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Cgurrent EEM programmes use traditional methods of 
establishing control sites in assessing the performance of federal 
regulations. The reference-condition approach offers a powerful 
alternative -because sites serve as replicates rather than the 
multiple collections within sites that are the replicates in traditional 
designs using inferential statistics. With the reference-con_dition 
approach, an array of reference sites characterises the biological 
condition of a region; -at test site -is then compared -to an 
appropriate subset of the reference sites, or to all the reference 

- sites with probability weightings. 

This paper compares the procedures for establishing reference 
conditions, -and assesses the strengths and deficiencies of 
multimetric (as used inthe. U.SA)__a_nd. multivariate methods. (as 
used in the UK, Canada, and Australia) for estabI_ishing water 
quality status. A data set of environmental measurements and 
macroinvertebrate collections from the Fraser River, British 
Columbia, w'as.us’ed. in the. comparison. Precision and accuracy. 
of 2 multivariate methods were consistently higher than for the 
multimetric assessment. The complementary emphases in the 
mult_iva__riate methods examined (presencelabsence in AUSRIVAS 
of. abundance in BEAST) lead us to recommend that they be 
used together. 

NWRI is promoting the use of the reference condition 
approaches the basis of a national refereince site data base 
programme that could be used in different EEM programmes 
and to address other site specific aquatic ecosystem helath 
issues.
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The reference condition: a comparison of multimetric and multivariate 
approaches to assess watenquality impairment using 
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Abstract. Traditional methods of establishing control sites in field-oriented biornonitoring studies 
of water quality are limited. The reference-condition approach offers a powerful alt_em_a_tive'because 
sites serve as replicates rather than t_he multiple collections sites that are the replicates in 

traditional designs using inferential statistics. With the reference-condition approach, an array of 
reference sites characterises the biological condition of a region; a test site is then compared to an 
appropriate subset of the reference sites, or to all the reference sites with probability weightings.’This 
paper compares the procedures for establishing reference conditions, and assesses the strengths and 
delfiiciencies of multimetric (as in the USA) and multivariate methods (as used in the UK, Can- 
acla, and Australia) for establishing water-quality status. A data set of environmental measurements»

\ 

and macroinvertebrate collections from the Fraser River, British Columbia, was used in the compar- 
ison. Precision and accuracy of the 2 multivariate methods tested (AUStrali‘an RlVer Assessment 

AusRivAS, Blinthic Assessment of Sedimenl‘: BEAST) were consistently higher than for 
multimetric assessment. Classification by ecoregion, stream order, and biotic group yielded precisions 
of 100% for the AusRivAS, 80—l00% for the BEAST, and 40-80% for multimetrics; and accuracies of. 
100%, 100%, and 38-88%, respectively. Multirnetrics are attractive because they produce a single score 
that is comparable to a target value and they include ecological information. However, not all infor- 
mation collected is used, metrics are often redundant in a combination index, errors can be com- 
pounded, and it is difficult to acquire current procedures. Multivariate methods are attractive because 
they require no prior assurnptions either in creating groups out of reference sites or in comparing

- 

test sites with reference groups. However, potential users may be discouraged by the complexity of 
model~co‘nstruction. The complementary emphases in the multivariate methods examined 

'(presence/ absence in AusRivA_S cf. abundance in BEAST) lead us to recommend that they be used 
together, and in conjunction with. multimetric studies. 

Key words: water-quality assssment, reference condition, multimetrics, multivariate analysis, ben- 
thic macroinvertebrates, pollution. 

Fundamental to the scientific method is the 
use of controls or control conditions against 
which results obtained under test conditions are 
compared. In laboratory experiments, all vari- 
ables are controlled except the variable of inter- 
est, which usually is set at several levels; repli- 
cates are randomly assigned to the different 
treatment levels. In field experiments, all vari- 
ables cannot be controlled and replicates cannot 
be randomly assigned to treatments, so an at- 
tempt is made to choose test and control con- v 

ditions (often represented by different sites) that 

- 

are as similar as possible; the variable. of interest 
is then manipulated, and uncontrolled variables 
are assumed to fluctuate similarly. The actual 

' 

choice of separate "sites in the field that are sim- 
ilar in all aspects and that can be divided into 
control and experimental groups is difficult. 

Traditionally, this problem has been solved in 
aquatic studies by choosing adjacent sites in 
streams (i.e, upstream and downstream com- 
parisons, Norris et al.' 1982), by_dividing lakes 
into halves (Schindler 1974), or by using meso- 
cosms (Graney et al. 1984). Such approaches 
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have several problems (Cooper and Barmuta 
1993’); a major one in strearns is confounded de- 
signs (Ebjerhardt 1978), often called "pseudo- 
replication’-’ (I-Iurlbert-1984). 
How have control sites been used in past 

freshwater studies? Voshell et al. (1989) and 
Resh and McElr'avy (1993) examined study de- 
signs described in articles on 45 lotic and 45 
lentic studies of "water-pollution effects and ben- 
thic macroinvertebrates that had been recently 
published in sdentific"journalsi " ’ 

. The 2 studies” ' re- 
vealed that: 1) 63% of lotic and 26% of lentic 
studies involved a spatial comparison 
the same water body; 2) 15% of lotic and 28% 
of lentic studies used a spatial comparison in 
different water bodies; and 3) 22% of lotic and 
46% of lentic studies did a temporal (i.e., before 
and after) comparison. However, current trends 
suggest that reliance on only 1 or a few field 
sites as controls is becoming less common be- 
cause of: 1) limited capacity for extrapolation to 
other sites; 2) limited ability to calculate vari- 
ance estimates; and 3) a need toaddress increas- 
ingly common non~point-sourcefactors, such as 
species introductions and. habitat alteration, 
rather than point-source problems 
1995). 
A recent development in water-quality moni- 

toring has been the attempt to describe refer- 
enée conditions based on pre-established crite- 
ria that exist at a wide range of sitesgrather than 
relying on information from 1 or a few control 
sites. These reference conditions then serve as 
the control against which test-site conditions are 
compared. notion of reference condition is 
really one of best available condition and it is 
represented by infonn.a.t.ion from numerous 
sites. 4 _ 
The concept of a reference condition is a crit- 

‘ 

ical element in approaches now being developed 
for biomonitoring and bioassessment of aquatic 
resources. For example, the reference condition 
is central to currently accepted ideas of "biocri- 
teria” being developed the US Environmental 
Protection Agency (EPA) (Davis and Simon 
1995). The same approach has been used in the 
UK forriver classification and water-quality as- 
sessment (Wright 1995), is currently being used 
in Canada to develop sediment guidelines for 
the Great Lakes (Reynoldson et al. 1995), and is 
the basis for the National River Health Program 
in Australia (Parsons and Norris 1996). 
The purpose of this paper -is: 1) to formalize 
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what is meant by the reference-condition ap- 
proach; 2) to compare and contrast 2 major 
methods of establishing and testing reference 
conditions, the USA approach and 
multivariate classifications used in the UK, Aus- 
tralia-, and Canada; and 3) toidentify strengths 
and deficiencies of each method. 

What is the reference condition ? 

