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Several organisms used for biomonitoring in the 
mercury-contaminated Wabigoon-English River 
System, Ontario, Canada (sport fish, forage fish, 
crayfish and others) were examined for their uti- 
lity as bioindicators. Causes for spatial and tem- 
poral variability in mercury concentrations in 
biota are reviewed. The significance of intertro- 
phic and intratrophic biotic relationships is eva- 
luated on both a site-specific and intersite basis. 
Larger mature fish are the most effective integra- 
tors as these organisms are the most buffered from 
site-specific and seasonal variations in mercury 
concentrations and bioavailability. Where there 
are no physical barriers preventing movement of 
biota between contaminated and uncontaminated 
parts of the watercourse, younger, smaller orga- 
nisms can better - ical zones of con- 
tamination because of their restricted range. 
Because many organisms can provide information 
on mercury contamination, the choice of the most 
suitable indicator depends upon the purpose of the 
study, the pharmacokinetics of mercury uptake by 
the organisms in question, and the chemodyna- 
mics of methyl and inorganic mercury species in 
the field. 
Keywords: Bioindicator, sport fish, forage fish, 
mercury, biomonitoring 

INTRODUCTION 

The discovery of elevated mercury concentrations 
in aquatic biota frequently leads to restrictions 
being issued on the suitability of consuming such 

t Prepared while on leave from the Ontario Ministry of the 
Environment, Thunder Bay, Ontario, Canada. Author to 
whom correspondence should be addressed. 

biota by the public. In many cases biomonitoring 
programs are established to provide contamina- 
tion information on which organisms can be safely 
consumed. 

In this work we examine biomonitoring in one 
contaminated watercourse; however, we believe 
many of the conclusions drawn here can be 
applied to other systems. The 
Wabigoon-English-Winnipeg River System 
(Ontario, Canada) is one of the more intensively 
studied watercourses anywhere with respect to 
identifying and quantifying the bioaccumulation, 
cycling and fate of mercury introduced into the 
aquatic environment. 

Over 12000 biota have been sampled',2 since 
1970 when elevated mercury levels were first 
observed in fish downstream of a chlor-alkali 
plant in Dryden, Ontario, Canada (Fig. 1). The 
Wabigoon-English-Winnipeg River System con- 
tinues to recover from the discharge of an esti- 
mated 10 metric tons of mercury from the plant 
between 1962 and 1969.3 

From a synthesis of available data, we suggest 
several options for improving the efficiency of 
sampling programs on this system by providing a 
framework to evaluate the significance and preci- 
sion of the biological results. Finally the charac- 
teristics of indigenous organisms are compared 
with the characteristics of a hypothetical ideal 
bioindicator. 

ORGANISMS EXAMINED 

Many organisms have been used in field studies 
on the bioaccumulation of mercury in the 
Wabigoon-English-Winnipeg river system, 
including walleye (Stizostedion uitreurn) ,1,2,4-7 
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northern pike (Esox fucius),',2*"6 yellow perch 
(Perca jlauescens) ,19zs8-11 white sucker (Catosto- 
mus commersonii) ,1,4,5 whitefish (Coregonus 
clupeaformis) ,1,4,5 pearl dace (Margaritu 
semotifus)' and crayfish (Orconectes uirilus) . 2 , 3 3 1 0  

Most of the mature northern pike walleye data 
and whitefish data for the 1980s originated from 
Ontario's Fish Contaminant Monitoring Program 
(e.g. Ref.12). Data from all these studies provide 
the basis of the information used in this paper and 
from which the conclusions were derived. 

believed to be the source of most mercury in top 
predatory sport fish, indirectly through the food 
web or through direct uptake across the gill.' 
Mercury concentration data for many parts of 
various food webs are available from the biologi- 
cal studies mentioned above. Such data were used 
in this work. 

DISCUSSION 

FACTORS AFFECTING ACCUMULATION 
IN BIOINDICATORS 

The accumulation of mercury in these aquatic 
organisms depends upon exposure as modified by 
organism- and species-specific factors such as 
growth, sex, breeding status, size, metabolism, 
life span, diet, and uptake and depuration 
 rate^.'^^'^ Exposure is defined by both mercury 
concentrations and speciation in various abiotic 
and biotic components of the ecosystem. 
Methylmercury is particularly important as it is 
the form most prevalent in fish (approximately 
85 %)13 and it is a potent neurotoxin. For the 
purposes of this work methylmercury in fish is 
taken to be synonymous with total mercury. 

