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ABSTRACT 

White suckers captured downstream nom the Pine Faiis pulp and paper mil1 exhibited 

an increase in iiver somatic index and an induction of the mired-fùnction oxygenase (MFO) 

system and decreases in plasma testostaone, fwdi ty  and hepatic stores of vitamins A and 

E. The MFOs were positively correlated with liver somatic index and negatively correiated 

with hepatic Mtarrims, condition fkctor and most reproductive indices; hepatic vitamins were 

positively correlated with condition factor and reproductive indices. The majority of the 

differences between reference and downstream fish appears to be related to the presence of 

the pulp rnili, because e f f i s  diminished with increasing distance from the effluent outfall. 

These e f f i s  may be caused by the m e n t  (1993-1994) release of effluent d o r  to the 

habitat degradation of the area. 

In a dose-respome experimenî the MF0 enzyme system of rainbow trout was induced 

by an enluent concentration of 0.23%; less than one tenth of the estimated 96-hour LCSO 

value of 3.0%. The tirne-dependence of the MF0 response was examined at an effluent 

concentration of 1% and was signiscaatiy induceci after 2 days, remained at this induced level 

for the rernaining 6 days of effluent exposure and declined within 2 days after the fish were 

moved to clean water. 

Fish downstream from the Pine Falls pulp mil1 exhibited responses similar to fish 

captured downstrearn fiom bleaching kraft pulp d s .  The MF0 inducer(s) in this effluent 

behaved iike polycyciic aromatic hydrocarbons, not higbiy chlorinated dioxins a d o r  fùrans. 

At the time of this study the effluent released Erom the miii was untreated; a secondary 

treatment fàaiity which may alleviate some h o t  al1 of these impacts has since been installed. 
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GENERAL INTRODUCTION 

Aquatic toxiwlogy has been d&ed as the "qwlitative and quantitative study of the 

adverse or toxic effects of chemicals and other anthropogenic materials or xenobiotics on 

aquaîic organisms" (Rand and Petroceb 1985). At low concentrations or for short exponire 

periods, the normal homeostatic mechanisms of an orgm*sm may be able to cope with 

toxicant exposure and the substance may be excreted or detosed with no permanent 

damage. Increasiag concentrations andlor exposlue times may lead to physiological changes 

which temporarily impair certain bodily fùnctions. If the concentration or exposure period 

continues to increase, a critical point will be reached such that even if exposure were 

terminated, the damage to the organism would remain. Ultimately, there will be a 

concentration andlor exposure period at which disease and fïnally death ensue (Hellaweii, 

1986). Past toxicological research was focussed on the acute effects of relatively high 

toxicant concentrations. Such studies often used the end-point of death as an indication of 

toxicity. It is now recogaized that sub-lethal responses, such as disturbed behavioural 

patterns, impaired physiology or induced sterility can ultimately have effects on populations 

similar to the rapid death of individuals (Heuaweii, 1986). 

The lowest level of biological organization is a biochemical reaction within an 

individual organisxn. Impacts must occur at this biochemical level before effects can be 

manifested in celis, tissues, organs, organ system, organisms, populations or communities 

(Bucheli and Fent, 1995; Delorme, 1995). Etfeas should be deteaable at each of the 

previous levels of biological organization before they cm be d e s t e d  at the next higher 

level of biological organization. For this reason, the examination of biochemical parameters 



is thought to bction as an "early warning" of potentidy more senous pathologies (Payne 

et al., 1987; Adams et al., 1989; Brouwer et al., 1990; Fox, 1993; Palace and Brown, 1994; 

Bucheli and Fent, 1995). However, some alterations in biochemistry may simply indicate 

exposure and may not be asociated with any discernable adverse effécts at higher biological 

levels (Kloepper-Sam and Benton, 1994; Chapman, 1995). 

A biomarker may be broadly dehed as a maisurable response at any level of 

biologica organization that can be related to contaminant exposure (Bucheli and Fent, 1995). 

These may incIude the fonowin& induction of the stress response, induction of detoxification 

systems, inhibition of specific enymes, metabolic irnpairments that detrimentally alter 

synthetic or degradative processes or that deplete energy, decreases in vitamin or substrate 

stores, impaired growth or faiiure to thrive, weight loss, genetic damage, impairment of 

immune system bction, impaired or altered reproductive fûnction and impaired organ or 

tissue fùnction (Fox, 1993). More specincally, the terni biomarker has been used to describe 

the generally rapid and highly semithe responses at the biochemicai and cellular level (Bucheli 

and Fent, 1995). 

Effects of Pulp Mill Effluents on Fish 

A wide array of impacts have been reported in fish exposed to effluents of the pulp 

and paper industry, with most research having been done on efnuents fiom chlorine-bleaching 

kraft pulp mills. These efFkcts range fkom the biochernicaUcellular level to the population and 

community levels and ïnclude; an increase in mixed-fiinction oxygenase activities, a reduction 

in plasma levels of steroid hormones, a reduction in hepatic stores of vitamuis A and E, a 



decrease in fecundity, a decrease in gonad size, an hcrease in liver size, an increase or 

decrease in condition factor, (a measure of the weight ofa fish in relation to its Iength), a 

reduced rate of growth, an increase in the age offkst m a l  maturity, high l a n d  mortality, 

a reduction in adult fish populations, and a reduction in fish species nchness and community 

composition (Andersson et al., 1988; Rogers et ai., 1989; McMaster et ai., 199 1; 

Munkittrick et ai., 199%; Hodson et al., 1992; Servos et al., 1992; Van Der Kraak et al., 

1992; Adams et al., 1992; Mdt t r i ck  et ai., 1994; Kloepper-Sams and Benton, 1994; 

Sanddrom, 1994; Barker et al., 1994; Gagnon et ai., 1995; Brown and Vandenbyllaardt, 

1996). 

One of the most consistent effects of bleaching kraft puip mill effluents is an increase 

in mked-fiindon oxygenase (MFO) activity (Hodson, 1996). In the past this response has 

been attn'buted to the presence of the chlorinated dioxin and k a n  compounds produced by 

this type ofpulp and paper production (Rogers et ai., 1989; Hodson et al., 1992; Kloepper- 

Sarns and Benton, 1994; Servin et al., 1994). These compounds are knownto be potent 

inducers of this enzyxne system and have been found in varying amounts in bleachhg kraft 

pdp mill effluents (Parrott et ai., 1995; Rogers et al., 1989; Hodson et al., 1992; Kloepper- 

Sarns and Benton, 1994; Senrizi et ai-, 1994). 

There has been Little research on ferai fish downstrearn of pulp d s  that do not use 

chlorine-bleaching or the kraft pulping process. In 1992, Finnish researchers (Pesonen and 

Andersson, 1992; Lindstrom-Seppa et al., 1992) provided the first evidence that non- 

chlorinami duents were capable of affecting fish by inducing the MF0 system. In Canada, 

field research on these types of effluents is limited to a survey of Ontario pulp mills 



(Munkïtûick et ai., 1994). This survey included two mils that did not use chlorine bleaching 

or the kraft puiping process and fis& downstream nom these mills had an increase in MF0 

actMty (or@ in males), smaiîer gonadg larger Iivers and lower levels of the steroid hormone, 

estradio1 (fernales). These kdings suggest that chlorinated dioxins and furans are not the 

only causative agents of deleterious ené*s in fish dowmtrearn of pulp mil1 effluent discharges 

and that fùrther examinations of effluents which do not contain chlorine are warranted. 

Pdp miIl efnuents contain hundreds of different compounds (Owens, 1991; Hodson 

et ai,. 1992) and the individual chernical components of pulp mill effluents responsible for the 

biochemical and morphological effeçts in fish are presently unlmown. There is a strong 

correlation between the molecular size and shape of a compound capable ofinducing the 

MF0 system and the nature of the induction (Hodson, 1996). MF0 induction tends to be 

very persistent when caused by highiy chlorinated compounds and rapidly depleted when 

caused by nonhalogenaîed compounds (Bucheli and Fent, 1995; Parrott et al., 1995). Recent 

work indicates that the compound(s) responsible for MF0 induction in a secondary treated 

bleached kraft mil1 effluent (BKME) cm be readily cleared from fish. MF0 activity was 

reduced after 4 days in clean water and fish caphired downstream nom this miii after a 2 

week shutdown aiso had lower MF0 activities (Munkittrick et al., 1992b). This, together 

with the fincihg ofsiniüar impacts in fish downsîream from pulp d s  which use no chlorine, 

M e r  contradicts the Spothesis that the inducers are highly chlo~ated dioxïn and/or furan 

compounds. Ifinduction were caused by chlorinated dioxins and finans then it would persist 

for much more than a few days (Muir et al., 1990; Parrot et al., 1995, Delorme, 1995). 

Recent laboratory work with a variety of pulp mill effluents has shown that non- 



bleaching sulphitdgroundwood duents (similar to those produceci at the Pine Falls pulp d) 

are capable of inducing the MF0 response (Gagne and Blaise, 1993). Gagne and Blaise 

(1993) iadicated that there was a need to d e t e d e  the tirnecourse of the MF0 response, 

i-e. how long it takes for induction to occur and how long it takes for it to deciine after 

removai of the fi& to dean water. They also poïuted out the need to determine the threshold 

effluent concentration for MF0 induction, i-e- the lowest concentration of exposure which 

results in a sipnincant response. The thnshold value will allow cornparisons of Werent 

effiuents for their potency as inducers, and tirne-course infionnation would give some 

indication of the stability of the inducer(s) in the fish. Laboratory experiments are also a 

confirmatory measure because they *in examine the causdeffkct relationship between efnuent 

-sure and a meaçurable response, such as MF0 induction This ensures that at Ieast one 

of the effects noted in fish captured in the field can be caused in laboratory fish that are 

exposed only to the effluent- Experimental work with the effluent also offers a way to 

discriminate between the effects of current loadings and those that may be derived fiom 

historical sedient contamination. 

Characteristics of the Pine Falis Pulp and Paper Mill 

The pulp mill is located in the town of Pine Falls (50°34'N, 96'1 3'W) approximately 

100 km northeast of Winnipeg and produces newsprint using sulphite (-25%) and 

groundwood (-75%) pulping processes. The wood supply is 80% spruce, 15% jack pine and 

5% balsam fi. Where necessary (approximately 50% of the tirne) the groundwood pulp is 

brightened with sodium hydrosulphite; the sulphite pulp is never brightened and no chiorine 



is used in these puiping processes. The maximum production capacity of the mill is 175 000 

tonnes per year (480 tonneslday, although operation is usudy somewhat lower than this) 

and the average daily effluent discharge duriag the momhs of sarnple collection ranged nom 

2 1 69 1 to 24 492 m3 d -'. The mül has been discharging untreated d u e n t  (various streams 

within the miU p a s  through a clarifier to reûuce suspended soiids, but the whole effluent 

receives no other treamient prior to discharge) directly to the W i p e g  River since 1927. 

The effluent enters the river at the southem shore through a 1.2 m (Ld.) pipe which is 

suspended above the water d a c e .  The discharge point on the Wuinipeg River is located 

between the PoweMew dam (a few kilometres upstream) and Traverse Bay on Lake 

Winnipeg (approximately ten kiiometres downstream). Past mil1 operations have significantly 

impacted the nature ofthe benthic substrate and the invertebrate populations in the area The 

sediments are bighly contarninated with wood fibres and are dominated by pollution tolerant 

chironomid and oligochaete species (Friesen et al., 1994; Wong et ai., 1996). The effluent 

is acutely toxic to fisi; the rainbow trout 96-hour LC50 in 1993 and 1994 ranged 6om three 

to four percent effluent by volume (T. Youmans, Environmental Protection, personal 

communication). These conditions were prevalent for the duation of this study and 

continued und late 1995, when the newly i n d e d  secondary treatment facility (activated 

sludge and aeration) began operation. The following field and laboratory studies provide 

background information which rnay be used to monitor the efficacy of this new treatment 

facility. 



Thesis Objectives 

It was tiypothesized thet discharges Grom the Pine F d s  pulp di could cause effects 

in fish similar to those being detected elsewhere. For these reasons 6sh fiom the Winnipeg 

River fiom one site upstream and two sites downstream of the Pine Faüs mil1 were examuied 

for the followhg biochemicai and morphoIogkal parameters: ber  MF0 activities determiwd 

by EROD (7-ethoxyresonrfin û-deethykse) and AHH (aryl hydrocarbon hydroxylase), plasma 

concentrations of testosterone and 17e-estradiol, iiver concentrations ofvitamins A and E, 

maturity index, fecundity? egg size, egg weight, gonadosornatic index (GSI, the weight of the 

gonad in relation to the body weight), liver somatic index (LSI, the weight of the liver in 

relation to body weight), condition factor (CFAC, weight in relation to length), length, weight 

and age. 

Objective: To determine ifthe untreated discharges fiom the Pine Fds  Pulp Mill are 
aE&g any ofthe above mentioned panuneters in ferai fish of the 
Wuuiipeg River. 

Laboratory experiments were canied out with rainbow trout to assess the toxicity of 

the effluent and its potential to induce the MF0 system. The thresbold and time-course of 

the induction were examineci to indicate the strength and stability of the inducer(s). 

The effluent was known to be highiy toxic to fish (T. Youmans, Environmental 

Protection, personal commuaication), but this toxicity was firther confhed and 

characterized. Aside nom examining the toxicological properties of the effluent these 

preliminary semi-static experiments were done to determine appropriate effluent 

concentrations and handling procedures for the effluent in the more labour-intensive 

experiments used to characterize the EROD response. The objectives of these preliminary 



experiments were to: 

1. Iletennine whether the estunated rainbow trout 96hour LCSO m e r s  with 
effluent storage thne 

2. Determine if the toxicity of the etlluent is entirely within the liquid/smali 
partidate fiaction 

3. Determitle whether the toxic compounds in the effluent are volatile 

4. Determine whether tank aeration will alter effiuent toxicity. 

Flow-hugh experiments were carried out to assess the MF0 response of rainbow 

trout to the effluent. The objectives of these experiments were to: 

D e t e d e  whether effluent exposure induces the MF0 system of 
rainbow trout as assessed using EROD 

Estimate the threshold effluent concentration required to increase the 
EROD response 

Determine the length of effluent exposure the required to induce the 
EROD response 

Determine the length of tirne required to eliminate the EROD response 
once previously exposed fish are moved to clean water. 



Chapter 1: Biochemiul and morphologicai changu in ferai fuh dowastrum from 
the groundwood/sulphite pdp mili in Pine F a ,  Manitoba. 

INTRODUCTION 

The homeostatic mechanisms of fish are cominuously challengeci by the demands of 

the a q d c  enviromnent and -sure to xenobiotics M e r  inmeases this challenge (Adams 

et al., 1 989; Fox, 1993). Chemical monitoring of environmental xenobiotics may idente 

potential environmental problans, but does not detect or descnie effects and does not assure 

that biota are protected fiom the potential impacts of biomagnification, chernical mixtures, 

unidentified compounds or additional environmental stressors (Fox, 1993). It also does not 

determine the bioavailability of the compounds. Contamiaants may be present in the water 

column or sedinients, but ifthey are mt able to be taken up by organisms then their relevance 

to biotic communities is Wrely to be negligibie. The use of biomarkers to assess 

environmental contamination has many advantages. Biomarkers ody assess the effects of 

biologicaüy available poiiutants; integrate exposure to al1 poilutants present in the 

environment thereby reflecting the cumulative, synergistic or antagonistic e f f i s  of cornplex 

mixtures; integrate the effects of chernical speciation of the contamînant(s) within the 

environment as weil as their environmental distriion and biomagoification; refl ect aii of the 

other types of stressors which may be present in the native environment, such as fluctuations 

in temperature, oxygen availability, photopenod, food avaiiabiiïty and current velocity 

(Adams et ai., 1989; Mayer et ai., 1992; Bucheli and Fent, 1995). Ail of these variables may 

alter the biological impact of a contaminant. 



Mised-Funcoion Osygnise 

Mixed-f'unction oxygeaases belong to the P-450 family of heme proteins and certain 

members of this protein famiy cm be i d u d  by a number of xenobiotics includiag polycyciic 

aromatic hydrocarbons (Pm, polychlorinated dibenzodioxins (PCDD), polychlorinated 

d i n z o ~  (PCDF) and planar poiychIorinated bipheayls (PCB) (Bucheli and Fent, 1995). 

Induction involves the binding of the contaminant to the aryl hydrocarbon (Ah) receptor 

within the cell and the translocation of this coataminant/receptor complex into the ce11 

nucleus. The complex combines with the cell's DNA and through transcription and 

translation results in the production of a P-450 protein with measurable catalytic activity 

(Bucheli and Fent, 1995; Figure 1). MFOs catalyze the phase 1 reactions of xenobiotic 

transformation (detoxification) and involve the addition of one atom of oxygen into the 

substrate. The oxidized xenobiotic is ofken fiuther modined by phase II reactions which may 

involve conjugation of the oxidized xenobiotic compound with an endogenous molecule such 

as a sugar or an amino acid (Andersson and Fiklin, 1992). These conjugated products are 

generaüy les toxic and more readily excreted. The EROD and AHH assays measure the rate 

of ethoxyresorufin deaücylation and benzo[a]pyrene (B[a]P) hydroxylation, respectively, and 

appear to be the moa sensitive catalytic activities used to determine the inductive response 

in fish (Andersson and FBrlin, 1992). 

Steroid Hormones and other Reproductive Indices 

The reproductive endocrine system consists of the hypothalamus-pituitary-gonadd- 

lïver WGL) axis and contaminant impacts at any level in this axis can affect the other levels 



in the axis through a series of biochemical reactioas or biochernical feedback mechanisms 

Figure 2). The hypothalamus releases gonadotropin releasing hormone or gonadotropin 

release inhibithg factor which hction to either stimulate or inhiiit the release of 

gonadotropin from the pinlltary gland The pituitary gland produces and releases 

gonadotropin in response to signals fiom the hypothalamus. The gonadotropin acts on the 

gonads, stimuiating the production of steroid hormones such as testosterone and estradiol. 