Many approaches have been used to describe’ 
reference conditions (Table 1). In this paper, we 
emphasise techniques for establishing regional 
reference sites. The other approaches described 
in Table 1 have less applicability than regional 
reference sites in water-quality monitoring pro- 
grams and eventually may be superseded by 1 

the approadmes described here. 
We define the reference condition as the con- 

dition thatis representative of a group of min- 
imally disturbed sites organized by selected 
physical, chemical, and biological characteris- 
tics. The reference condition is used by compar- 
ing the biological attributes of individual test 
sites a group of'ref_erence sites expected to‘ 
be similar. The refermce-condition approach 
differs fundamentally from other approaches 
commonly used for water quality assessments 
(e.g., traditional studies using Before After Con- 
trol Impact designs and ANOVA) in that sites, 
rather than multiple collections sites, 
serve as replicates. An advantage of using our 
definition of the reference condition is that, after 
reference sites have been grouped by some 
method (e-g.. classification using biota), inde- 
pendent data (e.g., physical and chemical) can 
be used to match test sites to the most appro- 
priate group of reference sites for bioassess- 
ment. 

Establishing regional reference conditions and 
determining underlying assumptions 

The critical feature of the reference-condition 
approach is that it uses an array of reference 
sites that characterises the potential biological 
conditions in a region for which assessments are 
to be made. A test site is subsequently com- 
(pared to what is deemed either the most appro- 
priate subset of the reference sites or to all the 
reference sites using probability weightings (i.e., 
a test site is assigned a probability of belonging 
to each group of reference sites). Selection of the
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TABLE 1. Summary of approaches for dete_rmining— reference conditions based on Hughes (1995) and Johnson 
et al. (1993). 

Approach Where used 
_ 

Application“ Limitations 

Regional refer- UK, USA, Canada, Ordination and indicator Ecoregions are difficult to apply to 
enoesites New Zealand; analyses are used to deter» wetlands; aquatic ecoregions are ap- 

for lakes, mine represmtativeness of plicable to whole faunal assembly but 
streams, wet- reference sites; acceptable there. is some difficulty in applying 
lands levels of disturbance must’ ecoregions to particular communities; 

be deterr_‘mn_ed habitat classification still needed 
Historical data Eastern and mid- Useful if have been pe- Usually limited to a single invertebrate 

western USA riodically resampled, or if community; often, comparisons with 
streams and mal_<i_ng general statements historical data only can refl_e_ct seri- 
lakes about conditions ous deterioration; data incomplete or 

methods sometimes fre- 

quency of collection often masks nor- 
mal variation . 

Paleoecological Lakes and large Essentially lirnited to lakes, Poorly suited to streams, reservoirs, 
data rivers’ diatoms, and chironomids and wetlands; diatoms, the most 

~ out the world widely used group, are affected by 
changes in water quality but perhaps 
less from changes inhabitat structure 
or introduced species 

Biotic indices . World wide For comparison with a pre- Conditions represented by indices may
‘ 

determined hierardiy of not-be obtainable because of habitat 
values differmces; tolerances usually devel- 

oped for organic contamination 
Experimental Not widely used Relationships between test Data not applicable to entire inverte- 

laboratory data 
' 

species and some stressors bratex communities and are unsuit- 
(specific toxins, tempera- able for systems disturbed by other 
tures, etc.) are well known stressors 
so field data may be used 
to exclude-some reference 

. 
sites 

Quantitative Some studies in Plotting metric or index val- Outliers, uneven distribution of data, 
methods USA ues against disturbance or and absence of data from 

Best professional Padfic Northwest 
iudsment of USA 

natural variables can es- 
tablish reference condi- 
tions through curve fitting 

Convening expert panels to 
determine reference condi- 
tions and peer review of 
data and conclusions are 
the usual basis for this ap- 
proach 

disturbed sites can distort models
\ 

Value of judgment is a function of sci- 
entists’ expertise and the quality of 
data supplied to them 

appropriate subset can be done using a_ number 
of tediniques described below. 
The different. types of biological condition 

that can a region require classifi- 
cation of types of sites in streams or lakes to 
establish the expected condition at a test site, 
which is compared with reference-site 
characteristics. It is important that classification 
methods place reference sites into groups with 

similar habitat and invertebrate community 
characteristics because comparisons need to be 
made where site attributes are expected to yield 
similar invertebrate communities in the absence 
of disturbance. 
Stream classification schemes currently are 

based mainly on geomorphological features and 
the creation of ecoregions (e.g., Hughes and Lar- 
sen 1988, Plafkin et al. 1989, Hughes et al. 1990, 
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Otnernil; and Griffith 1991), or multivariate 
analysis of biological features (e.g., Wright et al. 
1984, Moss et al. 1987, Parsons Norris 1996). 
Lake classification schemes have also used mul- 
tivariate analysis of biological features (Johnson 
and ,Wiede'rho'1m 1989, Reynoldson et al. 1995). 
The establishment of ecoregions based on 

geomorphological characteristics (Omernik 
1987) or subecoregion groups based on profes- 
siqnal judgement (Genitsen 1995), within which 
comparisons are made, is common in the Rapid 
Biological Assessment approach as developed 
by the US EPA (Plafkin et al. 1989). This ap- 
proach assumes that test-site characteristics 
match the chosen ecoregion reference sites ex- 
actly. However, there seems to be little evidence 
that invertebrate communities show high levels 
of similarity such regions (Corkum 1990, 
1991, Richards et al. 1993). 

Individual sites are grouped according to fau- 
na_l characterisfics in methods used in the UK 
(Wright et al. 1984), Canada (Reynoldson et al. 
1995), and Australia (Parsons and Norris_1996)._ 
Such an approach can provide an objective way 
of creating groups of reference sites with which 
to compare» test sites having similar character- 
istics. It also avoids the need to determine ecore~ 
gions, which may not provide similar benthic 
communities. The multivariate approach does 
not assume that test sites exactly match refer- 
ence site groups, but instead calculates the prob- 
ability of belonging to each of the groups. These 
probabilities may be incorporatedin subsequent 
analyses that ‘assess test sites (Wright et al. 1984, 
Parsons and Norris 1996). 

- Analytical approaches for comparisons with 
reference cbnditiohs 

Major types of data analysis involving refer- 
ence conditions include the use of biotic indices 
with 'pre-established thresholds (Metcalfe-Smith 
1994): mu1.fim_etn.’c i_ndic..e.s 19.95)} and 
taxonomic prediction using multivariate analy- 
sis (Wright ‘1995).. Biotic indices have the longest 
history; they have been widely used and codi- 
fied in legislationin several European countries 
(Metca1fe-Sinith~19_94). They are not considered 

because they do not use reference con- 
ditions as defined here (i.e.,- based on particular 
sites). . 

The other 2 approaches to assessing the de- 
gree of disturbance at a test site being wide- 
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1y used: multirnetrlc indices, in the USA and 
multivariate methods in the UK, Canada, and 
Australia. Gerritsen (1995) maintains that addi- 
tive multimelric indices that are developed spe- 
cifically for assessment‘ and management of en- 
vironmental quality are sensitive to biological 
degradation and function well when developed 
from reference data bases. In contrast, he main- 

that multivariate methods are more com- 
plex, require specialized practitioners, and are 
difficult to convey to managers and the public. 
In defense of multivariate methods, Norris 
(1995) has argued that predictive models devel- 
oped from multivariate analysis of reference 
data bases are effective in assessing water qual- 
ity (e.g., Wright 1995), and that these methods 
have been incorporated into interactive comput- 
er systems for use by managers, in which the 
complexities of model construction, are hidden 

