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ABSTRACT

There are numerous methods for assessing Benthic Macroinvertebrate (BMI) community heath using the Reference Condition Approach
(RCA); however, no standard method of BMI analysis has been established. This study attempted to evaluate four distance measures and
determined the most robust method for producing benthic indices that can be used in a multivariate approach. In Muskoka, BMI stream
communities were collected from test sites located on golf courses that were at various stages of construction to being fully operational.
BMI communities were also collected at references sites from streams that were considered to be relatively pristine. With this study
design each site was classified according to one of four land-use categories. The classified BMI data were then used to calculate the four
distance measures. These were Jaccard (presence and absence), Chi-square, Bray-Curtis based on BMI taxonomic group abundances, and
Bray-Curtis on benthic indices. Criteria used to evaluate the distance measures were strength of correlations with NMDS axes; average
Euclidean distance among land-use group means; temporal variability; number of Mantel tests that were significant between BMI and
land-use matrices; and number of Mantel tests that were not significant between BMI and physical-geographic matrices. Each measure
had different strengths, but Bray-Curtis based on benthic indices scored the best according to the criteria. In conclusion the first three axes
from this distance measure are recommended to be used as BMI indices in bioassessment. Testing and compensating for temporal and
spatial variation were found to be necessary when using any distance measure to calculate BMI indices.

Keywords: Benthic indices, Bray-Curtis, distance measure, multivariate approach, Reference Condition Approach, streams
Abbreviations: AusRivAs, Australia River Assessment Scheme; BACI, Before-After/Control-Impact; BEAST, BEnthic Assessment of
SedimenT; BMI, benthic macroinvertebrates; EPT, Ephemeroptera, Plecoptera, and Trichoptera; GPS, Global Positioning System; HBI,
Hilsenhoff’s Biotic Index; MANOVA, non-parametric multivariate analysis of variance; NMDS, Non-metric Multidimensional Scaling;
OBM, Ontario Base Maps; RCA, Reference Condition Approach; RIVPACS, River InVertebrate Prediction And Classification System

INTRODUCTION

Biomonitoring or biological assessment is the use of biolo-
gical variables to survey the environment and assess human
impact (Bonada er al. 2006). Rapid bioassessment is de-
signed to reduce the cost and effort of sampling by reducing
the number of habitats and/or replicate sampling units per
site (David et al. 1998; Barbour et al. 1999) allowing more
time to sample different sites. In addition, there may be only
a set number of organisms sub-sampled (e.g. 100) from
each replicate taking less time to process each site.

In aquatic bioassessments, the biotic community at a
test site is compared to a desired level defined by the pre-
treatment condition or a reference condition. Sampling de-
signs traditionally compare treatment to control. For exam-
ple in the Before-After/Control-Impact (BACI) design com-
parisons are made through either time or space (i.e. down-
stream vs. upstream locations). Alternatively, the Reference
Condition Approach (RCA) is used when there are no ap-
propriate before treatment or upstream sample sites avail-
able (Barbour ef al. 1999). The RCA involves the compari-
son of a test site to a group of reference sites that are similar
except for the variables that may be altered by the treatment,
e.g. fertilizer runoff. The reference condition represents
minimally impaired conditions that are defined by physical,
chemical and/or biological characteristics (Reynoldson et al.

1997).

The RCA has been used to assess non-point source pol-
lution in streams associated with urbanization, agriculture,
mining, and golf course activities (Bailey et al. 1998; Linke
et al. 1999; Davidson 2002; Winter et al. 2002). Although
various methods in selecting reference sites have been dis-
cussed and compared, no standard method has yet been es-
tablished (Moss et al. 1987; Gerritsen 1995; Hughes 1995;
Reynoldson et al. 1997; Gerritsen et al. 2000). Generally,
there are two accepted approaches; multimetric (used typic-
ally in the U.S.A) and multivariate (used more often in
Canada, the UK, and Australia; Bonada et al. 2006). The
multimetric approach classifies reference sites based on pre-
determined physical or geographic criteria. A number of
metrics are measured at reference and test sites to establish
biocriteria and subsequently calculate a multimetric index
score for each site. A multimetric index is the sum of
ordinal-scaled standardized scores that are based on a vari-
ety of metrics, e.g. Hilsenhoff’s Biotic Index (HBI), Shan-
non-Wiener diversity, percent abundance of functional feed-
ing groups, percent abundance of intolerant groups (Gerrit-
sen 1995). The multimetric index score for each test site is
then compared to a threshold defined from regional refer-
ence sites (Gerritsen 1995; Norris 1995; Barbour ez al. 1999).

The strengths of the multimetric method are that infor-
mation is summarized and can be used to compare sites
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over a large geographic range, and component matrices
(also referred to as indices) are available to make site-
specific assessments in order to test a hypothesis (Fore et al.
1996). The method is also easy to understand and interpret
because of the use of a single value to describe a condition.
The disadvantage in using the multimetric approach is the
manner in which reference sites are classified. Reference
classification is accomplished using ecoregions defined by
geographical boundaries. Evidence has shown that com-
munities, such as benthic macroinvertebrate (BMI), are con-
trolled more by local conditions, i.e., habitat rather than by
regional conditions (climate and location) (Richards et al.
1993), and that multimetric approaches do not have large-
scale applicability across ecoregions (Bonada et al. 2006).

Traditionally, multivariate approaches use relative
abundances of aquatic communities, e.g. BMI, for statistical
analyses (e.g. cluster analysis) to classify reference sites.
Physical or geographic criteria are determined by either
selecting a reference group and matching it with a test site
using probabilities calculated in a discriminant model
(BEAST-BEnthic Assessment of SedimenT model, Rey-
noldson et al. 1995) or by using all reference sites that are
weighted by the probability of group membership (Aus
RivAs -Australia River Assessment Scheme (Parsons and
Norris 1996) and RIVPACS-River InVertebrate Prediction
And Classification System models (Wright et al. 1998;
Clarke et al. 2003). The presence and absence of BMI in or-
dination (BEAST) or the probabilities of expected presence
of BMI to observed BMI (AusRivAs and RIVPACS) are
then used for comparing BMI at test sites to reference sites
in a test-site assessment.

The strength in using the multivariate method is that
reference sites are classified using local habitat or faunal
conditions, which is more objective than the multimetric ap-
proach that uses ecoregions (Norris 1995). The assumption
is that regional conditions are relatively homogeneous com-
pared to differences among regions, therefore the multivari-
ate approach to reference site classification is sufficiently
accurate at predicting expected biological conditions at test
sites (Hawkins and Norris 2000). The disadvantages of
using the multivariate approach are that it is not easily
understood nor applied by non-specialists, and there is a
multitude of statistical approaches from which to choose
(Gerritsen 1995). Furthermore, the approach lacks the use
of significance testing, it assumes that all relevant environ-
mental variables are being measured and, it is intolerant of
missing data because variables and sites with missing data
are simply eliminated (Norris 1995).

The overall goal of this study is to identify a single dis-
tance measure that can be used in bioassessments of BMI.
A distance measure represents the differences between sam-
ples in a matrix. A mathematical matrix is (usually) a sym-
metrical square where the rows and the columns represent
(usually) samples. The diagonal elements (the difference
between a sample and itself) in a matrix are usually zeros.
A matrix can represent either differences or similarities
among samples. The measure could be based on Euclidean
distance, Manhatten (City Block) distance, Bray-Curtis dis-
similarity, the Jaccard coefficient to name a few.

A distance measure is designed to obtain multivariate
indices from a distance matrix that is calculated from a set
of variables. The multivariate index is a way to summarize
a BMI community. The distance matrix and its accompany-
ing multivariate indices can be used in a RCA for bioassess-
ment. The objective of the study is to evaluate four distance
measures that summarize BMI community structure and to
determine which approach is best for bioassessment based
on five criteria.