Mercury concentrations in abiotic compart- 
ments for this watercourse has been investigated 
for  water^,^^'^-'^ for s e d i r n e n t ~ , ~ ~ ~ ~ ~ ~ * ~ ~  and for sus- 
pended  sediment^.^.^.'^.'^-^^ Concentrations in 
these compartments for much of the contami- 
nated watercourse are governed directly or indi- 
rectly by mercury recycling from sediments con- 
taminated by historical mercury loadings from a 
pulp and paper mill complex at dry den.''^'^ At 
control sites total mercury concentrations are 
believed to be influenced by atmospheric loadings 
(e.g. Ref. 22). 

Control sites are defined as main-stream waters 
'upstream' of watercourses influenced by mill 
loadings. For the Wabigoon River System, 
Wabigoon and Eagle Lakes are considered to be 
control sites; for the English River, Maynard or 
Oak Lakes were considered to be control sites; 
and for the Winnipeg River System, Sand Lake 
was considered to be a control station. 

Regardless of the source of mercury (sediments 
or atmosphere), methylmercury in water appears 
to be in a pseudo-equilibrium with the inorganic 
fraction." Methylmercury in water is also 

Causes of variation in mercury 
concentrations in biota 

For a given quantity of mercury cycling within an 
ecosystem, various biota accumulate very differ- 
ent levels of mercury. As an example, total mer- 
cury concentrations in biota in Clay Lake varied 
over four orders of magnitude (Fig. 2). In situa- 
tions where changes in the net supply of mercury 
to the ecosystem are negligible, mercury accumu- 
lation in the biotic community forms a distinct 
pattern or 'structure' (i.e. Fig. 2) and average 
mercury concentrations for each population are 
stable on a year-to-year basis. For similar biologi- 
cal conditions and mercury loadings the measure 
of dispersion around this value is an indication of 
the variation in mercury bioavailability as mer- 
cury cycles through the water, suspended sedi- 
ments, sediments and components of the food 
web. 

At  control sites, i.e. sites unaffected by anthro- 
pogenic point-source discharges, mercury concen- 
trations in biota appear similar on a year-to-year 
basis, displaying no temporal trends. Total mer- 
cury concentrations for a standardized (60 cm 
northern pike) mature sport fish at any given 
control site were similar for various years sam- 
pled, fluctuating by less than f 1 0 %  from the 
mean values (Table 1). Fish were standardized for 
length to facilitate most accurate comparisons 
between samples. Temporal similarities in adult 
pike (60 cm) mercury concentrations are evident 
in sequential year samplings and when the sam- 
pling frequency exceeds the life spans of the 
organisms and results represent different gener- 
ations. Overall the data suggest that mercury 
concentrations in the adult population of fish vary 
relatively little on a year-to-year basis. Yearling 
perch values tended to be somewhat more vari- 
able at some control sites (Table 2). 

In other cases variation in mercury concentra- 
tion in biota can be due to changes in the net 
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supply of mercury cycling within the contami- 
nated watercourse. For example, the empirical 
biotic-abiotic relationships for mercury in this 
watercourse in conjunction with temporal trends 
for biota (discussed later) clearly suggest a 
dramatic decrease in mercury concentrations in 
the ecosystem since the reduction in point-source 
mercury loadings at Dryden.' 

In yet other cases variations in mercury concen- 
trations in biota in the contaminated watercourse 
can be traced to differences in the bioavailability 
of mercury to which biota are exposed. The bio- 
availability to young northern pike decreased by 
at least 70% at the inflow to Clay Lake in 1980.' 
During this time there were extremely low water 
flows; dilution and assimilation of organic wastes 
from a pulp and paper complex was reduced by a 
factor of 5 and most of the upstream river was 
anoxic. Despite the presence of higher-than- 
normal inorganic and methylmercury levels in 
water at this time,'s,19 mercury concentrations in 
young fish were dramatically lower than in pre- 
vious years'' because of the aoailability factors. 
Much of the inorganic mercury and methylmer- 
cury in water was believed to be associated or 
complexed with reduced sulphur compounds and 
less available for uptake by fish at this time.' 