In practice, multimetric and multivariate ap- 
proaches considerably in determination of 
whether a test site is equivalent to the reference 
condition (Fig. 1). However, both methods begin 
from the same-p'remise and require the same 
data. As commonly used, rnultimetric methods 
classify reference sites based on geographic and 
physical attributes, whereas the multivariate ap- 
proaches classify sites using rnultivariate anal- 
ysis of the macroinvertebrate fauna, For the mul- 
tivariate methods, selection of the most appro- 
priate group of reference sites to which test sites 
are compared (BEAST [BEnthic Assessment of 
-Se,dimenT] model), or comparison of a_ test site 
to all the reference sites with probability weight- 
ings (A_usRiv_AS [AUStralian RIVer Assessment 
Scheme] model) is based on a predictive model. 
This selection is generally based on the location 
of the site (e.g., the ecoregion) when using the 

approach. Finally, when comparing 
the test site with the reference condition (as de- 
scribed by the reference sites) the multimetric 
approach uses taxa counts and assumptions 
about the taxa to derive a set of indices, whereas 
the multivariate approach uses only taxa counts. 
Genitsen (1995) suggests that a lack of con- 

sensus about which multivariate approaches are 
the most reliable demonstrates that the use of 
these tediniques for management of resources 
may be premature. However, there is also con- 

debate on the use of rnultiinetrics (e.g., 
Hatmaford and Resh 1995); and the philosophy 
underlying the multivariate approach, regard- 
less of the different methods used, has been suc-
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THE’ REFERENCE CONDITION: A COMPARISON OF APPROACHES 

llIiuiti_metI'ic Multivariate 

collection oi data on invertebrate assemblages and habitat 
charaderisiics at a range of reference sites 

composition 

Sites are grouped a prion based on 
their geophysical attributes; final 
classification is based on species 

Sites are classified into groups using clustering 
methods based on the similarity of their species 

composition 

Based on the geographical or BEAST AusRl)'/As/RIVPACS 
physical attributes of the site Based on a subset of sites with Based on all sites but weighted 

‘ 

\ the highest probability using a by the probability or group 
discriminant model membership 

i V i 
Based on quartile distributloris BEAST AusRivAsIRIVPAcs 

of additive metrics Based on comparison of test-site Based on the probability of 
and reference-site QIOUP if! IEXB axpeggeg tgxa ocgVuAne[_1oe5 
ordination space using probebii_i_ty mm a" weighted 

ellipses constructed around mfemhwsfle gmups 
reference sites , 

FIG. 1, 
V 

Flowchart ofassessmertt methods using multimetrix: and multivariate approaches. A1._1sRi_vA_S = AUS- 
txelian RIVer Assessment Scheme; BEAST = BEnthic Assessment of Sedim‘enT; RIVPACS = River Invertebrate 
Prediction And Classifimtion System. —
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cessfully applied in the UK (Wright 1995), Can- 
ada (Reynoldson et al. 1995), and Australia (Par- 
sons and Norris 1996) 
The debate on choosing multimetric analysis- 

or multivariate analysis options is far from over. 
In the examples discussed below, we examine 
features of both approaches with the idea that 
a common ground may emerge 

The multimetric approach to establishing reference 
condiiions.—Ba.rbour et al. (1995, 1996) describe 
the mulfimetric approach to establishing refer- 
ence conditions, often referred to as establishing 
"biocriteria”. Reference sites are chosen from 
streams with small catchments representing, 
and completely within, subecoregions (Barbour 
et al. 1995). The ecoregions subecoregions 
used in this approach are. predefined largely us- 
ing geornorphological characterist_ic_s such as cli- 
mate, physiography, geology, soils, and vegeta- 
tion (Omernik 1987). Streams then placed 
into a small number of groups that account for 
substantial variation in the metrics (i.e., the in- 
dividual measures that contribute to the addi- 
tive index) used for data analysis (Barbour et al. 
1995). 
Two alternative classifi_ca_ti_on systems for 

Florida Were tested by Barbour et al. (1996): 1) 
geographic regions or ecoregions, and 2) hydro- 
logic and dominant stream chemistry. Barbour 
et al. (1996) 3 statistical approaches 
to test the predetermined classification groups: 
1) multiple analysis (MDA) of the 
metric values; 2) refinement of the classification 
using ordination of the species-composition 
data; and 3) visual examination of box-and- 
whisker plots of metric values. As a result, sites 
were aggregated. into 3 groups of subecoregions 
(called "bioregions”), which provided the low- 
est error rate. (8% for the Florida data) for clas- 
sification of reference sites into these predeter- 
mined groups. The classification error rate using 
MDA was higher (29%) for an alternative allo- 
cation into 9 bioregions but, although not point- 
ed out by Barbour et al. (1996), it was propor- 
tionally about the same as that obtained for the 
3 original bioregions. L'arger numbers of groups 
almost inevitably increase error rates simply be- 
cause of an increase in possibflities of group 
membership, but- larger numbers also result in 
greater sensitivity. The other 2 statistical ap- 
proaches were eventually only used to verify 
outlying" sites and to test the metrics (Barbour 
et al. 1996). Metrics were chosen that were con- 
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sistent within a bioregion (Barbour et al. 1996), 
and these were then used to evaluate water 
quality at test sites within the same bioregion. 

In summary, Barbour et al. (1995, 1996) clas- 
sified sites biogeographically, where separation 
of the regions was adjusted to maximize the dif- 
ferences in the biotaamong the regions. Clas- 
sification oftest sites was geographic; a site 
either was or was not in a given region. Rather 
than probability of c.1_a_ss .r.nembe.rship, clas- 
sification and method explicitly con- 
sidered the variability of the population of ref- 
erence sites a region. However, the level 
of grouping was intuitive; it was tested using 
MDA without cognisance of the effect of the - 

number of groups or of the probabilities of a test 
site belonging to each of the reference-site 
groups (Gerritsen 1995). The reference-site 
groups were then broken down into su_becore- 
gions, which were grouped again into biote- 
gions; the strength of these bioregions was test- 
ed with MDA. It assumed that sites to be 
tested within eadi bioregion matched with ref- 
erence sites in that bioregion. Thus, the refer- 
ence condition to which a test site was matched 
was determined using geomorphological fea- 
tures in the initial classification. 

The multivariate approach to establishing reference 
conditions.—The multivariate approachto estab- 
lishing reference conditions differs from the 
multimetric approach in that it makes no a 
priori assumptions about the similarity of inver- 
tebrate communities at different sites based 
either physical or chemical descriptions. Rather, 
fatmal data are used to group sites that have 
similar taxonomic composition. thus providing 
an objective way of grouping reference sites 
with sitnilar invertebrate assemblages. 
A method is required that matches a test site 

to the appropriate reference group once refer- 
ence sites have been classified into groups based 
on the similarity of their invertebrate fauna. 
Clearly, if a test site be associated with a 
group of reference sites representing the refer- 
ence c_ondi_tion, then those reference sites can be 
used to predict the fauna expected at the test 
site in the absence of disturbance. 

Habitat attributes of the groups of reference 
sites defined by the similarity of the benthic 
communities are compared to identify a subset 
of variables for use in Discriminant Function 
Analysis (DFA) for the prediction of group 
membership. Emphasis is placed on those vari-
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ables known to be little affected by most human 
activity (e.g., latitude, longitude, altitude, alka- 
linity). The variable subset may be selected in 2 
ways: 1) Stepwise DFA, which exploits correla- 
tions among the predictors‘ to maximize dis- 
crimination of the groups (Moss et. al. 1987, Par- 
sons and Norris 1996); and 2) correlation anal- 
ysis between the physical/ chemical data and 
the ordination scores of the biological data 
(Wright et al. 1984), and Principle Axis Corre- 
lations (PCC in the PATN analysis package; Bel- 
bin 1993), which is a multiple regression meth- 
od using the environmental variables as predic- 
tor variables and ordination axes as response 
variables (see Faith and Norris 1989, Parsons 
and Norris 1996). Once the variables have been 
selected, a final discriminant model is devel- 
oped through an iterative process using DFA. 
This procedure ensures the lowest possible er- 
ror rate in using the selected environmen_t_a_l 
variables to predict membership of each refer- 
ence site in a predetermined biotic group. We 
recommend using cross-validation rather than 
re-substitution when testing the discriminant 
model; the former removes each site in turn 
from the data set, re-constructs the model, and 
tests the removed site against the model_. In con- 
trast, the latter constructs the model with all 
sites and then tests each site in turn. 