METHODS
Study area

The study area is located in the District of Muskoka, approxi-
mately 200 km north of Toronto, ON, Canada. Muskoka is situated
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Fig. 1 (A) Schematic diagrams for stream sampling sites at each golf
course that were in operation during the study in 1999 to 2001. Each
diagram represents separate streams and arrows represent direction of
flow. The site codes in bold represent sites located on the golf course. (B)
Schematic diagrams for stream sampling sites at each golf course that
were under construction for part of the study. The site codes in bold repre-
sent sites located on the course.
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near the southern boundary of the Canadian Precambrian Shield,
an area characterized by very thin soil/till on silicate bedrock,
composed of granitic gneisses and migmatites with some marble,
quartzite, amphibolites and various other igneous rocks (Jeffries
and Snyder 1983). The numerous lakes and streams in the study
area are sensitive to impacts from anthropogenic activities long-
range atmospheric transport of acid precursors, such as sulphur
and nitrogen; the thin soils result in hydrologic cycles that have
shallow flow paths that may not neutralize strong acids or export
nutrients, such as phosphorus (Dillon and Molot 1996). The sur-
ficial geology consists of till plains (continuous moraine deposits
> 1 m thick) and thin till deposits (< 1 m thick), interrupted by
rock ridges (Dillon and Molot 1997). The area is generally lightly
developed with some recreational cottages and a few small urban
areas.

The 19 forested reference sites were located in streams of un-
developed, forested watersheds with no golf courses upstream. Al-
ternatively, the 19 test sites were located on or downstream from
golf courses that were under construction or in operation. The test
sites were classified into three categories based on the develop-
ment stage of the golf course i.e. 1) golf course clear-cut, 2) turf
establishment, and 3) golf course operation (Fig. 1A, 1B). Typic-
ally the first year of golf course construction involves clearing
trees and other vegetation and prescribed burning. Reshaping the

basic topography follows in the first or second year of construction.

Turf establishment takes place during fall in year one or in year
two. It involves installing drainage systems, spreading sand, sod,
and seed, and the application of fertilizers and pesticides. By year
two or three and thereafter, the course opens to the public and
routine turf management involves irrigation, mowing, and fertili-
zer and pesticide application.

Golf courses A, B, C, D, and E were in full operation through-
out the study. Test site D upstream 4 (DU4) was an exception, as
site DU4 was located on the part of the property with plans of
expansion. Clearing and burning of trees and vegetation was done
in 1999, however the expansion was never completed during the
study. Golf course F was cleared of trees, and topography was re-
shaped in 1999, turf was established in the fall of 2000, and by the
summer of 2001 the course was opened to the public. Golf course
G underwent clearing of trees and topography was reshaped in the
spring and summer of 1999. Turf was established in the fall of
1999, and by spring of 2000 the golf course was opened to the
public. The property of golf course H was partially cleared of trees
and topography was reshaped during the study period, but the
development of the golf course was never completed.

Study design

The RCA involves sampling a set of reference sites that are as
similar to the test sites as possible, with the exception of the ef-
fects due to the treatment in question. In this study the effect of
various stages of golf course construction on stream BMI com-
munities was tested. Streams were sampled three times a year, in
spring (April to June 20), summer (June 21 to September 22) and
fall (September 23 to November 13) for three years, 1999 to 2001.
Samples were not collected in winter as the organisms were con-
sidered to be immature at this time of year and therefore very
small making it difficult to catch and identify a representative
sample. Samples for BMI and water chemistry at the test sites
were taken usually within a few days of the reference sites, al-
though there was an interval of up to several weeks during the
summers when some streams had low or no flow and could not be
sampled. During the study period, water samples for chemical ana-
lysis were collected weekly at sites that were downstream from
golf courses under construction and monthly at reference sites and
established golf course sites. Averages for each season (i.e. spring,
summer, and fall) were calculated for each water chemistry para-
meter to match the sampling period of BMI data.

Physical and geographic attributes

The latitude and longitude for each site was recorded in the field
using a hand held Global Positioning System (GPS) accurate with-
in 5 m. The dry bank width (i.e. width of the channel perpendicu-
lar to the two banks) was estimated from the dry line observed in
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the field. Stream order, site elevation, and catchment area were
calculated using Ontario Base Maps (OBM) at a 1:10,000 scale.
Stream order was based on the stream order nomenclature pro-
posed by Strahler (1957) and described in Horne and Goldman
(1994). Site elevation and catchment area for the sampling site
were estimated with the OBMs. Beaver dams and the sewage
treatment plant were noted when observed directly upstream in the
field.

Stream width for test and reference sites ranged from 0.5 m to
4 m, representing first to third order streams, elevations from 228
m to 377 m asl, and catchment areas from 8 ha to 805 ha (Table 1).
Two test sites were downstream from a sewage treatment plant.
Several reference and test sites had a beaver dam directly above
the site.

In the summer of 2001, a survey was conducted at each refer-
ence and test site to collect qualitative data on a 30 by 30 m ripa-
rian buffer strip and the stream channel. The quality of habitat rep-
resented by a set of variables included in the survey assisted in
understanding the changes in community dynamics that was ob-
served in BMI bioassessment. Information on slope of the stream
channel, presence of bank erosion, grasses, and woody debris, can-
opy closure (cover), and general forest type (see Table 2) was re-
corded using methods modified from Moore et al. (1995). Canopy
cover was measured with a densiometer taking 4 readings, i.e.
facing north, east, south, and west (Lemmon 1957). Readings were
averaged for the replicate site, converted to percent coverage, and
coded in the range of 1 to 5 where 1 is very poor canopy cover
(less than 20%) and 5 is excellent canopy cover (greater than 80%).
The three replicate sites were averaged to get one class value that
described canopy cover at each site.

The sites are described as having a slope of the stream channel
ranging from 1% to 40%. Bank erosion was observed at only 3 test
sites and none of the reference sites. Five test sites and none of the
reference sites had grasses growing in the stream channel. Three
test sites and one reference site had no woody debris or log dams
in the stream. Test site values averaged 40% to 59% (class 3) can-
opy cover/closure, while the reference group averaged over 80%
(class 5). In the first 30 meters parallel to the stream, forest type
for all sites was generally deciduous or mixed.

Benthic macroinvertebrates

The BMI community was sampled using protocols for rapid bio-
assessments of streams developed by David et al. (1998) at the
Ontario Ministry of the Environment, Canada (David et al. 1998).
This technique differs from the more traditional biological assess-
ments in that only 100 animals are sub-sampled randomly from the
samples and these are identified to the taxonomic level of order,
and in some cases to sub-order, class, family or only phylum,
depending on the invertebrate (Somers et al. 1998).

In the field, the collection of water samples for chemical ana-
lysis was done prior to invertebrate sampling to minimize stream
and sample disturbances. Replicate samples were taken from three
shallow riffles within the stream reach, no more then 1-meter deep
using the kick-and-sweep method and a 250-pym mesh D-net
(David et al. 1998). Each replicate was sampled from a 1-m? quad-
rat area for 1 minute or until at least 100 organisms were caught.
For each replicate, the material and organisms were placed in a
labeled container that was partially filled with stream water and
transported back to the laboratory for identification and enumera-
tion.

In the laboratory, the samples were refrigerated and analyzed
within 48 hours of collection. The contents of each bottle were
first rinsed through a 1000-pm mesh sieve. A teaspoon method
was used to randomly collect some of the material and placed into
a sorting tray where all organisms were removed, enumerated, and
identified to a coarse taxonomic level (David et al. 1998). Subse-
quent subsamples were taken for analysis until at least 100 speci-
mens were counted. For statistical purposes, counts for each taxo-
nomic group were expressed as relative abundance (proportional
data) and then the 3 replicates were averaged.

A variety of summary indices were calculated from the BMI
taxonomic abundances (Table 3); e.g. David et al. (1998) and
Somers et al. (1998). The benthic indices were: i) Amphipoda,
Chironomidae, Diptera, non-Diptera (abundance of all taxa groups
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Table 1 The physical and geographic attributes of the test and reference sites. Construction land use category represents both clear-cut and turf establish-

ment phases, unless otherwise stated.

