neutrophils) have also been
reported following 30 or 200 days' exposure to somewhat higher concentrations of
neutralized, filtered BKME (McLeay, 1973; McLeay and Brown, 1974). These responses
are consistent with our current understanding of the generalized stress responses of fish
which may result from their prolonged exposure to adverse concentratiohs of aquatic
contaminants or other environmental stressors (Mazeaud et al., 1977; Passino, 1984;
Wedemeyer et al.,, 1984). However, this interpretation remains tenuous because of
inadequacies in our knowledge. Significant changes in lipid and protein metabolism of the

marine pinfish Lagodon rhomboides exposed to 1% primary-treated BKME for 28 days

have also been reported (Stoner and Livingston, 1978).

Only limited data are available concerning the metabolic effects of prolonged
exposure of fish to dilute concentrations of biotreated pulp mill effluent. Biochemical
changes displayed by juvenile coho salmon held for 30 or 200 days in laboratory-fermented
BKME at an average strength of 5% included decreased liver glycogen content and
elevated plasma glucose and lactate concentrations, interpreted as a state of chonic
stress (McLeay and Brown, 1979).

The metabolic effects of prolonged exposure of rainbow trout to some of the
toxic constituents of pulp and paper mill effluents have received some attention. Fish
exposed for 11 days to a resin acid mixture at a concentration equivalent to 0.15 of its
96-h LCs5q suffered markedly depleted liver glycogen and a pronounced inhibition of liver
UDP-glucuronyl-transferase enzyme activity (Oikari and Nakari, 1982). A similar
response was noted for rainbow trout that were held in a mixture of resin acids and
chlorophenolic compounds (0.08 of the 96-h LCsq) (Oikari et al., 198%4a) or 2% BKME
(Castren and Oikari, 1979) for 30 days. Inhibition of this enzyme is considered relevant,
because UDP-glucurony!-transferase acts to conjugate (detoxify) accumulated resin acids
and chlorophenolic compounds prior to their excretion (Oikari, 1984; Oikari et al.,
1984a,b).
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2.4.3 Respiratory/Circulatory Effects. Respiratory/circulatory responses of fish or
aquatic invertebrates resulting from prolonged exposure to pulp mill effluent have been
largely ignored; possibly because short-term exposures have been reported to result in
only transient changes (Walden et al.,, 1970; Davis, 1973). Stoner and Livingston (1973)
found that the gill ventilation rates for marine pinfish held in 1% primary-treated BKME
for 28 days declined from initially high values within three days of exposure; however,
values remained significantly elevated thoughout the test period. The numbers of
circulating immature red blood cells in juvenile coho salmon increased when fish were
held in 30% unbleached kraft mill effluent (0.3 of the 96-h LCsq) for 25 days (McLeay,
1973), although this response did not occur in fish exposed for a more prolonged period
(McLeay and Brown, 1974) (Table 2.4). Underyearling rainbow trout held for periods of
270-300 days in outdoor experimental streams receiving biotreated BKME concentrations
of (approximately) 1, 2 or 5% showed slight but significant changes in hematocrit values
at the two higher strengths only (NCASI, 1984a, b). However, all mean hematocrit values
were within the range considered normal for this fish species (NCASI, 1984a). Leucocrit
values for these fish were unchanged by any effluent treatment (NCASI, 1984a, b)

(Table 2.4). Similar studies with bluegill sunfish (Lepomis macrochirus) and largemouth

bass (Micropterus salmoides) held for approximately one year in experimental warmwater

streams containing, on average, 10% biotreated BKME showed no significant changes
(from freshwater control fish) in hematocrit or leucocrit values (NCASI, 1984b). These
findings are consistent with previous findings that total numbers of circulating white
blood cells in salmonid fish recovered from initially depressed values when exposure to
pulp mill effluent was prolonged (McLeay, 1973; McLeay and Brown, 1974).

