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ABSTRACT

A sequential sampling program is described for ubiquitous, cost-effective biomonitoring of
the effects of lake acidification. Spring densities of the littoral amphipod Hyalella azteca are
quantitatively sorted into 5 abundance categories. Stratification of proportional densities per
unit macrophyte biomass in relation to the aqueous total phosphorus concentration is an
essential step in the a priori definition of decision criteria. Density rankings were related to
lake acidity and to detailed lake-specific information on patterns of Hyalella life history and
acid tolerance. Incorporation of Hyalella abundance as a potential metric for the assessment
of the biological integrity of acid-sensitive waters is recommended. The temporal integration
of transient changes in spring meltwater chemistry is an important rationale for the
development of such biomonitoring procedures.
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INTRODUCTION

Environmental scientists greatly err in assuming that measures of aqueous chemical
imbalance alone are sufficient to gauge ecosystem stress (Karr 1987). Living organisms
provide convenient full-time monitors of transient variability in environmental quality, an
important consideration when assessing the effects of anthropogenic acidification on lakes
and rivers in north-temperate climates. Because the soil in such regions may still be partially
frozen in the spring, much of the acidic snowmelt can quickly run off with little neutralization
taking place within the watershed. For example, typically between 36 to 77% of the annual
export of H+ from watersheds over much of central Ontario occurs during this short interval
(Jeffries et al. 1979). Due to logistic difficulties, acidic pulses are rarely monitored
throughout the littoral zone over the melting period. More frequently, if the spring episodes
are sampled at all, they are normally estimated from midlake stations or inferred from the
more accessible outflows which are assumed representative of the lake whole (e.g. Goldstein
et al. 1984). Such measures are at best, however, but an imprecise reflection of the actual
environment to which littoral organisms are exposed, and misleading conclusions regarding
the severity of such pulses can arise (France and LaZerte 1987). Obviously, the function of
biomonitoring as a temporal integrator of cumulative stress would he valuable in such
circumstances.

Considerable attention has been devoted to study of the effects of acidification on the
littoral amphipod Hyalella azteca (Saussure) in Canadian Shield lakes. Such work is has been
motivated through recognition of the demonstrable biomass dominance of Hyalella in the
littoral zones of such lakes (e.g. Dermott 1988), as well as the acknowledged importance
of this species to the diet and production of several commercially important fishes (e.g.
Cooper 1965; Hall et al. 1970), some of whose abundances are known to be correlated with
lake pH (e.g. Minns et al. 1985; Wales and Beggs 1986). Laboratory experiments (de March
1979; France and Stokes 1987a, 1987b; Mackie 1989), in-situ transplantations (Grapentine
1987), empirical modelling (France and LaZerte 1987), synoptic surveys (Stephenson and
Mackie 1986; Fiske 1987; Peterson 1987), and detailed life history/production studies
(Stephenson 1986; France and Stokes in prep), have all demonstrated Hyalella to be quite
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susceptible to low pH. Hyalella is therefore believed to be able to provide a sensitive
biological assessment of lake acidification stress.

Stephenson and Mackie (1986) concluded that the absence of Hyalella "from a lake
sensitive to acidification is sufficient evidence to suggest that acidification may be having a
substantial biological impact. Hyalella azteca can be collected without specialized equipment
(waders and fine sieve are all that is necessary), and it is easily identified (with the aid of
a dissecting microscope). It should find application as an indicator organism in regional
surveys of lake acidification status and as an indicator of deterioration of sensitive lakes over
a period of years". As a result of the aforementioned studies, a recent EPA-sponsored
meeting on the screening of potential candidates for biomonitoring concluded that benthic
invertebrates (including Hyalella) were appropriate sentinels of the degradative influences
of acidification upon the integrity of aquatic environments (Marmorek et al. 1988).
Nevertheless, to date, a protocol for use of Hyalella in such biomonitoring programs has not
been developed. This is the subject addressed in the present study. Such consistency in
design considerations of acid biomonitoring programs ensures data comparability among
sites and/or times and thereby reduces the risk that revealed differences merely reflect
artifacts of methodological inconsistencies (Arnason 1988).

