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A b s tra c t .  B io log ica l indicators o f  com m unities typically  reflect a com m on env ironm ental signal 
reflecting  th e  g enera l condition  o f  the ecosystem , as w ell as individual signals by ind ica to rs d ifferen­
tially  sensitive to p a rticu la r environm ental conditions. W e describe here a m ethod of in teg ra ting  and 
in terpreting  su ch  ind ica to rs from  19 N ew  England lakes fo r  five taxonom ic groups (d iatom s, benthos, 
Zooplankton, fish, and birds). O u r approach provides a system atic  s tandard ized  way lo in tegra te  m u l­
tiple m etrics from  differen t taxonom ic  groups b y  addressing  four e lem en ts crucial to analyzing  data 
from  m ultip le  indicators: covariate contro l, re-scaling  o f  data, standardizing, the sign o f  responses, 
and d im ensional reduction . W e evaluated the b io log ical m etrics against individual environm ental 
stressors and aga in s t m ultivariate physicochem ical m etrics charac te riz in g  general anthropogen ic 
stress am ong  the lakes. T he m ethod detected a response  to  variation in  the gross environm ental 
condition  o f  th e  lakes th a t w as corre la ted  across taxa  and  m etrics. In  addition , a  d ifferen tial response 
to  near sh o re  conditions was dem onstrated  for fish. T he success o f  th e  approach in th is study  lends 
support to its  genera l app lication  to ecological m on ito ring  involving com plex data sets.

K ey w o rd s: ben thos, b irds, diatom s, ecological ind icato rs, in tegrated  assessm ent, fish, lakes, m o n i­
toring, Zooplankton

1. Introduction

Increased interest in ecosystem  health and integrity has created a need for new 
approaches in assessing ecosystem conditions. Traditional ecological indicators 
have focused on one of three distinct approaches (Landres et al., 1988): detecting 
the presence and effects o f environmental contaminants; tracking population trends 
o f indicator species; and assessing physical habitat quality for species. The consid­
erable success o f  contam inant monitoring programs in identifying and remedying 
pollution, particularly in aquatic systems, led to an early emphasis on chemical 
monitoring (Ellis, 1937; Hynes, 1960). An indicator species approach has been 
popular am ong biologists concerned w ith individual sport fisheries (e.g., Edwards 
et al., 1990) and has also been used commonly in toxicity tests-(W arren, 1971). 
M ore recently, physical habitat structure has received considerable attention (Platts 
et al., 1983; Plafkin et al., 1989; Kaufmann and Robison 1998) as w ater quality has 
improved following implementation o f the C lean Water Act.
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Karr (1993) and Fausch et a i  (1990) review two key issues involved in tak­
ing a w ider view o f the assessment o f ecosystem integrity. First, they note that 
assessm ent intrinsically requires comparison o f  the observed state against an ex­
pected condition for the resource o f interest. These expected conditions vary geo­
graphically, and need lo be defined in terms o f the multivariate nature of complex 
biological systems. Second, assessm ent o f ecological condition m ust also incor­
porate evaluation o f  relevant biological attributes (although know ledge of physical 
and chem ical conditions typically rem ain essential for diagnosing cause-and-eftect 
(M oss et a l ,  1996)). Such multiple requirem ents will not be met by any single 
ecological indicator. Yoder and Rankin (1998) reported that biological criteria iden­
tified im pairm ent o f aquatic life in 50%  of the cases where chem ical criteria did 
not. G iven the favorable cost-effectiveness o f  biological m onitoring (Yoder and 
Rankin, 1998), a suitably chosen suite o f biological indicators m ight be the best 
basis on which to assess ecological condition.

K arr (1981) proposed assessing biological integrity through use of multiple 
m etrics from  fish assemblages. This approach has becom e popular for stream fishes 
(M iller et al., 1988; Sim on and Lyons, 1995; H ughes and Oberdorff, 1998) and has 
also been adapted for stream  benlhic m acroinvertebrates (Kerans and Karr, 1994; 
Fore et al., 1996). However, the approach is little used for lake fishes (Dionne and 
Karr, 1992; M inns et al., 1994) and has not been used to date to integrate indicator 
inform ation from  m ultiple taxonomic groups. A lthough integrating several metrics 
has m any advantages over the indicator species approach (Hunsaker and Carpenter, 
1990; Landres et al., 1988), Karr (1993) identified several research needs that must 
be addressed before this can be done effectively. Am ong the gaps identified, and 
the objectives of this paper, are development and testing of im proved indices of 
biotic integrity, use o f  multiple taxonom ic groups, and expansion o f  multimetric 
indices to lakes.

W e address issues in the integration and interpretation o f  data from multiple 
taxonom ic groups. In  particular, use o f a suite o f  m ultiple biological assemblages 
or taxonom ic groups requires discriminating betw een two possible extreme out­
com es: (1) a  com pletely correlated response by all indicators to som e generalized 
anthropogenic stress, or (2) completely divergent responses by individual indica­
tors each differentially sensitive to particular stressors. We describe a systematic 
approach to partitioning the effects o f  redundancy and selectivity when an array 
of m etrics from m ultiple taxonom ic groups is available. The m ethod does not pre­
scribe w hich m etrics and taxonomic groups belong in a final suite o f indicators, 
except that redundancy between metrics and low responsiveness to all stressors are 
causes for rejection.
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2. Sources of Prototype Data

Nineteen lakes o f  varied size and temperature regime were selected in the north­
east U SA  to evaluate sampling methods for diatom s, benthos, Zooplankton, fish, 
and birds (Larsen and Christie, 1993). The goal o f this fieldwork was lo develop 
standardized sampling methods applicable to the w ide range of lake types and sizes 
expected in subsequent regional studies. Lakes were chosen along selected distur­
bance gradients to maximize the environmental range to which candidate indicators 
were exposed. A different person was responsible for developing metrics for each 
taxonom ic group. The initial guidance to each taxonom ic specialist was to develop 
candidate metrics that were o f ecological importance, that would be responsive 
to anthropogenic disturbance, and whose sampling variances at a site would be 
less than the variances among sites. The metrics considered w ere exploratory but 
are suitable for demonstrating our analytical approach. Biological interpretations 
and conclusions about the lakes are dependent on the choice o f indicators, but our 
goal in this paper is simply to demonstrate how data from  any ecosystem  might be 
analyzed for environmental signals.

2 . 1 .  D i a t o m s

The abundance and composition o f diatom assemblages in lakes are strongly corre­
lated w ith gradients in environmental factors, notably pH and nutrients (Dixit e ta l ., 
1992, 1999). These relationships have allowed inferences of the trophic and ionic 
histories o f lakes and about the effects of changing land use (D ixit et al., 1999). We 
sam pled sedimentary diatoms at the deepest point in the lake through use of a sed­
iment corer (Baker et a l., 1997). The tops and bottoms o f the cores were removed, 
dated, and cleared of organic matter; the rem aining silicaceous diatom frustuies 
were placed on a slide and counted. Six metrics were examined: 1) inferred chloride 
concentration change, 2) inferred phosphorus concentration change, 3) an index o f 
the historical change in  diatom flora over the past 150 yr, 4) change in richness over 
time, 5) contemporary species richness, and 6) a  disturbance index (Table I). The 
first four metrics indexed the relative amount o f change in particular lakes, richness 
indicated a  key com ponent of biodiversity, and the disturbance index incorporated 
rankings o f the preceding metrics.

