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I. I Objectives 

The objective with the present report is to review the recent literature concerning 
environmental effects of pulp mill effluents in the light of introduction of new 
bleaching technologies. It is also the aim to see if and how the available scientific 
material supports the view that bleaching of pulp is responsible for effects noted. 
Finally, gaps and areas for further research will be discussed. A technical section 
is included in this review, as the authors assume that also persons without techni-
cal background will use this report. 

1.2 General background 

The development of the pulp and paper industry after World War II resulted in a 
greatly increased production of bleached pulp of different qualities. According to 
FAO statistics (FAO 1992), the world paper and paperboard production was about 
240 million tons in 1990. Bleached kraft represented about 22 % of the total fur-
nish. Wood pulp was about 56 % of the total furnish, while 44 % was from other 
sources, including recycled fibre and non-wood fibres. Dominating pulp produc-
ers are the industrialized countries of the northern hemisphere, i.e. USA, Canada, 
Sweden, Japan and Finland. Finland and Sweden, in particular, largely rely upon 
the revenue from exports of pulp and paper products. This is due to the high 
"nativeness" of these products, i.e. very little import is needed in order to sup-
port the production. 

The expansion of pulp production in Finland can be illustrated by data from 
1980 (FAO 1987) and 1993 (Association of the Finnish Forest Products Industries). 
In 1980, the production of bleached kraft pulp (sulphate and sulphite) was 3.1 Mt 
(million tons). In 1993, the kraft pulp production was 6 Mt. A further national 
increase is expected during the rest of the 1990s. Internationally the trend is like-
wise expected to increase and the total increase in paper furnish demand is esti-
mated to be about 90 million ton before year 2010. Recycled fibre is expected to 
cover over 50 % of the increase. 

The pulp and paper industry has historically been considered a major con-
sumer of natural resources, including water, and a significant contributor of pol-
lutant discharges to the environment (Folke 1991). However, pulp and paper mills 
have the potential of being environmentally friendly industries, working on a 
sustainable basis (Folke et al. 1991). The raw material is a renewable resource; no 
external energy is needed ( chemical pulp); it is possible to recycle or recover ener-
gy from the products, thereby avoiding a solid waste disposal problem. 

During the period between 1945 and the 1960-1970s the pulp and paper in-
dustry caused substantial waste water discharges into receiving waters. The ef-
fects observed were sometimes of dramatic character with oxygen depletion and 
fish kills. The reasons for such effects were the high discharges of oxygen con-
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suming suspended and dissolved solids, which exhausted the dissolved oxygen 
available, especially in water bodies with limited effluent dilution capacity. From 
the end of the 1970s until recently, the main emphasis was put on the role of 
chlorinated substances formed in the bleach plant. This was due to the fact that 
some synthetic chlorinated organic substances such as PCB's and DDT have been 
found to accumulate in the aquatic organisms and cause, for example, impair-
ment of reproduction in organisms at the top of the food web. As a consequence, 
all chlorinated organic substances were regarded, in the public discussion, as man-
made, non-degradable, bioaccumulative and hazardous to biological systems. 

For the pulp industry, the public concern, mainly driven by NGOs (non-
governmental organizations), about the potential environmental hazard imposed 
by the use of chlorine in the bleach plants has brought about a drastic decrease in 
the use of elementary chlorine as a bleaching chemical during the last decade. 
The environmental control authorities in many countries, including Sweden and 
Finland have set severe restrictions on the discharges of chlorinated organics 
measured as AOX (Adsorbable Organic Halogen) into the aquatic environment. 
In Sweden the Swedish EPA's limit 1.5 kg AOX/t pulp came into effect in 1992 
and in Finland the a limit of 1.4 kg AOX/t pulp becomes the official limit in 1995. 
Several countries have even proposed a complete elimination of AOX-discharg-
es, apparently based on the belief that AOX is solely of anthropogenic origin (Le-
htinen 1992). In reality the goal of 1.4 kg AOX/ t pulp has already been outdis-
tanced by the industry in Finland and Sweden. The AOX-discharge in Sweden 
was 0.6 kg/t pulp in 1992 and in Finland in the beginning of 1994 0.4 kg/t pulp 
(Association of the Finnish Forest Products Industries) (Figure 1). 

This was achieved by a combination of several measures: First of all the use 
of elementary chlorine has been replaced by chlorine dioxide and introduction of 
other oxygen-containing chemicals such as molecular oxygen, peroxide and ozone. 
In 1980 the use of elementary chlorine in Finland was about 200 000 tons, whereas 
the use in 1993 had dropped to about 20 000 tons. At the same time the consump-
tion of chlorine dioxide increased from 60 000 tons in 1980 to about 150 000 tons in 
1993. Oxygen as bleaching medium had increased from zero to about 50 000 tons 
during the same time period. Another contributing factor to the decreased emis-
sions of AOX into Finnish receiving waters is the installation of external treat-
ment plants of different designs. In 1994, 26 forest industrial sites had activated 
sludge treatment plants, four had aerated lagoons and two sites had anaerobic 
effluent treatment in operation. Finally, most mills have decreased their waste 
water emissions by increased closure of the processess, improved spill control, 
sewer design, handling of condensates and improved process control (Owens & 
Lehtinen, 1995 in press). The waste water discharges within the Finnish forest 
industry decreased nearly 2/3 from 1 800 000 m3 /yr in 1973 to 650 000 m3 /yr in 
1993. 

In order to comply with market and environmental demands the current 
trends within the pulp and paper industry, at least in Scandinavia and Canada, is 
towards increased closure of the bleach plants either by using ECF (Elementary 
Chlorine Free) or TCF (Totally Chlorine Free) bleaching of the pulp. 

Whereas the environmental impacts of ECF pulp bleaching, as well as other 
bleaching technologies, have been extensively investigated, comparably little is 
published about TCF pulp bleaching in the open literature (Kovacs et al. 1995). 
The development of TCF pulp bleaching technologies was brought about more 
by NGO-driven concerns than scientific evidence regarding the potential effects 
of the chlorinated substances formed in the bleach plants in the 1980s. In Sweden, 
the rapid transformation of the pulp bleaching process technology during the last 
decade was, in fact, mainly driven by a series of scientific rebounds, such as over-
interpretation and, in some cases, misinterpretation of the scientific material re-
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Figure I. Total organically bound chlorine load expressed as AOX from Finnish pulp industry 
between 1986-1994. 

garding environmental impacts (Landner et al. 1994a). The most prominent steps 
in this series of events, which mostly was promoted by suspicions and concern 
rather than by scientific evidence, were pointed out by Landner et al. (1994a) ac-
cording to the following: 

• The most dramatic environmental damage hitherto demonstrated in a pulp 
mill effluent receiving water was the disappearance of the bladder-wrack com-
munity within a 12 km2 area outside the Monsteras pulp mill in the 1980s (Lind-
vall & Alm, 1983). By a series of mainly mesocosm experiments, it was shown 
that the most important reason for the damage was an inorganic chlorinated sub-
stance, i.e. chlorate (Rosemarin et al. 1986; 1994; Lehtinen et al. 1988). The in-
creased disharges of chlorate in their turn were due to the introduction of im-
proved environmental technology, namely partial exchange of elementary chlo-
rine for chlorine dioxide. 

• The occurrence of biological effects in pulp mill effluent receiving waters 
was established through a series of observations on malformed fish, and later, 
physiological changes as well as reproduction disturbances in fish (Andersson et 
al. 1988; Sandstrom et al. 1988). Consequently, it was unequivocally shown that 
biological effects occurred in waters receiving effluents from bleached kraft mills 
using chlorine bleaching. However, no attempts to distinctly connect observed 
effects to exposure to one or several chlorinated organic compounds were made. 
Furthermore, it was later shown that the most thoroughly studied effluent receiv-
ing area during the period of investigation (1984-1985) was also exposed to high 
discharges of black liquor, washing losses and residual acid as well as contami-
nated sludges. These events make a connection between cause and effects ex-
tremely uncertain. 

• The stringent demands on reducedAOX-emissions from the Swedish pulp 
industry may therefore be considered to have been set by "precautionary rea-
sons" and not as a consequence of scientifically established damage caused by 
chlorinated organic substances occurring in receiving waters. This condition was 
also pointed out by Sodergren (1988) in the summary from the Swedish EPA project 
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"Environment-Cellulose I": Despite the fact that no specific chlorinated organic 
compounds were possible to relate with observed effects in the receiving water, 
their mere presence are a matter of concern, above all considering what is previ-
ously known about chlorinated compounds with similar properties. That this 
chlorinated material might reach a large scale distribution is as well unaccepta-
ble, since in such case a reduction or remediation of possible damage would be 
impossible". 

• Thus, it may be concluded that the possibly largest industrial process re-
structuring performed in a short time within the Swedish industry- and followed 
by the Finnish and Northamerican industry - largely was done on the basis of 
unproven suspicions. Furthermore, recent investigations have shown that some 
of the effects observed in fish, that previously were connected to chlorinated com-
pounds, as a matter of fact, can be produced at exposure to other, non-chlorinated 
compounds present in pulp mill effluents (Lindstrom-Seppa et al. 1992a; O'Connor 
et al. 1993; Lehtinen et al. 1993). Nevertheless, the elimination of chlorine as a 
bleach chemical in the pulp industry has brought about a positive environmental 
effect. This is mainly due to the strong reduction of the chloride content of the 
effluents, which has allowed a closure of the mill system and recycling of the 
bleach plant effluent back to chemical recovery system of the mill. Thereby, also 
the unchlorinated toxic compounds can be withdrawn from the discharges to the 
environment. 
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Pulp is produced by several methods (Solomon et al. 1993; Mccubbin 1983; Del-
linger 1980; Casey 1980; Beeland et al. 1979). These production techniques yield 
different products and by-products and are usually grouped into mechanical and 
chemical (sulphite and kraft) pulping. Mechanical pulping involves conversion 
of wood into fibres by physical or mechanical grinding, aided in some cases by 
heat, high pressure and/ or chemicals. Cellulose and lignin may also be separat-
ed by chemical methods where lignin is depolymerizing and dissolved. Chemical 
pulping is conducted by two processes, the sulphite process and the kraft (sul-
phate) process. The latter process dominates the industry because it more easily 
allows recovery of valuable chemicals and, as a result, minimizes discharges into 
the environment (Solomon et al. 1993; Kleppe 1970). Bleached kraft and thermo-
mechanical pulp are the grades that have been responsible for the recent growth 
of the wood pulp supply (Figure 2). 

In spite of environmental pressures and as a result of the major progress 
made so far,, the dominance of bleached kraft is predicted to continue (Falke et al. 
1993a). In the following discussion attention will mainly be paid to the bleached 
kraft process. 
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160~-------------------------, 
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Figure 2. Development of wood pulp supply (Source: FAO, 1992 and Falke et al. 19930). 
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2.1 Main features of conventional kra~ pulping 

2.1. I The pulping process 

The pulping process removes the lignin from the wood fibres by dissolving it in 
the cooking chemical solution (white liquor), thus uncovering the fibres. The lignin 
cannot be completely removed without harming the fibre material. The amount 
of residual lignin, or the delignification degree, is measured by the Kappa No. A 
high Kappa No. indicates high residual lignin in the pulp. This lignin has to be 
removed in the bleaching process. The higher the Kappa No., the higher the use 
of bleaching chemicals. 

From the 1950s onwards, some pulp mills changed from batch cooking to 
the continuous cooking method. This is done in a tall digester vessel where heat-
ed white liquor and wood chips flow countercurrently until the delignification is 
achieved at about the middle of the digester. The rest of the digester is used as a 
Hi-heat wash zone with counter current fibre/liquor flow (Falke et al. 1993a). 

The kraft process can utilize wood raw material from many different sourc-
es. The quality of wood has, however, a great influence on the properties of the 
end product. The quality of the finished pulp is the main criterion to determine 
the pulping conditions. The strength and Kappa No. of the pulp largely deter-
mine the provisions for high quality and clean pulp. The Kappa No. of the un-
bleached pulp will also influence the quality of the bleach plant effluent. A high 
Kappa No. to the bleach plant is closely related to the amount of AOX formed and 
the chemical charge (Annergren et al. 1987; Axegard 1989; Berry et al. 1991; Reeve 
& Earl 1989). 

2.1.2 Brown stock washing 

Washing of the cooked pulp is done with water to remove the dissolved organic 
material and the residual chemicals from the pulp. A continuous digester plant 
utilizes the Hi-heat wash zone in the digester plus drum washers or diffuser wash-
ers. Older mills often feature fairly high washing losses to the sewer from an open 
screening room. Washing results are largely determined by the efficiency of the 
equipment used and the amount of water applied. The washing results are im-
proved as the wash water amount is increased. However, the evaporation de-
mand will be increased. 

The dry solids lost to the sewer in the unbleached area has a significant im-
pact on the brown stock area effluent discharges. Typically the black liquor dry 
solids lossess correspond to 0.3 kg BOD/kg ds. and 1.1 kg COD /kg ds. (Falke et 
al. 1993a). 

The black liquor carryover to the bleach plant impacts the bleach plant chem-
icals consumption and the bleach plant effluent quality. 

2.1.3 Pulp bleaching 

The purpose of bleaching is to remove the residual lignin from the unbleached 
pulp and to make the pulp more white and bright according to the quality speci-
fications. 

Several bleaching chemicals are being used in the industry. The common 
bleaching chemicals together with their letter symbols in the bleaching sequence 
are: 
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Symbol Chemical Symbol Chemical 

C Chlorine z (03) Ozone 
D Chlorine dioxide E Sodium hydroxide 
H H ypochlori te X Enzymes 
0 Oxygen Q Chelating agents 
p Hydrogen peroxide A Acid 

Source: Falke et al. 1993a 

Different chemicals react with the pulp lignin in different ways. The chemi-
cals can be divided into three groups (Falke et al. 1993a, Poppius-Levlin 1992): 

I Cl2, 0 3 and Hp 2 ( under acid conditions) 
• react with all aroma tic lignin units 
• electrophilic reaction 

II 0 2 and ClO2 
• react mainly with units possessing free phenolic hydroxy groups, 
• electrophilic reaction 

III H 2O2 (under alcaline conditions) and NaOCl 
• react mainly with carbonyl groups in lignin 
e nucleophilic reaction 

Bleaching is carried out as a continuous process by alternating between del-
ignifying stages (using any of OCDHPZ) and dissolved material extracting stag-
es (E).Sometimes the extraction may be combined with delignification (0 and/ or 
P). 

A conventional bleach plant may feature five or six stages such as the se-
quences (CD)EDED or (CD)EHDED. The latter sequence is today being used in 
North America to some extent, while in Scandinavia (and in many mills in North 
America, too) the hypochlorite has been essentially abandoned. Letters in brack-
ets indicate that several chemicals are used in the same stage. It became a com-
mon practice in 1980s to substitute part of the chlorine with chlorine dioxide in 
the first bleaching stage. The amount of chlorine replaced is referred to as the 
degree of chlorine dioxide substitution. Today chlorine gas is practically com-
pletely replaced with chlorine dioxide in Scandinavia. 

Another important parameter that is necessary to understand is the active 
chlorine, which refers to the amount of chlorine or other compounds that are 
applied given as equivalent chlorine used in the bleaching. 

The active chlorine equivalents are: 

• for chlorine 
• for chlorine dioxide 
• for hypochlorite 

1 kg active chlorine /kg Cl2 

2.63 kg active chlorine/kg ClO2 

0.95 kg active chlorine/kg NaClO 

Figure 3 illustrates the fibre line of what may be considered as a "conven-
tional" bleached kraft pulp mill. There is a small amount (30 % of active chlorine) 
of ClO2 added to the chlorination stage, i.e. the ClO2 substitution degree is 30 %. 
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Figure 3. Conventional bleach plant ~owsheat. (Source: Duoplan Oy in Falke et al. 199 Ja). 

2.2 Replacement of chlorine with chlorine dioxide -
discharge benefits 

The driving force within the pulp industry for increased substitution of chlorine 
with chlorine dioxide, as well as an increased use of other oxidative chemicals 
(peroxide, ozone and oxygen), is external demands on decreased emissions of 
mainly chlorinated organics (Lehtinen 1992). In order to understand the incentive 
for an increased use of chlorine dioxide instead for chlorine, the differences in the 
fundamental chemistry of these two chemicals in the bleaching need to be de-
scribed. Bleaching with chlorine-containing agents involves the chlorine atom at 
different oxidation levels (Solomon et al. 1993). Table 1 shows various inorganic 
chemical species involved in bleaching and the oxidation level of the chlorine 
atom in each species. 

Table I. Inorganic chlorine species involved in bleaching (Scource: Solomon et al. 1993) 

Chemical species Formula Oxidation level of chlorine atom 

Chlorate ion c101· +5 
Chlorine dioxide CI02 +4 
Chlorite ion c102· +3 
Hypochlorite ion CIO· +I 
Hypochlorous acid HOCI +I 
Chlorine (12 0 
Chloride ion n -I 

The oxidation level of the chlorine atom in chlorine dioxide is +4, while in 
molecular chlorine the oxidation level of the chlorine atom is 0. Based on reduc-
tion to chloride ion which has an oxidation level of -1, there is a change of five 
oxidation levels in the case of chlorine dioxide and one oxidation levels in the 
case of molecular chlorine. Thus, chlorine dioxide is a much stronger oxidant 
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than chlorine. Since bleaching is essentially the oxidation of lignin, chlorine diox-
ide is therefore more effective for removing lignin from pulp by oxidation. 

Chlorine (Cl2), in addition to acting as an oxidizing agent, also acts as a chlo-
rinating agent. In the chlorination process, an organic molecule RH reacts with 
chlorine to give a chlorinated organic substance RCl and HCl: 

RH+ Cl
2 

RCl + H+ + c1-

In some cases, the group R is aromatic, resulting in a chlorinated aromatic 
compound. In the first bleaching stage, about half the chlorine applied to pulp 
combines with the lignin and the remainder oxidizes the lignin and is converted 
to chloride ion (Hardell & de Sousa 1977; Kempf & Denke 1970). 

Chlorine dioxide reacts differently with lignin. Radical mechanisms oxidize 
the lignin to muconic acid esters, thus breaking aromatic structures in the lignin. 
However, chlorinated derivatives may also be produced. Chlorine dioxide is nor-
mally considered to have 2.5 times the oxidative power of Cl2 on a mole to mole 
basis (see active chlorine equivalents above). This is correct in a case where the 
total oxidation capacity of the compounds is effectively expressed. Sometimes 
small amounts of chlorine may be produced from the chlorate precursor, particu-
larly with older chlorine dioxide generators (Kolar et al. 1983; Ljungren et al.1992). 

A number of investigators have examined the impact of increased substitu-
tion of chlorine for chlorine dioxide on bleach plant effluents. Their studies show 
that substantial substitution of chlorine with chlorine dioxide reduces effluent 
colour, BOD, COD, chlorinated organics, and toxicity (Hardell & deSousa 1977; 
Donnini 1982; Donnini 1983; Axegard 1989; Annergren et al. 1987; Bryant & Amy 
1988; Gergov et al. 1988). A few years ago a higher degree of substitution was 
considered to adversely affect the economy and quality of pulp. Today, the use of 
100% chlorine dioxide is possible, if part of the delignification needed for full 
pulp brightness is transferred from the D-stage to the following extraction stages 
and these are enforced by oxygen and peroxide (McCubbin et al. 1992). Forma-
tion of chlorinated phenolics is known to increase when chlorine dioxide substi-
tutes chlorine in the range of about 20-50% substitution ( du Manoir & Dubelsten 
1989) (Figure 4). Still higher substitution lowers the formation of chlorinated phe-
nolics (Dahlman et al. 1993a; O'Connor et al. 1993). 

50 

Chlorinated Phenolics g/ADI 

Hardwood Kraft 
,,,,,..,,,,.~----.... ........... --- -- '-......_ 

O-delign. softwood kraff- - ......_ - ......_ _......_ 

25 50 75 
CIO2 Substitution % 

Figure 4. Change in formation of chlorophenolics as a result of chlorine substitution for chlorine 
dioxide. (Source: Falke et al. 199 Ja orig. du Manoir & Dubelsten 1989). 
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The organic material in the effluents from mills producing bleached pulp is 
composed of a very complex mixture of substances varying in chemical structure 
and molecular weight (Axegard et al. 1993). These substances originate mainly 
from the wood raw material: polysaccharides, lignin and extractives. The amount 
of organic material in a total pulp mill effluent depends to a large degree on the 
Kappa No. of the pulp entering the bleach plant, but also on unit operations in 
other parts of the mill (wood debarking, brown-stock washing liquor, conden-
sates). Different brownstock kappa No.s together with the chlorine multiple have 
also an influence on the amounts and degree of chlorination of chloroguaiacols 
(Figure 5). The lower the chlorine multiple the lower formation of highly chlorin-
ated phenolic compounds. 

Since the middle of the 1980s it has been known that chlorine-based pulp 
bleaching involves formation of polychlorinated dioxins (PCDDs) and furans 
(PCDFs). During the late 1980s, the production of PCDDs/PCDFs was found to 
be a result of contamination of the pulping liquors with dibenzo-p-dioxin and 
dibenzofurans that subsequently reacted with chlorine in the bleaching stages 
(Voss et al. 1988). 

Although chemicals that can be converted into chlorinated dioxins and furans 
are widely distributed in the environment, the major source of precursors was 
identified as defoamers made from oils with high aromatic content (Berry et al. 
1991). Substitution of chlorine for chlorine dioxide, improved brown stock wash-
ing, reduced Cl2-factor and stepwise chlorine addition practically totally elimi-
nated the formation of PCDDs and PCDFs in pulp bleaching plants as shown in 
Figure 6. 

Chloroguaiacols 
g/ADt 

10 

5 

Koppa No 28.2 
Koppa No 18.2 
Koppa No I 0.2 

0.05 

DCG 

0.10 

TeCG 

-TeCG 

0.15 0.20 0.25 
Molecular Chlorine Multiple 

Figure 5. Formation of chloroguoiacols vs. molecular chlorine multiple for different Koppa 
No.s (Source: Falke et al. 199 Jo). DCG = dichloroguoiocol; TCG = trichioroguoiocol; TeCG = 
tetrochloroguoiocol. 
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Figure 6. Effects of chlorine dioxide substitution on TCDDITCDF levels in bleach plant 
effluents.(Source: Falke et al. 199 Ja). 

The substitution of chlorine gas for chlorine dioxide and other bleaching 
chemicals in modern processes have decreased the discharges of AOX and organ-
ic material measured as COD considerably (Table 2). High AOX values, up to 7 
kg/t pulp, used to originate from old kraft mills with high chlorine use in the first 
bleaching stage and without oxygen delignification.AOX loads ranging from 0.1-
1.0 kg/t pulp have been reported for kraft mills using chlorine dioxide but no 
chlorine in the bleaching process (Brunsvik et al. 1989, 1991). The variation de-
pends on differences in cooking, bleaching and effluent treatment technology. 
Important measures to reach low AOX levels (below 0.2 kg/t pulp) are extended 
cooking, oxygen delignification, low chlorine multiple bleaching ( < 0.15), elimi-
nation of chlorine gas as a bleaching chemical and secondary effluent treatment 
(Axegard et al. 1993). 
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Table 2. Typical discharges of COD and AOX from various standard processes for production of bleached softwood 
kraft pulp of ISO-brightness 88-90%. AL= aerated lagoon, AS= activated sludge treatment. (Source: Axegard et 
al.1993). 

Year 

1970 

1980 

1990 

1993 

Process 

CEHDED 

0((90+ DI O)EDED 

O(D50+C50)(EO)D(EP)D 
+ AL or AS 

Modified cook 
OD(EOP)D(EP)D 
OQP, OQPZP, OAZQP 
+ AL or AS 

COD kg/tp 

IOO 

55 

45 

25 

2.3 Totally chlorine free bleaching, TCF 

AOX kg/tp 

1 

1.5-2.0 

< 0.2 

Due to market demands for products bleached without use of chlorine compounds 
(TCP-techniques), considerable research efforts have recently been directed to find 
methods to replace chlorine dioxide as well (Axegard et al. 1993). The main TCF-
chemicals used are hydrogen peroxide and ozone. Prolonged selective delignifi-
cation down to Kappa numbers of about 10 for softwood kraft pulps has facilitat-
ed the use of these chemicals. 

Hardwood kraft pulps can be bleached to full brightness, and several mills 
use this technique. Sofar, 85-88% ISO-brightness has been obtained in full-scale 
production (Axegard et al. 1993). It is technically feasible to recycle most effluents 
from TCF bleaching to the recovery system, where it is reasonably safe to assume 
that all organics will be effectively destroyed. However, the mills practicing TCF 
pulp bleaching have not generally recycled these effluents, although they report 
a long term objective of doing so (Folke & Renberg 1994). 

The rapidity of acceptance of ultra-low chlorine and TCF pulp bleaching in 
Scandinavia, without recovery of bleach plant effluents, to accomodate customer 
and regulatory demands to eliminate AOX discharges, demonstrate the weak-
ness of a zero AOX regulation. The TCF operations in Scandinavia have probably 
eliminated AOX discharges, with little or no environmental benefit relative to 
prior operations, and may even be discharging effluent which is more toxic than 
that from a modern bleach plant with high chlorine dioxide substitution and ex-
tended cooking or oxygen delignification (Folke & Renberg 1994; Kovacs et al. 
1995). 