The ber t'uactions to metabolize and excrete hormones (whose levels may feed back to other 

areas within the axis) and in fendes also produces vitellogeain which will be taken up imo 

developing oocytes and converted into yok  (Thomas, 1990; Kime, 1995). 

A wide variety of chernicals have been found to i n t d r e  with vertebrate reproduction 

(Thomas, 1990; Kim+ 1995; McMaster et al., 1996). Impacts may originate at any level 

w i t h  the HPGL axis and invohre reductions in plasma levels of steroid hormones, reductions 

in the sîze and number of eggs, reductions in the number and motility of spenn and reductions 

in gonadosomatic indices (the gonad size in relation to body size), (Thomas, 1990; McMaster 

et al., 1992; Van Der Kraak et aL, 1992; Kime, 1995). Changes in hormonal levels ofien 

precede physiological disturbances and thus may hct ion as sensitive indicators of chernical 

toxïcity (Brouwer et aL, 1990). 'Xeproducbon is the most sensitive, consistent, and relevant 

end point tested to date in the iaboratory, in mesocosms and experimental Stream, and in field 

situations near some pulping discharges." (Owens, 1991). 
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Hepatic Retinoids and Tocopherol 

Vaamios A and E, otherwise referred to as retinoids and tocopheroi, are fat-soluble 

vitamins and their depletion has been shown to indicate exposure to a variety of 

environmental contaminants ( P e a u  1992). Fish obtain these vitamias dïrectiy ffom their 

diet by consuming other plants andor animals. Vitamin A cannot be obtained directly nom 

plants, but pIants do contain carotenoid pigmemts which hct ion as pro-vitamins and can be 

converted into vitamin A by the fish (Elidver, 1982). Vitamin A has a variety of ftnctions 

within the body includmg roles m vision, growth and differentiation of epitheiial cells, general 

growth, reproduction, immwiocompetence, hepatic pathdogy and bow rnetabolism (Haiver, 

1982; Taveekjakam et al., 1994). Tocophaol's primary hct ion is as an antioxidant, where 

it functions as a part of the cellular defence against the darnagiag effects offiee radicals, 

although it also plays a role in reproduction and imrnunocompetence (Blazer and Wolke, 

1 984; Serbinova et al., 199 1, Combs, 1992; Robernoid and Calderon, 1 995). More recently, 

vitamin A bas also been recognized as having antioxidant actMty (Palona and Krinsky, 199 1, 

Ribera et al., 1991 and Roberfioid and Calderon, 1995). Dietary exposure to chernicals 

known to induce the MF0 system such as PCBs, PCDDs and PCDFs have been shown to 

cause changes in vitamin A rnetabolism. Zile (1992) reported severely depleted body stores 

of vitamin A &er chronic exposure to planar halogenated aromatic hydrocarbons (PHAH). 

Trout ddcient in vitamin E have been shown to be more susceptible to contaminant toxicity 

(Wiiams et al., 1992) and vitamin E concentrations have been shown to be reduced after 

exposure to a coplanar PCB (Palace and Brown, 1994; Palace et al., 1996). 



Morphological Parameters 

Liver somatic index, gonadosomatic index and assessments of energy reserves are 

crude measures of ammal condition and may show signs of contaminant exposure (Mayer et 

al., 1992). Duriog periods of high energy iritake fish can store excess energy in the iiver as 

glycogea Thus an increase in the LSI may indicate an increase in the nutritional status and 

overall condition of the M (Busacker et al., 1990). Liver somatic indices may aiso increase 

in direct response to contaminant exposue, possibly due to the increased production of 

proteins wtiich h c t i o n  in the detoxification process of the liver (Andersson et al., 1988; 

Kumar and Mukherjee, 1988). An increase in nutritional stahis may also be seen with 

increased development of reproductive organs and be measurable as an increase in the 

gonadosomatic index (GSI) (Scott, 1962; Bagenal, 1969; Mayer et al., 1992). Condition 

factor compares the weight of a fish with its length. Under conditions of iacreased caloric 

imake the storage of energy in somatic tissues, iike h e r  and muscle, can ïncrease the weight 

of a fish in relation to its Iength, thus the fish is more plurnp (Busacker et 4. 1990). 

Coaarninants can affect these morphologicai parameters by altering the diet of the fis& by 

a i t e ~ g  their metabolism or by increasing their level of stress, thereby using up their energy 

stores. Exposure to a BKME was shown to increase condition factor and decrease 

gonadosomatic indices in a white sucker (Catosoms conniersoni) population. It was 

hypothesized that duent Bcposure caused an altered energy docation from the development 

of reproductive tissues to the development of somatic tissues (McMaster et al., 1991). 

Lengths and weights of fish are commoniy used to assess whole-body growth 

(Busacker et al., 1990). Fish of the sarne age fiom the same population should not differ 



dramatidy in length or weigût- Ifcontaminan5 exposure effects the growth of fish this may 

be indicated by reductions in fish size at a given age (Munkitûick and Dixon, 1988; McMaster 

et al., 1991; Gagnon et aL, 1995). 

Biomarken and Puip Min Effluents 

Research has shown that efhents f?om the puip and paper industry have the potential 

to affect biomarkers at ail lwels of biological organkation, although the most commoniy 

reported effects are at the biochemical level (Andersson a al., 1988; Rogers et al., 1989; 

McMaster et aL, 199 1; Adams et al., 1992; Munkïttrick et al., 1992b; Hodson et al., 1992; 

Swaason et al, 1992; Van Der Kra& et al,. 1992; ISiaepper-Sam and Benton, 1994; Gagnon 

et aL, 1995). A range ofbioLnarkers was acaniined in fish fiom the Wuuiipeg River, to assess 

the impact of effluent discharges fiom the Pine Falls pulp d. The biomarkers examined 

ranged fiom those at the biochemical level to those at the level of the whole organism, 

including: liver MF0 activities determined by EROD and AHE3, plasma concentrations of 

testosterone and 17P-estradioi, liver concentrations of vitamins A and E, maturity index, 

fècundity, egg size, egg weight, gonadosomatic index (GSI, the size o f  the gonad in relation 

to the body size), üver somatic index &SI, the size of the liver in relation to body size), 

condition factor (CFAC, weight in relation to length), length, weight and age. Liver tissue 

was used for the vitamin analyses because most vitamin A (90%) is stored in the liver 

(Brewster, 1984) and vitamin E bas been reported to be reduced in liver tissues of fish 

exposed to PCBs (Palace et al., 1996). This was the fitst time that retinoids and tocopherol 

have been anaiyzed in wild fish exposed to non-chlo~athg pulp m a  eauents. 



Two species were chosen for study; white sucker (Catostonnrs commersoni) and 

northem pike (Esar hrcius). White sucka wae chosen because they are relatively low in the 

food chain, often used in Canadian studies on the e f f i s  of pulping effluents, cornmon 

throughout Canada, wt valued by commercial or sports fishennen and present at both 

upstream and downstream sites in the Winnipeg River. Northern pike were chosen because 

they are reIatively high in the fwd chais, mt highly vahieci by commercial or sports fishennen 

and present at both upstream and downstream sites Ui the Winnipeg River. 

MATERIALS AND METHODS 

Study sites 

Fish were sampled from three des (U, Dl and D2) on the Winnipeg River in August 

of 1993 and 1994 and ffom two sites (U and Dl) in the spring of 1994 (Figure 3). Sample site 

U w u  located upstream of the Pine Fails mili and also upstream of the Powerview Dam, site 

D 1 (near downstream) was located wahm 1 km dowmtregm of the effluent discharge and site 

D2 (far downstream) was located within 6 to 8 km downstream of the etnuent discharge a 

short distance above the entrance to Traverse Bay. The fish nom the upstream reference 

location were isolated h m  those at the downstnwn sites by the Powerview Dam and as such 

couid not be exposeci to the effluent fiom the Pine Fails mu. In 1993, fish from site D 1 were 

obtained immediately below the emuent outfd to approximately 500 m downstream of the 

effluent discharge, in 1994 this area was extended to within 1 km of the effluent discharge to 

reduce the amount of time required to obtain samples. 



Figure 3: Sampling sites for white sucker along the Winnipeg River in 1993 and lB84. The upstream site was located upstream- 
of the miIl and upstream of the Powerview dam and is labelied U on the map. Slte D l  was the near downstream site and 
was located within 1 km of the effluent outfall. The smaller circle at sile Dl  indicates the sampling area at this site in August, 
1993 and May, 1994 and the larger circle indicates the size of the sampling area in August, 1994. Site D2, the far down- 
stream site, was located approxirnately 6 to 8 km downstream of the effluent discharge. 



The düution of the efluent in the river, assuming that the effluent was diluted by the 

entire discharge of the river immediately (Le- complete mixing), was caldateci by dividing 

the average d d y  discharge ofefDuent by the average da$r discharge of the river at the 

Powerview dam (consecutive daily values from one week pnor to samphg and up to the 

completion of sampling were used; effluent discharge volumes were supplied by the mill and 

river discharge volumes were suppiied by Manitoba Hydro). The effluent dilution ratios 

determined by cüviding effluent discharge by river discharge were 1 :53O2 in August, 1993, 

1 :2337 ùi May, 1994 and 1 :3208 in August, 1994. The effluent concenaation that fish near 

the miU couid have experienced has been estimated h m  these cornplete mWng dilution ratios 

and toms of total colifonn bacteria which were used as an etnuent trace. The bacteriology 

indicated the amount of horizontal mWng across the river at several distances downstream 

(fiesen et al., 1994). 250 rn downstmm fiom the effluent outfidl the bacteriai trace was lost 

within less than one-fifth of the river's width, meaning that the dilution available at this 

location was oniy about one-= that amilable at the zone of complete mixing- For example, 

in August, 1994, the dilution ratio at the zone ofcomplete mixing was 1 :3208, however, the 

amount of river water available for dilution at tbis site was oaly about 1/5 because the effluent 

trace was lost within the first fifth of the river's width. Thus, the effluent concentration at 

250 m downstream can be roughly estimated as 5-times the concentration at the zone of 

complete e g ,  or in August, 1994, approximately ((113208) * 100) * 5 = 0.16%. Using 

this same rnethod of calculation the approximate effluent concentration 50 m downstream 

Corn the sent discharge in August, 1994 was 0.66%. These caiculations provide a rough 

estimate of potential effluent concentrations at site Dl and suggest that fish fiom this site 



were exposed to effluent concentrations of less than 1%. 

Fish Sampling 

Noitheni pke could not be captured in d c i e n t  nwnbers for statisricai cornparison 

and so the foiiowing andyses, results and discussions apply only to white sucker. Mature fish 

were captureci using gill nets with mesh sires ranging 6om 8 -75 to 1 1 -25 cm. A majority of 

the summer samples were obtained with the nets being run every how, in the spring the nets 

were run after a period of approxhately three hours and in August, 1994 some of the 

samples were obtained using overnîght sets. At each sampling time ody live fish were 

sampled. Once removed fkom the nets, fish were anaesthetized (until equilibrium was lost) 

in potassium phosphate buffered (Kmo4, 0.2 glL) hicaïne methanedonate (MS 222,0.4 

gL) and blood was obtained by caudal puncture with heparinited syringes. The blood was 

immediateiy placed on ice and once received on shore it was centrifbged to isolate the plasma. 

Plasma was traasferred iato 1.5- rnL microcentrifiige tubes and fiozen on dry ice. Total fish 

weight (to the nearest g, excluding blood already drawn), was determined using an A and D 

electronic balance (model EK-12 KA, 12000 g x 1 g) and fork length was determined to the 

nearest mm. Liver (minus the gall bladder) and goaad weights were determined to the 

nearest 0.1 g on an A and D electronic balance (model EK-1200A, 1200 g x 0.1 g). Whole 

tiven were placed in Whirl-pak9 bags and quick fiozen between slabs of dry ice. Subsarnples 

of gonad were placed in histological tissue capsules and preserved in Davidson's fixative 

(95% ethyl dcohol, 30 mL; formalin, 20 mL; glacial acetic acid, 10 mL; distilled water, 30 

mL; g l y c e ~ e ,  10 mL) and phosphate bu6ered 10% formalin. The left pectoral fin was 



removed for aging purposes and placed in an envelope to dqr. Samples were retumed to the 

Freshwater InstiMe for analysis. Liver and plasma samples were stored at -80°C and the 

remaining carcasses were stored at -20°C. 

Determination of Mixed Function Oxygentre Activity 

Microsorne Preparation 

AU equipment and solutions used in the preparation of microsornes were prechüled 

in a controlied environment room at 2°C and all work was either completed in this room or 

the samples were maintained on ice. Frozen livers were subsampled to obtain 2 to 4 gram 

of tissue; any remaining liver was immediately retumed to the -80°C fieezer. The tissue was 

weighed (Metier P1200) and dowed to partialiy thaw, at which time it was rninced with 

scissors and placed in 15-mL c o n i d  glass tissue homogenizers. The tissue was homogeaized 

in 4 mL KCl-HEPES b a e r  (O-OZM (N-12-Hydroxyethyl]piperaPne-N' -[2-e- 

acid], BDH; O. 1SM potassium chloride, BDH; pH adjusteci to 7.5 with potassium hydroxide, 

BDH) per gram of tissue, ushg 5 to 7 passes of a motorized ~eflon* pestle. The homogenate 

was transferred to polycarbonate tubes and centrüuged at 12,000 x g for 20 minutes at 2°C 

(lO,000 rpm in a Sorvd Superspeed RC2-B reaigerated centrifùge using an SM-24 rotor). 

The post-mitochondrial supematant produced was transferred to ultracentrifiige tubes and 

centrifiiged at 105,000 x g for 75 minutes at 2°C (39,000 rpm in a Sorvd RC-60 

ultracentrifiige ushg a Tl270 rotor). The supematant was discarded and the pellet was 

carefully rinsed 3 times with Tris resuspension buffer (OSM Tris- 

@ydroxymethyl)methyIamine, BDH; 1 mM dithiothreito1, Sigma; 1 mM 



E thy lenediametetracetic acid, Sigma; 20% glycerol by volume, Sigma), pno r to 

resuspension in enough Tris bufEier to yield a final protein concentration of 5 to 10 mglmL. 

Three 20-@ portions of the microsome preparation were added to three tubes containing 1 

mL ofredistilled water (dilutions for the protein analysis) and the remainder was transferred 

to cryovials for immediate fieezing aad storage in iiquid nitrogen 

Protein Anaiysis 

Microsorne preparatiom were diluteci 1 to 5 1 with redistilled water and were analyzed 

in triplkate on the same day or one day foliowing microsome preparation (stored samples 

were covered with nIm and lefi in the 2°C CE room). A series of bovine serurn albumin 

(BSA, Sigma) standards with concentrations ranging £kom 0.05 to 0.3 mglmL, Tris b a e r  

blanks and 4 Quality Control (QC) BSA sampies (also in tripikate) were nui with each batch 

of samples. The protein QCs were samples of knowu BSA concentration which were 

reanalyzed wÏth each batch of samples. The QCs were prepared in a 0.1% solution of sodium 

azide which prevented the degradation of the protein Three of the QCs were prepared in the 

lab fiom BSA with concentrations of O.0784.O. 101 and 0.201 mg/mL and one was purchased 

from Fisher with a protein concentration of 0.252 mg/mL. Protein was determined as 

descnbgt by Markwell et ai. (198 1). The assay reagent was prepared by mixing together 1 O0 

parts of reagent A (2% sodium carbonate, BDH; 0.4% sodium hydroxide, BDH; 0.16% 

sodium tamate, BDH; 1 .O% sodium dodecyl suiphate, BDH) with 1 part of reagent B (4% 

cupric sulphate-5-hydrate, BDH). ALiquots (60 fi) of sample (blank, standard, QC or 

microsome dilution) were added to 1 rnL of the assay reagent and the tubes were then 



incubateci at rwm temperature for at least 10 (but less than 30) minutes. M e r  the 10 or so 

minutes, 100@ of phenol (BDH) reagent (2 parts p h e d  to 1 part distilled water) were 

added to the tubes as they were being voriexed, and they were again innibated at room 

temperature for a minimum of30 minutes. Mer the 30 or so miautes, the absorbante of the 

samples (against redistilied water) was read using a Beckman DU-7 spectrophotometer. 

Blanks were subtracted from the readings and microsornai protein concentrations were 

detemineci using the BSA standard w e e  Protein samples were d y z e d  for cytochrorne 

P-450 content by ninning carbon monoide merence spectra (Omura and Sato, 1964a; 

Omura and Sato, 1964b). 