HYALELLA SAMPLING STRATEGIES

The need to characterize both the temporal and spatial variability of parameters is
crucial to the rational planning and implementation of any biomonitoring program (Arnason
1988). These considerations are particularly requisite for the design of sequential sampling
programs (Sevacherian and Stern 1972; Ives and Prentice 1958).

Time

The life history of Hyalella in softwater lakes of central Ontario (France and Stokes in
prep) is very similar to that described by Lindeman and Momot (1983) and Biette (1969) for
populations near Thunder Bay, northwestern Ontario and Duck Mountains Prov. Park,
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southwestern Manitoba, respectively. Because these populations are predominately
univoltine, it is essential for survival that the cohort of young amphipods produced in
midsummer exists through the period of snowmelt to mature and produce young the next
year. As a result, Cooper (1965) considered mortality to be a more important demographic
variable than either growth or reproduction in regulating Hyalella population dynamics.

Onset of reproductive activity, recruitment of young, and seasonal rate of population
increase, are strongly influenced by lake temperature and alkalinity in the HaliburtonMuskoka region (France 1987a; Stephenson and Mackie 1986; France and Stokes in prep).
Different lakes, even within a localized area, may have dissimilar thermal regimes, being
influenced by among other things, basin morphometry. Because of this, it is extremely
difficult to standardize among lakes with respect to the stage of the population density cycle
being sampled at any particular time during the summer. Interlake comparisons of Hyalella
density are therefore best performed before recruitment begins as soon as is logistically
feasible in the spring. The animals are largest at this time so that efficiency and speed in
sorting is maximized. Such a sampling period is consistent with respect to the predictions
made concerning impacts of anthropogenic lake acidification through vernal pH depressions
(France and LaZerte 1987).

Location

Hyalella density decreases rapidly with depth due to the attenuation of macrophytes
in relation to light transmittance (France and Stokes 1988). Population abundance can
therefore be estimated at wading depths (Lindeman and Momot 1983; Stephenson 1986;
France 1987a), which of course encompasses that area most affected by pH fluctuations
(France and LaZerte 1987).

The dramatic effect of macrophyte biomass on the density of littoral invertebrates has
received recent study (Downing and Cyr 1985; Downing 1986; Cyr and Downing 1988).
Because macrophyte distribution (Hitchin et al. 1984) and biomass (France 1988) varies
considerably within individual Haliburton-Muskoka lakes, Hyalella are aggregatively
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distributed (France 1987b) in relation to the localized pattern of plant biomass (France and
Stokes 1988). Unless careful attention is paid to this relationship and some standardization
applied to the data, the validity of interlake comparisons of Hyalella abundance expressed
on a simple per meter squared basis (e.g. Stephenson 1986) may be questionable. This was
recognized by Strong (1971) in the first interpopulation investigation of Hyalella life history:

"In the initial phases of the work, densities of the natural populations were estimated.
These proved valueless owing to the extremely patchy distributions of Hyalella within
habitats, and the differences between the substrates of the habitats of the various
populations".
Interlake comparisons should be based on small "community-type" vegetative strata
(Nichols 1982) common among lakes, rather than on entire lake-magnified, and therefore,
-approximated, values (France and Stokes 1988). The isoetid Eriocaulon septangulare
(With.) is the most ubiquitous and abundant macrophyte in Canadian Shield lakes (Yan et
al. 1985a; France and Stokes 1988) and was selected as the habitat template from which
to make all comparative assessments of Hyalella abundance. Densities of Hyalella were 3
to 6 times higher here than in other habitats such as sand with sparse macrophytes,
allochtonous detritus, or organic sediments (France, unpubl. data). Use of ratios of Hyalella
density per gram Eriocaulon dry weight (both roots and shoots included) as a correction for
sampling variability in macrophyte biomass, have previously proven successful (France and
LaZerte 1987; France and Stokes 1988). The dangers and efficacy in use of such ratios is
discussed in France (1990a).