2 . 2 .  B e n t h o s

Substrate conditions govern the types of benthos present and contaminants in  lake 
sedim ents enter the food chain via benthic detritivores. M onitoring the benthos 
thus focuses on a potentially critical gateway to the integrity o f  the larger ecosys­
tem. D eath (1996) showed that the dominant benthic taxa changed markedly with 
changes in the condition of lakes. In our study, benthos w ere collected by petit 
Ponar dredge from  the deepest point o f the lake and by timed dip net sweeps in
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T A B L E  I

R esults o f a  principal com ponents analysis o f  candidate bio logical m etrics for lakes. C odes in the 
lefthand colum n are u sed  in F igure 3.

B iological m etric BPC1 B P C 2 BPC 3

P ercent variance 36.26 12.79 11.83

Eigenvalue 10.52 3.71 3.43

Significance (P) 0.001 0 .40 0.10

M eans

M l M ean o f  assem blage averages 0.976 -0 .0 0 1 0.005

M 2 U nw eighted m etric average 0.960 0.007 0.005

B enthos

BÍ M etric average 0.567 0.085 -0 .0 1 8

B2 % individuals as dom inant taxon 0.305 0.014 0.019

B3 B enthos biotic index 0.585 0.013 -0 .0 0 2

B4 Individuals per taxon 0.168 0.087 0.015

B5 Taxa richness 0.118 0.018 -0 .2 0 3

B irds

AI M etric average 0.768 0.073 -0 .0 7 8

A 2 N um ber o f  intolerant species 0.339 0.087 -0 .0 9 9

A3 Bird P C A  axis 1 0.778 0.000 -0 .1 0 9

A 4 S pecies richness 0.001 0.127 0.000

A5 N um ber o f  to leran t species 0.745 0.013 -0 .0 0 9

D iatom s

D ! M etric average 0.554 -0 .3 8 1 0.018

D 2 Inferred  chloride change 0.553 -0 .1 6 4 -0 .0 0 7

D3 D ifference in past versus p resen t assem blages 0 .320 -0 .1 4 5 0.065

D 4 Biotic index 0.381 -0 .4 0 7 0.010

D 5 Inferred to tal phosphorus change 0.420 -0 .1 9 3 0.002

D 6 R ichness change 0.078 -0 .4 3 4 0.148

D7 A ssem blage richness 0.341 -0 .2 9 9 0.050

Fish

FI M etric average 0.343 0.103 0.071

F2 %  intolerant species 0.249 0.145 -0 .2 2 0

F3 %  om nivores 0 .140 -0 .0 6 4 -0 .4 7 9

F4 % piscivores -0 .0 0 4 0.077 0.030

F5 N ative species richness 0 .152 0 .126 0.540

F6 Total species richness -0 .0 0 0 0 .0 2 4 0.647

Z ooplankton

ZI M etric average 0.221 0 .180 0.177

Z 2 Size ratio 0.225 0.229 -0 .0 0 0

Z3 T rophic links 0.222 0 .194 0.230

Z4 Species richness -0 .0 0 4 -0 .0 1 9 0.177
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littoral areas (Baker et al., 1997). The entire sample was processed and the organ­
isms identified to the lowest possible taxon. Four metrics were used (Table I): the 
richness o f the benthic assemblage, the proportional dominance o f the commonest 
taxon, the average number o f individuals per taxon, and a  multimetric index o f 
benthic integrity (modified from Plafkin e t al., 1989). These metrics assessed the 
diversity of the benthic fauna and the relative redundancy o f  its taxa, and provided 
an integrated m easure of benthic integrity.

2.3. Z o o p l a n k t o n

Zooplankton show considerable sensitivity to environmental conditions as well as 
rapid response to changes in environmental quality (Stemberger and Lazorchak, 
1994). Eutrophication has a marked effect on the size distribution o f Zooplankton 
assemblages (Stemberger and M iller, 1998) and Zooplankton become highly conta­
m inated by persistent pollutants (Thom e et al., 1993). Zooplankton were collected 
with a single vertical tow beginning 0.5 m from  the bottom at the lake’s deepest area 
(Baker et al., 1997). Two nets were towed slowly to collect both macrozooplankton 
and microzooplankton; both sizes were identified to species. Just three Zooplankton 
metrics were considered; richness, size ratio, and number o f  trophic links. Species 
richness was o f  interest for its own sake, the ratio o f large to small Zooplankton 
was a  measure of dominance o f the small forms that increased with disturbance, 
and the trophic links metric evaluated trophic specialization and complexity.

2 . 4 .  F i s h

Karr (1981) developed his index o f biotic integrity from fish data. Native lake 
fish have been shown to be sensitive to alien fishes, altered piscivore populations, 
degraded water quality and physical habitat structure, exploitation, and watershed 
disturbance (Smith, 1968; M inns et a i ,  1994; W hittier et a i ,  1997; W hittier and 
Hughes, 1998). In our research, fish were sam pled in both the pelagic and littoral 
zones with a variety of gear (electrofishing, gili nets, trap nets, seines, minnow 
traps; Baker et al., 1997). A ll individuals captured were identified to species. Five 
m etrics were considered: total richness, native species richness, and the proportions 
of species that were respectively intolerant o f general human disturbance, omniv­
orous, or piscivorous. Species richness was considered an im portant component 
of diversity, while intolerant species were those that generally disappeared with 
general anthropogenic disturbances. Omnivores and piscivores were measures of 
the effects of trophic changes on the fish assemblage.