TCF sequences involving peroxide necessarily lead to the discharge of EDTA, 
DTPA or similar metal chelating agents. According to Walterson & Landner (1993) 
it may be concluded that the various results show that free EDTA and metal com-
plexes of EDTA are susceptible to biodegradation under aerobic conditions. Al-
though the rate of biodegradation is too slow to ensure efficient removal during 
biological treatment of sewage (high content of amino acids and sugars may play 
an important role), EDTA and its complexes will not persist indefinitely in receiv-
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ing waters and soils. More information is, however, needed to estimate the extent 
of EDTA's partitioning to sediments as well as the extent and role ofbio-/photo-
degradetion under environmental conditions. The use of different chelating agents 
in the Finnish pulp and paper industry is presented in Table 3. 

Table 3. The use of different chelating agents, t/a, in the Finnish pulp and paper industry in 1994. (Source: Finnish 
Environment Agency, 1994). 

EDTA OTPA Others 

Bleached kraft pulp 884.5 2 080.0 0 
Bleached mechanical pulp I 978.5 2 189.1 60 
Deinking 0 285.0 58.2 
Other use 32.S 0 0 

TOTAL 2 895.5 4 554.I 118.2 

2.4 lndreased mill closure 

It is often stated that TCF pulping is on the track to be the closed cycle bleach 
plant (Pulp & Paper Canada, Report 1993). Several authors have suggested that 
ECF pulping can achieve the same (Stromqvist 1994). In both cases, non-process 
elements brought in with the wood are dissolved from the pulp. These elements 
include silica, aluminium, manganese and potassium each of which must be bal-
anced by installation of additional "kidney" functions. The spent bleach liquor 
cannot just be recycled to the recovery system. For ECF pulp, an additional chlo-
ride "kidney" must be installed. 

Chloride removal is a major problem, and the only full-scale closed process 
yet installed (Thunder Bay, Ontario, in the 1970s) has failed, despite considerable 
research and investment. However, modern ECF bleach sequences such as the 
relatively widely used ODEoDED discharge only about 20% of the chloride com-
mon in the traditional CEDED and similar bleach sequences (Folke & Renberg 
1994). Once the chloride is removed, the ECF mill is facing the same problems 
with trace metals, scaling and maintaining the hydraulic balance in day to day 
operations as a TCF mill attempting to operate with a similar degree of closure of 
the water system. At present, both ECF and TCF appear to be viable routes to-
wards substantial reduction of the environmental effects of mills. The degree of 
recovery achieved of the organic substances will be more important than the 
bleaching sequence used (Falke & Renberg 1994). 

2.5 External treatment 

Biological treatment is the dominating external treatment method for pulp mill 
effluents. The methods used are almost exclusively either activated sludge or aer-
ated lagoon type installations. Some sulphite mills and mechanical pulp mills use 
anaerobic treatment methods. Chemical treatment is applied in some mills after 
the biological treatment of effluents mostly for color removal. 
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In the aerated lagoon, the effluent is aerated for several, up to 12-15 days. 
The concentration of micro-organism is low, which means that a long reaction 
time is needed. Prior to the lagoons the effluent is typically clarified and neutral-
ized to a pH suitable for the micro-organisms. The lagoon is aerated usually by 
surface aerators although submerged aerators with central air blowing system 
have been used in some cases. 

In an activated sludge treatment system the biosolids' concentration in the 
aeration pond is maintained high by recycling the biosludge to the feed. The sys-
tem typically consits of a primary clarifier, an aeration basin (reactor) and a sec-
ondary clarifier. Effluent pretreatment normally includes a neutralization system, 
a nutrient control and in some cases a process effluent cooling system. Biological-
ly active sludge is separated from the aerated effluent in a secondary clarifier. 
Most of the biological mass is returned to the feed and combined with process 
effluent. The excess sludge is taken to the sludge thickener and pressed combined 
with the primary sludge. The pressed sludge is disposed either by incineration or 
landfill. 
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An assessment of the environmental hazard of substances contained in pulp mill 
effluents normally involves three different exercises, i.e. exposure, effect and eco-
system analyses (OECD, 1982; Landner 1988; Landner 1989). Exposure analysis 
involves the identification and analysis of contaminants, and a determination of 
the environmental fate of substances. Effect analysis is concerned with toxic ef-
fects of chemicals and physical agents on living organisms, especially on popula-
tions and communities within defined ecosystems. It includes the identification 
and determination of acute and chronic environmental toxicity and all effects on 
living species such as mortality, fecundity, histopathological effects, enzymatic 
changes, and other physiological effects (Falke et al. 1993a). 

Chemical and physical characterization of pulp mill effluents is involved in 
the exposure analysis. This field is discussed in section 4. The effect analysis is 
made in section 5. In this section, the methodologies applied at the effect analysis, 
are discussed. 

Biological characterization is the relevant measure to define the occurrence 
and extent of environmental impacts on aquatic organisms (Owens & Lehtinen, 
1995 in press). The biological characterization can be divided into four organiza-
tional levels: community, population, whole-organism measurements, and with-
in-organism measurements. A community is the close interaction of species such 
as: a) organisms living on or in the bottom sediment, the benthic community, or 
b) the near shore areas of water bodies, the littoral community. A population is 
the group of individuals from a single species which inhabit the site. Communi-
ties and populations are the biological measurements where adverse effects are 
considered meaningful and to require remediation. The third and the fourth or-
ganizational levels are, respectively, a) whole-organism or individual measure-
ments such as weight and length and b) within-organism measurements (where 
further subdivisions are: organ, tissue, cellular, subcellular, and molecular). 

Certain changes at these lower organizational levels are not fatal and are 
referred to as sub-lethal. The use and interpretation of many whole-and within-
organism endpoints (biomarkers) are currently the subject of intense study and 
debate among ecotoxicologists. These endpoints may or may not be connected 
with meaningful changes at higher levels of organization, so their relevance and 
meaning are currently uncertain. 

3.1 Single-species tests 

A toxicity test in laboratory uses a uniform population of a selected species, a 
series of effluent concentrations, a set time, and then measures a relevant end-
point such as mortality, growth or reproduction. The end result is the median 
concentration which is lethal to 50% of the test population (LC50) or where a 
biological response reaches half of its maximum intensity (EC50). The inhibition 
concentration (IC25) is a more sensitive endpoint, where a response reaches 25% 
of the maximum (Owens & Lehtinen, in press; McLeay 1987). 
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By definition, acute toxic effects are those which occur within a relatively 
short period of time (usually between 48 or 96 h). These effects may be lethal 
(death within short-term exposure) or sublethal, depending on the strength of the 
toxicant and on the tolerance of the test organism. It is noteworthy that the litera-
ture often and also incorrectly equates the term "acutely toxic" with acutely le-
thal, ignoring acute sublethal toxic effects (McLeay, 1987). 

Both the Scandinavian and North American countries have developed and 
promulgated as regulatory tools single-species, mostly freshwater, toxicity tests 
using fish (fathead minnow, Pimephales promelas, rainbow trout, Oncorhynchus 
mykiss, zebra fish, Brachydanio rerio ), water flea, (Daphnia magna or Ceriodaphnia 
dubia), green alga, (Selenastrum capricornutum),luminescent bacteria (Vibrio fish-
eri), to mention the most commmonly used tests. Single-species tests omit several 
exposure routes for toxic substances (food sources, sediment contact and inges-
tion, and potential environmental transformation of effluent components) and 
critical endpoints such as fish reproduction. 

3.1. I Acute and short-term bioassays with fish 

Laboratory methods for measuring the acute lethal toxicity of effluents to fish 
have been established and have been in common use since the 1950s. Specific 
procedural details for conducting these laboratory bioassays have been published 
(Nordforsk 1982; OECD 1981; Sprague 1969) and national and international stand-
ards for acute toxicity test are published in ISO- and SFS-catalogues (ISO 1995, 
SFS 1994). 

Rainbow trout is routinely used as a test fish in Scandinavia, Canada and 
northern U.S. states where waters receiving pulp mill effluents are cool. In warm-
er climates, warmwater fish species (i.e. fathead minnows, golden shiners, Note-
migonus crysoleucas, bluegill sunfish, Lepomis macrochirus) are employed. 

The LC50 bioassay involves placing groups of fish (usually ten per concen-
tration) in a range of concentrations of effluent, diluted with freshwater (to which 
the fish are acclimated), and observing their survival throughout a 96-h test peri-
od. Based on the percentage survival of fish at various effluent concentrations, 
the median lethal concentration is calculated. Since effluent dilutions are normal-
ly on a volume-to-volume basis LC50 values are expressed as percentage effluent 
(% v /v). The higher the LC50 value, the less its toxicity, i.e. the higher the concen-
tration the fish or other aquatic organism can tolerate. Samples of effluent identi-
fied as "non-toxic" are those in which more than half (50%) of the test fish ex-
posed to full-strength effluent for 96-h survived (McLeay 1987). 

A number of test variables, controlled or uncontrolled, can influence ( often 
markedly) LC50 values. For instance, untreated or clarified pulp mill effluent sam-
ples appear to be from two to four times more toxic if test solutions are renewed 
(semi-static or continuous flow tests) during the bioassay (Loch and MacLeod 
1974; Walden et al. 1975). Inter- and intralaboratory LC50 or other lethal bioassay 
results for samples of pulp mill effluents may also differ due to variations in the 
overall condition and tolerance of fish stocks, differing fish-loading densities and/ 
or aeration rates, and sample pH, etc. (McLeay 1987). The use of replicate (dupli-
cate or triplicate) bioassay tests with the same effluent sample enables an under-
standing of the validity and reproducibility of the intra-laboratory test results 
(Sprague and Fogels 1977). However, as a cost-saving measure, bioassays con-
ducted for routine monitoring or even legal purposes are often not replicated. 
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3.1.2 Toxic Unit concept 

"Toxic units" were originally proposed as a method for expressing the toxicity of 
chemicals or effluents to fish in terms related directly to the concentration of tox-
icants (Sprague and Ramsey 1965; Sprague 1971). According to this concept, one 
toxic unit (TU) corresponds to the concentration of chemical(s) or effluent dilu-
tion which kills 50% of the test fish within 96 h, i.e. 1 TU= 96-h LC50. Using this 
approach the "amount of toxicity" in a particular effluent is expressed in terms of 
toxic units, as follows: 

TU= 100% 
96-h LC50 (%) 

For example, an effluent with a 96-h LCS0 value of 20% (v /v) contains 5 TU, 
whereas a more toxic sample would contain a correspondingly higher number of 
toxic units (i.e., for a 96-h LCS0 of 4%, TU= 100/ 4 or 25). The advantage of this 
approach is that toxic values increase directly and linearly with toxicant concen-
tration, known or otherwise, whereas this is not so for other bioassay values 
(McLeay 1987). 

The toxic unit concept is useful to assess the quantity of toxicity discharged 
daily by a particular pulp mill or other industrial/municipal plant, where the 
toxicity emission rate (TER) is: 

TER = TU x daily discharge volume (m3 / d) 

This approach is also useful for comparing the relative quantities of toxic 
material (sometimes referred to as toxic loading) discharged daily to the environ-
ment by various industries or mills with differing processes/treatment systems 
and water use etc. TER calculations provide a means to compare and assess rela-
tive differences in toxic loadings discharged daily to the environment by one or 
more mills. Such comparisons are not possible where discharge volumes are ig-
nored and implications of the potential environmental impact of these discharges 
are restricted to a consideration of the effluent samples' LCS0 values. Additional-
ly, monitoring or regulatory guidelines based on TER values eliminate any at-
tempt to meet discharge requirements merely by effluent dilution (McLeay 1987). 

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

TEF = TU x daily discharge volume per unit of production (m3 / ADt) 

The toxic unit concept has been used to assess the relative contribution of in-
plant subprocess streams to overall toxicity of the final effluent discharge. This 
approach assumes that the toxic contributions of individual process streams are 
additive when the streams are combined. Toxicity-balance studies have demon-
strated that this was not always the case (Bruynesteyn, 1977; Metikosh 1979). 

Toxic units have also been used in attempts to develop a chemical approach 
for predicting the acute lethal toxicity (to fish) of pulp mill effluents (Leach et al. 
1979; Holmbom & Lehtinen 1980; Leach & Chung, 1980). According to this ap-
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proach, the concentration of each individual toxicant in the effluent is determined 
by chemical means. Then the toxic contribution (TU) of each of these toxicants is 
calculated as follows (Leach et al. 1979): 

concentration of constituent in effluent 
TU=-------------

96-h LCS0 of constituent 

The sum of the toxic unit contributions of the various individual toxicants is 
taken as the overall toxicity of the solution. Holm.born & Lehtinen (1980) deter-
mined that, for 7 of 12 mill subprocess samples examined, more than half of the 
toxicity of kraft bleach plant effluents was unaccounted for by chemical assay. 
Inasmuch as TU and TER values are derived from the results of LCS0 bioassays, 
these values are not absolute measures of toxicity (McLeay 1987). Rather, they are 
relative values, and are subject to the effects of those same controlled or uncon-
trolled test variables that influence the LCS0. The LCS0 bioassay's inability to 
demonstrate acute or chronic sublethal toxic effects is also integral in toxic unit 
and toxicity emission rate values. 

In summary, the LCS0 value and the toxic unit are quantitative yet relative 
(test-dependent) measures of the concentration and amount of toxicity, respec-
tively, which do not require that the identity or concentrations of the chemical 
constituents are known. Additional information is required before the biological 
impact of a particular discharge on receiving waters can be assessed. This in-
cludes an understanding of water chemistry, differing sensitivities of indigenous 
fish or other aquatic biota, and sublethal toxic effects caused by their acute or 
chronic exposure. Unless these variables are considered, LCS0, TU, TER or TEF 
values derived by bioassay tests with rainbow trout or other aquatic species (Voss 
et al. 1981) are subject to misinterpretation if used to assess the likelihood of lethal 
toxic effects within the environment. 

3.1.3 Acute and short-term bioassays with Daphnids 

Daphnia are freshwater micro-crustaceans (zooplankton) that commonly occur in 
cool or warm.water lakes and streams. These organisms often comprise a major 
source of food for juvenile salmonid and other small resident freshwater fish spe-
cies. Daphnids are easily cultured under laboratory conditions, and are now used 
routinely in Scandinavia, North America, and elsewhere for evaluating the aquatic 
toxicity of effluents and chemicals (OECD, 1984). Ceriodaphnia dubia is more and 
more used instead for Daphnia magna or Daphnia pulex. In Sweden also another 
zooplankton species, the brackish water harpacticoid species, Nitocra spinipes, is 
commonly used for testing effluents discharged into the Baltic Sea (Bengtsson 
1978). 

Standardized laboratory procedures and guidelines for measuring the acute 
toxicity for effluents or chemicals to Daphnia are available (for example OECD 
1984, SFS 1994). All these procedures are similar, except for some pertinent differ-
ences such as the source and characteristics of the diluent water and culturing 
media. The Daphnia bioassay has two specific advantages. It evaluates the toler-
ance of a fish-food organism to an effluent or discharge. Also, it is simple and low 
cost, requires a minimum of effluent sample, and is suitable for on-site evalua-
tions of in-plant toxicity or the efficacy of effluent treatment (Tunstall & Solinas 
1977; Schmaltz 1979; Cary & Barrows 1981; Donnini, 1981,1983; Voss et al. 1981). 

Basic test procedures are similar to those for the LCS0 fish bioassay, except 
that bioassay solutions are not aerated and exposures normally are for 48 hours. 
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Since death is difficult to discern for such small organisms, especially in a col-
oured effluent, the bioassay determines the median effective concentration (EC50) 
of effluent which causes complete immobilization of 50% of the exposed organ-
isms. 

3.1.4 Luminescent bacteria bioassay (Microtox) 

A number of bioassay tests using bacteria have been developed for rapid screen-
ing of the toxicity of aquatic contaminants (Dutka & Kwan 1981; Williamson & 
Johnson 1981; OECD 1984; Van Coillie et al. 1984). One of these luminescent bac-
teria bioassays, known also as "Microtox" (Beckman Instruments Inc.) has been 
examined with various chemicals and industrial effluents including pulp mill 
effluents (van Aggelen 1982; Blaise 1984; Mccubbin 1984; Ahtiainen et al. 1994; 
Priha 1995, in press). This test determines the median effective concentration of 
effluent or chemical which inhibits light production by the luminescent marine 
bacterium Vibrio fisheri. The concentration-dependent extinction of light output 
is thought to reflect the effluent's effect on cellular respiration, although the exact 
mechanism(s) is not understood (Chang et al. 1981). The principal desirable at-
tributes of the luminescent bacteria bioassay are its rapidity ( < 1 h) and small ( < 5 
mL) effluent volume requirements. 

Some instances of large intra- and inter-laboratory errors in reproducibility 
for Microtox assays with chemicals have been reported (Dutka & Kwan 1981). 
The quality of the bacterial cell suspensions was implicated. However, replicate 
tests with the same bacterial culture normally provide ECS0 values which deviate 
no more than 10% (de Zwart & Sloof 1983). A number of investigators (se McLeay 
1987, for references) have compared the Microtox assay with LCS0 fish bioassays 
or ECS0 tests with Daphnia or algae, using various diverse aquatic contaminants. 
In comparative bioassays with 15 chemicals, de Zwart and Sloof (1983) deter-
mined that, despite various inconsistencies, rainbow trout and Daphnia magna 
were, on average, 2.0 and 2.5 times respectively more sensitive than Microtox. 

3.1.5 Acute and short-term algal bioassays 

Diverse bioassays have been conducted to ascertain the effects of pulp and paper 
mill effluents on the production of freshwater algae i.e. aquatic organisms at the 
bottom of the food chain. Studies reported include bioassays with the green algae 
Selenastrum capricornutum, Ankistrodesmus falcatus and Scenedesmus sp (see McLeay 
1987). Algal bioassays, usually Selenastrum capricornutum, are nowadays routine-
ly included in short-term bioassays in countries like Sweden, Finland and North 
American countries. 

3.1.6 Sublethal responses to acute and prolonged exposure 

A number of different sublethal endpoints have been used to study the effects of 
exposure to pulp and paper mill effluents (Table 4). The overwhelming majority 
of the studies have been made on fish (McLeay 1987; Owens 1991), although some 
studies also include effects on other organisms such as mussels and crustaceans 
(Sodergren 1991, 1993). A summary of extended laboratory experiments has been 
compiled in Table 4. 
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Table 4. Compilation of endpoints measured at extended laboratory exposures. 

Species 

Pike (Esox lucius) 

Blenny (Zoarces viviparus) 

Sheepshead minnow 
(Cyprinodon variegatus) 

Rainbow trout 
(Oncorhynchus mykiss) 

Goldfish (Carassius auratus) 

Fourhorn sculpin 
(Myoxocephalus quadricornis) 

Bleak (Alburnus alburnus) 

Chinook salmon 
(Oncorhynchus tshawytscha) 

Endpoints 

egg mortality 

egg number and larval growth 

embryo and fry mortality 

larval survival, growth; energy 
metabolism; hematology; histopathology; MFO enzyme induction 

Sex hormone levels 

Skeletal deformities; vertebral 
biochemical composition; hematology; energy metabolism 

Skeletal deformities; vertebral biochemical composition 

mortality; growth; hypoxia and histology 

Bioassays determining effects on reproduction and fry survival of the zebra 
fish are commonly used in Finland and Sweden. Other studies have involved 
histological and morphological changes in salmonid fish. By means of histopatho-
logical studies structural changes and lesions in tissues are determined. In addi-
tion to histological damages studies of the effects on the physiological and bio-
chemical level have been conducted (Lehtinen 1995, in press; Owens 1991). 

3.2 Predictability of single-species tests 

Presently environmental regulators, for their decisions, largely rely on data com-
bined from a set of different single-species toxicity tests with different end-points 
(Cairns & Niederlehner 1987). Such species, used for toxicity testing in the labo-
ratory, are frequently claimed to represent the most sensitive species. Thus, no 
observable effect concentrations for these species would be considered safe for 
the whole ecosystem. This kind of view has been challenged by scientists during 
the last decade (Cairns 1983; Cairns & Niederlehner 1987; Cairns et al. 1992; Cross-
land & LaPoint 1992). 

Cairns (1983) has questioned whether single-species tests can be reliably used 
to predict responses at other levels of biological organization. Probably less than 
1 % of all freshwater species can be maintained in the laboratory sufficiently well 
to fulfill the requirement that no more than 10% of the control organisms expire 
during the tests. Thus, it seems unlikely that the most sensitive species are select-
ed for testing. There are a number of other factors complicating extrapolation of 
laboratory results to the ecosystem. Especially in arctic/boreal regions the condi-
tions in the laboratory do not resemble those in nature very much (both in terms 
of species and physical-chemical conditions). The laboratory test is based on strictly 
controlled physical-chemical conditions (static temperature, static oxygen level 
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etc.). The strictly controlled experimental conditions are at the same time a pre-
requisite in order to gain comparable data from tests with other toxicants. Such 
tests certainly defend their position if the original objective was to rank the rela-
tive toxicity of different toxicants or waste waters, but the scientific justification 
of using single-species tests to predict changes in competition, predation, com-
munity function, ecosystem energy-flow and nutrient cycling, is questionable 
(Cairns 1983). 

Cairns et al. (1992) also state that test species are often selected on the basis 
of their adaptability to laboratory conditions rather than on their occurrence in 
ecosystems. Species vary greatly in their sensitivity to a particular stress, and clearly 
no one species is "most sensitive" in all cases (Cairns & Niederlehner 1987; Cairns 
1983). Testing with a series of species representing different taxonomic and func-
tional groups allows for effect concentrations to be more precisely estimated. How-
ever, even the use of multiple, single species tests do not allow for effects on high-
er level processess (e.g. biomagnification, competition etc.) to be directly evaluat-
ed. 

Conditions under which laboratory tests are conducted are different from 
the natural environments in several ways (beside geographical differences). Spe-
cies are tested in the absence of competitors, predators or parasites that may re-
duce individual health and/ or fitness. Individuals chosen for testing are those 
deemed to be free of diseases or other conditions (e.g. resource limitation), which 
might increase susceptibility to stress under natural conditions (Cairns et al. 1992). 

Kock and Kuiper (1981) and Lundgren (1985) have summarized some in-
stances where single-species laboratory tests fail to provide enough information 
to predict ecosystem effects: 

There is a difference between the dose introduced under laboratory condi-
tions and the dose reaching the biota under natural conditions, which among 
other things depends on: 

• difficulties regarding the chemical form of pollutants, as modification of 
substances may take place; 

• differences between the duration of many laboratory routine tests (often 
48 or 96 h) and the much longer time scale for the action of persistant pol-
lutants in nature. This is especially important for organisms with long life 
cycles; 

• the unrealistically high concentration of pollutants applied to establish eas-
ily measurable (e.g. LCSO values), whereas in nature sublethal effects at 
much lower concentrations may have significant consequences. 

• the testorganisms are not feeding on natural food items in the laboratory 
test, thus omitting one potentially important exposure route. 

Single-species tests may be used for rapid screening of the toxicity of waste 
waters and chemicals. When combined with proper evaluation of chemical prop-
erties of substances and waste waters, they supply information on what may need 
further testing. As such they form the first tier in a multi-tiered assessment pro-
gram consisting of a) short-term laboratory bioassays, b) medium-term laborato-
ry studies at environmentally relevant concentrations focussing on sensitive life-
stages of the test organisms (Neilson et al. 1990), c) model ecosystem studies un-
der controlled environmentally realistic conditions and d) field studies consist-
ing of both monitoring and specific evaluative studies in the receiving waters 
(Tana et al. 1994). 
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3.3 Multi-species testing, model ecosystems 

Different types of both freshwater and marine model ecosystems have been used 
to evaluate effects of pollutants (see Lundgren 1985, for references). In the begin-
ning of the 1980s, a systematic research of bleached kraft mill effluent impact in 
multi-species model ecosystems simulating the Baltic Sea littoral zone was initi-
ated (Rosemarin et al. 1990a; Lehtinen et al. 1991). The reasons behind the appli-
cation of the model ecosystem technique was an increased awareness of the fact 
that predicting environmental impact is not possible by only using single-species 
tests, which describe effects on individuals of one species. In order to obtain rele-
vant, and for the environment more realistic data, a broader understanding of the 
structure and function of the ecosystem is needed. This includes an understand-
ing of both direct effects of pollutants and indirect effects (responses) elicited by 
changes in species interactions under polluted conditions. 

Model ecosystems may be defined as simplified copies of natural, or parts of 
natural ecosystems. An ecosystem consists of the physical environment formed 
by water, bottom substrate (sediment, stones), soluble particles in the water etc., 
and the biotic components consisting of microorganisms, plants and animals. From 
the solar energy, water, carbon dioxide, and minerals/nutrients, plant biomass is 
formed, which serves as food for the lowest consumer level, the primary consum-
ers (grazers). The grazers and the predators (secondary consumers) form a rela-
tively small part by quantity or by energy content but they are functionally of 
great significance due to their regulatory function of the primary producers. Fi-
nally, the microorganisms (bacteria, fungi, certain animals), consumers of dead 
organic material (detritus) serve as decomposers and liberate minerals and nutri-
ents for production of new plant material. 

Ecosystems vary in complexity, all from low complexity systems such as the 
Baltic Sea, to systems with very high complexity such as tropical coral reefs. Thus, 
the degree of ecosystem complexity will pose varying degrees of experimental 
hardship when it comes to simulating it in model ecosystems. 