Eriocaulon covers an average of 13% (range 4 - 42%) of the total shoreline length
in Haliburton-Muskoka lakes, with biomasses usually being highest near the mouths of
inflows (Hitchin et al. 1984; France and LaZerte 1987). Hyalella samples should be collected
from several different, randomly selected locations around the lake deemed representative
of Eriocaulon beds, and these data then pooled to achieve an integrated value for this
habitat type for the lake (France and Stokes in prep). If tradeoffs in effort must be made,
Arnason (1988) warns that multiple samples per station cannot compensate for inadequate
replication of stations (i.e. this is pseudo-replication). From the average variance function
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presented in France (1987b), the requisite sample number needed to obtain a confidence
of ± 20% of mean Hyalella density estimates for any single station, is between 6 and 12
(based on the levels of density encountered during the spring, and the use of a 7.62 cm
diameter corer) A total of 40 to 60 samples per visit for the entire lake, maintaining at least
10-15 for each of 3 or 4 stations (France and Stokes in prep; Stephenson 1986), is
recommended. Each sample takes less than 3 min to collect, sieve and store.

The sampling apparatus is a circular corer of PVC pipe which can be forced into the
macrophyte bed with a handle. This sampler has been used to enumerate Hyalella in these
lakes (Stephenson and Mackie 1986; France 1987a; France and Stokes 1988), and is
described in detail in Stephenson (1986). The companion sieve (0.4 mm mesh) and mason
jar storage technique was developed by G. Mackie (Univ. of Guelph, Guelph, Ontario; see
Stephenson 1986) and has gained widespread use in a number of zoobenthos studies in
Haliburton-Muskoka lakes.
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SEQUENTIAL SAMPLING DESIGN AND METHODS

The desire for cost-effective sampling programs for benthic macroinvertebrates has
become increasingly recognized (e.g. Cuff and Coleman 1979; Downing and Cyr 1985). One
procedure with a long established tradition of use in applied entomological surveys is
sequential sampling (Morris 1954; Reeks 1956; Ives and Prentice 1958; Shepard and Brown
1971; Allen et al. 1972; Sevarchrian and Stern 1972). Recently, Resh and Price (1984),
Resh et al. (1988) and Jackson and Resh (1988,1989) have advocated the use of sequential
sampling in the design of zoobenthcs biomonitoring programs.

The great strength of sequential sampling is in reducing the total number of samples
needed to catagorize a population compared with the sample requirements for fixed
sample-size procedures. As Jackson and Resh (1988) elaborated, for fixed sample-size
designs, all collected samples are examined, statistical parameters estimated, and data then
classified based on hypothesis testing. With sequential sampling, in contrast, decisions
relating to a priori specified tests of hypotheses with known error risks, are iteratively
performed after each sample is examined until the minimum information needed to make
a classification is obtained. Data can be interpreted in a graphical format as a pair of
decision lines enclosing a band of no-decision from which, with sequential sample
assessment, the cumulative plotted points must "escape" before a density classification is
satisfactorily defined (Morris 1954). Statistical parameters of the threshold classifications
are calculated only once from baseline information. The advantage is that no time is wasted
in analyzing superfluous samples in situations where the population density falls quickly and
distinctly into a particular classification category. As long as the plotted points remain
between the decision lines, sampling continues until some predetermined maximum is
reached.

A related use of sequential sampling and the one that is the primary mandate of the
present analysis, is in the combination of several independent tests to sort data into broad
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categories with which one has considerable confidence in assigning densities and basing
conclusions upon (Green 1979; Morris 1954; Waters 1955; Ives and Prentice 1958; Cole
1962). Armitage (1950) provided formulae for a combined sequential test involving 3
binomial distributions. However, he concluded that such a test was not very different from
the method of a series of paired tests in parallel such as used in the present study.

Finally, sequential decision plans are cost-effective when the time spent collecting a
zoobenthos sample in the field is minor relative to the time needed to examine that sample
in the laboratory (Resh and Price 1984; Jackson and Resh 1989).

Three essential elements must be defined a priori in the creation of a sequential
sampling program. First, the classification thresholds or class limits (which describe the
decision lines) must be set using available ecological information. Data from a sampling
program of 24 lakes ranging in average annual pH from 5.2 to 7.3 over 5 years (1984-1988)
were used in this study (France 1987a, 1987b; France and Stokes 1988, in prep; France and
LaZerte 1987; France, unpubl. data). As previously mentioned, only those data collected
during the early spring at depths between 0.1 to 0.7 m depth and over regions of extensive
Eriocaulon growth were considered. Reeks (1956) also expressed his animal densities per
unit vegetative substrate. In addition, because acidification effects on benthic invertebrates
cannot be examined in isolation (Yan et al. 1985b; France 1990a), lakes were stratified in
relation to their system productivity.