Site Code  Land Use Latitude * Longitude * Width (m) Order Site Elevation Catchment Upstream
Activity (m) Area (Ha) Activity **
Test site, n=19
DU1 established 45.1067 -79.2761 3 2 280 255 -
D established 45.1097 -79.2797 1 3 277 805 -
Bl established 45.3425 -79.1531 0.5 1 305 34 -
B2 established 45.3608 -79.1553 0.5 1 300 115 -
AU established 45.2175 -79.4603 1 1 300 8 Dam
A established 45.2094 -79.4539 0.5 1 293 16 -
H clear-cut 45.3467 -79.0339 0.75 1 334 71 -
F5 construction 45.3444 -79.1703 3 3 293 368 STP
F1 construction 45.3497 -79.1606 1 1 313 39 -
F6 construction 45.3500 -79.1906 1 2 305 92 STP
C construction 45.3489 -79.1558 0.5 1 285 25 -
F2 construction 45.3533 -79.1683 2.5 3 301 306 -
F7 construction 45.3586 -79.1686 1 2 330 167 Dam
F3 construction 45.3578 -79.1711 2.5 2 323 159 -
F4 construction 45.3561 -79.1711 1 2 323 229 Dam
F8 construction 45.3489 -79.1778 2.5 2 313 266 -
El established 45.1322 -79.6064 0.8 1 234 9 -
E2 established 45.1325 -79.6103 0.5 1 228 18 -
Gl turf establishment ~ 45.2233 -79.7797 1.5 2 242 120 -
Reference Site, n=19
DU4 reference 45.1056 -79.2667 1 2 282 200 -
DU3 reference 45.1050 -79.2764 0.8 1 282 38 -
S5 reference 45.2661 -79.0856 3 2 317 222 Dam
S6 reference 45.2117 -78.9931 1 2 374 60 -
S9 reference 45.1506 -79.1050 2 2 359 30 -
S6 reference 45.1461 -79.0869 2 2 360 22 -
HU reference 45.3703 -79.0283 1.5 1 333 582 -
S15 reference 45.2542 -79.0869 4 3 317 742 Dam
S25 reference 45.3744 -79.1406 2 1 328 26 -
S26 reference 45.3803 -79.1539 2 2 330 20 Dam
S27 reference 45.3842 -79.1514 2 2 330 119 Dam
S28 reference 45.3861 -79.1322 2 1 377 10 -
S31 reference 453114 -79.0928 1.5 1 320 135 -
S32 reference 45.2572 -79.0711 2 1 327 38 -
S33 reference 45.1983 -78.9628 2 1 349 70 -
S34 reference 45.1992 -78.9597 2 1 351 45 Dam
S36 reference 45.2792 -79.4661 1 1 295 73 -
S37 reference 45.2286 -78.9275 4 3 320 418 Dam
S38 reference 45.2342 -78.9528 2 2 318 502 Dam
* decimal degrees, ** no upstream features (-), beaver dam (Dam), and sewage treatment plant (STP)
with the exception of Diptera), Gastropoda, Odonata, Oligochacta, =~ DATA ANALYSIS

and Plecoptera expressed as proportions by dividing by total abun-
dance; ii) Oligochaeta and Nematoda combined as a proportion of
total abundance (Worms) (David et al. 1998); iii) total abundance
of Ephemeroptera, Plecoptera, and Trichoptera (EPT) (Plafkin et
al. 1989); iv) the ratio of EPT to Chironomidae abundance (EPT/
Chironomidae) (Plafkin ez al. 1989); v) total number of different
taxonomic groups in a sample (Richness); vi) abundance of most
abundant taxon as a proportion of total abundance (Dominants)
(Plafkin et al. 1989). Rescaling EPT, EPT/Chironomidae, and
Richness by dividing each index value by their corresponding
maximum value across all samples, gave equal weight to each in-
dex by expressing all values from 0 to 1.0 in the indices.

The benthic indices in Table 3 were used to evaluate the BMI
communities in various ways (Barbour et al. 1999). The first 11
indices, with the exception of Dominants, measure community
composition because they measure the contribution by some toler-
ant or intolerant group to the sample population (proportion or per-
cent). The ratio of EPT/Chironomidae measures community even-
ness (balance) by comparing the ratio of intolerant taxa (i.e. Ephe-
meroptera, Plecoptera. and Trichoptera) to a more tolerant taxono-
mic group (i.e. Chironomidae). Richness is a measure of com-
munity diversity and is one of the most commonly used indices
(Lenat and Barbour 1994).
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Physical and geographic attributes

Using the RCA it is assumed that the test and reference stream
sites are similar with respect to stream order or permanency, ex-
cept for the effects of the specific treatment or event being as-
sessed, i.e. golf course construction. However, this is not always
true; BMI communities may be influenced by differences in phy-
sical and geographic attributes of the randomly selected sites
(Charvet et al. 2000). To identify which physical and geographic
stream characteristics differed between the reference group sites
and the test group sites a two-sample #-test was run using STATIS-
TICA (StatSoft 2000). Data assumptions for normality and homo-
geneity of variance were investigated prior to the #-test using Sha-
piro-Wilk’s W test of normality and Levene’s test of homogeneity
of variances, respectively in STATISTICA (Manly 1994; Zar 1999).
If the variables were not normally distributed, the data were trans-
formed with the appropriate transformation to approximate norma-
lity (Zar 1999). The physical-geographic variables that had signifi-
cantly different means among the reference and test site groups
were used to create a distance matrix for Mantel tests and partial
Mantel tests.

BMI community measure evaluation

Numerous distance and similarity measures are available to choose
that summarize BMI communities (Legendre and Legendre 2000).
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Table 2 Site description of buffer strip attributes from the riparian bank
survey that was conducted in summer of 2001. DF = deciduous forest,
Mix = mix of deciduous and coniferous in the buffer strip.

Site Slope of Bank Grass Debris/ Canopy Forest
Code Channel Erosion Log dam Closure Type
(%)* Class**

Test site, n=19
DU1 1 No Yes Yes 1 Mix
D 1 No Yes No 1 DF
B1 5 Yes No Yes 4 DF
B2 1 No Yes No 3 Mix
AU 1 No No Yes 5 DF
A 1 No No Yes 4 Mix
H 1 No No Yes 4 Mix
F5 1 No No Yes 1 DF
F1 1 No No Yes 2 DF
Fo6 1 No Yes Yes 3 Mix
C 1 No Yes Yes 3 DF
F2 5 No No Yes 3 DF
F7 5 Yes No Yes 5 Mix
F3 1 Yes No Yes 1 none
F4 1 No No Yes 2 Mix
F8 5 No No Yes 5 Mix
El 1 No Yes No 3 Mix
E2 1 No No Yes 5 Mix
Gl 40 No No Yes 5 Mix

Reference Site, n=19
DU4 1 No No No 1 DF
DU3 1 No No Yes 5 Mix
S5 10 No No Yes 5 Mix
S6 1 No No Yes 5 Mix
S9 1 No No Yes 4 Mix
S6 5 No No Yes 5 Mix
HU 1 No No Yes 4 Mix
S15 5 No No Yes 5 Mix
S25 28 No No Yes 5 DF
S26 10 No No Yes 5 Mix
S27 5 No No Yes 5 Mix
S28 30 No No Yes 5 DF
S31 1 No No Yes 5 Mix
S32 35 No No Yes 5 DF
S33 40 No No Yes 5 Mix
S34 40 No No Yes 5 DF
S36 1 No No Yes 5 DF
S37 1 No No Yes 5 Mix
S38 1 No No Yes 5 Mix

* average %slope of the 3 transect zones along the stream bank, ** average values
from the 3 replicate stations at each site where 1 is less than 20% canopy cover
and 5 is greater than 80% canopy cover.

Bray-Curtis is a popular measure that summarizes the percent dif-
ference between pairs of samples (Bray and Curtis 1957; Faith et
al. 1987). Two Bray-Curtis distance measures were calculated: the
first was the traditional Bray-Curtis distance among sites using the
abundances for BMI taxa. The second Bray-Curtis distance was
based on a collection of summary benthic indices. The Jaccard

Table 3 A list of benthic indices and definitions.

similarity also was used to summarize similarity among sites
based on the presence and absence of various BMI taxa (Manly
1994; van Tongeren 1995; Legendre and Legendre 2000). How-
ever, the Jaccard similarity was converted into a distance measure,
d, using the following formula (Rohlf 1993):

d=+/1-5s

where d is distance, and s is similarity.

The fourth distance matrix determined from the BMI taxa abu-
dance data was chosen because it is similar to the matrix used in
Correspondence Analysis, a popular ordination method used in
ecological community analysis (ter Braak 1995).