Misclassifications are less important in anal- 
yses where the probabilities of test sites belong- 
ing to all of the groups are used for predictions 
(such as RIVPACS [River InVertebrate Prediction

‘ 

And Classification System], Wright 1995 and 
AusRivAS, Parsons and Norris 1996). Misclas- 

-sified sites are most likely to be allocated to 
neighboring groups with relatively strong prob- 
abilities of belonging to >1 group. All reference 
data contribute to the predictions at a test site 
because probability weightings from all groups 
are used, which contrasts with other methods 
that use only data from the most probable 
group (BEAST, Reynoldson et. al. 1995) or the 
allocated region (Barbour et al. 1995). 
A number of test sites (few or many) is se- 

lected, the predictor variables identified during 
the building of the model are measured in the 
field, and the invertebrate fauna is sampled. 
Then, the measured environmental variables are 
used to match the test sites with the groups of 
reference sites and the probabilities of site mem- 
bership are calculated (using DFA). Once the 
probabilities of group membership of a test site 

have been determined from the envirorunental 
data, 2 approaches can be used to compare taxa 
at the test sites with taxa at the reference sites. 
The first approach, the AusRivAS (http:/ I 

a'usrivas.canberra.edu.au/ausrivas, also briefly 
described in Parsons and Norris 1996) is an ad- 
aptation of the system for predicting the mac- 
roinvertebrate fauna in flowing waters in the UK 
(Wright 1995). AusRivAS predicts the taxa that 
should occur at a site at different probability 
levels of occurrence (usually 50% and 75%), in 
contrast to the standard practice in RIVPACS, 
which is to include all families from 100 to 0.1% 
probability. Because most taxa will have a_ 

<100% chance of occurrence, not all of them 
would be expected to be present or collected. In 
both AusRivA_S and RIVPACS, the number of 
taxa expected ‘is calculated as the sum of the 
probabilities of those predicted (Moss et al. 

1987). The number of these taxa actually col- 
lected is then compared with the number ex- 
pected. '

p 

In AusRivAS and RIVPACS, the severity of 
any environmental impact is assessed based on 
how much the number of taxa observed (0, 
counted from those with a probability 2 the 
probability used to calculate the expected num- 
ber) deviates from the number expected (E), cal- 
culated as the 0/ E ratio. When the 0/ E ratio 
indicates impairment (i.e., less than the mean 
minus 2 standard deviations for the r‘efe're’nce- 
site 0/ E), the types of organisms predicted to 
occur but not collected are used in interpreta- 
tion. 
The 2nd approach, the BEAST (Reynoldson et 

al. 1995), predicts group membership for a test 
site using a discriminant model. The inverte- 
brate data for only the reference sites to wluch 
the test site is predicted and the test site are 
merged into one data matrix. The new data ma- 
trix is re-ordinated and 90% probability ellipses 
are plotted for the reference sites. The commu- 
nity structure of the test site can then be com- 
pared with 'the reference sites, and divergence 
resulting from environmental disturbance can 
be assessed.

' 

In contrast to the use of presence/ absence 
data in RIVPACS and AusR.ivAS, the BEAST 
uses quantitative data on the taxa present to as- 
sess test sites (although methods are being de- 
veloped to include log abundance categories in 
the RIVPACS] Aus'RivAS approach; I. P. Wright, 
Institute of Freshwater Ecology,- personal com-
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munication). Also, the BEAST combines test and _ 

reference sites in a new ordination thus, 
test sites inevitably affect the distribu- 

tion of reference sites in ordination space. There- 
fore, it is important that an appropriate ratio of 
reference to test sites be used in the B_£iAS'I§. A 
specific ratio has not yet been established by 
testing but we suggest a of 5:1 ref- 
er_ence:test sites be used. 

Method.s 

A field comparison of r‘ni'zltime't'ric and multivariate 
approaches 

In this section, we describe how we compared 
rnultimetric and multivariate approaches to es- 
tablishing reference conditions and their ability 
to assess test-site condition. We examined 2 
‘components: 1_) the most accurate classification 
method for grouping reference sites and assign- 
ing test sites to a reference group; and 2) the 
most precise and accurate assessment method 
for comparing test sites with the reference con- 
dition. We have used a data set from the Fraser 
River, British Columbia, Canada, which consists 
of '37 reference sites and 6 test sites collected 
from 6 subcatchments sampled in the fall of 
1994. Macroinvertebrate samples were collected 
from riffle areas using 400-um-mesh kicknets; 
sampling duration was 3 min per kick-net sam- 
ple M. Rosenberg and others, Freshwater In- 
stitute, unpublished data). Five replicated kick- 
net samples were taken from each site. Selected 
environmental variables were also measured. 
Specimens were identified to the family level. 
The reference-site data set consisted of 1 of 

the 5 kick-net samples taken from the 37 refer- 
ence sites. We examined precision and accuracy 
of the classification and assessment approaches 
at 4 of the reference sites (Chilcotin, Clearwater, 
Pitt, and Stuart rivers) by using the 4 additional 
replicated macroinvertebrate kick-net samples, [V 

and at Salmon River test-site 3 by examining 3 
replicated samples. A precise classification and 
assessment method would __designate the addi- 
tional replicates from the reference and test sites 
consistently as all either unimpaired or ‘im- 
paired. Accuracy of the methods was deter- 
mined using only the 4 replicates from the ref- 
erence sites, and was assessed by the number of 
reference-site replicates designated as unim- 

_ 
The 3 replicate macroinvertebrate sam- 
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ples from Site 3 of the Salmon River, a site ex-. 
posed. to agricultural activities, were not used‘ 
to assess accuracy because there was no a priori 
way of knowing whether this site dis- 
turbed. Another ‘5 test sites were taken from pc- 
tentially disturbed areas on the Willow River 
(extensive logging), Fraser River (downstream " 

of pulp and paper, industrial, agricultural, and 
municipal discharges), and Sites 1, 2, and 4 on 
the Salmon River (varying degrees of agricul- 
tural ‘impact, increasing in severity from Site 1 

to Site 4). These test sites cannot be used to as- 
sess either precision (because replicate samples 
were not taken), or accuracy (because there is 
no a prion‘ way to define them as disturbed or 
undisturbed). 

Classification methods‘ 

Three classifications were used to compare 
the efficacy of multimetric and multivariate 
methods. Two of these were physical groupings 
(i.e., ecoregion and stream order), as recom- 
mended by Hughes (1995) and Omemik (1995), 
which have been adopted by a number of agen- 
cies in the USA. The -3rd was a biological group- 
ing based on the invertebrate fauna at reference 
sites (e.g., Reynoldson et al. 1995, 1995, 
Parsons and Norris 1996). As discussed above, 
these classifications use different methods for 
matching test sites to the appropriate groups of 
reference sites. The a priori physical approach 
uses simple assignment of the test site based on 
either the ecoregion or stream order of the test 
site. The multivariate fauna] classification uses 
habitat conditions at the test site in a discrimi- 
nant function model developed from the refer- 
ence sites‘ to predict the reference-site group to » 

which the test site is most likely to belong. 