Concentrations of average ice-free seasonal total phosphorus (TP) have been shown
to be correlated with spring Hyalella densities (France and LaZerte 1987) and integrated
biannual averages of biomass (France and Stokes, in prep). Lakes of higher productivity
therefore support a higher density of Hyalella per unit macrophyte biomass. Study lakes
ranged in TP from 5 to 21 mg m-3, and were divided into the following divisions: < 7 mg m-3
(5 lakes), 7-11 mg m-3 (14 lakes), and > 11 mg m-3 (5 lakes). Density classification
thresholds were therefore adjusted depending on the system productivity of each lake. To
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my knowledge, only Sheperd and Brown (1971) have used such sliding class limits to
enhance the accuracy of density prediction with sequential sampling.

There is no doubt that Hyalella contribute substantially to the diets of many
centrachid and salmonid fishes (e.g. Cooper 1965; Strong 1971). Experimental
manipulations also indicate to varying degrees, a reciprocal relationship between fish and
Hyalella abundances (Ball and Hayne 1952; Hall et al. 1970; Milstead and Threlkeld 1986).
None of these predation impacts have, however, been demonstrated to be permanent (see
Thorp 1986). Similarly, evidence for a top-down control of Hyalella demography in Canadian
Shield lakes is weak (France 1987a; France and Stokes in prep). This no doubt results from
the complex heterogeneity of substrates, very low fish abundances, and establishment of
long-term stability within these environments. Differences in Hyalella density among
Canadian Shield lakes occur therefore for the most part, irrespective of variability in fish
abundance.

Some lakes were visited only once during the spring pre-recruitment period while
others were sampled up to 7 times during this interval over the years (France and Stokes
1988). Sample numbers ranged from 8 to 48 cores per visit. The total number of
observations per lake ranged from 10 to 88. Serial classification thresholds were defined as
being greater than 2SEs to achieve non-overlapping confidence intervals as a conservative
adjustment for the effects of sampling error on the mean (Jackson and Resh 1988).

The degree to which sequential decision plans can be extended into new geographic
areas or slightly different situations is an important consideration (Allen et al. 1972).
Hyalella is the most ubiquitous freshwater amphipod in the Western Hemisphere, being
distributed from the Northwestern Territories of Canada to Central America. In North
America, Hyalella inhabits most permanent bodies of water that have mean monthly
temperatures exceeding 10 °C (Bousfield 1958). The use of this species for biomonitoring
purposes is therefore very appealing. As Morris (1954) indicated, knowledge of local
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conditions should govern the application of defined decision limits, or in turn, the
establishment of alternative limits. For example, inter-regional differences exist in Hyalella
demography due to climatic influences (Lindeman and Momot 1983; France in prep). As a
result, the threshold criteria in Fig. 1 should apply to only north-temperate populations (<
90 d above 20 °C water temperature) inhabiting oligo-mesotrophic, softwater lakes.

The second step in designing a sequential plan is to establish the mathematical
distribution of the data. Considering the aggregated pattern of distribution for both Hyalella
density (France 1987a; France and Stokes 1988) and Eriocaulon biomass (France 1988), it
is not surprising that proportional densities (number of amphipods per gram macrophyte)
were found to conform to a negative binomial distribution. Estimates of the dispersion
index, k, ranged from 0.3 to 2.6. Because the mean proportional density varied with 1/k,
it was not possible to calculate a common kc for all the data (Elliott 1979); i.e. there is no
constant and characteristic level of aggregation for Hyalella populations (France 1987a).
Dispersion indices did stabilize, however, within the following groupings of density (Fig. 1):
kc = 1.4 for Categories 1 and 2; kc = 1.0 for Categories 3 and 4; and kc = 0.5 for Categories
5 to 7.

Finally, the probability of classification errors (Type I and II) in sequential sampling
plans (see Jackson and Resh 1988) were set at 0.05. Together, the classification thresholds,
α, β, and k, are combined to calculate the decision lines (Fig. 1) using the formulae
presented in Oakland (1950), Morris (1954) or Jackson and Resh (1988, 1989).