Mantel tests were used to relate each of these four BMI com-
munity distance matrices to environmental factors associated with
land use categories and physical-geographic attributes (Table 1).
The Mantel test is a type of non-parametric multivariate analysis
of variance (MANOVA) that contrasts two distance or similarity
matrices (Manly 1994; Legendre and Legendre 2000). One matrix
is based on a series of response variables (a type of X matrix) and
the other is based on a series of predictor variables (Y matrix).
Sometimes a third matrix based on covariables (predictor varia-
bles) is used in a partial Mantel test to hold constant the differen-
ces in the response variables that were associated with the covaria-
bles. A hypothesis matrix is the predictor matrix that is correlated
with the response matrix. In this study, three types of distance
matrices were correlated with each other. These distance matrices
were based on a BMI response matrix, the land use predictor mat-
rix, and the physical-geographic predictor matrix (Fig. 2).

Since the Mantel test association is being measured between
two distance matrices only positive Mantel types of correlation re-
sults were considered important and negative correlations were ig-
nored (i.e. one-tailed test) (Legendre and Legendre 2000). The null
hypothesis for the Mantel test states that the distances among sites
(in this case samples from sites) based on BMI communities are
not correlated with the corresponding inter-site distances based on
(1) land use distance matrix or the (2) physical-geographic dis-
tance matrix. A correlation coefficient (r) value is calculated for
each combination of distance matrices. A positive coefficient
states that when the distances increase among sites in the X-matrix
then the distances also increase among sites in the Y-matrix. The
greater the increase, the more BMI differences are correlated with
differences in land use or physical-geographic variables.

The significance of the correlation was evaluated using the
randomization (permutation) test to evaluate whether the observed
correlation is greater than what would be expected due to chance
alone. If the observed correlation coefficient is greater than 95% of
the permuted correlations then the null hypothesis is rejected. In
the statistical package PASSAGE (Rosenberg 2001), the one-tailed
Student -test was used to test for the significance of the Mantel
correlation.

After calculating the BMI distance matrices (and before con-
ducting the Mantel tests), Non-metric Multidimensional Scaling
(NMDS) in NTSYS-pc was run to ordinate each of the BMI dis-
tance matrices and reduce the number of variables to three sets of
ordination scores (Rohlf 1993). NMDS, a non-parametric ordina-
tion analytical method, is a distance-based ordination that maxi-

Benthic Indices Description

Amphipoda Amphipoda abundance / total sample abundance

Chironomidae Chironomidae abundance / total sample abundance

Diptera Diptera abundance / total sample abundance

Gastropoda Gastropoda abundance / total sample abundance

non-Diptera non-Diptera abundance / total sample abundance

Odonata Odonata abundance / total sample abundance

Oligochaeta Oligochaeta abundance / total sample abundance

Plecoptera Plecoptera abundance / total sample abundance

Worms Oligochaeta and Nematoda abundances / total sample abundance
Dominants Abundance of most abundant taxon / total sample abundance
EPT Abundance Ephemeroptera, Plecoptera, and Trichoptera
EPT/Chironomidae EPT abundance / Chironomidae abundance (Plafkin ez al. 1989)
Richness total number of different taxa groups in sample
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(A) BMI Matrix

(B) Land Use Matrix

(C) Physical-Geographic Matrix

(1) Distance matrix was created for
a) Jaccard measure on
presence/absence

b) Chi-squared measure on relative
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generated by coding samples using
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(3) Euclidean distance was run on the
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distance matrix used in the Mantel tests
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(7) Mantel Test & Partial Mantel Test

d) Matrix A & B (C as covariable

(6) Euclidean distance matrix was
calculated using the 3- NMDS axes to
create the final physical-geographic
matrix that will be used in the Mantel
tests

—

Fig. 2 Framework for the Mantel and partial Mantel tests which were used to select the benthic macroinvertebrate (BMI) distance measure that best
detected BMI community differences between land use categories. The numbers in brackets on the top left corner of the boxes refer to the steps.

mizes rank-order correlation between original distance matrix and
distance in ordination space by minimizing stress (Manly 1994;
Legendre and Legendre 2000). Stress is a measure that describes
the lack of fit between the original (e.g. community data) and final
configurations in ordination space. Scores from the three NMDS
axes for each of the BMI distance matrices were used to calculate
a Euclidean distance matrix that was used in the Mantel tests.

Before running Mantel tests two predictor matrices were cre-
ated. A ‘land use’ dummy variable was formed by coding the sam-
ples using: (1) reference, (2) clear-cut phase of golf course cons-
truction, (3) turf establishment, or (4) golf course operation cate-
gories. NMDS was not used to ordinate the land use variable, as
the variable was already made-up of ranked datum. Using Micro-
soft Excel (PopTools add-in), a Euclidean distance measure was
used to calculate the land use predictor distance matrix for use in
the Mantel tests (Hood 2000).

The second predictor matrix was then calculated using the Eu-
clidean distance measure on the physical and geographic variables
that were found to have significantly different means between the
reference sites and test sites (see section C in Fig. 2). To be consis-
tent with the BMI distance matrices, NMDS was used to ordinate
the physical-geographic Euclidean distance matrix to create 3 sets
of ranked scores in NTSYS-pc. A final physical-geographic matrix
was calculated using the Euclidean distance measure for the sec-
ond time, but based on the NMDS axes scores. The Mantel test
contrasted a BMI Euclidean distance matrix with the land use Eu-
clidean distance matrix, and then a partial Mantel test held con-
stant the differences in BMI distances associated with the phy-
sical-geographic Euclidean distance matrix. Where more than one
test was performed on the same variable the p level of significance
was corrected for pairwise tests using the Bonferroni procedure,
because more than one partial Mantel test was calculated using the
same variables (Zar 1999). The Bonferroni correction method (i.e.
p-level of 0.05 divided by 6 pairwise tests = 0.008) reduces the
possibility of falsely rejecting at least one Hy when it is true (Type
I error).

The best BMI distance measure was selected using five criteria.

Each criterion was considered equally important. The BMI dis-
tance measures were ranked in terms of their performance. If ties
occurred, BMI measures carried the same rank. For all criteria, the
ranks were then summed to retrieve a score. The BMI distance
measure with the greatest score was declared the best for use in
bioassessments.
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NMDS criteria

The first criterion was designed to identify the distance matrix
with the greatest percentage of BMI taxa (abundance or presence/
absence) or benthic indices that were correlated with the first 3
axes of the corresponding NMDS ordination. This criterion is
based on the amount of information retained in the NMDS scores
prior to calculating the final Euclidean distance matrix for the
Mantel tests. Pearson correlations were calculated between the
scores for each NMDS axis and BMI abundances, presence/ab-
sence and benthic indices to identify the important taxa or indices
represented by the first 3 axes (r=+0.40). Assumptions of norma-
lity and homogeneity of variance were tested prior to calculating
the correlations using Shapiro-Wilk’s W test of normality and Le-
vene’s test of homogeneity of variances where data were not nor-
mally distributed the appropriate transformations were applied.

The final NMDS solution is heavily dependent upon the num-
ber of axes specified before running the ordination. Any one
NMDS axis is not necessarily more important than another. A
score of 4 was given to the BMI matrix for the criterion with the
highest percentage of BMI variables that strongly correlated with
the three NMDS axes. The rest of the BMI measures were ranked
accordingly.

The second criterion identified the distance measure that pro-
duced the greatest separation between land use groups based on
group mean scores of the three NMDS axes. First, the mean
NMDS score for each land use group of each NMDS axes was cal-
culated. A Euclidean distance matrix among the four groups of
mean scores for the three NMDS axes was generated. The average
distance of the pairwise Euclidean distances was calculated indica-
ting strength of group separation, with a range from 0 (no group
separation) to 1 (perfect group separation). The BMI distance mea-
sure that had the greatest average Euclidean distance was given a
score of 4 for this criterion.