2 . 5 .  B i r d s

Birds have been used in detecting effects o f environmental contaminants (Cramp 
and Conder, 1961; Hickey, 1969) and broad-scale habitat changes (O ’Connor and 
Shrubb, 1986; Croonquist and Brooks, 1991). We took bird point counts during
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T A B L E  Tl

R esu lts  o f  a  principal com ponen t analysis o f  se lec ted  lake 
hab itat variables

E nvironm ental variable EPC1 EPC2

%  V ariance 38.890 16.861
E igenvalue 6.611 2.866
S ign ificance (P) 0.001 0.07

C h lo rid e  concentration 0.831 0.141

%  o f  catchm ent urban 0.782 -0 .2 9 6

S hore lin e  disturbance rank 0.765 0.559
%  o f  catchm ent forest -0 .7 5 6 0.329

T otal phosphorus concentration 0.751 -0 .3 2 4
R oad  density  rank 0.750 -0 .355
C h lo ro p h y ll-a  concentration 0.711 -0 .503

P o llu tion  and population rank 0.709 0.099
R iparian  disturbance per site 0.689 0.603
M ean  S ecchi depth -0 .6 1 7 0.294

N atu ra l fish cover per sitea -0 .5 9 6 -0 .207

%  shoreline in natural riparian  forest -0 .5 3 9 -0 .453
M axim um  depth -0 .4 5 5 0.312

%  littoral m acrophyte coverage 0.336 0.703
%  lake area < 3  m deep 0.330 -0 .0 3 9
%  o f  ca tchm en t agriculture 0.298 0.161
S h o re lin e  com plexity15 0.004 0.726

a T h e  average num ber o f  d ifferen t types (p lants, overhanging 
vegetation , snags, boulders).
b R a tio  o f the lake perim eter to the perim eter o f  a circle o f  
the sa m e  area as the lake.

the height o f the breeding season along a transect 10 m from and parallel to shore 
(Baker et a l., 1997). Counts were made around small lakes every 200 m; on lakes 
with perim eters > 4 .8  km, 24 counts were spaced at least 200 in  apart and were 
distributed in proportion to habitat types along the shore. Surveys were conducted 
from 30 min before sunrise to 4 h after sunrise. At each stop, all birds seen or heard 
within 100 m were identified lo species. The bird metrics considered were total 
species richness, num ber of intolerant species, number o f  tolerant species, and a 
multivariate metric devised by Moors (1993). Richness and intolerant species were 
examined for reasons explained above; tolerant birds were defined as those that 
generally increased in disturbed arcas, while the multivariate metric integrated bird 
foraging and migratory guilds.
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2.6. E n v i r o n m e n t a l  v a r i a b l e s

Moss et al. ( i 996) provide a detailed rationale for the use o f  multiple physical and 
chemical variables in characterizing the environmental quality of lakes. In addition, 
because lakes arc products o f their catchments, we collected ancillary land use 
and landscape information from available digital data bases (Table II). Thus in 
our study, environmental data included numerous water quality, nearshore physical 
habitat, riparian, and catchment variables (Baker et al. 1997). M acrophyte cover­
age, Secchi depth, and chlorophyll and phosphorus concentrations were measures 
of eutrophication. Shore line complexity, riparian forest, and fish cover provided 
positive estimates o f physical habitat integrity while shore line and riparian distur­
bance offered negative estimates. Lake area and depth were used to control for size 
effects on species richness. At the catchment scale, the percentages of urban and of 
agricultural land present, road and population densities, chloride concentration and 
pollution sources w ere used to estimate disturbance while the percentage of land 
in forest did the opposite.

3. Index Development

Our approach was based on four components: 1) covariate control 2) re-scaling of 
data 3) standardizing the sign o f responses, and 4) dimensional reduction.

3 . 1 .  C O V A R IA T E  C O N T R O L

Ecological indicator data reflect two sources of variation: direct or indirect effects 
of stressors, and effects of natural covariates essentially irrelevant to monitoring the 
effects of humans. Climate and habitat extent are common natural covariates; in the 
present study lake area offered a measure o f habitat extent and temperature class 
distinguished cold and warm water lakes. From island biogeography theory, species 
richness would be expected to increase w ith lake size (M acArthur and Wilson, 
1967). In addition, our sampling effort for birds and fish increased with lake size. 
We therefore used regression analysis to check all richness m etrics for variation 
with lake size, w ith temperature class, and with their interaction. Species richness 
for fish and for Zooplankton were both affected by lake area (fish richness =  2.13 
* log(area); Zooplankton richness = 16.646 + 2.771 * log(area)). To remove purely 
size effects, w e therefore corrected fish and Zooplankton for lake area using the 
above equations. T he rem aining richness metrics showed no temperature or size 
effect.

3.2. M e t r i c  r e - s c a l i n g

The different metrics (Table I) involved different units. In addition, many w ere non- 
normally distributed, either, through skewness or outliers, m aking m ost normalizing
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transformations ineffective. We scaled all metrics by dividing the deviation o f  each 
datum from  the metric median by the interquartile range o f the metric. In  addi­
tion, since some outliers led to very large values even on this transformation, we 
trimmed the sample values by replacing extreme outliers (transform value greater 
than 5) with the value 5. As a result, all metrics had  a sim ilar range o f numerical 
values and similarly scaled response curves against environmental factors. For nor­
mally distributed or transformed data, z-scores (Zar, 1984) could have been used. 
A standardized rank might also have offered advantages over the scoring adopted 
here, but would not have discriminated lakes as clearly.

3 .3 .  S t a n d a r d i z i n g  r e s p o n s e  s i g n

Some metrics responded positively while others decreased in response to a given 
stressor. To standardize response direction we reversed the sign of all metrics 
that responded positively to environmental impact so that all metrics decreased 
with increasing impact. For metrics that did not give a monotonie response, we 
characterized the predominant direction.

3 .4 .  D i m e n s i o n a l  r e d u c t i o n

Given the multiplicity of assemblages and metrics, we applied multimetric and 
multivariate analyses to try to synthesize results into a coherent assessment. W e 
calculated a multimetric index for each taxonomic group and computed an overall 
(across all taxonomic groups) lake metric by averaging the 22 individual metrics. 
One problem  with this last measure was that different taxa were represented dif­
ferentially, e.g., by six metrics for diatoms but by only three for Zooplankton. We 
therefore also computed a second multiple group metric by averaging the averages 
of the five taxonomic groups, thus giving equal weight to each taxonomic group.

M any o f  the metrics were highly correlated and we had more biological metrics 
(29) than lakes (19) and nearly as many environmental metrics (17). We therefore 
used principal components analysis (PCA) to identify patterns o f  covariation and 
independent variation in the data. The analyses were performed on the correlation 
m atrix and scores on each PCA axis were com puted for each lake (Tables I and 
II). Because o f the power o f PCA to extract apparently meaningful patterns in 
data even when the source is noise (Rexstad et a i ,  1988), we used simulation to 
help discriminate against noise. We conducted 10 000 simulations using random  
normal num bers for 19 x 17 and 19 x 29 cases x m etrics, computed the correlation 
m atrices, conducted PCA on the random matrices, and ordered them from largest to 
smallest. From the ordered components, we produced tables of appropriate points 
in the arrays that were associated with commonly used significance values (0.001, 
0.01, 0.05, 0.10) and then compared these with the PCA  results from  the lake data. 
Using P =  0.10 as a significance cutoff and constraining subsequent components 
by the correlation structure o f  preceding components, wc determined which o f our
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biological and environmental components were significantly different from random 
expectations.