The theoretical minimum number of samples required to make a decision (intersection
of lower of the pair of decision lines with the X-axis on Fig. 1) ranged from 24 to 1 with
increasing density. Due to the overlap in the decision lines, in reality the minimum sample
number was always about 20. The maximum average sample number (ASN), calculated
from the decision lines and error risks from the operating characteristic curve (see Waters
1955; Jackson and Resh 1988, 1989), ranged from 36 for the first pair of decision lines
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(between Categories 1 and 2) to 13-18 for the second to sixth pairs of decision lines.

Twenty simulations were run based on a sample size of 48 (i.e. designed to reflect
sampling 4 different locations in a lake with 12 samples in each) to obtain a modal density
rank. In those situations where the total number of sample units taken were less than 48
(the "B" lakes identified in France and Stokes 1988), simulations were run with replacement;
in the other situations, without. If the cumulative total remained within the no-decision
category after 48 samples, the population was assigned to one of the two adjacent
categories which it was closest to based on the truncated decision method (Jackson and
Resh 1988).

RESULTS

Despite some intrapopulation variability in density ranking, an obvious modal rank
was always apparent (Fig. 2). The percentage of no-decisions in which classification was
determined through truncation, ranged from < 15% for populations at the extremes of
density (e.g. Plastic and Glen), 15-25% for those populations in which the simulations
indicated 3 density rankings (e.g. Leonard and Heney), and from 20-45% for those
populations in which the simulations indicated densities spread over 4 rankings (e.g. Red
Chalk Main and Little Clear).

The modal rankings of density determined from sequential sampling were found to
be related to lake pH (Fig. 3). Lakes with "Nil" or "Present" rankings ranged in pH from 5.2
to 5.8; lakes with "Rare" or "Common" rankings ranged in pH from 5.7 to 6.4; and lakes
with "Abundant" and "Very Abundant" rankings ranged in pH from 6.1 to 7.3. The density
ranking of lakes specifically identified in Fig. 3 corresponds to detailed information on life
history and tolerance patterns of Hyalella in these lakes (see Discussion).

-10-

DISCUSSION

Biomonitor Sampling

A reciprocity exists between depth and breadth in scientific research involving
tradeoffs between precision and generality. Often methods used for intensive population
studies are not suitable for applied surveys (Ives and Prentice 1958). Because sequential
sampling serves to classify populations rather than to provide estimates of population
parameters, it is particularly amenable to survey mandates (Waters 1955). The widespread
extent of acidification damage to Canadian aquatic resources (Dillon et al. 1987; Neary and
Dillon 1988) dictates that certain sacrifices in descriptive detail must be made to increase
the frame of reference from which general conclusions about the severity of these impacts
can be drawn. The danger lies in trading off too much scientific acumen in the pursuit of
"band-aid, fire-fighting efforts" (Vallentyne 1978). Abandonment of quantitative power for
logistic ease is, in the end, self-defeating, and the reason why some synoptic work (i.e.
impact assessment) has borne the brunt of much harsh criticism in the past (Schindler 1987,
1976; Larkin 1984).

Stephenson and Mackie (1986), Fiske (1987) and Grapentine (1987) all used a
scoop-like sieve or a D-frame sweep-net raked across the surface of the substrate to assess
the presence or absence of Hyalella along gradients of lake alkalinity. Both Stephenson and
Mackie (1986) and Fiske (1987), correctly recognizing the strictly qualitative nature of such
sampling methods (see Lenat 1988; Marmorek et al. 1988), supported their conclusions
with additional independent quantitative estimates of Hyalella density as did Peterson
(1987). An extensive survey program is currently being initiated by the Ontario Ministry of
the Environment (Mierle in Marmorek et al. 1988) patterned after the similar programs by
the Canadian Dept. of Fisheries and Oceans (Davies in Marmorek et al. 1988) and the U.S.
EPA's TIME (Temporally Integrated Monitoring of Ecosystems) Project (Thorton et al. in
Marmorek et al. 1988).
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One design of this program is, through use of similar sweep techniques, to apply an
ordinal scale to zoobenthos (including Hyalella) abundance in attempt to increase the
conclusive power of the data set over an appraisal of simple (either all or none) presence
or absence (G. Mierle, Dorset Research Centre, Ontario Min. Environ., pers. comm.).
However, the final catches from such procedures are influenced by, among other things, the
arc, angle and speed of each sweep, the depth of penetration of the scraping edge into the
sediment or macrophyte bed, questions as to whether each successive sweep covers a
completely new or previously sampled area, and the resulting organism escape response due
to cumulative habitat disturbance.

