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ABSTRACT 
Sulphur and nitrogen emissions in the Athabasca Oil Sands Region (AOSR) are a threat to regional lentic ecosystems. Benthic 

macroinvertebrates have been used successfully elsewhere to monitor the impacts of acid emissions on water bodies and the 
opportunity exists to implement a regional lentic biomonitoring program in the AOSR. Metrics are often used to assess the impacts of 
anthropogenic stressors because they describe biological conditions through a variety of measures. The selection of appropriate 
metrics is an integral component of any biomonitoring program and it depends on the in situ relationships between water chemistry 
and benthic macroinvertebrates. In order to establish these relationships we compared lake water chemistry parameters with benthic 
macroinvertebrate communities and metric scores from 32 lakes in the AOSR through Redundancy Analyses. Lake acidity correlates 
positively with Hyallelidae and negatively with Chironomidae and Oligochaeta while dissolved organic carbon is also an important 
determinant of benthic macroinvertebrate community composition. A number of metrics were strongly correlated with lake acidity 
and the following compositional metrics proved to be the most suitable for monitoring acidification in the AOSR: % Diptera, % 
Oligochaeta, % EPT, Total Ephemeroptera and Total Trichoptera. 
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1. INTRODUCTION 

Oil production in the Athabasca Oil Sands Region 
(AOSR) has resulted in increased emissions of both sul-
phur oxides (SOx) and nitrogen oxides (NOx). Emissions 
are expected to remain high for several decades and 
could cause acid-sensitive lakes in the region to acidify 
(Golder 2004; Hazewinkel et al. 2008). A regional bio-
monitoring program for potential impacts of acidifica-
tion on terrestrial ecosystems in the region has been 
developed, but a similar program for lentic ecosystems 
has not been established and appropriate biological end-
points have not been identified. 

Many of the lakes in the AOSR are fishless and 
benthic macroinvertebrates (BMI) are the most suitable 
biological indicators to monitor the status of acidifica-
tion in lakes within the AOSR. Aquatic bioassessments 
generally provide a more robust evaluation of water 
quality than water chemistry assessments because water 
chemistry fluctuations are often short term (Harman 
1997) and such changes may be missed in routine 
monitoring programs. This is particularly relevant in 
remote areas like the AOSR where it is difficult to con-
tinually monitor water chemistry and most sampling is 
conducted on an annual basis. There have been only a 
limited number of studies using BMI in lakes within the 
AOSR and these have generally focussed on establishing 
baseline conditions and assessing impact through a 
change in community composition (R.L. & L. Environ-

mental Services 1989; Golder 1996; Parsons et al. 2010, 
this issue). Only a single study (Golder 2003) has 
assessed the relationship between BMI and water 
chemistry in lakes in the AOSR, and this study was 
limited to just two lakes. If BMI are to be used in the 
AOSR to monitor water quality it is important to estab-
lish their relationships with water chemistry and acidity 
in particular in order to select the most appropriate met-
rics for monitoring programs. 

Biological metrics have been developed that 
describe biological conditions from structural and/or 
functional measures (Karr 1991). Many of these metrics 
have proven effective at monitoring the effects of 
anthropogenic acidification on freshwaters (Barbour et 
al. 1999) but because of the lack of studies in the 
AOSR, it is not clear which metrics are most sensitive 
to acidity levels. Appropriate metric selection is essen-
tial to successful biomonitoring programs (Barbour et 
al. 1992), but this is rarely done (Diaz et al. 2004). 

This study was designed to establish relationships 
between lake water chemistry and both BMI taxa and 
key biological metrics. The information could then be 
used to improve future lentic biomonitoring programs in 
the AOSR. 

2. METHODS 
2.1. Study area 

The AOSR is located approximately 400 kilometres 
northeast of Edmonton, Alberta and is centered around 
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Fort McMurray. The area is part of the expansive Boreal 
Plains and is characterized by fens and bogs, which are 
dominated by black spruce (Picea mariana) in the low-
land areas, while trembling aspen (Populus tremuloides) 
and jack pine (Pinus banksiana) forests typify the 
upland regions. The AOSR lies in a slight depression 
between the Stony Mountains to the south-east and the 
Birch Mountains located to the north-west. The lakes in 
the area are generally small and high in dissolved 
organic carbon (DOC) due to inputs from surrounding 
wetlands. Many of the lakes are naturally eutrophic as a 
result of the input of these nutrient-rich waters. 