Temporal variability criterion

Temporal effects have been observed in many studies that use
abundance and benthic indices in bioassessments and so temporal
variability was considered as the third criterion because BMI were
collected in three seasons of three years (Lenat 1987; Hilsenhoff
1988; McElravy et al. 1989). To test whether the effects of sea-
sonal and annual variability were significant on BMI distance mat-
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rices, a two-factor MANOVA was performed on the 3 NMDS axes
for each of the BMI distance matrices using season (spring, sum-
mer, and fall) and year (1999, 2000, 2001) as the two factors with
three levels within each factor. The dependent variables are the
first three NMDS axes (see step 2 in Fig. 2) for the BMI distance
matrix that contained the ranked data from the ordination method.
Data assumptions no longer apply when ranked data are used
therefore the MANOVA with NMDS axes becomes a non-para-
metric test (Conover and Iman 1981). The BMI distance matrix
that had no seasonal and annual effect was given a score of 4 for
this criterion.

Mantel test criteria

The fourth criterion identifies the BMI distance measure that pro-
duced the greatest number of significant Mantel tests and partial
Mantel tests (p<0.05) between the BMI matrix and the land use
matrix. For each BMI distance, the number of significant tests
(positive r) was counted for all tests. The BMI measure with the
greatest number (maximum = 14) was assigned a score of 1 for
this criterion.

The fifth criterion identifies the BMI distance measure that
was considered minimally affected by differences in physical-
geographic stream attributes. It was estimated using the results of
the Mantel tests that correlated between a BMI matrix and the
physical-geographic matrix. The number of Mantel tests with no
significant correlation between the BMI distance matrix and the
physical-geographic matrix was recorded for each BMI measure.
A score of 1 was given to the BMI measure with the highest fre-
quency (maximum = 7) and a zero were given to all others.

RESULTS
Physical and geographic attributes

Three of the six physical-geographic variables were found
to have significantly different means between the reference
group sites and test group sites (Table 4). These variables
were longitude, stream width, and site elevation. These
three physical-geographic variables were used to create one
of the distance matrices for the Mantel tests.

Macroinvertebrate community measure evaluation

According to the five criteria, Bray-Curtis based on benthic
indices was the best overall BMI distance measure (Table

5). The Bray-Curtis measure had the highest percentage of
benthic indices that were strongly correlated with the first 3
NMDS axes (r>+0.40), it was not affected by temporal vari-
ability, and it had the greatest number of Mantel tests where
correlations between BMI and physical-geographic distan-
ces were not significant. However, Bray-Curtis based on
indices ranked second last in criterion 2 as the average dis-
tance of Euclidean distances among land use group means
was the second shortest (criterion 2). It also ranked second
highest in having the greatest number of Mantel and partial
Mantel tests with significant correlations between BMI and
land use distances (criterion 4).

Jaccard distance measure based on presence and ab-
sence BMI data had different strengths than Bray-Curtis in-
dices measure. Jaccard distance measure had the greatest
Euclidean distance average among land use group means
(criterion 2), and it had the greatest number of Mantel and
partial Mantel tests with significant correlations between
BMI and land use distances (criterion 4). Jaccard, Bray-
Curtis abundance, and Bray-Curtis based on benthic indices
were the best BMI summaries to distinguish BMI com-
munities between the four land use categories (criterion 4 in
Table 5). Jaccard had the greatest average Euclidean dis-
tance between land use group means based on NMDS
scores. Similar to Bray-Curtis indices measure, chi-square
distance based on abundance also had no significant seaso-
nal, annual or interaction effects. Bray-Curtis distance based
on BMI abundance did not rank first in any of the 5 criteria.

NMDS criteria

The first criterion involved evaluating the four measures on
their ability to retain the BMI information in the 3 NMDS
axes scores. For the Jaccard measure, 12 of 25 presence/ab-
sence taxonomic groups were correlated with the first three
NMDS axes (Table 6). Chi-square distance had 7 of 25 taxo-
nomic groups of abundance correlated with the three NMDS
axes (Table 7). For the Bray-Curtis distance based on abun-
dance data, 10 of 25 BMI abundance taxonomic groups
were correlated with the first three NMDS axes (Table 8).
Bray-Curtis distance based on BMI indices had 9 of 13
indices correlated with the three NMDS axes (Table 9).

For the second criteria, the quality of land use group
separation for each BMI distance measure was estimated
using the average distance of Euclidean distances among
land use group means based on NMDS axes scores. In the

Table 4 Basic statistics and #-tests comparing the means of physical-geographic variables between the reference group and test group (n=38 df=36).
P values in bold indicate a 95% confidence level (p<0.05). n = number of samples, SE = standard error.

Variable Reference group Test group t-test
n mean SE n mean SE t value p value

Latitude * 69 45.2630 0.01 127 45.2762 0.01 -0.905 0.37
Longitude * 69 -79.0870 0.01 127 -79.2727 0.02 7.23 <0.001
Stream width 69 2.01 0.11 127 1.26 0.07 5.88 <0.001
Stream order 69 1.59 0.08 127 1.70 0.06 -1.01 0.32
Elevation 69 333.1 3.06 127 293.7 2.48 9.72 <0.001
Catchment area 69 205.5 28.34 127 167.7 16.53 1.24 0.22

* decimal degrees

Table 5 Summary of results for the criteria used to evaluate the best Benthic Macroinvertebrate (BMI) community measure. The best score for each crite-

rion is in bold. NMDS = Non-metric Multidimensional Scaling.

Criteria Temporal variability Mantel tests
NMDS axes

Distance Measure % of BMI taxa or Average distance of ~ What type of temporal ~ # of Mantel tests and ~ # of Mantel tests that ~ Score *

indices that were Euclidean distances effect? partial Mantel tests were not significant

strongly correlated among land use group that were significant ~ between BMI and

with the three NMDS ~ means based on between BMI and physical-geographic

axes NMDS axes scores land use matrices matrices
Jaccard 48% 0.75 interaction 9 1 2
Chi-square 28% 0.49 none 6 3 2
Bray-Curtis 40% 0.58 seasonal 9 1 1
abundance
Bray-Curtis indices  69% 0.51 none 9 3 4

* sum score of ranks in descending order
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Table 6 Correlation coefficients (r) between the presence/absence of
macroinvertebrate taxa and the first 3 axes of the Non-metric Multidimen-
sional Scaling (NMDS) on the Jaccard distance matrix, n=196. Variables
with a bold r are highly correlated (1>+/-0.40) with the axis.

Table 8 Correlation coefficients between the taxa abundances and axes
for Non-metric Multidimensional Scaling (NMDS) that was based on
Bray-Curtis distance on macroinvertebrate taxa abundance, n=196. Varia-
bles with r in bold are highly correlated (r>+/-0.40) with the axis.

Taxa NMDS1 NMDS2 NMDS3 Taxa NMDS1 NMDS2 NMDS3
Amphipoda (Order) 0.06 0.49 0.47 Amphipoda (Order) 0.40 0.47 0.26
Anisoptera (Sub Order) 0.28 -0.01 -0.19 Anisoptera (Sub Order) -0.07 0.17 -0.03
Bivalvia (Class) 0.35 0.38 0.07 Bivalvia (Class) -0.11 0.02 0.51
Ceratopogonidae (Family) -0.23 -0.13 -0.51 Ceratopogonidae (Family) -0.20 -0.18 0.03
Chironomidae (Family) -0.32 -0.27 -0.24 Chironomidae (Family) 0.46 -0.52 0.12
Coleoptera (Order) -0.32 0.25 -0.11 Coleoptera (Order) 0.09 0.03 0.18
Culicidae (Family) -0.21 -0.11 -0.15 Culicidae (Family) 0.13 -0.21 -0.12
Decapoda (Sub Order) 0.14 0.01 -0.37 Decapoda (Sub Order) -0.12 0.01 -0.10
Ephemeroptera (Order) 0.36 -0.26 -0.27 Ephemeroptera (Order) -0.50 0.29 -0.46
Gastropoda (Class) 0.22 0.46 0.29 Gastropoda (Class) 0.05 0.37 0.25
Hemiptera (Order) 0.23 0.28 0.13 Hemiptera (Order) 0.11 0.28 0.16
Hirudinea (Class) 0.32 0.48 0.16 Hirudinea (Class) 0.19 0.23 0.27
Isopoda (Order) 0.10 0.48 0.41 Isopoda (Order) 0.48 0.39 0.25
Lepidoptera (Order) -0.05 0.17 -0.05 Lepidoptera (Order) -0.02 0.13 -0.02
Megaloptera (Order) 0.36 -0.11 -0.08 Megaloptera (Order) -0.19 0.22 -0.08
Nematoda (Phylum) -0.43 0.05 -0.09 Nematoda (Phylum) 0.13 -0.23 -0.08
Oligochaeta (Class) 0.06 -0.04 0.16 Oligochaeta (Class) 0.22 0.11 0.42
Plecoptera (Order) -0.45 -0.48 -0.43 Plecoptera (Order) -0.32 -0.58 -0.39
Simuliidae (Family) -0.43 -0.05 -0.18 Simuliidae (Family) 0.25 -0.37 -0.45
Tabanidae (Family) -0.31 -0.18 -0.16 Tabanidae (Family) -0.12 -0.25 0.04
Tipulidae (Family) -0.14 -0.48 -0.08 Tipulidae (Family) -0.37 -0.34 0.01
Trichoptera (Order) -0.20 -0.39 -0.17 Trichoptera (Order) -0.68 -0.11 -0.16
Trombidiformes (Sub Order) -0.06 0.42 -0.57 Trombidiformes (Sub Order)  -0.06 0.07 0.04
Turbellaria (Class) 0.22 0.29 -0.05 Turbellaria (Class) -0.05 0.21 0.04
Zygoptera (Sub Order) 0.54 0.42 -0.16 Zygoptera (Sub Order) -0.08 0.40 0.13