Oikari et al. (1983) found that the relative weights of spleens for rainbow trout
held in 20 ug/L dehydroabietic acid for 30 days were increased, a response which may be
attributable to either increased erythocyte production or storage. Leucocrit values for
rainbow trout exposed to a resin acid mixture (0.15 of 96-h LCsq) for 11 days were also

elevated, although not in trout exposed for 30 days (Oikari et al., 1984a).

2.4.4 Effects on Stamina/Performance. Only a limited number of studies have
examined the stamina of fish following their prolonged exposure to pulp mill effluent
(Table 2.4). The swimming performance of juvenile chinook salmon, determined as
maximum sustainable swimming speed in freshwater, was found to be unaffected by their
prior exposure to 1% primary-treated unbleached kraft mill effluent for 12 days (NCASI,

1968). The swimming stamina of juvenile coho salmon following a 90-day exposure to
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primary- or secondary-treated BKME concentrations in experimental streams was ex-
amined by McLeay and Brown (1974). Critical swimming speeds (Brett, 1964; Howard,
1975) for groups of fish chronically exposed to primary-treated effluent concentrations
averaging 14% (0.5 of 96-h LCsq) or less, or to concentrations for secondary-treated
effluent of 6 or 28%, did not differ significantly from the performance of control fish
reared in freshwater (McLeay and Brown, 1974). Equivalent or superior short-term
stamina of fish exposed for prolonged periods to low levels of other aquatic contaminants
has been found in numerous instances, even where damage to fish gills and other tissues
has been evident (Lemke and Mount, 1963; Larmoyeux and Piper, 1973; Waiwood and
Beamish, 1973).

Lehtinen and Oikari (1980) found that perch (Perca fluviatilis) could compen-

sate for torque when tested in a rotary-flow swimming apparatus, following 14 days'
exposure to 1% secondary-treated BKME, but not when the concentration was 2% or 4%.
The effluent to which these fish were exposed was unfiltered, so the response could have
been due to suspended fibres or to dissolved toxic constituents. A similar test, following
exposure of perch to 1% or 2.5% BKME (treatment unidentified) for two months, showed

no decreased performance (Anon., 1982b).

2.4.5 Behavioural Effects. No reports have been encountered in the literature
relating to behavioural changes due to the prolonged exposure of fish or aquatic
invertebrates to pulp mill effluent. However, a related study showed that the daily rates
of consumption of live tubifex worms (Tubifex sp.) by juvenile chinook salmon held in
unbleached kraft pulp mill effluent for 16 days were unaffected by primary-treated
effluent concentrations of 1%, or 1-5% biotreated effluent (NCASI, 1968), regardless of

the ration level.

2.4.6 Histological Effects. Inconsistent results are reported following light micro-
scopic examination of numerous tissues of fish exposed for extended periods to kraft mill
effluent. No pathological changes attributable to a 25-day exposure of juvenile coho
salmon to 30% unbleached filtered kraft pulping effluent (0.3 of 96-h LCsg) were
discerned by McLeay (1973) for any of the tissues examined (Table 2.4). Lehtinen and
Oikari (1980) reported hepatocellular changes in livers of perch held in 1-4% unfiltered,
aerated BKME for 14 days, whereas gill histology appeared normal. More recently,
Lehtinen et al. (1984) reported gill epithelial damage for flounders (Platichtys flesus) held

in brackish water containing 2.5% unbleached kraft whole mill effluent (treatment not

specified) for 60 days. The liver tissue from these flounders and from those held in 1% or
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2.5% BKME for this period also appeared atypical, with cytoplasmic vacuolization and a
significantly greater number of shrunken nuclei. The 1% concentration of this effluent
was equivalent to 0.03-0.04 of its average 96-h LC5q value.

Stoner and Livingston (1978) found that the gill tissue of marine pinfish held in
1% primary-treated BKME for 28 days appeared normal, although excessive mucous was
evident on the gill filaments. Detailed histopathological examination of rainbow trout
exposed for 270-300 days in experimental streams containing biotreated BKME concentra-
tions of 1%, 2% or 5% revealed no adverse changes (NCASI, 1984a,b). Similar studies of
largemouth bass and bluegill sunfish held for approximately one year in warmwater
streams containing 10% biotreated BKME also showed no increased incidences of

histopathologies relative to corresponding samples of control fish (NCASI, 1984b).