Mining activities in the AOSR began 40 years ago, 
but oil production increased dramatically when prices 
spiked in 2004 (Reynolds 2005). Since output is antici-
pated to grow steadily due to improving extraction tech-
niques and increasing oil prices (Reynolds 2005; 
National Energy Board 2006) there are concerns that the 
resulting emissions may negatively impact the sur-
rounding environment. Technological advances have 
reduced the emissions of SOx released per barrel of oil 
produced, but the magnitude of production has offset 
these benefits somewhat and about 100,000 tonnes of 
SO2 were emitted in 2006 (Golder 2004). 

2.2. Study design 

This study focussed only on lakes that are relatively 
sensitive to acidification (<600 µeq L–1 of base cations), 
accessible via floatplane (>6 ha), and small enough 
(<1000 ha) to be characterized by 5 sampling sites (e.g., 
Reid et al. 1995). According to these parameters, 32 
study lakes were selected out of a dataset of 471 lakes. 
The study lakes represented both best available condi-
tion and most impacted due to the multiple objectives of 
this study (Parsons et al. 2010, this issue). Prior to sam-
pling there was no information available on substrate or 
macrophytes in the lakes and so these were not included 
in the selection criteria. 

2.3. Benthic macroinvertebrate sampling 

The protocol from David et al. (1998) was used for 
benthic macroinvertebrate sampling (e.g., Reid et al. 
1995). Between Aug. 15 and Aug. 28, 2006, five sites in 
the littoral area of each lake were sampled using a trav-
elling kick-and-sweep method. The littoral area at each 
site was sampled along several transects (0–1 m in 
length) extending perpendicular from shore to a maxi-
mum depth of 1 m. One person kicked and dislodged 
material as the other followed and collected the benthos 
and associated sediments with a 500 µm mesh "D" net. 
Each site was sampled for a fixed period of 10 minutes. 

The resultant sample was washed through two 
sieves; one contained (1 cm2) hardware cloth to sieve 
out large organic debris and the other had 500 µm mesh 
to rinse out fine organic material, clay and silt. Glass 
jars (1 L) were filled with the sieved sample and pre-
served with 70% isopropyl alcohol. At Trent University, 

the preserved samples were picked following methods 
in David et al. (1998). Each sample was randomly sub-
sampled and picked until 100 BMI were removed from 
the material or a 3 h time limit was reached. Somers et 
al. (1998) found that for each site, 100 BMI provided 
enough statistical power to distinguish littoral BMI 
communities in small lakes. Each sub-sample was proc-
essed in its entirety to ensure that biases, such as the 
selection of larger BMI, were avoided. The BMI, except 
for Oligochaeta and Hydracarina, were identified to the 
taxonomic level of family. Bowman & Bailey (1997) 
examined ten BMI data sets and concluded that rela-
tively coarse taxonomic resolution (i.e., family or order) 
provides a similar description of community patterns to 
higher taxonomic resolution. Five percent of the sam-
ples (i.e., n = 8, containing 564 BMI) were re-identified 
by Ontario Ministry of the Environment personnel and 
accuracy was found to be >92%. The five 100-count 
BMI site abundances at each lake were combined into a 
single 500-count BMI lake score because the five sites 
that were selected at each lake were in proportion to 
near-shore habitat in an attempt to accurately charac-
terize each lake (David et al. 1998) and were being 
related to a single water chemistry measurement. 
Evaluation of near-shore habitat included qualitative 
estimates of littoral and riparian substrates and vegetation. 

2.4. Lake water sampling 
Duplicate lake water samples were collected from 

the middle of each lake at a 10 cm depth. Samples were 
filtered through 75 µm mesh to remove plankton and 
debris and stored in both 500 mL polyethylene jars and 
borosilicate glass tubes. Water samples were stored on 
ice after collection and were kept cool until arriving at 
the laboratory for analysis within two weeks of collec-
tion. Water samples were analyzed for alkalinity using a 
PC-Titration Plus system. Nitrate (NO3), ammonium 
(NH4), and total Kjeldahl nitrogen (TKN) were deter-
mined by colourimetry using a Pulse Autoanalyzer. 
Samples for DOC, dissolved carbon (DC), inorganic 
carbon (IC), plus anions and cations were filtered 
through 0.45 µm nylon filters prior to analysis. Dis-
solved organic carbon, DC and IC were determined 
using a Shimadzu TOC-VCPH total organic carbon 
analyzer. Sulphate and chloride (Cl) were analyzed 
using a Dionex DX-600 ion chromatograph, while 
sodium (Na), magnesium (Mg), potassium (K), and cal-
cium (Ca) concentrations were determined by direct 
aspiration flame atomic absorption spectrometry using a 
Varian 240FS. Acid neutralizing capacity (ANC) was 
calculated as follows: 