Geographical trends 

In general, mercury concentrations in biota show 
similar geographical trends (decreasing away 
from the point source) regardless of whether they 
were in a top predator (northern pike), a second- 
ary consumer (yellow perch) or an omnivore 
(crayfish). Total mercury concentrations in biota 
in the Wabigoon River System trended as follows: 
(Clay Lake) >English River System (Ball, 
Separation, Lount Lakes) > Winnipeg River 
(Tetu, Eaglenest Lakes) System > control sites 
(Fig. 3) Mercury concentrations in biota within 
each river system were usually comparable, as 
exemplified by results for Ball, Separation and 
Lount Lakes on the English River System. The 
geographical trend for some young organisms 
changed during atypical low flows which, as pre- 
viously mentioned, altered mercury bioavaila- 
bility in waters receiving industrial wastes at 
Dryden. During very low flows in 1980 the lowest 
mercury concentrations in young pike in the con- 
taminated Wabigoon River System were 
observed at Clay Lake inflow, with much higher 
levels noted downstream. lo There was relatively 
little variation in mercury concentrations in biota 
at various control sites, as exemplified by average 
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Figure 2. Comparative mercury concentrations in biota from Clay Lake. Lines and points refer to the range and geometric mean 
respectively. The data refer to 1970-1971. Modified from Ref. 3. Walleye data from Ref. 4. 
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Table 1. Mercury in standardized northern pike (Esox lucius) 
[60 cm] on system control lakes for multiple years collections 

Data standardized from log Hg vs log length regression, 
when P <  .05 and n 2 10. Data from Refs 1 and 2 

Lake Year Mercury (pg g-') Mean 

Wabigoon 1976 
1986 

Oak 1971 
1975 

Sand 1974 
1975 
1976 
1977 
1978 
1978 
1979 
1980 

0.053 
0.047 
0.52 
0.56 
0.60 
0.65 
0.53 
0.62 
0.62 
0.60 
0.57 
0.55 

0.50 

0.54 

0.59" 

Temporal trends 

Substantial declines in mercury concentrations in 
biota are evident at all sites in the contaminated 
watercourse over time. As an example, concen- 
trations for standardized adult northern pike 
(60cm) for several sites are presented in Fig. 4. 
For any given site (e.g. Clay Lake), mercury 
concentrations in various biota have declined in a 
similar f a ~ h i o n . ~  Results indicate that limited con- 
sumption of smaller fish of certain species from 
the most contaminated part of the system (Wabi- 
goon River and Clay Lake) can now be advised. 
In the contaminated English River System most 
sizes of fish tested have been found to be increas- 
ingly suitable for consumption.'* 

a Coefficient of variation= 6.9. 

standardized pike (60 cm) values of 0.50,0.54 and 
0.59 mg g-' for Wabigoon, Oak and Sand Lakes 
respectively. 

Developing and utilizing biotic 
relationships 

The similarities in geographical and temporal 
trends suggest that relationships may exist 
between mercury levels in various biota on both a 

Table 2. Mercury concentrations (pg g-') in yearling yellow perch (Perca flauesrens) in the Wabigoon-English-Winnipeg River 
System. Each result is usually the mean of at least five samples with at least five fish composited per sample. Data for 1978 from 
Ref. 8, for 1979-1981 from Ref. 10, and for 1982-1984 from the Water Resources Unit, Ministry of the Environment, 
Northwestern Region, Thunday Bay. 

Year 

Site 1978 1979 1980 1981 1982 1983 1984 

Wabigoon Lake" 0.03 k 0.01 0.03 f 0.01 0.02 kO.O1 0.02 fO.O1 0.08 LO.01 0.02 k 0.01 0.02 fO.O1 
Eagle River" 0.03f0.01 0.0320.01 0.02f0.01 0.03k0.005 0.03f0.01 0.05f0.01 