3.3. I Promises and limitations of model ecosystems as compared 
with other methods 

Generally, it is expected that ecotoxicological tests shall produce useful data on 
which realistic prognoses on the fate and effects of chemical substances in the 
environment can be made. Correctly used, the tests shall identify a potential en-
vironmental impact of a chemical or a complex effluent before the effect has been 
manifested in the environment (Landner et al. 1989). The limitations of short term, 
single-species test was discussed earlier. When it is question about different de-
signs of model ecosystems, there are a number of critical questions that have to be 
considered: 

• Is the system to be designed for studies on transport and distribution of 
chemicals, effects of chemicals, or both? 

• Are the effect studies to be performed on the community- or the ecosys-
tem-level, i.e. how many trophic levels will be contained in the system? 

• Which environmental compartments or subsystems should be included: 
the pelagial (the free water mass) or the benthic subsystem, the littoral or 
deeper bottom areas? 

• Is the system to be constructed under artificial laboratory conditions or 
should the system be constructed by transplanting intact set-ups of organ-
isms from nature or enclosures of parts of nature? 
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• In case enclosures with intact set-ups are used, should they be completely 
isolated from the mother system during the experiment or should they stay 
in contact by continuous exchange of the medium? 

• Should the testsystem be kept under constant environmental conditions 
regarding light, temperature, water current etc., or should it be exposed to 
natural climatic variations? 

• What size of the system is needed (microcosm, mesocosm) and for how 
long time should exposure be maintained? 

• Which property is most important: the realism of the system or its repro-
ducibility and what optimal combinations are possible? 

• Should the test parameters be chosen so that they can be applied both in 
the test system and in the field, i.e. for verifications studies? 

There are no simple answers to the questions raised. If the aim of developing 
multi-species testsystems is to generate data necessary for realistic predictions 
of the fate and effects of pollutants in natural ecosystems, to be used in the frame-
work of environmental hazard assessment, there might not be a great variety of 
ways to go (Landner et al. 1989). 

The littoral, brackish-water model ecosystems to be described here in more 
detail (as well as systems used elsewhere) are established by transplanting an 
intact part of the littoral, containing both plant and animal elements, into land-
based containers (Bokn et al. 1981; Notini et al. 1977, Kitchen 1979). For descrip-
tion of other types of model ecosystem set-ups the reader is referred to Landner et 
al. 1989, Lundgren 1985 and Tana 1991. 

The littoral systems, which are equipped with a continuous water renewal, 
are relatively stable and experiments can be maintained over years (Landner et 
al. 1989). Thus, the systems contain a large degree of realism. However, econom-
ical and practical restrictions may prevent a wide use of large-scale model ecosys-
tems in environmental risk assessments of pollutants. The degree of realism and 
prognostic value versus cost of single-species tests and model-ecosystem tests are 
illustrated in Figure 7. 

TESTSYSTEM 

TESTTUBE 

AQUARIUM 

MODEL 

ECOSYSTEM 

RECEMNG 

WATER 

REPRODUCIBILITY REALISM COST 

Figure 7. Reproducibility, realism and cost for different experimental approaches in hazard as-
sessment protocols. 
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It may, for example, not be possible to test a chemical substance over a broad 
range of concentrations and replicates. A lower realism would increase the number 
of replicates, but a high degree of realism is, on the other hand, of vital impor-
tance if the results are intended for use as prognostic tools in the natural ecosys-
tem. Realistic model ecosystems are well suited for studies on the fate of chemi-
cals. Transformations and flows of chemicals can be followed and "key mecha-
nisms" and "weak links" identified. 

Besides effects on population level, effects on community and ecosystem lev-
els can be analyzed, including secondary effects due to changes of energy flow 
and nutrient dynamics. Moreover, large (mesocosm) model ecosystems have a 
potential to validate prognostic computer models (Landner et al. 1989). 

Cairns et al. (1992) reviewed results from model ecosystem tests (microcosms) 
and their correlation with results from single species tests (Table 5). Although the 
data in Table 5 do not show the details of the results from each of the studies, it 
does, however, provide a summary that indicates several important points. 

Table 5. Summary of predictive toxicity tests using multispecies design, and correspondence between those findings 
and findings relying on single-species tests. (Source: Cairns et al. 1992) 

Estimated 
Toxicity Companson with Field 

Study Tox1cant (µg/LI Standard Lab Tests Validation 

N1ederlehner Cadmium MATC• = 0.20 Acute MA TC = 42 NA 
et al Chronic MA TC = 0.82 

McCormick TFM MATC <100 LC25 for several fish NA 
et al. (stimulatory) species: 5,000-44,000 

Pratt et al. Copper LOEC0 <6.6-36.5 LOEC for several species: NA 
MATC <6.6-26.7 6.1-60.4, chronic MATC = 8.2 

Pratt et al. Zinc LOEC <4.2-89.2 Average LOEC for several NA 
MATC <4.2-51.6 species = 4 7. chronic MA TC = 4 7 

Pratt et al. Chlorine LOEC <2.1-261 Average LOEC for several Field microcosms 
MATC <2.1-176 species= 3.4, chronic MATC = 11 MATC = 6-144 

Pratt et al. Atrazine MATC = 17.9-193 MATC = 71-3.400 NA 
Pontasch et Effiuent LOEC = 1% Acute daphnids and fish Stream inverte-
al. LC50: 18.8-63.1% brate responses 

Chronic daphnids:1% (using predicted by 
a 1% application factor) lab tests 

Pratt et al. Phenol LOEC = 300- Several chronic single NA 
23,300+ species LOEC = 2,600 

Niederlehner Ammonia LOEC = 10-430 Several chronic single NA 
and Cairns MATC <10-260 species LOEC = 2-612 

MATC = 28 
Pratt and Selenium MATC = 14.4 Daphnid and fish MATCs = Lotic field mesocosm 
Bowers 180-360 MATC = 17.7 

Note: Ranges of values for multispecies tests are based on responses of varying numbers of structural and functional 
parameters in the same test. 

• MA TC = maximum allowable toxic concentration. 
0 LOEC = lowest observable effect concentration. 

First, a comparison of the results of the multispecies tests with those gener-
ated using standard laboratory protocols indicates that no consistent correspond-
ence between reponses at different levels of biological organization can be as-
sumed. Multispecies tests are not consistently more sensitive than single-spe-
cies. However, effects on community- and ecosystem-level processes are frequently 
detected at chemical concentrations that have been deemed "safe" (i.e. associated 
with an acceptable risk) by the U.S. Environmental Protection Agency largely on 
the basis of effects data from single species tests (Cairns et al. 1992). These results 
illustrate the need for incorporation of tests at different levels of biological organ-
ization into the predictive tier of testing. 

A second, equally important conclusion from Table 5 is that multispecies 
tests provide information on the nature of environmental impact that would rare-
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ly be indicated by standard single species test results. Generally, this contention 
is illustrated by experimental data documenting the variability in the relative sen-
sitivity of ecosystem structure and function to different forms of stressors. For 
example, whereas structural changes were judged more sensitive to certain types 
of effluents, functional attributes may be much more sensitive to other toxicants. 

An essential requirement for toxicity tests at any tier of the hazard evalua-
tion process is that the results be reproducible among trials. Such evidence is ac-
cumulating both for responses determined using communities collected from the 
same ecosystem at different times (Niederlehner & Cairns 1990) and from differ-
ent ecosystems at similar times (Pratt et al. 1989). More information in this area is 
needed. 

3.3.2 Experimental set-up of littoral brackish water model 
ecosystem 

The littoral model ecosystem technique used for testing various pulp mill efflu-
ents in Sweden and Finland since the beginning of the 1980s consists of out-door 
land-based circular pools with an 8 m 3 water volume. Principally the systems are 
established by "transplanting" part of the mother system (both plants and ani-
mals) into the respective pools. This procedure poses demands on how and what 
is transplanted in order to avoid disturbance on the mother ecosystem and com-
parative studies between the model ecosystem and the mother ecosystem are an-
ticipated (Landner et al. 1989). 

The main biotic component of the littoral model ecosystem is the bladder-
wrack, Fucus vesiculosus L., a brown alga important for the Baltic Sea littoral 
ecosystem. The bladder-wrack constitutes about 90% of the biomass of the Baltic 
littoral zone suitable for this alga. An advantage of studies on this community, 
apart from its function as the ecologically most important sub-system of the Bal-
tic, is its relatively low diversity as compared with many other marine communi-
ties. Thus, the goal has been to build a community as complete as possible. The 
main emphasis has been on studies of the benthic (bottom) community, whereas 
less emphasis has been put on pelagic components (phyto- and zooplankton) (Le-
htinen et al. 1992; Linden et al. 1987). 

In addition to the organisms directly associated with the bladder-wrack, a 
number of other free-swimming animal species are introduced into the model 
ecosystems. This especially concerns brood of the three-spined stickleback, Gas-
terosteus aculeatus. After the start-up, the model ecosystems are allowed to stabi-
lize for 2-3 weeks before commencement of pollutant exposure. In additon to 
plants and animals introduced into the model ecosystems, smaller pools may be 
connected to the outgoing water from the model ecosystems for specific studies 
on, for example, fish physiology. 

The mother ecosystem, simulated in the model ecosystem, is a typical small 
bladder-wrack dominated sheltered bay with a bottom substrate consisting of 
stone, sand and gravel. The stones serve as substrate for the sessile bladder-wrack. 
Under natural conditions greater water volumes will pass through the benthic 
mother ecosystem than in the model ecosystems. Adjustment of the plant bio-
mass is therefore an important factor in order to maintain the similarity with the 
mother system where the water current supplies the plants with necessary nutri-
ent even under low nutrient periods. The importance of the water flow for the 
growth of the bladder-wrack in the model ecosystems was studied in detail by 
Landner et al. (1989). The experimental set-up is schematically presented in Fig-
ure 8. 
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The effluent dilutions used in the model ecosystem tests of pulp mill efflu-
ents have been 400 and 2 000 times respectively, with one exception when the 
dilution was 200 and 1000 (Tana et al. 1994). The discharge volumes and daily 
production were considered, based on the TEP-concept described in section 3.1.2, 
in order to obtain comparable dilutions between different mills. The 400 times 
dilution has been chosen in order to describe the dilution conditions 1-2 km out-
side the immediate mixing zone along the coast of the Baltic. The 2 000 times 
dilution usually occurs 4-6 km from the discharge point. 

11 

1. Incoming water 8. Membrane pump 
2. Seawater tank 9. Dosage of effluent water 
3. PEH-pipe to the pools 10. Tube to the measurement unit 
4. Mesocosm pool 11. Measurement unit 
5. Siphon for out-going water 12. Magnetic valve 
6. Rainbow trout pool 13. Registration electrodes 
7. Effluent container 14. Measuring device 

15. To the computer 

Figure 8. Schematic descripition of the model ecosystem set-up. 
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4.1 Nature of the compounds produced during pulp 
production 

The chemical bleaching of pulp produces a complex mixture of degradation prod-
ucts of residual lignin and other components such as wood extractives. The or-
ganic material in bleached kraft mill effluents exhibits a molecular weight distri-
bution ranging from various types of monomeric compounds to large molecules 
with complicated chemical structures having molecular weights in the order of 
10 000-30 000 g/mol (Pellinen & Salkinoja-Salonen 1985, Morck et al 1991). The 
molecular weight distribution may vary somewhat depending on the wood spe-
cies (Morck et al. 1991) and bleaching process used (Yin et al. 1989). The effluents 
from the production of bleached hardwood kraft pulp contain organic material of 
lower average molecular weight than the corresponding softwood effluents (Morck 
et al. 1991, Yin et al. 1989). Introduction of oxygen delignification in modern mills 
lowers the molecular weight of the organic material in the effluents as compared 
with effluents from mills with older kraft bleaching sequences (O'Connor et al. 
1993, Yin et al. 1989, 1990). 

A large part of the organic material in bleached kraft mill effluents is found 
in the high molecular weight fraction (Mw> 1 000). Some characteristics of this 
material are listed in Table 6 (Dahlman & Morck 1993). 

Table 6. Characteristic properties of the high weight fraction of the organic material in kraft bleaching effluents 
(Source: Dahlman & Morck 1993). 

The high molecular weight fraction (Mw>lO00): 

• is mainly composed of strongly oxidized material, originating from lig-nin with high contents of 
olefinic structures and carboxylic acid groups. These oxidized and degraded lignin residues are 
mainly of an aliphatic nature, but contain minor amounts of phenolic structures, 
• contains oligo- and/or polysaccharides, mainly originating from hemicelluloses, 
• carries a large part of COD 
• carries a large part of the organically bound chlorine, 
• carries the major part of colour, 
• is probably biologically inactive and non-toxic. 

The high molecular weight material carries a large part of the COD and AOX 
found in bleach plant effluents, especially after biological treatment. Degradation 
studies carried out on high molecular weight organic materials originating from 
modern bleaching processes indicate a low degree of chlorination (Morck et al. 
1991). The chlorinated material is also difficult to distinguish from natural chlo-
rinated material. These results therefore suggest that it is unlikely that degrada-
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tion in the receiving water of high molecular weight organic material discharged 
from kraft mills equipped with modern bleaching technology should lead to for-
mation of highly chlorinated monomeric phenolic compounds (Axegard et al. 
1993, Dahlman and Morck 1993). Some recent studies suggest, however, that the 
portion of high molecular weight material is less than previously thought be-
cause the low molecular weight material (Mw<l 000) associates and forms mo-
lecular aggregates which appear as high molecular weight material G okela & 
Salkinoja-Salonen 1992). 

Degradation studies have shown that the same types of chlorinated phenol-
ic structures found in high molecular weight material in pulp mill effluents are 
found also in naturally occuring humic materials isolated from industrially un-
polluted surface waters and ground waters (Dahlman et al. 1993b,c). It may there-
fore be expected that degradation of high molecular weight effluent constituents 
and naturally occuring humic materials in aquatic environments should give rise 
to similar monomeric phenolic dagradation products (Axegard et al. 1993). 

The more important types of low molecular weight organic material so far 
identified in bleached kraft mill effluents are presented in Figure 9 (Dahlman & 
Morck 1993). 

The identified compounds can be roughly separated into three main classes: 
Acids, phenolic compounds and neutral compounds. The phenolic compounds 
and some of the acids are degradation products and oxidized fragments originat-
ing from residual lignin in the pulp, whereas other types of compounds such as 
resin acids, fatty acids, terpenes and sterols are residues of extractives carried 
over to the bleaching plant with the pulp (Dahlman & Morck 1993). 

In effluents from old kraft mills with conventional bleaching technology, many 
types of compounds could be present in both their chlorinated and non-chlorin-
ated forms, whereas effluents from kraft mills equipped with modern bleaching 
technology contain fewer chlorinated compounds and with a generally lower 
degree of chlorination (Dahlman & Morck 1993). 

Low Mw. 

Acids 7?!.',; Alkanoic ac_ids (e.g. lom11c ac,d, act-lie acid, c.citur.:itc,<.J fatt'r ac,cJs) 
,,.-'. Alkenoic acids (e.g. uns.:iturated fatly :i<:1cfa) 

Hydroxy acids 
Oibasic acids 
Aromatic acids 

· Resin acids 

organic --~-- Phenolic 

1
Phenols 

compounds compounds Catocliols 
Guaiacols 
Syringots (ha,cJwood) 
Vanillins 
Syringaldehydes (hardwood) 

Neutral ----Chlorinated alkanos (mainly chloroto,m) 
compounds Aliphatic alcohols (mninly methanol) 

Aromatic and aliphatic aldehydes 
Aromatic and aliphatic kotones 
Benzen0s 
Voralrols 
PCODs and PCDFs 
Sut!ones (mainly chlo1ir1at1:-d d1n11·:t11yl~.ulfrne:.) 
Thiophenes 
Torpenes and torpenoids 
Stcrols 

Figure 9. Important classes of low molecular weight compounds identified in bleached kraft mill 
effluents (Source: Dahlman & Morck 199 3) 
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In order to compare process technologies and process modifications, results 
from a comprehensive chemical characterization of three bleached kraft mill ef-
fluents are presented in Figure 10 (Dahlman & Morck 1993). The three different 
effluents originated all from production of fully bleached softwood karft pulp 
representing three levels of process technology. Level A corresponds to the intro-
duction of pre-bleaching technology i.e. oxygen delignification, whereas level B 
corresponds to combination of pre-bleaching and low chlorine multiple, a 30 % 
substitution of chlorine dioxcide and reinforcment of the alkaline extraction stag-
es with oxygen and hydrogen peroxide. The effluent representing level Chad the 
same technology found at level B but the effluent was secondary treated in an 
aerated lagoon. 

Figure 10 shows that the biologically treated (aerated lagoon) effluent stud-
ied (level C) contains much smaller amounts of low molecular weight organic 
compounds compared to the effluent without secondary treatment (level B).Same 
kind of results, or even better can be achieved by using activated sludge plants as 
secondary treatment. 

4.1. I Hydrophobic substances 

The main emphasis in chemical characterization studies of pulp mill effluents has 
been in studies with organochlorine susbtances. Hydrofobic compounds are of 
major concern because of their potential to bioconcentrate in organisms. If they 
are also persistent, they may move through the food chain to other organisms. 

Pentachlorinated 

Tetrachlorinated 

D Trichlorinated 

l!l Dichlorinated 

D Monochlorinated 

O Nonchlorinated 

Figure I 0. Quantities of chlorinated phenolic compounds (phenols,guaiacols,catheco/s) chlorin-
ated acetic acids, fatty acids, resin acids, chloroform I, 1-dimethylsulfone and chlorinated ace-
tones in kro~ mill effluents (Source: Dahlman & Morck 199 3). 
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Highly chlorinated compounds, such as PCDDs (polychlorinated dibenzo-p-di-
oxins) and PCDFs (polychlorinated dibenzofurans), and polychlorinated phenols, 
have a greater potential of bioaccumulation and are more persistent than their 
lesser chlorinated counterparts. 

After introduction of modern bleaching technologies with 70-100 % chlo-
rine dioxide substitution and low chlorine multiple, there are few indications that 
more than trace quantities of hydrophobic persistent, chlorinated bioaccumulat-
ing compounds are produced during bleaching. In some cases, compounds of 
this type are below the measurable limit in final effluents but may be detected in 
individual bleach plant process streams (Solomon et al. 1993). For example, levels 
of 2,3,7,8-TCDD /TCDF, the most potent congeners are below the measurable limit 
(15 pg/1, ppq, in the case of 2,3,7,8-TCDD) in the final effluent as discharged (Luthe 
et al. 1992). 

Paasivirta (1992) also observed that toxic dioxins and furans were formed in 
trace amounts in chlorination stage of pulp bleaching, but that their emissions, 
however, have been cut down by replacement of the chlorine with chlorine diox-
ide and by effective secondary treatment. Particlebound 3,4,6,7- and 2,3,7,8-tetra-
chlorodibenzothiophene were recently found at the detection limit of about 1 pg/ 
1 in the process stream from hardwood bleaching with 90% chlorine dioxide sub-
stitution (Sinkkonen et al. 1992). This level may be below the detection limit in 
final mill effluent. Since some of the PCDD /PCDFs formed in bleaching originate 
from naturally occuring non-chlorinated precursors, it is possible that measura-
ble levels of mono-, di-, and trichlorinated PCDD /PCDFs are present, especially 
when low chlorine multiple is used to avoid the formation of the 2,3,7,8-isomer 
(Birkholz et al. 1993). 

4.1.2 Chlorophenols 

Chlorophenols have been studied in the greatest detail probably because they 
were originally identified as contributing to the acute toxicity of chlorine bleach-
ing effluents and all the isomers can be analyzed by gas chromatographic com-
parison with standards. Formula of the most commonly found PCPs, PCGs and 
PCCs are shown in figure 11 (Paasivirta 1992). Chlorophenolic compounds are 
acutely toxic but not very highly bioaccumulative. They can be methylated by 
micro-organisms to more persistant and lipophilic chloroanisoles (PCA) and chlo-
roveratroles (PCV) (Neilson et al. 1989, Herve 1990, Paasivirta 1992). Chlorosy-
ringols and chlorosyringaldehydes occur only in hardwoods so they can only be 
found in effluents from hardwood bleaching. 

The quantities and proportions of different types of chlorophenols change 
with increasing chlorine dioxide substitution because of the different manner in 
which chlorine dioxide and chlorine react with residual lignins. The total amount 
of chlorophenols found in bleach plant effluent from softwood pulp decreased 
from the range of 30-120g/t pulp at 70% substitution to about 1-10 g/t pulp or 
even far below that at 100% substitution assuming a chlorine multiple of 0.2 (Nik-
ki & Korhonen 1983, Axegard 1986, Liebergott et al. 1991, Flink et al. 1993). At 
70% chlorine dioxide substitution chlorinated catechols and guaiacols may con-
stitute about 35% of the total phenols, whereas at 100% substitution chlorovanil-
lin comprises about 90% of total chlorophenols formed in softwood bleaching 
(Liebergott et al 1991). The corresponding chlorosyringaldehyde is found in hard-
wood effluent (Smith et al. 1993). The remaining chlorophenols are mono-or di-
chlorinated. Tri- or more highly chlorinated phenols being either non-detectable 
or close to the detection limit (Dahlman et al. 1993a, O'Connor et al. 1993). 
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Figure I I. Most commonly found chlorophenols (Source: Poosivirto 199 2). 

Chlorinated organics, measured as AOX concentrations in receiving waters, 
decreased only slightly more than the dilution in the studied lake area (Holmbom 
et al. 1992). Thus the authors conclude that there is no extensive physical-chemi-
cal, biochemical or photochemical degradation of chlorinated organic matter nor 
any extensive sedimentation, in the area. Lake mesocosm studies, on the other 
hand, showed that the destruction of organic carbon and organic halogen (AOX) 
proved to depend on light (Salkinoja-Salonen et al. 1993, Saski et al. 1991). During 
summer and winter 30-80% of organic halogen (AOX) was removed from the 
waste water phases while only 1 % was found in sedimented matter. Less AOX 
was removed from dark mesocosms than from light ones, but this difference was 
less prominent in humic waters. Thus the removal of organic halogen in lake eco-
systems was concluded to be photochemical and biological degradation (Salki-
noja-Salonen et al. 1993). 

Chlorophenolics are found in mill effluents, recipient waters and sediments 
both in free and in bound (alkali hydrolysable) form. Both free and bound chlo-
rophenolics are to most part freely dissolved in waters, not adsorbed to particles 
and the proportion of free phenolics decrease when going from the effluent to 
recipient waters and to sediments. Free chlorophenolics were found to decrease 
clearly more than the dilution in the recipient waters in a lake area where a study 
of environmental fate of effluent components was made (Holmbom et al.1992). 

4.1.3 Resin acids and fatty acids 

Resin acids are naturally occuring compounds in wood resins, particularly in pine 
and spruce. The amounts are particularly high in concentrated effluents from 
mechanical pulp production (Johnsen et al. 1993). If equally high amounts of res-
in acids are found in kraft mill effluent, their origin is frequently spills of black 
liquor and soap or black liquor carry-over. Resin acids are also found in lower 
concentrations in mills using recycled unbleached stock (Falke et al 1993a). In a 
study on a market bleached kraft mill, about 14 g/tpulp of resin acids, 8 g/t pulp 

The Finnish Environment 17 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 



of saturated fatty acids and 1 g/ t pulp of unsaturated fatty acids were reported in 
untreated effluents (McCubbin et al. 1992). 

Resin acids and unsaturated fatty acids were reduced below 1 g/t pulp by 
secondary treatment in an aerated lagoon. The discharges of resin acids found 
during the 1990 Canadian MISA monitoring program were quite variable. The 
mills with biological treatment systems which discharge low quantities of BOD, 
have very low resin acid discharge rates. Other mills have higher discharge rates 
with kraft mills also manufacturing mechanical pulp having the highest discharge 
(Mccubbin et al. 1992). 

The lipophilic extractives such as resin acids and fatty acids stay absorbed to 
particles in the effluents and maybe even more in recipient waters (Holmbom et 
al.1992). Thus the main process for their clearance from recipient waters is prob-
ably sedimentation. This binding to suspended material of lipophilic extractives 
may retard their microbial degradation and bio-availability. 

4.1.4 Chelating agents 

Chelating agents, e.g. EDTA are used extensively within the new pulp bleaching 
sequences using hydrogen peroxide or ozone but also in mechanical pulp pro-
duction. Because these substances are discharged with spent bleach liquors from 
these bleach plants, some comments on these substances should be made. 

Chelating or sequestering agents are usually large organic molecules that 
will bind metals in an inactive or temporary non-reactive form. Common chelat-
ing agents are EDTA and DTPA. In the literature, unrelated to pulp mills, the role 
of natural and artificial chelating agents in the functioning of ecosystems is de-
scribed (Folke et al. 1993a). The natural ones have major functions in keeping 
trace nutrients dissolved in the water as a reservoir for algal nutrition. 