2.4.7 Effects on Growth and Development of Fish and Invertebrates. The effect of
prolongedbexposure to pulp mill effluent on the development and growth of the early life
stages of fish has received considerable attention. Most reported studies have been
conducted with juvenile salmonid fish exposed to primary- or secondary-treated bleached
or unbleached kraft whole mill effluent diluted with freshwater (Table 2.4). These
investigations indicate that extended (16-200 days) exposure to effluent concentrations
equivalent to 0.1 of the 96-h LCsp value or less does not affect fish growth. Higher
strengths (0.2->0.5 LCsq) may impair growth (NCASI, 1968; Webb and Brett, 1972; Whittle
and Flood, 1977), whereas growth enhancement occurred in some instances (McLeay and
Brown, 1974; Davis, 1976). The various authors have offered plausible explanations for
their own data, but no reason(s) for the dissimilar response is evident. The concentrations
of primary-treated kraft mill effluent affecting the growth of fish under controlled
conditions are in most instances greater than 3-10% (Table 2.4). One study (NCASI, 1968)
reported a median effective concentration of 1% for unbleached effluent; however, the
acute lethal toxicity of this effluent was atypically high (mean 96-h LCsq, 5%).

Servizi et al. (1966) incubated newly hatched pink and sockeye salmon alevins
in dilute (1-2%) concentrations of neutralized bleach plant effluent until yolk absorption
was complete. These researchers found that for each fish species, alevin growth
(measured as dry weight) was reduced significantly relative to corresponding groups of
fish incubated in freshwater only. The effluent strengths were equivalent to 0.05-0.1 of
the 96-h LCsg value derived for this bleach plant effluent using sockeye salmon

fingerlings.
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Where concentrations of biotreated unbleached or bleached kraft whole mill
effluent have been less than 5%, fish growth under laboratory conditions has not been
affected (Table 2.4). Decreased growth has been found for fish chonically exposed to 5%
(Warren et al., 1974) or 10% (NCASI, 1982) secondary-treated effluent.

When rainbow trout were exposed throughout the alevin and fry stages
(62 days) to a range of concentrations of biotreated (14-day aerated lagoon) BKME with a
96-h LCsp value of 28%, growth was unaffected at 5.6%, but reduced at 10% (NCASI,
1982). No embryonic abnormalities were observed when freshly fertilized eggs of
steelhead trout were exposed until hatched, 31 days later, to 5.6-18% concentrations of
this stabilized effluent (NCASI, 1982). A variety of abnormalities occurred at higher
(>32%) effluent concentrations, including malformed embryos and altered developmental
schedules. Previous studies (NCASI, 1977a) with freshly fertilized steelhead trout eggs
incubated for 25 days in outdoor experimental streams receiving 4% biotreated un-
bleached kraft mill effluent also showed no effects on the survival or development of
embryos and alevins. More prolonged studies have not been reported. Limited evidence
(NCASI, 1982, 1983a) suggests that the early (fertilization to eyed-egg stage) life stages
of developing fish may be appreciably more sensitive to pulp mill effluent than the later
stages. |

Burton et al. (1984) exposed striped bass (Morone saxatilis) larvae for 20 days

to a range of concentrations of biotreated BKME in brackish (5 ©/oo salinity) water. All
effluent strengths examined (>20%) did not affect fish survival, growth or metamorphosis
to the juvenile stage.

Weinbauer and Somers (1982) determined that the growth and development of

two generations of Daphnia magna chronically (21 days) held in biotreated BKME (48-h

. renewal of test solutions) concentrations of 100% or less did not differ from controls in
freshwater. Similar studies with other types of pulp and paper mill effluents have not

been reported.

