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ABSTRACT
It is critical to identify and use appropriate ecological indicators to detect, monitor
and assess the impacts of environmental stressors on natural systems in order to
effectively legislate, protect and restore ecosystems. Based on strong and predictable
community responses to acid-stress, crustacean zooplankton has the potential to be a
crucial indicator of acidification in freshwater ecosystems. This thesis is based on
evaluating the potential of zooplankton as indicators to detect and track the degree of
impact of recent acid deposition on Canadian Shield lakes in north-west parts
Saskatchewan. These systems may now be at risk as the area is downwind of growing oilsand operations near Fort McMurray, Alberta, a significant emission source of acidifying
agents. Yet, to this point chemical data from past and recent studies of these lakes have
not led to any consensus in respect to the degree of impact.
In contrast to chemical inferences, concurrent sampling of crustacean zooplankton
communities in these lakes indicated strong symptoms of acid-stress, including: 1)
distinction of lakes based on species assemblages with different acid tolerances, 2)
species-environment relationships strongly related to acid sensitivity, 2) unusually low
species richness, 4) low frequency of occurrence of acid-sensitive taxa/species, and 5)
opposite trends in changes of relative abundances of acid-sensitive and acid-tolerant
taxa/species along the acid-sensitivity gradient. I propose that these responses resulted
from seasonal or short-term pH alterations (rather than chronic acidification), which can
be critical during early stages of acidification, This emphasizes the importance of
biological indicators to assess acid-stress, because biological responses can occur prior to
long-term chemical responses are detectable.
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Subsequently, I developed a framework to use the presence and absence of
individual zooplankton species as indicators to characterize lakes along the acid-stress
gradient as well as for relatively uninfluenced reference lakes. To evaluate the
performance of presence vs. absence of indicator species I adopted statistical methods
originally proposed by Dufrêne and Legendre (1997). Although statistical analyses
identified presence indicator species for highly stressed lakes, further evaluation revealed
that these species were not appropriate indicators as they were ubiquitous generalists. In
contrast, absence indicator species were more appropriate as these habitat specialists were
absent from acid stressed lakes. On the other hand, presence indicator species for the low
acid-stress category were largely habitat specialists and therefore appropriate indicators
for this category. No presence or absence indicator species were identified for lakes at the
intermediate acid-stress level. For non acid-stressed reference lakes that were categorized
into three groups based on water chemistry (nutrients, acidity and colour), presence
indicator species were appropriate because lakes were

represented by the habitat

specialists that were well adapted to the conditions within the individual groups. Thus the
combined use of both presence and absence indicators is recommended to characterize
lakes along stress gradients, whereas the sole use of presence indicators should be
adequate to reflect different reference conditions.
In conclusion, this thesis highlights the appropriateness of zooplankton as an
extremely sensitive barometer of acid stress. Furthermore it demonstrates a framework of
using community attributes of zooplankton to reflect the degree of acidification of lakes
across an ecoregion, while using presence and absence of individual indicator species to
characterize the level of acid-stress to individual lakes.
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1. GENERAL BACKGROUND
1.1. Impacts of Acid Deposition on Freshwater Ecosystems
Acid deposition, one of the main stressors that impact freshwater ecosystems
globally, has received most scientific attention in the 1980s, yet is still a major
concern to date (Keller 2009). Initially, the focus of anthropogenic acid deposition
was on lakes in eastern parts of North America (Dillon et al. 1978) and Europe
(Gorham 1998). Since then it has become a major issue in most industrialized regions
worldwide (Rodhe and Herrera 1988, Psenner 1994).
Acidification occurs when deposition of strong acid precursors (primarily
sulfur and nitrogen oxides) in wet and dry forms exceed the base cation supply rate to
the ecosystem from geological weathering and deposition (Scott et al., 2010).
Although there are a number of natural causes for lake acidification (Yoshimura
1933, Wiklander 1975, Hutchinson et al. 1979, Gorham et al. 1985, 1986), acid
deposition derived from anthropogenic sources has been the primary reason (LaZerte
and Dillon 1984, Galloway 2001). The dominant sources of lake acidification in the
1980s were emissions of sulfur oxides from industrial activities (Schindler 1988).
Since then, legislation in many industrialized countries has been requiring more
control over sulfur oxide emissions and, as a result, in many lakes water chemistry
and food-web structure have recovered somewhat (Keller and Yan 1998, Skjelkvåle
et al. 2003, Keller et al. 2007). However, emissions of acidifying nitrogen species,
i.e., nitrogen oxide from industrial processes and automobiles, as well as ammonia
released from agriculture, are increasing rapidly due to minimal controls and
regulations for these emissions. Consequently, nitric acid may play an increasingly
1

important role in future acidification processes (Schindler 1988, Schindler and Lee
2010).
Acid deposition affects lake processes not only directly, but also indirectly by
altering watershed processes (Keller 2009). Ultimately, the potential range of
chemical responses to acidification includes a decline in pH of soils and surface
waters, metal mobilization and toxic metal speciation, nutrient limitation, and
increased UV radiation exposure in lakes due to declines in water colour (Mushak
1985, Gilmour and Henry 1991, Driscoll et al. 2003).
These changes in lake chemistry eventually affect the lake biota (Wright et al.
1976). Negative effects of acidification have been reported for many aquatic
organisms at virtually all trophic levels (Schofeild 1976, Kelso et al. 1986), including
fishes

(Schofeild

1976,

Wright

et

al.