Determination of  EthoxyresoruCia ODeethylase (EROD) Activity 

EROD activity was determined as described in Pohl and Fouts (1980). One reagent 

blank and trïplicate microsomal protein samples were nm for each fish sample. Two resorufin 

(0.0006 and 0.0 1 m@mL in DMSO = dimethy lsulphoxide, Caledon; resoninn = 7-hydroxy- 

3H-phenoxazinee3sne, Peirce) standards (QCs) diiuted in 3 mL of methanol W L C  grade, 

Caledon) and 2 QC microsorne preparations (one with low and one with hi& activity) were 

run in tnplicate with each batch of samples. The reaction was canied out in 16 x 100 mm 

borosilicate glass culture tubes, to whkh 1100 HEPES b d e r  (O. LM HEPES, pH adjusted 

to 7.8 with KOH), 10 PL magnesium sulfate (1 54 mglmL, Fisher), 50 pL BSA (40 mg/mL) 

and an NADPH generatkg system; 10 pL NADP (98.4 mg P-Nicotinamide Adenine 

Dinucleotide Phosphate/rnL, prepared fies4 Sigma), 10 PL isocitric acid - trisodium salt 

(193 -58 mg/mL, prepared fiesh; Sigma) and 10 PL of isocitrate dehydrogenase (made by 



diuolviog 1000 LU. in 9.5 mL of0.005M HEPES in 50% glycerol and pH adjusted to 6.0 

with HCi, BDH) were added, The tubes sat at m m  tempenhne for a aiinimum of 10 minutes 

(to aiiow generation of NADPH) after which tirne 50& of the thawed microsorne samples 

were added (microçomal preparations were t h a .  on iœ). Then 2.5 mL of methanol (HPLC 

grade, Caledon) were added to the blaak tubes ad ali tubes were transferred to a 25°C water 

bath for a minimum of five mimites. Under reduced laboratory lighting, 10 pL of 7- 

ethoxyresorufh (1.33 mg/mL dissolved in DMSO, Sigma) were added to each tube at 10 

second intervals and the tubes were incubated at 25°C for 2 minutes (* 2 seconds). M e r  the 

two minutes, 2.5 mL of metban01 were added to each of the non-blank tubes to stop the 

reaction. Methanol addition precipitated the protein which was pelieted by centrifugation at 

28 000 x g for 15 minutes (3500 rpm in a Beckman GSdR centrifiige ushg a GH-3 -7 rotor 

with tube adapters). Fluorescence of aii samples (mcluding QCs) was deterrnined (against 

methanol) on a Perkin-Eher LS50 luminescence spectmfluorometer with excitation and 

emission wavelengths of 530 and 585 nm respectively and slit widths of 9 nrn. To fùrther 

ensure the proper fùnctioning of the fluororneter 2 sotid QCs were analyzed. The solid QCs 

consisteci ofthe #2 (excitation 342 nm; emission 482 nm; dits 10.0 nm) and the #6 (excitation 

562 nm; emission 573 nm; stits 3.5 nm) fluorescence standards tiom Wilmad Glass. 

Ail blanks were averaged and this value was subtracted fiom each of the samples prior 

to determinhg their enzyme activities. Enyme activity was calculated using a response 

factor obtained by running 7 known resonifin standards (0.0005 to O. 1 mg/mL in DMSO) 

spiked into k . e d  reaction mixtures. The results were expressed in nmol of resorufin 

produced per mg of protein per minute of incubation time (nmoVrng proteidmin.). 



Determination of Argl Hydrourbon Hydmsylase Activity 

The aryl hydrocarbon hydroxylase assay was based on methods descnied in van 

C d o r t  et ai., 1977. Each batch of samples was nin with one low and one high QC and 

samples w a e  run Pi tripliate with triphte blanks. The reaction was carrieci out in 16 x 125 

mm borosilicate tubes (wah screw caps) to which 800 pL Tris-HCI bunér (55.5 m .  Tris with 

pH adjusted to 7.5 with HCI), 10 a magnesium chloride (OSM, BDH) and an NADPH 

generating system; 10 & NADP (78.7 mg/rnL, prepared fresh) 10 pL isocitric acid - 

trisodium salt (1 54-86 mg!mL, prepared fiesh) and LOpL isocitrate dehydrogenase (prepared 

as descnbed above) were added. The tubes sat at room temperature for a minimum of 10 

minutes after which tirne 150 & of thawed microsomal preparation was added to each tube. 

2 mL of KOH-DMSO (O. 1 SM KOH in 85% DMSO) were added to ail blank tubes prior to 

the addition of 2OpL oftritiated B[a]P (specific activity of 15 - 20 pCVprnol prepared by 

diluting the commercial preparation of tritiated B[a]P with unlabelled B[a]P) to all of the 

tubes. AU (uncapped) tubes were placed in a 25°C water bath for 30 minutes, at which time 

the reaction in the sample tubes was stopped by addition of 2.5 mL KOH-DMSO. Two 

hexane extractions were done on ail tubes to remove unreacted B[a]P. Each extraction 

involved addition of 3 mL of hexane (ETPU: grade, Caledon), vortexing and shaking the tubes 

on a Burreil wrist action shaker for 5 minutes dien centrifiiging in a GSdR centrifbge at 3 500 

rpm for 5 minutes md a s p i r a ~ g  off the hexane layer. The extracts were again centrifbged 

to ensure separation of any protein fkom the DMSO layer, and 200pL of the clear supernatant 

were transferred to mini scintillation vials to which 5 IIIL of Atomlight scintillation solution 

were added. Samples were c o u d  on a liquid scintillation counter (Beckman LS-7500) and 



AHH actMiy was determined using a quench nnve stored in the LSC memory fiom readings 

on a senes of quenched standards. A background and an unquenched standard (Beckman) 

were included with each batch of samples to ensure proper LSC fhction. Prïor to the 

calcuiations blanks (for each sample) were averaged and subtracted fiom the sample readhgs. 

Steroid Hormone Anaiysis 

Plasma steroid hormone levels (testosterone and 17P-estradio1 in fernales and 

testosterone in d e s )  were detennined in white sucker by means of an enzyme immunoassay 

technique which bas been validated for use in fish; the assay kit was purchased fiom Cayman 

Chernical Company (Brown et al., 1993). In bnef, plasma samples were extracted in ethyl 

acetate:hexane (32 vfv) and the dried extracts were redissolved in assay bufTer, which, after 

appropriate dilution, was used in the EIAs. Extraction efficiency, as detemhed for each 

sample by means of addition of a s d  quantity of radioactive tracer (either testosterone or 

estradioi, depending on the d y s i s )  averaged 78.4 * 1.4%. The percentage of radioactivity 

recovered is asçumed to be identical to the percentage of the unlabelled hormone recovered 

in the extraction. Assay recovery was also monitored to ensure that the assays were specific 

to the appropriate hormone. This was accomplished by adding a large quantity of unlabelled 

hormone to samples which were previously extracted and measured. After addition of the 

spike the sample was reanalyzed. The amount of hormone expected is equal to the arnount 

of hormone added plus the amount of hormone measured in the sample previously. Recovery 

was calculated by subtraaing the expected value £tom the actual value and multiplying by 

100. Recovenes near 10% mdicate that the assay is specinc and appropriate for quan-g 



the hormone in question RecoveRes of spiked estradio1 in the EIA were 10 1 -2 * 2.6% (mean 

* SEM) and the assay provided of 17Pestradiol within 7%. Recoveries of spiked 

testosterone in the EIA ranged from 9 1.7 to 1 O3 -8% and gave estimates of testosterone 

concentration w W  5%. In calcuiating the £inai hormone concentration extraction efficiency 

was used to correct for losses. 

Histology of Reproductive Oiyiu 

Ma* indices, egg diameters, egg weights, absolute and relative fecundities were 

assessed using the methods of Brown et al. (1993). 

Ma* indices were determined on Davidson's fixed tissues which were dehydrated 

in n-butanol and embedded in panfiin- Tissue sections of 8 pm were stained with Harris' 

hematoxyb and eosin and examined under a tight microscope. Maturity index provided an 

indication as to the stage of sexual development of ovaries and testes; each ovary was placed 

into one of 11 possible groups and each testis placed into one of seven groups (the higher the 

group number the nearer the fish is to spawning). A description of these groups is provided 

in the Appendix (Table Al). 

One-hundred viteliogenic (buffered formalin fixai) eggs were picked out of each 

ovary, lightly blotted and weighed to obtain an average egg weight (viteiiogenic eggs are 

those in the process of accumulating yok in preparation for release at the next spawning 

period). Egg diameters were determined on 25 of these eggs by use of calipers. Due to 

shrinkage (Eom dehydration) in formalin, egg diarneters presented here are about 94% of the 

values which wodd be obtained from fkesh eggs (B. Evans, personai communication). 



Liver Vitamin Anaiysis 

Retinol retinyl palmitate (vitamers of vitamin A) and tocopberol (vitamin E) were 

measured in liver tissue by isocratic reversed phase HPLC (Brown and Vandenbyllaardt, 

1996; Palace and Brown, 1994). In briec a subsample of h e r  was homogenized in distilied 

deionized water and ethanol was added to precipitate the protein which was pelleted. The 

hornogenate was then extracteci with ethyl acetatdhexane (3:2, vlv) and residues were 

redissolved in the mobile phase, acetonitrile/methanoVwater (70:20: 10, v/v/v). Twenty pL 

of the mobile phase were injeçted onto a 3-pm bead size Adsorbosphere HS C,, column 4.6 

mm id., 150 mm in length, with attacheci 10 mm Adsorbosphere guard column, thermostated 

at 26°C and with a flow rate 1 .O mWminute. Retinol and retinyl palmitate were detected and 

quantified fluorometricaiiy with excitation and emission wavelengths of 3 30 and 480 nrn and 

tocopherol was detected and quantified spectrophotometricaiiy with a UV wavelength of 292 

m. Recovenes of known spikes were used to correct for extraction efficiency. 

Calculation of GSI, LSI and CFAC 

These physiological parameters were calculated as foliows: 

Gonadosomatic index (GSI) = (gonad weight 1 (total body weight - gonad weight)) x 100 

Liver somatic index ( 'SI) = @ver weight / (total body weight - liver weight)) x 100 

Condition Factor (CFAC) = (weight (g) / length3 (cm)) x 100 

Liver somatic index and condition &or were not corrected for gonad weight because 

gonad weights were unavdable for male suckers in August, 1993 and the calculations had 

to be the same for al fi& to facilitate statistical cornparisons. Aside from this daerence the 



formdae for the caldations were taken fiom Hodson et al- (1992). 

Fhh Aging 

Fish ages were determineci using dried pectoral fins, by counting anndi in paraffin- 

embedded fin ray cross sections (Chalanchuk, 1984). 

Statisticai Analyses 

Due to differences in some of the measured variables between the sexes, data for 

males and females have been andyzed separately. Homogeneity of variance was assessed 

using Bartlett's test, and where necessary (p < 0.0 1) data were transformed to obtain a more 

unifonn variance by a log,, or Taylor's power law trandormation. In instances where the 

variances could not be made more uniform by transformation, the Kniskal-Wallis 

nonparametric statistic was used to compare the means. Cornparisons between sample sites 

for length and weight were doue using ANCOVA with age as a covariate, gonad weight and 

liver weight were compared using ANCOVA with body weight as a covariate, and other 

parameters were analyzed using ANOVA, following the general linear models h c t i o n  of 

Systat ( W ï s o n  et al., 1992). Weight was examined as a covariate for aii parameten 

analyzed by ANOVA (except GSI, LSI and CFAC, as weight is included in theu calculations) 

and was never significant for any parameter at ail sampling times and did not alter the 

outcome of the statistics. Samples were generally coliected over a period of a few weeks 

which may be enough time to affect some of the redts, especially those that fluctuate with 

reproductive deveiopment. For this reason year day was analyzed as a covariate, but this was 



rareiy sigaisaut and never aitered the outcome ofthe statistics. Growth was examined using 

ANCOVA by comparing the dopes of Iength vasus age plots, however, sample sizes proved 

to be too d for this type ofanalysis. Pairwise cornparisons were conducted by applying 

Fishers Least Significant DEerences (LSD) test. Correlations between variables were 

examined using Pearson's procedure. A probability level of cO.05 was considered to be 

signifiant. For clarity of pre~etftation, anthmetic means with standard errors have been used 

in the figures . 

RESULTS AND DISCUSSION 

The primary focus of the field research was to determine whether there were 

measurable ciifferences in fish downstream fiom the Pine Falls pulp mill relative to those 

caught upstream (i.e. site merences, Figure 3), however, during the statistical analysis 

differences between sampling times have also been examined. The most likely reason for 

differences between upstream and downstrearn sampbg sites would be the presence of the 

dl, however, the presence of the dam and proxïmity to Lake Winnipeg can not be ignored 

as potential sources of variation amoag sites. 

Differences between samphg times do linle to accompiish the goal of defining 

whether the mil1 impacts the fish dowostrearn and so will not be discussed unless warranted 

by affecting the outcome or enhancing the understanding of site Merences. 

Site differences for ail variables will be discussed for each sex To simplify 

presentation, the graphics will only show site differences for fernale and male white suckers 

and time differences will be dealt with solely in the text. 



Sampling and Anilysù of Ferai White Sucktrs 

A totai of 138 mature white sucken (85 fernales and 53 males) were obtained from 

the Winnpeg River during August 1993, May 1994, and August 1994. Table 1 provides a 

breakdowu of sarnples with respect to the, sex and site and Table 2 indicates the overail 

weights, lengths and ages of the fish. 

Table 1: Sumrmuy of white sucker catch data for the Wirmipeg River by sampling tirne, 
site and sex- 

Sampling T h e  August, 1993 May, 1994 August, 1994 
Sex Male F e d e  Male Female Male Female 

Upstream Site 6 9 3 8 4 15 
D 1 (Immediately downstrearn of 9 15 13 9 7 15 
ma) 

Table 2: Weights, lengths and ages for white sucker taken f?om the WUuiipeg River in 
1993 and 1994. 

Sex N Weight Average Length Average Age Range Average 

Male 53 428 - 1719 949 32.0 -47.8 40.2 3 - 13 6 -4 

Female 85 449-2082 1147 31.6-50.2 43.0 3 - 17 6 -2 

Surmnaiy statistics as categorized by sampling tirne, site and sex are provided in the Appendix 

(Table A2). 

MF0 Activity (Figures 4 and 5) 

The carbon monoxide ciifference spectra of the hepatic microsome preparations 

indicated little degradation of P-450. Peaks at the 420 nrn wavelength were always srnail 

relative to those at 450 nrn (data not shown), indicating that little or no degradation of P-450 



occurred and that the samples were appropriate for use in the enzyme activity assays (Omura 

and Sato, 1 9 6 4 ~  Omura and Sato, 1964b). 

FEWUES Hepatic EROD (Fîgure 4) and AHH (Figure 5) aaivities were higher 

in fish h m  site Dl than those nom upstream, with EROD being induced by 8.6 and 4.1-fold 

in August, 1993 and 1994, respectively. There were no site merences inMay. In August, 

1994 fi& ficm site D2 a h  showed an increase in EROD actMty, being induced by 2.6-foId. 

iwAUCS The trends in EROD (Figure 4) and AHH (Figure 5) data for males 

were simibr to those of the females, however, the only sigaincant difference was an elevation 

in AHH actMty at site D l  in August, 1993. 

Nwnerous field studies have documented sùniiar increases in MF0 activities in a 

variety of fish species captured downstream fiom a variety of diffierent pulp mil1 effluent 

discharges (Andersson et al., 1988; Larsson et al., 1988; McMaster et ai., 1991; Hodson et 

al., 1 992; Kloepper-Sams and Benton, 1994; Munkittnck et ai., 1994). A majority of this 

research has focussed on pulp mills that use chlorine bleaching. Munkittrick et al. (1994) 

reported a low level of MF0 induction downstream fiom two non-chlo~atïng pulp mdls, 

although, different from our data, only male white suckers were induced. 

MF0 activity was increased at site Dl at both August sampling times, but was not 

increased when the fish were sampled in the spring. It has been documented that the MF0 

system of fish may (Boychuk, 1994; van den Heuvel, 1995) or may not (Forlin and Haux, 

1990; McMaster et al., 1991; Munkittrick et al., 1991) be r d i y  inducible in fish that are 

near spawning- Reasons for the lack ofMF0 induction in the spring may include one or more 

of the foliowing: the possibiiity that the MF0 system can respond differently at difTerent 



EROD Enzyme Activity (nmollmg proteinlminute) 
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Figure 5: Mean aryl hydrocarbon hydroxylase enzyme actiiity of fernale (top) 
and mak (bottom) white suckers h m  the Winnipeg River. Fish were 
obtained from three sampling sites (U, upstream; Dl, near downstream and 
02, far downstream) in August 1993 and August, 1994 and frorn two Sam- 
pling sites in May. 1994 (U and Dl). Lines above the ban represent the 
SEM. and bars with the same letter are not significantly difFerent (p < 0.05). 
The number at the base of each bar indicates the sample size. 



times in the reproductive cycle; the potential movemem of the fish into the lake in the Witer 

(removing the fish fiom duent scposure f9r a period oftirne, as proposed by some members 

of Fort Alexander); the possibity of catching fish non-native to the W ~ p e g  River at 

spawning tirne; andor the potentid for increased rnobility of the fish in the spring relative to 

the s u m .  The EROD induction in fbales at both downstream sites in August, 1994, may 

be due to the m d  ef&ient concentration in 1994 relative to 1993. This increased impact 

in August, 1994 conflicts with the reduction in WOD activity at site D 1 between August, 

1993 and August, 1994. This deaease could be due to the increased size of the sampling area 

in August, 1994 or to the storage of logs on the river in August, 1993; a practice which 

ceased pnor to sampüng in August, 1994. Log storage may have affectai MF0 activity at 

site Dl because some of the compounds causing the induction may have corne directly fiom 

the logs (Bezte and Farmer, unpubtished data). 

Steroid Hormoncs (Figures 6 and 7A) 

In August, 1994 some samples were obtained using ovemight gill.net sets. When 

testosteroue lwek were compared between nets cleared hourly and those left ovemight, fish 

obtained in ovemight sets were found to have significantly lower levels of testosterone than 

those obtaïned with the howfy sets (data not shown). For this reason, all testosterone values 

for fish captured in ovemight sets were deleted. McMaster et al. (1994) reported similar 

depressions in testosterone lwels with increasing time in nets. It is weN hown that 

testosterone levels are sensitive to physical stress (Pickering et al., 1987). The results for 

other parameters did not differ between the houriy and overnight sets. 



F-S Female suckers fiom site Dl had lower plasma testosterone 

concentrations than fish f?om upstream during both August sampling times, but there were 

no signincant site Merences in the spring (Figure 6). Testosterone levels at Dl were 

reduced to 21% those at the refîerence site in both slmnnerr. Estradio1 was never significantiy 

reduced dowll~tream, although it was si@cady reduced at site Dl relative to site D2 in 

August, 1993 (Figure 7A). 

hd4L!ZS Plasma testosterone levels in d e s  followed a similar trend to those 

of the fendes, behg reduced to 30% of the reference levels in the summers, however, 

testosterone was not sigdicantiy different between the upstream and downstream sites at any 

sampling time (Figure 6). Testosterone levels were lower at site Dl relative to site D2 in 

August, 1993, 

White suckers caught immediately downstream of the Pine Falls mil1 exhibited 

reductions in plasma steroid hormones similar to those previously reported by others working 

on diirent pulp d s  (McMaster et al., 1991; Hodson et al., 1992; Munkittrick et al., 1994). 