2.4.8 Effects on Reproduction. Scant attention has been given to the possible
effects of dilute concentrations of pulp and paper mill effluents on the reproductive
activities of fish or aquatic invertebrates and on the subsequent survival and well-being of
their offspring (Table 2.4). Attempts to induce the spawning of adult brown trout (Salmo
trutta) and cutthroat trout (Salmo clarki) in outdoor experimental spawning channels
receiving 4% biotreated unbleached kraft whole mill effluent proved unsuccessful (NCASI,

1977a). No other attempts with salmonid fish have been reported. However, warmwater
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warmwater fish species (largemouth bass, Micropterus salmoides; bluegill sunfish, Lepomis

macrochirus) have spawned in outdoor experimental channels containing approximately 7%
biotreated BKME (NCASI, 1978).
Swedish scientists have exposed the zebra fish (Brachydanio rerio), a fresh-

water fish species with a rapid reproductive cycle, to bleach plant effluents or effluent
constituents to determine the delayed (second generation) effects (Anon., 1982b). The
procedure for this bioassay has recently been reported (Landner et al., 1985). Exposure of
adult fish to 1-2% kraft bleach plant effluent (0.03-0.1 of the 96-h LCsq) for 13 or
14 days, prior to spawning, significantly increased mortalities and developmental
anomalies of the offspring, relative to those from unexposed parents (Anon., 1982b). The
concentrations of effluent or chemicals (i.e., tetrachloroveratrole) found to induce
"delayed" (second generation) effects in zebra fish were at least five times lower than the
median effective concentration found for the direct exposure of eggs or larvae (Neilson et
al., 1984; Landner et al., 1985).  Whole mill effluents have not yet been evaluated
according to this test procedure.

The absence of any effect of undiluted (100%) biotreated BKME on the

reproduction of Daphnia magna and on the subsequent survival and development of their

offspring has been reported (Weinbauer and Somers, 1982). These organisms reproduced
parthenogenetically (asexually) under the bioassay conditions employed.
Renberg et al. (1980) reported that tetrachloroguaiacol decreased the fecun-

dity of the estuarine copepod (crustacean) Nitocra spinipes at median effective concen-

trations of 37-54 ug/L. These concentrations were 0.01 of the 96-h LCs5¢p value
determined for these organisms. Similar reproductive tests with this or other estuar-

ine/marine species have not been reported.

- 2.4.9 Effects on Disease Resistance. Many examples in the literature indicate that
the resistance of fish to disease is diminished by their exposure to environmental stressors
including sublethal concentrations of aquatic contaminants. The interactions between
stress and the resistance of fish to disease are complex and little understood (Ellis, 1981).
However, if the degree of stress is sufficiently strong or prolonged, their ability to
withstand the myriad of viral, bacterial or parasitic organisms to which they are routinely
exposed is often lowered sufficiently to allow the proliferation of these pathogens and the
manifestation of disease symptoms (Snieszko, 1974; Wedemeyer and McLeay, 1981;
Wedemeyer et al., 1976, 1984). Dilute concentrations of chemicals shown to be mutagenic

or carcinogenic to mammals can also induce neoplasms (tumours) in livers and other
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tissues of exposed fish (Sinnhuber et al., 1977; Grieco et al,, 1978; Sonstegard and
Leatherland, 1984).

As with other types of effluent discharges, the extent to which pulp and paper
mill effluents may alter the disease resistance of fish and other aquatic organisms has
received little attention and is not understood. Concerns regarding potential muta-
genic/carcinogenic risk associated with these effluents have been raised since Hoglund et
al. (1979) showed that chlorination stage effluents possess mutagenic activity, However,
an extensive number of mutagenicity screening assays conducted with whole mill effluents
indicate that this risk is minimal at most (Hoglund et al., 1979; Anon., 1982b).