 ANC = (NH4+K+Mg+Ca+Na) – (NO3+Cl+SO4) (1 

2.5. Establishing relationships between lake water 
chemistry and BMI assemblages 

Rare BMI families were defined as those found at 
<5% of sites (e.g., Griffith et al. 2001). All rare families 
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were excluded from subsequent analyses because they 
are often found by chance rather than ecological condi-
tion; as such, rare taxa can appear as outliers in ordina-
tion analyses and they contribute to random "noise" 
(Gauch 1982). A forward stepwise multiple regression 
was calculated using log10(x+1)-transformed BMI family 
abundances and z-score water chemistry variables (pH, 
ALK, DOC, DC, IC, NH4, NO3, TKN, TP, Na, K, Mg, 
Ca, Cl, SO4, ANC) which were standardized using: 

 X = [(x –mean)/SD] (2 

where: X is the standardized value, x is the non-stan-
dardized value, mean is the average of the values for 
each water chemistry parameter and SD is the standard 
deviation of the values for each water chemistry 
parameter. 

The stepwise multiple regression was performed in 
Statistica 7 (Statsoft 2004) to identify those water 
chemistry variables that explained a significant amount 
of BMI variance (p <0.05). 

Detrended Correspondence Analysis (DCA) was 
used to examine the BMI taxonomic data and to deter-
mine if RDA or Canonical Correspondence Analysis 
would be appropriate to evaluate the association 
between lake water chemistry and BMI data. The DCA 
ordination gradient was <3 standard deviations (0.84 
SD) and therefore the linear model associated with RDA 
was appropriate for this dataset (ter Braak & Prentice 
1988). 

The logarithmic transformation was used to reduce 
the effect of absolute abundances (Gauch 1982) whereas 
the water chemistry variables were standardized because 
these variables were measured in a variety of units. In 
the final ordination analysis, DOC was included even 
though it did not individually explain a significant 
amount of variance in the multiple regression (p = 0.20) 
because DOC is found in relatively high concentrations 
throughout the area; and its relationship with the local 
biota was desired because it may be affected by acidifi-
cation and has been proven to be a significant determi-
nant of BMI communities in other studies (Lento et al. 
2008). Only water chemistry variables were included in 
this analysis because lake physical properties were not 
expected to be affected by SOx and NOx emissions. The 
relationships between individual BMI families (re-
sponse variables) and lake water chemistry (predictor 
variables) were summarized with RDA using the Biplot 
add-in for Microsoft Excel (Lipkovich & Smith 2001). 
When interpreting the results, only BMI families show-
ing correlations greater than 0.07 with RDA axis 1 
and/or 2 were presented in order to focus on dominant 
relationships. 

2.6. Establishing relationships between lake water 
chemistry and BMI metrics 

Seventeen biological metrics were chosen to con-
tribute relevant ecological information on the integrity 

of the communities under study. We wanted the metrics 
to be commonly used and relatively easy to calculate so 
that our findings could be applied in biomonitoring pro-
grams in the AOSR. Metrics were also selected based 
on their success in other studies (Barbour et al. 1999; 
Griffith et al. 2000), and most importantly, appropriate-
ness for the dataset. The biological metrics that were 
calculated were: abundance; richness measures: Rich-
ness, Menihinik richness; compositional measures: % 
Ephemeroptera, % Plecoptera and % Trichoptera (EPT), 
total Ephemeroptera, total Trichoptera, % Diptera, % 
Oligochaeta, % Oligochaeta and Hirudinea, dominance, 
evenness, equitability and Hilsenhoff Modified Biotic 
Index (HBI); diversity measures: Margalef diversity, 
Simpsons diversity and Shannon-Wiener diversity. 
Some metrics were not considered because they require 
a finer taxonomic resolution than family to be calculated 
accurately (e.g., functional feeding groups). 

The biological metric scores were standardized 
because they are represented in a variety of scales. The 
same transformed water chemistry data was used as in 
the previous analysis. The relationships between BMI 
metrics (response variables) and lake water chemistry 
(predictor variables) were again summarized with RDA 
using the Biplot add-in for Microsoft Excel. 