Assessment methods 

Each of the classification methods was then 
assessed using multimetric and multivariate 
comparisons of community structure. The mul- 
timetrics approach modified from Plafkin et al. 
(1989) included: 1) total abundance; 2) number 
of families; 3) % Epherneroptera, Plecoptera, 
and Trichoptera (EFT) individuals; 4) % Chiro- 
nomidae; 5) number of EPT individuals / num- 
ber, of EPT + Chi_r_onomidae individuals; 6) 
number of ltlydropsychidae/number of Tri- 
choptera; 7) % dorninance; and 8) Family Biotic
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Index (FBI; Bode 1988, Hilsenhoff 1988, Lenat 
1993). Based on input from M. T. Barbour and 
J. Gerritsen (Tetra Tech Inc.) a 2nd multimetricx 
’assessment was also done. I_t deleted ”1) total 
abundance”, and replaced ”5) number of EPT 
individuals /number of EFT and Chironomidae 
individuals” with "number of Baetidae / number 
of Ephemeroptera”. Metrics were scored ordi- 
nally based. on their similarity to the appropri- 
ate reference-condition classification. We used 
the quartiles and 5th or 95th percentiles, for the 
reference sites, to assign metric scores. All met- 
rics scored 5 when they were between the quar- 
tiles from the reference sites. Depending on the 
metric (Table 2) and the expected response (i.e., 

increase or decrease), a site scored 3 if it was 
between the and the 5th or 95th per-i 
centile, and 1 if ‘itjwas less than the 5th. or greats 
er than the-95th percentile (Gerritsen 1995) For 
example, number of taxa is expected to decrease 
with disturbance, so a ‘site would score 5 if it 
was above the lower quartile, 3 if it was between 
the quartile and the 5th percentile, and 1 if it 
was less than the 5th percentile. Thus, a score 
was assigned to the test site for each metric and 
the total score was compared with the reference 
score. Based on the 7 or 8 metrics used in either 
assessment, a score of 35 or 40 was 
achievable; a test site was considered to be dis- 
turbed if the metric score was lower than the 

TABLE 2». Values for metrics used in scoring sites in 4 ecoregons of the Fraser River catchment. (El’I‘ = 
Epherneroptera, Trichoptera, and Plecoptera). 

Southern Rocky 
_ 

Fraser Fraser Mountain Pacific 
' Metric (expected response to stress) Score Basin Plateau 

4 V 

Trench 
V 

_Ran'ge 

Abfundance (increase or decrease)‘ 5 278-1325 2918-9645 447-1973 106-595 
' 

«3 1325-3273 9645-20,920 1973-9164 595-702 
'3 53-278 1511-2918 393-447 63-106 
41 >3273 >2_0,_920 >9164 >702

_ 

1 <53 <'1511 <393 <63 
No. families (decrease) 5 >12 >12 >12 >10 

'3 7-12 8-12 9-12 8-10 
1 <7 <8 <9 . <8 

% EPT (decrease) 5 >468 >22.4 >53.0 
_ 

>84 
3 26.5-46.8 8.3-22.4 40.3-53.0 59.8—84 

_ 

1 <26.5 <8.3 <40.3 <59.8 
% Chironomidae (increase) 5 ’ <45.8 <72.8 <41.9 <12.2 

3 45.8-70.5 72.8-89.9 41.9-56.5 12.2-29.6 
1 >705 >89.9 >56.5 >29.6 

% EPT/EFT + Chironornidae (decrease) 5 >0.5O >025 >0.57 >0.87 
3 0.27-0.50 0.09-0.25 0.42-0.57 . 0.67-0.87 

V 1 <0.Z7 <D.O9 <0.42 <O.67 
% Baeti_dae/Ephemeroptera (increase) 5 <0.53 <0.48 <0.52 <0.55 

~ 3 0.53-0.60 0.48-0.82 0.52-0.59 0.55-0.75 
1 >0.60 . >0.82 >0.59 >0.75 

"lo Hydropsychidae/Trichoptera (increase) 5 <0.35 <0.10 <0.23 0 
*3 0.35-0.96 0.10-0.22 >0_.;23—0.54 0.00-0,33 
1 >0.96 >022 >0.54 >0;33 

% dominance (increase) 5 <45.8 
‘ 
<72.8 <_45.5 <46.1 

3 45.8-70.5 72.8-89.9 45.5-55.6 46.1-69.2 

. 
1 >70.5 >89.9 . >56.5 >692 

Family Biotic Index (increase) 5 <5.21 <6.13 <4.6_9 <3.55 
3 5.21-5.73 6.13-6.67 4.69-5.37 3.55-4.44 
1 >573 >6.67 >5.37 >4.44 

‘* Scores: The first 3 and 1 represent increases above those expected; the second 3 and 1 represent decreases 
below those expected (see text for explanation)
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25th percentile for the appropriate group of ref- 
erence sites (Barbour et al. 1995, Yoder and Ran- 
kin 1995). 
The multivariate approach compared refer- 

ence sites and test s.i_t.e:s from the same classifi- 
cafion group (ecoregion, stream order, or faunal 
group) in ordination space (BEAST). or com- 
pared 0/ E ratios of occurrence from all the 
groups based on the probability of a test site 
belonging to all of the reference groups and the 
probability of a taxonfs occurrence in the refer- 
ence group (AusRivAS). The BEAST assessment 
constructs 90% probability ellipse_s.around the 
reference sites; location of the test site outside 
that probability ellipse would designate it as 
disturbed (T. B. Reynoldson, unpublished data). 
The O/"E ratio of the AusRivAS assessment 
compares the number of taxa observed at a test 
site with the number of taxa expected from the 
reference database. The numberof taxa predict- 
ed at a test site at a given probability level (in 
this case 50%) is calculated using the probabil- 
ities of a site belonging to each of the classifi- 
cation groups and the frequencies with which 
each taxon in the classification groups 
(Wright 1995). Thus, if a site has a 0.70 proba- 
bility of belonging to 1 group and a taxon oc- 
curs at 80% of the sites in the group, and the 
site has a 0.30 probability of belonging to a 2nd 
group and the taxon occurs at 60% of the sites, 
then the/taxon has a (0.7 X 80) + (0.3 X 60) = 
74% chance of occurring at the test site. The 
number of taxa expected is simply the sum of 
the probabilities of those predicted to have a 
50% or higher probability of occurrence at the 
test site (Wright 1995). Determination of wheth-. 
er a site is impaired relative to reference is 
based on the distribution of 0/ E ratios for the 
reference sites. For AusRivAS, a site is defined 
as equivalent to reference if the O/E ratio is 

2 standard deviations (SDs) of the mean 
of the 0/ E ratios for the reference data, and im- 
paired if the 0/ E ratio is 4-2 SDs (mildly im- 
paired), 6-4 SD's (moderately impaired), or >6 
SDs below the mean (severely impaired; R. H. 
Norris, unpublished data)- 

In current benthic- macroinvertebrate monitor- 
-ing programs, multimetric assessments would 
normally use ecoregion or stream-order classi- 
fications, and multivariate approaches would 
-normally use biotic groupings. However, these 
are not mutually exclusive applications in that: 
1) some multimetric approaches use biotic 
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groupings (as when multivariate analysis forms 
reference-site groupings); and.2) some multivar- 
iate studies are confined to a single ecoregion 
and others are conducted a single stream 
order (e_.g-.~, upstream-downstream compari- 
sons). 

Results 

Classification ecoregion 

The 37 reference sites from the Fraser River 
encompassed 5 ecoregions. Test sites were lo- 
cated in 4 of those ecoregions (Table 2). Test 
sites were always assessed by comparison with 
reference sites from the same ecoregion. Al- 
though the AusRivAS approach uses all the data 
and does not assume exact matches between ref- 
erence-site groups and test sites,‘ we have used 
the AusRivAS in a more restrictive sense here 
for the sake of siinplificatioh of the analysis (see 
comments below). 