1976,

Schindler

1988),

benthic

macroinvertebrates (Mills and Schindler 1986, Havas and Rosseland 1995),
zooplankton (Reviewed by Brett 1989, Marmorek and Korman 1993, Havens and
Hanazato 1993), phytoplankton (Almer et al. 1974, Wright et al. 1976) and aquatic
macrophytes (Gohrum and Gordon 1963, Drablos and Tollan 1980). Adverse effects
include changes in behavior, body chemistry, reproduction, survival and species
diversity, as evidenced from field studies and laboratory experiments. These impacts
occur either due to direct acid-stress or indirectly, due to metal toxicity or limited
calcium availability (reviewed by Havas & Rosseland 1995).
1.2. Sensitivity of Lakes in Northern Saskatchewan to Acid Deposition
Until recently, regions of concern for acid deposition in Canada were
restricted to central and southern parts of Ontario and Quebec, New Brunswick, Nova
2

Scotia and Newfoundland (Jeffries et al. 2003). In western Canada, anthropogenic
sources of acidifying emissions were either too small or too distant from sensitive
terrain to be considered a problem. Today, regional acidification in areas of western
Canada is of more concern, mainly in relation to the rapidly growing energy sector
(Hazewinkel et al. 2008, Scott et al. 2010).
Particularly sensitive areas may be located on the Canadian Shield in the
northern parts of Saskatchewan, which may be at risk due to their downwind location
to sulfur-dioxide and nitrogen-oxide emissions from oil-sand operations near Fort
McMurray, Alberta (Jeffries et al. 2010, Scott et al. 2010). Many lakes in this area are
especially sensitive to acidification due to their low acid neutralizing capacities (<200
μeq L–1), which makes them highly susceptible to exceed the steady-state critical
loads (Jeffries et al. 2010; Scott et al. 2010). Additionally, very high DOC levels in
many of these lakes could result in acidification responses that differ from those
previously observed in eastern Canada (Jeffries et al. 2010). Yet, to this point
chemical data from past and recent short-term studies of these lakes did not provide
sufficient evidence of acidification (Shewchuck 1986; Scott et al. 2010). These shortterm assessments should identify permanent, chronic changes in water chemistry, but
they might not detect changes associated with episodic acidification events due to the
lack of seasonal sampling (Sullivan 2002).
1.3. Biological Indicators to Detect and Track Environmental Changes
The use of biological indicators to gauge and track changes in the
environment is a long known practice in ecology, as impacts of the abiotic
environment and interactions among the biota often result in characteristic
3

assemblages of organisms. Generally, without disturbances the species composition
of an ecosystem remains quite constant for many decades, perhaps even centuries
(Gannon and Stemberger 1978). Perturbations which change the physicochemical
environment and/or modify biological interactions (e.g., competition, predation) can
alter community structure, and such changes can be used to detect and monitor
environmental changes (Gannon and Stemberger 1978, Wilhm and Dorris 2011). The
advantage of biological indicators in ecological monitoring is that biological
communities reflect overall ecological quality by integrating the effects of different
environmental factors/stressors, and therefore, provide not only a broad measure of
the impact of environmental conditions but also an ecological assessment of their
temporal fluctuations (Johannsson et al. 1998, Iliopoulou-Georgudaki et al. 2003,
Zhou et al. 2008).
1.4. Zooplankton as Indicators of Lake Acidification
A large range of aquatic organisms has been used as indicators of acidification
in freshwater lakes, including cyprinid fish, benthic macroinvertebrates, zooplankton
and diatoms (Mills and Schindler 1986). Among them, zooplankton communities in
particular have been shown to be excellent indicators of lake acidification, yielding
predictable and consistent responses to changes in pH and other chemical parameters
that are affected by acid deposition (Keller et al. 2002, Walseng et al. 2003).
Zooplankton possesses many attributes that make them effective indicators of
environmental changes. First, substantial differences in zooplankton community
structure can be expected in response to environmental changes due to their high
taxonomic diversity (Havens and Hanazato 1993, Gyllström et al. 2005). In addition,
4

as a critical energetic link between pelagic predators and primary producers,
zooplankton not only respond to bottom-up (productivity) processes, but also to topdown (predation) processes (Gyllström et al. 2005). Furthermore, most zooplankton
taxa have relatively short generation times and changes in recruitment success due to
altered environmental conditions are rapidly reflected as changes in population size
and community structure. Finally, zooplankton are cost-effective indicators because
they are easy to collect and more representative than fish or benthos as they occur at
higher densities and are more homogenously distributed in lakes (Marmorek and
Korman 1993).
1.5. Objectives
The primary objective of my project was to determine how zooplankton
can be used as indicator to gauge and track the effects of acid deposition on sensitive
lake ecosystems in north-west Saskatchewan. The specific objectives of chapter 2
were to 1) evaluate if relationships between zooplankton composition and
environmental factors could provide any insights about the effects of early
acidification, and 2) compare zooplankton community attributes of my study lakes to
other acidified and non-acidified boreal Shield lakes to determine to what degree the
study lakes were impacted by acidification.

The objective of chapter 3 was to

develop and implement a framework to select individual indicator species whose
presence or absence could best track the effects of lake acidification for future
monitoring. In general it was expected that zooplankton community attributes should
indicate the effects of lake acidification across the ecoregion, whereas selected

5

individual zooplankton species should serve as indicators of acid-stress to individual
lakes.
1.6. Relevance
Among the various stressors that impact freshwater ecosystems, acid
deposition is a major concern in most industrialized regions worldwide (Rodhe and
Herrera 1988, Psenner 1994). Ongoing expansions of industrial operations are likely
to accelerate this process, generating the need for adaptation strategies (e.g. enhanced
monitoring, increased emissions controls, etc.) to minimize ecological liabilities.
Therefore the identification and use of appropriate ecological indicators are necessary
tools to detect, monitor and assess the degree of impacts in order to effectively
legislate policies that will protect and restore these ecosystems. The present study
provides a framework to use presence and absence of zooplankton as critical
indicators to detect and monitor the impacts of acid deposition on lake ecosystems,
while contributing to an increased understanding of early biotic responses to lake
acidification. Additionally, the newly developed approach of using the absence of
indicator species rather than their presence should also be broadly applicable to other
aquatic and non-aquatic stressed ecosystems.