Only limited information has been derived regarding the incidence of disease
attributable to the exposure ‘involved in the controlled growth/productivity/histology
studies reported above (Table 2.4). In most instances, no specific examinations for lesions
or infections were made. During a histological examination of gill specimens from perch
(Perca fluviatilis) experimentally exposed in brackish water to unfiltered, secondary-
treated BKME concentrations of 1%, 2% or 4% for 14 days, Lehtinen and Oikari (1980)

noted parasitic cysts, identified as Oodinium sp., between the secondary lamellae in all

effluent-exposed fish but not in the controls. Subsequent studies conducted by Lehtinen
and co-workers with flounder (Platichtys flesus) and other estuarine organisms exposed in
model ecosystems for two months, to 2.5% (unbleached) or 1% and/or 2.5% (bleached)

kraft whole mill effluents from three separate mills, revealed that the gills of all
effluent-exposed fish (but not controls) were infested with Tricodina sp. (Anon., 1982b;
Lehtinen et al., 1984). No information was provided concerning any treatment of these
effluents. The biological (respiratory) relevance of these attached ciliates was not
investigated.

A detailed analysis was made on rainbow trout introduced initially as 1-g fry
into outdoor experimental streams receiving a continuous supply of freshly biotreated
BKME at average concentrations of 1%, 2% or 5%, and held for 270-300 days (NCASI,
1984a,b). Numerous tissue types (gill, liver, kidney, intestine, pancreas, skin, nares, brain,
heart, muscle) showed no differences in incidences of parasites between the freshwater
controls and effluent-exposed fish. With the exception of the gill tissues (high incidence
of lesions in both controls and effluent-exposed fish, attributed primarily to the blood
parasite Sanguinicola), tissue parasites were uncommon. No incidences of neoplastic le-
sions in fish livers or other tissues were observed. Similar findings were also reported for
warmwater fish species recei\;i-r\lg» prolonged exposure to biotreated BKME in southern

experimental streams (NCASI, 1984b). However, the greatest risk of induction of tumours
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in fish, due to their exposure to mutagenic/carcinogenic chemicals, is during their early
stages of embryonic development (although the tumours may not be manifested until many
months later) (Sinnhuber et al.,, 1977; Grieco et al., 1978). More information relating to
the prolonged observation of organisms exposed during early embryonic development is

required.

2.4.10 Effects on Productivity. The effects of primary- and secondary-treated kraft
whole mill effluents on cold and warmwater stream communities has been the subject of
extensive investigative research by the National Council of Air and Stream Improvement
Inc. (New York) during the past 18 years. Early studies in cooperation with scientists at
the Oregon State University (NCASI, 1968, 1977a; Warren et al., 1974; Seim et al., 1977)
examined the effects of unbleached kraft whole mill effluent on the production of juvenile
salmon in laboratory streams or experimental channels containing diverse communities of
freshwater algae and invertebrates. Subsequent studies have examined the effects of
secondary-treated (12-14 day aerated lagoon) BKME on cold (NCASI, 1982, 1983a) and
warmwater (NCASI, 1977b, 1978, 1983b) stream productivity using large (100 m) outdoor
experimental channels with alternating riffles and pools.

The production of a population is the sum of the growth of all individuals in
the population (Warren et al, 1974). In the initial studies with laboratory streams
colonized by stocking with algae, insect larvae and invertebrates from natural streams,
the production of juvenile chinook salmon was calculated as the daily change in fish
weight per unit area of stream bottom, under differing conditions of exposure to UKME.
Primary-treated UKME from one mill enhanced fish production at concentrations of
0.8 and 1.5% (equivalent to 0.03-0.06 of the 96-h LCs5q) whereas a somewhat more toxic
UKME source caused decreased production at 1.5% (Warren et al,, 1974; Seim et al,,
1977). When examined during spring and fall, secondary-treated UKME again reduced fish
production at a 1.5% concentration but production of fish exposed to the same effluent
source was enhanced during summer experiments at concentrations up to 4% (Seim et al.,
1977; Table 2.4). On the other hand, experiments with naturally colonized outdoor
channels stocked with young rainbow trout have failed to demonstrate any effects on fish
productivity throughout extended (300-day) exposures to biotreated BKME concentrations
averaging 1 or 2% (NCASI, 1982, 1983a); whereas prolonged (270-day) exposure of rainbow
trout to 5% biotreated BKME significantly enhanced fish production (NCASI, 1984a). A
number of factors including season, the specific characteristics of the stream habitat and
community, together with the type, source, concentration, nutrient content and degree of