Multimetric m‘§éss'"men‘t.—The calculated values 
I 

for assessing site condition based’ on the 2 sets 
of metrics used are shown in Table 2; they reveal 
the importance. of setting site—specific values. 
For example, for sites in the Fraser Basin and 
Fraser Plateau ecoregions, % Chironomidae is 
naturally much higher than for sites in the Pa- 
cific Range. Thus, a hypothetical test site with 
30% Chironomidae. would score only 1 for this 
metric if it were located in the Pacific Range but 
would score 5 if it were in the Fraser Basin or 
Fraser Plateau.

_ 

Scores for each metric were calculated for the 
reference sites and test sites, and summed to 
produce an overall score out of a possible max- 
imum of 35 or 40. Scores for the reference sites 
in the ecoregions were developed as box plots 
showing the median, 25th, and 75th percentiles, 

t and maximum and minimum scores,‘ test sites 
and replicated reference sites were plotted in- 
dividually. For example, using the 1st _mulh'- 
metric assessment, a number of sites in the 
Southern Rocky Mountain "Trench ecoregion 
would be assessed as impaired (scores <25th 
percentile), ‘including all the replicate samples 
from a single riffle at a reference site on the 
Clearwater River (CLR 6.1-6.4) (Fig. 2A). 
The results of the analysis of precision (esti- 

mated by determining the designafion of repli- 
cates as. either all impaired or all at 
the Salmon 3, Chilcotin, Clearwater, Pitt, and
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TABLE 3. Precision_ and accuracy of classification (ecoregion, stream order, biotic group) and assessment 
(multimetric, BEAST, AusRivAS') methods. (Note: Sites are precisely assessed when all replicates are designated 
as either reference [R] or impaired [I]; replicates from 4 reference sites are accurately assessed when designated 
as reference.) 

‘ClassificationI 
‘ 

Ecoregion H v _ 7 _p 
Stream order 

Assessmerit lyiulfimetricl Multimetricz BEAST AusRivAS Multimetric 1 Muiumenrgz 

Replicategrfl-1Vr2_r3412341234123.41234A123V4 
Test 

I I I 

Iflflllow R R R R R R 
Salmon 1_ I I R R I I 

Salmon 2 I I I 
t 

R R R 
.Salmon3 I R R I R R R I R R R R R R R R R R 
Salmon 4 I ‘R I R R R 
Fraser 28 I I R R R R 

Reference sites 
Chilcotin5 R R R R R R R R R R R R R R R R I I I I I I I I 

Clearwateré I I I I I I I I 
, 
R R R R R R R R I I I I I I I I 

Pitt 7 I I R R R R R R R R R R R R R R R R R R R R R 
Stuart 2 R R I R R R I R R R R R R R R R R I I R R I I R 

No.precise 2 of 5 3 of 5 4 of 5 5 of 5 4 of 5 
' 

4 of 5 
% precision 40% 60% 80% 100% 80% 80% 
No. reference 8 of 16 11 of 16 16 of 16 16 of 16' 6 of 16 6 of 16 

100% 100% 38% 38% % accuracy 50% 69% 

Stuart river sites) indicated that only the Chil- 
cotin and Clearwater sites had consistent repli- 
cates in the 1s_t rnultirnetric assessment; this re- 
sult was 2 out of 5 sites, providing a 40% pre- 
cision (Table 3). The result was 60% for the 2nd 
multimetric assessment. In terms of accuracy 
(established using the 16 replicates from theref- 
erence .sites)_, a site assessment was considered 
accurate if replicates of the 4 reference sites were 
identified as unimpaired. Eight of the 16 repli- 
cates provided the correct assessment for the 1st 
multimet-ric assessment, yielding a 50% accura- 
cy. The result was 69% for the 2nd multimetric 
assessment. 

Multivariate assessment.—Data from reference 
and test sites for each ecoregion were plotted 
together in ordination space‘ using the BEAST 
model. A 90% probability ellipse was plotted 
around the reference sites (Fig. 2B); a site was 
deemed impaired if it was located outside the 
90% ellipse. In theisouthern Rocky Mountain 
Trench ecoregion (Fig. 2B), the Willow River, the 
upstream Salmon River (SAL1), and the 4 rep- 
licates from the Clearwater River were all clas- 
sified as similar to reference (cf. Fig. 2A). The 
downstream Salmon River samples (SAL 2, 3.2, 

and 4) were outside the reference ellipse and 
would be assessed as impaired. Two of the rep- 
licate samples from Salmon River‘ Site 3 (SAL 
3.1 3.3) were inside the ellipse, so the result 
from Salmon Site 3 is imprecise. The replicated 
samples from the Clearwater River were in close 
proximity in species ordination space, indicating 
high-siriiilarity. Precision was 80% and accuracy 
was 100%. 

For the AnsRivAS model, numbers of families 
present at each reference site in the ecoregion 
and the.a‘Verag‘e were established. An 0/ E value 
for a test site was cleterrnined from the ratio of 
number of families at the test site to the average 
for the reference sites in the same ecoregion. The 
normal application of AusRivAS incorporates 
the variable probability of a test site belonging 
to more than 1 reference group. This feature is 
lost using an ecoregion classification because 
the probability of a test site belonging to the 
matching ecoregion is clearly 1.0. Both precision 
and accuracy were 100%, based on 0/ E family 
ratios (Table 3). 
The BEAST and AusRivAS differed in their 

assessment of 3 sites (Table 3). The BEAST iden- 
tified Site 2 and Site 4 on the Salmon River as

v
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TABLE -3. 

“Stream order 
_ _ 

BEAST AusRivAS Multiinetric 1 

1 _2 3 4 1 2 3 4 1 2 3' 
gt 

R R R 
R R R 
R 1 R 
R R R R R R R R R 
R R R 
R R -1» 

R R R R R R R R R R R R 
R R R R R R R R R R R R 
R .R R R R R R R I R R 1 

R R R R R.R R R R 1 1 R 
5of5 5ofS 3of5 
100% 100% . 

60% 
16 of 16 16 of 16 12 of 16 
100% 100% 75% 

Extended. 

Biotic group 

lylultimetric 2 BEAST AusRivAS 

_17__23412v34 1234 
R 1 R 
R R R 
R I 1 

R R R R 1 1 R R R 
R 1' R 
_b ._b 71 

R R R R ‘R R R R R R R R 
R R R R R R R R R R R R 
R R R R R R R R R R R R 
R 1 1 R R R R R R R R R 

4of5 4of5 sotfs 
80% . 80% . 100% 

14 of 16 16of 16 16of16 
88% 100% 100% 

' BEAST = BEnthic Assessment of Sedimen'l'; AusRivAS = AUStralian RlVer Assessment Scheme 
‘’ No assessment possible because only 1 reference site available for comparison

‘ 

impaired, whereas the did not. The 
AusR.ivaAS identified all 3 replicates at Site 3 as 
reference, whereas the BEAST called 1 replicate 
impaired (SAL 3.2). 

Classification by stream order 

The reference data set of 37 sites included rep- 
resentatives of 1st— to 8th-order streams, but test 
sites included only 2nd-, 3rd-, 4th- and one 8th- 
order sites (Fraser 28). Therefore, multimetric 
scores were only calculated for reference sites of 
2nd- to 4th-order streams. There were only 
three 8th-order reference sites, so we compos- 
ited reference sites from 5th- and higher—order 
streams for purposes of assessment.

‘ 

Multimetric z_1ssessment.—The same approach 
as for the ecoregion classification was taken in 
calculating metric scores for reference sites clas- 
sified by stream order. Individual scoresfor test 
sites were compared with reference sites 
the same stream order (Table 3). 