In the course of the preparation of a detailed study of mechanical pulp and 
paper mills in Ontario the literature was searched without finding any evidence 
of harmful environmental effects of chelators used in pulp mills (Sprague et al. 
1991). In a CTMP mill effluent about 38 mg/1 of DTPA and 12 mg/1 of EDTA was 
found, but concentrations in the river were never found to be above the detection 
level of 0.5 mg/1 and no harmful effect was credited to the sequestrants (Sprague 
et al. 1991). A study on environmental effects of ECF- and TCP-bleached pulp mill 
effluents showed that in marine recipients 

chelating agents were found only in the solid fraction of sediments and that 
concentrations were highest in sediments with high organic matter content (Pu-
ustinen and Uotila 1994). The amounts in recipient water were found to be below 
0.005 mg/1 and in sediments the amounts of chelating agents ranged between 
0.5-600 mg/kg d.w. According to a litterature review (Langi 1994) chelating agents 
as a source of nitrogen in water systems will amount to less than 10%, a few per 
cent on an average of the natural nitrogen content of water systems. This could 
mainly become an issue in nitrogen limited waters. The use of complexing agents 
is not expected to cause heavy metals to be dissolved from sediments in the water 
system, but they probably will prevent the sedimentation of metals close to the 
discharge point, and metals will thus spread out over a larger area in lower con-
centrations. 
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4.2 Naturally occurring chlorinated compounds 

Chlorinated organic compounds are not totally attributable to human activities 
but these compounds are formed by biological processes in nature (Neidelman & 
Geigert 1986, Gribble 1992). Compounds being chlorinated are for instance phe-
nols, ketones, terpenes, sesquiterpenes and unsaturated compounds. Many of these 
natural organochlorines participate in defence mechanisms and as antimicrobial 
agents. In addition to biologically formed chlorinated compounds, naturally oc-
curring chlorocompounds may be derived from forest fires and volcanoes. Dom-
inating subtances from these processes are methyl chloride, chloroform and car-
bon tetrachloride (Enell & Wennberg 1990). A careful study of the ash from the 
1980 eruption of Mt. St. Helens revealed three isomers of pentachlorobiphenyls 
(PCBs) representing the first discovery of a natural source of PCBs (Gribble 1992). 

Recently, as a result of concerns that AOX was having adverse ecological 
effects, there have been efforts to determine if AOX occurs naturally. Asplund & 
Grimvall (1991), Gron (1990), Asplund et al. (1989), and recently Dahlman et al. 
(1993c), have investigated the levels and formation of "natural" AOX in soils, 
surface water, groundwater and sediments. Levels of AOX from 1 to 80 µg/1 were 
found in aquifers unaffected by human activities. The sometimes very high back-
ground concentrations of AOX in water bodies is illustrated by a frequency distri-

. bution diagram based on 134 Swedish lakes that have no known point source 
(Figure 12). Concentrations of AOX ranging from 11 to 185 µgCl/1 were found. 

The highest concentrations were found in humic-rich, oligotrophic lakes in 
remote areas where the AOX concentrations were shown to be comparable to 
those in industrially polluted waters such as the Rhine River; along a profile from 
the source of this river to the Dutch border, AOX concentrations varied from 5 to 
200 µg Cl/1. In a study from Lake Vattern it was observed that the mean AOX-
concentration (32 µg/1) in unpolluted effluent river waters was higher than in the 
lake (15 µg/1) despite the fact that the lake is receiving bleached pulp mill efflue!lt 
(Grimvall et al. 1991). 
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Figure I 2. Concentration of adsorbable organohologens (AOX) in 135 Swedish lakes (Source: 
Asplund 199 2). 
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It appears that natural halogenation processes in water and soil introduce 
chlorine to fulvic and humic acids at a ratio of typically one (1) Cl for every 1 000 
carbons. The naturalAOX can be degraded chemically to form chlorinated, ethox-
ylated and methoxylated benzoic acid esters and thus, some of the chlorine is 
bound to aromatic rings in natural compounds (Dahlman et al. 1993b). 

Attempts are being made to gain a perspective on natural vs industrial lev-
els of AOX by compiling mass balances (Enell & Wennberg 1991, Grimvall et al. 
1991) including atmospheric deposition. Although the mass balances of AOX are 
still in their infancy the available results for the Baltic Sea and the watershed of 
lake Vattern in Sweden demonstrate that the quantities of natural AOX are signif-
icant compared with industrial levels, that AOX must be fairly degradable with a 
half life of the order of a year and that there is long distance atmospheric and 
hydraulic transport of AOX. 

4.3 Effects of individual compounds 

Bioassays with the aim of assessing the toxicity of single substances in pulp mill 
effluents or groups of BKME-specific substances are still relatively scarce. 

4.3. I Chlorate 

Bleaching with chlorine dioxide leads to formation of chlorate in amounts typi-
cally ranging from 1-6 kg/t pulp (Lehtinen et al. 1991). Increasing chlorine diox-
ide substitution tends to lead to higher chlorate discharges, as 10-15% of the ClO2 

used for bleaching dissociates into chlorate. Chlorate is easily removed in aerobic 
treatment plants that have anoxic zones, so it is not the amounts of chlorine diox-
ide used for bleaching that alone determines the amounts discharged. Apart from 
Scandinavia, little, if anything has been published regarding chlorate discharges 
(Falke et al. 1993a). 

Chlorate has been shown to be lethal to brown algae such as the bladder-
wrack which is a dominant, structuring compound in the sub-littoral ecosystem , 
in the Baltic Sea (Lehtinen et al.1988). The chlorate-induced damage to this and 
other brown algae has been shown to cause secondary effects on the sub-littoral, 
hard bottom ecosystem as shown also in model ecosystem experiments (Lehtinen 
et al. 1988). The dissappearance of the bladder-wrack reduced the production of 
benthic macrofauna i.e. several species of invertebrates which grew in the blad-
der-wrack zone lost their ecological niche. Theorethically, it can be expected that 
the local dissappearance of the bladder-wrack might also result in a decreased 
recruitment of larvae of the free-swimming fish population. Conclusive data on 
this matter are lacking so far, however. The LOEC-levels (Lowest Observed Effec-
tive Concentration) for growth of bladder-wrack have been found to be 15-20 µg 
ClO/1 (Rosemarin et al. 1994). The mechanism of chlorate toxicity to plants is 
related to its three-D molecular similar to nitrate (ClO2 vs. NOJ Thus, receiving 
waters that are nitrogen limited will be more vulnerable than receiving waters 
that are phosphorus limited with respect to primary biomass production. For 
other algae than brown algae chlorate has not been observed to cause deleterious 
effects (Rosemarin et al. 1994). 
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4.3.2 Ch/orophenolics 

In a review from 1987 (McLeay 1987) chlorophenolic compounds, namely chloro-
guaiacols, chlorocathecols and chlorophenols, arising from the bleaching of pulp, 
were shown to be normally present at sublethal levels in untreated whole mill 
effluents from bleached kraft and sulphite mills. Maximum total concentrations 
were normally in the range of 1 000-2 000 µg/1 irrespective of bleaching varia-
bles. Biotreated effluents were found to contain chlorophenolics from detection 
limit up to 1 000 µg/1 chlorophenols. In effluents from modern mills the concen-
trations of chlorinated phenols have been from detection limit to 400 µg/1, and in 
receiving waters the concentrations are at a level of 1 to 10 µg/1 or below 1 µg/1 
(Holmbom et al. 1992, Tana & Lehtinen 1995, Paasivirta 1992, Flink et al. 1993). 
This shows that the concentrations in mill effluents since the middle of the 1980s 
have drastically diminished. Results from older studies do not, however, include 
mill and process data so the comparisons between different processes are diffi-
cult. 

Chlorophenolics accumulate in organisms in the receiving waters (Landner 
et al. 1977, Oikari & Holmbom 1986, McLeay 1987, Paasivirta 1992). McLeay (1987) 
has presented comprehensive data regarding bioaccumulation of chlorophenols 
and resin acids in various tissues of organisms (Table 7). It is evident that the 
unchlorinated resin acids bioconcentrate at least as much as chlorophenols. Chlo-
rophenols are readily taken up from the water by fish but are also rapidly excret-
ed through the bile conjugated with glucuronic acid (Oikari & Holmbom 1986). 
More than 95% of the chlorinated phenols occur as conjugates in the bile of fish. 
Resin acids also are conjugated in the same way. It may thus be concluded that 
the risk for high level bioaccumulation of these substances must be considered as 
very small. This observation is supported by experimental work and field inves-
tigations (Lehtinen 1990, Lehtinen et al. 1990, Tana, et al. 1988, Landner et al. 1994b ). 

Chlorophenols, chloroguaiacols and chlorocathecols are transformed into 
chloroanisoles and chloroveratroles. Even though these transformation reactions 
quantitatively are of little importance, they are not insignificant (Neilson et al. 
1991). Fish from the Baltic Sea have been found to contain tri- and tetrachlorover-
atrol up to 600 µg/kg fatty tissue. 

Chloroveratroles and chloroanisoles have been observed to be very off-fla-
vouric causing bad taste in pulp mill recipients to fish and incubated mussels 
(Paasivirta et al. 1992). The trend towards discharge of primarly lower chlorinat-
ed phenolics caused by the use of high chlorine dioxide substitution and low 
molecular chlorine multiples will reduce or eliminate this problem in the future. 

Data from tests with single chlorinated phenolic substances in pulp mill ef-
fluents or chlorinated phenolics as isolated groups are relatively few. Renberg et 
al. (1981) studied the uptake and reproductive effects of chlorinated guaiacols 
and cathecols in fish and a crustacean. The results demonstrated a rapid uptake 
of the substances in fish and an equally rapid excretion so that analytical detec-
tion limit for the substance in fish tissue was reached after 10 days after discon-
tinuation of the exposure. The addition of chlorinated phenols as pollutants to 
simulated KME did not increase or alter the observed effects on the energy me-
tabolism of the fish after 3 months exposure (Oikari et al 1984a, 1985a). This indi-
cates that chlorinated phenols in the mixture did not cause an increased toxicity 
besides the one caused by non-chlorinated substances contained in the soap mix-
ture. 
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Table 7. Bioconcentration factors for different compounds present in pulp mill effluents (Source: Mcleay 1987). 

Test Tissue 
concentration Diluent Exposure concentrationa 

Chemical (µ g/Ll water (days) Organism Tissue (µg/g) BCFb 

dehydroabietic acid 650 FWC sockeye salmon whole-body 19 30 
bile 647 996 
brain 620 954 
kidney 278 428 
liver 263 404 
carcass 8 12 

dehydroabietic acid 400 BWd amphipods whole-body 20 

dehydroabietic acid I 200 FW rainbow trout plasma 237 198 
liver 101 84 
kidney 83 69 
brain 37 31 
muscle 16 13 

resin acid mixture ! 400 FW rainbow trout liver 273 195 
kidney 88 63 
brain 82 59 
muscle 24 17 

2,4-dichlorophenol I 700 FW brown trout whole-body I& 10 

trichlorophenol 800 FW brown trout whole-body 12 

tetrachlorophenoH': 500 FW brown trout whole-body 210 450 

pentachlorophenoll< 200 FW brown trout whole-body 200 JOO 

4,5-dichlorocatechol 2 300 FW brown trout whole-body 10 

tetrachlorocatechol I 100 FW brown trout whole-body 

3,4,5-trichloroveratrolee 10 FW 28 zebra fish whole-body 35of 3 200 

tetrachloroveratrolee 20 FW 56 zebra fish whole-body 2 3oof 25 000 

a Determined on a wet weight basis except where indicated 
b Bioconcentration factor. Most values presented are "apparent" rather than "true" BCF's since studies 

did not determine that state of equilibrium had been attained and water concentrations were monitored 
infrequently or not at all. 

c Freshwater 
d Brackish water (salinity I0-15 0/00) 
e Not found in effluent; but formed by bacterial methylation of tri-and tetraguaiacol 
f values expressed as µgig fat 
g Present if used as slimcide paper mill effluents 

Of specific compounds studied, which are directly or indirectly related to 
pulp bleaching some chlorinated phenolic compounds may be mentioned. Intra-
peritoneal injections of 4,5-dichloroveratrol, 4,5,6-trichloroguaiacol, 3,4,5-trichlo-
roveratrol, tetrachloroveratrol and tetrachloroguaiacol did not induce transfor-
mation enzyme (EROD) activities exept for high doses (>100 mg) of tetrachlo-
roveratrol, which caused a weak induction (Farlin et al. 1989). No effects were 
observed on conjugation enzyme activities except for high doses of 4,5-dichlo-
roveratrole which inhibited the UDP-GT and glutathione transferase (GST). 

Bengtsson et al. (1989) used tetrachloro-1,2-benzoquinone, an oxidation prod-
uct of the corresponding catechol, as toxicant in a 4,5 month exposure with 
fourhorn sculpin, Myoxocephalus quadricornis. The concentrations used were 100 
and 500 µg/1, respectively. Differences in vertebral mechanical characteristics were 
obtained as well as deformed and dislocated vertebrate (in high dose only). The 
doses used were high compared to those to be expected even immediately out-
side a pulp mill discharge. A chronic exposure of fish to 3,4,5,6- tetrachlorocathe-
col for 25 days resulted in most physiological parameters remaining at control 
levels with the exeption of leucocrit, which was elevated, cortisol, which was de-
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pressed, and disease resistance which remained impaired (Kennedy et al. 1994). 
The fate and effects of the pulp mill effluent compound 4,5,6-trichloroguai-

acol (TCG) were tested over 16 months on a model Baltic Sea littoral zone using a 
bladder-wrack, Fucus vesiculosus, based mesoscale model ecosystem (Rosemarin 
et al. 1990b ). Bioaccumulation of TCG and metabolites from water ranged from 
50 times for algae up to 700 times for invertebrates and fish, the factor increasing 
with trophic level. Algae contained chloroguaiacols, chlorocathecols and chlo-
roveratroles and exhibited no major toxic effect. Bladder-wrack colonization ap-
peared to be hindered by filamentous algae which covered surfaces otherwise 
available for new colonization. This unrestricted filamentous algal growth was 
probably a result of reduced grazing by herbivores, which in turn was apparently 
caused by reproduction failure in herbivorous crustaceans. 

Sediment-dwelling organisms appeared less affected than invertebrates in 
the algal habitat, possibly bacause of reduced bioavailability of toxic compounds 
due to binding to sediment particles. TCG and metabolites in the sediment were 
dominated by catechols; no veratroles were found. Only in the largest size class 
of sticklebacks there was a dose-related reduction in mean weight. Only 0.5 % of 
the TCG was recovered in the system after 16 months. Of this 99% was associated 
with the sediment. The remainder was divided equally between algae and fauna. 
The role of algae and sediment in the Baltic Sea littoral zone is therefore para-
mount to the ultimate fate and effects of such compounds on invertebrates and 
fish (Rosemarin et al. 1990b). 

4.3.3 Thiophenes 

Another group of substances identified in kraft pulp mill effluents, chlorinated 
thiophenes were studied with respect to their bioaccumulation and toxicity to-
wards fish and Nitocra spinipes (Lunde et al. 1992). According to the octanol-water 
partitioning coefficient these substances appeared to be rather bioaccumulative. 
The bioaccumulation coefficients were, however, found to be low and similar for 
all isomers of the chlorinated thiophene compounds and also lower than expect-
ed from the partitioning coefficients. They were also shown to have mutagenic 
capacity according to Ames' test. These substances occur in concentrations from 
1.8 to 11.2 µg/1 in effluents (Lunde et al. 1992), a level which must be considered 
as low and not of immediate concern even close to effluent outfall. It is evident 
that as in the case with polychlorinated phenolic compounds, bleaching with low 
chlorine multiple will decrease formation of polychlorinated isomers of thiophenes. 

4.3.4 Resin acids and fatty acids 

In the review by McLeay (1987) levels of resin acids in untreated pulp mill efflu-
ents often exceeded lethal limits. Reported total total concentrations in whole mill 
effluents ranged from 100-25 000µg/1 in untreated kraft effluents and in untreat-
ed mechanical pulping effluents from 1 300-80 000µg/1. Biotreatment normally 
reduced resin acid concentrations to sublethal levels in effluents from all mill proc-
esses. Concentrations of unchlorinated resin acids usually decreased by 90% or 
more due to treatment, whereas chlorinated resin acids were more resistant to 
biological biodegradation (McLeay 1987). Fatty acids were reported in untreated 
whole mill effluents in total concentrations ranging from 20 µg/1 (sublethal) to 
22 000 µg/1 (above acutely lethal levels). Biotreated effluents contained only sub-
lethal levels of fatty acids, indicative of their facile biodegradation (McLeay 1987). 
Recin acid concentrations in effluents from modern mills are between detection 
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limit and 1 000 µg/1. The concentrations found in receiving waters outside mod-
ern mills have varied between 0-5 µg/1 (Holmbom et al. 1992, Robinson et al. 
1994, Tana & Lehtinen 1995). 

Oikari & Nakari (1982) found that simulated unbleached kraft mill effluents, 
containing a mixture of resin acids and fatty acids, caused liver dysfunction in 
trout, which was reflected by inhibited conjugation enzyme function, increased 
plasma bilirubin levels and major effects on respiration and energy metabolism 
in fish. Continued work by this group showed that toxic effects of dehydroabietic 
acid (DHAA) could be detected down to a concentration of about 20 µg/1 DHAA 
(Oikari et al. 1983). Resin acids were also found to cause hematological effects in 
addition to inhibited activity of the UDP-GT conjugation enzyme in fish exposed 
for 30 days (Oikari et al. 1984b). Resin acids have also been observed to cause 
significant effects on both ion transport and hepatic uptake of bile acids (Ra.berg 
et al. 1992). 

Tana (1988) found that a number of physiological parameters started to fluc-
tuate around the control values when fish were exposed to pure chlorophenols, 
dehydroabietic acid or mixtures of these (Figure 13). Many of the responses, such 
as red blood cell indices, seemed to be of adaptive character. Some metabolic pa-
rameters, such as liver glycogen and plasma glucose rose at first, but decreased 
later, in particular the liver glycogen, indicating a disrupted carbohydrate metab-
olism in fish. The UDP-conjugation enzyme was continuously inhibited at expo-
sure to 5 and 50 µg/1 dehydroabietic acid, whereas the activity started to oscillate 
when mixtures of chlorophenolics and dehydroabietic acid (5 µg/1, respectively) 
were used. Obviously, resin acids may have more serious cytotoxic effects, being 
inhibitors rather than stimulators. These results were also in accordance with the 
inhibiting effects on UDP with resin acid mixtures, obtained by Oikari & Nakari 
(1982). The 5 µg/1 level of dehydroabietic acid may be considered as the lowest 
effective concentration in the undiluted effluent from a modern mill. Resin acid 
concentrations analyzed from recipient waters below modern mills have been 
observed to range between 1 and 5 µg/1 depending on the recipient. However, 
other resin acids do not necessarily show the same toxicity as dehydroabietic acid. 

Niimi et al. (1992) reported bioconcentration factors of resin acids from 25-
130 among fish exposed to waterborn concentration from 0,7-3,6 µg/1. The bio-
concentration factor was reduced as the percentage of conjugation of the resin 
acids in the bile increased, pointing to this elimination pathway as the most im-
portant. Sublethal exposure of rainbow trout to 14-monochlorodehydroabietic acid 
(MCDHAA) and 12,14-dichloro-dehydroabietic acid (DCDHAA) for 24 hours re-
sulted in a classical stress response including significant primary (secretion of 
corticosteroids), secondary (hyperlacticemia, hyperglycemia) and tertiary (reduced 
swimming performance and lowered disease resistance) effcets (Kennedy et al. 
1994). Unfortunately the exposure concentrations were not presented. 

It may be concluded that resin acids appear to be more responsible than 
chlorophenolics for the biological effects recorded at exposure to pulp mill efflu-
ents. The process modifications and introduction of biotreatment systems have 
greatly reduced the load of toxic materials including chlorinated phenols and 
resin acids during the recent years. A good example is the study from Lake Saim-
aa where the concentrations of chlorinated phenols decreased from 8-16 µg/1 in 
lake water, depending on distance to below 1 µg/1 after a new activated sludge 
treatment plant was taken into use (Kaplin and Holmbom 1994). Another exam-
ple is from eastern Finland from river Pielinen where a an old fashioned kraft mill 
was replaced with a new mill using modern bleaching technology and producing 
both ECF and TCF bleached pulp. The mill is equipped with an effective second-
ary treatment plant. In spite of the triple increase in production the concentra-
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Figure I 3. The difference in liver UDP-GT (A) and glycogen (B) concentration between test 
groups and the control group during exposure to DHAA (50 and 5 µg!Q; DCP/TCP (5 µg!Q; 
DCP/TCP/DHAA (5 µg/0 (Source: Tana 1988). 

tions of chlorinated phenols stayed at the same level (below lµg/1) and the resin 
acid concentrations varied between 1-2 µg/1 (Tana & Lehtinen 1995). 

4.3.5 Sterols 

The observed effect on growth of fish exposed to bleached kraft pulp mill efflu-
ents cannot be explained by any organochlorine compounds, because the effect is 
independent of the AOX level of the effluent (Lehtinen 1990). They are presumam-
bly caused by metabolic disturbances, possibly at the hormone level, because the 
cholesterol level of fish liver was increased in disturbed fish. Resin acids or chlo-
rophenol conjugates did not correlate with the observed effects either, so specula-
tions are now that sterols present in wood extractives contribute to these effects, 
although no conclusive evidence has been presented. 

Plant sterols are well known to the pharmaceutical industry, e.g . .B-sitosterol 
and sitostanol are known to impede the intestinal absorption of cholesterol in 
humans (Heinemann et al. 1991). Although this is no proof of any adverse effects 
from sterols, it is an indication that they belong to a group of biologically active 
compounds. However, the physiological responses of fishes exposed in meso-
cosms to whole mill effluents were the same as for fish additionally exposed to 
sitosterol. The waterborne exposure experiments with fis also have showed that 
.B-sitosterol in the water can enter fish and consequently have reproductive ef-
fects suggesting a possible role in effecting reproductive changes in BKME-ex-
posed fish (Maclatchy & van der Kraak 1994). Therefore, the effect levels of plant 
sterols in fish needs further clarification. 
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Extension of effect in time and space are the basic criteria for classification of 
environmental effects of all kinds of water pollution. The sum of effects which is 
causing irreversible changes in the aquatic ecosystem should be considered as 
more serious than those causing reversible damages, and effects in a vast area 
should be regarded as more serious than those affecting a smaller area. A scheme 
of classification of adverse effects in the aquatic ecosystem according to these 
criteria was proposed by Landner (see e.g. Lindestrom et al. 1981). This scheme, 
originally developed for assessment of the various effects caused by discharges 
from conventional pulp mills, is shown in Table 8. 

Table 8. Distribution of effects in time and space of adverse effects in the aquatic ecosystem caused by conventional 
pulp mill effluents. (Source: Lindestrom et al. 1981) 

-
Time Short Term Intermediate Effects; Long Term or 

Reversible Effects Irreversible Effects 
Local . Death (fish, plankton) . Accumulation of toxic . Sedimentation of solids, . Decreased light substances (fish , molluscs) i.e. fibres (benthic animals) 

transmission (plants) . Bad taste (fish, molluscs) . Formation of hydrogen . Avoidance reactions (fish) . pH-change (benthic sulphide (benthic animals) . pH-change (fish) animals) . Destruction offish . Oxygen deficiency in . Oxygen deficiency in spawning grounds 
water mass (fish) sediment-water-interface . Growth stimulation (benthic animals) 
(heterotroohic organisms) 

Distant . Decreased light . Accumulation of toxic 
transmission (plants) substances (fish, shellfish) . Hampering of . Bad taste (fish, molluscs) 
photosynthesis (algae) . Growth stimulation (algae) . Avoidance reactions (fish) . Persistent genotoxic 

substances in drinking 
water (higher animals) . Disturbance of 
reproduction success (fish) 

The local area may be defined as having a water mass of relatively high flush 
rate and the average residence time for refractory compounds is no longer than 
10 days. Residence time for sediments is more than 12 months. The distant area 
may be defined as having a longer residence time of its water mass, up to several 
years, and is equal to the area where any effect can be detected. Short-term effects 
are reversible within weeks, intermediate effects within 12 months, and long-term 
effects are irreversible for more than a year. 

Although a large fraction of the substances of an industrial effluent may de-
compose easily (illustrated by BOD7) and, therefore, influence only a local area of 
the receiving waters, there may still be a significant number of slowly degradable 
and possibly toxic compounds present, with the potential of expressing effects in 
a distant area. Ecotoxicological testing of samples of industrial effluents should, 
therefore, include biossays on both non-stabilized and aerobically stabilized sam-
ples (Folke et al. 1993b ). 
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Potential short-term (direct exposure) toxic effects in the receiving waters 
caused by discharges of substances should be focussed on in the biotests using 
non-stabilized samples of waste water. Examples of substances causing these lo-
cal-area effects are the ones with high acute toxicity, the ones with light-adsorb-
ing properties, the ones causing avoidance reactions, pH-changes, or oxygen de-
pletion, or the ones stimulating heterotrophic growth. 

Long-term sublethal and chronic effects should be revealed by bioassays on 
samples containing only slowly biodegradable substances, i.e. in aerobically sta-
bilized samples. Examples of substances causing these distant area effects are fi-
bres and other settleable matter, bioaccumulating substances (especially if these 
exert chronic toxicity), off-taint or eutrophication causing substances, or persist-
ent substances with genotoxic or other chronic toxic effects. 

5.1 Single-species short-term toxici 

The, by now, classic review by McLeay (1987) covers the literature on aquatic 
toxicity of pulp and paper mill effluents until about 1987, i.e. mainly effluents 
from mills applying the 1970-1980 technical levels. A review by Bonsor et al. 
(1988) to some degree covers the technical developments including oxygen delig-
nification of kraft pulp. 

The acute lethal toxicity data on rainbow trout compiled by McLeay (1987) 
invariably showed acute toxicity of untreated effluents from production of both 
bleached and unbleached kraft pulp (as well as from other types of pulp produc-
tion, sulphite, mechanical, chemo-thermomechanical). The acute 96h LCS0-val-
ues of untreated effluents (unbleached and bleached kraft) varied between 3-65 
% v /v and 5-87 % v /v respectively. Corresponding values for secondary treated 
effluents varied between 13 and> 100 % v /v for both categories of pulp produc-
tion. The data are based on work by Fisher (1982), Loch & MacLeod (1973), Leach 
& Chung (1980), Holmbom & Lehtinen (1980), Miettinen et al. (1982), Nikunen 
(1983). 