Fernale plasma estradio1 was les sensitive to mil1 effectdetnuent exposure than testosterone, 

as levek of esrradiol were not lower at the downstream sites. McMaster et al. (1 99 1) found 

reduced levels of testosterone and estradiol in fernale suckers downstream fiom a bleached 

kraft mil1 with prirnary effluent treatment, and they also had one sampling time when 

testosterone levels were significantly lower, but estradiol levels were not. Hormone levels 

at site D2 were sirnilar to those at the upstream site at ali samphg times indicating that 

hormone metabolism was not affkcted by the etthient/mill at this site. Reductions in steroid 

hormones noted at site Dl may be due to the ïnability of animals to produce them or to an 
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figure 6: Mean plasma testosterone concentration of female (top) and male (bot- 
tom) white suckers fmm the Winnipeg River. Fish were obtained h m  three 
sampling sites (U, upstream; Dl, near downstream and D2. far downstream) in 
August, 1993 and August, 1994 and fmm two sampling sites in May, 1994 (U and 
Dl). Lines above the ban represent the S.E.M. and bars with the same letter are 
not significantly différent (p c 0.05). The number at the base of each bar indicates 
the sample size. 
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Figure 7: 

i 2 

August, 1993 : May, 1994 ; August, 1994 

Mean plasma estradial (A) and relative fecundity (B) of female white sucken 
from the Winnipeg River. Fish wece obtained h m  three sampling sites (U. 
upstrearn; Dl, near downstream and 02. far downstream) in August, 1993 
and August. 1994 and from two sampling sites in May, 1994 (U and Dl). 
Lines above the bars represent the S.E.M. and ban with the same letter are 
not signifimntly different (p < 0.05). The number at the base of each bar indicates 
Uie sample size 



increase in their rate of exaetion @Cime, 1995). The production of steroid hormones has 

been shown to be inhiiied by exposun to bleached kraft pulp mil1 efauents (Van Der Kraak 

et ai., 1992; McMaster et al+, 1993) and in August, 1994 McMaster et al. (1996) showed that 

the ovaries of fi& h m  site D 1 did have a reduced abiiity to synthesize testosterone (in MPO) 

relative to ovaries offish from the upstream site. 

McMaster et al. (1991) reporteci a similar ifnot greater decrease in testosterone levels 

in BKME exposed pmpawning and spawning female white sucker when compared to those 

caught in the summer fiom the same sampbg location. This is contradictory to these results 

which show a significant hormone reduction ody in the Jummer. The reason for this 

discrepancy may be due to the overwintering of the fish in Lake WiMipeg, or to the 

possibüity that the fish population in the spring is more mobile a d o r  non-resident to the area 

near the pulp d; being present oniy in the spring for spawning. 

Histology of Reproductive Organs (Figures 78 and 8) 

There were no site merences in maturity indices for either sex at any the .  This 

indicates that aü fish exarnined were at the same stage of semal maturity, thus validating 

cornparisons of fecundity and egg size. 

F-S Sisnificant Merences were noted in relative fecundity oniy in May, 

1994 when the fecundity of fish from Dl was reduced by 17.4% (Figure 7B). The only 

difference in egg size occurred in August, 1994, when females fiom site Dl had smaller, 

lighter eggs relative to those of fish fiom upstream (Figure 8). Fish fiom all three sites had 

Iower relative fecundities m August, 1994 than August, 1993, but oniy fish fkom the upstream 
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Figure 8: Mean egg weght (top) and egg diameter (bottom) of female white 
suckers from the Winnipeg River. Fish were obtained from three sampling 
sites (U, upstream; Dl ,  near downstream and D2, far downstream) in August, 
1993 and August. 1994 and from two sampling sites in May, 1994 (U and Dl). 
Lines above the ban represent the S.E.M. and ban with the same letter are 
not signifcantly different (p < 0.05). The number at the base of each bar indicates 
the sarnple size. 



site had krger, heavier eggs in August, 1994 relative to August, 1993. White sucker ovaries 

contained fewer, larger eggs in May than at either of the August sampling times. 

As the avaries of a fi& mature, the size of the eggs inmeases, but the number of eggs 

tends to decrea~e. The m b e r  of eggs decreases with omian development because a certain 

percentage of the dweloping eggs are lost during development (this process is referred to as 

oocyte atresia) (Scott, 1962). Thus, fish sampled early in egg development should have a 

large nwnber ofsmall eggs, while those same fish sampled near spawning should have fewer 

but larger eggs. The white sucker of the Winnpeg River did have fewer, larger eggs in the 

spring relative to those in the summer. The smder eggs at site Dl relative to those from 

upstream or M e r  downstream in August, 1994, suggests that ovarian development at this 

site was o c c ~ g  at a slower rate. That a deaease in egg size was noted in 1994 and not 

1993 may suggest that the increased etnuent concentration in 1994 was having a greater 

effect on ovarian development. An examination of the site and tirne differences together 

revealed that egg sizes at Dl were the same in August, 1993 and August, 1994, but that egg 

sizes at the upstream site were larger in 1994 than they were in 1993. The larger egg sizes 

at site U in 1994. acc~rnp~ed  by the dg.rease in fenindity, indicated that the fish at this site 

were developing faster in 1994 than they had in the previous year. The reduced fecundity at 

the downstream sites in 1994 relative to 1993 is also an indication of an increase in 

developmental rate in 1994, however, it was unaccompanied by an increase in egg size; 

indicating that developrnent at the downstream sites was not keeping Pace with that at site 

U. 

Testosterone levels were reduced in the summers when gonad maturation would be 



taking place, however, there was no diflkrence in f-dity estimates. This indicated that the 

lower testosterone may be insdlicient to &kt ovarian deveiopment at this time. Mer  the 

nrst sampling season in August, 1993, t was hypothesad that although there appeared to 

be no effects on gonad development at the the, the downstrearn fish may not be able to 

maintain this levd of gonad development through to spawning. Because of this, samples were 

ais0 obtained just prior to spawukg in May, 1994. The spring results support this hypothesis; 

femaie white sucker immediatety downstream from the mill with lower hormone levels, were 

not able to attain a similar level of egg production as those £tom upstream, with higher 

hormone levels, although there is also the possiiility that the population sampled in the spring 

was Merent fiom that sarnpled in the summer Gagnon et ai. (1994) reported a similar 

finding Ui white suckers arposed to bleached kraft mil1 effluent in the St. Maurice River. GSI 

was similar at ail sites in the summer when hormone levels were reduced, but GSI was lower 

in the spring. In this study and that of Gagnon et al. (1995) sigaincant effects on fecundity 

were not detected early in gonad deveiopment, but were found near gonad maturity, 

indicating the need to assess reproductive indices at difiirent stages of the reproductive cycle. 

There are several pulp miil studies spedically examining fecundity and egg size: 

1) McMaster et al., 1991, reported that fish of the same age exposed to primary treated 

bleached kraft dl &uent were less fecund than reference fis& 2) Munkitmck et al. (1992a) 

showed that whitefish (Prosopium willimsonï) exposed to this same effluent had higher 

relative fecundities and lower egg weights than those nom a reference site (indicative of a 

reduced rate of ovarian development); 3) Gagnon et al. (1995) reported alterations in 

fécundity of white suckers exposed to puip mil1 effluent. The results presented here concur 



with the others and suggest that the effkcts on fecundity and egg size reported to occur 

downstream Erom chIorine bieaching kraft d s  also occur downstream nom the Pine Falls 

d, 

At spawning the, nsh fiom Dl pmduced 17.4% fewer eggs @ut of sirnilar size) than 

those fiom upstream. Although this was a siguificaut deaease in fecu~ldity it is important to 

note that ail f d e  fish obtained 60m the Winnipeg River had very high levels of fecundity. 

Relative fecundity estimates of approximately 20 eggs/g of fish have been found in white 

sucker fiom relatively pristhe lakes in the Experimental Lakes Area (R Evans, personal 

communication) and Scott and Crossman (1973) report a value of 25 eggdg of fish. In 

contrast, the lowest relative fecwldity of W i p e g  River white suckers occurred at site D 1 

in the spring and was p a t e r  than 30 eggdg of fish. This indicates an overd high fecundity 

of the white sucker in this reach of the Wuiaipeg River, regardless of the mil1 inputs. Because 

Wunupeg River fi& were so fècund, reduction at the D 1 site is unlikely to have much impact 

on the white sucker population in the a r a  The fiee rnovement of the fish, their proxhity 

to the lake and the possibility that the fish overwinter in the lake, all make it difficult to 

determine ifeffects were occurring at the population level. 

While maturity and gonadosomatic indices (Table 3 and A.2) were not dBerent, 

fecundity estimates and examinations of egg sizes indicated that the fish at site Dl were 

somewhat less productive and that they developed somewhat slower than the fish upstream. 

Examinations of fecundity and egg size appear to be more sensitive indicators of potential 

reproductive effects than maturity or gonadosomatic indices. 



Liver Vitmios (Figures 9, 10 and 1 1) 

Hepatic conceutrations of retinol, rethyl palmitate and tocopherol (a-tocopherol) 

could not be determineci for every sample, beuuise some h e r  samples were too smd to 

provide suffiicient tissue for ail analyses. 

F-S Hepatic concentrations of reiinol, -1 palmitate and tocopherol were 

reduced at site DI during both of the August sampling times, but were udec ted  in the 

spring. In August, 1994, tocopherol levels were also lower at site D2 relative to those at the 

upstream site (tocopherol in D2 fish was down to 63% of that in reference fish). At site Dl 

hepatic retinol lwels were 13 and 26% of those at site U in August, 1993 and August, 1994 

respectively (Figure 9); retinyl palmitate levels were 17 and 23% those of upstream fish in 

1993 and 1994 respeaiveiy (Egure 10); and tocopherol levels were 36 and 45% those at site 

U in 1993 and 1994, respectively (Figure 1 1). The most notable thne merences pertain to 

the increased retmyl palmitate levels at all sites in August, 1994 compared to those in August, 

1993. During this t h e  retinyl palmitate levels at site U increased nom 1 79 to 459 pg/g 

levels at site D 1 increased fiom 3 1 to 107 pgfg and those at site D2 increased fiom 127 to 

477 ~ g k  

AULES Hepatic retinol levels were reduced at site Dl in May and at both the 

Dl and D2 sites in August, 1994, but were not reduced at either of the downstream sites in 

August, 1993 (Figure 9)- In May, 1994, retinol levels at site D 1 were reduced to 3 1 % of the 

reference levek and in Augusî, 1994, retinol levels were reduced to 39% and 23% at sites 

Dl and D2 respectively. Rethytl palmitate (Figure 10) and tocopherol (Figure 1 1) levels were 

significantly reduced at site Dl in August, 1993 and May, 1994, but there were no site 



diffaences in August, 1994, and retiny1 palmitate and tocopherol levels were never reduced 

at site D2. In August, 1993, rem paimitate and tocopherol levels at site Dl were 32% and 

26% of the r e f i e  iev& rrspediveiy- Retkyi palmitate ieveis were greater at sites U and 

D 1 in August, 1994, relative to August, 1993. 

The signiscance of lower hepatic retinol, rethyl palmitate and tocopherol in male 

suckers from site Dl in the spring should be interpreted cautiously, because the upstrearn 

sample size for these parameters was Iimited (n=3) and was accompanied by a high degree 

of varïability. 

Retinyl palmitate is the predominant storage fonn of vitamin A in white sucker 

(l3ranchaud et al., 1995). An examination of r-1 palmitate indicates the amount of vitamin 

A available to the fish. Because it is the storage forni, retinyl palmitate level also provide 

idiotmation &O the past uptake and di- availabiiity of this vitamin. Retinol levels indicate 

the amount of readiiy usable vitamin A and retinyl paimitate can be readily converted to 

retinol as required. 

Retinol appeared to be somewhat more sensitive than retinyl palmitate, as retinyl 

palmitate was never significantly teduceci at site D2 but retinol was reduced at site D2 in maie 

suckers in August, 1994. Viamin E (tocopherol) was also lower in female suckers âom Dl 

in the summers and at site D2 in August, 1994. Retiool and tocopherol levels were more 

aEected in August, 1994 as there were sigdicant reductions at site D2 that did not occur in 

August, 1993. The greater impact in Augu~t, 1994 was not noted at site D 1, but thk may 

have been due to the larger area sampled at site Dl in August, 1994 (Figure 3). However, 

the sample sites for female suckers were smailer in August, 1993 relative to August, 1994, 



Males 

August, 1993 May, 1994 ; August, 1994 

Figure 9: Mean hepatic retinol concentration of female (top) and male (bottom) white 
sucken from the Winnipeg River. Fish were obtaned fmm three sampling sites 
(U, upstream; Dl,  near downstream and 02, far downstrearn) in August, 1993 
and August, 1994 and from Mo sampling sites in May, 1994 (U and Dl). Lines 
above the bars represent the S.E.M. and ban wth the same letter are not significantly 
dRerent (p < 0.05). The number at the base of each bar indicates the sample size. 



Males 

August, 1993 : May, 1990 t August, 1994 

Figure 10: Mean hepatic retinyi palmitate concentration of female (top) and male (bottom) white 
sucken from the Winnipeg River. Fish were obfained from Uiree sampling sites 
(U, upstream; Dl, near downstream and D2, far downstream) in August, 1993 
and August, 1994 and h m  two sampling sites in May, 1994 (U and Dl). Lines 
above the bais represent the S.E.M. and ban wth the same lelter are not significantly 
different (p < 0.05). The number at the base of each bar indicates the sample size. 
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and this may be why there were no signincant Merences between U and D2 in August, 

19%. Tocopha01 lwds were never reduced h males h m  site D2, and were not significantly 

reduced at site Dl in August, 1994 indicating that tocopherol levels in males may be Iess 

sensitive. The lack ofa significant site merence in spriag for retinol, retinyl palmitate and 

tocopherol in female suckers suggests betîer nutrition of the downstream fish in the spring, 

but also appears to be due to a decline in the levels of these vitamins in fish tiom upstream. 

As mentioned in the sections on MFOs and hormones the reduction in significant vitamin 

differences m the spring may be due to the ovenuintering of the fish in the Iake, the potential 

increased m o b i i  of the fish in the spring or to the presence of non-resident fish at spawnkg 

tirne. 

Deficiencies in vitamk A and E may lead to a decrease in growth, decreased appetite 

and immmity, muscular weahess, nephritis, liver necrosis, nenous system disorders, and 

reproductive and visual irnpairments (Combs, 1992). Studies have demonstrated a reduced 

immune response in fish deficient in tocopherol (Blazer and Woike, 1984). Wataaabe and 

Takashima (1977) found that a tocopherol deficiency in carp (Cyprinus c q i o )  inhibited 

ovarian development and hypothesized that tocopherol was essential for healthy gonad 

development. Vtamin A d o r  some of ts precursor carotenoid pigments have also been 

hypothesized to play a role in fish ovarian development (Steven, 1949; Woodhead and Plack, 

1968; Harris, 1984 and Luquet and Watanbe, 1986). Unfortunately, these studies did not 

quantajr the degree of vitamin deficiency and the species used were not white sucker; so we 

cannot conclude that the reduction in vitamins noted downstream of this miii were sufficient 

to effect other biochemicai, physiological and morphologicai parameters. 



There is linle information on vitamias in fish downstream of pulp rnill effluents, 

however, Brown and VandenbyUaardt (1996) reported a decrease in retinyl palmitate in 

longnose sucker (Catastoomus caftastmm) downstream of a chlorinaang pulp mil1 effluent and 

Brown and Mimlàttnck (unpublished data) found a similar decrease in retinoids in white 

suckers downstream h m  a bleached k d t  mil1 e£fIuent. White suckers sampled from a river 

contaminated with moderate to high levels of PCBs PAHs and heavy metals had hepatic 

vitamin A stores that were ody 9.3% (females) and 30% (males) of those of fish fiom a 

reference location, indicatiog that contnminants cm alter vitarnin levels in white suckers 

(Branchaud et al., 1995). The a d  amount of retinyl palmitate in the contaminant exposed 

white suckers descriied by Branchaud et al. (1995) was much lower than the lowest levels 

in fish fiom site Dl,  aithough their retinol levels were similar. 

Utamin levels have beai shown to be reduced in organisms exposed to a wide variety 

of environmental contaminants (Zile, 1992) and contaminants in the miil effluent may be 

responsible for the reductions in vitamins A and E noted in these fish. Another explanation 

for these vitamin differences wuld be the diets of the fish in the area. Because there were few 

weight dïerences among the sites (see "Size and Age Comparisons" below) the caloric 

imake of the fish at the different sites could not have been substantidy different. It appears 

unlikely that the vitamin depletion was due to a lack of food, however, while the food 

organisms rnay have been abundant (Wong et al., 1996) they may have been less nutritious, 

possibly because ofthe wood fibre contamination (Wong et al., 1996). There was no vitarnin 

data coilected on chironomids, oligochaetes or mayflies, but it seems worth determinhg 

whether the depletion of vitamins in the fish could be induced by the change in diet fiom the 



benthic community found upstream to that found downstrearn. It is possible that the white 

suckers downstream f?om this mil1 had less vitamins available to them in their diet- 

The higher retinyl palmitate levds in 1994 suggest that féeding conditions were better 

at this tirne. The reason for the better nutrition in 1994, as indicated by the retinyl palmitate 

stores is unknown at this tirne. 

Morphological Parameten (GSI, LSI and C F A 0  (Figures 12 and 13) 

F2344LES Gonadosomatic indices were never signincantly different among the 

sites (Table A2). 