4. Metric Evaluation

M ultivariate and multimetric biological indices are frequently proposed without 
careful evaluation o f their responsiveness to disturbance o r  environmental vari­
ables. The effectiveness of our synoptic biological metrics was evaluated against 
the first and second environmental principal components (EPC1 and EPC2) de­
rived from 17 environmental variables (Table 11). We also computed the gross 
environmental index (GE1) of Larsen and Christie (1993) by ranking each lake in 
relation to the particular environmental conditions they used, then summing these 
ranks. The lake GET incoiporated ranks of shoreline disturbance, the percentages 
o f the catchment land that were urban or agricultural, road density, point source 
pollution, and human population density. This GET therefore constituted a  crude 
synoptic index o f the aggregate conditions, with higher scores signifying lower 
environmental integrity.

Because o f  the small sample size and non-random selection of lakes, this paper 
is intended as a  demonstration of procedure and not as the outcom e of a statistically 
designed study. Neither did the metrics considered comprise all those that should 
be evaluated in a monitoring program. The metrics merely provided a means o f 
demonstrating how to resolve issues likely to arise in the development of a multiple 
taxonom ic group approach to indicators and to ecological assessment. Similarly 
the biological conclusions used as examples herein are not m eant to be conclusive. 
W hat is robust is the usefulness of our approach, with the validity of empirical 
conclusions turning on the study design and quality o f the data and metrics used in 
future applications.

5. Results

5 . 1 .  S t r u c t u r e  o f  t h e  m u l t i - t a x o n  i n d i c e s

We exam ined the responsiveness o f candidate metrics by plotting them against our 
gross environmental index (GEI) o f each lake. Figure 1 shows the results for the 
five bird metrics. The bird PCA and the tolerant species metrics showed slower 
rates o f change initially and a m ore rapid response beyond a GEI rank of 10 (Fig­
ure la  and c). The intolerant species metric decreased rapidly in the less disturbed 
lakes and m ore slowly with increased disturbance (higher GEI; Figure lb ). Total 
bird species richness showed no clear pattem  (Figure id). The average of the four 
individual bird metrics showed a generally negative trend and lower residuals than 
its com ponent metrics (Figure le ). Thus for birds the set of metrics tested included
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Figure 1. Bird m etrics for 19 northeastern U .S. lakes in relation  to th e  g ross environm ental index 
o f  Larsen and C hristie (1993) for each lake. The y-axes have been  standard ized  in terms of th e  
interquartile ranges o f  each variable and fo r  consistency in  sign o f  response (negative) w ith increase 
in environm ental stress, as described in the text. T h e  curves are L O W ESS locally  w eighted  smooths: 
a) guild-based principal com ponent axis ind icato r from M oors (1993), b) th e  n um ber o f  species 
present that are know n to b e  intolerant o f  general anthropogenic d istu rbance, c) the num ber o f  
tolerant species present, d) the total num ber o f  species recorded  a t each lake, e ) the average fo r  
each  lake o f the indicator values in a -d , and f) curves a -e  overlaid  on com m on axes.
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Figure  2. Selected m etrics in  relation to th e  g ross environm ental index (L arsen  and C hristie, 1993) 
fo r 19 lakes in the northeastern  U .S. T h e  y-axes and curves are  standardized  as in  F igure 1; a) di­
atom  b io tic  index, b) dom inance o f  c o m m o n est benthos taxon, c) native fish species richness, and 
d) Z oop lank ton  species richness.

one that was sensitive to minimal impact, two that were most sensitive at higher 
levels of disturbance, and another that was moderately sensitive along the entire 
disturbance gradient. These are desirable features for a set o f metrics regardless 
o f taxonomic group. Bird species richness appeared to be a poor indicator o f  en­
vironmental disturbance, which is an undesirable feature for a metric intended 
for assessing ecological integrity. We also superimposed the five curves, to allow 
comparison of the different rates o f metric responses, particularly above and below 
a  GEI value around ten (Figure If).

Sim ilar patterns were apparent in the metrics for the other four taxonomic 
groups, selected examples o f which are shown in Figure 2. The diatom biotic 
index showed a generally flat response until intermediate levels of human im pacts 
were exceeded at a GEI value around ten, after which it declined precipitously 
(Figure 2a). The benthos metric depicting dominance of a single taxon showed a

o
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slow decline until a G EI value of about 15 was reached, after which it steepened 
sharply (Figure 2b). In contrast, the native fish species metric decreased steeply 
across a GEI of 1-6 and then remained relatively constant with increased distur­
bance (Figure 2c). T he Zooplankton richness metric declined very slowly at first, 
then increased steeply until a value o f  15, beyond w hich it decreased (Figure 2d). 
As w ith the bird examples, metrics for these four taxonom ic groups were variable 
in detail, including metrics that were sensitive at low disturbance levels, at high 
levels, or not at all.

The 29 biological metrics were com bined in a principal component analysis 
(Table I). The first biological PCA axis (BPC1, Figure 3) accounted for 36.3% of 
the variance, had a P o f 0.001, and was heavily weighted on the two community 
means (the m ean of the assemblage averages and the unweighted average o f all 
metric values). In addition, large contributions came from  the mean metric average 
for each taxonomic group except Zooplankton, as well as from some other m et­
rics. All loadings were positive. We believe the B P C 1 score reflected the extent 
to which the entire biotic community o f a lake responded to multiple natural and
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TABLE III
Spearm an  rank correlations betw een biological (Table I) and  environ­
m ental (Table II) principal com ponent scores. T he environm ental axes, 
a lthough com puted  as p rincipal com ponent axes, have been character­
ized w ith  descrip tive term s fo r  the sake, o f  clarity. T h e  G ross E nviron­
m ent Index (G EI) is the environm ental rank m etric from  Larsen  and 
C hristie  (1993). Significant correlates are denoted by: one asterisk  (P 
< 0 .0 5 ) and tw o asterisks (P  < 0 .01 )

E nvironm ental factors BPC1 BPC2 BPC 3

A nthropogenic  stress (E P C  1) -0 .788** 0.014 0.004

R iparian /L itto ral condition  (EPC  2) 0.005 -0 .0 8 9 0.479*

G ross environm ental index (G EI) -0 .856** -0 .1 1 8 0.105

anthropogenic stressors. The second component was non-significant (eigenvalue 
3.71, critical value for alpha o f 0.1 = 3.98) and its apparent structure -  largely 
involving diatom metrics -  could not be discriminated reliably from data noise 
(Table I, Figure 3). The third biological component, BPC3, had a P of 0.10 (Ta­
ble I, Figure 3) and accounted for 11.8% of the variance. It was dominated by fish 
metrics, primarily increased omnivores (which had had a sign reversal), number of 
native species and overall species richness. The remaining biological components 
did not differ significantly from our random numbers PCAs.

5 . 2 .  E v a l u a t i o n  o f  t h e  m u i .t i - t a x o n  i n d i c e s

W e considered the environmental PCA scores and G EI index to be multivariate 
stressor indicators that reflected m ultiple kinds and patterns o f  stressors. We there­
fore examined the relationships o f our biological scores BPC1 (the lake biotic 
community) and BPC3 (the lake fish assemblage) to them. Only the first two envi­
ronm ental PCA axes (EPC1 and EPC2) were significantly different from random 
at a P <0.1 (Table II). EPC1 accounted for 38.9% o f the variance and reflected 
general hum an disturbance and modification o f  the shoreline and watershed. EPC2 
accounted for 16.9% o f  the variance and largely reflected the riparian and littoral 
disturbance and fish cover of the lakes.