Unless methods can be developed to quantify these errors and biases (simply timing
the sweep period for a CPUE is not sufficient, Lenat 1988), ordinal abundance rankings
generated from sweep techniques cannot be related in a defensible way to interlake
differences in water quality. Bias distorts probability statements and some biased estimates,
although logistically easier than unbiased ones, may cause incorrect management decisions
(Fowler and Witter 1952). Such sub-optimal plans are often less sensitive and interpretable
than those which might have been possible for the given level of effort (Arnason 1988).

In contrast, with little or no additional effort, a truly quantitative ordinal ranking of
Hyalella density can be obtained through adoption of a sequential sampling design based on
core samples not sweeps. Stephenson and Mackie (1986) believed it necessary to spend up
to 60 min of search time with a scoop-sieve at a single site to adequately assess the
presence or absence of Hyalella. During this same interval one could collect up to 30
quantitative cores. The effort required to sort and enumerate adult Hyalella from a pooled
sweep collection is only about a third less in terms of time than that required to do the same
for an identical number of Hyalella spread over a series of independent core samples.
Criticisms leveled against conclusions reached in synoptic monitoring of lake acidification
(e.g. Howells 1982, 1984; EPRI 1986) could often be circumvented through increased rigor
in sampling design and execution. Similar attention paid to the methodology of zoobenthos
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sampling programs (e.g. Downing 1979; Resh 1979) would likewise increase the scientific
defensibility of such research (France 1990b). Decisions based on quantitative sequential
sampling from core data will prove more profitable toward such an end than merely relying
upon qualitative sweep-net techniques. Relative abundance estimates, erroneously
perceived by Marmorek et al. (1988) "not [to] require quantitative sampling methods", are
at best but weak substitutes (see Mozley 1974).

Sequential sampling

Jackson and Resh (1988) correctly identified an important caveat in acceptance of
sequential decisions; this involved consideration of the effects of sampling error and spatial
and temporal variation on the suitability of classification thresholds. Despite narrowing the
time window of sampling to only the spring pre-recruitment period and selecting thresholds
separated by 2SE, the present simulations showed that ordinal rankings still displayed
variability for any single Hyalella population. This no doubt resulted from the highly skewed
density distribution of Hyalella in these lakes (France 1987b; France and Stokes 1988). In
all cases, however, a definite modal rank was always discernable following 20 iterations. For
example, France and LaZerte (1987) calculated the mean proportional density ratio to be
2.49 ± 0.45 (SE) (n = 12) for Blue Chalk Lake, a result consistent with the present
ascription of the modal rank of "Abundant" to that population.

Allen et al. (1972) also used frequency distributions in their sequential decision
assessments. Some of the present ambiguity could of course be removed by collapsing
several of the decision categories. Resh and Price (1984) and Jackson and Resh (1988) used
only two divisions - "impacted" and "unimpacted". Alternatively, once a decision has been
made using a division of multiple categories, and sample examination ceased, simulation
iterations could be undertaken as in the present study to achieve a modal abundance rank
(i.e. in a sense, a simplified form of bootstrapping). Similarly, Fowler (1983) used Monte
Carlo simulations to reduce the number of samples needed in field surveys.
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The final, modally-ranked, assessment of Hyalella density (stratified for lake
productivity) correctly identified those populations which, through more labor-intensive
research efforts on life history and tolerance patterns, are known to experience acidification
stress. Amphipods in Glen Lake are extremely abundant (France, unpubl. data) and have
a high acid sensitivity as a result of never being exposed to extensive littoral pH depressions
in the spring (France and Stokes 1987a).