6

2. CRUSTACEAN ZOOPLANKTON AS INDICATORS OF EARLY
ACIDIFICATION OF BOREAL SHIELD LAKES IN WESTERN CANADA
2.1. INTRODUCTION
Zooplankton represents one of the most diverse aquatic species assemblages
in regard to taxonomy, morphometry, physiology and plasticity. This high diversity is
only partially expressed in individual lakes, and the differences in zooplankton
community structure among systems is largely associated with specific environmental
conditions (Havens and Hanazato 1993, Gyllström et al. 2005) Several attributes of
zooplankton assemblages, such as body size, abundance, and taxonomic structure
have been shown to be influenced by nutrients (Jeppesen et al. 1996), water
temperature (Korhola 1999), salinity (Wissel et al. 2011), calcium (Waervagen et al.
2002, Jeziorski et al. 2008), lake colour (Wissel et al. 2003), and lake depth (Keller
and Conlon 1994), among others. Oftentimes, zooplankton assemblages are impacted
by multiple factors, which may confound a clear association between zooplankton
and the environment. For instance, effects of lake morphometry on zooplankton
communities are confounded with water clarity (Patalas 1971) and predation pressure
(Keller and Conlon 1994). Yet, in some cases zooplankton communities strongly
respond to individual environmental factors (Sternberger & Lazorchak 1994). The
best known of such responses include a decline in body size (within and among
species) with increased zooplanktivory (Brooks and Dodson 1965, McQueen et al.
1986), food-web simplification with chemical (acids, pesticides or trace metals) stress
(Havens and Hanazato 1993, Havens 1994, Xu 1999) and biomass increases with
nutrient enrichment (Gannon and Stemberger 1978, Carpenter et al. 1985)
7

Based on these strong predictive relationships, zooplankton has the potential
to be a crucial indicator of the environmental conditions in aquatic systems.
Furthermore, most zooplankton taxa have relatively short generation times combined
with fast growth rates (Moore and Folt 1993) and altered environmental conditions
will be rapidly reflected by differential changes in recruitment success among species.
Finally, compared to fishes and littoral/benthic macroinvertebrates, zooplankton are
fairly easy to sample and are more homogenously distributed in lakes (Marmorek &
Korman 1993), further adding to their importance as indicators of many physical,
chemical and biological parameters in lakes.
One of the particularly well studied interactions among zooplankton and the
environment is the impact of anthropogenic acidification on lake ecosystems in North
America and Europe. The best known responses to acid-stress include the decline in
species richness, scarcity of acid-sensitive species and increased importance of acidtolerant species in terms of frequency of occurrence and relative abundance
(Reviewed by Brett 1989, Marmorek and Korman 1993, Havens and Hanazato 1993).
(Brett 1989, Marmorek and Korman 1993, Kelly et al. 2009) These effects are
consistent as supported by both field surveys and controlled laboratory experiments
(Marmorek & Korman 1993). However, so far this information has been used to
either reinforce what had been apparent from chemical indicators (e.g., pH, metals),
or to evaluate the impacts of acidification on biological communities after severe
acidification events, rather than as an independent indicator to examine the potential
of acid-stress to threatened ecosystems.
Though lake acidification has been a phenomenon in eastern Canada for
8