A compilation of effects, other than death, at acute exposure to bleached and 
unbleached kraft mill effluents carried out by McLeay (1987) reveals a wide range 
wherein effects occurred. The parameters used in studies of sublethal effects in-
clude effects on histology (fish), abnormal development of oyster larvae, meta-
bolic stress in fish, effects on respiration and circulation in fish, effects on fish 
larvae, avoidance/ attraction reactions in fish, and primary productivity of algae. 
The effect range for untreated, unbleached kraft pulp mill effluents was 1->30 % 
v /v effluent dilution. 

Primary treated bleached kraft mill effluents were tested for totally 24 dif-
ferent responses and showed median effective concentration ranges between 0.001 
and < 40 % v /v effluent concentrations. The most sensitive reponses occurred in 
avoidance reactions to effluents by fish. Effects on algae occurred in a narrow 
concentration interval, i.e. between 3 and 10 % v /v (Eloranta et al. 1984; Nikunen 
1983). 

Secondary treated bleached kraft mill effluent toxicity varied between 0.1 
and > 100 % v /v effluent dilutions. Responses of algae were the most sensitive 
parameter (Nikunen 1983; Anon. 1982). A thorough analysis of the reasons be-
hind the large interval in effective dilutions of secondary treated effluents is not 
possible due to the fact that mill data on water consumption per ton pulp, or 
comparable information, were not given. During the period covered by McLeay 
(1987) the water consumption was highly varying between mills, especially be-
tween mills at different continents. Another fact is that the array of biological 
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levels tested was large, from population levels (algae), whole-organism levels, to 
within-organism levels. This is further complicating a comparison. The impres-
sion is, however, that untreated unbleached and bleached kraft mill effluents had 
the same range of effective dilutions. 

A series of medium-term laboratory tests for sub-acute effects in zebra fish 
and Ceriodaphnia were carried out, where the "Lowest Observed Effect Concen-
tration" (LOEC) was determined for two endpoints: 

A. Reproduction and survival of embryo/larvae 
B. Induction of adverse effects during gametogenesis in fish, determined as 
reduced stress tolerance in the offspring (Landner et al. 1985; Neilson et al. 
1990). 

Based on data from such tests a relationship between AOX and Toxicity 
Emission Factor (TEF SA) was determined for end-point B and is presented in Fig-
ure 14. As TEF often refers to acute lethality the subscript, SA=sub-acute, is used 
in Figure 14. 

i) The amount of sub-acute toxicity, expressed as TEF5A (TEF5A = 100/LOEC 
x waste water flow per ton of pu~p) for a mill using a conventional bleaching 
sequence, typical for the years before 1980, is about 1 000 for end-point A and 
6 000 for end-point B. This serves as a reference for the worst case (End-point A 
not shown in the Figure). 

ii) Introducing oxygen delignification without any other major change in 
the bleaching sequence will reduce TEF5A-values to 500 (A) (not shown) and 5 000 
(B).This is typical technology for the years around 1985 in Sweden and is becom-
ing widespread in the USA. 

iii) Reduction of the washing loss and carry-over of substance from the oxy-
gen stage to the chlorination stage and better control of the bleaching process, 
including oxygen reinforcement of the extraction stage (Swedish mills at the end 
of 1980s), reduce the TEF5A-value 1forroneloftthe'end-points•·(B)to about 2 100 but 
do not change TEF5A for (A) (not shown in figure). 

iv) The best available bleaching technology used in Sweden at the begin-
ning of the 1990s, with oxygen delignification, followed by high chlorine charge 
(70 % of the active chlorine in the chlorination stage) produces an effluent giving 
sub-acute TEF-values of 170 (A) (not shown) and 250 (B), respectively. 

(1) 
(2) 
(3) 
(4) 

TEF-.------,r------.------.------.-----

6000r-----t----~:+------+------f:-) ___ _ 
~L 

4000-t------;~-----+------f------f--------l 

2000 
(7) (6) (5 

0 ·--·--·1:------+----_...., ____ ...f.--___ --l 

0 2 4 

C95D5 Conventional Bleaching ( <1980) 
o (C85o15) (1985) 
0 C92D8 E(O) (End of 80s) 
0 CssD, 5 + ASB 

6 8 AOX (kg/ADt) 

(5) 0 C70D30 (Last Generation) 
(6) 0 C70D30 (Last Generation) + ASB 
(7) 0 PD (Modern Fluff Pulp) 
Mills and years refer to the Swedish situation 

Figure 14. Relationship between AOX and Toxicity Emission Factor (TEF5J determined for re-
duced stress tolerance in fish offspring. 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • The Finnish Environment 17 



v) External treatment of the effluents in an aerated stabilization lagoon with 
a retention time of 8-9 days and which was operated with an an-oxic pre-zone for 
chlorate elimination, resulted in efficient reduction of most pollutants (Haglind 
et al. 1991). Furthermore, it was found that, irrespectively of the level of sophisti-
cation of washing and bleaching technology, the treatment decreased TEP-values 
two to four times. However, the reduction of AOX as a result of external treat-
ment was normally around 30-40 %., to be compared with the drastic reduction 
in toxicity. 

vi) Compared with the externally treated effluents (aerated stabilization la-
goon) from mills using the "last generation" cooking, washing and bleaching tech-
nology, but still keeping a low degree of chlorine dioxide substitution (about 30 % 
of the active chlorine in the chlorination stage as D), giving anAOX in the treated 
effluent of 1.3 kg/ ADt, bleaching sequences with 100% substitution and AOX-
levels of 0.1-0.2 kg/ ADt do not further reduce sub-acute TEP-values (Brunsvik et 
al. 1991;Haglind et al. 1991). 

Toxicity Emission Factors (TEF) are frequently used to compare the toxicity 
of two different effluents: TEF=TU x Q, where Toxic Unit is definied as 100/EC50, 

and Q is the amount of process water discharged per tonne of pulp produced. 
When two pulp mill effluents are compared, clearly, the one with the highest TEF 
is more toxic. The question is, however, if a mill discharging a TEF of 400 is twice 
as toxic as one discharging a TEF of 200? Biological data are essentially logarith-
mic, e.g. decibel and toxicity data are normally attributed an exponential distri-
bution. Then, in a LOGIT or PROBIT analysis the LOG EC50 value is used. There-
fore, it may be more correct to use the formula 

logTEF = Q x log TU 

as the basis for comparing two effluents. In this way log TEF = 0, if the effluent is 
non-toxic. After recalculation of data presented in Figure 14 the relationship of 
EOCl and toxicity, using the log TEF, to AOX is presented in Figure 15. 

EOCI (gram per tonne pulp) Toxicity (logTEFsA) 
70 

X 100 
X EOCI 

60 X A logTEF 
X =0 logTU 

50 (3) (2) X 75 A X ,. Xx 
X 

(1) 0 (C85D15) (1985) 
40 X X 

X (2) 0 C92D8 (EO) 
X X X 

~x 50 {end of 80s) 
30 

X X 
X (3) O Cas01s 

(~ X X +ASB 
x~ 0 :ix X 

20 X X (4) O C70D30 
X X X 25 (beginning of 90s) x\x X X Xx (5) O C70D30 

10 (6) 
X 

~\ X (beginning of 90s + ASB) 
A XX X (6) OPD 

X X (modern fluff pulp) 0 0 
0 2 3 4 5 6 

AOX (kg per tonne pulp) 

Figure 15. EOC/ and sub-acute toxicity relationship to AOX. (Source: Falke et al. 199 Jo.) 
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The Figure 15 clearly shows that efforts to lower AOX discharges below ap-
proximately 1.2 kg/ ADt do not reduce toxicity any further. However, it does not 
show whether the relationship between AOX and toxicity is an independent one, 
or whether it depends on the reduction of other compounds in the effluent (Folke 
& Renberg 1994). 

Data are sofar scarce regarding toxicity comparisons between ECF and TCF 
pulp bleaching practices. Some results were recently published by Lovblad & 
Malmstrom (1994). Their data were recalculated on a logTEF basis by Folke & 
Renberg (1994) (Table 9). As mentioned, non-toxic effluents have a value of zero, 
as opposed to the traditional TEF value that for a non-toxic effluent would be 
equal to the specific water flow per ton pulp. 

Table 9. Summary of logTEF data for primary treated whole mill effluents from ECF and TCF softwood (SW) and 
hardwood (HW) pulp production. (Source: Falke & Renberg 1994). 

Mill Sample Microtox® Selenastrum Zebra fish Ceriodaphnia 
bacteria sub- growth reproduction acute tox & 
lethal toxicity inhibition reproduction 

Vara 
SW ECF-1 15 0 
SW ECF-2 24 
SWECF-3 0 

Vara 
SW TCF-1 0 
SWTCF-2 5.3 3.7 
SWTCF-3 0 

Mansteras 
HWTCF-1 12 9.5 
HWTCF-2 2.5 
HWTCF-3 0 

The data analysis indicates that a slight toxicity may be found in some bio-
assays for both ECF and TCF pulp. As long as the spent bleach liquors are dis-
charged to the environment from both the ECF and TCF processes, it cannot be 
concluded on the basis of results in Table 10 that one bleaching technology is 
superior to the other in terms of single-species short-term toxicity. 

In a study by Priha (1995, in press) the total effluents from all 15 Finnish pulp 
mills (Table 10) were tested with five laboratory-scale short-term toxicity tests. 
The tests were: immobilisation of Daphnia, luminescent bacteria test, growth inhi-
bition/ stimulation of green alga, early life stage development of zebra fish and 
MFO-activity in rainbow trout isolated hepatocyte culture. 

The biological responses of the effluents are summed up in a frequency block 
chart (Figure 16). According to Priha (1995, in press) the figure does not show the 
rate of the impact, but only the different types of responses on a yes/no scale. In 
general the biologically treated bleached kraft mill effluents showed little or no 
toxicity regardless of bleaching technology (Figure 16). The mechanically treated 
effluents 14 and 15 showed the most frequent responses. Effluent 15 was from 
unbleached kraft production. The common characteristics for the effluents were 
that none caused Daphnia toxicity and all stimulated algal growth at some con-
centration (Priha 1995, in press). None of the secondary treated effluents at 100 % 
concentration affected the survival of zebra fish embryos and larvae, whereas the 
mechanically treated effluents were toxic. Only two of the effluents, both includ-
ing effluents from TCF production, caused a slight induction in EROD activity. 
Seven of the effluents tested inhibited the EROD activity. 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • The Finnish Environment l 7 



Table I 0. Process and effluent characteristics of the pulp mills studied. Abbreviations: ECF (Elemental Chlorine Free), 
TCF (Totally Chlorine free), CONY (DIC-stage bleaching), SW (Softwood) HW (Hardwood), AL (Aerated Lagoon), AS (Ac-
tivated Sludge), MECH (clarifier and/or settling basin), BK (Bleached Kraft), UBK (Unbleached Kraft), SAP (Semialcaline 
pulp), (int) (integrated with paper and/or board production, indicated if joint effluent treatment) (Source: Priha 
1995, in press). 

Mill/ Bleaching Wood Effluent Production Chemical characteristics of the whole-mill effluents 
sample type furnish treatment BOD7 CODCr SS Tot.P Tot.N AOX 
no. mg/I mg/I mg/I mg/I mg/I mg/I 

1 ECF SW+HW AL BK (int.) 54 452 92 1.1 8.6 3.4 
2 ECF SW+HW AL BK 56 586 52 0.7 8.1 3.3 
3 ECF SW+HW AL BK 83 500 25 0.6 4.9 0.8 
4 ECF SW+HW AS BK 32 596 32 0.4 2.8 7.4 
5 ECF SW+HW AS BK 35 470 39 0.9 4.0 4.5 
6 ECF SW+HW AS BK 6 316 6 0.1 0.6 2.7 
7 ECF SW+HW AS BK(int.) 8 460 16 0.5 1.8 5.7 
8 ECF SW+HW AS BK 58 802 61 1.3 4.5 10.2 
9 ECF+TCF SW AS BK(int.) 12 233 34 0.2 3.7 2.1 
10 ECF+TCF SW+HW AS BK+UBK(int.) 16 250 11 0.3 1.8 1.2 
11 ECF SW+HW AS BK+UBK 5 410 8 0.7 6.1 6.7 
12 ECF+cONV SW+HW AS BK (int.) 10 464 66 0.3 3.0 10.4 
13 CONV SW+HW AS BK (int.) 16 738 51 1.3 13.1 12.0 
14 ECF SW MECH BK 155 568 22 0.3 2.6 
15 MECH UBK+SAP (int.) 335 783 72 0.9 5.7 
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Figure I 6. Frequency block chart of the different biological responses to the whole mill effluent 
exposures in laboratory tests. A missing block indicates "no-observed-effed'. The height of the 
block does not indicate the strength of the observed effect Numbers refer to the mills de-
scribed in Table I 0. (Source: Priha 199 5, in press) 
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Verta et al. (1994) performed a series of short-term tests including algae growth 
inhibition test, luminescent bacteria test1 Daplmia mobility inhibition tests and 
zebra fish hatching and survival test. Different effluents originating from produc-
tion of soft- and hardwood ECF and TCF bleached pulp at two different mills 
were tested. Effluents were sampled from the bleach plant and from the total 
discharge after the treatment plant. Moreover, since ECF and TCF effluents were 
mixed at one of the mills, the bleach plant effluents were treated in a pilot activat-
ed sludge treatment plant. At the other mill, total effluents after the stabilization 
lagoon and after secondary treatment, were sampled. 

The results from the different tests were summarized as a toxicity index. The 
calculation of toxicity index is presented in Verta et al. (1994). The toxicity indices 
obtained are presented in Table 11. It must be pointed out that the indices refer to 
effluents both from softwood and hardwood pulp production. 

Table 11. Toxicity indices of effluents from prnduction of conventionally bleached, and ECF and TCF bleached kraft 
pulp. (Source: Verta et al. 1994). 

Effluent 

Conventional, bleach plant,SW 

ECF,bleach plant.SW+ HW 

TCF, bleach plant.SW+ HW 

ECF,bleach plant, pilot treated,HW 

TCF,bleach plant pilot treated,HW 

ECf /TCF, whole mill.SW+ HW 
activated sludge treated, 

SW = softwood; HW = hardwood 

Toxicity index 

0.88 

0.67 

0.63 

0.19 

0.13 

0.02, 

variation 

(0.50-0.88) 

(0.56-0.69) 

(0.00-0.13) 

There were no significant differences in toxicity between ECF and TCF bleach 
plant effluents. The authors concluded that the toxicity generally was best ex.:. 
plained by the COD content, phenolic compounds and by the content of resin 
and fatty acids. AOX did not correlate with toxicity. As in most studies in the 
literature, the water use per ton pulp was not considered, making a straight com-
parison with the results reported by, for example Folke & Renberg (1994), diffi-
cult. 

Parallell with the study by Verta et al. (1994) as short-term toxicity study was 
performed by Kovacs et al. (1995) using the same untreated and pilot plant treat-
ed bleach plant effluents from hardwood pulp production as Verta et al. (1994) 
used in their biotests. 

The battery of biotests used by Kovacs et al. (1995, in press) consisted of 
fathead minnow (survival, growth), Ceriodaphnia (survival, reproduction), Sele-
nastrum (growth), and sea urchin (egg fertilization) tests. The effluent concentra-
tion causing a 25 % reduction in a particular endpoint (i.e. IC25) and its 95 % 
confidence interval was estimated. In addition, the effluents potential to cause 
hepatic MFO induction in rainbow trout was assessed by a means of a laboratory 
tets described earlier (Martel et al. 1994). The effluents were extensively chemi-
cally characterized. The results from the biotests are shown in Table 12. 
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Table 12. Results from biotests with untreated and secondary treated (pilot plant) hardwood bleach plant effluents 
(Source: Kovacs et al. 199 5). 

Untreated 18 (11-22? J3 (4-16)a 5.4 (2.7- 8.6 (8-9.1? 10.1 * 
ECF effluent 6.6? 

Secondary- 57 (31-7l)b 45 (41-52)b 21 (19-23)b 7.1(6.2- 8.6* 
treated ECF 7.8)b 
effluent 

Untreated 28 (20-30f 25 (1-35f 16 (NC)b 6.4 (5.4-, 5.0* 
TCF effluent 7.8)b 

Secondary- 60 (52-69)b 49 (20-64)b 37 (31-39f >100 1.3 
treated TCF (NCf 
effluent 

Note: IC25s sharing the same letters for each column are not different in a statistically 
significant manner. 
Numbers in parentheses represent 95 % confidence intervals 

RI = Relative induction 
* Statistically significant induction (p < 0.05) 
NC = Not able to calculate 95 % CI 

The biological tests indicated that the effluents were not highly toxic (three 
quarters of the IC25s were~ 10% v /v) and that, overall, the secondary treated 
TCF effluent was the most benign. When making the comparison between sec-
ondary treated ECF and TCF effluents, there was no difference in the ability of the 
effluents to cause effects in the Ceriodaphnia and fathead minnow tests. In the 
algae, sea urchin and MFO tests, the TCF effluent was less potent. The reason 
behind the lack of response in the sea urchin test may be the lower content of high 
molecular weight lignin in the TCF effluent than in the ECF effluent (Sangfors et 
al. 1994). The effect on sea urchin egg fertilization has been traced to reactive 
aldehyde groups in a high molecular weight fraction (Higashi et aL 1992). 

Comparing untreated ECF and TCF bleach plant effluents, the sea urchin 
and rainbow trout MFO assay did not appear to be substantially different, while 
the algae, minnow and Ceriodaphnia were found to be more sensitive to the ECF 
effluent. The results confirm previous findings (O'Connor et al. 1994; O'Connor 
et al. 1993) that the sensitivities of different organisms and endpoints varies with 
different effluents, supporting the need for a battery of laboratory tests when com-
paring effluent quality. 

O'Connor et al. (1994) used two brownstock pulps for laboratory bleaching 
experiments and studied the effluent toxicity with a series of short-term toxicity. 
The one pulp (Pulp I) can be considered as representative of conventional pulp-
ing technology and the other pulp (Pulp II) as representative of an effectively 
operating extended delignification system. Six sequences, representing both chlo-
rine-containing and totally chlorine free (TCF) sequences, were used for bleach-
ing: (C90+D10)E, (D50+C50)E, D100E, OD100E, OQP and OZEP. Pulp I was bleached 
solely with chlorine-compound-containing sequences. Pulp II (asterisk in Figures 
17-19) was bleached with a DlO0E sequence and as well was used for those bleach-
ing sequences which included oxygen delignification step (OD

100
, OQP and OZEP). 
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Figure I 7. Chronic toxicity of laboratory prepared bleaching effluents on Ceriodophnio repro-
duction. Bors which exhibit different letters ore statistically significant different (P < 0.05) from 
one another. The data hove been normalized to a water usage of 55 m3/t pulp. (Source: 
O'Connor et al. I 994) 

The effluents derived from (C90+D10)E and (D50+C50)E bleaching sequences 
exhibited acute lethal toxicity of 55 and 65 %, respectively for fathead minnows 
and marginal toxicity (92 and 98 %, respectively) for Ceriodaphnia. The remaining 
effluents did not show any lethal toxicity to either fathead minnow or Ceriodaph-
ma. 

As shown in Figure 17 the effects of the various bleaching effluents on Ceri-
odaphnia reproduction followed the order: OZEP>OQP>(C90+D10)E-
=(D50+C50)E>D100E>OD100E. The effluent which produced the least chronic toxici-
ty was the oxygendelignified pulp (Pulp II) bleached with 100 % ClO2• The efflu-
ent from the pulps bleached using TCF conditions were exhibit the highest chron-
ic toxicity to Ceriodaphnia (Figure 17). 

In Figure 18 the effects on fathead minnow growth are presented. The efflu-
ent obtained from the bleaching of the oxygen-delignified pulp using 100 % ClO, 
did not exhibit any chronic toxicity to fathead minnows even when tested at full 
strenght (i.e. IC20>100 %). 

In contrast to the results for Ceriodaphnia reproduction, the TCF effluents were 
less toxic than the effluents which were bleached with chlorine/ chlorine dioxide 
(with the exception of the OD100E effluent). 

In the studies of O'Connor et al (1994) the mixed function oxidase (MFO) 
enzyme assays were also conducted. In these assays sexually immature rainbow 
trout were exposed to an effluent concentration of 2.5 %. After a four days expo-
sure the activity of MFO enzyme EROD was analyzed. The results from these 
assays are presented in Figure 19. 

As shown in Figure 19 the only effluents found to significantly induce EROD 
were those prepared using (C90+D10)E and (D50+C50)E and one of the two D100E 
bleaching sequences. The effluent from the OD100E bleaching sequence showed a 
significant inhibition in EROD response. The remaining effluents using TCF se-
quences did not significantly alter hepatic MFO activity. 
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Figure 18. Chronic toxicity of laboratory prepared bleaching effluents on fathead minnow 
growth. Explonot1ons some as in figure 17. (Source: O'Connor et al. 1994) 
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Figure 19. Relative MFO enzyme induction, as measured by EROD assay, for rainbow 
trout exposed to laboratory prepared bleaching effluents at 2.5 % concentration for four days. 
"a" stands for bleaching effluents with statistically signif,contiy higher activity than in controls. 
(Source: O'Connor et oi. 1994) 

O'Connor et al. (1994) compared the results from this laboratory-scale study 
to similar data from mill-scale bleaching trials. This comparison left the questions 
regarding the role of bleach plant effluent towards the acute/ chronic toxicity and 
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the elevation of MFO enzyme activity of whole mill effluents. For the chronic 
sublethal effects studied whether the bleaching was performed with chlorine-
containing compounds or under TCF conditions, the least toxic effluent on a con-
sistent basis was that bleached with the OD100E sequence. 

In another study the EROD activity was measured in fingerling rainbow trout 
after a 96 h exposure to sublethal concentrations of 12 pulp and paper mill efflu-
ents (Gagne & Blaise 1993). Barring one primary-treated effluent where EROD 
activities were significantly depressed and two secondary treated effluents where 
no EROD induction were observed, all other effluents triggered significant in-
duction of EROD, regardless of mill process/treatment or effluent lethality and 
chemical characteristics. This together wth results from the work of O'Connor et 
al. (1994) shows that practically any effluent may cause changes in the MFG-ac-
tivity. 

5.2 Effects of prolonged exposure on single -species 

A relatively large number of laboratory studies have been conducted in Scandi-
navia and North America to determine the effects of pulp mill effluents on the 
organism level (whole-organism and within-organism level) (McLeay 1987; Le-
htinen 1995, in press; Owens 1991; Solomon et al. 1993). The experiments have 
not been coordinated, so species, test system and measured end-points vary be-
tween experiments. In addition, the mill process, internal water use per ton of 
product are seldom or never clearly definied. 

A compilation of effective effluent dilutions causing responses on whole-
organism and within-organism levels is presented in Table 13. The studies have 
been made with effluents from production of pulp (bleached and unbleached) 
using technologies from the 1970s and early 1980s (McLeay 1987). The compila-
tion is based on material published by McLeay & Brown 1974; Whittle & Flood 
1977; McLeay & Brown 1979; NCASI 1968,1973, 1982, 1983, 1984ab; Stoner & Liv-
ingston 1978; McLeay 1973; Lehtinen & Oikari 1980; Webb & Brett 1972; Warren et 
al. 1974; Lehtinen et al. 1984; Seim et al. 1977. Some of the data from NCASI were 
generated in outdoor artificial streams. 

Table 13. Range of effective concentrations for various biological effects in organisms exposed for a prolonged period 
of time to effluents from different pulping processes (Source: Mcleay 1987) 

Process Treatment Dilution range (% v/v) N 

Unbleached kraft untreated 2.0-5.0 2 

Unbleached kraft primary 0.5->30 7 

Unbleached kraft secondary 1.0->5.0 7 

Bleached kraft untreated < 1.0-10 2 

Bleached kraft primary 0.1->25 15 

Bleached kraft secondary 1.0-91 16 

N = number of studies 
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From the tabulation above it can be seen that considerable similarity in effec-
tive dilution ranges occurred between primary treated unbleached and bleached 
kraft pulp mill effluents. Secondary treatment of unbleached kraft pulp mill ef-
fluents had little impact on effective dilutions. Secondary treated bleached kraft 
pulp mill effluents showed a wide range of effective dilutions, from high (1.0 % 
v /v) to practically undiluted. A range of various whole-organism and within-
organism varibles are included in these studies, which may be partly responsible 
for the variations found in effective effluent dilutions (Table 13). Large variations 
between mills in water use and in-process conditions are also very plausible con-
tributions to the variations noted. In recent laboratory studies treated effluents 
from a mill using "low-chlorine" bleaching were observed to cause physiological 
responses in whitefish in exposure dilutions ranging between 1.3-7.0 % v /v (Soi-
masuo et al. 1995). These results, as compared to those presented in Table 13 give 
reason to cast doubt on the contribution of the bleaching process to the effects 
noted. 

In the 1980s, the Swedish EPA-financed project "Environment-Cellulose" may 
be considered the triggering fq.ctor for a worldwide discussion on the role of chlo-
rinated organics in bleached pulp mill effluents (Sodergren et al. 1988). Within 
this project, some laboratory experiments were performed in parallel with field 
studies (Andersson et al. 1988; Hardig et al. 1988; Bengtsson et al. 1989). These 
studies involved physiological and biochemical responses in fish exposed to un-
treated mill effluents originating from a softwood and a hardwood line with the 
bleaching sequence O(C85+D15)EDED and (C35+D65)ED respectively. The aver-
age water use was 50 and 60 m 3 per ton pulp respectively and the tested concen-
trations were adjusted in order to account for differences in water use between 
effluent sampling occasions. 