Table 7 Correlation coefficients between macroinvertebrate taxa (abun-
dance) and axes from Non-metric Multidimensional Scaling (NMDS) on
chi-square distance (as in Correspondence Analysis) matrix for macro-
invertebrate abundance, (n=196). Variables with r in bold are highly cor-

Table 9 Correlation coefficients between the benthic indices and Non-
metric Multidimensional Scaling (NMDS) axes that was based on Bray-
Curtis distance matrix on benthic indices, n=196. Variables with bold r are
highly correlated (r>+/-0.40) with the axis.

related (r>+/-0.40) with the axis. Benthic Index NMDS1 NMDS2 NMDS3
Taxa NMDS1 NMDS2 NMDS3 Chironomidae 0.71 -0.64 0.43
Amphipoda (Order) 0.51 -0.02 0.17 Diptera 0.65 -0.88 0.45
Anisoptera (Sub Order) -0.02 -0.02 0.01 non-Diptera -0.65 0.88 -0.45
Bivalvia (Class) -0.02 0.21 0.29 Amphipoda 0.28 0.34 0.23
Ceratopogonidae (Family) -0.28 -0.18 0.07 Gastropoda -0.10 0.35 -0.08
Chironomidae (Family) -0.03 -0.05 -0.16 Odonata -0.04 0.15 -0.24
Coleoptera (Order) 0.15 -0.07 0.16 Oligochaeta 0.53 0.29 -0.02
Culicidae (Family) -0.06 0.00 -0.29 Plecoptera -0.26 -0.30 -0.40
Decapoda (Sub Order) -0.10 0.06 0.05 Dominants -0.32 0.03 0.61
Ephemeroptera (Order) -0.43 -0.15 -0.08 Worms 0.55 0.25 -0.01
Gastropoda (Class) 0.28 0.15 0.31 Richness 0.25 0.05 -0.33
Hemiptera (Order) 0.14 0.10 0.23 EPT/Chironomidae  -0.64 0.13 -0.69
Hirudinea (Class) 0.16 0.41 0.15 EPT -0.64 -0.07 -0.69

Isopoda (Order) 0.55 0.47 0.17

Lepidoptera (Order) -0.04 0.13 0.02 Table 10 Euclidean distance matrix of the Non-metric Multidimensional
Megaloptera (Order) -0.06 -0.18 0.08 Scaling (NMDS) group means for Jaccard distance measure based on
Nematoda (Phylum) -0.08 -0.08 -0.20 presence and absence BMI data.

Oligochaeta (Class) 0.18 -0.05 024 Forest Clear-cut Turf Golf course
Plecoptera (Order) -0.41 -0.34 -0.23 establishment

Simuliidae (Family) -0.14 0.01 -0.58 Forest 0 0.57 117 0.70
Tabanidae (Family) -0.11 -0.20 -0.06 Clear-cut 0.57 0 0.97 027
Tipulidae (Family) -0.32 -0.25 0.00 Turf establishment 1.17  0.97 0 0.80
Trichoptera (Order) -0.58 -0.08 -0.01 Golf course 0.70 027 0.80 0
Trombidiformes (Sub Order) -0.02 0.02 0.13 Mean 0.75

Turbellaria (Class) 0.05 0.22 0.23

Zygoptera (Sub Order) 0.04 0.26 0.28

NMDS group mean Euclidian matrices, the lower triangle
of the Euclidiean distance matrix was averaged (Tables 10,
11, 12, 13). The order, from greatest average distance to
least, was Jaccard, Bray-Curtis based on abundance, Bray-
Curtis based on indices, and chi-square (see Table 5).

Temporal variability

The influence of temporal variability, i.e. seasons and years
on NMDS axes 1, 2, and 3 scores from the 4 BMI distance
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matrices, was tested using a two-factor MANOVA. The
results show that there was no significant difference in
means of the 3 NMDS axes among seasons (spring, summer,
and fall), and among years (1999, 2000, 2001) for Jaccard,
chi-square, and Bray-Curtis indices (n=196, p<0.05). Bray-
Curtis abundance was the only measure with significant dif-
ference in means of the 3 NMDS axes among seasons. Jac-
card was the only measure with a significant interaction ef-
fect between seasons and years.
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Table 11 Euclidean distance matrix of the Non-metric Multidimensional
Scaling (NMDS) group means for chi-square distance measure based on
BMI abundance.

Forest Clear- Turf Golf course
cut establishment
Forest 0 0.37 0.57 0.66
Clear-cut 0.37 0 0.39 0.38
Turf establishment  0.57 0.39 0 0.59
Golf course 0.66 0.38 0.59 0
Mean 0.49

Table 12 Euclidean distance matrix of the Non-metric Multidimensional
Scaling (NMDS) group means for Bray-Curtis distance measure based
on BMI abundance.

Forest Clear-cut Turf Golf course
establishment
Forest 0 0.54 0.60 0.71
Clear-cut 0.54 0 0.64 0.43
Turf establishment  0.60 0.64 0 0.54
Golf course 0.71 0.43 0.54 0
Mean 0.58

Table 13 Euclidean distance matrix of the Non-metric Multidimensional
Scaling (NMDS) group means for Bray-Curtis distance measure based
on benthic indices.

Forest Clear-cut Turf Golf course
establishment
Forest 0 0.57 0.32 0.58
Clear-cut 0.57 0 0.63 0.65
Turf establishment  0.32 0.63 0 0.29
Golf course 0.58 0.65 0.29 0
Mean 0.51

Mantel tests

Mantel test results indicated that Jaccard distance (Table
14), chi-square distance on abundance (Table 15), Bray-
Curtis distance on abundances (Table 16), and Bray-Curtis
distance on indices (Table 17) were significantly correlated
with the four land use categories (p<0.05). When partition-
ing out differences associated with physical-geographic at-
tributes, chi-square based on BMI abundance was the only
BMI measure with a non-significant partial Mantel. Test
sites among the chi-square BMI matrix were not signifi-
cantly correlated with corresponding distances between the
four land use categories when differences in longitude and
elevation were controlled. For pairwise tests, all four BMI
distance measures had significant positive correlations (Bon-
ferroni corrected p<0.008) with land use distances between
land uses 1 and 2 and between 1 and 4 (1-forest, 2-clear-cut,
4- golf course in operation), with and without controlling
for differences in physical-geographic variables.

The pairwise correlations between each BMI matrix and
the physical-geographic matrix indicated that distances in
BMI between samples were significantly correlated with the
corresponding distances in physical-geographic variables
for two of the BMI distance measures. These pairwise Man-

tel tests were also not significant for every land use scenario.