Hyalella from Harp and Blue Chalk lakes are abundant and have a moderate acid
sensitivity (France and Stokes in prep; 1987a; Stephenson and Mackie 1986; Mackie 1989).
Hyalella inhabiting Crosson and Heney lakes have greater acid tolerances relative to animals
from the other lakes (France and Stokes 1987a; Mackie 1989), perhaps due to heightened
mortality during the springmelt period (France and Stokes in prep) which may have induced
adaptation (France 1987c). Estimates of secondary production are low for these latter
populations (France and Stokes in prep; Stephenson 1986). Hyalella in Plastic Lake are at
an extremely low level of abundance (Stephenson and Mackie 1986), possibly due to
increased mortality from acid snowmelt (France and LaZerte 1987).

Peterson's (1987) data although based on only a limited sampling effort (5
Birge-Ekman hauls) of 145 maritime Canadian lakes (with no error terms provided),
indicated that "the abundance of Hyalella exhibited a graded decrease with decreasing lake
pH". This is consistent with the present findings.

Modal density ranks are best calculated from between 40 to 60 independent samples
but can be approximated through simulations (at least 20 such) on fewer individual samples
by using replacement. Important for the design of synoptic surveys is the finding that there
were no differences in the ascription of density ranks to either intensively or sporadically
sampled lakes in relation to their pH values (Fig. 3). A sequential sampling program can
therefore be quite effective in ordinal description of Hyalella abundance with only a
moderate effort.
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The maximum ASN value has been suggested as a truncation point to cease sampling
(Waters in Resh and Price 1984; Jackson and Resh 1988). Characteristically, in sequential
sampling programs designed to detect reductions of > 40% in macroinvertebrate densities,
ASN's range from 7 to 16 (Resh and Price 1984; Jackson and Resh 1988, 1989). Attempting
to identify smaller density differences results in maximum ASN's that are well above this
range (in the present case, exceeding 20 to 30 samples in certain situations). Also, as
Waters (1955) explains, the ASH is directly related to the gap of no-decision and the desired
degree of reliability. Narrowing the gap (as done here through using multiple tests) or
lowering the risks of error will increase the average amount of sampling required.

Morris (1954) cautioned against strong adherence to ASN truncation decisions
because he found this sample number had to be "considerably exceeded at certain sampling
points". Due to the nested overlapping nature of the decision lines near the origin, the
absolute minimum number of samples needed to discriminate density ranks is 20, regardless
of ASN's calculated for individual pairs of decision lines. Increasing the sampling effort to
40-60 if possible, thereby avoiding theoretical difficulties in using replacement in the
simulation analysis, is recommended. Such a program entails about 1-2 hr of sampling time
per lake. Although the final number of samples enumerated in the laboratory is frequently
less than this, in several situations truncation was still necessary at the present arbitrary
termination point of 48 samples. This is no cause for alarm as classifications using truncated
decisions (based on smaller termination sample sizes or ASN's than those here) have been
found to be correct in 71 to 95% of the cases (Jackson and Resh 1988; Connola et al. 1959).

In the present analysis, enumeration of 48 samples was occasionally close to the
sample number required for fixed-end point parametric tests to determine whether lakes had
significantly different Hyalella densities. My use of sequential sampling was not, however,
primarily motivated by the common desire to reduce the number of samples needed to
compare populations. Instead, my purpose was to design an objective procedure whereby
populations could be quantitatively classified into a series of density categories for
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development of more comprehensive biomonitoring methods (see below). In this respect,
design of the present sequential 19 decision plan for amphipod density should be viewed as
a means, not an end to itself.

Biological Integrity

Due to recognition that no single organism is capable of satisfactorily reflecting all the
manifestations of cultural stress in aquatic environments (Ryder and Edwards 1985), there
is a pressing need for biomonitoring to embrace an ecosystem approach, and as a result,
to give more consideration to integrative and holistic interpretations of "health" (sensu
Schaffer et al. 1988) at the community level of organization. Recently, the term "integrity"
has become ensconed as a directive concept in environmental decision making, in addition
to being used as an operationally defined managerial tool in biomonitoring protocols (e.g.
France 1990b; Steedman 1988).