Liver somatic indices were significamly higher at site Dl at all sampling times but 

were never higher at site D2 (Figure 12). 

Condition fàctor was significantly reduced at site D 1 in August, 1993, but there were 

no site differences found in May or August, 1994 (Figure 13). 

MILE" Male gonadosomatic indices could only be calculated for May and 

Auguq 1994, as male gonads were not coilected in August, 1993. There was no ditference 

in GSI between the sites at either sarnpling time (Table A2). 

LSIs at site Dl were greater in August, 1993, and May, 1994, but were not 

significantly elevated in August, 1994 and were never elevated at site D2 (Figure 12). 

Condition factors were not significantiy difFerent among the sampling sites at any 

sampling tirne (Figure 13). 

The lack of significant effects on GSI suggest that the lower fecundity in the spring 

and the reductions in egg size in August, 1994, were not sufllcient to cause a decrease in the 



Males 

August, 1993 I May, 1994 : August, 1994 

Figure 12: Mean liver somatic index ((body weight - liver weight) / body weight) ' 100) 
of female (top) and male (bottom) white sucken from the Win- 
nipeg River. Fish were obtained from three sarnpling sites (U, upstream; Dl. 
near downstream and D2, fer downstrearn) in August, 1993 and August, 1994 
and from two sampling sites in May, 1994 (U and Dl). Lines above the bars 
represent the S.E.M. and bars with the same letter are not significantly different 
(p < 0.05). The number at the base of each bar indicates the sample size. 



Females 

Males 

August, 1993 May, 1994 ; August 1994 

Figure 13: Mean condition factor ((body weight (g) I length3(cm) ) ' 100) of female (top) 
and male (bottom) white suckers from the Winnipeg River. Fish were 
obtained from three sampling sites (U, upstream; Dl .  near downstream and 
D2, far downstream) in August. 1993 and August. 1994 and from two Sam- 
pling sites in May, 1994 (U and Dl). Lines above the bars represent the 
S.E.M. and bars with the same letter are not signhntly different (p c 0.05). 
The number at the base of each bar indicates the sample size. 



overall amount ofgonad tissue. Fernale white sucker captured downstream fkom seven out 

of eight pulp mills in Ontario had reduced GSIs regardless of the presence of secondary 

treatment or absence of chlorine bleaching (Munkittrick et ai., 1994). This leaves only one 

of the eight d s  with no impact on gonad size. Similar to our results, Gagnon et al. (1995) 

reported no sigeificant Merence in GSI imrnediately doWL1Sfieam nom a secondary-treated 

bleached kraft miU effluent in Quebec. 

Liver somatic indices rnay be iduenced by feeding conditions andor contaminant 

exposure. Contaminant exposure can increase liver sue by causing metabotic disturbances 

andlor by increasing the amount of protein produced by the iiver (as occurs with the increase 

in biotransformation enzymes, such as the mixed-fùnction oxygenases; Andersson et al., 

1988). Liver somatic indices were higher at the immediate downstream site at ail sampiing 

tirnes (Figure 12). This response bas m e n t l y  been reported in fish downstream fkom other 

pulp mil1 effluent discharges woepper-Sam et ai., 1994), including those nom other non- 

chlorinating milis (Lanson et ai., 1988; Mmkittrick et ai., 1994). It could not be determined 

whether the increase in LSI was due to differences in feeding conditions between the sites or 

to contaminant exposure. 

Condition factor gen- refleas the nutritional çtatus of the fish and may be higher 

due to better feeding conditions, (Busacker et al., 1990), but, may also be aEected by 

contaminartts. The decrease in condition factor at site Dl  in August, 1993, indicates that the 

mil1 had some negative impact. It is uncertain whether the decreased condition factor is 

anributable to the chernical nature of the pulp mill effluent or to the diet of the fish 

downstream of the min since the benthic invertebrate populations were different (Wong et al., 



1996). A reduced or siniilar condition factor downstrearn from a pulp rnüi is not new to the 

puip mil1 literature, as increases, no effects and demeases have ail been noted downstream 

of other puip and paper niills ( M M c k  et al., 1994, Hodson et al., 1992 and Barker et al., 

1994). The inconsistencies in the r d t s  for condition factor, accompanied by the neamess 

of the dam, town and lake, do not dow for a definitive conclusion to be drawn. 

Size and Age Cornparisons 

l5EMUES In August 1993, female fish fiom site Dl were older than those 

sampled h m  sites U or D2, but there were no differences in the lengths or weights of these 

fish at any samphg tirne. Females nom site D 1 were older in August 1993, relative to fish 

caught at this site in August, 1994, but were heavier in August, 1994. 

lWtmS In August, 1993 male suckers from D 1 were older than those from U 

or D2 and fish f?om site D2 were longer than those from site U. In August 1994, males from 

both downstream sites were longer and heaMer than those fiom upstream. Male sucken were 

older at site Dl in August, 1993 when compared to those caught in August, 1994, but there 

were no weight differences. 

It is not known why fish &om site Dl were older than those fiom the other sites in 

August, 1993; this diierence in age was not noted at the other sampling times. One rnight 

expect that if fish from site D 1 were sigaincantly older that they should also be significantly 

larger, but this was not the case. Fish fkom Dl were older but were not longer or heavier than 

those fiom the reference site in August, 1993. This is not unusuai, because ail of the fish had 

reached sexual maturity (Le. were able to spawn) and growth tends to slow down in mature 



white suckers @r. K Mills, personal communication). The trend of increasing lengths and 

weights in male suckers was not noted in the female suckers, but indicates that the condition 

of the fish was not adversely affected. 

The Rason for the decrease in fish age at site D 1 in 1994 relative to 1993 is unknown, 

but the increase m weight ofthe faaaes in 1994, accompanied by their younger age, indicates 

that conditions for growth at this site were better in August 1994, than they were in August 

1993. Eviàence fiom the males does not contradict or support this hypothesis, as they were 

younger and of similar weight at site D 1 in August, 1994 relative to August, 1993. 

White suckers downstream Corn a primary treated bleached kraft mill in Jackfish Bay 

were older and shorter than those fiom a reference site (McMaster et al., 1 99 1 ), while white 

suckers below the Pine Faiis mill tended to be longer (males) and of similar age (except at D 1 

in Augua, 1993). Gagnon et al. (1 995) sampled white suckers fiom a bleached kraft mill- 

impacted river below a dam and a reference river below a dam, and found that fish 

downstream from dams and smd towns exhibited an increased rate of growth and were 

longer than those caught upstream, regardless of their s<posure to bleached kraft mil1 effluent. 

Due to the relative@ srnall sample sues and inconsistencies in the differences for age 

(only noted in 1993), length and weight (sporadically significant), together with the close 

proximity of the Powerview Dam, t o m  of Pine Faiis and Lake Wùinipeg it c m o t  be 

concluded whether these parameters were or were not af£ècted by effluent fkom the Pine Falls 

mill. 



Correlations 

A summary of correlations obtained fiom the white suckers caught in August, 1993 

and 1994 and May, 1994 is provided in Table 3. Variables which caa be considered 

ccautocorrelative" (ie. length and weight, gonad weight and egg size etc.) have been omitted. 

Generaliy, EROD correlated positively with AHEX, h e r  weight, LSI and relative fecundity 

and negatively with hepatic vitamins, testosterone, egg diameter, egg weight and condition 

factor. Vitamios were positiveiy correlated with each other and were also positively 

correlateci with condition faor ,  testosterone, estradio1 egg diameter, egg weight and relative 

fecundity- 

EROD and AHK adVities were very highiy correlated (R2 -96 1, p < 0.00 1) which 

suggests that only one of these parameters actudy requires measurement. The fact that they 

do correlate so strongiy? however, does serve as a check to help assure that the readings are 

correct. The correlations indicate that fish with elevated EROD activities and LSIs tend to 

have lower levels of hormones, vitamins and egg sizes and are generally in poorer condition. 

Retinol and retinyl palmitate negatively correlated with EROD to a greater degree 

than tocopherol where no tignificant correlation was noted, a hding previously reported by 

Palace et al. (1996). Palace et ai. (1997) attributed a decrease in retinol to the possibility of 

direct metaboüsm ofrehol by MF0 and phase II conjugating enzymes in lake trout exposed 

to PCB 126. The decreases in hepatic retinol (reduced by up to 82%) and retinyl palmitate 

(reduced by up to 77%) in the white suckers in this study were accompanied by EROD 

induction of less than 10-fold; induction levels produced by Palace et al. (1997) were well 

over 100-fold. The hypothesis that the vitamin depletion may be entirely due to increased 



Table 3: Correlations between condition factor (CFAC), liver weight (Livwt.), gonadosornatic index (GSI), liver somatic 
index (LSI), plasma testosterone concentration (Test.), plasma estradiol concentration (Estra.), absolute fecundity 
(Absfec.), relative fecundity (Relfec.), egg diameter (Eggdiam.), egg weight (Eggwt.), liver retinol concentration 
(Livret.), liver retinyl palmitate concentration (Livretp.), liver tocopherol concentration (Livtoc.), 7-ethortyresorufin 
O-deethylase enzyme activity (EROD) and aryl hydrocarbon hydroxylase enzyme activity (M). N is the number 
of samples used in the correlation, p is the significance level of the correlation and Corr. is the correlation coefficient. 
Dashes indicate that no signifiant correlation exists between the variables in question. 

Correlation 
Variables 

CFAC, vs, GSI 
CFAC, vs. LSI 
CFAC. vs. Relfec. 
CFAC. vs. Livret, 
CFAC. vs. Livretp. 
CFAC. vs. EROD 
CFAC. vs. AHH 
Livwt, vs, GSI 
Livwt, vs, Test, 
Livwt vs. Absfec, 
Livwt, vs, Livret, 
Livwt. vs. Livretp. 
Livwt, vs, Livtoc. 
Livwt. vs, EROD 
Livwt vs. AHH 
GSI vs. LSI 
LSI vs. Test, 
LSI vs. Relfec. 
LSI vs. Livret. 
LSI vs. Livretp. 
LSI vs. Livtoc. 

August 93 + 94 Males 
N D Corr. 

August 93 + 94 Females 
N P Corr, 
68 <0.001 0,522 

May, 1994 Males 
N P Con, 
16 0,025 0.577 

May, 1994 Females 
N D Corr. 





metabolism by MFOs seems unWrely because raino1 and tocopherol were reduced in the 

spting even though there was no inmease in MF0 activity then, and there was Iittie or no 

MF0 induction at site D2, yet fish fiom this site had reduced retinol and tocopherol in 

August, 1994. The negative correlation between liver vitamins (especiaiiy retinol and retinyi 

palmitate) and EROD suggest a aumber of possibiiities: these vitamins may have been 

ut*zed as antioxidants (because an hcrease in EROD results in an increase in oxïdative stress 

which in turn increases the demand for antioxidant molecules such as vitamins A and E, 

Palace et ai., 1996); vitamin metabotism may have been altered by MFOs; MF0 induction is 

correlated with some unknown factor respoasible for preventing vitamin absorption andfor 

increasing vitamin excretion; fish with increased EROD activities live in areas where their 

food is low in vitamins, 

The positive correlation between LSI and vitamin levels supports data presented by 

Taveekjakam et al. (1994) who reportai an increase in LSI in cherry saimon (Oncorhynchs 

masou) that were depleted in vitamin A Perhaps a deficiency in vitamin A could account for 

the increased liver somatic indices, 

The positive correlations between vitamin stores and reproductive parameters may 

Uidicate tbat poorer nutrition may relate to at least some of the reproductive effects, although 

direct chemical & i s  likely also occur (Van Der Kraak et al., 1992; McMaster et ai., 1996). 

Watanabe and Takashima (1977) found that a tocopherol deficiency in carp afFected the 

pituitary-ovarian system, decreased the production of certain fatty acids, and inhibited ovarÏan 

development Mammals deficient in vitamin A or E have been shown to have reduced levels 

of testosterone (Kutsky, 1973). There is no work in fish which directly links such vitamin 



depletions with depletions in hormones, however, there is some evidence that nutaion does 

affect gouad and o m ~ g  dwelopmeat. Woodhead and Plack (1967) noted that vitamin A 

IeveIs in femaie tomcod (Micrgds tomcod) were correlated with gonad development and 

Hubbs and Stavenhagen (1958) found that greenthroat darters (Etheostoma lepidtnn) fed a 

carotenoid and vitamin A deficient diet produced eggs which had a lower SUCVival rate than 

those on a vitamin A d c i e n t  diet. These e f f i s  were ternporary, however, as offspring 

sunival increased once carotenoidhntamin A levek were ma& As previously mentioned, 

tocopherol also appears to play an important role in the proper fùnctioning of the pituitary- 

ovarian system (Watanabe and Takashima, 1977). There are indications that cens which 

senete gonadotropin are reduced in fish which have been depleted in tocopherol (Watanabe 

and Takashima, 1977). Gonadotropin is the hormone responsible for stimuiating the gonads 

to produce the reproductive hormones, such as testosterone and estradiol. The finduigs of 

Watanabe and Takashima (1977), together with a similar response in marnmals, indicates that 

deficiencies of vitamin E couid possibly result in reduced testosterone and estradiol 

production Van Der Kraak et al. (1 992) concluded that bleached kraft d effluent aEected 

reproduction in white suckers by acting at multiple sites within the pituitary-gonadal axis. 

One of these effects was a reduction in gonadotropin secretion from the pihiitary; further 

supporting the hypothesis that a vitamin depletion may be partiaily responsible for the 

reproductive effects aoted in the white suckers downstream nom the Pine Falls pulp mill. 

The reduced testosterone and fecundity levels noted in these fish may be Linked to 

nutritional stahis a d o r  they may result directiy fmm exposure to components in the effluent. 

Common carp (Cyprïms carpio) exposed to phenol or sulfïde for one month had smaller 



gonads than controls (Kumar and Mukherjee, 1988), and exposure to p-sitosterol (a plant 

sterol found in pulp miil effluent) bas been shown to cause a dose-dependent decrease in 

plasma hormone lewels (MacLatchy and Van Der Kraak, 1995). The impacts of p-sitosterol 

appear to be codhed to the gonad, as the pmiitary was fùnctioning nomdy in these fish 

(although the exposure was run for l e s  than one week). These red ts  indicate that P- 

sitosterol rnay be responsille for some ofthe reproductive &écts, but a l s ~  indicates that there 

are iikeiy other duent components or reasons for these effects because there was no impact 

on gonadotropin production in the p-sitosterd exposed fish and gonadotropin production has 

been & i e d  in ferai white sucker exposed to BKME, (Van Der Kraak et al., 1992). It is 

possible that both contaminant and dietary factors operate simuitaneously to cause 

reproductive changes. At the present time there are w clear indications of whether these 

vitamin depletions are due to a decrease in available vitamins or to altered vitamin 

metabolism. 



Chapter 2: Toxicity and MFO-inducing properüies of the untreated 
Pine FIUS pub mül effluent h rainbow mut. 

INTRODUCTION 

There are hundreds of individual compounds in pulp di effluents and site specinc 

dflerences in m i l  processes, efauent treatrnents and receiving ecosystems complicate the 

assessrnent of effluent impacts, making it difiicult to relate specific environmentai effects to 

particular effluent contaminants (Owens, 1991; Hodson et al., 1992; Hodson et al., 1996). 

To complicate the issue M e r ,  many pulping effluents, aside 60m discharging toxic 

chernicais, have aiso discharged large amounts of organic contaminants, nutrients and wood 

fibres (Owens, 1991; Wong et al., 1996). Histoncal habitat degradation nom these types of 

compounds M e r  cornpikates the examination of effluent impacts. 

There have been numerous process and treatment upgrades at pulp rnills within the 

last decade and assessments at many mills have been made prior to and foiiowing these 

upgrades in an attempt to assess whether the prior impacts have been aiieviated (Munkittrick 

et al., 1992b; Sandstrom, 1994; Nener et al., 1995; van den Heuvel et al., 1996). If the 

impacts have been caused by compounds that persia within the sediments or fiom general 

habitat degradation, it may not be possible to observe rapid improvements in feral fish 

populations as impacts noted in feral fish may not be attributable to the effluent that is 

currently being discharged (Owens, 1991; Sewos et al., 1994). To detemine whether the 

effluent itselfis responsible for effects noted in feral fish, laboratory studies which examine 

M a r  responses to those reporteci in feral fish are proposed. This provides confirmation that 



the present duent  is responsble for impacts noted in the f d  fish In the laboratory we can 

control the efeuent concentration, exposure penod, and the species used, thus aüowing for 

a more detaîied assessment of eftlueut impacts and more direct cornparisons of different 

effluents and methods of effluent treatment (Jokinen et al., 1995). 

The acute toxicity ofpulp mil1 fluents is largely due to resin and fatty acids and 

biologicd treatment removes a majorîty of these compounds (Leach and Thakore, 1977; 

Owens, 1991). Whüe largely eliminating efnueot Iethality, secondary treatment and mîll 

process changes have not been successful in eliminating a variety of sub-lethal effluent 

impacts (Mddtrick et al, 1992b; Gagne and Blaise, 1993; Martel et al., 1994; Priha, 1996; 

Williams et al., 19%). The most sensitive and comonly reported of these impacts being the 

induction of the mïxed hction oxygenase system (Hodson, 1996). The effluent components 

responsible fbr MF0 induction are not known and the toxicological and ecological relevance 

of the response cannot be determined without first identifjing the inducing compound(s) 

(wiitiams et al., 1996; Hodson, 1996). MF0 induction is largely controiied by the molecular 

size and shape of the ùiducer and information as to inducer strength and stability c m  be 

obtained by exarnining the nature of the induction; Le. how long it takes for induction to 

occur d e r  mataminant exposure, how strong the induction is and how long it persists once 

the exposed organisms are moved to clan water (Bucheli and Fent, 1995; Hodson, 1996). 

This information helps to determine the basic chernical structure of the inducer and can 

indicate whether there are different inducers in Werent types of effluents and whether the 

inducing compound(s) are likely to be persistent and/or bioaccumulative. 