treatment of the effluent, rnay modify the effluent's ability to influence fish production.
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Concurrent measurements of periphyton productivity in the outdoor channels
during the fish production studies showed no significant differences between the control
streams and those receiving 1% or 2% biotreated BKME (NCASI, 1982, 1983a). Mean
monthly benthic macroinvertebrate density and biomass were significantly greater (rela-
tive to corrésponding control streams) in streams receiving 1% effluent, and the same as
controls at 2%. No differences were evident in species diversity of the macroinvertebrate
communities reared in freshwater and in 2% biotreated BKME (NCASI, 1983a).

Model ecosystem (microcosm) studies have been conducted recently with
communities of estuarine organisms exposed experimentally to dilute concentrations of
bleach plant effluent and to unbleached and bleached kraft whole mill effluents (Anon.,
1982b). Circular 7.5 m3 tanks with sand bottoms were stocked with seaweed (Fucus sp.),

shrimp (Neomysis sp.), flounder (Platichtys flesus) and perch (Perca fluviatilis), and

allowed to stabilize for one month prior to the introduction of effluents. Significant
declines in the productivity of periphyton (seaweed) and phytoplankton were noted within
two months for tanks receiving 1% and 2.5% BKME. Data relating to fish or shrimp

productivity were not reported.
2.5 Environmental Variables Modifying Toxicity

2.5.1 General. Procedural and sampling variables which affect the quantitative
assay of the acute lethal toxicity of pulp and paper mill effluents, have been elucidated to
a large degree. These include effluent sample pre-treatment (i.e., conditions of
collection, storage and preparation) and variables such as solution pH, rate of replace-
ment, test organism:effluent volume ratio, and aeration rates for test solutions (Walden et
al., 1972, 1975; Davis and Mason, 1973; Loch and MacLeod, 1974; Walden and McLeay,
1974). Moreover, recent standardization incorporates most of these experimental findings
into bioassay procedures (Anon., 1980b, 1982), resulting in reduced intra- and inter-
laboratory errors for bioassay determinations. Nonetheless the gap between the control-
led laboratory environment and the continually changing real world situation remains
huge. Some understanding of the manner in which variables that are controlled in the
laboratory bioassay actually affect toxicity is essential to any appreciation of real
environmental impact of the toxic constituents. Some of these modifying variables are

considered briefly here.

2.5.2 Dissolved Oxygen. The oxygen demand of pulp and paper mill effluents, its

environmental consequences and the capacities of differing receiving environments to
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assimilate oxygen-deficient effluents or those with a high oxygen-consuming potential are
discussed in detail by Poole et al. (1978). According to these authors and, more recently,
Waldichuk (1983), one of the main ecological problems associated with the disposal of pulp
and paper mill effluent continues to be low dissolved oxygen. However, this is not
universally so and, at least for numerous B.C, fresh and marine waters receiving these
discharges, significant oxygen depletion is not apparent (Anon., 1976).

Davis (1975) reviewed the dissolved oxygen requirements of freshwater and
marine organisms with emphasis on Canadian species, and indicated examples where the
deleterious effects of toxic effluents and oxygen-deficient waters can be additive.
Alderdice and Brett (1957) first suggested that pulp mill effluent was more toxic when
test solutions (or receiving waters) were oxygen-deficient. Subsequent laboratory studies
by Hicks and DeWitt (1971) determined that, for juvenile coho salmon exposed to primary-
treated BKME, the lower the dissolved oxygen values the greater the toxicity, within the
limitations of oxygen solubility in water. Graves et al. (1981) demonstrated that the
acute lethal toxicity of biotreated BKME to juvenile sheepshead minnow (Cyprinodon
variegatus) increased markedly at lower dissolved oxygen concentrations, although differ-

ing responses were found for other life stages.