0.16f 0.04 Wabigoon River at Rugy Cr 
Wabigoon River at Hwy 105 0.35 f 0.04 
Clay Lake inflow 0.41f0.04 0.30f0.06 0.18+0.05 0.55f0.07 0.42k0.04 0.32+0.07 0.24f0.02 
Clay Lake outflow 0.45k0.10 0.38k0.06 0.34f0.05 0.49f0.06 0.58f0.05 0.30f0.04 0.21f0.03 
Wabigoon River at Ball Lake inflow 
(contaminated inflow) 0.37 f 0.07 0.34f 0.06 0.332 0.06 0.38 f 0.01 0.15 f0 .02  0.13 f 0.02 
English River at Ball Lake inflow 
(Maynard Lake)" 
(clean inflow) 0.09f0.01 0.02f0.01 0.01 20.0 0.04f0.01 0.03f0.01 0.04L0.01 
Ball Lake outflow 0.0920.02 0.04f0.01 0.14f0.01 0.16f0.02 0.07k0.01 0.16f0.04 
Lount Lake 0.16f0.02 0.11 fO.O1 0.08f0.01 
Umferville Lake 0.08 5 0.02 0.05 f 0.02 0.06f 0.01 
Umferville Lake below dam, 
upstream of Winnipeg River 0.11 f0.01 0.04k0.01 0.06f0.01 
Eaglenest Lake 0.08k 0.01 0.05 fO.O1 0.05 +0.01 
Sand Lake" 0.05f0.01 0.04f0.005 0.04f0.01 

0.77 k 0.07 

a Control sites-not impacted by point-source discharges of mercury. 
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Figure 3. Geographical trends for adult northern pike (Esox lucius),' yearling yellow perch (Percu flauescens) (Table 2), and 
crayfish (Orconectes virilis)" for the Wabigoon River System (Clay Lake), English River System (Ball, Separation, Lount Lakes), 
and the Winnipeg River System (Tetu, Eaglenest Lakes). 

site-specific and watercourse basis (see below). In 
previous  publication^,^^'^ relationships between 
certain organisms on a geographic basis were 
presented. Here we extend those observations by 
examining site-specific relationships developed by 

pairing results from a single site for biota collect- 
ed in different years as mercury concentrations in 
the ecosystem declined over time. 

Relationships between mercury concentrations 
in mature northern pike and walleye taken at the 

Total Mercury 

12 

10 

8 

6 

4 

2 

0 
71 72 7 3  74 75 76 77 78 79 80 81 82 83 8 4  85 86 8 7  

Year 

Tetu Lake Separation Lake 0 Ball Lake Clay Lake 

Figure 4. Temporal trends for total mercury for adult northern pike (Esox lucius) standardized to 60 cm, for four sites in the 
Wabigoon-English-Winnipeg River System, 1971-1987: Wabigoon River System, Clay Lake; English River System, Ball, 
Separation Lakes; Winnipeg River System, Tetu Lake. Data from Refs 1, 2 and 11. 
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Figure 5. Mercury concentrations in northern pike (60 cm) and walleye (50 cm) sampled in different years, 1970-1986, from Clay 
Lake. Mean and range of three major streams on system control lakes are also included. Data from Refs I, 2 and 11. 

same time are presented for the Wabigoon River 
System (Clay Lake) in Fig. 5 and for the English 
River System (Separation Lake) in Fig. 6. 
Analogous data for other species (Ministry of the 
Environment, unpublished) suggests that signifi- 
cant relationships exist between mercury concen- 
trations between all organisms examined for this 

X 

0: 1 2 3 4 

Walleye - Total mercury 50 cm (ug/g) 

Figure 6 

watercourse. These data suggest that there would 
be no major loss in information in this biomoni- 
toring program if organism(s) and sites for collec- 
tion were reduced, provided that the form of the 
relationship was known. 

Thus, although differences in mercury concen- 
trations in various organisms for a given lake can 
easily range over several orders of magnitude 
(Fig. 2), changes in the concentrations in one 
standardized organism could be used to predict 
the changes in many others by using plots such as 
those in Figs 5 and 6. These biological relation- 
ships can also have great utility in modelling, 
given the difficulties in quantifying cause and 
effect for mercury accumulation in any single 
species. These observations also suggest that 
many organisms have utility as bioindicators. 
Developing these relationships could provide a 
powerful approach to reducing costs associated 
with a biomonitoring programme. 

Selecting the best available bioindicator 

The characteristics of good bioindicators have 
been outlined, for example by Phillip~.'~ 
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Briefly, these characteristics include: 
(a) the organisms should accumulate the pollu- 

tant without mortality at the levels encoun- 
tered in the environment; 

(b) the organisms should be representative of 
the study area; 

(c) the organisms should be abundant through- 
out the study area; 

(d) the organisms should be sufficiently long- 
lived to allow the sampling of one or more 
years class if desired (i.e. fish of different 

(e) the organisms should be of sufficient size to 
give adequate tissue for analysis; 

(f) the organisms should be easy to sample and 
hardy enough to survive in the laboratory. 

Young of the year or yearling northern pike, 
yearling perch and crayfish meet many of these 
proposed criteria." 