A d e r  of biochemical parameters were altered in white suckers downstream from 



the Pine Falls puip mill including the induction of MFOs and reductions in plasma honnone 

leveis and hepatic vitamin stores. Rainbow mut were arposed to the untreated effluent fkom 

the Pine Falls pulp mül to examine the nature of the edliuent's toxicity and MF0 inducing 

properties. These experiments were done to determine whether the eflluent could in and of 

itselfbe responsible for the MF0 effects noted in the f d  fish and to document the nature 

of the MF0 response. Effects on hormones and vitamins were not done in the laboratory 

because the fish used in the laboratory were not sexually mature and wouid not be suitable 

for honnone shidies and the livers of the fish were too s m d  to conduct both MF0 and 

vitamin analyses. Rainbow trout were chosen because they are easy to culture in the 

laboratory, much is known about their biology, their MFO system is known to be inducible, 

they have previously been used in toxïcity tests of the Pine Faiis effluent and they are used in 

wuiay. ai l  previous laboratory studies conducted with other puip miil effluents, thus ailowing 

for a more direct compaWon between laboratory studies using different effluents (Gagne and 

Blaise, 1993; Martel et al., 1994; Gokwyr and Forlin, 1992; Priha, 1996; Williams et al., 

2 996). 

MATERIALS AND METHODS 

Emuent CoUection and Storage 

Twenty-four hour composite efnuent samples (20 - 80 L) were coiiected by a chain- 

and-bucket sampler &om the mil1 sewer pnor to release to the river. The effluent was stored 

in plastic containers (20 - 40 L) and kept in the dark at 10°C. 



Fish Care 

AU rainbow trout (ûncorhynchus mykiss) used in the laboratory experiments were 

juvedes of the Mount Lassen strain and were obtained as swim up f?y (1 month 014 average 

weight 0.12 g) fiom the Rockwood Aquaculture Research Centre in the summer of 1993. 

The fish were held in the laboratoqr in large tanks with an ample flow-through of 10°C 

Wepeg dechlorinated tap water, which was aemted to faditate tank circulation. The fish 

were maintained on an a diet of Martin MiUs Trout Chow and were fed three tirnes a week 

until feeding actMty diminished. The daily light cycle was 12 hours of Iight and 12 hours of 

dark and was maintained in ail experiments. Fish age and size are provided in the detailed 

methods for each Bcperiment. Mortalities in the test fish pnor to an experiment were always 

negiigible. 

Preliminary Toùcity Esperiments 

Esperimental Conditions and Fish Sampling 

A series of experiments was run to determine the toxicity of the effluent over tirne; 

whether the toxicity was primarily in the dissolved or particdate fiaction; and whether 

aeration of enluent a d o r  tanks altered effluent toxicity. These tests were also run to 

determine the appropriate ef&ient concentrations to be used in the experiments examinhg the 

EROD response. Ali of these preliminary experiments were conducted on unfed (feeding 

ceased 24 hours prior to experimental exposure) juvenile rainbow trout under semi-static 

conditions (Le. 50% of the tank volumes of appropriate solutions were changed daily) and ail 

treatments were run in duplicate in 6-L tanks with fhe fish per tank. The tanks were arranged 



in a d o m  m o n  in a I û T  controlled eavironment chamber and the fish were added to the 

tanks 1 at a time und each tank had 5 fish. AAer 96 hours ai l  remainuig fish were 

anaesthebzed in tricaine methanesulphonate (MS 222) prior to samphg, and the weight in 

grarns and fork Iength in mm was recorded for each fish. Tank conditions such as 

temperature, pH and dissolved oxygen concentrations were recorded ddy. 

1.) Effcét of Effluent Storiig on Toxicity 

One standard 96hour LC50 test was run after efauent samples were stored for either 

2 , 14 or 330 days. Each of these ~cperiments was nm with identical duplicate concentrations 

of O (control), 0.5, 1, 5, 10 and 50% effluent to observe if changes in effluent toxicity 

occurred with storage t h e .  Table 4 iists the average ages, weights and lengths of the fish 

used in these experiments. 

Table 4: Average age, weight and length of rainbow trout used in the 96-hour LC50 
experiments with Pine Falls efnuent stored for varying amounts of the.  (mean 
S .EM.) 

14 Days 
160 I 2-5 1 0.2W-009 I 32- 1*0.27 

Etnuent Storage Time 

2 Days 

330 Davs 1 5 7 1  14.0 1 3.2M.156 1 65.0I1.05 

The same effluent sample was used in the 2 day and 14 day trials, but a difFerent effluent 

sarnple was used in the 330 day trial. The efnuent used in the 330 day trial was received 

within a few weeks of the sample used in the 2 and 14 day trials. 

n 

59 

Fish Age 
(months) 

2.0 

Fish Weight 
(g) 

O. IWO-O06 

Fish Length 
(mm} 

29.6k0.28 



2.) Tosicity of Soüd and Liquid Effluent Fractions. 

One 96-hour LC50 experiment was conducted to determine if the toxicity was 

primarüy in the tiquid or solid fraction ofthe ef-Uuent. The eflluent (less than one week old) 

was centrifùged at 17 000 rpm for a haIf hour in a flow-through centrifuge and was then 

decanted at a rate of45 mL per minute- Dilutions were made with the resdting supernatant, 

otherwise reked to as the liquid hction of the efauent and with the left over fibres or solid 

fiaction of the effluent. Duplicate controls and liquid effluent concentrations of 1.25,2.5,4, 

5, and 10% were prepared, as weU as 2 tanks with dilutions of fibres of 10 and 50%. Fibre 

dilutions were prepared by adding the fibres obtained by centrifùging an appropriate amount 

of whole f i e n t ,  e.g. to prepare a 50% fibre concentration in a 6-L tank, fibres fiom 3 L of 

centdbged effluent were added to the tank and the tank was topped up with water to the 6 

L mark, Because the amount of fibres was Limited, the water in these tanks could not be 

changed during the experirnent (Le. 50% tank replacement daily). D d y  aeration for a short 

penod was substituted to maintain oxygen levels. The fish used in this experiment were 2 

months old with an average weight and length of 0.57 k 0.024 g and 37.8 * 0.43 mm 

respecfively (mean S .E.M.). 

3.) Effet of Effluent andlor Tank Aeration on Effluent Toricity. 

To detexmine whether the lethal contaminants were highly volatile and whether tank 

aeration would affect the toxicity of the effluent, a 1 day experiment was set up using 15% 

effluent. Four litres of effluent were placed in an open g l w  jar and aerated vigorously for 

66 hours prior to the experiment and an identical 4-L glass jar was Wed with effluent and 



capped for the 66 hou  period. Four tanks were prepared with either the aerated or non- 

aerated efnuents and two tanks within each treatment were aerated duhg  the experiment. 

This r d e d  in four treatments; 1. suent not aerated and tank not aerated, 2. enluent not 

aerated and tank aerated, 3. effluent aerated and tank not aerated and 4. effluent and tank 

aerated- The age of the fish used in this experiment was 14 months with an average weight 

and length of 5.6 0.35 g and 74 * 1.5 mm respdvely (mean SE-M.). 

EROD Laborato y Experimentr 

ExperimenW Conditions and Fish Sampüng 

Foilowing the preLiminary experiments one flow-through effluent dose-EROD 

response experiment was conducted over a seven day period and another flow-through 

expriment was nui for 28 days to monitor the the-course of ERûD induction and deciine. 

In each experirnent, &uent concentrations and controls were run in duplicate. Prior to being 

used in these experiments the enluent was filtered through a 2 to 3 mm plastic mesh to 

remove the large particulates and clumps of ceIIulose fibres. This was necessary to avoid 

clogging of the contïnuous flow apparatus tubïng. The effluent was slowly stirred with a 

magnetic stirrer d u ~ g  the flow-through experiments to ensure a umfonn suspension. 

In addition to monitoring temperature, pH and dissolved oxygen, the achial 

concentration of the efiluent in each tank was monitored using fluorometry. Samples of 

effluent, contml water and tank samples were fdtered to remove particulates. An appropriate 

range of etauent dilutions in control water was prepared and aii standards and tank samples 

were then read on a Perkin-Elmer LSSO luminescence spectrofluorometer with excitation and 



emission waveiengths of 355 and 398 nm respectively, with dit widths of 5 nm. The 

concentration ofeflhent in the taaks was determinexi by ushg the regression of the standard 

dilution curve (sample fluorometric emission vs. known dilution, Figure 14). 

When fish were found dead or when the experiment ended, the weights and lengths 

ofthe fi& were recorded aad their 1ivers (minus gaiibladders) were removed and placed into 

prechilled 2.5 mL glass homogenization tubes. The homogenization tubes containhg the 

livers were kept on ice untü post-mitochomirial supernatant could be prepared (approximately 

1 hour). 

Determination o f  MF0 Activity 

Post-Mitochondrid Supernatant Preparation 

Post-mitochondrial supernatant was prepared as descnid in chapter 1; methods for 

microsorne preparation, with the following exceptions: Tris b a e r  was used for 

homogenization instead of KCI-HEPES buffer, whole livers or less than 0.4 g of liver were 

used; the amount of buffer used per sample was as follows: 

Amount of Liver (g) Volume of Tris Buffer (fi) 

Homogenate was transferred to rnicrocenvifuge tubes and centrifiiged in an Eppendorf 

microcentrifbge at 15 600 x g for 20 minutes; the resultant post-mitochondrial supematant 

was transferred to cryovials for storage in liquid nitrogai; and protein dilutions were prepared 

by adding 20 pL of post-rnitochondrial supematant to each of three tubes containing 2 mL 



y = 1 -899 + 106.967 (x) 
= 0.999 

O 1 2 3 4 5 6 7 

Enluent Concentration (%) 

Figure 14: Regression of effluent concentration versus fluorometric readings taken 
wÏth excitation and emission wavelengths of 355 and 398 nm respectively, 
wiUi dit widths of 5 nm. This standard dilution curve was prepared on 
January 24. 1995, and is typical of the standard effluent dilution curws that 
were obtained every time tank effiuent concentrations were determined. 



of redistilled water. 

Protein AnalysW 

Protein anal* was doue as descrikd m chaptet 1, except that the pst-mitochondrial 

supernatant was diluted 1 to 101 with redistilied water. 

Determination of Ethorynsorufin O-Deethylase (EROD) Activity 

EROD activity was determined as demied in chapter 1, except that a 10 minute 

incubation was used and results were caldated as pmoVmg proteinhninute. 

1.) Effluent Dose-EROD Response Esperiment. 

Replicate concentrations of 0.0 (controk) 0.25,0.50, 1 -0, 2.0 and 4.0% effluent were 

used for this effluent dose-EROD response experiment. Five juveniie rainbow trout were 

exposed to these concentrations via a flow-though apparatus (modified proportional diluter, 

Mount and Brungs, 1967) in 30-L tanks. The 12 tanks were randomly arranged in a 10°C 

controlled ensironment chamber and the fish were added to the tanks one at a tïme until each 

tank contained 5 fish. The age of the fish used in this experiment was 21 months and their 

average weight and length was 16.2 k 0.85 g and 110.2 * 2.2 mm respectively (mean * 
S.E.M.). The average flow rate provided 2.33 L of solution per gram offish per day. The 

experiment was nui for seven days during which the fish were fed every second day at a rate 

of 1 -2% body weight. 



2.) EROD TirneCourse Esperiment. 

Foiiowing the dose-response experiment an effluent concentration of 1% was chosen 

for the EROD tirnecourse experiment. This was dso set up as a flow-through experiment 

except that the fish were kept in the lab m 160-L tanks with 60 fish per tank (at the start) and 

as ody 1 efltluent concentration was requkd a différent dosing apparatus was used. The 1% 

effluent concentration was achieved and maîntained by pumping an appropriate amount of 

water and effluent into a bucket which was constaatly mixed with a magnetic stirrer. The 

bucket wes equipped with a swing ami on the outside comected to an opening in the bucket 

near the bottom. The swing arm levd and water volumes were set so there was a constant 

overflow Eom the swing arm to each of the 1% duent  tanks. The age of the fish used in this 

experiment was 22 months and their average weight and length was 25.7 * 0.67 g and 130.9 

* 1 -32 mm respectively (mean * SEM). The minimum flow rate during the experiment was 

1 -45 L per gram of fish per day, this increased as fish were removed fiom the tanks. Fish 

were exposed to a control or 1% effluent concentration for a period of 8 days and were 

sampled for EROD activity der 1,2,4 and 8 days. On day 8 the fish exposed to 1% ealuent 

were moved to clean tanks with control water, and EROD activity was monitored after 1,2, 

4, 8, and 18 days in the control water. The control fish were not moved to Merent tanks, 

but the stress of a move was simulated by stimPg their tank water with a dip net and catching 

some of them in the net. The effluent concentration in the 1% tanks was monitored using 

fluorometry (as described above) to ensure that the they were receiving the appropriate 

amount of efliuent- At each sampling time 5 fish were taken fkom each tank for a total of 20 

fish per sampüng time (5 fiom both of the control tanks = 10 and 5 from both of the 



"treatment" tanks = 10). 

Sîatisticai Anaîyscs 

Statistics were dom with a nested ANOVA model using concentration and tank 

replicate withiu concentdon as independent variables, following the general bear model in 

Systat 5.0 (WWnson et al., 1992). Weight was used as a covariate when comparing sUnilar 

concentrations between different trials, because Merent trials were run with fish ofdserent 

agedsizes. The F ratios were caldateci mamidiy by dMding the mean square error for 

concentration by the mean square error for tank replicate within concentration. These F 

values were compared to those obtained from F tables using the degrees of freedom (D.F.) 

for concentration and the DE. for tank replicate within concentration, at a p value of 0.05. 

Pairwise cornparisons were done using Fisher's least signincant merences (LSD) test with 

mean square error and degrees offieedom entered as those for the variable tank replicate 

within concentration and not that of the entire model (to avoid problems of pseudo- 

replication). EROD data were log transforrned and time to death data were not transformed 

prior to statistical analysis. A probability level of x0.05 was considered significant. To 

simple presentation, arithmetic means with standard errors have been used in the figures. 



RESULTS AND DISCUSSION 

Preliminaq Labomtorg Espcrimeits 

1.) Effect of Effluent Storye on Toncitg. (Figure 15) 

The duent caused rnortaky in rainbow trout (within 96 hours) at concentrations of 

5% or greater when stored for periods of 2 or 14 days. There was no mortaiity at 

concentrations of LW or les when tests were run with efnuent that had been stored for 330 

days. Efiluent s t o d  for 14 days was Jightly more toxic at concentrations of 5 and 10% than 

efi3uent stored for or-& 2 &ys, however, eflltxent toxicities at 1 and 50% were similar in both 

of these trials. Mean time to death was less than 35 hours at 5% and less than 10 hours in 

10% effluent in both experiments usiag samples aored for 2 or 14 days, but there was no 

mortality at either of these concentrations with effluent stored for 330 days. The effluent 

stored for 330 days did retain some toxicity since all fish were lcilied in the 50% dilution 

within 70 hours. 

No partial mortalities occurred at any concentration within the 96 hours. In this 

situation the LCSO may be estimated by averagïng the highest concentration with no mortality 

( i %) and the lowest concentration with lûO?? mortality (5%) (Paris4 1985). The LC50 was 

estimated as 3%, regardless of whether the etauent was stored for a period of 2 or 14 days. 

The LC50 increased to 30% after 330 days of etnuent storage. 

The resuits of these experiments revealed that effluent can be stored (in the dark at 

10°C) for up to 2 weeks without losing toxicity, that a narrow concentration range needs to 

be used for an accuate 96-hour LC50 detennination, and that the 96-hour LCSO is 

approxhately 3%. This corresponds well with the 3 to 4% reported by the miil Li L993 (T. 



Figure 
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15: Change in effluent toxicity against juvenile rainbow trout with increasing effluent 
storage the. Each point represents the arithmetic mean of 2 tanks, 
with 5 fish per tank. Lines indicate f S.E.M. A nested ANOVA 
(fish in tank within concentration) was used to determine significant 
difFerences between the different effluent concentrations within the 
same trial and weight was used as a covariate when comparing the 
same effluent concentrations of different trials. Points with the same letter 
are not significantly different (p c 0.05). Note: Emuent used in the 
330 day trial was not the same sample used in the 2 and 14 day trials. 



Youmans, Health Canada, personal communication). In cornparison with other puip mil1 

effluents, the effluent nom the Pine Fails mil1 was bighly toxic. Gagne and Blaise (1993) 

tested 13 pdp mili &uat  samples fiom a varkty of pdping processes and enluent treamient 

types and LCSOs mged fiom 4.2 - 100%. The toxïcity of the Pine Faiis effluent should be 

greatly reduced if not completely eliminated now that the miii has installeci secondary 

treatment facilities. Secondary-treated pulp mil1 efnuents are much less toxk than effluents 

with ody primary treatment, with secondary-treated effluents often resultuig in no acute 

toxicity to fish even at coacentrations as high as 100% (Gagne and Blaise, 1993; Priha, 1996; 

Wfiams et aL, 1996). The components of the mtreated effluent most likely responsible for 

a majonty ofthe toxic effects are resh acids, unsaturated fatty acids, diterpene alcohols and 

juvabiones, which are all compounds naturaliy present in the wood used in the pulping 

process (Leach and Thakore, 1977). 