The most pronounced response, also verified in the field, was observed in 
the activity of MFO-associated hepatic transformation enzyme 7-ethoxyresoru-
fin-O-deethylase (EROD). The softwood pulp line effluent and a mixture of soft-
wood/hardwood effluent induced the activity whereas hardwood pulp effluent 
did not. The exposed fish showed higher liver (220-320 µg/ g) EOCl-values than 
control fish (62 µg/ g) on a fat weight basis. However, the values were similar to 
those obtained in fish exposed to unbleached pulp mill effluents (Hemming & 
Lehtinen 1988). No other specific compounds than chlorinated phenols in fish 
and undiluted effluents were reported, making a clear-cut correlation between 
compounds and effects impossible. 

Bengtsson et al. (1989) exposed fish, fourhorn sculpin and bleak, to untreat-
ed whole mill effluents from production of (i) unbleached hardwood (ii) bleached 
hardwood with 100% D, (iii) bleached softwood with 48% Din the CD-stage and 
finally (iv) to externally treated whole mill effluent from softwood pulp produc-
tion with C84+D16. The softwood and hardwood effluents originated from two 
different mills, the other producing softwood and the other hardwood pulp at the 
time of sampling. The biochemical composition of the fish vertebrae after expo-
sure to the effluents was studied and Table 14 presents the number of vertebral 
characteristics deviating from control fish. The authors stressed a possible link 
between competition for ascorbic acid used for detoxification processes and ascor-
bic acid dependent cartilage synthesis. 
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Table 14. Number of statistically significantly deviating vertebral characteristics in fourhorn sculpin, Myoxocephalus 
quadricornis, and bleak, Alburnus alburnus, exposed for 4.5 months to different pulp mill effluents. Total number of 
parameters studied= 13. Percentage given in parentheses. (Source: Bengtsson et al. 1989) 

(i) (ii) (iii) (iv) 

Fourhom sculpin 8(62) 6(64) 9(69) 2(15) 

Bleak 4(31) 3(23) 7(54) I (8) 

(i) = Unbleached hardwood, untreated; 
(ii) = Bleached hardwood (DI 00), untreated 
(iii) = Bleached softwood (048), untreated; 
(iv) = Bleached softwood (D 16), external treatment 

The data presented in table 14 suggest that digestion products from hard-
wood pulp production produces substances acting on vertebral structure and bi-
ochemical parameters. Further, the bleaching with chlorine dioxide may partly 
destroy such compounds or they do not enter the effluent from the bleach plant 
(Lehtinen 1995, in press). The effluents originated, however, from two different 
mills and therefore cannot fully be compared. The results from exposure to soft-
wood pulp effluents cannot be compared directly with the results from the exper-
iment with hardwood since no unbleached softwood alternative was tested. Ex-
ternal treatment of the bleach plant effluent (iii) from the high elementary chlo-
rine bleaching seems to eliminate compounds producing vertebral anomalies. 

The effects observed in bleak were fewer but in the same direction: (i) pro-
duced effects in a higher number of parameters than (ii). (iii) produced the high-
est number of effects and (iv) the fewest. 

In parallel with the "Environment-Cellulose" project Finnish scientists were 
conducting a number of laboratory tests in which effluents both from unbleached 
and bleached pulp production were studied (Oikari & Nakari 1982; Oikari et al. 
1984a; Oikari & Niittyla 1985; Oikari et al. 1985a). These experiments ·were largely 
not accounted in the conclusive summary reports of the Swedish "Environment-
Cellulose" project (Sodergren 1988_; Sodergren 1993). 

In the work by Oikari & Nakari (1982) it was shown that resin acids in a 
simulated (unbleached) kraft mill effluent caused liver dysfunction in rainbow 
trout. Subsequent work showed that resin acids (as well as chlorophenolics) are 
conjugated in the liver and excreted through the bile (Oikari et al. 1984b ). Physio-
logical effects under exposure to these compounds and in combination with chlo-
rophenols were detected on several levels (hematology, energy metabolism and 
detoxification). 

An interesting response was the prominent inhibition of the conjugation en-
zyme UDP-GT involved in detoxification processes. This inhibition occurred with 
unbleached effluent components present only and did not require presence of 
chlorinated phenols. Liver dysfunction was indicated simultaneously as detected 
by increased plasma bilirubin levels (Oikari et al. 1984b). Oikari et al. (1984a) 
further demonstrated that compounds from unbleached pulp production to a larg-
er degree affected energy metabolism in rainbow trout than simulated kraft mill 
effluent with chlorophenols added. The results by Oikari et al. (1984a) with inhi-
bition of the UDP-GT activity in rainbow trout were also reproduced by Tana 
(1988) using pure dehydroabietic acid (DHAA). 
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The stimulatory effect in the EROD enzyme activity observed in both labora-
tory studies and in the field within the "Environment-Cellulose" project caught 
much attention also in North America and elsewhere (Sodergren 1991; Munkit-
trick et al. 1994; Servos et al. 1994; van den Heuvel 1994). Induction of this en-
zyme activity was considered a sensitive indicator for exposure to BKME. Al-
though the enzyme responds to exposure to compounds such as chlorinated di-
oxins (Muir et al. 1990; Lindstrom-Seppa & Oikari 1989a), it was concluded at the 
first pulp bleaching symposium in Stockholm (Sodergren 1991), that EROD in-
duction in fish could not be regarded as a specific indicator for exposure to efflu-
ents from bleached kraft pulp production. Lehtinen (1995, in press) summarized 
the responses obtained on EROD and UDP-GT activities in fish liver and fish 
liver cell cultures exposed to various pulp mill effluents as well as fractions of 
different effluents (Table 15). 

The results in Table 15 show that there is a lack of consistent inductive re-
ponses of the enzyme(s) when the organism or other biological fractions are ex-
posed to effluents from production of bleached pulp using chlorine. EROD was 
induced also when fish were exposed to unbleached kraft pulp mill effluent or to 
black liquor only. Inhibition ofact'ivities was also noted in several cases. 

The question arising in this connection is whether or not induction of en-
zymes such as EROD and UDP-GT and effects on other metabolic parameters in 
the "historical" perspective were related to bleaching with chlorine? Undoubted-
ly effects occurred and still do occur in bleached kraft mill effluent receiving wa-
ters, and effects are also observed in laboratory experiments (Robinson et al. 1994; 
Munkittrick et al. 1994; Servos et al. 1994). The effects on enzyme biomarkers 
occur, however, both when the pollutant originates from chemical (sulphate, sul-
phite) or thermomechanical, or (treated/untreated) bleached or unbleached pulp 
(Gagne & Blaise 1993; Huuskonen 1994; Lindstrom-Seppa et al. 1992a; Pesonen & 
Andersson 1992; Servizi et al. 1993). 

Another fact, making conclusions on the biological severity of enzyme re-
sponses difficult, is the varying direction of the response, i.e. induction or inhibi-
tion (Lehtinen 1990). From work by Rabergh et al. (1992), Pesonen & Andersson 
(1992), Tana (1988), Oikari et al. (1983) and Oikari & Nakari (1982), strong evi-
dence is given that extractives such as resin acids are cytotoxic and enzyme inhib-
itors and that such respones would be expected in fish exposed to effluents con-
taining dominating levels of extractives. The work by Pesonen & Andersson (1992) 
shows that low levels of a complex pollutant may induce hepatic MFO-enzymes. 
With increasing pollutant concentrations a successive inhibition is reached. The 
problem arising here is that a level where the enzyme activity is similar to the 
control is sometimes reached and may cause a false negative result (Jimenez et al. 
1990). Jimenez et al. (1990) tested this hypothesis on fish by using a known hepa-
totoxin and a subsequent challenge of the fish with benzo-a-pyrene (BaP). The 
administration of the hepatotoxin significantly reduced the ability of the liver to 
induce the EROD activity as a result of BaP exposure. 

The observations by Jimenez et al. (1990) are highly important for the inter-
pretation of studies on pulp mill effluents, both in the laboratory and in the re-
ceiving waters. Low EROD or any other enxyme activity in exposed fish may 
indicate two things, i.e. absence of inducing substances or hepatotoxic levels of 
contaminants. Consequent!~ comparison of several biomarker responses is needed 
to provide information for correct interpretation of MFO responses. Such biomar-
kers would include general metabolic ones reflecting the nutritional status (liver 
glycogen, liver lipids etc.), histopathology and serum enzyme levels and biomar-
kers related to reproduction (Munkittrick et al. 1992). Finally, biomarkers have to 
have a defined linkage to the level of exposure in order to be useful- and need to 
be associated with particular chemicals or toxicity syndromes. Otherwise, the sig-
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Table 15. Hepatic phase I, EROD abd phase 11, UDP-GT enzyme responses in fish liver and liver cell cultures exposed to various pulp mill effluents. 

Process/fraction Treatment EROD UDP-GT Species Durationof exp. Reference 

O(C85+D15) none Induction Induction Perch NorrsundetJield Anderssonet al. 
1988 

CDEoDED yes Induction N.A. Rainbow trout 4 days Martel et al. 1993 

DEoDED yes Induction N.A. Rainbow trout 4 days 

O(DC)EoDD yes Induction N.A. Rainbow trout 4 days II 

Unbl.KME yes Induction N.A. Rainbow trout 4 days " 

Black liquor none Induction N.A. Rainbow trout 4 days " 

TMP yes No effect N.A. Rainbow trout 4 days " 

CTMP yes No effect N.A. Rainbow trout 4 days " 

TCF yes Induction N.A. Rainbow trout 4 days It 

Unbl.KME yes Inhibition N.A. Rainbow trout 18 days Huuskonenl 994 

TMP yes No effect Inhibition Rainbow trout 8 weeks Lehtinen et al. 
1993 

Sulphite mill none Inhibition N.A. Primarycell cult. hrs Pesonen 1992 
extract 

KMEmill extract none Inhibition N.A. " hrs Pesonen 1992 
BKME/KM:E yes Inhibition N.A: II hrs Hanninen et 

al.1991 

SimulatedKME none N.A. Inhibition Rainbow trout 11 days Oikari& Nakari 
1982 

-I ::r 
QeZ(Eop )ZEP none Inhibition No effect Rainbow trout 8 weeks Sangforset al. 1994 

(D ., " yes Inhibition No effect Rainbow trout 8 weeks " 5 
::J 
vi ::r D(Eop)DED No effect No effect Rainbow trout 8 weeks " 177 none 
::J 
< a yes No effect No effect Rainbow trout 8 weeks ::J 
:3 
(D C=Chiorinegas; D=Chlorinedioxide;O=Oxygen stage; Z=ozone; Eop=Alcalme stage+oxygen and peroxide; Qe=Enzyme and chelatmg ;l. 

'-J agent; TMP=Thermomechanical pulp; CTMP=Chemithermomechanical pulp;TCF=Totally chlorine free; KME=Kraft mill effluent 



nificance of any observation will be unknown and useless for directing technical 
changes in mill operations. 

End-points with significance for the population such as reproduction under 
pro-longed exposure have not been studied with effluents originating from mills 
adopting bleaching technology of the 1990s. Such studies are important in the 
future, since effects on the reproductory system have been observed in recent 
Swedish and Canadian field studies outside mills employing both chlorine and 
non-chlorine bleaching practices (Sandstrom et al. 1988; McMaster et al. 1991; 
Munkittrick et al. 1991; Munkittrick et al. 1994). 

Tana & Nikunen (1986) and Vuorinen & Vuorinen (1987) studied the hatcha-
bility of pike eggs and the effects on early life stages of brown trout, respectively, 
under exposure to BKME representing the bleaching technology of the 1980s. Tana 
& Nikunen (1986) found an increased egg survival in pike caught from the pollut-
ed water area as compared with eggs from unexposed parents. However, fry from 
exposed parents did not stand additional stress. The tested effluent dilutions were 
between 0.5 and 10 % v /v. In the work by Vuorinen & Vuorinen (1987) the eggs 
were fertilized in clean water and incubated in polluted water with effluent dilu-
tions ranging from 0.5 to 2 % v /v. Thus, no comparison on acclimatory responses 
were made as in Tana & Nikunen (1986). Percentage hatching (2 % v /v) was low-
er than in controls. Newly hatched fry were smaller in all dilutions tested and the 
yolk absorption was retarded. Post-hatch exposure also retarded growth and dev-
lopment of the fry. All sac fry died after 4 weeks of exposure in 2 % effluent con-
centration. 

The results referred show that old technology BKMEs affected early life stages 
of fish. However, in neither study was it possible to relate the results to bleaching, 
since the effluents tested were whole mill effluents. In the study conducted by 
Vuorinen & Vuorinen (1987) the COD-values were rather high based on effluent 
concentration (1 200 mg/L) as compared with treated effluents from new tech-
nology mills with external treatment (400-500 mg/L) (Lehtinen et al. 1994). Thus, 
the role of other in-mill process streams to the effects noted cannot be excluded. 

5.3 f cts of prolonged exposure in multi-species 
testing systems, model ecos ems 

The biological effects of total pulp mill effluents from mills with different bleach-
ing procedures have been systematically studied in model ecosystems along with 
the technical development since the beginning of the 1980s (Rosemarin et al. 1986; 
Lehtinen et al. 1988; Hemming & Lehtinen 1988; Lehtinen 1989; Lehtinen et al. 
1990; Lehtinen 1990; Rosemarin et al. 1990a; Lehtinen et al. 1991; Lehtinen et. al. 
1992; Lehtinen et al. 1993; Tana et al. 1994; Lehtinen et al. 1994). 

Effects on both community and population level as well as on whole-organ-
ism and within-organism levels have been studied in this work. At the communi-
ty level the main emphasis was in the beginning put on the community structure. 
From 1991 onwards, also functional mechanisms such as system carbon binding, 
consumption of carbon dioxide, oxygen production etc. have been studied. Ef-
fects on fish populations (growth, mortality) were studied using larvae of the 
three-spined stickleback, Gasterosteus aculeatus, and effects on whole- and within-
organism level were studied using rainbow trout as test organism. The physio-
logical test program has been modified during the work in accordance with expe-
riences from earlier results. Generally, most of the responses measured are com-
parable between the years. 
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The results from tests performed during the period 1982-1985 have been 
summarized as effect factors by Lehtinen et al. (1991). The data were calculated as 
11 effect factors" in order to obtain a common base for comparison of the different 
effluents. The basic material has been thoroughly evaluated and the intensity of 
an effect has been assigned a value on a scale between O and 5, where O = no 
significant deviation from the control and 5 = strongest observed effect. The mean 
value for all the parameters is referred as the calculated "Effect Factor". 

The investigated parameters and the calculated "Effect factors" for four al-
ternatives corresponding to different groups of parameters are listed in Table 16 
and Table 17. 

The effect factors for alternatives 1 and 3 (see Table 17) (with and without 
fish physiology and EOCl= Extractable Organic Chlorine) were plotted against 
the TOCL kg/t (Total Organic Chlorine) per ton pulp for the different effluents 
(Figure 20). 

Table 16. Parameters studied in model ecosystem experiments during the period 1982-1985. (Source: Lehtinen et al. 
1991) 

Effluent no. 2 3 4 5 6 7 8 9 10 

EOCI in fish and snails X X X X 

1. Bladder wrack 
Biomass X X X X X X X X X X 

Apical growth X X X X X X X X X X 

2. Invertebrates macrofauna 
Biomass X X X X X X X X X X 

Abundance X X X X X X X X X X 

3. Fish, stickleback 
Mortality X X X X X X X X X X 

Growth X X X X X X X X X X 

Histology X X X X X X X X X X 

Parasite frequency X X X X X X X X X X 

4. Fish, rainbow trout 
Physiology X X X X X X 

Table 17. Calculated "Effect factors" for four alternatives corresponding to different sets of parameters investigated in 
the model ecosystems (Source: Lehtinen et al. 1991 ). 

Calcuiated "Effect Factors"" 
Efnueni Type of effluent Alternative I Allerna1ive 2 Alternative 3 Alcernative --l 
no. High dose Low dose High dose Low dose High dose Low dose High dose Low dost' 

SW (C95 + DS)EHDED 4.40 3.18 4.63 3.33 4.29 2.75 4.60 3.67 
SW (C87+D13)EDED+ALb 2.27 1.36 2.33 1.33 2.75 1.50 3.00 1.50 
SW O(C83+D17)EDED 2.90 1.00 2.44 0.56 3.25 1.50 2.67 0.83 
SW O(C85+Dl5)EDED+pAL" 2.90 l.67 2.44 1.14 3.13 1.75 2.50 I. 17 
SW O(C84 + D16)EDED +_ppAL0 1.63 0.45 1.33 0.22 1.75 0.63 1.33 0.33 
SW O(C52 + D48)EDED 1.73 1.00 1.00 0.56 2.38 138 !50 0.83 
SW Unbleached 2.50 1.88 2.67 2.00 2.50 1.88 2.67 2.00 

HW (D92 + C8)(E + P)D(E + P)D 3.00 2.50 2.50 2.17 3.00 2.50 2.50 2.17 
HW O(C82+D18)EDED 2.63 2.13 2.00 2.00 2.63 2.13 2.00 2.00 

10 HW O(C5I + D49)EDED 2.25 2.50 1.50 2. li 2.25 2.50 1.50 2.17 

0 Alternative I All parameters investigated are included, except EOCI. 
Alternative 2 Same as Alt. I but chlorate effects (biomass, apical growth) on bladder wrack excluded 
Alternative 3 Same as Alt. 1 but fish physiology excluded. 
Alternative 4 Same as Alt. I but chlorate effects on bladder wrack, fish physiology and EOCI excluded. 

b AL= Aerated lagoon. pAL = Partial aerated lagoon. ppAL = Pilot plant aerated lagoon. 
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Figure 20. Calculated "Effect Factors" for alternative and 3 from table 17. (Source: 
Lehtinen et al. I 99 I) 

Following conclusions from the data in Figure 20 may be drawn: 
• The TOCI-values correlate reasonably well with the "Effect Factors" ob-
tained for bleached softwood kraft pulp. 

• The effluent from production of unbleached softwood kraft pulp has a high 
effect factor despite a TOCI-level of zero. 

• The bleached hardwood kraft pulp mill effluents show much higher effect 
factors than would be expected from softwood kraft pulp TOCI-relation-
ship. 

The results implied that no general conclusions on the environmental im-
pact of an effluent can be made from its TOCl-content. It is also evident that other 
process internal factors and substances not included in the bleaching contribute 
to the effects noted. 

To date, whole mill and bleach plant effluents from production of softwood 
and hardwood pulp have been studied in model ecosystems. The studies have 
also included effluents from unbleached and thermomechanical (TMP) pulp pro-
duction. So far no pure paper mill effluents have been studied. The effluents from 
chemical pulp production cover the spectrum from conventional bleaching to ECF 
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and TCF bleaching processes. The effluents tested in model ecosystems during 
the period 1982-1993 are presented in Table 18. 

All effluents have been normalized to a water consumption of 50 m3 per ton 
pulp. The effluent dilutions have always been 400-2 000 times except for in Tana 
et al. (1994) where the dilutions used were 200 and 1 000 times. Originally, the 
objective with the model ecosystem studies were to evaluate the ecosystem im-
pact of whole mill effluents from mills employing new bleaching technologies, 
i.e. turning from conventional chlorine bleaching to oxygen delignification, high-
er use of chlorine dioxide instead of chlorine, low chlorine multiple bleaching etc. 
However, this approach does not permit comparison of the effect contribution 
from the different compartments of the mill, especially when it has not been pos-
sible always to compare the same mill at every experiment. In some instances the 
same mill has been compared (numbers 4 to 6 and 13,14 in Table 18). Despite this 
possibility, an evaluation of the significance of a general decrease of the organic 
matter content in the effluent at every technological level is not directly possible. 

In order to compare the different effluents originating from processes with 
different technological levels some comparable structural effects are compiled in 
Figure 21. The numbers in Figure 21 refer to the processes numbered in Table 18. 

Table 18. Pulp mill effluents tested in model ecosystems during the period 1982-1993. HW = hardwood; SW = 
softwood. 

Process Treatment Year 

I. SW (C95+DS)EHDED, whole mill none 1982 
2. SW (C87+Dl3)EDED, whole mill aerated lagoon 1983 
3. SW O(C83+Dl7)EDED,, whole mill none 1983 
4. SW O(C84+Dl6)EDED, whole mill partial aeration 1983 
5. SW 0((84 +DI 6)EDED, whole mill aerated lagoon 1984 
6. SW 0((52 + D48)EDED, whole mill none 1984 
1. SW O(C60+D40)(Eo)DED bleach plant none 1989 
8. SW O(C60+D40)(Eo)DED whole mill none 1989 
9. SW O(C85+Dl5)(Eo)DED bleach plant none 1989 
10.SW OPD bleach plant none 1989 

11.HW (D80+C20)(Eop)DED whole mill none 1990 
12.HW (D80+C20)(Eop)DED whole mill aerated lagoon 1990 
13.HW O(D27,C68+D5)(Eop) 

(Ep)D whole mill none 1990 
14.HW O(D27,C68+DS)(Eop) 

(Ep)D whole mill aerated lagoon 1990 
IS.SW (C84+Dl6)(Eo)DED whole mill activated sludge 1991 
16.SW TMP+ newsprint whole mill aerated lagoon 1991 
17. Phytosterols 1991 
18.SW 0(091 +C9)(Eo)DED whole mill activated sludge 1992 

19.HW DEoDED bleach plant none 1993 
20.HW/SW DEoDED whole mill none 1993 
21.HW QeZEopAzEPA bleach plant none 1993 
22.HW QeZEopAzEPA + 

SW DEoDED whole mill activated sludge 1993 

HW = Hardwood; SW = Softwood 
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The responses presented in Figure 21 are given as per cent of the respective 
controls for different years, on bladder-wrack (Fucus) growth, sediment inverte-
brate abundance, Fucus associated invertebrate abundance, and total system abun-
dance (incl. walls of the model ecosystems). The abundance of animals has been 
considered more important than biomass since the abundance of individuals bet-
ter reflects the total genetic information available within the community. Effects 
on bladder-wrack growth is mostly an effect of chlorate. 
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Figure 2 I. Structuroi responses in model ecosystems exposed in 400 times dilution to various 
pulp mill effluents. 
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From the Figure 21 it is seen that effluents 1 and 2 distinctly negatively af-
fected all parameters. The effect was very much similar despite differences in 
TOCL, 6.5 and 2.4 kg/t, respectively. Interestingly, also phytosterols alone (no.17) 
affected bladder-wrack invertebrate abundance. Moreover, tertiary treated efflu-
ent from an integrated TMP-newsprint mill (No.16) affected the structural pa-
rameters in the same order as effluents 1 and 2. Effluents 19-21 (untreated bleach 
plant or untreated whole mill effluent) from ECF and TCF pulp bleaching inhib-
ited invertebrate abundances. Activated sludge treatment of mixed ECF /TCF mill 
effluent was stimulatory. It may also be noted that untreated effluent (No 9) from 
a bleach plant with the sequence O(C85+D15)(Eo)DED also stimulated inverte-
brate abundances. Effluent No. 11 (D80+C20)(Eop )DED stimulated (eutrophica-
tion?) the abundance most. Aerated effluent 14 (low chlorine multiple bleaching) 
was also stimulatory for the invertebrates. · 

In conclusion, there was no relation between bleaching process and the out-
come of the exposure on the invertebrate community. On the organism level the 
results based on 23-27 different physiological and morphometric parameters in 
rainbow trout, exposed to effluents simultaneously with the model ecosystem 
experiments from the period 1989-1993 have been compiled into reponse indices 
in Figure 22. The tested effluents are compared by giving each parameter a number 
between O and 5, where O = 0-10 % difference from control and 5 = over 50 % 
difference from control. The numbers are then added and thereafter divided by 
the number of parameters. In the response index both lower and higher values 
compared to control have been included. The effluent numbers in Figure 22 refer 
to numbers presented in Table 18. 

Figure 22 reveals that ECF and TCF bleach plant effluents (No 19 and 21 in 
Fig.23) from 1993 are identical when it comes to physiological and morphometric 
responses in rainbowtrout. Untreated mixed hardwood/softwood whole mill 
effluent (No. 20) as well as treated ECF /TCF whole mill effluent (softwood+ 
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Figure 22. Response indices of rainbow trout exposed at 400 times diluted effluents from vari-
ous pulp mill effluents in the period 1989-199 3. 
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hardwood) caused some of the lowest impact on fish. Treated whole mill effluent 
from low chlorine multiple bleaching (No. 14) also had a low impact on fish. This 
was also the case with tertiary treated TMP-effluent. The lowest response index 
was calculated, however, for fish exposed to activated sludge treated whole mill 
effluent from a mill with conventional chlorine bleaching.Thus, also in the case 
with physiological responses on fish bleaching sequence :l2§: se was not the pri-
mary reason behind a high or low impact. Most probably in-mill process solu-
tions, which vary from mill to mill, must be a major factor for the environmental 
impact from a modern mill. 