decades (Anon 2005), regional acidification in areas of western Canada is of more
recent concern, particularly in relation to the rapid growth of the energy sector
(Hazewinkel et al. 2008, Scott et al. 2010). High sulfur-dioxide and nitrogen-oxide
emissions from oil-sand operations near Fort McMurray, Alberta suggest that
sensitive areas located downwind on the Canadian Shield in the northern parts
Saskatchewan may be at risk (Jeffries et al. 2010). Many lakes in this area are
especially sensitive to acidification as indicated by low acid neutralizing capacities
(<200 μeq L–1) across the Athabasca Plain and Churchill River Upland, which makes
these lakes susceptible to exceed the steady-state critical loads (Jeffries et al. 2010;
Scott et al. 2010). Yet, to this point chemical data from past and recent short-term
assessments of these lakes (that lacked seasonal sampling) did not provide sufficient
evidence of acidification (Shewchuck 1986; Scott et al. 2010). To test if zooplankton
composition in these lakes can be used as an early indicator for the onset of
acidification, a total 244 lakes in north-west Saskatchewan were sampled in the
present study over a three-year period (2007 - 2009).
In this paper, I reveal that in contrast to chemical inferences, crustacean
zooplankton communities of north-west Saskatchewan lakes indicate several
symptoms of acid-stress. Furthermore I discuss the possible reasons behind the
discrepancy between evidences from zooplankton composition and chemical data. My
results indicate that episodic acid-stress to poorly buffered lake systems may have
negative impacts on biological communities that are identical to those of chronic
acidification. Also, I emphasize the importance of considering biological indicators
independently from chemical ones to assess acid-stress, because biological responses
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can occur before long-term chemical responses are detectable.
2.2. METHODS
2.2.1. Study Area
The sampling area intersected three ecoregions, namely, Athabasca Plain,
Churchill River Upland, and Mid-Boreal Upland (Figure 2.1). Of these, Athabasca
Plain and Churchill River Upland are physiographic divisions of the Boreal Shield
ecozone, while the Mid-Boreal Upland is part of the Boreal Plain ecozone. The
landscape changes from flat to strongly rolling, with distinctive upland areas.
Localized relief can be as much as 90 m but is generally less that 60 m. The elevation
of the study lakes ranges from 210 m a.s.l. to 554 m a.s.l. In respect to vegetation,
Jackpine (Pinus banksiana)/lichen forest with variable canopy closure predominates
on well-drained sand plains and till ridges throughout the area (a more complete
description of survey domain is given in Scott et al. (2010)).
The climate is subarctic with mean annual, July, and January temperatures of
~2.3 °C, 16 °C, and -24 °C, respectively. Mean annual precipitation is between 450
mm to 530 mm, with 288 mm to 318 mm falling as rain between May and September.
The prevailing wind is from the W-NW (Shewchuck 1986, Acton et al. 1998).
2.2.2. Lake Selection
The study area (56° to 59° latitude; -107° to -110° longitude) was defined by
a 300 km radius extending eastward from the estimated centroid of the active
Athabasca Oil Sands Region north of Fort McMurray, Alberta. The sampling domain
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Figure 2.1. Sampling domain and locations of 244 study lakes in northern Saskatchewan,
showing their distribution across three ecoregions (AP =Athabasca Plain; CRU =
Churchill River Upland [AP & CRU = Boreal Shield]; MBU = Mid-Boreal Upland
[Boreal Plain]; AOSR =Athabasca Oil Sands Region - portion of approximate active
mining area is shown).
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was stratified into 10 degree azimuth angle (totalling coverage from 20 to 120
degrees) and 25 km distance- increments, with the final sampling grid as a subset of
alternating distance-direction segments. Stream arc and lake polygon layers were
obtained from 1:50,000 scale Canadian National Topographic Series maps
(Saskatchewan Ministry of Environment, v2). Connected polygons were stratified
using Shreve Link ≤5 of the terminal lake-path arcs to define a subset of headwater
lakes. Random selections of ≤10 candidate lakes between 10 and 400 ha per segment
were made to include backup lakes. Candidate sites <1 m depth, or showing
extensive macrophyte cover were rejected.
2.2.3. Field Survey
In total 244 lakes were surveyed from which 56 were sampled in all three
years, 84 were sampled twice and 104 were sampled once. Selected lakes were
sampled annually from 2007 to 2009 in late September during the fall circulation
period. Due to the remoteness of the lakes, sampling was conducted by helicopter.
After locating the helicopter in the approximate center of the lake, an integrated water
sample was collected for physiochemical parameters, and zooplankton was sampled
by vertical net tows using a conical plankton net (mesh size = 68 micron, diameter =
0.3 m) that was equipped with a flow meter. Typically only a single haul (~1m/sec)
was collected at each lake to where the operator judged the need for a second vertical
haul if the biomass from first bucket was visually low. The net and bucket was always
well rinsed between hauls in the same lake and the rotation of the flow meter were
recorded for each individual haul. Buckets were thoroughly rinsed between lakes, and
an initial lift was made with open stopcock to further clean the net and bucket at each
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site. Also, in the very shallow lakes (~<=2 m) the sampling typically involved a 1020 second tow behind the slowly moving helicopter to collect sufficient biomass after
sinking the main net hoop right to the bottom (since the net was 1m long sinking only
the bucket to the bottom would have missed the bottom 1 m). In most cases the
shallowest lakes were higher in colour and although the horizontal part of the tow
would lead to proportionately more sample being filtered from mid water, significant
stratifications of zooplankton were not expected in these shallow fishless lakes. In
2009 survey, attempts were made principally to get multiple vertical hauls (up to
three) on shallow lakes rather than tow to achieve sufficient biomass if needed. In the
deepest lakes (>20 m), effort was still made to sink the net right to the bottom but
often this resulted in an oblique angled haul, with a long surface "tail" to the haul as it
was drawn in behind the helicopter (according to the extent to which the helicopter
could have been kept on one spot). However it was still attempted to steady the
helicopter for vertical for sinking and lifting. Although it is possible that some of the
hypolimnetic plankton in the (few) deepest clear lakes were missed on occasion if
they were confined to near bottom habitats at the time of sampling, on many
occasions very good vertical hauls were collected from near bottom. Plankton
samples were preserved in sugar buffered formalin (Haney and Hall 1973).
In the present survey, the study lakes were sampled only once per year,
although repeated sampling over the ice free period is normally recommended to
account for the seasonal variations of zooplankton community attributes (Marmorek
and Korman 1993). Yet, single sample surveys which involved large number of study
lakes have provided more valuable information on zooplankton community responses
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to acidification (e.g. Sprules, 1975, Keller & Pitblado, 1984) compared to repeated
sample surveys of a small number of lakes (e.g. Yan and Strus, 1980). Also as most
of my study lakes are small, within-lake spatial variations in zooplankton populations
should be negligible (Marmorek and Korman 1993).
2.2.4. Laboratory Analysis
Zooplankton of each lake was enumerated and identified to species. Whole
samples were used for species identification while samples were split for enumeration
when necessary.

Taxonomic identifications were conducted according to standard

identification keys (Aliberti et al., 2009; Hebert, 1995; Sandercock & Scudder, 1996).
Subsequently zooplankton densities were calculated by using filtered volumes (which
is based on the impeller rotations and the diameter of the plankton net mouth). The
corresponding data for physiochemical parameters and watershed characteristics of
the study lakes were provided by the Saskatchewan Ministry of Environment (Scott et
al. 2010).
2.2.5. Data Analysis
I used averages of all environmental factors and species abundances over the
three survey years for subsequent data analyses as they were more appropriate in
representing long-term conditions of the study lakes. There were no significant
temporal variations for most of the environmental factors (data not shown). There
were increases in total number of species recorded from some of the 56 repeatedly
sampled lakes with the increase in sampling effort (number of visits or surveys)
(Figure 2.2). There were no change in total number of species recorded with increase
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Figure 2.2. Total number of crustacean zooplankton species recorded vs. sampling effort
(number of surveys) for 56 lakes that were repeatedly sampled in all three survey years
(original in colour)
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in sampling effort for 27% of theses lakes whereas it changed in 53% of the lakes
between year 1 and 2 and 47% of the lakes between year 2 and 3. However there was
no significant variation in overall species composition of theses lakes among 3 survey
years revealed by canonical discriminant analysis (only 48.5% overall discrimination)
(Figure 2.3).
First I performed a Principle Component Analysis (PCA) on zooplankton
species abundances to identify the associations among taxonomic groups. In addition
to crustacean zooplankton, I included the invertebrate predator Chaoborus
americanus as an indicator of fishless lakes (Sweetman and Smol 2006, Garcia and
Mittelbach 2008). Hence, the co-occurrence of this species with crustacean
zooplankton identified their associations with fishless lakes. Prior to the analysis,
species that occurred in <2% of the lakes were omitted and abundances of the
remaining species were Hellinger transformed (Legendre and Gallagher 2001) .
Subsequently, Redundancy Analysis (RDA) was conducted (CANOCO
version 4.5) to quantify the statistical relationships between environmental parameters
and crustacean zooplankton assemblages. RDA is a direct gradient analysis technique
that performs well with linear species-environmental relationships (Braak and
Prentice 2004). Prior to the analyses, all environmental variables (except pH,
elevation, azimuth and distance from point source of acidification) were log10transformed. The statistical significance of individual environmental variables was
determined using forward selection in a Monte Carlo simulation with 499 iterations.
Both non-significant (p > 0.05) and collinear parameters (variance inflation factor >
5) were eliminated from subsequent analyses, and the significance of the overall
16