2.5.3 Temperature. The modifying influence of environmental temperature on the
toxic responses of aquatic life to pulp and paper mill effluents has received little
attention., Whereas almost all laboratory bioassays with Canadian fish and aquatic
invertebrate species have been conducted at 10-15°C, seasonal extremes in the tempera-
ture of the receiving waters can differ markedly from this range. For instance, water
temperatures in Canada during winter months are often 5°C or less. No toxicity data
exist for such low temperatures despite the fact that such water temperatures may
prevail for up to six months out of the year,

After acclimating juvenile rainbow trout to temperatures of 8, 10, 15 and
20°C for 30 days, Loch and MacLeod (1974) measured their acute time to median survival
for a single sample of pulp mill effluent (type unidentified) at each of these temperatures.
Tolerance decreased (i.e., toxicity increased) with increasing temperature, i.e., the higher
the test temperature the shorter the survival time. Gordon and McLeay (1977) acclimated
groups of juvenile rainbow trout and coho salmon for six weeks to 10 or 15°C and then
exposed them to differing concentrations of primary-treated BKME at these temperatures
under otherwise identical conditions. Although differences were minor, toxicity was

greater (lower 96-h LCsq values) for each species at the higher temperature.
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Insofar as we can elucidate, no studies have been undertaken of the influence
of temperature on long-term survival or well-being of effluent-exposed fish or other
aquatic organisms. The combined influence of differing (controlled) temperature and
dissolved oxygen regimes on the acute or chonic toxicity to aquatic life of pulp and paper
mill effluent also has not been studied. Such studies would be prerequisite to any
understanding of how fluctuating versus stable temperature (or dissolved oxygen) may

influence fish tolerance to these discharges.

2.5.4 Photoperiod. Seasonal variations in photoperiod (day length) have been
reported to cause changes in fish respiration rates and perhaps in their tolerance to
aquatic contaminants even when temperatures are held constant (Spieler et al.,, 1977;
Zitko and Carson, 1977). In a controlled study, a population of juvenile rainbow trout was
acclimated for 18 weeks to either summer or winter photoperiods under otherwise
identical conditions. These two groups showed no appreciable differences in their acute
lethal (LCs50p) and sublethal (stress, temperature and hypoxic tolerances) responses to a
single sample of primary-treated BKME (McLeay and Gordon, 1978). The degree to which
seasonal photoperiod may modify toxic responses to pulp mill effluent for other cultured

or indigenous aquatic species is unknown.

2.5.5 pH. For many years it has been known that pH extremes will significantly
enhance the toxic effects of untreated or clarified pulp and paper mill effluents; however,
within Canada most whole mill effluents are now neutralized prior to discharge to
freshwater or rapidly become so upon their mixing with seawater. Less well recognized is
that the pH of diluent and receiving waters affects bioassay results and toxic effects
within the environment, respectively.

A number of reports show that pH changes within the range of values
characteristic of natural waterbodies (i.e., pH 6.0-9.5) significantly affect the acute
lethal toxicity of untreated or primary-treated pulp mill effluent (Ladd, 1969; McLeay and
Walden, 1976; McLeay et al.,, 1979a,b) and certain effluent constituents. Results from
LCs50 bioassays with salmonid fish exposed to a range of freshwater concentrations of
untreated or clarified kraft whole mill effluents held at differing pH values indicate that
these effluents are considerably less toxic at pH 9 than at neutrality; and that LCsg
values decrease progressively with decreasing pH values thoughout the pH range of 5 to 9
(Ladd, 1969; McLeay et al,, 1979b). In a separate study, the LCsqg values for a single
primary-treated BKME sample were found to vary appreciably when tested with differing
natural freshwater sources (pH 6.4-8.4) as diluent water, whereas differences were
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minimal when all solutions were adjusted to the same pH prior to fish (rainbow trout)
exposure (McLeay et al,, 1979a). The influence of effluent- or diluent water-pH on the
toxicity of secondary-treated pulp and paper mill effluents has not been reported.
Consistent with the above findings, various resin acids have been shown to be
substantially more toxic at pH 6.4 than at pH 7.0 (Leach and Thakore, 1974); and
dehydroabietic acid has been demonstrated to be least toxic at pH 9.5 (McLeay et al.,
1979b). Zanella (1983) recently reported that the LC5q value for dehydroabietic acid was

nine times greater for Daphnia magna and seven times greater for fathead minnows, when

tested at pH 8.0 and 6.5, respectively. Similar differences due to pH were found for
mono-and dichlorodehydroabietic acid (Zanella, 1983), '