In terms of precision, the level for both mul- 
timetric assessments was 80%, which was high- 

er than in the ecoregion classification (40% and 
60%), and both multirnetric assessments pro- 
duced identical results. However, there were dif- 
ferences between the stream-order and ecore— 
gion classifications (Table 3). In terms of accu- 
racy, the level for both multimetric assessments 
was 38%, which was lower than in the ecoregion 
classification (50% and 69%); only 6 of the 16 
replicates from the reference sites were assessed 
correctly (Table 3), 

Multivariate assess'ment.—Assessment of sites 
using the BEAST model yielded slightly better 
results than in the ecoregion classification. Both 
Vpredsion and accuracy were 100% (Table 3). 

The feature of AusRi\_/AS that incorporates the 
variable probability of a test site belonging to 
more than 1 reference groups is also lost using 
a stream-order classification, as discussed above 
for the ecoregion classification Nevertheless, the 
0/ E ratio of the AusRivAS model still showed 
100% precision using a stream-order classifica- 
tion (Table 3). The BEAST and AusRivAS mod.- 
els differed in their assessment only once (SAL 
2) out of 24 instances.
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FIG. 3. Site groups (Gp) formed by multidimensional scaling (MDS) ordination for 37 reference sites in the 
Fraser River catchment, based on invertebrate families. Two dimensions used in MDS; stress level = 0.1776. 

Biotic classz'fic;_z_tian 

The 2 previous classification methods assume 
that there is a direct relationship between phys- 
ical and the communities that occur in 
riffle habitats. The biotic classification does not 
make the same assumption. Instead, the biolog-. 
ical data are used to classify the sites and form 
biotic groupings. Selection of the altipropriate bi- 
otic group in assessing any test site is deter- 
mined by applying the predictive model to en- 
vironmental data from the test sites. 

Five groups of reference sites were discerned 
using cluster analysis (unweighted pair-groups 
using arithmetic averages), and the degree of 
discrimination between the groups thus formed 
was examined with hybrid multidimensional 
scaling (Belbin 1991) on 2 axes (Fig. 3). The 
Bray=Curtis association metric was used for 
these pattern analyses. Discriminant function 
analysis was used to relate habitat structure to 
the biotic groups. Sixteen potential predictor 
variables were tested (Table 4); those inappro- 
priate because of human influence (e.g., phos- 
phorus in agricultural areas) were excluded (i.e., 
”no" in Table 4), 
The discriminant model with the lowest error 

rate (32%) used 6 predictor variables‘ (latitude, 
channel width, maximum channel depth, maxi- 
mum velocity, % silt, and alkalinity). Twenty- 
four sites-or site replicates were assigned a 
probability of belonging to a reference group 
(Table 5) using this model, and were compared 
with the most probable reference condition us- 
ing- both multirnetric and multivariate assess- 
ments. 

Multimetric assw_sment.=-The performance of 
the multimetric assessment was improved by 
the biotic classification, Precision remain_ed at 
80% for the 2nd multimetric assessment and de- 
clined to 60% for the 1st multimetric assessment 
(Table 3); however, accuracy increased to 75% 
for the 1st multirnetric assessment and to 88% 
for the 2nd method (Table 3). 

Mu_lti1zariate assessr_zie_nt.—Precis_ion was 80% 
and accuracy was 100% in the BEAST assess- 
ment (Table 3). Salmon River Sites 2, 4, and 2 of 
3 replicates at Salmon Site 3 were as 
impaired (Fig. 4). Fraser Site 28 could not be 
designated (Table 3) because there was only 1 

reference site in that biotic group (Fig. 4). 
Using the AusRivAS assessment, precision 

and accuracy were both 100%. The AusRivAS -
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TABLE 4. Environmental variables measured and considered as potential predictors for biotic groups in the 
Fraser River cat_chr_nent_. 

Environmental variable 

Latitude 
Longitude 
Altitude 
Stream order 
Channel width 
Channel depth (avg. and max.) 
Velocity (avg. and max) 
Substrate 
% gravel 
% sand 
°/o silt 

Supended nitrogen 
Suspended carbon 
Chlorophyll 
Slope 

. Water temperature 
Oxygen 
Conductivity 
Alkalinity 
pH 
Total suspended solids 
Nitrate-nitrite 
Kjeldahl nitrogen 
Total phosphorus 

Suitable as predictor Rationale for exclusion 

yes 
yes 

yes 
vs 
Yes 
yes 
yes 
yes 
yes 
V95 
no ' 

‘ 

responds to eutrophicat-ion 
no responds to eutrophication 
no responds to eutrophication 
yes 
no temporally variable 
no temporally variable 
yes 

(yes 
yes 
yes 
no responds to eutrophication 
no responds to eutrophication 
no responds to _eut'i-ophication 

method uses all the reference sites based on 
weighted probabilities, so it was able to assess 
the status of Fraser River Site 28 as irnpaired. 

Discus" sion 

Using the same data set, precision and accu- 
racy were consistently better for both multivar- 
iate assessment methods than for the multimet- 
ric assessments. This result was obtained both 
with commonly used applications (multimetric 
approaches within stream-order or ecoregion 
classifications; multivariate approaches 
biotic classifications) and with specialized ap- 
plications (multivariate approaches within 
stream-order or ecoregion classifications; mul- 
timetzic approaches biotic classifica- 
tions). The imprecision‘ and inaccuracy observed 
with the multimetric methods is our greatest 
concern in terms of advocating their continued 
use. The accuracy of site-replicate identification 
as unimpaired was highly variable for the mul- 
timetric methods (between 38 and 88%). In con- 
trast, the BEAST and AusRivAS methods con- 
sistently identified as unimpaired all replicates

/ 

from all reference sites (Table 3). Multimetric 
methods were most accurate when using a bi- 
otic. classification. 
The ability of the methods to identify stressed. 

sites varied. Multimetric and AusRivA_S meth- 
ods identified the site at which logging activity 
had occurred (Mfillow River) as unimpaired in ‘ 

all classifications. The BEAST method agreed 
under the ecoregion and stream-order classifi- 
cations, but designated the Willow River site as 
impaired under the biotic classification. "Fraser- 
River Site 28 was inconsistently designated by 
all 3 methods, when a designationwas-possible. 
For example, the BEAST and AusRivAS both 
identified Fraser River Site 28 as equivalent to 
reference in ecoregion and stream-order classi- 
fications, whereas the AusRivAS identified the 
Fraser River site as impaired under the biotic 
classification. The BEAST had insufficient ref- 
erence sites for comparison in the biotic classi- 
fication (Table 3). In contrast, the AusRivAS 
used all of the reference sites, weighted by prob- 
ability, which is a strength of this approach. 
The variability of the 3 methods in assessing 

the Salmon River sites is of most interest. Site 1

/
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TABLE 5. Probabilities sites belonging to 1 of "5 
biotic reference groups (Gp) based on prediction using 
latitude, channel width, -maximum channel depth, 
maximum velocity, % .silt, and alkalinity. No sites 
were predicted to occur in Group 1. The number fol- 
lowing an abbreviation is the station; the decimal is a 
replicate Test sites: WIL = Willow; SAL = Salmon; 
FRA = Fraser, reference sites: CHI = Chilcotin; CLR 
= C-Zlearwater; PIT €- Pitt; STU = Stuart. For the ref- 
erence sites, 1 replicate was used to form the refer- 
ence-site groups (see Methods) and the remaining 4 
replicates were used here. 