Both Jaccard presence/absence distances and Bray-Curtis
abundance distances among sites were significantly cor-
related with corresponding distances in physical-geographic
variables in the pairwise Mantel tests when testing between
forest and golf course operational land use categories. In
addition, Bray-Curtis abundance distances also were signifi-
cantly correlated with corresponding distances in physical-
geographic variables when testing between forest and turf-
establishment land use categories. There was no significant
correlation between chi-square abundance and Bray-Curtis
indices distances and corresponding distances of the physic-
cal-geographic variables in the pairwise tests.
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DISCUSSION AND CONCLUSION

The rationale for bioassessment includes the capacity for
biological communities to respond to and thus reveal up-
stream sources of pollutants post discharge that may not be
measured during routine chemical analysis (Bonada et al.
2006). Biota integrate environmental conditions, including
short-term changes in water quality that may be missed by
intermittent or routine chemical sampling. Lewis ef al.
(2001) concluded that the impact of golf course runoff in
particular on sediment quality can be subtle and may re-
quire the use of biological assessment methods. While ob-
served changes in water chemistry can provide direct evi-
dence of water quality impacts, biological assessments are
often used to indicate the relevance of water chemistry
changes to the aquatic community. Since the 1970s, ecosys-
tem health per se has increasingly been seen as a valuable
water quality objective (sensu Bonada ef al. 2006). Benthic
macroinvertebrates are the most widely used organisms in
freshwater biomonitoring, and a large number of different
methods have been developed and are used in various coun-
tries or regions of the world (e.g. Walsh et al. 2001; Clarke
et al. 2003; Hering et al. 2003; Bonada et al. 2006; Carlisle
et al. 2007).

Norris (1995) stated that including a variety of indices
in multivariate approaches might yield powerful predictive
tools when studying ecosystem function and structure. In
this study the predictive power of four sets of common
summary measures using NMDS and Mantel tests were
compared. The four BMI distances matrices, calculated
using Jaccard, chi-square, Bray-Curtis based on abundance,
and Bray-Curtis based on benthic indices measures, gene-
rally, discriminated among the four land use categories. Dis-
tances of BMI measured by Jaccard, Bray-Curtis abundance
and Bray-Curtis benthic indices were significantly correla-
ted with the corresponding distances of the four land use
groups. Similar to the other three distance measures, chi-
square on abundances was significantly (linearly) correlated
with the land use distance matrix with 4 land use groups.
However, the correlation was not significant when physical-
geographic (longitude and elevation) differences were con-
trolled, as they were in the partial Mantel test. This means
that with respect to being sensitive to differences in longi-
tude and elevation between sites, the chi-square distance
measure was not very powerful.

Evaluation of the best BMI measure revealed that Bray-
Curtis distance between benthic indices scored the highest
according to five criteria: 1) the percentage of BMI taxono-
mic groups or benthic indices that were highly correlated
with the three NMDS axes (Pearson correlations); 2) the
average distance of Euclidean distance among land use
group means based on the NMDS axes scores; 3) the effect
if any of temporal variability on the NMDS axes (two-fac-
tor MANOVA); 4) the number of Mantel tests and partial
Mantel tests between BMI matrix and the land use matrix
with significant correlations; and 5) the number of Mantel
tests correlating BMI distances with corresponding distan-
ces of physical-geographic variables that were not signifi-
cant. Bray-Curtis distance calculated using abundance data
did not rank best with any of the criterion, chi-square was
ranked best in the third criterion, Jaccard distance was
ranked best in the second and the fourth criteria, and Bray-
Curtis indices ranked best in the first, third, and fifth criteria
(see Table 5). Each BMI distance measure had different
strengths, but Bray-Curtis based on benthic indices was best
overall.

Temporal variability can influence abundance data (Mil-
ner et al. 2006) and so to avoid seasonal changes in BMI
abundance the sampling for littoral macroinvertebrates
should be limited to three weeks (Reid et al. 1995). From a
study on the Fraser River in British Columbia, it was re-
commended that sampling of river test sites using the RCA
be conducted in autumn only or over multiple sampling
dates to reduce seasonal shifts or stochastic events (Reece et
al. 2001). In this study three seasons were sampled over
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Table 14 Summary results of Mantel test correlations using the Jaccard distance matrix based on BMI presence/absence. The p values that are bold were
positively significant at p<0.05 (or Bonferroni corrected at p<0.008 in the pairwise tests). Land use scenario codes refer to (1) forest, (2) clear-cut/
reshaping, (3) turf establishment, and (4) golf course operation, n=196. Matrix codes refer to the two main matrices used in the Mantel Test (m1 and m2),
and the third as the covariable matrix (m3) in the Partial Mantel Test.

Test Type Land Use Scenario Jaccard P/A Land use Physical-geographic Matrix r p value
Mantel Test 1,2,3,4 ml m2 0.07 0.001
Mantel Test 1,2,3,4 ml m2 0.15 0.001
Mantel Test 1,2,3,4 ml m2 0.18 0.001
Partial Mantel Test 1,2,3,4 ml m2 m3 0.04 0.001
Pairwise Tests
Mantel Test 1&2 ml m2 0.23 0.001
Mantel Test 1&2 ml m2 0.17 0.001
Mantel Test 1&2 ml m2 0.16 0.001
Partial Mantel Test 1&2 ml m2 m3 0.20 0.001
Mantel Test 1&3 ml m2 0.38 0.001
Mantel Test 1&3 ml m2 0.14 0.001
Mantel Test 1&3 ml m2 0.13 0.003
Partial Mantel Test 1&3 ml m2 m3 0.36 0.001
Mantel Test 1&4 ml m2 0.07 0.001
Mantel Test 1&4 ml m2 0.12 0.001
Mantel Test 1&4 ml m2 0.25 0.001
Partial Mantel Test 1&4 ml m2 m3 0.04 0.016
Mantel Test 2&3 ml m2 0.35 0.001
Mantel Test 2&3 ml m2 0.01 0.483
Mantel Test 2&3 ml m2 0.02 0.403
Partial Mantel Test 2&3 ml m2 m3 0.35 0.001
Mantel Test 2&4 ml m2 -0.03 0.197
Mantel Test 2&4 ml m2 0.09 0.001
Mantel Test 2&4 ml m2 -0.02 0.309
Partial Mantel Test 2&4 ml m2 m3 -0.03 0.205
Mantel Test 3&4 ml m2 0.01 0.292
Mantel Test 3&4 ml m2 0.11 0.001
Mantel Test 3&4 m2 ml -0.01 0.479
Partial Mantel Test 3&4 ml m2 m3 0.01 0.304

Table 15 Summary results of Mantel test correlations using the chi-square (x*) distance matrix based on macroinvertebrate abundance. The p values that
are bold were positively significant at p<0.05 (or Bonferroni corrected at p<0.008 in the pairwise tests). Land use scenario codes refer to (1) forest, (2)
clear-cut/reshaping, (3) turf establishment, and (4) golf course operation, n=196. Matrix codes refer to the two main matrices used in the Mantel Test (m1
and m2), and the third as the covariable matrix (m3) in the Partial Mantel Test.

Test Type Land Use Scenario x> Abundance Land use Physical-geographic Matrix r p value
Mantel Test 1,2,3,4 ml m2 -0.05 0.007
Mantel Test 1,2,3,4 ml m2 0.09 0.001
Mantel Test 1,2,3,4 ml m2 0.18 0.001
Partial Mantel Test 1,2,3,4 ml m2 m3 -0.07 0.001
Pairwise Tests
Mantel Test 1&2 ml m2 0.18 0.001
Mantel Test 1&2 ml m2 0.14 0.001
Mantel Test 1&2 ml m2 0.16 0.001
Partial Mantel Test 1&2 ml m2 m3 0.16 0.001
Mantel Test 1&3 ml m2 0.27 0.001
Mantel Test 1&3 ml m2 0.19 0.001
Mantel Test 1&3 ml m2 0.13 0.002
Partial Mantel Test 1&3 ml m2 m3 0.26 0.001
Mantel Test 1&4 ml m2 -0.09 0.002
Mantel Test 1&4 ml m2 0.07 0.008
Mantel Test 1&4 ml m2 0.25 0.001
Partial Mantel Test 1&4 ml m2 m3 -0.11 0.001
Mantel Test 2&3 ml m2 0.15 0.018
Mantel Test 2&3 ml m2 -0.02 0.417
Mantel Test 2&3 ml m2 0.02 0.431
Partial Mantel Test 2&3 ml m2 m3 0.15 0.018
Mantel Test 2&4 ml m2 -0.09 0.003
Mantel Test 2&4 ml m2 0.08 0.001
Mantel Test 2&4 ml m2 -0.02 0.323
Partial Mantel Test 2&4 ml m2 m3 -0.09 0.003
Mantel Test 3&4 ml m2 -0.08 0.001
Mantel Test 3&4 ml m2 -0.02 0.348
Mantel Test 3&4 m2 ml -0.01 0.475
Partial Mantel Test 3&4 ml m2 m3 -0.08 0.001

three years and the BMI distance measures were evaluated  Jaccard had an a significant interaction effect with a combi-
to test whether temporal variability influenced the NMDS  nation of seasonal and annual effects, Bray-Curtis abun-
axes of each BMI distance matrix. The results showed that  dance had a significant seasonal effect, while chi-square
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Table 16 Summary results of Mantel test correlations using Bray-Curtis (BC) distance matrix based on macroinvertebrate abundance. The p values that
are bold were positively significant at p<0.05 (or Bonferroni corrected at p<0.008 in the pairwise tests). Land use scenario codes refer to (1) forest, (2)
clear-cut/reshaping, (3) turf establishment, and (4) golf course operation, n=196. Matrix codes refer to the two main matrices used in the Mantel Test (m1
and m2), and the third as the covariable matrix (m3) in the Partial Mantel Test.