We found a  strong negative correlation between BPC1 and EPC1 (Spearman 
rank correlation r =  -0 .788 , P <0.001; Table III) and interpreted this relationship 
as a generalized disturbance to w hich there was a generalized negative response by 
all five taxonomic groups sam pled (Figure 4). In contrast, the BPC1 score was 
completely independent of the riparian and littoral condition captured for each 
lake in the environmental EPC2 score (r = 0.005, not significant; Table III). Con­
versely, the biological PC3 score was independent o f the general environmental 
stress captured in the EPC1 score (0.004, not significant; Table III) but increased
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Figure 4. S cores on  the first principal com ponent axis fo r the b io log ical dataset (B P C  1) -  in te rp re ted  
here as indexing general b io log ica l integrity  in each lake -  re lative to an index o f  an thropogenic s tre s s  
(E P C 1) on the lake.

with EPC2 (r =  0.479, P  <0.05; Figure 5). This suggests that m ore fish species 
and m ore omnivorous individuals w ere present in lakes with complex shorelines, 
dense aquatic m acrophyte cover, and additional riparian and shoreline disturbance 
(Tables I and II). This relationship, however, was considerably weaker than that 
betw een BPC1 and EPC1, as indicated by the lower correlation and greater scatter 
(Table III; Figure 5). None o f the environmental measures proved correlated w ith 
the potentially pure noise BPC2 values (Table III).

T he results for the general environmental stress m easure EPC1 were paralleled 
by those involving the Larsen-Christie G EI index (Table III). BPC1 (the general 
index o f biological stress) was highly correlated (-0.856, P  <0.001; Table III; 
Figure 6) with the G EI and had negligible correlation with the BPC3 value. This 
suggests that BPC3 (the fish indicator) was linked to fish-specific habitat structure 
rather than to gross or integrated stressors.

6. Discussion

A m ajor issue in the development o f  ecological indicators is the extent o f  redun­
dancy among metrics or taxonomic groups requiring individually distinct sampling
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Figure 5. A n  index o f  fish integrity (score on bio logical p rincipal com ponent B PC  3) in relation  to 
th e  seco n d  principal com ponent o f  the environm ental d a ta  E PC 2, interpreted here as an index o f  the 
r ip arian  and  littoral condition  o f  the lake (positive scores indicate  com plex but d isturbed shorelines).

procedures (Suter, 1993; Cairns et a i ,  1993). A lthough some redundancy is useful, 
the presence o f mutually highly correlated indicators is not cost-effective (Karr et 
a l 1986). On the other hand, an array of metrics and taxonomic groups protects 
against not detecting unanticipated environmental insults, especially if  individual 
m etrics and groups are differentially sensitive to different anthropogenic stressors. 
Our results provide some indication of how m etric redundancy m ight be evaluated 
objectively.

Candidate indicators are often com pared against some measure of generic stress 
(Larsen and Christie, 1993). In  the present analysis, there was strong correla­
tion between tw o general stressor indexes (EPC1, GEI) and the general response 
o f the biotic variables (BPC1; Figures 4  and 6). T he composition of this gen­
eralized biological response involved all the assemblage average responses we 
com puted except that for Zooplankton metrics (Table I). This suggests three issues 
are involved. First, individual metrics for particular taxonomic groups reflected 
differential responses that collectively averaged out to a general stress response. 
Second, the bird and diatom metrics appeared to be better integrators o f disturbance 
than those of the other assemblages: the bird and diatom loadings on BPC1 were 
higher (Table I) and had large negative correlations w ith EPC1 and G EI (Table III). 
This ability to integrate multiple stressors is another characteristic of a useful indi­
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Figure 6. T h e  b io log ica l principal com ponent score indexing the general b io log ical in tegrity  o f  e a c h  
lake (B P C 1) in relation  to  the g ross environm ental index (G E I) o f  L arsen  and C hristie  (1993) fo r th e  
lake.

cator (Hughes et al., 1998). Third, the benthos, fish, and Zooplankton assem blages 
need the developm ent o f further metrics if  these groups are to be useful in assessing 
biotic effects o f  general anthropogenic stress on lakes.

In contrast to the  shared response across taxonomic groups to general stress, 
group-specific responses were differentially associated with particular stressors. In  
our data set, several biological and environmental principal components were cor­
related, suggesting considerable differential sensitivity among particular biotic as­
semblages and environmental factors. We do not discuss these here since the sm all 
sample size and large variances did not provide sufficient robustness to dem on­
strate significant difference from noise alone. In our study, only the fish-dominated 
BPC3 score was correlated strongly enough with shoreline fish cover and distur­
bance (EPC2) to reject the noise alternative. A  larger data set and better-developed 
metrics are likely to produce more responsive metrics, which would be valuable 
for investigating causal relationships between specific environmental factors and 
specific biotic responses or assemblages.

A  key aspect of indicator suitability for assemblage and community assessments 
was revealed by comparing principal component scores from lakes with those from  
random numbers. A s noted, only four principal com ponents (BPC1, BPC3, EPC1, 
and EPC2) were significantly different, at P  <0.10, from what one w ould expect on
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evaluating a random set of num bers representing the same number of sites and vari­
ables. This comparison indicated that merely having an eigenvalue > 1 and loadings 
>0.3, as commonly believed, is insufficient reason to assume that the principal 
component concerned was a useful indicator. Most of the other components could 
not be distinguished from noise. We therefore recommend comparing eigenvalues 
from PC As run on ecological data with those obtained from using random numbers, 
at least for small data sets. For example, we generated eigenvalues >  1 for five 
components over 50% of the time from purely random numbers. Bootstrapping 
may be preferable with large data sets.

As Fausch ct al. (1990) and Karr (1993) have argued, our expectations for met­
rics must be adjusted lo account for geographical variation. For example, there are 
more tolerant species in the avifauna of southern New England than of northern 
New England, thus creating a parallel between tolerance and human population 
density. Consequently, impact may appear greater on southern lakes simply be­
cause of their location where the num ber of tolerant species is high and the number 
o f intolerant species is low. In such a situation it is difficult to discern whether the 
correlation of tolerance with stressors is causal or an effect o f  biogeography. Such 
problems with indicators must be resolved before they can be applied across large 
regions (Allen et al., in  press).