The toxicity of certain chlorophenolic compounds has been shown to be
significantly greater when tested at lower pH values. For instance, the LCsp value for
2,4,6-trichlorophenol was four times greater (less toxic) for guppies (Poecilia reticulata)

when tested in freshwater at pH 8 than in solutions at pH 6 (Saarikoski and Viluksela,
1981). Similarly, Voss et al. (1980) found that both 2,4,6-trichlorophenol and tetrachloro-
guaiacol were appreciably more toxic to rainbow trout when LCsqp bioassays were
performed at pH 6.4-7.0 than at pH 7.3-8.1. Swedish investigators have reported that the
LCsq value for tetrachloroguaiacol was four times greater for Daphnia magna when
tested at pH 7.4-8.1, than in solutions at pH 6.0-7.1 (Anon., 1982b).

2.5.6 Alkalinity. In natural freshwaters, alkalinity values are positively correlated
with pH. Thus reported observations of decreasing toxicity of sulphite waste liquor
(Grande, 1964) or BKME (McLeay et al., 1979a) for concurrent fish bioassays using natural
diluent waters with increasing pH may involve some interaction with water alkalinity or
even hardness.

A series of fish (rainbow trout) bioassays, conducted by Middelraad and Wilson
(1975), involved filtered mechanical pulping effluent diluted with different volumes of a
hard (350 mg CaCO3/L) wellwater mixed with de-ionized water to provide resultant
hardness values of 40 mg/L, 100 mg/L or 150 mg/L. Although 96-h LCsq values increased
from 25% to 59% with increases in hardness from 40 to 150 mg/L, pH values were not
controlled. Accordingly, pH may also have been implicated.

As part of the LCsqp bioassays undertaken by McLeay et al. (1979a) using a
primary-treated BKME sample diluted with each of ten natural freshwaters, one series of
tests was conducted whereby the pH of all test solutions was held constant. The range of

LCsq values derived was narrowed appreciably by this pH adjustment, albeit decreases in
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effluent toxicity were still positively correlated with increasing alkalinity and hardness,
The degree to which alkalinity and hardness modify the toxicity of secondary-treated mill

effluents has not been reported.

2.5.7 Salinity. A clear understanding of the effect of seawater chemistry on the
toxicity of pulp and paper mill effluents is difficult to obtain. Differences in sensitivity
of biological species (if fresh- vs. seawater organisms are compared) or their overall
health and condition (if a single euryhaline species is acclimated to fresh, brackish and/or
seawater prior to testing) may mask the effects of chemical speciation in seawater.

Seawater has been diversely reported to increase (Anon., 1975; Rogers et al,,
1975), decrease (Waldichuk, 1962, 1983) or not appreciably alter (McLeay et al., 1979b)
the toxicity of pulp mill effluent, relative to its toxic effect in freshwater. Experimental
artifacts due to fish condition and lack of pH control in comparative bioassays using
fresh- or seawater may have been responsible for these differing conclusions. Compara-
tive LCsq tests performed with a single population of juvenile coho salmon acclimated to
fresh- or seawater for five months produced equivalent values when test pH was the same
(7.5) (McLeay et al., 1979b).

Preliminary studies with perch exposed to 2,4,6-trichlorophenol or a resin acid
mixture dissolved in brackish (7 ©/oo) or freshwater indicated that the acute lethal
toxicity of trichlorophenol increased and that of resin acids decreased in brackish water,

compared to their toxicities in freshwater (Lindgren and Oikari, 1982).
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