3. RESULTS 

3.1. Benthic macroinvertebrates in the AOSR lakes 

There were 13,022 BMI and 45 BMI families col-
lected in total, 16 families which were considered rare 
as they appeared at <5% of sites. These rare families 
were: Chrysomelidae, Elmidae, Gyrinidae, Haliplidae, 
Tipulidae, Heptageniidae, Placobdellidae, Sialidae, 
Hydrobiidae, Lymnaeidae, Brachycentridae, Helicopsy-
chidae, Hydropsychidae, Hydroptilidae, Lepidostomati-
dae and Limnephilidae. Abundance ranged from 144 to 
500, while richness varied between 7 and 20 families 
per lake (Tab. 1). The BMI communities were domi-
nated by Hyalellidae, Chironomidae and Sphaeriidae 
with mean percentage abundance values of 33.1, 30.6 
and 10.0, respectively, but BMI composition among 
lakes ranged considerably (Tab. 1). EPT families were 
sparse but also varied considerably among study lakes 
(Tab. 1). 

 
Tab. 1. A summary of the dominant benthic macroinverte-
brate community patterns in the 32 study lakes. 1) EPT = 
Ephemeroptera, Plecoptera and Trichoptera. 

 Mean Median Range 

Abundance 363 378 114–500 
Taxa Richness 13.7 14.0 7–20 
% Hyalellidae 33.1 33.8 0.0–31.4 
% Chironomidae 30.6 25.1 2.2–81.1 
% Sphaeriidae  10.0 5.8 0.0–47.5 
% EPT1) 9.4 4.8 0.0–40.4 
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3.2. Lake water chemistry 

The mean lake pH was 6.4, but ranged from 4.6 to 
8.0 (Tab. 2). The mean lake DOC concentration (20.5 
mg L–1) was high and concentrations ranged between 
7.1 mg L–1 and 52.4 mg L–1 (Tab. 2). The mean ANC, 
ALK and Ca concentrations were 282 µeq L–1, 8.2 mg 
L–1 and 3.2 mg L–1, respectively, but as with other 
chemical parameters there was considerable variation 
among the study lakes (Tab. 2). 

 
Tab. 2. A summary of lake water chemistry results from
one mid-lake sample collected from each of the 32 study
lakes. 1) ALK represents total alkalinity as measured on a
PC-Titration Plus system; 2) ANC values were calculated as
follows: (NH4 + K + Mg + Ca + Na) – (NO3 + Cl + SO4). 

Parameter Mean Median Range 

pH 6.44 6.60 4.60–8.00 
ALK1) (mg L–1) 8.16 8.00 –0.30–28.20 
ANC2) (µeq L–1) 282 289 68–551 
Ca (mg L–1) 3.15 2.90 0.80–6.20 
DOC (mg L–1) 20.5 16.9 7.1–52.4 
SO4 (mg L–1) 1.54 0.90 0.00–6.30 
NO3 (µg L–1) 20.4 14.2 5.8–120.0 
NH4 (µg L–1) 107.0 45.2 8.3–598.0 
TKN (µg L–1) 665 551 163–1790 
TP (µg L–1) 58.0 46.9 12.2–198.0 

3.3. Establishing relationships between lake water 
chemistry and BMI assemblages 

A forward stepwise multiple regression on lake 
water chemistry data identified 5 variables (pH, ALK, 
NH4, SO4 and ANC) that explained a significant amount 
of variance (p <0.05) in BMI abundances. These 
chemistry variables were included in the RDA because 
of their ability to account for BMI composition and to 
avoid multicollinearity. 

The first two components of the RDA explained 
80.8% of BMI variation and subsequent components did 
not highlight any interpretable relationships between 
BMI composition and lake water chemistry. The first 
RDA axis was positively correlated with lake pH (r = 
0.97), ALK (r = 0.79) and ANC (r = 0.74), which are all 
indicators of lake acidity (Fig. 1). Hyalellidae (r = 0.87) 
and Gammaridae (r = 0.24) also correlated positively 
with the acidity gradient exhibited by RDA 1 while Oli-
gochaeta (r = –0.23) and Chironomidae (r = –0.22) were 
associated with low pH, ALK and ANC (Fig. 1). 