Another aspect of our results reinforces this need to adjust expectations to 
accommodate variation in natural environmental conditions. The fish-dominated 
BPC3 was highly correlated with the extent o f the littoral zone and with the max­
imum depth of the lake (EPC2) which in New England are largely measures of 
the natural morphology of the lakes rather than of anthropogenic effects. The nat­
ural area, depth, and fish cover o f lakes govern the distribution and abundance 
o f fish (and presum ably of other assemblages): larger lakes support more species 
than small ones, while deeper lakes open to thermocline effects may support both 
warm water and cold water fish assemblages. Larger and deeper lakes therefore 
yield different fish assemblages than do shallower lakes with only one type o f  fish 
assemblage. In addition, the association of piscivorous fish with natural fish cover 
in shallow lakes is known to m ost serious fishermen. This linkage o f  biological 
metrics to natural lake morphology must be controlled because natural variation in 
the lake leads to metric variation that could be interpreted as a response to a  stressor 
rather than as a response to a natural covariate. It is best to model the response o f 
such metrics to lake morphology and consider only residuals about this model as 
the appropriate response. If natural variables such as lake size and morphology that 
restrict metric perform ance are first factored out, the effects o f human stressors are 
likely to be m ore clearly detected (O ’Connor et a i ,  1996; W ickham et al., 1997; 
Allen et a i ,  in press). This is further evidence o f the need for covariate adjustment 
and PCA offers a quick method for detecting linear effects o f such covariates.

The work described here suggests a method o f integrating multiple metrics 
drawn from multiple taxonomic assemblages in a systematic standardized way, 
while at the same time accommodating a variety o f measurement units and metric
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distributions. Four elements are crucial in this. T he first is the standardization o f  
the dispersion of each metric distribution in terms of the interquartile range, m ak­
ing it feasible to conduct a  principal component analysis based on the correlation 
m atrix without propagating the effects o f the non-linearities o f  non-normal distri­
butions into the analysis. The second element o f note is the use o f a sign reversal 
to align the expected direction of each metric to common values. Although this 
makes interpretation o f some o f the rates difficult to phrase, it facilitates detec­
tion o f  anomalous signals. Third, natural covariates are controlled through use o f 
regression analysis; examination of pattern in the remaining residuals facilitates 
im pact detection. Fourth, principal components analysis is used to clarify multi­
variate responses and reduce the number of variables with which one must contend 
in ecosystem studies. Although canonical correlation is an alternative method o f  
analysis, the independence of the biological and environmental orthogonal axes 
generated in PCA clarifies the potential cause-effect relationships o f metrics in  
each array. Additionally, patterns of variation can be detected in the principal com ­
ponent analysis of the biological metrics even if w e have no idea what causes them , 
an important safeguard in environmental monitoring. Additional investigation can 
then determine the origins of the variations.

O ur use of principal component analysis could be improved upon. We assumed 
that variation in our metrics reflected constrained responses to the stressors present 
on the lakes, and fitted these to orthogonal factor axes. In  reality, som e component 
o f  the variability of the metrics is due to non-stressor variation between lakes and 
to  measurement variability. Control of covariates reduces but hardly eliminates the 
former, and the latter is inevitably present in any m onitoring scheme. The relatively 
large amount o f unexplained variability of individual metrics suggests the extent o f  
the problem. W hile one can argue for the use o f factor analysis, w e preferred to  
retain orthogonality o f axes here to emphasize the presence o f  independent signals 
from  particular stressors or groups of stressors and to facilitate their interpretation. 
D ata from a larger survey of representative lakes are necessary for exploring this 
issue further.

K an  (1981) suggested that a series of indicators representing an array of re­
sponses along a gradient of stress from none to extrem e is desirable. Although 
individual metrics in our array possessed some o f  these properties (Figures 1 an d  
2), the multivariate structures elaborated here were not exam ined in this light. O n e  
reason for not doing so is that it is difficult to know how to array the lakes in  
a  systematic manner when our analysis clearly indicates that there are m ultip le 
dim ensions of impact at work within the lakes considered. Additionally, with o n ly  
19 lakes, chance possession o f an attribute may substantially distort the pattern o f  
variation. M ore lakes are needed to compute the multivariate axes described h e re  
and then to use position (e.g., along environmental P C I) to indicate generalized 
stress. Plotting the individual biological metrics, or aggregates thereof, against e n ­
vironmental P C I m ight then reveal an array o f sensitivity thresholds. Conversely, 
it should be possible to plot particular metrics against particular stressor g rad i-
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cnts, tJiereby enabling us better to discuss probable causes o f alterations in biotic 
integrity.

Using multiple taxonomic groups to assess ecological integrity at the scale o f 
regional populations o f ecosystems is a complex and rarely undertaken task, but the 
apparent extent and rate of ecosystem degradation calls for greater attention to this 
problem (Hughes and Noss, 1992). Our paper presents a multivariate, multimetric, 
and multi-taxon process for developing an index to assess the ecological condition 
o f lakes. Although a much larger suite of candidate metrics and study lakes is 
advisable, and additional analyses o f metric and index variance through space and 
tim e are needed to assess precision, we offer this approach as a method for ob­
jectively integrating key components of lake biological integrity. We cannot attach 
statistical significance from our results to all lakes in the northeast U.S., given both 
the nonrandom selection of lakes and the early stage o f metric development in this 
study. But this will be possible by applying the method to randomly selected lakes 
and by using better tested metrics. Despite the stated shortcomings, we found that 
lake assemblages ranging from birds to diatoms may provide useful signals for lake 
condition, that these signals could be linked with environmental diagnostic factors, 
and that metrics representing the taxa themselves can be combined to produce 
meaningful assessments of whole lake biological integrity. We believe the approach 
also has potential application to other ecosystems.

Acknowledgements

Sam pling methods, sample processing, and metric development were the respon­
sibility of S. Dixit (sedimentary diatoms), R. Stemberger (Zooplankton), P. Lewis 
and W. Kinney (benthos), T. W hittier (fish), and A. M oors (birds). S. Paulsen and 
D.P. Larsen provided overall project leadership, assisted by J.R. Baker, C. Burch 
Johnson, S. Bryce, A. Herlihy, P. Kaufmann, and D. Peck. G. DeCesare, D. Hal- 
liwell, G. M erritt, J. Pollard, and M. Stapanian helped with field collections. We 
thank A. Allen and S. Urquhart for statistical assistance, S. Pierson for preparing 
the final figures, and S. Moulton for secretarial support. We appreciate the thorough 
reviews of earlier drafts o f this paper by T. Frost, C. Richards, S. Urquhart, and two 
anonymous reviewers. This research was partially supported by USEPA contract 
68-C6-0005 to Dynamac, and by USEPA Cooperative Research Agreement CR 
818179-01 and the National Biological Service U nit Cooperative Agreement 16- 
16-0009-1559 (under an Interagency Agreement with USEPA) to the University o f 
M aine. This paper was subjected to U.S. Environmental Protection Agency peer 
and administrative review and cleared for publication.



2 2 6  R. J. O ’CONNOR ET AL.