2.) Toxicity of Solid and Liquid Effluent Fractions. (Figure 16) 

The effluent was a suspension which did not clear readily on standing and the 

separation of soiid and liquid enluent fiactions was not complete by the centrifugation 

procedure. A srnail amount ofliquid was lefi in the solid -011 and smali particulate matter 

remaineci in the iiquid duent  fiaction. There was no significaat toxicity in the liquid effluent 

fiaction at concentratioas of 4% or less, or in the partidate fiaction at 10%. In general, 

toxicity appeared to be somewhat lower in the liquid Eaction than the whole pulp mil1 

efluent, although there was no significant ciifkence between these two at the concentrations 

tested. The Iiquid fkaction was more toxic than the isolated particulate fraction, as the 



EffiuentIEffluent Fibre Concentration (%) 

+ Whole effluent 
+ Liquid Fraction 
6 Particulate Fraction 

Figure 16: Toxicity of pulp miIl effluent fractions to juvenile rainbow trout compated 
to that of whole pulp miIl effluent. Effluent was centrifuged for 30 minutes 
at 17000 rpm and then decanted at a rate of 45 muminute. Each point 
represents the arithmetic mean of 2 tanks with 5 fish per tank. Lines 
indicate + S.E.M.. A nested ANOVA (fish in tank within concentration) was 
used to determine significad differences (p c 095) between the different 
effluent concentrations of the same trial and weight was used as a covariate 
when comparing the same emuent concentrations of the different trials. 
Note: the toxicity of the whole effluent was determined in a different trial 
with a different effluent sample. 



average t h e  to death h r  £ish in tanks with 1% fibres was 89 hours while that for fish in 10% 

liquid duent was 19.4 hours. There was some toxicity in the fibre fiaction because aii fish 

in the 50% fibre tanks were dead wàhin 24 hours. This mortality was dower than that of 

whole ef£luent where all fi& in a SV? oonceatraton were dead within 2 hours, aithough these 

times to rnorality were not sigaincaatly different when fish weight was used as a covariate. 

Most effluent toxicity was associated with the liquid/srnall partidate fiaction 

indicating that the removal of the larger components of the effluent would not d i s h  its 

toxicity greatly. The fibre toxicity may have been due to the physicai clogging of the giUs 

with partidate matter @articulate was noted in fish giUs), to the presence of some effluent 

li@ (the separation of the liquid and soiid fkictions was not complete), and/or to the toxicity 

of particle ingestion or compounds leaching f?om the particles. Rainbow trout fed food 

contaminated with the soiid W o n  of a bleached kraft mill effluent (10%) grew more slowly 

and had increased hepatic lipids and MFû activities indicating that the solid fiaction of other 

pulp mill effluents also have toxic properties (Lehtinen et al., 1991). 

3.) Effect of Effluent andlor Tank Aeration on Effluent Toricity. (Figure 17) 

Prior enluent aeration did not significantly reduce effluent toxicity, although fish in 

treatments 2 and 4 (previously aerated) did take somewhat longer to die than those in 

treatments 1 and 3 (not previously aerated), respectively. Aeration of the tanks during the 

toxicity tests did significantiy decrease effluent toxicity, regardless of pnor effluent aeration 

(cornparison of treatments 3 and 4 with treatments 1 and 2 respectively) as the fish took 

longer to die when the tanks were aerated than when they were not. The cause of death was 



Figure 

Tank Treatrnent (Effluent Concentration = 15%) 

Treatment #1 = Effluent not aerated and tank not aerated 
Treatment #2 = Effluent aerated and tank not aerated 
Treatment #3 = Effiuent not aerated and tank aerated 
Treatment #4 = Effiuent aerated and tank aerated 

17: Effect of effluent andlor tank aeration on effluent toxicity against juvenile 
rainbow trout. Effluent was vigorously aerated in an open jar for 66 
houn prior to the experiment or was not aerated at all; and during the 
expriment the tanks did or did not receive aeration. Ban represent the 
anthmetic mean of 2 tanks with 5 fish per tank and the lines above the 
bars represent the S.E.M.. A nested ANOVA (fish in tank within concentration) 
was used to determine differences between the treatments. Treatments 
with the same letter are not signifcantly different (p < 0.05). 



not due to oxygen depletion because oxygen levels did not drop below 5.9 rn@ in the most 

oxygen depleted tanks by the end ofthe test. The water in the tank with the least oxygen was 

st i i l  more thaa 50% oxygen satunited and IeveIs of 40% saturation are permissible in static 

bioassays (Parris4 1985) Oxygen levels in the tanks averaged 6.4 m& (effluent and tank 

not aerated), 7.8 mg/L (effluent aerated, tank not aerated), 10.8 m& (effluent not aerated 

and tank aerated) and 1 1.2 mgL (both efnuent and tank aerated). 

The toxic component(s) in the efauent were not highly volatile, as efnuent aeration 

did w t  si@cady dimïnish e&ent toxicity (treatment 1 versus treatment 2, Fig. 16). Tank 

aeration during effluent toxicity experiments is not recomrnended as this would not provide 

an accurate toxicity assessrnent (LC50 values would be infiateci, making the efliuent appear 

less toxic than it actually is). 

Although acute toxicity tests dow for the cornparison of fluent toxicities at Werent 

Mies and between difEerent types ofeffluents, it is important to note that using death as an 

end point may not be environmentally relevant. Kovacs et al. (1995) conducted acute 

toxiaty, sub-chronic toxicity and lifé cycle tests with &thead minuows (Pimephales promeh) 

and found that the most sensitive endpoint was fish reproduction, which was significantly 

af5iected at an effluent concentration of less than 10 percent. This same efnuent was found 

to be non-toxic to adults and did not affect their growth after 7 days at a concentration of 

10W. Effluent exposure also had no affect on egg fertiiization, hatching, larval s u ~ v a l  or 

growth of the young when exposed to concentrations ranging fiom 1.25 to 20%. However, 

when the exposed fish matured their reproductive capacity was greatly reduced, with effects 

noted at an duent concentration as Iow as 2.5% (no eggs were produced in fish exposed to 



a concentration of20% effluent). Effects on CeRo&lphniu reproduction as assessed in a 7 

day bioassay were dso incapable of predicting the effécts on h o w  reproduction. The 

results of the short-term tests could not predict the effects of chroaic exposure to Iower 

duent concentmtions Robinson et al. (1994) reported similar findings; that short-term Iab 

toxicity tests using fathead minmw gmwth or Cen'm@hnia SUViVal as end points, were not 

predictive of the physiological responses noted in wild fish exposed to pulp r d  effluents. 

EROD Laboratory Experiments 

During the course of the EROD induction experiments some of the fish became 

W i e d  with a disease which caused patches of skin discolouration and loss of equilibrium. 

The cause ofthe condition is uncertain, but fimgal i n f ion  is probable. Fish visibly affected 

by the disease were omitted fkom analyses, leaving 35 of the 40 living fish fkom the effluent 

dose-EROD respome experiment and 155 out of 160 Iiving fish fkom the EROD tirne-course 

experiment . 

1.) Dose-Response Experiment. (Figure 1 8) 

Only three of the five effluent concentrations tested were included in this analysis 

because the fish in the two highest concentrations (2 and 4%) were killed and MF0 activity 

degrades rapidly after death. A dose-response relationship was evident (Le. EROD activity 

increased with each increase in dose), however, due to the pattern noted in the residuals of 

the regression analysis a nested ANOVA statistic was used instead of regression Enzyme 

induction occurred at dl concentrations, thus defining the threshold for EROD induction as 
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Figure 18: 7-ethoxyresorufin Odeethylase (EROO) enzyme actMty in juvenile 
rainbow trout exposed ta concentrations of whole pulp miIl effluent 
under continous flow conditions for 7 days. Each point represents 
the mean of 2 tanks with 5 fish each and the lines indicate the SEM.. 
DifFerences between treatments were deterrnined using a nested 
ANOVA (fish in tank within concentration). Points with the same 
letter are not significantly different (p < 0.05). 



fahg at or below 0.23% in laboratoty rainbow tmut Average EROD induction was 4.5, 5 -3 

and 10.9-fold in 0.23,0.39 and 0.94% duen t  respectivelyy There was high variability in the 

EROD response of the fisb; this bas k e n  reported by others working on the EROD-induchg 

properties of pulp miU efauents with rainbow trout (Martel et al.. 1994; Gagne and Blaise, 

1993). 

While a preçise threshold value could not be detemiined, (due to the non-random 

distriiution of the residuals in the regression analysis) the MF0 induchg properties of this 

effluent were quite strong, as induction occurred at only 0.23%. This level is lower than 

threshold values reported by Wüliams et aL (1996) in 5 kraft miil effluents which ranged f?om 

0.57 to 9.1% effluent Martel et al. (1994) tested 3 1 secondary-treated effluent samples fiom 

8 dBerent mills and found that a majority of samples nom thennomechanical and chemi- 

thermomechanicd mills did not cause MF0 induction, while most samples ftom bleaching 

kraft pulp mills did cause MF0 induction Udominately, Martel et al. (1994) only exarnined 

one effluent concentration (10%). and since induction may occur at lower effluent 

concentrations, but be inhibited at higher concentrations (Pesonen and Andersson, 1992; 

Gagne and Blaise, 1993), the effluent concentration they chose may have been too hi& for 

some of the duents to show induction. Lehtinen (1990) reported up to 6-fold induction in 

rainbow trout exposed for 7 weeks to 0.25% and greater than 2-fold induction at 0.05% 

effluent, fiom a bleaching kraft miil in Sweden with no efiluent treatment. Gagne and Blaise 

(1993) tested three subletha1 concentrations of 12 pulp mili effiuent samples for MF0 

inducing properties in rainbow trout, including 9 efauents that were not ftorn the bleached 

kraft pulping process, and found MF0 induction after 4 days in a majority of these effluents, 



although induction levels were usually low. The highest level of MF0 induction noted by 

Gagne and Biaise (1993) was 9.4-fol4 which oanirred in 5.6% sulphitelgroundwood effluent 

with secondary treatment. Tbis level of induction corresponds well with the induction found 

here, and suggests that the new secondary treatment fàciiity at the Pine Falls miii may not 

aileviate the MF0 response of the fish. Munkitûick et al. (1992b) also observed that 

secondary treatment of a bleaching kraft mill effluent was not SuffiCient to remove the MF0 

response in white suckers f?om Jacffish Bay &ake Supenor) and Martel et al. (1994) found 

that secondary treatment at kraft rnills did not elimuiate the MF0 response in laboratory fish. 

Tbis laboratory data c a .  serve as background information which may be used to assess 

the effectiveness ofthe de-inhg and secondary treatment systems wbich began operation in 

the winter of 1995. If enzyme induction is not completely reduced, a cornparison of this 

threshold value with a threshold valie determineci for the treated effluent would provide an 

estimate of the effectiveness of the treatment in decreasing the enzyme response. Gagne and 

Blaise (1993) found that MF0 induction generally occuned at higher concentrations in 

secondary-treated effluents than in primary-treated effluents. The toxicity of the Pine Fails 

pulp mil1 duent was approximately 3% and the MF0 induchg threshold was below 0.23%, 

this means that sub-lethai &ects of this effluent occurred at less than 7.7% the LCSO values. 

The results of this experiment support the hypothesis that it is in tact the effluent discharge 

responsible for MF0 effécts in the white sucker nom the river. 



2.) EROD Time-Course Expehent. (Figure 19) 

EROD actMties were greater in fish from the 1% effluent tanks than those from the 

control tanks after 2 days of expoaue. The 1% effluent exposed fish retained this level of 

induction (5.8 to 8 S-fold) for the remaùider of the exposure period. Upon moving the 1 % 

effluent-exposed fish to clean water (day 8) EROD actMties remained signincantiy elevated 

for 1 more day, but declined to control levels thereafier. Induction dropped from 8.9-fold 

after 1 day in clean water to 6.2 and 2.8 after 2 and 4 days in clean water respectively, 

although the induction on days 2 and 4 was not sipmficant. By day 8, EROD activity was 

identical to that of tbe control fi& Induction occurred within 48 hours and was decreased 

within 48 hours, however, due to the large degree of variabiiity between the tanks on the 

second &y in cleau water (day IO), this vaiue must be used with caution. For this reaxin the 

half-life for EROD induction will be guesstimated as falling between 2 and 4 days. 

The he-course expetiment showed that the contaminant responsible for the enzyme 

induction was readily taken up and eliminated or metabolized by the fi&, as induction 

reached a steady level within 2 days and decreased within this same amount of time &er 

exposure ceased. This indicates that the inducer (as expected due to a lack of chlorine 

bleaching) was not a highly chlorinated, non-metabolizable compound. Our findings are 

sunilar to those reprted by Munkittrick et al. (1992b) in white sucker exposed to a bleached 

kraft mill effluent, indicating that the inducer at this nonîhlorine bleaching mil1 may be similar 

to that from the bleached kraft miil at lacffish Bay. 

It has been thought that chlorine-containhg organic compounds especially 

pentachlorodibenzodioxins (PCDD) and pentachlorodibenzofùrans (PCDF) were probable 
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Figure 19: Time dependenœ of the T-ethoxyresonifin Odeethylase (EROD) enzyme 
response of juvenile rainbow trout exposed to a control or 1% effluent con- 
centration. The fish were maintained in tanks under flow-through conditions 
and were monitored for EROD acüvity during and following effluent exposure. 
Each point represents the arithrnetic mean of 2 tanks with 5 fish per tank. 
Lines indicate + S.E. M.. A nested ANOVA (fish in tank within concentration) 
was used to determine significant differences between the treatments. 
Points with the same letter are not significanüy different (p < 0.05). 



causes of the MF0 induction noted downstream fiom bleaching kraft milis, although recent 

evidence indicates that this is not exclusively the case (Courtenay et al., 1993; Servos et al., 

1994; Bankey et aL, 1994; Munkimick et aL, 1994 van den Heuvel et al., 1995; Bumison et 

al., 19%; van den Heuvel et al., 1996;). The level and duration of induction caused by such 

substances tends to be much greater tban that aoted in this and many other pulp mil1 effluents. 

Muir et al. (1990) and Delorme (1995) reported EROD induction from a dietary or 

intraperitoneal injection of2,3,4,7,8-PCDF that persisted for more than 180 and 300 days in 

juvenile and adult rainbow trout respectively. The level ofEROD induction was also high, 

up to 84-fold in juvenile raiabow trout fed PCDF-spiked food for 3 1 days (Muir et al., 1990) 

and up to 340-fold in male rainbow trout exposed to an i.p. injection of 3 nglg 10 months 

prior (Delorme, 1995). Parrott et al. (1995) orally dosed fish at t h e  zero with varying 

concentrations of 5 PCDDs and 4 PCDFs and monitored induction after 2,4,8 or 16 days. 

Maximal ERûD activity achieved at these sublethal concentrations was up to 250-fold for 

each contaminant and it was concluded that these compounds would not be rapidly 

metabolized. The above evidence indicates that if the inducer(s) in the effluent was one of 

these PCDDs or PCDFs that induction would have been greater and its decline to control 

levels would have taken longer than was observed (Figure 19). 

There is experimental evidence to indicate that the MF0 inducers in some bleached 

kraft mill eftluents may be sunilar to those in the non-bleaching effluent from the Pine Falls' 

rnill. Channef catnsh (Icahrrtrspunctdrcr) exposeci to 8% bleached kraft dl effluent for 263 

days had 13-fold EROD induction which declined to the control levels when fish were 

exposed to clean water for 7 days (Bankey et al., 1994). Van den Heuvel et al. (1 996) found 



that white suckers caged in a bleached kraft mill efnuent plume were readily induced within 

2 days and r d e d  at this induced levd for the remisinder of the 8 day exposure, with Little 

or no measurable uptake of PCDDs or PCDFs. Munlcittrick et al. (1992b) report a 40% 

decrease in MF0 activity in bleached kraft mil1 effluent exposed white sucken afler a 2 week 

mil1 shutdown. Munkittnck et ai. (1995) later showed a rapid deche in EROD activity in 

white sucker, but ody the f i h  had been exposed to the effluent for a period of 14 days. 

Fish exposed for 4 days then placed in clean water did not show any reduction in EROD 

activity when sarnpled up to 8 days later, those exposed for 8 days then placed in clean water 

did not show any reduction in EROD activity until day 16, wMe those exposed for 14 days 

showed a decline in EROD activity ûeghhg der only 2 days in clean water, with a decrease 

to control values within 8 days. Rainbow trout exposed for 2 or 4 days did not decline to 

reference ievels &er 16 or 8 days in dean water respectively (Munkittrick et al., 1995). The 

discrepancies in Munkittrick et al. (1995) may be due to the length ofthe exposure period, 

but may also be due to the presence of mereut types of inducers. 

Further evidence for other types of inducers can be found in Courtenay et al., (1993). 

Courtenay et al. (1993) report a decrease in CYPl A mRNA induction in Atlantic tomcod 

(Microgds tomcod) after 14 days of being caged in effluent these fish showed an 1 1-fold 

increase in CYPl A mRNq after 1 day in clean water this increased to 14-fold, d e r  3 days 

it increased to 20-fold and afler 10 days induction was stiU 4-fold (although this was no 

longer significant). Courtenay et al. (1993) coacluded that the inducer(s) at this miil, while 

not behavhg like a highly chlo~ated compound(s), did also not behave like a readily 

metabohable PAH SimiJar resuhs have been found by Muir et al. (1990) with low doses of 



PCDF. Muir et al. (1990) reported a relatively low level ofEROD induction (approxhately 

4-fold) d e r  3 1 days offeediag rainbow trout a low dose (0.82 ng/g) of PCDF and induction 

was not sustained up to 180 days as it was for the high dose group (9 ng/g). Muir et al. 

(1990) also found that EROD activity reached a maximai lwel2 days after contaminant 

exposure ceased. Thus, the decrease in induction noted by Courtenay et al. (1993) is vety 

sirnilar to that noted for a low dose of a highly chio~ated cornpouad. While research at 

many milis wouid seem to indiate that the iBducer(s) are quite readiiy metabohable, possibly 

indicative of PAH compomds (van den Heuvei et al., 1995) research at other mills iodicates 

the presence of a more stable type of inducer (Courtenay et al., 1993; Kloepper-Sams and 

Benton, 1994). Whitefish (Prosopium willimnsoni) with elevated EROD activities were 

found 200 km downstream and 70 km upstream nom a secondary-treated bleached kraft miii 

ef19uent in northern Aiberta and these same fish had elevated muscle tetrachlorodibenzodioxin 

(TCDD) and had not been exposed to the effluent for a number of days (Kloepper-Sams and 

Benton, 1994). The lack ofrecent exposure accompanied by ERûD induction indicates that 

the inducer(s) at this Alberta di idare not r d y  eiiminated/metabolued and this was M e r  

supported by a caging study with whitefish. Whitefish placed in reference water for 8 days 

showed no change in their relationship between EROD activity and TCDD concentration. 