We also believe that an indicator should 
provide data which are directly related to human 
health (i.e. they should be from fish which are 
consumed) , show rapid response to environmen- 
tal changes, and provide a high degree of confi- 
dence (robustness) that the effect was due to the 
environmental changes being investigated. 

Although young organisms are not directly 
related to human health (i.e. they are not eaten), 
it is clear that a relationship between mercury 
levels in young fish and older larger fish of the 
same species can be established.' 

Young fish are more restricted in their move- 
ments in comparison with larger organisms." 
Frequently, in this system, young pike and year- 
ling perch are believed to spend essentially their 
entire life to that age in isolated nurseries that are 
perhaps no greater than 100 or 200m in span." 
This restriction in habitat greatly simplifies the 
sampling of other ecosystem variables (e.g. 
waters) in order to infer cause and e f f e ~ t . ~  

Larger mature sport fish can range much 
further (up to many kilometers or more)," 
necessitating more work and expense to obtain 
exposure data, if such data can be obtained at all. 
In most monitoring cases the geographic habitat 
and seasonal movements for various mature sport 
fish stocks are unknown. This uncertainty causes 
difficulty when making decisions on where to 
sample other ecosystem variables. It can become 
extremely difficult in open systems where mature 
fish can move easily between habitats character- 
ized by different mercury concentrations and/or 
bioavailability. Ball Lake on the English River 

ages); 

System is one such example. In this case young 
biota were particularly useful in measuring the 
importance of mercury in various inflows (Table 
2), because they do not move so far. 

With young fish, contaminant uptake is more 
rapid; consequently they are very responsive to 
environmental changes, which in this system can 
be large. For example, methylmercury concentra- 
tions in water typically fluctuated over an order of 
magnitude at many sites on a seasonal basis." 

Adult fish, because of their extended exposure 
periods, are better buffered from the effects of 
short-term environmental changes than young 
fish. This buffering is evident at control sites. The 
maximum fluctuation between years in mercury 
concentrations in 60 cm adult pike (approxima- 
tely five years old) never changed by more than 
23% (Table 1) while yearly fluctuations in 16 cm 
pike (a few months old) sometimes exceeded 

Thus, insofar as the accuracy of long-term tem- 
poral trends (years) are concerned, older larger 
adult fish appear to be the most robust indicators. 

While adult fish are less responsive than young 
biota, they are clearly more relevant to human 
health, since movement of methylmercury into 
man is by way of consumption of contaminated 
adult fish. 

When considering indicator organisms, other 
factors such as the collection of organisms must 
also be taken into account. Although widely dis- 
tributed along the system, young pike are not as 
abundant as crayfish and perch, are more solitary 
in their habits, and generally inhabit weedy lit- 
toral areas that are difficult to sample effectively 
by seining. More time and effort are required to 
secure adequate samples of young pike than are 
required for crayfish and perch. Yellow perch is 
an abundant schooling species which shows less 
variation in growth rate and can be conveniently 
segregated into age groups. By pooling several 
fish of the same species to form one sample for 
analysis, estimates of average mercury levels are 
more robust. Collections of larger fish (e.g. wal- 
leye, pike, whitefish, suckers) did take more time 
and effort in most cases than did the young fish or 
crayfish collections). 

300 Yo .lo 

CONCLUSION 

Overall the data suggest different organisms do 
have differeit values as bioindicator organisms in 
terms of responsiveness, robustness and ease of 
collection. 
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In the WabigoonIEnglishlWinnipeg River 
System, standardized samples of adult walleye 
and pike probably provide the most precise data 
for temporal trends as well as information on 
appropriate consumption limits. The validity of 
the data generated is increased if sampling is 
designed to ensure that the same discrete popula- 
tion is sub-sampled regularly. Data for adult biota 
can also be used to determine geographical areas 
of mercury contamination, provided that the 
population range is suitably known. Younger 
organisms, because of their restricted habitat, are 
particularly useful in delineating local geographi- 
cal effects and are very responsive to environmen- 
tal changes. Young organisms can thus provide 
rapid feedback on the effectiveness of amelior- 
ation measures. 

We suggest that there is no single ideal indi- 
cator, but rather the choice of indicator must be 
matched to the requirements of the investigator, 
bearing in mind the pharmacokinetics of mercury 
uptake in the organism and the chemodynamics 
of mercury and its species in situ. 
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