References

A llen, A . P.. W hittier, T, R., K aufm ann, P. R ., Larsen, D. P„ O ’C onnor, R. J., H ughes, R . M., S tem ­
berger, R. S., D ixit, S. S., B rinkhurst, R. 0 . ,  Herlihy, A. T. and Paulsen , S . G .: ‘C oncordance 
o f  taxonom ic richness patterns across m ultip le  assem blages in lakes o f  th e  northeastern  U .S .A .’, 
C anadian Journal o f  F isheries and  A q u a tic  Sciences, (in  press).

Baker, J. R ., Peck, D . V. and Sutton, D . W. (cds.): 1997, F ie ld  operations m a n u a l f o r  lakes, E n ­
vironm ental M onitoring  and A ssessm ent P rogram -S urface  W aters’, E PA /620/R -97/001, U .S. 
Environm ental P rotection  Agency, C orvallis, O R , 276 pp.

C airns, J ., M cC orm ick, P. V. and N iederlehner, B . R.: 1993, ‘A  proposed fram ew ork  for developing 
indictors o f  ecosystem  h ea lth ’, H ydrobiologiu  2 6 3 ,1 .

C ram p, S. and Conder, P. J.: 1961, T he D eaths o f  B irds a n d  M am m als C onn ec ted  With Toxic 
Chem icals, R eport N o. 1 o f  the B T O -R SPB  Toxic C hem icals C om m ittee.

C roonquist, M. J. and B rooks, R. P.: 1991, ‘U se o f  avian and m am m alian  g u ild s as indicators o f
cum ulative im pacts in  riparian-w etland areas’, Environm ental M anagem ent 15, 701 . a

D eath, R . G.: 1996, 'T h e  effect o f  hab itat stability  on benthic invertebrate com m unities: The utility 
o f species abundance distributions’, H yd rob io log ia 'iY J , 97.

D ionne, M . and Karr, J. R.: 1992, ‘Ecological M onitoring o f  F ish  A ssem blages in Tennessee R iver
R eservoirs’, in D . H. M cK enzie, D . E . H yatt and V. J. M cD onald  (eds.), E co log ica l Indicators, I
Elsevier, New York, N ew  York, pp. 2 59-281 .

D ixit, S. S., Sm ol, J. P., C harles, D. F., H ughes, R. M., Paulsen , S . G . and  C ollins , G. B.: 1999, 
‘A ssessing water quality  changes in the lakes o f the northeastern  U nited  S ta tes using  sedim ent 
diatom s’, C anadian Journal o f  F isheries and  A quatic  S c iences  56, 131.

D ixit, S. S., Sm ol, J. P., K ingston, J. C . and C harles, D. F.: 1992, ‘D iatom s: pow erfu l indicators o f 
environm ental ch an g e’, Environm ental S cience and T echnology  26, 23.

E dw ards, C. J., Ryder, R. A. and M arshall, T. R ,: 1990, 'U s in g  lake  trou t as a  su rrogate  o f  ecosystem  
health  for o ligotrophic w aters o f the G reat L akes’, Journal o f  G reat Lakes R esearch  16, 592.

E llis, M . M .: 1937, ‘D etection  and m easu rem en t o f  stream  po llu tio n ’, B ulle tin  o f  the Bureau o f  
F isheries  48, 365.

Fausch, K . D ., Lyons, J., Karr, J . R. and A ngerm eier, A. W .: 1990, ‘F ish  C om m unities as Indicators 
o f  E nv ironm en ta l'D egradation ’, in S . M . A dam s (ed.), B io log ica l Indicators o f  S tress in Fish, 
A m erican F isheries-Society Sym posium , 8. Bethesda, M aryland, pp. 123-144  .

Fore, L. S ., K arr, J. R. and W issem an, R . W.: 1996, ‘A ssessing  invertebrate resp o n ses to human ac­
tivities: evaluating alternative approaches’, Journal o f  the N orth  A m erican  B en tho log ica l Society  
15 ,2 1 2 .

Hickey, J . J . :  1969, Peregrine Falcon P opulations: T heir B io lo g y  and  D ec lin e , University o f  
W isconsin Press, W isconsin .

H ughes, R . M ., K aufm ann, P. R ., H erlihy, A . T., K incaid, T. M ., R eynolds, L . and  L arsen , D. P,:
1998, ‘A process fori developing  and-evaluating  indices o f  fish assem blage in teg rity ’, C anadian  
Journal o f  F isheries a n d  A q u a tic  S c iences  .55 ,1618.

H ughes, R . M . and N oss, R . F.: 1992, ‘B io log ica l diversity and b io lo g ica l integrity: C u rren t concerns 
fo r lakes and stream s ’. r F isheries  17, 11.

H ughes, R . M. and O berdorff, T.: 1998, ‘A pp lica tions o f  IB I C oncepts and M etrics to  W aters O utside 
the U n ited 'S ta les  a n d  C anada’, in S im on, T. P. (ed.), A ssessm en t A pproaches f o r  Estim ating  
Bio log ica l In tegrity using■ F ish C om m unities, Lew is Press, B oca R aton, FL .

H unsaker, C . T. and C arpen ter, D . E . (eds.): 1990, Ecological Ind ica tors fo r  th e  E nvironm ental M on­
itoring  and  A sse ssm en t Program , E PA  600/3-90/060, U .S. E nvironm ental P ro tection  Agency,
O ffice o f  R esearch and1 D evelopm ent, R esearch  Triangle Park, N orth  C arolina, 4 2 4  pp.

H ynes, H. B . N.: 1960, T h e B io lo g y  o f  P o llu ted  W aters', L iverpool U niversity  P ress , L iverpool, U .K .
Karr, J. R .: 1981, ‘A ssessm ent o f  biotic in tegrity  using  fish com m unities’, F isheries  6 , 21.

ai
U

M
ilt

bt
i-

 
-I 

; 
. i

t
.

«
!

*1
.4

 
,!.*

 
i i.

*!
 

I. 
M

h
I 

..
..

 < 
ik

i.!
 

!¿
Ü

iW
*r

.il
5l

ii
6¡

!1 
:U

i i
.¿

>i
 ¡

.«t
 i 

-i-*
* 

I-
W

J.
..U



MULTl-TAXON INDICATORS OF HCOLOG1CAL CONDITION 2 2 7

Karr, J, R.: 1993, ‘D efin ing  and assessing  ecological integrity: Beyond w ater q u a lity ’. E nvironm ental 
Toxicology a n d  C hem istry  12, 1521.

K arr, J. R., Fausch. K. D ., A ngerm eier, P. L ., Yant, P. R. and Schlosser, I. J.: 1986, A ssessm ent o f  
b io logical integrity in running w ater; A  m ethod  a n d  its ra tionale , Illinois N atural History Survey 
Special Publication No. 5. C ham paign, 1L. 28 pp.

K aufm ann , P. R. and R obison, E. G .: 1998, ‘Physical H abitat C haracterization’, in Lazorchak. J. M ., 
K lem m , D. J. and Peck, D. V. (eds.), F ield  O perations a n d  M ethods M anual f o r  M easuring  the  
Ecological Condition ofW cideable Stream s, EPA /620/R -94/004, U. S. Environm ental P ro tection  
A gency, C incinnati, O H , pp. 77 -1 1 8 .