Figure 2.3. Discrimination of overall crustacean zooplankton compositions of 56
repeatedly sampled lakes among three survey years as identified by Canonical
Discriminant Analysis
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RDA with only significant environmental predictors was quantified by performing
499 unrestricted Monte Carlo simulations.
In order to determine to what degree my survey lakes were impacted by
acidification I compared their a) species richness, b) frequency of occurrence and c)
relative abundances of selected acid-sensitive and acid-tolerant crustacean
zooplankton species with those of other zooplankton surveys from acid-stressed and
unperturbed Shield lakes. The details of selected acid-stressed and unperturbed
systems for these comparisons are given in Table 2.1. In order to compare results
from my study with a set of reference lakes from the same zoogeographic region, I
reconstructed the frequency of occurrence (%) of crustacean zooplankton for 110
boreal Shield lakes of northern Saskatchewan and Manitoba which were mostly
surveyed between 1960 and 1984 (Patalas et al, 1994). Unfortunately, species
richness and abundance data were not available for these lakes.
For the comparison of relative abundances of crustacean zooplankton of study
lakes of the present survey with those of other acidic and non-acidic Shield lakes, I
selected a set of acid-sensitive taxa (daphnids, Skistodiaptomus oregonensis and
cyclopoids) and a set of acid-tolerant species (Leptodiptomus minutus, Bosmina
longirotris and Holopedium gibberum), which was based on previously documented
responses of these taxa to acidification (reviewed by Brett, 1989; Havens &
Hanazato, 1993; Marmorek & Korman, 1993). For this comparison, I categorized the
study lakes into three groups of acid sensitivity. Based on their charge-balanced Acid
Neutralizing Capacities adjusted to organic anions (ANCoa), lakes were classified as
highly sensitive (ANCoa <50 μeq L–1), sensitive (50 - 200 μeq L–1), and not sensitive
18

Table 2.1. Summary of the data analyses performed and different data sets used
Analyses
Zooplankton –
environment
relationships
(RDA)

Comparison of
species richness
(per lake)

Comparison of
frequency of
occurrence







Lake system

Abbreviation

Northern Saskatchewan lakes
(present survey)
ANCoa≤50 μeq L–1
50<ANCoa≤200 μeq L–1
ANCoa>200 μeq L–1

N_SK

Reference lakes from Saskatchewan
and Manitoba 1*

SK_MB

110

Algoma lakes of northern Ontario2*
Depth <8m
Depth >8m

AL

60
35
25




Experimental Lakes Area lakes3*

ELA

45



La Cloche Mountain lakes4
pH > 5*
pH ≤ 5**

LCM
LCM+5
LCM-5

47
19
28







N_SK-hs
N_SK-s
N_SK-ns

AL-8m
AL+8m

244

NE_ON+6
NE_ON+5
NE_ON-5

161
215
32

North-western Ontario lakes6
pH > 5*

NW_ON+5

137

Southern Ontario lakes
pH ≥ 5.7*
pH < 5.7**

S_ON
S_ON+5.7
S_ON-5.7

Comparison of
relative
abundances of
acid-sensitive and
acid-tolerant
species




18
157
71

North-eastern Ontario lakes5,6
pH > 6*
pH > 5*
pH ≤ 5**

7

1

Number
of lakes

Relationships of
relative
abundances of
crustacean
plankton species
(PCA)



















7
4

reconstrcuted from Patalas et al. 1994; 2W. Keller & Conlon 1994; 3K. Patalas 1971; 4Sprules 1975; 5W. Keller & Pitblado 1984; 6W.

Keller & Pitblado 1989; 7N.D. Yan & Strus 1980; *non acidic systems; **acidic systems
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(ANCoa > 200 μeq L–1) (Scott et al. 2010). From the available lake surveys I could
only use LCM and ELA lakes for this analysis because the required data structure for
the comparison was not available for the remaining surveys. It should be noted that
copepodites were not identified to species for my survey lakes, whereas in the LCM
survey, late-instar copepodites were enumerated with adults, and in the ELA survey
all copepodites were enumerated with adults (Yan and Strus 1980).
Furthermore I performed Kruskal-Wallis tests to determine if the median
zooplankton abundances were significantly different 1) among acid sensitivity
categories of my study system and 2) between other acidic (LCM-5) and non-acidic
(LCM+5 and ELA) lake systems, followed by multiple comparisons of median values
(Siegel, S. Castellan 1988), using “stats” and “pgirmess” packages (R, version
2.13.0), respectively.
Hierarchical cluster analysis was performed to determine how study lakes of
the present survey clustered among lakes from both acidic and non-acidic systems
from other geographic regions. The analysis was performed on relative abundances of
acid-sensitive and acid-tolerant taxa and Ward’s method and Pearson distance were
used as linkage and distance measure, respectively (MINITAB version 14.0).
Ideally, to determine if the zooplankton community of a lake system is
impacted by acid-stress one should compare the present zooplankton composition
either to the historical composition of the same lakes (paleolimnological
reconstruction), or to the concurrent zooplankton composition of reference lakes in
the same zoogeographic domain. In the absence of both of those data sources, I
compared crustacean zooplankton attributes of my survey lakes with those of past
0