The assocjation between EROD activity and TCDD concentration, together with the iack of 

recovery when moved to clean water suggests that the inducer(s) in this Alberta mill's effluent 

may be TCDD or that the inducer was some other compound that was not readily 

metabolizable. 

The above evidence indicates that different d s  may release different types of 



inducers and individual mills may have more than one inducer, as wel as having effluent 

components which may imease and decrease the EROD nsponse. Mirent fish species may 

also show different lwels ofresponsiveness to the same types of inducers (Kloepper-Sams 

and Benton, 1994). These factors dernomte  the usefiilaess of characterizhg pulp mill 

effluents in the lab, where d u e n t  cbaraaeristics can be examinai in the same species, at a 

similar temperature and at a range of known concentrations and duratiom. These types of 

studies provide information as to the type of inducer present and d o w  for a more direct 

cornparison of r d & .  Results fiom field data are innuenced by the species used, the Mie of 

year (especiaüy ui sexually repmducing individuals), and the characteristics of the receiving 

environment, including: eauent dilution ratio, sedunent composition, diet of the fish in the 

area, background water quality etc.. Furthemore, some potential impacts noted downstream 

of pulp miii effluents may be due to historical site degradation (Owens, 199 l), which means 

that there may be effkcts in the fish population downstream that are not attributable to the 

ecisbng &ueat. Laboratory tests wbich enamine similar characteristics to those in the field 

would also be valuable to separate these types of environmental e f f i s  f?om those caused 

directly nom effluent exposure. 



SUMMARY AND CONCLUSIONS 

Summary of the Field Study 

Ferai white suckers captured downstream ftom the Pine Faiis Pulp Mill effluent 

discharge exh i id  a nurnber ofbiochemical and morphological merences when compared 

with reference fish wbich were isolaîed fiom the suent discharge by the PoweMew Dam 

(Table 5). The parameters most impacted were plasma testosterone levels, hepatic retinoid 

and tocopherol stores, MFOs and somatic indices. Fecutldity was also reduced, although 

this was only detectable in mature gonads from fish captured in the spring. 

The decrease in site merences noted in the spring may be due to the spawning 

migration, which could resuh in the presence of fis& fiom populations other than those that 

norrnaily reside in this reach of the Winaipeg River. The possible migration of the 

downstream fish to the lake in the fàhhter  and/or the pote& increased mobility of the fish 

in the spring wouid also decrease the site differences, because it would mean that the fish 

would not be exposed to the effluent for as long a period of t h e  prior to behg captured 

cornpared to those caught in the Summer. 

Although causdeffect relationslips cannot be rigorously proven fkom the fish taken 

fiom the river, there are a number of findings which would indicate that the effluenthi11 

operations are respomile for these effects. There was a trend towards increasing impacts in 

August, 1994, relative to August, 1993, beuuise egg weights and diameters were not affected 

in August, 1993, but were reduced in August, 1994, and hepatic retinol levels (males), hepatic 

tocopherol levels (fernales) and EROD activities (fernales) were not affected at the further 

downstream site @2) in August, 1993, but were affected in August, 1994. These increased 



Table 5: Summaty of differences noted between the upstream reference and two downstream sites. A dash indicates no 
significant difference, an up arrow indicates a significant increase above values at the reference site, and a down 
arrow indicates a significant decrease below values at the reference site. NA indicates that the analysis was not 
applicable. Differences were considered significant if p < 0.05. Units for al1 variables can be found in the Appen- 
dix (Table A2). 
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impacts coincided with an imeaSe in effluent concentration in the Winnipeg River, indicating 

that the etauent may be responsible for the effects. Most significaut Merences were noted 

between the upstream reference site and the site immediately below the efthient outfd and 

these same di@xences were not usually disphyed between the upstream reference and m e r  

downstream sites, M e r  signallùig the presence of the mül as the source of the effects. 

Finally, one ofthe parameters quantifleci in the feral fish, the MF0 response, was induced in 

labonitory fish exposed ody to the effluent. Whether the responses in feral fish were due 

entirely to the (then) currently released effluent discharges or to the historical environmental 

degradation of the sedirnentsibenthos in the area is uncertain at this time. 

Condusions from the Field Study 

4 Aspects of white sucker biochemistry and morphology were altered downstrearn of the 

Pine Falls pulp d ptior to the installation of the secondary treatment facility. These 

dserences included increases in MF0 activities and Lver somatic indices, reductions in 

plasma testosterone, reductiom in hepatic concentrations of retinol, retinyl pairnitate and 

tocopherol and reductions in fecundity Parameters that were somewhat less impacted, 

as evidenced by their reduced occurrence and/or severity were: an increase in length 

(maies), weight ( d e s )  and age and a decrease in condition factor (fernales), egg weight 

and egg diameter- 

4 Many of these effects have aiso been reported in feral fish downstrearn from bleaching 

and non-bleaching pulp miiis at other locations, including some with secondary effluent 



treatment; bdicating that the new secondary treatment Eiciiity at the Pine Falls pulp mill 

may not aiieviate all of the responses observeci in this study. 

4 Although fecu~dity was reduced, it was stiii hi& in cornparison with white suckers 

fiom other locations as descri'bed in the Iiteratwe. 

4 EROD correlated posdively with LSI and negatively with hormones, vitarnins and 

condition fàctor; vitamins were positively correhted with condition, hormones and other 

measures of reproductive h e s s  (egg diameter, egg size and fecundity)). 

+ Vitamin levels may be depleted for a number of reasons, one may be accelerated 

metabolism (Palace et al., 1997) another may sirnply be a lack ofvitamin availability 

downstream of the effluent discharge. 

+ Effects noted in feral fish may be due to hiaorical site degradation which has altered the 

composition ofthe Sedimenththos downstrearn of the Phe Fds  mil1 andor the direct 

exposure of feral fish to the effluent that was being released at the time of this study. 

Summary of the Laboritory Espenmcnts 

The preliminary laboratory acpermients reveaied that effluent toxicity did not degrade 

rapidly upon eauent storage, that the toxk components in the effluent were soluble and not 

highly volatile and that aeration of exposure tanks would not be desired for reliable LCSO 



estimates- 

The MF0 confinned that one ofthe impacts noted in the feral fish could 

be c3used by effluent exposure done, indicating that the m e n t  pulp mill effluent contains 

compound(s) with MF0 hducing properàes. The characteristics of the MF0 induction 

resembled those caused by PAH type compounds and not PCDDs or PCDFs. 

Conclusions fmm the Laboritory Experiments 

Preliminary Experiments 

EfHuent toxicity declined der  an exîended period of effluent storage (330 days), but was 

maintained &er sirnilar storage (in the dark at 10°C) for at least 14 days. 

A majority of the effluent's toxicity was within the liquid/smali particdate fiaction, 

indicating that the coarse filtration of the emuent, as required in the MF0 experiments, 

would not dllninish its toxicity. 

The toxic compounds in the efluent were not higw volatile because effluent toxicity was 

not significantly reduced after vigorous effluent aeration for 66 hours. 

Tank aeration significantly reduced efhent toxicity, suggesting that aeration of exposure 

tanks may give spuriously high LCSO values. 



MF0 Experiments 

+ Aqueous effluent exposure was capable of uiducing EROD activities in rainbow 

trout* 

+ The threshold effluent concentration required for EROD induction in rainbow trout was 

below 0.23%- 

+ EROD induction occurred within 2 days of exposure of rainbow trout to a 1% effluent 

concentration and remained at a similar level for the remahder of the 8 day exposure 

penod. 

+ EROD induction declined within 2 days after the fish were removed to clean water, with 

an estirnateci half Me of Iess than 4 days; indicating that the contaminant responsible for 

the induction was apparently readily eliminated or metabolized by the fish. 

Combineci Field and Laboratory Discussion 

Although the rainbow trout used in the lab are not the same species as the suckers 

sampled fkom the river, it is interesting to note that the MF0 systems of both species were 

induced by similar concentrations of effluent (less than 1%). The range of MF0 induction 

noted in the field was between 3 -4 to 8.6-fold and that in the lab ranged from about 5 to 1 1 - 

fold. The îïnding that the laboratory fish were induced a e r  only 2 days of effluent exposure 

indicates that the fish sampled nom the river may also be induced after exposure of a 



relatively short duration, indicathg that they do aot have to be statioaary for an extended 

penod of time prior to the detection of efmient exposure using EROD induction. 

Combhed Fieid and Laboratoq Conciusions 

Fi& caught within 1 km of the mil1 were exposed to effluent concentrations of less than 
1 % and laboratory fish exposed to concentrations ranghg fiom 0.23 to 1.0% s h e d  
similar MF0 & i s -  

The EROD induction in fish exposed to d u e n t  in the lab offers strong support for the 
argument that the enzyme induction noted in the field was directiy caused by the exposure 
of fish to the pulp mil1 effluent and not by some other variable. 

Maximum EROD induction of white sucker from the Winnipeg River was 8.6-fold in 
1993 and 4.1-foId in 1994; a similm induction of 10.9-fold was found in rainbow trout in 
the lab. 

These field and laboratory studies provide background information for monitoring the 
effectiveness of the recently installed secondary treatment system. 
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Table Al: Description of mat* index categones for f e d e  and male white suckers 
taken h m  the Wianipeg River in August, 1993, May, 1994 and August, 1994; 
includbg values reporteci as ocamhg in the fish at the time of sampling as well 
as a description of M y  mature fish (stage 1 1 for females and stage 7 for males). 

Fernales 

Stage 9: 

Stage 10: 

Stage I l :  

ovarian samples with a distinct vitellogenic clutch of developing oocytes plus a 
core of pre-viteilogenic resting oocytes 

ovarian samples with a distinct viteliogenic clutch of mature oocytes plus a 
core of pre-viteilogenic r h g  oocytes. 

fish have ovulated, ovarian samples comprised almost entireiy of loose clutch 
oocytes, cannot be used for fenindity estimates as eggs may have been 
discharged f?om the body cavity 

Males 

Stage 3 : the tunica is clearly defined; lobule formation is complete; many cysts 
containing spermatocytes; spermatids and spermatozoa are present; lobules are 
wider than in stage 2 

Stage 4: within spenn cysts spermatocytes are mostly replaced by spermatids and 
spennatozoa 

Stage 5: lobules are tightly packed with spennatozoa; no cysts, spermatocytes or 
spermatids present 

Stage 6: testes are "ripe and running"; there is an absence of spenn from some lobules; 
lobule w d s  are thickened 

Stage 7: fibrous comective tissue is thickened by contraction; tunica is thick and folded; 
lobules are distorted and coliapsed; rebc sperm and ceil debris can be found in 
the lobules 





GSI 
GSI 
GSI 
GSI 
GSI 
GSI 
GSI 
GS1 
GSI 
GSI 
GSI 
GSI 
GSI 
GS1 
GSI 
GS 1 

LSI 
LSI 
LSI 
LSI 
LSI 
LSI 
LSI 
LSI 
LSI 
LSI 
LSI 
LSI 
LSI 
LSI 
LSI 
LSI 

Test. (nmoUL of plasma) 
Test. (nmoVt of plasma) 
Test. (nmoVt of plasma) 
Test. (nmoVL of p h m a )  



Variable lime Sar S i  N Mni, Mar Mean Variance çtanûard Standard 
Devglion Emr 

f d ( n m d R c o f ~ m )  M 0 2 O l S l  1.182 0.- 0.1 16 0.341 0.139 
Tast (nmdnd pbma) 
Test. (nmoüL d plosn#) 
Test (nnioilld p b m )  
Tes!. (nmoulafpbm) 
Test (nmoüLdplasma) 
Test (nmain d phma) 
Test, (nmoüL d plasma) 
Test. ( n m d n o f ~ )  
Test- (nmdlldpbmœ) 
Tast, (nMUtdpkma) 
Test (nmdRdphma) 

titra. (nmdR d pkma) 
Estra. (nmdll d plasma) 
Estm. (nmoUL of plasma) 
Estra. (nmoüL of piasma) 
Estra. (nmoüL of piasma) 
Estra. (nmoM. d pfasma) 
Estra. (nmoMofphsma) 
Estra. (nmoM of piasma) 

ReKec. (eggslg d fïh) 
ReKec. (eggdg of fih) 
ReKec- (eggslg o f f i )  
Relfec- (eggdg ol fih) 
ReKec- (eggslg of f i )  
ReKec. (eggslg of f i )  
Relfc, (eggslg of fih) 
ReKec. (eggslg of f ~ h )  

Eggdiam. (mm) 
Eggdiam. (mm) 
Eggdiam. (mm) 
Eggdiam. (mm) 
Eggdiam. (mm) 
Eggdiarn. (mm) 
Eggdiam. (mm) 
Eggdiam. (mm) 

Maturity lndex 
Maturity lndex 
Maturity lndex 
Matunty lndex 
hihturity lndex 
Maturity lnêex 
Matunty Index 
Matunty lndex 
Maturity lndex 
Matunty ln& 
Maturity lndex 
Maturity Inder 
Maturity lndex 
Malurity Index 



Variable Time Sax S i  N Min. M p  NbPn Variance Standard SIandard 
Emr 

Maturity Index 5 5 5.00 0 . a  0.0O0 0.000 

Lnrretp. 64/glAmttïswe) 
Livretp. w g  winiissue) 
livretp. Wgwettiswe) 
Livretp. w g  Hmt mue) 
Livretp. W g  wet tissue) 
Livretp. W g  wet tissue) 
h t p .  WgW8tti9ue) 
LNretp. W g  wet tissus) 
Livretp. 64/g wet lissue) 
Livretp. w g  wet tissue) 
h t p .  Wgwetlissut?) 
livretp. w g  wet tissue) 
h t p .  (Cc4/gwet(nsue) 
Livretp. w g  wet lissue) 
h t p .  w g  wet tissue) 
Livretp. w g  wet tissue) 

Livtac. W g  wet tissue) 
Livtac. irglgwetiissue) 
Livtoc. Wg wttksue) 
Lnnoc. w g  w tissue) 
Livloc- W g  wet t h e )  
Livtoc. W g  wet lissue) 
Livtoc. W g  we( tissue) 
Livtoc. W g  wet tissue) 
Livtoc* w g  wet mue) 
Livloe. W g  HEet tissue) 
Livtoc. W g  wet tissue) 
Mot. Wgwett issue) 
Livtoc* Wg wet tissw) 
Livtac. (ug/gwetwettisbue) 
Livtoc. w g  wetiissue) 
Livtoc- W g  wet tissue) 

ER00 (nmoUmg pmteidminute) 
EROD (nrndlmg pio(eidminuts) 
EROD (nmoümg pmteinlrninuts) 
EROD (nrndlmg pmteidminute) 
ER00 (nrnoUrng proteinlrninuîe) 
EROD (nrndlmg pmîeiniminute) 
EROD (nrndlmg proteidminuta) 
EROD (nrndlmg pmteidminute) 
ER00 (nmoiirng pmteinlminute) 
EROD (nrndlmg pmteinlminuîe) 
EROD (nrndlmg proteidminute) 
EROD (nmoVmg pm(ein/minute) 
EROD (nrnoiimg proteidminuta) 
EROD (nrndlmg proidminute) 
EROD (nrnolfrng proteidminute) 
ER00 (nrnoUmg pmteidminute) 94MAY 



VariaMe Ttma Sar Si N Min- k x .  Mean Variance Standard Standard 
Emr 

AHH (nmdlmgproteiiilminuta) 93AüG k Dl  15 0.052 0.150 0249 0.01 1 0,105 0.027 
AHH (nmaümg proteidminute) 9WJG F D2 7 0.032 0.151 0.0n 0.Wl 0.036 0.014 
AHH (nrnaümg ~-nlminute)  9- F U 9 0.017 0.100 0.055 0.001 0.026 0.009 
AHH(nmdlmg~nlminute) 93AüG M D l  9 0 . m  O.43B 0 s  0.018 0,134 0.045 
AHH (nmaümgprasinlminube) 93AüG M M 6 0.06s 0.217 0.120 0.003 0.059 0.024 
AHH (nmdlmg prol4in/minuls) 9- M U 6 0.018 0.142 0.493 0.003 0.051 0.023 
AHH (nmoUmgprdeidminuls) 94AüG F D l  15 0.035 0234 0,112 0.004 0.061 0.016 
AHH (nmaümg pmMdminuî8) 94AUG F 02 7 0.017 OdO 0.071 0.002 0.047 0.018 
AHH (ndmg-nlminute) 94AüG F U 15 0.020 0.064 0.011 0.000 0.016 0.009 
AHH (nm~ümg~dminuls)  94AUG M Dl 7 0.114 0.403 0,191 OR1 1 0.106 0.010 
AHH (nmaümg pdainlminuîe) 94AUG M D2 5 0.018 0200 0.111 0.- 0.072 0.032 
AHH (nm~ümg~nlminuîe) 94AlJG M U 4 0.058 0.103 0.- 0 . m  0.022 0.01 1 
AHH ( n d m g  pfotaïdrninule) 94MAY F Dl 8 0.010 0.058 O . m  0.000 0.017 0.006 
AHH (nmdlrng pmîeinlminuls) 94MAY F U 8 0.017 0.126 0.- 0.W1 0.035 0.012 
AHH (nmollmg ~-n lminuîo)  WMAY M Dl 12 0.071 0.235 0.132 0.002 0.043 0.012 
AHH (nmoümg pnWnimbuî8) 94MAY M U 3 O.lO7 0-169 0.137 0.W1 0.031 0.018 