Pre- - Probability of membership 
dicted 

Site group Cpl Gp2 Gp.3 Gp4 Gp5 
WILI 5 0.234 0.204 0 0 0.552 
SAL1 5 0.074 0.040 0 0 0.886 
5AL2‘ 5 0.272 0.314 0 0.063 0.351 
S_AL3.1 5 0.129 0.185 0 0 0.686 
SAL3._2 5 0.150 0.248 0 0 0.603 
S_AL3._3 5 0.157 0.260 0 0 0.583 
SAL4 5 0.202 .0229 0 0 0.569 
FRA28 3 0 0 1 0 0 
Ci-Il5.1 5 0.270 0.325 0 0 0.406 
Cl-115.2 5 0.258 0511 0 0 0.431 
0-1153 5 0.270 0.325 . 0 0 0.406 
C1-115.4 5 0.258 0311 0 0 0.431 
CLR6.1 5 0.199 0.165 0 0 0.636 
CLR6.2 5 0.160 0.129 0 0 0.711 
CLR6.3 5 0.162 0.130 0 0 0.708 
cLR6.4 5 0.161 0.130 0 0 0.709 
9117.1 4 0 0 0 1 0 
1=1_'r7.2 4 0.001 0 0 0998 0 
PIT7.-3 4 0.001 0 0 0998 0 
1>r17.4 4 0 0 0 1 0 
STU2.i 2 0.279 0.550 0 0 0.172 
S'TU2_..2 .2 0.52172 0,520 0 0 0.208 
s'1U2,3 2 0.288 0545 0 0 0.-167 

STU2,4 2 0.275 0.545 0 0 0.179 

was thefarthest upstream with a well-vegetated 
riparian zone and limited agricultural activity 
in the vicinity. Site 2 was located downstream 
in a similar setting. At Site 3, the had 
been infilled and rip-rapped; the site is also in 
an area of agricultural activity. Site 4, the far- 
thest downstream, was within 100 in of a ranch 
dwelling and horse paddock. In general, the 
area and intensity‘ of agricultural activity in- 
creased in a downstream direction. In the anal- 
yses, the BEAST and AusRivAS methods both 
consistently identified Site 1 as unimpaired but 
were ‘inconsistent in their designations of down- 
stream sites (Table 3). The AusRivA.S method 
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was more c,on.si.stent in its designations than the 
BEAST, but detected impairment less often at 
the downstream sites compared to the BEAST. 
Weighted probabilities were not used in either 
of the physical dassificafions, which may have 
led to loss of power in the AusRivAS model. 
The BEAST appeared. to be more sensitive than 
the AusRivAS to change at the downstream 
Salmon sites underthe biotic classification. Con- 
versely, the BEAST was less robust than the 
AusRivAS, as suggested by the imprecise des- 
ignation of Salmon Site -3. The difference in the 
AusRivAS and BEAST methods likely relates to 
the fact that the BEAST is responding to quan- 
titative changes in community composition, 
whereas the AUSRIVAS does not respond until 
a taxon is absent. For example, under the biotic 
classification, the BEAST identified Salmon Riv- 
er Sites 2, 3 (2 replicates), and 4 as impaired 
(Table 3) because "total abundance and abun- 
dances of families such’ as the Baetidae and Hy- 
dropsychiclae differed from Salmon Site 1. The 
Au,s_RivAS identified Salmon Sites 3 and 4 as ref- 
erence because the sameyfamilies were still pres- 
ent at both sites, although numbers in these 
families differed. 
'A_sse_ssment of the Salmon River sites using 

inultimetrics was even more inconsistent (Table 
3). Site 1 was defined as impaired under the 
ecoregion and stream-order classifications but 
was designated as reference under the biotic 
classification. The downstream sites were gen- 
erally designated as reference. These results are 
contrary to what was expected based on the in- 
tensity of agricultural land use. 

Conclusions and Recornmendations 

The results of the analysis and interpretation 
done in this study indicate that each of the as- 
sessment -methods has advantages and disad- 
vantages. Multimetrics are a__t_tractive because 
they produce a single score that is readily com- 
parable to a target value; this approach is a tra- 
ditional one that appeals to many managers. 
Multimetrics are purported to incorporate eco- 
logical information, how feed, 
reproduce, and exploit their habitats (Fore et al. 
1996), depending on the metrics used in calcu- 
lating an overall score. Disadvantages of their 
use are that: 1) they discard information; 2) 
some metrics are redundant 3) some can com- 
pound error; and 4) it is difficult to acquire cur-
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Oflef 
OSTU 

0 Ref 
9 PIT 

0 Ref 
V ~ 0 CHI 

A CI-R 
I SAL I-4 
V WILI 

Axis I 

FIG, 4.- Comparison of test sites (WIL1, SAL1—4) and reference sites (Ref: open ‘symbols and STU, 1"IT,'CLR-, 
and CH1; see Table 5) using 90% probability ellipses (BEAST model). Abbreviations of rivers as in Table 5. Gp 
= group. No sites were predicted‘ to Gp 1 and only 1 site was predicted to Gp 3, so these groups are not 
shown here. Two dimensions used in niultidimernsioqal scaling; stress levels: Gp.2 = 0.2326; Cp 4 = 0.1746; 
Gp 5 = 0.1867.
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rent procedures. For example, in the 1st assess- 
ment method for m.u.l_timet.rics used in this 
study, E.P'l‘ taxa included in 3 of the 8 met- 
rics and Chironomidae are included in 2 metrics 
(see above). Therefore a high variability ‘in 

abundance of any of these taxonomic groups in 
a sample may" confound interpretation and may 
have caused the imprecision of assessments in 
multiple replicates taken from the same riffle in 
this study (Table 3). 

variatemethodsfordefiningxefetenoegrqups-The 
multivariate approach is attractive because it re- 
quires no prior assumptions in dtha" creating fau- 
nalgroupsoutofreferencesitesorinoomparing 
sitessuspectedofbeingimpaired vvithreferenée 
fauna] groups A disadvantage is that initial model 
construction for the multivariate methods is com- 
plec and consequently discourages potential users. 
Howeva, software development for the 
iate methods has readied the stage that programs 
with simple-to-interpret outputs can be run by 
managers or community groups (eg., http:// 
AusRivAS.caqnberra.edu,a_u/AusRivAS); the user 
doesnotdotheactualrm1lt:ivariateanalysis.'I'his 
development should allay apprehensions about 
multivariate methods among biologists responsible 
for water-quality assessment (eg., 1995, 
rote et al. 1996). 
An advantage of the multivariate AusRivAS 

approach is that it accounts for the fact that test‘ 
sites are predicted to belong to a reference 
group with a variable probability, and uses a 
weighting method to predict the of taxa 
that should oc.cur..= it only pres- 
ence/absence data and does not incorporate 
quantitative changes in the which 
can also be indicative of stress. In comparison. 
an advantage of the BEAST approach is that it 
incorporates quantitative changes in the assem- 
blage of organisms at a site. However, it does 
not account for the probability that a site may 
be placed in the wrong group (Table 
5). Thus, we recommend that: 1) users under- 
stand how the strengths and weaknesses of 

. both AusRivAS and BEAST affectdata interpre- 
tation; and 2) these 2 methods be used together, 
where" possible, because of their basic but com- 
plementary differences. 

‘ ' 

Given that the majority of the US environ- 
mental regulatory agencies use the multimetric 
approach, how can they proceed in the near fu- 
ture in light of the results of our study? A safe, 
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cost"-effective strategy for these agencies may be 
to: 1) supplement» the multimetric biological col- 
lections (they are fundamentally the same as 
th.o.se used for the multivariate approaches) 
with the e‘nviron‘.mental measurements required 
for using the BEAST or methods; and 
2) do multimetric and multivariate analyses side 
by side and base the ultirxtate decision of site 
impairment on analysis and interpretation of 
both approaches- 
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