zooplankton surveys from several other acid-stressed and unperturbed Shield lake
systems. It should be mentioned that there were substantial variations in trophic
status, lake morphometry, fish assemblage, sampling period, etc. among different lake
systems used for the comparisons. However my objective was to demonstrate specific
crustacean plankton community responses to acid-stress that can occur irrespective of
these variations.
Finally spatial distribution maps for key acid-sensitive taxa/species (daphnids,
Skistodiaptomus oregonensis and cyclopoids) and a set of acid-tolerant species
(Leptodiptomus minutus, Bosmina longirotris and Holopedium gibberum) were
produced (ArcMap version 10) to evaluate if spatial patterns of distribution of these
species were influenced by point source of acidifying emission source.

2.3. RESULTS
2.3.1. Limnological Characteristics
In general, the study lakes were relatively small (median lake area 68.6 ha),
shallow (median maximum depth 4.75 m), oligotrophic (median total nitrogen (TN)
and total phosphorus (TP) 409.5 µg L-1 and 11 µg L-1, respectively) and slightly
colored (median dissolved organic carbon (DOC) 5.93 mg L-1), although considerable
variations of these characteristics occurred among the lakes (Table 2.2).
Any substantial evidence of acid-stress to these lakes was not obvious from
the chemical parameters, although most have been considered to be sensitive to
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Table 2.2. Limnological characteristics of the 244 study lakes located in north-west
Saskatchewan.
Variable
Lake area (ha)
Maximum depth (m)
TN (µg L-1)
TP (µg L-1)
DOC (mg L-1)
pH
SO42-(mg L-1)
NO3-_N (µg L-1)
Al (mg L-1)
Cu (mg L-1)
Fe (mg L-1)
ANCoa (µeq L-1)
Ca (mg L-1)

Mean
173.23
6.95
484.33
17.21
6.96
6.97
0.86
7.22
0.02
<0.01
0.13
212.55
2.39

Median
68.60
4.75
409.50
11.00
5.93
7.00
0.75
2.00
0.01
<0.01
0.03
133.94
1.55

2

5th percentile
14.30
1.33
181.38
4.00
2.14
6.14
0.30
1.00
<0.01
<0.01
<0.01
44.25
0.62

95th percentile
392.62
20.04
1040.50
52.00
14.18
7.73
1.76
27.83
0.07
<0.01
0.54
624.04
6.37

acidification. For most lakes, pH was in the circum-neutral range and only 3% had a
pH below 6, which has been described as threshold for biological damage (Holt et al.
2003). The concentrations of inorganic acid anions i.e., sulphate (SO42-) and nitrate
(NO3-) were fairly low and showed little variation.
Concentrations of trace metals that can be elevated in acid-stressed lakes (Al,
Cu, Fe) were also low. Yet, the wide range in ANCoa indicated that acid-sensitivity of
the lakes varied from highly sensitive (<50 µeq L-1) to sensitive (50 to 200 µeq L-1)
and insensitive (>200 µeq L-1), with a higher proportion (71%) of sensitive / highly
sensitive lakes. Variation in the concentrations of calcium (Ca), which was the major
base cation, was closely related to that of ANCoa (Table 2.2).
2.3.2. Zooplankton Composition
Across the 244 lakes a total of 42 species were identified, including 11 species
of cladocerans (Bosmina longirostris, Diaphanosoma brachyurum, D. bergei,
Ceriodaphnia reticulata, Chydorus sphearicus, Daphnia pulex, D. galeata mendota,
D. rosea, D. ambigua, Holopedium gibberum, Leptodora kindtii), 10 copepod species
(Aglaodiaptomus

leptopus,

Heterocope

septentrionalis,

Epischura

lacustris,

Leptodiaptomus minitus, L. sicillis, Skistodiaptomus oregonensis, Diacyclops
thomasi, Tropocyclops prasinus mexicanus, Acanthocyclops vernalis, Cyclops
scrutifer), 13 species of rotifers ( Kellicotia longispina, Keratella cochlearis, K.
earlinae, K. crassa, Trichocera cylindrica, Polyarthra remata, Brachionus
calyciflorus,

Syncheata

stylata,

Colletheca

pelagica,

Gastropus

hyptopus,

Clonochiloides coenobasis, Monostyla lararis, Asplanchna priodonta) and a series of
large-bodied invertebrate taxa (Chaoborus americanus, amphipods, chironomids,
3

hydracarinids, corixids).
2.3.3. Zooplankton Species Associations
PCA on species composition revealed 3 distinct assemblages (Figure 2.4). The
first two PCA axes explained 47.5% of the variation in species composition. PCA
axis 1 (27.5% of the variation) separated L. minutus, an acid-tolerant species in
culturally acidified lakes from a set of acid-sensitive species that are rare in culturally
acidified lakes, i.e., D. galeata mendotae, D. ambigua, S. oregonensis, L. kindtii and
D. thomasi (reviewed by Brett 1989, Marmorek and Korman 1993, Havens and
Hanazato 1993). PCA axis 2 (20% of the variation) represented a group of large
bodied zooplankton typical to naturally acidic, fishless bog lakes (Ende and Dempsey
1981, Arnott and Vanni 1993, Donald et al. 2001), including C. americanus, D. pulex,
A. leptopus and H. septentrionalis, which were negatively correlated to B. longirotris.
Thus the arrangement of species in ordination space suggested that zooplankton
composition of the study lakes was influenced by both cultural and/or natural acidity.
2.3.4. Environmental Predictors of Zooplankton Assemblages
Relationships between species assemblages and environmental factors
established by Redundancy Analysis (RDA) identified two distinct environmentspecies relationships (p<0.05) (Figure 2.5). RDA axis 1 (9.6% of the variation)
separated L. minutus (acid-tolerant, opportunistic generalist predominant in culturally
acidified lakes) from D. galeata mendotae, D. ambigua, S. oregonensis, L. kindtii and
D. thomasi (acid-sensitive, rare in culturally acidified lakes), which was related to
ANC, azimuth from Athabasca oil sands region, lake area and maximum depth. On
the other hand, along RDA axis 2 (7% of the variation), higher abundances of
4