Dissolved organic carbon was negatively correlated 
with RDA axis 2 (r = –0.82), while Dytiscidae (r = 
0.36), Leptophlebidae (r = 0.44), Corixidae (r = 0.47), 
Sphaeriidae (r = 0.34) and Leptoceridae (r = 0.31) were 
positively correlated with RDA axis 2 (Fig. 2). 

3.4. Establishing relationships between lake water 
chemistry and BMI metrics 

The first two components of the RDA were retained 
for analysis because they explained 85.2% of BMI met-
ric score variation. Additional axes did not provide fur-

ther insight into relationships between BMI metric 
scores and water chemistry. The first RDA axis was 
positively correlated with pH (r = 0.62), ALK (r = 0.65) 
and ANC (r = 0.82) (Fig. 2). These acidity indicators 
were also negatively correlated with RDA axis 2: pH (r 
= –0.72), ALK (r = –0.32) and ANC (r = –0.06) (Fig. 
2). The metrics showing the most similar correlations 
with RDA axes 1 and 2 were: % Diptera (RDA 1: r = –
0.25, RDA 2: r = 0.45), % Oligochaeta (r = –0.31, r = 
0.29), % Oligochaeta and Hirudinea (r = –0.23, r = 
0.26), % EPT (r = –0.31, r = 0.10), Total Ephemerop-
tera (r = –0.16, r = 0.00), Total Trichoptera (r = –0.40, r 
= 0.01), HBI Scores (r = 0.41, r = –0.05) and Abun-
dance (r = 0.16, r = 0.24) (Fig. 2). 

Dissolved organic carbon was positively correlated 
with both RDA axis 1 (r = 0.41) and axis 2 (0.49) (Fig. 
2). Many richness and diversity metrics contained 
strong correlations with RDA axis 1 and 2: Dominance 
(RDA 1: r = 0.14, RDA 2: r = 0.24), Richness (r = –
0.16, r = –0.34), Shannon Diversity (r = –0.21, r = –
0.30), Simpson's Diversity (r = –0.14, r = –0.27), Mar-
galef Diversity (r = –0.18, r = –0.26) and Equitability (r 
= –0.18, r = –0.23) (Fig. 2). 

4. DISCUSSION 

The distribution of BMI is controlled by factors 
other than water chemistry such as habitat characteris-
tics, sediment quality, sediment grain size, and by bio-
logical factors such as competition and predation (Peet-
ers et al. 2004). These factors were not included in this 
study because they are not expected to be directly 
impacted by atmospheric emissions and the chemical 
parameters alone described a very high percentage of 
variation in BMI taxa and metrics. 

4.1. Benthic macroinvertebrates 

The BMI collected in the AOSR were dominated by 
Hyalellidae, Chironomidae, and Sphaeriidae. Previous 
lentic bioassessments in the AOSR have also reported 
that Chironomidae dominate the benthos while Hyalel-
lidae and Sphaeriidae are also common (Tripp & Tsui 
1980; R.L. & L. Environmental Services 1989; Golder 
2003). Many lakes in the AOSR are shallow enough to 
freeze completely from the surface to the sediment in 
the winter, causing anoxic conditions that favour Chi-
ronomidae (Noton & Chymko 1975). Hyalellidae are 
likely common in the AOSR because they feed on 
organic material and lakes in the region are generally 
alkaline (France 1992). Sphaeriidae are one of the most 
common and abundant BMI and they are most likely 
widespread in the AOSR because the lakes contain suf-
ficient Ca concentrations for shell creation (Resh & 
Rosenberg 1984). Plecoptera were absent and Ephemer-
optera and Trichoptera were sparse in the collections. 
This is consistent with previous studies which found 
EPT to be either absent (Syncrude 1975) or in low 
abundance (Golder 2003) in lakes in the AOSR. 
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Ephemeroptera, Plecoptera and Trichoptera are likely 
uncommon because most lakes in the AOSR are known 
to have low levels of dissolved oxygen and these taxa 
are particularly sensitive to this (Resh & Rosenberg 
1984). Dissolved oxygen was not included in the water 
chemistry analysis because the sampling methodology 
used would not characterize it properly because of tem-
poral and within lake variability. 

4.2. Lake water chemistry 

Previous limnological studies of lentic environments 
in northern Alberta reported high morphometric and 
chemical variability between lakes and attributed it to 
variable geology and drainage characteristics (Halsey et 
al. 1997; Moser et al. 1998). Shale is the dominant bed-
rock in the AOSR and its impervious nature and the low 

 

Fig. 1. The association exhibited by the RDA between lake water chemistry and benthic macroinvertebrates. Only the 17 benthic
macroinvertebrate taxa showing correlations greater than 0.07 with RDA axis 1 and/or 2 are presented in the plot. 
 