Test Type Land Use Scenario BC Abundance Land use Physical-geographic Matrix r p value
Mantel Test 1,2,3,4 ml m2 0.05 0.001
Mantel Test 1,2,3,4 ml m2 0.12 0.001
Mantel Test 1,2,3,4 ml m2 0.18 0.001
Partial Mantel Test 1,2,3,4 ml m2 m3 0.03 0.032
Pairwise Tests
Mantel Test 1&2 ml m2 0.19 0.001
Mantel Test 1&2 ml m2 0.10 0.001
Mantel Test 1&2 ml m2 0.16 0.001
Partial Mantel Test 1&2 ml m2 m3 0.18 0.001
Mantel Test 1&3 ml m2 0.15 0.001
Mantel Test 1&3 ml m2 0.18 0.001
Mantel Test 1&3 ml m2 0.13 0.002
Partial Mantel Test 1&3 ml m2 m3 0.13 0.001
Mantel Test 1&4 ml m2 0.06 0.003
Mantel Test 1&4 ml m2 0.15 0.001
Mantel Test 1&4 ml m2 0.25 0.001
Partial Mantel Test 1&4 ml m2 m3 0.02 0.136
Mantel Test 2&3 ml m2 0.16 0.028
Mantel Test 2&3 ml m2 -0.01 0.388
Mantel Test 2&3 ml m2 0.02 0.415
Partial Mantel Test 2&3 ml m2 m3 0.16 0.019
Mantel Test 2&4 ml m2 -0.07 0.004
Mantel Test 2&4 ml m2 0.14 0.001
Mantel Test 2&4 ml m2 -0.02 0.306
Partial Mantel Test 2&4 ml m2 m3 -0.07 0.008
Mantel Test 3&4 ml m2 -0.04 0.075
Mantel Test 3&4 ml m2 0.16 0.001
Mantel Test 3&4 m2 ml -0.01 0.492
Partial Mantel Test 3&4 ml m2 m3 -0.04 0.078

Table 17 Summary results of Mantel test correlations using the Bray-Curtis (BC) distance matrix based on benthic indices. The p values that are bold
were positively significant at p<0.05 (or Bonferroni corrected at p<0.008 in the pairwise tests). Land use scenario codes refer to (1) forest, (2) clear-cut/
reshaping, (3) turf establishment, and (4) golf course operation, n=196. Matrix codes refer to the two main matrices used in the Mantel Test (m1 and m2),
and the third as the covariable matrix (m3) in the Partial Mantel Test.

Test Type Land Use Scenario BC Indices Land use Physical-geographic Matrix r p value
Mantel Test 1,2,3,4 ml m2 0.06 0.001
Mantel Test 1,2,3,4 ml m2 0.04 0.017
Mantel Test 1,2,3,4 ml m2 0.18 0.001
Partial Mantel Test 1,2,3,4 ml m2 m3 0.05 0.001
Pairwise Tests
Mantel Test 1&2 ml m2 0.18 0.001
Mantel Test 1&2 ml m2 0.08 0.001
Mantel Test 1&2 ml m2 0.16 0.001
Partial Mantel Test 1&2 ml m2 m3 0.17 0.001
Mantel Test 1&3 ml m2 0.17 0.001
Mantel Test 1&3 ml m2 0.14 0.001
Mantel Test 1&3 ml m2 0.13 0.003
Partial Mantel Test 1&3 ml m2 m3 0.16 0.001
Mantel Test 1&4 ml m2 0.06 0.003
Mantel Test 1&4 ml m2 0.06 0.003
Mantel Test 1&4 ml m2 0.25 0.001
Partial Mantel Test 1&4 ml m2 m3 0.04 0.015
Mantel Test 2&3 ml m2 0.20 0.004
Mantel Test 2&3 ml m2 0.09 0.164
Mantel Test 2&3 ml m2 0.02 0.437
Partial Mantel Test 2&3 ml m2 m3 0.20 0.007
Mantel Test 2&4 ml m2 0.03 0.105
Mantel Test 2&4 ml m2 -0.01 0.261
Mantel Test 2&4 ml m2 -0.02 0.341
Partial Mantel Test 2&4 ml m2 m3 0.03 0.107
Mantel Test 3&4 ml m2 -0.01 0.268
Mantel Test 3&4 ml m2 0.02 0.170
Mantel Test 3&4 m2 ml -0.01 0.506
Partial Mantel Test 3&4 ml m2 m3 -0.01 0.286

and Bray-Curtis indices were not influenced by seasonal  seasonal and annual effects were eliminated.
and/or annual effects. When using either chi-square abun- In the District of Muskoka, 1999 and 2000 were rela-
dance measure or the Bray-Curtis benthic indices measure,  tively normal rainfall years. In 2001, there was a summer
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drought as a result of the El Nifio effect according to ob-
served conditions and seen in the southern oscillation index
(http://www.bom.gov.au/climate/current/soi2.shtml). McEI-
ravy et al. (1989) found that BMI density decreased and
abundance of Chironomidae increased in a wet year in nor-
thern California. In this study, annual and seasonal effects
on Jaccard and Bray-Curtis measures were most likely as-
sociated with the lack of precipitation Muskoka received in
2001. These two distance measures detected changes in
BMI communities that reflected most likely on the differ-
ences in flow regimes in streams from year to year and sea-
son to season.

Charvet et al. (2000) found that abundance data should
not be used over large geographic regions because both alti-
tude and geological characteristics create differences in
taxonomic composition at reference sites. However, the pre-
sent geographic area was small even though there were sig-
nificant differences in longitude, and elevation between the
reference group sites and test group sites. In addition, when
the four BMI distance measures were evaluated, all four ap-
proaches (distance measures) had some Mantel tests that
showed that BMI distances among samples were signifi-
cantly correlated with corresponding distances in physical-
geographic variables. This suggests that spatial variability
in BMI distances exists among samples with the particular
distance measure. The Bray-Curtis measure that was based
on benthic indices was affected the least by influences in
spatial variability.

Axes from NMDS are summary indices where Jaccard
reflected BMI richness among samples, chi-square is the
goodness-of-fit, and the Bray-Curtis measures are percent
difference among samples. Generally, richness measures
have higher statistical power in detecting changes caused by
perturbation and lower spatial, temporal, and sample varia-
bility than abundances (Sandin and Johnson 2000). In this
study, Jaccard distance measure of richness was influenced
by both temporal and physical-geographic variability,
whereas chi-square of goodness of fit (linearly) was not in-
fluenced by either temporal or physical-geographic variabi-
lity. This shows that temporal and spatial variability should
be tested when using any distance measure.

Rapid bioassessment was used as an approach to collect
and analyze BMI. This approach revealed that sub-samples
of 100 organisms collected from 3 replicates at a site and
identified only to the taxonomic level of family and order
was sensitive enough to detect differences among land use
categories associated with forested reference sites, and golf
course construction and operational sites. Rapid bioassess-
ment should be used as a screening tool for impact on Pre-
cambrian Shield streams. A more detailed survey including
water chemistry analysis would be useful for assessing
streams deemed biologically impaired during the screeing
process.
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