Figure.2.4. Relationships of relative abundances of zooplankton species of 244 study
lakes (averages of three survey years) as identified by principal components analysis
(PCA). PCA axes 1 and 2 explained 27.5 and 20% of the total variance, respectively.
Relative abundances were Hellinger-transformed.

5

Figure 2.5. Crustacean zooplankton-environment relationship for the survey lakes as
identified by Redundancy Analysis (RDA). RDA axes 1 and 2 explained 9.6% and 7%
of the explainable variation in species composition, respectively. Species abundances
were Hellinger transformed and environmental variables except pH, elevation, azimuth
and distance from point source of acidification were log10-transformed.Only significant
environmental parameters are included in the analysis (p < 0.05).
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D. pulex and A. leptopus (species typical to bog lakes) were related to small, shallow
lakes with higher concentrations of TP, TN, NO3-, DOC, ammonium (NH4+),
particulate carbon (PC) and chlorophyll a. While higher abundances of B. longirotris
was negatively related to the axis 2.
2.3.5. Species Richness of Crustacean Zooplankton
Species richness in the study lakes was very low, which is unusual to
unperturbed boreal Shield lakes but highly characteristic to acidified lakes.
Furthermore, total number of crustacean zooplankton species recorded from this
survey was lower than those of non-acidic lakes, i.e., LCM+5, NE_ON+5,
S_ON+5.7, AL and ELA lakes of northwestern Ontario (Table 2.3). In addition, mean
species richness (4.4) and range (0 - 7) of the study lakes were low compared to those
of non-acidic reference lakes. On the other hand, such low values were quite
comparable to acidified systems, such as LCM-5, NE_ON-5, S_ON-5.7. Furthermore,
the majority of my study lakes (60%) had less than 5 species per lake, similar to
acidic LCM-5 and S_ON-5.7 lakes.
2.3.6. Frequency of Occurrence of Crustacean Zooplankton
Patterns of species occurrence in my study lakes identified several noticeable
differences compared to those of unperturbed boreal Shield lakes. First, %
occurrences of most daphnids (D.galeata mendotae, D. retrocurva, D. longiremis, D.
dubia, D. catabwa, D. pulacaria and D. rosea) were markedly lower relative to those
of reference Shield lakes in Saskatchewan and Manitoba (SK_MB), and undisturbed
boreal Shield systems, such as AL, NE_ON+6, NW_ON+5 and ELA lakes. On the
other hand, species assemblages were comparable to acidified lakes of NE_ON-5 and
7

Table 2.3. Comparison of total number of species and species richness of northern Saskatchewan lakes with surveys of other acidic
and non-acidic lakes across the boreal Shield.
N_SK

LCM-5

LCM+5

NE_ON-5

NE-ON+5

21

15

25

39*

39*

Average

4.42

3.64

10.26

4.5

8.5 to
10.5

Range
% lakes with
species richness
<5

0 to 7

1 to 9

60.32

58.00

Total number of
species
Species richness
(per lake)

S_ON-5.7

S_ON+5.7

AL-5m

AL+5

ELA

28*

28*

28

3.41

11.01

7.7

10.8

8.48

5 to 16

3 to 3.65

7 to 14.6

5 to 12

6 to 15

4 to 14

0

100.00

0

0

0

4.44

* Common value for both acid-categories including all lakes; Complete names of the abbreviated terms are given in Table 1.
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LCM-5 (Figure 2.6), with the only exception of relatively higher occurrences of D.pulex
in my study lakes.

Furthermore, frequency of occurrence of several other cladocerans

such as Diaphanosoma sp. and C. sphearicus were low compared to reference lakes and
other non-acidified systems. Occurrences of acid-tolerant B. longirostris and H. gibberum
were high in my lakes as well as in all other lake systems, irrespective of whether they
were acidified or not. Among the calanoid copepods, frequency of occurrence of acidresistant L. minutus was higher in the study lakes compared to reference lakes of
Saskatchewan and Manitoba (mostly surveyed between 1960 and 1984), but similar to
the high frequencies of occurrence recorded from other non-acidified and acidified
systems. In contrast, frequency of occurrence of acid-sensitive S. oregonensis was
noticeably lower in the study lakes relative to reference lakes and other unimpacted lakes,
but similar to values for acid-stressed systems i.e., NE_ON-5 and LCM-5. Finally, the
complete absence or low occurrences of cyclopoid copepods (D. thomasi. A. vernalis, C.
scrutifer and M. edax, but not T. prasinus mexicanus) was analogous to acid-stressed, but
not to unperturbed lakes. In general, my study lakes reflected relatively low frequencies
of occurrence of acid-sensitive taxa/species, while frequencies of occurrence of acidtolerant species were not different from other (both acidic and non acidic) lake systems.
2.3.7. Relative Abundances of Acid Sensitive and Acid Resistant Species
The importance of acid-sensitive species decreased with increasing acid
sensitivity in my study system, while the opposite trend was true for acid-resistant

0

Figure 2.6. Comparison of frequency of occurrences (%) of common crustacean
zooplankton species of northern Saskatchewan lakes with other acidic and non-acidic
boreal Shield lake surveys. Complete names of abbreviated terms are given in Table 1.