The most effective approach for maintenance of biological integrity as dictated in
several water quality mandates (Regier and France 1990; NRC 1985), is to ensure that a
suite of representative species are monitored at various trophic levels. In this respect, it is
erroneous, if not dangerous, to perceive some ranking of Hyalella abundance in isolation,
as a sort of panacea approach for judging the extent of biological degradation resulting from
lake acidification. Instead, Hyalella density rankings should be viewed as only one of a suite
of metrics (see Steedman 1988) which together provide an agglomerative description of
biological integrity. Examples of other potential acidification metrics might include diatom
stratigraphy scores (Earle et al. 1988), metaphyton biomass ranks (France and Stokes under
review), crayfish carapace rigidity (France 1987d), and mysid or gastropod densities (Nero
and Schindler 1983; Peterson 1987).

Combining field monitoring and laboratory toxicity testing in concert is essential to
understand whether legislative criteria are productive in mitigating environmental
-16-

disturbance (France 1986). Finally, use of indicator species such as Hyalella should never
be advanced as a surrogate for direct measures of water chemistry whenever the latter are
possible. Together both techniques - chemical and biological surveillance/monitoring,
comprise the most realistic means we have of achieving a comprehensive assessment of
ecosystem integrity (Karr 1987; Ryder and Edwards 1985).
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LIST OF FIGURES
Fig. 1.

Sequential sampling plan for monitoring the impact of anthropogenic
acidification on the density of Hyalella azteca in Canadian Shield lakes.
Classification

thresholds

(average

number

of

amphipods

per

gram

macrophyte), decision line regression equations ( = B = 0.5; d = cumulative
amphipod count; see text for Kc values), and categorization "windows" ( 1 - 7)
are indicated. For lakes with total phosphorus (TP) concentrations < 7 mg m-3,
the categorization windows correspond to density ranks as follows:
1=

Present (P),

2=

Rare (R),

3=

Common (C),

4=

Abundant (A), and

5+ = Very Abundant (VA);
for lakes with 7-11 mg m-3 : 1 - 2 = P, 3 = R, 4 = C, 5 = A, and 6 - 7 = VA;
and for lakes with > 11 mg m-3 : 1 - 3 = P, 4 = R, 5 = C,
VA.
FIGURE NEXT PAGE

-18-

6 = A, and 7 =
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Fig. 2.

Distribution of density ranks from 20 simulations of sequential sampling for
selected amphipod populations in the Haliburton-Muskoka region of central
Ontario. Density ranks abbreviated as in Fig. 1.
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Fig. 3.

Relationship of modal density rank and lake pH. Identified lakes - Harp (HP),
Glen (GL), Blue Chalk (BC), Crosson (CIS), Heney (HY), and Plastic (PL)
contain Hyalella populations which have been previously described in the
literature (see text for references). Closed and open circles denote intensively
and sporadically sampled populations, respectively. Density ranks abbreviated
as in Fig. 1.
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APPENDIX
Decision plan formulae for negative binominal data (see Jackson and Resh 1988, 1989
for more detailed presentation).
(1)

y - intercepts (h1, h2),

slope (b) of decision lines:

log [B /(1 ‐ α)]

h1 =

______________________

log [p2 q1 /p1 q2]

log [(1 ‐ β)/α]

; h2 =

_______________________

log [q /q ]

; b‐k=

log [p2 q1 /p1 q2]

2
1
_______________________

log [p2 q1 /p1 q2]

where p1 = m1 /k, q1 = 1 + p1, p2 = m2 /k, q2 = 1 + p2, m1 is the lower classification
threshold, m2 is the upper classification threshold, k is the distribution index, α and
β are risks of mis-classification.
The equation for the lower decision line is d1= b(n) + h1 and the upper decision
line is d2 = b(n) + h2, where d is the cumulative total when n samples are examined
(see Fig. 1).
(2)

the OC curve is derived with various values of X from 10.0 to-10.0 (see Jackson and
Resh 1988) from plotting L(m) (the probability of accepting H1) versus various means
(m) where

L(m) = [Ax ‐ 1] / [Ax ‐ Bx] where A = [1 ‐ β] / α ;

m = Kp with p =

B = β / [1‐ α]

1 ‐ (q / q )

1
2
_________________________

[p2 q1 /p1 q2]x ‐ 1

The ASN curve is derived by plotting E(n) versus various means (m) where

E(n) =

h + (h ‐ h ) L(m)

2
1
2
________________________

m‐b
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