K erans, B. I... and  Karr, J. R.: 1994, ‘A  ben th ic  index o f  biotic integrity (B-IB1) fo r rivers o f  the 
Tennessee V alley’, E cological A pp lica tio n s  4, 768.

L andres, P. B., Venter, J. and  T hom as, J. W.: 1988, ‘E co log ical uses o f vertebrate indicator species: 
A c ritique’. C onservation  B io logy  2, 316.

Larsen. D . P. and C hristie , S. J. (eds.): 1993. EM AP- S m fa c e  Waters Pilot R eport, EPA/62Ü.R-93/0U3. 
U .S. Environm ental Protection A gency, Corvallis, O R . 201 pp.

M acA rlhur, R. and W ilson, E. O.: 1967, The Theory> o f  Island  B iogeography, Princeton U niversity  
Press, Princeton, New Jersey.

M iller, D . L„ Leonard , P, M ., H ughes, R . M ., Karr, J. R ., M oyle, P. B .,S ch rader, L . H ., T hom pson , B. 
A ., D aniels, R . A ,, Fausch, K. D ., F itzhugh , G . A ., G am m on. J. R „ H alliw ell, D. B., A ngerm eier, 
P. L . and O rth , D . J.: 1988, ‘R egional applications o f  an index o f  biotic integrity  fo r use in w ater 
resource m anagem ent’. Fisheries 13, 12.

M inns , C . K., C airns, V. W „ Randall, R . G . and M oore, J. E.: 1994, ‘An Index o f  B io tic  In tegrity  (IB I) 
fo r fish assem blages in the littoral zo n e  o f  G reat L akes areas o f  concern’, Canadian Journa l o f  
Fisheries a n d  A qua tic  Sciences  5 1 ,1 8 0 4 .

M oors, A . K.: 1993, Towards an A vian  Index o f  B iotic Integrity’f o r  Lakes, M aster’s T hesis, U niversity  
o f  M aine, O rono.

M oss, B ., Johns, P. and Phillips, G.: 1996, ‘T h e  m onitoring  o f ecological quality  and the classification  
o f  standing w aters in  tem perate  regions: a  review  and proposal based on a  w orked schem e for 
B ritish  w aters’, B iological R eview s  71 , 301.

O ’C onnor, R. J., Jones, M . T., W hite , D .. H unsaker, C ., L oveland, T ., Jones, B. and Preston, E .: 1996, 
‘Spatial partitioning o f  the environm ental corre la tes o f avian biodiversity  in the low er U nited 
S ta te s’, Biodiversity  Letters, 3 , 97.

O ’Connor, R. J. and S hrubb , M.: 1986, F arm ing and  B irds, C am bridge U niversity  Press, C am bridge, 
England.

P lafk in , J. L ., B arbour, M . T., Porter, K . D ., G ross, S. K. and H ughes, R. M .: 1989, R ap id  
B ioassessm ent P rotocols fo r  U se in S tream s and  R ivers: B en th ic  M acroinvertebrates a n d  F ish ', 
E PA /44/4-89/001. U .S. Environm ental P rotection  A gency, Office o f  W ater, W ashington, D C ,
162 pp.

P la tts, W. S., M egahan, W. F. and M inshall, G . W.: 1983, M ethods fo r  E va lua ting  Stream, R iparian, 
a n d  B iotic Condition, G eneral T echn ica l R eport IN T-138, U .S. Forest Service, O gden, UT, 7 0  pp.

R exstad , E ., M iller, D . D ., F lather, C . H ., A nderson, E. M ., Hupp, J. W. and  A nderson, D . R,:
1988, ‘Q uestionable m ultivariate s ta tis tica l in ference in w ild life  habitat and com m unity s tu d ies’, 
Journal o f  W ildlife M anagem ent 52 , 794.

S im on, T. P. and Lyons, J .: 1995, ‘A pplication  o f  th e  Tndex o f  B iotic In tegrity  to  Evaluate W ater 
R esource In tegrity  in F reshw ater E cosystem s’, in  W. S. D avis and T. P. S im on (eds.), B io log ica l 
A ssessm en t a n d  C riteria: Tools f o r  W ater R esource P lanning  a nd  D ecision M aking, L ew is, Boca 
R aton, F lorida, pp. 2 4 5 -262 .

Sm ith , S. H.: 1968, ‘S p ecies succession  and fishery exp lo itation  in  the G reat L ak es’, Journal o f  the  
Fisheries R esearch B oard  o f  C anada  25 , 667,

Stem berger. R . S . and Lazorchak, J. M .: 1994, ‘Z ooplankton assem blage responses to d istu rbance 
g rad ien ts ', C anadian Journal o f  F isheries and  A q u a tic  Sciences  51, 2435.



.

2 2 8  R. J. O ’CONNOR ET AL.

Stem berger. R. S. and M iller, E . K .: 1998, ’A Zooplankton N :P  ratio  ind icato r fo r  lak es’. E nviron­
m en ta l M onitoring a n d  A ssessm ent 51, 29.

Suter, G . W.; 1993, ‘A c ritiq u e  o f  ecosystem  health concepts and indexes’, E nvironm enta l Toxicology  
a n d  C hem istry  12, 1533.

Thom e, J. P., Louvet, M . and H ugla, J. L.: 1993, ‘A pports e t d istribu tion  des P C B s d an s la Baie sud  
de la  M er du Nord: essai de  synthese’. Bull. Soc. R. Sei. L iege  63, 167.

W arren, C . E.: 1971, B io logy a n d  W ater Pollution C ontrol, Saunders, Philadelph ia , PA, 4 3 4  pp.
W hittier, T. R., H alliw ell, D. B. and Paulsen, S. G .: 1997, ‘C yprin id  d istribu tions in n o rth east U S A  

lakes: ev idence o f reg ional-seal e  m innow  b iodiversity  losses’, C anadian Journa l o f  F isheries a n d  
A q u a tic  Sciences  5 4 , 1593.

W hittier, T. R . and H ughes, R. M .: 1998, ‘Evaluation o f fish species tolerances to env ironm ental 
stressors in N ortheast U SA  la k e s ',  N orth  A m erican  Journal o f  F isheries M anagem en t 18, 236.

W ickham , J. D ., Wu, J. an d  B radford , D. F.: 1997, ‘A conceptual fram ew ork for se lec tin g  and a n a ly z­
ing stressor data io study species richness at larger spatial scales’, Environm ental M anagem en t 
2 1 ,2 4 7 .

Yoder, C . O. and R ankin , E. T.: 1998, ‘T h e  ro le  o f biological indicators in a  sta te  w ater q uality  
m anagem ent process’. Environm ental M onitoring and A ssessm en t  51, 61.

Zar, J. H. 1984, R iosta tistica l A n a ly s is , P rentice H aii, Englew ood C liffs, New Jersey.