Sangfors et al. (1994) made a similar compilation on response indices vs. 
COD based on whole ecosystem responses (Figure 23). In this case a better corre-
lation between lower COD-discharge and lower impact indexes are observed. 
This may be expected, since other processes prevail in an ecosystem than within 
organisms. For example the quality of COD, including less biodegradable sub-
stances will influence upon heterotrophic activity, nutrients and organic carbon 
on both autotrophic and heterotrophic processes. In any case it is seen that mills 
applying technology of the 1990s produce effluents with a very low environmen-
tal impact regardless of whether bleaching is done with chlorine containing chem-
icals or not, as illustrated with the model ecosystem technique. 

5.4 Field studies 

Pulp mill effluents have a history associated with adverse effects in receiving 
waters. The large scale discharge of organic material and fiber from many pulp 
mills prior to 1970 was the primary cause of the observed environmental impacts. 
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Figure 23. Ecosystem responses (including organism-levels) versus COD (kglt pulp) a~er expo-
sure to various pulp mill effluents. (Source: Sangfors et al. i 994) 
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In a review of studies up to the beginning of the 1980s on toxic effects of pulp mill 
effluents in receiving waters (McLeay 1987), it was concluded that the vast major-
ity of receiving water studies conducted did not distinguish biological effects 
due to toxic constituents from those caused by other effluent characteristics. It 
was also concluded that very few of these receiving-water studies had attempted 
to define the toxic zone of influence caused by a mill discharge. The preponder-
ance of receiving-water studies associated with pulp and paper mill discharges 
have examined biological changes in communities of benthic invertebrates, phy-
toplankton an periphyton. Although many site-specific effects have been demon-
strated, few if any of these studies have shown that these changes resulted in 
adverse effects on fisheries resources. Instances, where significant environmental 
effects on aquatic life had been demonstrated, were normally associated with pulp 
and paper mills discharging untreated or primary-treated effluents into poorly 
flushed waters with limited capacities for dilution and dispersal. In the same re-
view (McLeay 1987), no studies were found which could show conclusive evi-
dence of significant toxic effects within receiving waters attributable to typical 
biotreated mill effluents. Application of the findings reviewed to other discharge 
situations were, in most instances, vitiated by lack of definition of effluent type, 
quality and treatment; effluent dispersal patterns and receiving-water concentra-
tions; and/ or the characteristics of the receiving waters. 

5.4. I Effects on primary production 

Primary productivity studies have been shown to provide valuable information 
for assessing impacts of a variety of pollutants on aquatic ecosystems (Rodgers et 
al 1979, Amblard et al. 1991). However, very few studies have monitored the im-
pact of mill waste on natural populations of primary producers (Stockner & Cliff 
1976, Moore & Love 1977, Eloranta & Kettunen 1979, Eloranta & Eloranta 1980). 

The few studies of kraft pulp mill effluents (KME) on primary production 
have attributed their respective results to one or more of three major sources: (1) 
light attenuation from color; (2) phytotoxicity; or (3) eutrophication. The concen-
sus of conclusions based on these marine studies was that light attenuation was 
the overriding factor for decreases in natural phytoplankton photosynthesis (Park-
er & Sibert 1976, Stockener & Cliff 1976, Stockner & Costella 1976). The results 
from a study by Mechenich (1980) on the effect of color on phytoplankton in Lake 
DuBay, Wisconsin concur with the previous conclusions. Mechenich (1980) found 
that photosynthetic rates increased when lake water color was reduced, increas-
ing light penetration. Different conclusions were presented by Moore & Love 
(1977), who tested KME effects on phytoplankton and periphyton populations in 
Nipigon Bay, Lake Superior. They determined that low concentrations of KME 
and low pH depressed photosynthesis due to toxic effects rather than light atten-
uation. The influence of secondary-treated kraft mill effluent (BKME) on peri-
phyton caused a nutrient enhancement effect; i.e increased growth with increas-
ing watewater concentration (Bothwell & Stockner 1980). 

Available literature indicates that impacts on primary productivity by the 
pulp and paper industry are somewhat site-specific. Based on published data, 
one might expect that a secondary treatment systems lessen any potential toxic 
impact, and light-attenuations from BKME color may have more significant im-
pacts. Secondary treatment does not completely remove effluent color since or-
ganic compounds responsible for coloring BKME, such as sulfonates and other 
wood extractives, are highly resistant to bacterial degradation (Wong & Prahaes 
1977). Responses of periphyton and phytoplankton productivity in the lower Sul-
phur River (Texas-Arkansas) to secondary treated bleach kraft mill effluent were 
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monitored (Davies et al. 1988). Periphyton productivity was not significantly de-
creased downstream of a mill discharge, nor were periphyton efficiences. The 
community structure of the periphyton community shifted towards heterotroph-
ic populations near mill discharge but recovered to upstream characteristics at 
distant downstream stations. 

Phytoplankton primary productivity and productivity efficiency were sig-
nificantly decreased downstream of the mill discharge. These decreases were as-
sociated with increased light attenuation due to mill effluent. As chlorophyll-a 
concentrations of periphyton and phytoplankton were not significantly altered, 
the effluent was not concluded to be lethal to the algae. In lake mesocosm studies 
(Salkinoja-Salonen et al. 1993) secondary treated effluents did not show any de-
structive effects on lake water phytoplankton. 

Kautsky (1992) reported clear impact on the ecosystem near outfalls of Igge-
sund and Norrsundet and in both cases bladder-wrack, Fucus vesiculosus, was 
most affected. It is unclear from the paper whether this could have been caused 
by chlorate. A more plausible explanation is that the inner fjords of Iggesund and 
Norrsundet have high color and little salinity due to fresh water input from the 
lakes and rivers. Bladder-wrack is a marine or brackish water organism. Low 
salinity water (below 4 o / oo) and high water color does not provide optimal 
growth for this species (Folke et al. 1993b ). 

Bladder-wrack annual growth rate at different sampling stations has sys-
tematically been assessed since 1984 at Monsteras recipient(Landner et al. 1994b). 
During the chlorate discharge period, up to 1987, the bladder-wrack was elimi-
nated in a zone near the diffuser and further away the bladder-wrack growth was 
reduced (Lehtinen et al. 1988). After elimination of chlorate discharges in 1987, 
normal growth was re-established in the whole area, yet with abnormal densities 
(Notini 1991). 

5.4.2 E cts on benthic fauna 

Where impacts from pulping effluents occur at the community, the population, 
and even the within-organism levels, there are distinguishable gradients or zones 
of effects. Historically organic and nutrient enrichment were largely responsible 
for adverse environmental impacts from pulping discharges. There is also evi-
dence for chemical toxicity at sites that are simultaneously experiencing enrich-
ment effects. Where organic and nutrient enrichment are sufficiently controlled 
by process design and biological effluent treatment, community and population 
effects have not been observed. 

However, these data are limited, and the possibility of chemical toxicity has 
not been fully explored (Owens 1991). Pulp and paper mills can discharge signif-
icant organic carbon and nutrient loads, which readily alter or degrade local hab-
itats. A community and population gradient due to organic and nutrient en-
richement has been proposed by Pearson & Rosenberg (1987)(Fig 24). 

In Swedish studies, while no effect of pulp mill effluents on the colonization 
of sediment by settling organisms or on the burrowing activity of Macoma baltica 
was observed, disturbances, damages and diseases were noted locally on indi-
vidual organisms and populations (Sodergren 1993). The discharges altered the 
diversity and abundance of the benthic macrofauna close to the effluent source. 
The plant and animal species occuring along a gradient from the source to less 
polluted areas showed some common features, although there may be differenc-
es in species composition due to different phytobenthic substrata (Kautsky 1992). 
The most polluted parts of an area have abundant growth of few species. A tran-
sitory zone has a more even distribution of plant and animal species and functio-
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Figure 24. Model of biological responses of benthic fauna to organic enrichment by a pulp mill 
(Source: Pearson & Rosenberg 1987). 

nal groups, while at the least-polluted areas number of different species increase. 
The findings by Kautsky (1992) can be concluded to be caused by eutrophication 
and enrichment, noting the similarity between his observations and the model 
gradient presented in figure 24. 

Despite a major damage to the benthic communities that occured in 1980-
1984 and was due to the chlorate discharge at that time, no direct detrimental 
effects on benthic flora and fauna could be related to the present BKME discharge 
from the mill (Landner et al. 1994b ). Shell corrosion studies on the Baltic mussel, 
Macoma baltica, did not reflect any effluent-exposure-related increase in this type 
of damage. Recipient sampled shells compared with shells (Macoma baltica) from 
museum collections from the period of 1880-1930 were analyzed for frequency 
and severity of shell corrosion. It turned out that the historical material displayed 
a similar pattern of shell corrosion, although the average degree of corrosion was 
slighty lower (not statistically significant) than in the fresh material (Waren 1991). 

Two meiofauna surveys in the recipient of the Iggesund pulp mill were per-
formed in 1987 and 1991. During the intermediate period a new production line 
including modified cooking, oxygen delignification, low multiple chlorination 
and reinforced alkali extraction was installed. In 1987 the abundance of total meio-
fauna was lower at 3 stations, while the biomass was lower at all stations along a 
pollution gradient measured by sediment EOCI. Sensitive groups were ostracods, 
kinorhynchs, turbellarians and nematodes. In 1991, the area was still affected from 
the pulp mill and the abundance and biomass were lower at most stations. A 
comparison before and after the changes in the pulp producing processes includ-
ing modified cooking, oxygen delignification and low multiple chlorination, 
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showed that the abundance of ostracods had increased in 1991 and the trend for 
most meiofauna taxa is an increasing from 1987 to 1991 indicating a recovery 
(Sundelin & Eriksson 1994). 

At Grand Praire (Canada) the responses of the river benthic populations 
showed only modest enrichment responses (Swanson et al.1993), with an increase 
in the numbers of organisms. However, pollution-sensitive organisms were still 
present in the river below both municipal sewage discharge and the mill dis-
charge. There was no evidence that any species had suffered any effects from 
chemical toxicity. The benthic invertebrate community of the Wapiti River ap-
peared to be healthy, and to have been so, in spite of twenty years of mill opera-
tion. 

The effects on benthic fauna seem to be resticted to immediate discharge 
areas. The Environment/Cellulose II project (Sodergren (1993) concluded that no 
biological effects on bottom-dwelling organisms are expected as a result of the 
long-range deposition of chlorinated organic material on remote area sea floor in 
the Baltic Sea. The levels of EOCI (as derived from the budget calculation) in surfi-
cial sediment of remote areas will remain below those where biological effects 
have been documented in laboratory experiments or observed in field studies in 
receiving waters. Although no effects are presumed to occur in the remote areas, 
the benthic organisms belonging to the lower trophic levels of the food web may 
serve as a transport medium transferring compounds accumulated from the sed-
iment to higher trophic levels via the food web. These conclusions are, however, 
based on a limited set of biological observations and have to be reconsidered when 
new data emerge. 

5.4.3 Effects on fish 

The field studies made in the middle of the 1980s outside the Norrsundet mill at 
the coast of the Bothnian Bay resulted in a worldwide intrest focussing upon the 
chlorinated material as potentially responsible for the effects noted on within-
organism, whole-organism and fish population levels (Sodergren et al. 1988). 
Within-organism parameters include histopathology, liver size, hematology, se-
rum chemistry and reproductive parameters such as gonad size. At the whole-
organism level, commonly studied endpoints in the field include: condition fac-
tor, external gross pathology and parasite infection rates. Fish population end-
points have included the presence and distribution of fish species and the growth 
rates and mortality rates of particular species. The studies at the Norrsundet site 
were performed mainly during 1984 and 1985 (Hansson 1987, Andersson et al. 
1988, Neuman & Karas 1988, Sandstrom et al. 1988, Sandstrom & Thoresson 1988, 
Lindesjoo & Thulin 1990). In some cases, effects observed in the receiving water 
outside a mill producing unbleached pulp and with good dilution conditions were 
compared to those from the main object of the investigation. 

The investigation on whole-organism and within-organism levels revealed 
reduced gonad growth, enlarged liver, and strong induction of the EROD enzyme 
in the liver of feral perch, Perea fluviatilis, as far as 10 km from the discharge point. 
In addition, hematological and osmoregulatory responses were obtained. Reported 
disturbances were most pronounced 4.5 km from the outfall and moreover, the 
intensity decreased between 1984 and 1985. The results made the authors to be-
lieve that substances formed in the bleach plant, especially the chlorinated mate-
rial, were responsible for induction of the effects noted in fish. The conclusion 
was based on the fact that the EOCI content in sediments, molluscs and fish was 
higher outside the Norrsundet mill and decreasing with the distance from the 
mill. Likewise, higher levels of PCDD /PCDFs were found in fish tissue, also de-
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creasing with the distance. However, it was also noted that the levels of PCB and 
DDT decreased with the distance from the coast. The conclusion that the chlorin-
ated material generated in the pulp mill bleach plant would have been exclusive-
ly responsible for the effects cannot be considered as justified for several reasons: 

• The levels of non-chlorinated toxic substances were not measured 
at all, so their contribution to the toxicity was unknown. 

• Non-chlorinated substances such as resin acids have long been 
known to contribute to within-organism level effects in fish. 

• The mill was not operating normally during the most intensive 
period of investigations, which corresponded with the start-up 
period of a new process. 

The latter resulted in frequent process disturbances which led to high dis-
charges of COD and BOD as well as high black liquor carry-over from the digest-
er to bleach plant. In these instances, the levels of all potential toxicants were 
higher than for a normally operating mill (Owens 1991). The COD load from the 
Norrsundet mill during 1983-1987 is presented in Figure 25. 

The concomitantly performed fish population studies at the Norrsundet site 
showed significant changes in fish species number and distribution (Sandstrom 
et al. 1991). General patterns could be established, related to both organic emich-
ment and toxic pollution. Close to the mills, fish abundance was low with an 
absence of fish within 1-2 km of the mill discharge. At intermediary exposure, 
however, eutrophication caused very high fish biomasses and a community strong-
ly dominated by cyprinids. The growth rates of perch and roach Rutilus rutilus, 2-
4 km from the discharge, were significantly higher than in less exposed areas and 
the mortality rates were higher in exposed perch. High prevalances of fin erosion 
together with deformities of the gill cover on perch and deformities of the upper 
jaw of northern pike, Esox lucius, were found at Norrsundet in 1984. 

Although all studied areas provided potentially good recruitment habitats, 
fry abundance was generally low. Studies on spawning on artificial substrates 
demonstrated that sufficent numbers of eggs were deposited even in the most 
effluent-exposed parts of the study area. No increased egg mortality could be 
noted, but at the stage close to hatching about 10% of the embryos were observed 

100 

90 COD 1983 - 1987 
80 

70 

60 

50 

40 

30 

20 

10 

0 

Figure 25. The COD load (t/d) from the Norrsundet mill in 1983-1987 (Source: Sodergren 
1988). 
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to be malformed, generally having sharp bends in the posterior part of the spinal 
cord. Exposed embryos were generally smaller than reference fishes, both when 
length and weight were compared. Larval sampling provided evidence for high 
mortality at or very close to hatching. Food and feeding conditions appeared to 
be of little importance for mortality. Two mortality causes were suggested: chron-
ic failure of the parental reproductive system and/ or acute toxicity to embryo or 
early larvae. 

Based on the results presented by Sandstrom et al. (199n Karas (1989) and 
Neuman and Karas (1988) it is clear that significant ecological effects were seen in 
the fish community. However, the effects on population structure and species di-
versity were of similar kind as those seen outside other mills without bleaching 
(Hansson 1987). The Norrsundet case study has been rewieved in detail by Owens 
(1991). 

In field studies performed outside other Swedish pulp mills than Norrsun-
det in both brackish and fresh water, varying responses in fish and fish popula-
tions have been noted (Tana et al. 1988, Grahn et al. 199t Landner et al. 1994b ). In 
these studies the exposure level from effluents was determined by the content of 
conjugated chlorophenolics and resin acids in the bile of fish (cf. Oikari and Anas 
1985, Oikari and Holmbom 1986). In a brackish water area, several responses in 
the within-organism level were obtained, i.e. EROD-induction, changes of the 
white blood cell distribution, elevated liver ascorbic acid, liver cell structure and 
liver glycogen. The changes, for example, in enzyme activity did not correlate 
with levels of chlorinated phenols or resin acids in the bile of the fish studied. The 
highest EROD activity was found in fish from an area 10 km from the outfall of 
the two pulp mills in the Gavle Bight (Lehtinen et al. 1989). On the population 
level, cyprinid fish dominated close to the discharges, though without a total ab-
sence of fish at 0-2 km from the outlet as observed in Norrsundet (cf. Sandstrom 
et al. 1988). 

At the Monsteras site, studies of the composition, abundance and biomass of 
the fish community revealed that even in the most BKME-exposed area only mi-
nor effects were detected. Ruffe, Gymnocephalus cernua, populations increased 
slightly with no changes in perch or other species (Landner et al. 1994b ). With 
regard to stationary species such as perch, pike, minnow, and stickleback, there 
was no tendency to reduced abundance of fry at the presumably most wastewa-
ter-exposed area. The physiological status of perch, studied by a set of physiolog-
ical and biochemical measurements widely refered as biomarkers, revealed that 
even in the most BKME-exposed area, only minor effects were detected (Landner 
et al. 1994b ). These effects were related to eutrophication/ enrichment rather than 
to the action of toxic substances. 

The effects seen in a fresh water receiving area at Skoghall, Sweden, with 
poor dilution capacity (about 100 times) were surprisingly small (Grahn et al. 
1991). The level of conjugated chlorophenols was intermediary high closest to the 
discharge point and lower in the more distant area. The only obvious and well 
documented effect found at the Skoghall site was the high density of cyprinid 
fish due to eutrophication. No changes in the activity in EROD could be detected 
between exposure and reference areas. 

All in all, the results from field studies including within-organism, whole-
organism and fish population studies performed in other Swedish recipients than 
Norrsundet show a variety of responses, which do not correlate with the expo-
sure situation as illustrated by analysis of chlorophenols and resin acids in fish 
bile. The follow-up studies at Norrsundet in 1988-1990 have shown improved 
benthic conditions, no further incidents of fin erosion or malformations, decreased 
effects in fish population effects, normalized perch gonad size and improvement 
in various biomarker responses (Grahn et al. 1992, Farlin et al. 1991). These im-
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provements are a result of considerable decrease in effluent loading and proper 
operation of the mill (Landner 1990). The COD, for example, decreased from 80 
t/ day in 1984 to 38 t/ day in 1991. At the same time the AOX load decreased by 
more than a half being 1.2 kg/tin 1991. 

Recent field investigations in North America regarding physiological status 
and reproductory effects in different fish species downstream pulp mills have 
revealed some of the same effects as those seen in the Norrsundet study (Munkit-
trick et al. 1991). A study was performed downstream (Jackfish Bay) a pulp mill 
with conventional bleaching technology and without external treatment. The re-
sults showed changes in LSI-values(liver somatic index), elevated mixed-func-
tion oxygenase activities, lower gonad-somatic indices and an increased age to 
maturity in white sucker, Catostomus commersoni. The fish had also significant 
reduction in plasma steroid levels throughout the year. Introduction of secondary 
treatment did not eliminate enzyme induction or impact on steroid levels in fish. 
Interestingly, a shutdown of the mill for two weeks eliminated EROD induction 
but did not eliminate the steroid effect. The short duration of MFO-induction af-
ter shutdown suggests that induction is not related to contamination by TCDD-
like compounds. Moreover, impacts are not related to food chain contamination, 
and plasma steroid reduction and MFO induction are not causally related. 

The study was repeated below other Canadian mills to evaluate whether the 
discharge of effluent from other pulp mills than Jackfish Bay was associated with 
physiological and biochemical disruptions in feral fish, whether there was any 
correlation between waste treatment and the presence of biological responses in 
wild fish, and whether there was any association between the use of chlorine as a 
bleaching agent and these responses (Munkittrick et al. 1994) . Although white 
suckers collected near bleached kraft mills exhibited the highest EROD induction 
and dioxin levels, elevated enzyme activity was observed in fish from sites that 
did not use chlorine bleaching , and depressions in plasma sex steroids levels 
were not correlated with the level of EROD activity. The absence of chlorine bleach-
ing or the presence of secondary treatment did not eliminate responses in fish, 
including decreased circulating levels of sex steroids, decreased gonadal size and 
increased liver size. The survey showed that 

(a) induction of hepatic EROD enzymes and depressions of plasma sex 
steroid levels during gonadal growth are found downstream of several pulp 
mills; 

(b) these changes are seen at some mills without chlorine bleaching and at 
mills that have secondary treatment; 

(c) substantial dilutions of non-toxic effluent do not appear to remove these 
responses; 

(d) the dominant factor determining the presence or absence of responses 
appeared to be dilution; and 

(e) lab-toxicity tests on invertebrates and fish could not predict the presence 
of the responses in wild fish. 

In a northern Alberta riverine ecosystem the potential impact of bleached 
kraft mill effluent discharges on fish population and fish health was studied (Swan-
son et al. 1993). The study was made to add to the knowledge on pulp mili efflu-
ent impacts in receiving waters caused by modern mills with secondary treat-
ment and upgraded processes such as chlorine dioxide substitution or oxygen 
delignification. At the time of sampling, the mill had chlorine substitution raised 
from 25% to 70%, oxygen reinforcement of the first extraction stage was started 
and the hypochlorite stage was eliminated. The mill had secondary treatment in 
an aerated lagoon. The study produced the following conclusions: 

An understanding of natural habitats and seasonal fish movement was vital 
for interpretation of exposure to mill effluent and possible relations between ex-
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posure and effects. Natural habitat gradients occurred from upstream to down-
stream in the river system. The quality of fish habitat changed along these gra-
dients influencing when and where fish were found. Once the interaction of hab-
itat and fish distribution was understood, the degree of exposure to mill effluent 
to be expected for the two main study species, longnose sucker, Catostomus cato-
stomus and mountain whitefish, Prosopium williamsoni, was also understood. 

Growth rates at the polluted areas were similar to unpolluted reference sites. 
Mountain whitefish and longnose sucker were growing and reproducing succes-
fully. The age structure of the populations showed that there have been no losses 
of age classes through reproductive or recruitment failures. 

The main effects on fish population parameters observed in the study were 
caused by natural phenomena. The river flood greatly altered or eliminated 
habitats and totally changed fish distribution for several months. Recruitment of 
young-of-the-year was also disrupted. Other important phenomena affecting spe-
cies distribution, condition factors and relative abundance were habitat quality, 
food supply, and seasonal and daily fluctuations of the flood. 

There was no evidence of correlations between indicators of exposure (body 
burdens of contaminants, liver size or liver detocification enzymes) and popula-
tion-level effects. The data indicated gradients of responses to habitats (especially 
of responses for parameters such as condition factor and gonad size). 

Since the early 1960s, numerous studies and surveys have been made on 
species composition and relative abundance of fish using survey fishings in re-
cipient areas of the Finnish wood processing industry. Unfortunately only a small 
portion of the existing information has been published (Hakkari 1992). Most of 
the studies have been made for regulatory purposes lacking mill data and infor-
mation of different effluent parameters. Effects described from Swedish recipi-
ents have also been observed in a Finnish lake ecosystems receiving pulp or pa-
per mill effluents (Hakkari 1992). Hakkari concluded the effluents from pulp and 
paper mills to cause the following zoning of the lake ecosystem: 

1) Zone of inhibition 
Because of lack of oxygen, toxic compounds and suspended solids, the area 
nearest the mill usually has no or only one permanent stock during some 
seasons. In most cases, this zone has become smaller or has disappeared 
altogether from Finnish waters during the last 10 years as a result of 
improved pulping technology and secondary treatment. 
2) Zone of strong eutrophication and sublethal toxicity 
The concentration of nutrients is lower than in the first zone, but maximum 
biological production is found in this zone because of decreasing toxic 
effects and a moderate oxygen saturation. Cyprinids are dominating. 
3) Zone of slight eutrophication 
The concentration of nutrients has decreased, but is still above natural lev-
els. Some decrease in the oxygen exists in the hypolimnion. 
The number of different fish species increase. 
4) Zone of natural water quality 
The concentration of total phosphorus is low. Usually there is no 
remarkable decrease in oxygen in the hypolimnion during stagnation and 
species diversity is natural. 

Most of the studies made in Finnish mills present data from separate exper-
iments on within-organism, whole-organism levels without simultaneous assess-
ment on population or community levels. 
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5.4.4 E cts on fish, within-organism level 

Within-organism parameters include for example histopathology, liver size and 
metabolism, hematology and serum chemistry and reproductive parameters such 
as gonad size. Physiological and biochemical measurements have been widely 
referred to as biomarkers, and their application to organisms exposed to pulping 
effluents have been reviewed by McLeay (1987), Kovacs (1986) and Owens (1991). 
Initially, clinical measurements from mammalian research were utilized, such as 
during the exposure of salmonids to primary treated BKME (McLeay and Brown 
1975, Soivio et al. 1979). Physiological and biochemical responses to pulping dis-
charges have been investigated primarly in Scandinavia and Canada. 

In contaminated habitats organisms may demonstrate pathological effects 
in either gross morphology or histology. Vertebral and spinal deformities in the 
Baltic Sea fourhorn sculpin have been intensively studied. Like many fish abnor-
malities in natural settings, these deformities are common with background rates 
of about 20%. Near Baltic Sea bleached kraft mills the rates of these deformities 
ranged from 60% near the Husum mill to near background at the Norrsundet 
(16%) and the Wisaforest mill (9%). Water colum, sediment, or body burden anal-
yses were not available from field studies and deformity rates at control sites 
increased with water depth and low temperature (Bengtsson 1987). 