 

Fig. 2. The association exhibited by the RDA between predictor variables (lake water chemistry) and response variables (metric
scores) that were calculated from benthic macroinvertebrate compositional data. 
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groundwater gradient often combine to form peatlands 
and muskeg lakes (Drake 1970). Consequently, the 
acidity of lakes in the region is influenced by two main 
factors; one is the contribution of base cations from the 
surrounding catchment (Siegel et al. 2006) and the other 
is the input of DOC from the abundant wetlands in the 
region (Halsey et al. 1997). 

4.3. Establishing relationships between lake water 
chemistry and BMI assemblages 

The first two components of the RDA explained 
80.8% of BMI variation, which is extremely high com-
pared with other similar studies (e.g., Peeters et al. 
2004; Lento et al. 2008). Benthic macroinvertebrate 
communities in the AOSR are strongly influenced by 
lake acidity and DOC. Lento et al. (2008) and Hogsden 
& Vinebrooke (2005) also found that pH and DOC are 
important determinants of BMI community composi-
tion. Dissolved organic carbon has numerous interac-
tions with other water quality parameters (Kullberg et 
al. 1993), including acidity, yet little is known how it 
affects BMI during acidification (Schartau et al. 2008). 

Hyalellidae were more common in less acidic lakes, 
while Chironomidae and oligochaete families were 
more common in acidic lakes. Benthic macroinverte-
brates are known to be sensitive to acidification and 
these relationships have been observed elsewhere (e.g., 
Clenaghan et al. 1998; Buss et al. 2002; Sandin et al. 
2003). Amphipods are often used as indicators of lake 
acidity (e.g., Keller et al. 1992; Lonergan & Rasmussen 
1996; Lento et al. 2008) because they are more sensitive 
to acidic conditions than most BMI (Resh & Rosenberg 
1984). Similarly, chironomids and oligochaetes are gen-
erally associated with more acidic lakes because they 
contain genera that are both tolerant of acidic conditions 
and able to colonize rapidly when other groups are 
depopulated (Resh & Rosenberg 1984; Buss et al. 2002; 
Lento et al. 2008). Also, the acidic lakes were generally 
found in muskeg dominated areas where abundant 
organic substrates provide habitat and food resources 
for chironomids and oligochaetes (Moroz 1994). The 
other marked trend between water chemistry and BMI is 
that populations of Dytiscidae, Corixidae, Sphaeriidae, 
Leptophlebidae and Leptoceridae declined with elevated 
DOC concentrations. Dissolved organic carbon is an 
important determinant of BMI (Hogsden & Vinebrooke 
2005) but the association is only rarely studied (Lento et 
al. 2008). The relationship between DOC and BMI is 
unclear because it has both direct and indirect impacts 
on biota. It affects the availability of metals and inter-
feres with osmoregulation (Kullberg et al. 1993) but 
Schartau et al. (2008) claimed it has positive effects as 
it buffers the effects of lowered acidity on BMI. 

The natural variability in acidity and DOC provides 
a challenge to bioassessments in the AOSR because 
these chemical parameters are important determinants of 
BMI composition (Parsons et al. 2010, this issue). An 

acidity gradient was produced in the RDA and indicator 
species are prevalent in both high (Amphipoda) and low 
(Chironomidae, Oligochaeta) pH waters. These results 
suggest that any decreases of lake pH in the AOSR 
should generally result in a decreased abundance of 
amphipods and increase in Chironomidae and Oli-
gochaeta. 

4.4. Establishing a relationship between lake water 
chemistry and BMI metrics 

The total variance explained by the first two compo-
nents of the RDA was 85.2%, which is generally higher 
than BMI taxa in similar studies (Buss et al. 2002; 
Johnson & Goedkoop 2002). Metric selection is stressed 
in the "multimetric" approach but metrics are also 
included in a variety of multivariate analyses such as 
Test Site Analysis (TSA) and Multivariate Analysis of 
Variance (MANOVA). According to the RDA, lake 
acidity should be monitored with: % Diptera, % Oli-
gochaeta, % Oligochaeta and Hirudinea, % EPT, Total 
Ephemeroptera, Total Trichoptera, the Hilsenhoff Biotic 
Index and/or Abundance, because the slopes of these 
metrics were aligned with the acidity gradient. 