Fin erosion in perch and ruffe and bone deformities in pike observed outside 
Norrsundet in 1984-85 (Lindesjoo & Thulin 1990, 1992) have not been found at 
other sites receiving both treated and untreated effluents (Landner et al. 1994, 
Swanson et al. 1993, McMaster et al. 1991). Only a few studies have been carried 
out on histology and histopathology in field experiments. Treated paper mill ef-
fluents have been observed to cause marked depletion of liver glycogen, necrosis 
of single hepatocytes and a higher degree of liver parasitization (Bucher et al. 
1992). Recent laboratory experiments with untreated TMP-effluent have indicat-
ed the same kind of effects in liver structure, with a clear increase of necrotic 
hepatocytes (Johnsen et al. 1993). 

There is a real need to establish indicators of physiological fitness which 
would not fluctuate on a seasonal basis. Studies at Jackfish Bay have demonstrat-
ed numerous changes related to exposure, including effects on red blood cells, 
white blood cells, conjugation enzymes and changes in plasma levels of a number 
of parameters, including glucose, protein and lactate (McMaster 1991, Munkit-
trick et al. 1994, Smith et al. 1991). Other studies of pulp mill effects on fish popu-
lations have also demonstrated changes in a number of nonspecific parameters 
(Tana and Nikunen 1986, Andersson et al. 1988, Hodson et al. 1992, Servos et al. 
1992, Oikari et al. 1985b ). However, these changes have not been directly linked 
with changes in whole organism performance and are often quite variable. Al-
though several studies, using a number of biochemical parameters, have indicat-
ed statistically significant differences between sites, few generalized responses 
have been found. Hematocrit levels in white sucker collected near North Ameri-
can pulp mills was found to decrease (McMaster 1991), increase (Hodson et al. 
1992) or not to change (Servos et al. 1992). 

Several other examples can be given for other parameters in fish from other 
receiving waters. Although inter-site comparisons are difficult because of differ-
ences in mill production, bleaching and treatment characteristics, and differences 
in the receiving environments, the minimum and maximum hematocrits observed 
in the above studies were recorded at reference sites suggesting that all exposed 
sites were within the normal range of variability for this species. Physiological 
parameters have been observed to show a log-normal distribution in perch and a 
natural variation between 10-40% (Monfelt et al. 1991) Owens (1991) reviewed 
more than 20 biochemical measurements conducted on perch by Swedish scien-
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tists (reviewed in Sodergren 1989) and concluded that (a) the biochemical chang-
es could not be linked to the observed population impacts and (b) the primary 
difficulties associated with clinical measurements currently used are their varia-
bility and lack of specificity. 

The most frequent responses at reproductive measuremets has been a de-
crease in gonad size relative to somatic weight (GSI). Gonad size is generally re-
lated to reproductive capacity, but the gonad size fluctuates during the annual 
sexual cycle and the reproductive status must be precisely known to interpret 
these data. In addition to GSI, other reproductive data have been gathered at sev-
eral BKME sites. A set of related measurements is preferable when defining criti-
cal endpoints such as reproduction. Varying changes have been observed on lar-
val abundance, sexual maturity and secondary sexual characteristics (Sandstrom 
et al. 1988, Munkkittrick et al. 1991, Swanson et al. 1993). More sophisticated anal-
yses include circulating levels of sex steroids and the pituitary hormones which 
directly control steroid production. The lower levels of circulating gonadal sex 
steroids in white sucker from Jackfish Bay are related to an inability to properly 
regulate the production of these steroids (Van Der Kraak et al. 1992) and have 
been directly linked with changes in reproductive performance (McMaster et al. 
1991). 

At La Tuque mill, Canada, no significant effects were observed at the dis-
charge in neither males nor females, although testosterone levels were lower 100 
km downstream (Hodson et al. 1992). The measurements of sex steroid levels has 
some disadvantages, as steroid titers fluctuate within reproductive development 
and are often undetectable during annual periods of gonadal regression. Levels 
of reproductive sex steroids in some species are also sensitive to handling and 
holding stress during sampling (Sumpter et al. 1987, Van der Kraak et al. 1992) 
which could possibly affect interpretation of the data. 

One of the most widely used biomarkers related to pulp and paper mill ef-
fluents has been the induction of MFO or cytochrome P450. Cytochrome P450 is a 
common name for a family of isoenzymes which are found in cells throughout 
different organism levels, from prokaryotes (unicellular) to eukaryotes (multicel-
lular). These enzymes transform several endogenous and exogenous organic sus-
btances to more hydrophilic compounds which are more readily excreted. Many 
environmental substances (e.g. aromatic or halogenated hydrocarbons) are known 
to increase the amount of cytochrome P450IA. This induction can be detected by 
measuring the activity of the enzyme EROD (7-ethoxyresorufin 0-deethylase) 
(Lindstrom-Seppa et al. 1992b). 

EROD or P4501A induction has been observed at numerous BKME sites in 
both feral (Andersson et al. 1988, Lindstrom-Seppa 1990, Munkkittrick et al. 1991, 
Kloepper-Sams 1992, Landner et al. 1994b) and caged fish (Lindstrom-Seppa and 
Oikari 1989b). The degree of induction may vary between species (Lindstrom-
Seppa 1990), and females of some species have reduced induction prior to and 
during spawning. Induction values have ranged from none (Landner et al. 1994b) 
to up to 30 fold (Kloepper-Sams 1992). 

EROD induction has also been observed in feral and caged fish in the recip-
ient of an unbleached sulfite mill (Lindstrom-Seppa et al. 1992a) and at a mechan-
ical pulp mill site (Munkittrick et al. 1994). A rapid decrease of EROD induction 
to reference values has been observed during a mill shutdown at Jackfish Bay 
implicating soluble, rapidly metabolized substances being responsible for induc-
tion. 

At the first Conference on Environmental Impacts of Pulp Mill Effluents (Salt-
sjobaden, Stockholm) measurements of MFO induction in fish exposed to BKME 
were confirmed and extended to mills not using chlorine bleaching. MFO activity 
was associated in field studies with effects on fish, particularly regulation of ster-
oid hormones. Unknowns arising from the 1992 meeting included (Hodson 1994): 
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• mechanisms linking MFO induction to other toxic effects 
Ell sources of inducers 
• effects of effluent treatment 
• role of chlorine bleaching 
• the nature and identity of inducers. 
• the environmental fate and distribution of inducers in the environment. 
At the second Conference on Environmental Fate and Effects of Bleached 

Pulp Mill Effluents Hodson (1994) reviewed advances since 1992. While known 
inducers like TCDD /TCDF are quite toxic and may have reproductive effects, the 
link to steroid effects in effluent exposed fish is not clear; there appear to be mul-
tiple effects on the steroid regulatory system. Induction can be caused by efflu-
ents or extracts from pulp mills using either chlorine bleaching or non-chlorine 
bleaching, and one of the most potent sources within mills is spent cooking liq-
uor. Additional contributions from C and E-stage effluents implies further release 
of inducers from lignin, or increased potency of inducers due to chlorination. 
However, optimized waste treatment processes reduce induction potency of ef-
fluents. Induction downstream of pulp mill can be found at distances up to 90-
100 km, implying environmental persistence of inducers, but they are readily 
metabolized and excreted by fish. The available evidence also shows that EROD 
induction is related to exposure to pulp mill effluents, but not necesarily to ad-
verse effects. 

Table 19. Whole- and within-organism responses in various feral fish species caughtfrom different pulp mill receiving 
waters. (Sources: Farlin et al. 1991. landner et al. 1994b, Kloepper-Sams 1992, Kantoniemi 1994). 

Variable A B ( D E 

Condition factor nd 0 0 + nd 
LSI ++(O) 0 0 + nd 
GSI +++(+) 0 0 nd nd 
EROD +++(+) 0 +++ + + 
UDP-GT nd nd nd + 0 
liver glycogen +(+) 0 nd nd nd 
Plasma lactate +++(O) nd 0 nd nd 
Plasma chloride ++(+) nd nd 0 0 
Hematocrit ++(+) 0 0 nd nd 
WBC numbers ++(nd) 0 0 nd nd 
AlA-D +++(nd) nd nd nd nd 
Histopathology nd(nd) nd 0 nd nd 
lmmarure RBC nd(nd) + nd nd nd 

+ = response compared to control, strenght increasing with number of + 
0 = no response compared to control 
nd = not detected 
A= Norrsundet 1984() = Norrsundet 1990; 
B = Monsteras 1991,low Cl+ ext.treat. 
(=Grand Prairie 1991,D70+ext.treat. 
D = Savon Sellu 1991, unbleached 
E = Kaukas 1994,D I 00 + ext.treat. 
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Field studies show a vide variation in the extent and the degree of whole-
and within-organism responses at BK.Me sites. The tecnological development in 
bleaching and treatment processes has led to a decrease in responses in the re-
ceiving waters (Table 19). 

An example is from Lake Saimaa in the south eastern part of Finland (Oikari 
and Holmbom 1994). An integreated mill producing kraft pulp and printing pa-
per from hardwood and softwood changed the bleaching to complete substitu-
tion to chlorine dioxide and replaced the aerated lagoons by an activated sludge 
plant in the treatment of effluents. These process and treatment alterations led to 
dramatic reductions in organochlorines, such as chlorinated phenolics, both in 
lake and fish. The induction of EROD activities in fish caged in the receiving wa-
ter were also markedly reduced (Figure 26). Based on the responses in fish, the 
novel environmental technology in the mill was reflected as less exposure and 
effects in the aquatic biota (Oikari and Holmbom 1994). 

Another expample is the reneval of an old fashioned mill with two produc-
tion lines in eastern Finland. The mill tripled its production and changed the bleach-
ing to 100% chlorine dioxide on one line and peroxide on the other line. The efflu-
ents are treated in an activated sludge plant and tertiary stabilization pond before 
being released to the river recipient. Biomarker studies before and after the start 
of the new mill show no adverse changes in fish due to the increase of production 
(Tana & Lehtinen 1995). In this study a decrease in the activity of EROD was 
observed in fish caged further away from the mill outlet though the undiluted 
mill effluent caused a 3-4 fold increase in the enzyme activity in fish caged in the 
tertiary treatment stabilization pond. The same result was observed in a caging 
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Figure 26. Changes in EROD activity in white fish caged in a mill recipient before and after 
modifications in bleaching and secondary treatment. Statistical significance between years:§ = 
P<0.05; §§ = P<O.O I; §§§ = P<0.00 I (Source: Petonen et al. 199 3) 
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study with mussels (Makela et al. 1992). The receiving water is very humic and 
the dissolved organic matter (DOM) increases at the more distant areas from the 
mill. As total DOM as such is an important factor controlling the bioavailability of 
xenobiotics in natural waters (Kukkonen 1991) the effects of humic waters on fish 
physiology cannot be discerned from mill effluent effects. For the time being no 
field studies are available on TCF processes. 

From the recent field studies of the environmental impact of BKMEs (Swan-
son et al. 1993, Williams et al. 1991, Grahn et al. 1991, Landner et al. 1994b, Munkit-
trick et al. 1994) it is not possible to infer any general effect model. The "typical" 
effect pattern, observed earlier in fish from receiving waters outside bleached 
kraft pulp mills, using an older generation technology (Sodergren 1989), even 
with secondary effluent treatment (Munkittrick 1991), has not been confirmed. 
The available field data from mills which are propely sited, under operational 
control and have efficient biological treatment of the effluents show that fish and 
benthic populations appear to be healthy (Owens & Lehtinen 1995, in press). 
Studies of the environmental impact of BKMEs must be carried out as integrated 
investigations including both physiological and ecological aspects and be based 
on thorough knowledge about the production processes and the emitted sub-
stances or groups of substances. With the conversion of mills to ECF and TCF 
processes, researchers must better define exposure, mill conditions, the site habi-
tat and hydrology, and historical impacts on the receiving waters before drawing 
unwarranted conclusions. Furthermore, the ecological relevance of the various 
biomarkers, or combination of biomarkers, used in the field studies must be eval-
uated (cf. Owens 1991), before they are recommended for routine monitoring pro-
grams. 
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ummar 
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6.1 Background 

The issue of the possible environmental impact of chlorinated organic compounds 
being formed during the bleaching of pulp with chlorine and/ or hypochlorite 
was first raised back in the 1970s. However, it was first in the beginning of the 
1980s that more systematic studies were undertaken of the nature, the properties, 
the amount and effects of this chlorinated organic material. Such studies were 
mainly initiated by the pulp industry and conducted by research institutes in 
cooperation with the industry. 

By the middle of the 1980s, a series of field studies in the receiving waters of 
a bleached kraft pulp mill in Sweden was initiated by the Swedish EPA. When the 
results from these studies were presented, usually without any attempt to relate 
observed biological effects with process parameters in the mill or with the actual 
exposure to specific chlorinated organic compounds, a major controversy came 
up regarding the environmental significance of pulp mill related chlorinated or-
ganics (cf. Folke 1989; Folke et al. 1991; O'Connor et al. 1993). 

In the public debate that followed, and which strongly influenced also the 
regulatory agencies in Europe and North America, a great deal of confusion was 
seen. An often used argument was that since some of the most harmful com-
pounds in the environment, such as DDT and PCB, are chlorinated organics, and 
are persistent, bioaccumulative and highly toxic, it is probable that the chlorinat-
ed organics with pulp mill origin are equally harmful to the environment. There-
fore, the discharge of such compounds should not be allowed, and chlorine must 
be phased out as a bleaching chemical. In fact, both the environmental NGOs and 
the regulatory agencies failed to account for the great variability in chemical and 
toxicological properties of different classes of chlorinated organics. The also re-
fused to consider the upcoming knowledge about the abundance of naturally 
occuring chlorinated organic compounds in the environment (cf. Grimvall 1993) 
in their crusade against the use of chlorine as a bleaching chemical. Even worse, 
they showed very limited interest to establish a clear scientific relationship be-
tween the pulp mill generated chlorinated organics and the observed biological 
effects in the pulp mill receiving waters. 

Thus, the dramatic transformation of the pulp bleaching technology in mills 
throughout the world that was implemented during the last 10 years, and which 
resulted in almost total phase-out of chlorine, was not supported by firm scientif-
ic evidence about causal relationship between pulp mill-generated chlorinated 
organics and the biological or ecological effects. In stead, the transformation process 
was driven by suspicions and weak, circumstancial evidence that the actual chlo-
rinated organics might be harmful to ecosystems (Reeve 1993; Clark 1994). 
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6.2 Technical development 

As a result of the above summarized debate, the pulp and paper mill industry in 
most industrialiazed countries has been forced, by consumer pressure groups and 
regulatory authorities, into huge investments in technologies which have con-
tributed to significantly reduce the AOX discharges from the mills. As a first step, 
the kraft industry went for low chlorine multiple bleaching and an increased sub-
stitution of chlorine gas with chlorine dioxide in the first stage of the bleaching 
sequence. These process modifications as a whole were environmentally benefi-
cial, because of the strong reduction in formation of polychlorinated dioxins and 
furans (Kringstad et al. 1989; Folke et al. 1991; Folke & Renberg 1994). Subse-
quently, introduction of oxygen delignification, modified or extended cooking 
together with effective biological effluent treatment, as well as total elimination 
of chlorine in the bleaching sequence (ECF bleaching) occured (Fig 27). Today, 
several major mills in the world have replaced chlorine dioxide with hydrogen 
peroxide, ozone or peroxy acids (TCF blaching), at least for production of certain 
qualities of bleached pulp. 

Fortunately, these investments were generally accompanied by improved 
operation practices, upgraded brown stock washing systems which reduced the 
carry-over of black liquore to the bleach plant, more careful dosage of bleach chem-
icals, and installation of spill recovery systems, which reduced the discharges of 
unchlorinated organics from mills. Scientific evidence suggests that the reduction 
in total amount of organics discharged, which usually accompanied the imple-
mentation of AOX control measures, was the real cause for the reduction of the 
toxicity and the environmental impact of the effluents. 
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Figure 2 7. Developments in pulping, bleaching and discharges. (Sources: Annergren 199 3; 
Kymmene 1994). 
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6.3 posure analysis 

In the assessment of of the environmental impact of pulp mill effluents, the first 
phase normally includes an exposure analysis. This means that the concentra-
tions of various compounds or groups of compounds, occuring in the effluents, 
to which the aquatic ecosystem may be exposed, are estimated. Based on the con-
sideration that compounds being persistent to biochemical degradation may give 
rise to long-term and wide-spread exposure, it is pertinent to focus on this frac-
tion in the effluents. The fraction of organic compounds in the effluents which is 
not readily degradable can be characterized by the difference COD-BOD7• How-
ever, this analysis does not provide any information as to the harmfulness of this 
fraction. Figure 28 shows, in a conceptual way, the relation between BOD, COD 
and DOC (dissolved organic carbon). In many mills, with well ventilated recipi-
ents, where the effluents are rapidly diluted, it might be more important to re-
duce the discharges of the fraction COD-BOD7 than reducing BOD. The choice of 
bleach chemicals in the final bleaching does not affect the amount of COD-BOD

7 
very much, but the process design prior to final bleaching does, i.e. extended 
cooking, improved washing, oxygen delignification, etc. 

In a modern kraft mill, designed for ECF or TCF bleaching, the discharge of 
polychlorinated phenolics, dioxins or furans is not an issue of concern. Instead, 
non-chlorinated compounds such as resin acids and fatty acids, plant sterols and 
other wood extractives, as well as chelating agents are currently attracting the 
main interest. 

The actual discharges of wood extractives largely depend on the size of the 
wash losses and on operational standard of the mill, as well as on the type and 
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Figure 28. Conceptual illustration of the relation COD, DOC and BOB. (Source: Falke et al. 
19930). 
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extent of effluent treatment. Chelating agents, such as EDTAand DTPA, are used 
in connection with TCF bleaching. These compounds usually resist biological ef-
fluent treatment and may, in certain cases, contribute to eutrophication of receiv-
ing waters, due to their content of nitrogen and their tendency to stimulate phos-
phorus uptake in algae (Walterson & Landner 1994). 

Many older field studies aiming at the assessment of environmental impacts 
of pulp mill effluents did not include any specific (or unspecific) biomarkers for 
recent exposure. This was particularly true for the original ""Norrsundet stud-
ies" conducted within the Environment-Cellulose project (Andersson et al. 1988; 
Sodergren 1988). However, most other Scandinavian field workers (Oikari & Hol-
mbom 1986; 1994; Oikari et al. 1985b; Grahn et al. 1991; Landner et al. 1994b; Tana 
& Lehtinen 1995) have tried to assess the actual exposure to pulp mill compounds 
of those fish populations that were simultaneously investigated with respect to 
physiological and other disturbances, by means of analysis of fish bile for conju-
gates of chlorinated phenolics and resin acids and fatty acids. 

Another measurement, that was originally thought to be a convenient bi-
omarker for effect in fish but in fact turned out to be relatively good biomarker of 
exposure (although unspecific) to pulp mill compounds, is the level of induction 
of the MFO-enzyme EROD. Recent studies have demonstrated that a majority of 
tested pulp mill effluents contain substances having the capacity to induce this 
enzyme. It should be pointed out, however, that the enzyme is induced not only 
by chlorinated organic compounds, but also by various unchlorinated substanc-
es. 

6.4 E ect analysis 

In this phase of assessment of the potential environmental hazards of pulp mill 
effluents, the potency of individual compounds to produce toxic responses in 
various aquatic species, communities and ecosystems is analyzed. The potency of 
whole mill effluents or fractions of such effluents to produce biological effects is 
also assessed, and dose-response relationships should, in principle, be established. 
This requires a good description of the exposure conditions, and in order to assist 
the industry in their process development, the analysis should preferably result 
in an identification of the compounds or process steps that are responsible for 
inducing the effects observed. 

Unfortunately, this latter goal has practically never been fulfilled in the sti-
dies reviewed in this report. Especially the older literature does not provide in-
formation useful to identify the real causes of various effects, including acute 
lethal effects. The great majority of older studies have been performed with un-
treated or treated whole mill effluents, and in most cases, information on process 
parameters, bleaching sequence, water consumption, etc. was lacking. In some 
cases, specific compounds such as chlorinated phenolics or resin acids have been 
tested, but only seldom these tests have been conducted at realistic environmen-
tal concentrations or under long-term exposure. 

Already in the middle of the 1970s, Canadian researchers showed that an-
other category of wood extractives than the resin and fatty acids, namely sterols, 
are acutely toxic to fish (Leach et al. 1975). More recently it has been shown that 
wood-related sterols interfere with hormonal status in fish. Furthermore, mascu-
linization of female fish occured in receiving waters of pulp mill effluents (Bar-
tone et al. 1989), as well as when fish was exposed to pulp mill effluents in the 
laboratory (Drysdale & Bartone 1989). Low levels of beta-sitosterol and related 
compounds caused stimulated growth and responses in metabolic variables in 
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rainbow trout (Lehtinen et al. 1993), and reduced reproductive fitness in other 
species of fish (MacClatchy & Van Der Kraak 1994). Both microbiologically me-
tabolized and unmetabolized wood sterols were shown to interfere with hormo-
nal regulation in fish (Denton et al. 1985). 

In summary, it seems that among the various compounds in pulp mill efflu-
ents, the group wood extractives may be regarded as one of the most important 
among the effect-causing agents, which may interfere with aquatic organisms at 
various levels. It may also be possible that several of the effects of pulp mill efflu-
ents reported in the past, and which routinely assigned to chlorinated organics, 
in fact were caused by one or several compounds among the wood extractives, 
which have no direct relationship to pulp bleaching. The pulp and paper indus-
try is not necessarily unique when it comes to discharges of plant related com-
pounds which mimic hormones in fish. In this connection, urban sewage and 
agricultural land runoff may be significant contributors to this category of eco-
system disturbing substances. 

An overall evaluation and synthesis of the great amount of recent laboratory 
and model ecosystem tests as well as field studies with whole mill effluents from 
bleached kraft mills allow us to draw the following conclusions: 

• Toxic responses caused by whole mill effluents from mills using the proc-
ess technology typical for the period up to 1988 and with AOX releases 
above 1.5 kg/ton pulp, are generally higher than the responses caused by 
effluents from modern mills with AOX levels below 1.5 kg/ton pulp. This 
seems to be largely related to the operational standard of the mill. 

• Toxic responses caused by whole mill effluents from modern mills (AOX 
below 1.5 kg/ ton pulp) are generally very low, and show no variation rela t-
ed to the actual AOX release. This indicates that, at least in this category of 
mills, the chlorinated organics in the effluents do not contribute signifi-
cantly to the toxicity of the effluents. 

• A comparison of toxic responses of bleach plant and whole mill effluents 
from mills using different schemes for non-chlorine bleaching, i.e. ECF ver-
sus TCF bleaching, shows that neither technical concept invariably produc-
es effluents with a lower toxic potency. Thus, according to studies made to 
date, ECF and TCF bleaching are not possible to separate in terms of their 
potential to produce detrimental effects in the aquatic ecosystem. 

• Relative merits of ECF versus TCF are not consistent due to different ex-
perimental strategies in test procedures and also to non-bleaching factors 
within the different mills. 

• Secondary treatment of effluents usually tends to decrease the toxicity of 
the effluents and according to model ecosystem studies both functional and 
structural effects on ecosystem level are alleviated after external treatment. 

• Recent model ecosystem studies have indicated a correlation between ef-
fluent COD and the effects observed. These findings which, however, need 
further complementary recearch suggest that it is not a question of whether 
to use ECF or TCF as the choice of bleaching, but rather to improve the 
pulping operation in itself. 

• Field studies show a wide variation in the extent and degree of whole- and 
within organism responses at BKME sites. From recent field studies of the 
environmental impact of BKMEs outside modern mills it is not possible to 
infer any general effect model. The available data from mills which are pro 
pely sited, under operational control and have efficient biological treatment 
show that fish and benthic populations appear to be healthy. In this respect 
each mill site is unique. 

• Interpretation of biomarker responses is diffuse and the relation between 
biomarker responses and population and community level effects are still 
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unknown. Biomarkers related to reproduction and energy metabolism 
should be emphasized in future studies. 
Furthermore, the ecological relevance of various biomarkers, or combina-
tion of biomarkers, used in the field studies must be evaluated before they 
are further used and recommended for routine monitoring programs. 

111 It seems that environmental impacts of modern mills cannot be predicted 
by knowing the bleaching sequences and the future environmental impact 
evaluations should concentrate more on other pre-bleaching processes. 

Bleaching effluents Combined Mill Effluents 

Selenastrum: 

Ceriodaphnia, 
Fatheaded Minnow 
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Trout MFO: OQP,OZEP>ODE 
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Microtox 
Ceriodaphnia: 

Sub-acute Tests 

ECF = TCF 

Zebra fish: ECF > TCF 
Zebra fish: 
Sub-acute Tests: ECF = TCF Ceriodaphnia 

Algae: 

Conclusions from the 2nd International 
Conference on Environmental Fate and 
Effects of Bleached Pulp Mill Effluents 
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biological effects 

* Pulping Effluent > Bleaching Effluent 

* ECF = TCF 
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Figure 29. A comparison of the toxic responses of bleach plant and whole mill effluents from 
production of ECF or TCF pulp and conclusions from poster presentations at the 2nd Interna-
tional Conference on Environmental Fote and Effects of Bleached Pulp Mill Effluents, Novem-
ber 1994 Vancouver. (Source: Kovacs et al. 199 5) 
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The aquatic environmental impact of pulping and 
bleaching operations - an overview 
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introduction of new bleaching technologies. It is also the aim to see if and 

how the available scientific material supports the view that bleaching of 

pulp is responsible for the effects noted. Finally, gaps and areas for future 
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