Percent Diptera, % Oligochaeta, % Oligochaeta and 
Hirudinea are all negatively correlated with pH while 
BMI abundance is positively correlated with pH. These 
metrics have the advantages that constituent taxa are 
common in lakes within the AOSR; the metrics are both 
easy to calculate and analyze; and the are readily inter-
pretable and easy to communicate. Also, the ecological 
understanding of Diptera and Oligochaeta and their 
relationships with acidity have been established. BMI 
abundance is correlated positively with pH but abun-
dance measures can be misleading if not interpreted in 
conjunction with other information such as BMI com-
munity composition. For example, acidification can lead 
to the disappearance of acid-sensitive species but the 
abundance of tolerant species can increase exponentially 
due to the lack of interspecific competition. Clenaghan 
et al. (1998) found that BMI abundance increased with 
pH, but there are many contributing abiotic and biotic 
factors that can affect this relationship, making inter-
pretation of these data difficult (Vinebrooke & Graham 
1997). We suggest that abundance could be used to 
monitor acidification in the AOSR but only if careful 
attention is paid to taxonomic data. 

Percent EPT, Total Ephemeroptera and Total 
Trichoptera were negatively correlated with ANC while 
the Hilsenhoff Biotic Index was positively correlated 
with ANC. The metrics involving Ephemeroptera and/or 
Trichoptera are often used to assess the impacts of 
acidification (Sandin & Johnson 2000) or recovery from 
acidification (Schartau et al. 2008). Unfortunately, these 
species are rare in some lakes in the AOSR, specifically 
in lakes with high DOC concentrations and organic sub-
strates, and as such are not recommended for monitor-
ing these types of lakes as the power of analysis would 
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be severely limited by sample size. The Hilsenhoff 
Biotic Index was developed in Wisconsin rivers to 
monitor nutrient enrichment (Hilsenhoff 1988). Acid 
neutralizing capacity reflects the role of nutrients and 
organic acids associated with DOC. Although the HBI 
wasn't developed for monitoring acidification it appears 
to be diagnostic of the acidity gradient and could be 
applied in the AOSR. 

Dominance, Richness, Shannon Diversity, Simp-
son's Diversity, Margalef Diversity and Equitability 
appear to be the suitable BMI indices for monitoring 
DOC in the AOSR. There is evidence that DOC con-
centrations are changing in many parts of Europe and 
North America, which appear to be related to changes in 
acid deposition (Monteith et al. 2007). It is also a sig-
nificant determinant of BMI composition and must be 
considered when monitoring the biological response of 
lakes to acid deposition in the AOSR. Lake acidity and 
benthic macroinvertebrates are greatly affected by DOC 
in the AOSR. In order to accurately monitor acidifica-
tion these relationships have to be taken into account 
(e.g., Schartau et al. 2008) because ecosystem level 
information is important when evaluating acidification 
(Lonergan & Rasmussen 1996). Dissolved organic car-
bon has been used in combination with acidity as a 
measure of anthropogenically-induced acidification 
(Lydersen et al. 2004). In the AOSR it seems that 
applying DOC as a covariate in analysis would allow 
for acidification to be better analyzed (e.g., Schartau et 
al. 2008). 

5. CONCLUSIONS 

Benthic macroinvertebrate composition was strongly 
affected by lake water chemistry in the study lakes. 
Hyallelidae are representative of less acidic conditions 
while Chironomidae and Oligochaeta are indicative of 
more acidic conditions. Biological metrics provide a 
more powerful means of assessment by encompassing 
multiple aspects of assemblages (Karr et al. 1986). The 
metrics that were most strongly related to lake pH val-
ues were % Diptera, % Oligochaeta, % Oligochaeta and 
Hirudinea, and Abundance, while % EPT, Total 
Trichoptera and Total Ephemeroptera and the Hilsen-
hoff Biotic Index are most strongly related to lake ANC. 
Abundance measures can be misleading and HBI was 
not designed to monitor acidification but with appropri-
ate examination of compositional data these measures 
could be used successfully. Overall these findings 
increase the feasibility of developing a successful lentic 
biomonitoring program in the AOSR where chemical 
sampling is infrequent and at present, human impact is 
small compared with natural variability in lake chemis-
try (Parsons et al. 2010, this issue). 
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