1

species. Kruskal-Wallis tests revealed that median relative abundances of acidsensitive species (i.e. daphnids, S. oregonensis and cyclopoids) in acid-sensitive
lakes of my study system were significantly lower compared to non acid-sensitive
lakes, similar to those differences between acidic (LCM-5) and non acidic (LCM+5
and ELA) lakes in Ontario (figure 2.7A, 2.7B and 2.7C). For acid-resistant species,
the differences among lake groups were also statistically significant, except for B.
longirostris. There was a clear trend of decreasing relative abundances of L. minutus
along the acid-sensitivity gradient, which was comparable to a similar decline from
acidic to non-acidic lakes in Ontario (figure 2.7D). It should be also noted that L.
minutus dominated over 90% of total crustacean zooplankton composition in 5% of
study lakes which is considered as a serious indication of acidification (Marmorek
and Korman 1993). In contrast, B. longirostris showed a reverse trend to L. minutus
(Figure 2.7E), while no clear trend was apparent for H. gibberum (Figure 2.7F).
Relative abundances of B. longirostris in all of the acid sensitivity categories of my
study system had wider distributions with quite high upper ranges compared to
LCM-5, LCM+5 and ELA. Overall, increasing abundances of acid-sensitive species
along the acid-sensitivity gradient implied that acid-stress was a crucial factor
controlling their abundances, yet, factors other than direct acid-stress may also be
important for controlling abundances of acid-tolerant species.

2

100

75

%relative abundance

50

25

0
100

75

50

25

0
N_SK-hs N_SK-s N_SK-ns LCM-5

LCM+5

ELA

N_SK-hs N_SK-s N_SK-ns LCM-5

LCM+5

ELA

N_SK-hs N_SK-s N_SK-ns LCM-5

LCM+5

ELA

Figure 2.7. Comparison of relative abundances (%) of acid sensitive crustacean zooplankton species of different acid-sensitivity categories of
northern Saskatchewan lakes with other acidic and non-acidic boreal Shield lake surveys. The gray box shows the quartiles, the line in the gray
box is the median, the upper whisker extends to highest value still within 1.5*inter quartile range from the upper quartile whereas lower whisker
extends to lowest value still within 1.5*inter quartile range from the lower quartile and the dots shows the outliers. (A) daphnids; (B)
Skistodiaptomus oregonensis; (C) cyclopoids; (D) Leptodiaptomus minutus; (E) Bosmina longirotris; (F) Holopedium gibberum. Median values
indicated by same letters are not significantly different (p < 0.05). Species in top and bottom panels are considered acid-sensitive and acid-tolerant,
respectively. Complete names of abbreviated terms are given in Table 1.

0

Hierarchical cluster analysis performed on relative abundances of acidsensitive and acid-tolerant taxa/species further emphasized that the highly acidsensitive lake category of my study system was comparable to other acid-stressed
systems, but differed from unperturbed systems. Two main clusters were evident at a
Pearson distance of 94. The first cluster was characterized by lakes with low relative
abundances of L. minutus and high relative abundances of daphnids, S. oregonensis
and cyclopoids. This cluster mainly consisted of acid-sensitive and non-sensitive
lakes of my study system, LCM+5 and ELA lakes (Table 2.4). In contrast, lakes in
the second cluster were dominated by L. minutus with low relative abundances of all
other species. This cluster included the majority of highly sensitive lakes of my
study system as well as LCM-5. Ultimately, the results of the cluster analysis
emphasized the validity of comparing my study system to other lake areas, as the
distinction between clusters was solely based on acid-sensitivity but was independent
of survey location, trophic state, morphometry, etc.
2.3.8. Spatial Patterns of Distribution of Acid Sensitive and Acid Resistant
Species
Spatial patterns of distribution of key acid sensitive taxa/species were not
related to distance from Athabasca oil sands region (Figure 2.8, 2.9 and 2.10)
However lakes with higher abundances of L. minutus were more concentrated toward
northern part of the study region (Figure 2.10) while higher S. oregonensis was
mostly abundant in lakes located in southern part of the study region (Figure 2.9)
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Table 2.4. Cross classification of lakes from different systems/categories based on
hierarchical cluster analysis.
Lake system

Cluster 1(%)

Cluster 2 (%)

N_SK-hs
N_SK-s
N_SK-ns

33.33
79.62
92.96

66.67
20.38
7.04

LCM-5
LCM+5

28.57
73.68

71.43
26.32

ELA

86.67

13.33

Complete names of abbreviated terms are given in Table 1.
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Figure 2.8. Spatial distribution of daphnids in north-west Saskatchewan lakes ( AP
=Athabasca Plain; CRU = Churchill River Upland [AP & CRU = Boreal Shield]; MBU =
Mid-Boreal Upland [Boreal Plain]; AOSR =Athabasca Oil Sands Region - portion of
approximate active mining area is shown).
2

Figure 2.9. Spatial distribution of Skistodiaptomus oregonensis in north-west
Saskatchewan lakes ( AP =Athabasca Plain; CRU = Churchill River Upland [AP & CRU
= Boreal Shield]; MBU = Mid-Boreal Upland [Boreal Plain]; AOSR =Athabasca Oil
Sands Region - portion of approximate active mining area is shown).
3

Figure 2.10. Spatial distribution of Leptodiaptomus minutus in north-west Saskatchewan
lakes ( AP =Athabasca Plain; CRU = Churchill River Upland [AP & CRU = Boreal
Shield]; MBU = Mid-Boreal Upland [Boreal Plain]; AOSR =Athabasca Oil Sands Region
- portion of approximate active mining area is shown).
4

2.4. DISCUSSION
Impacts of acid-stress to north-west Saskatchewan lakes were not signified by
chemical parameters, although most lakes were sensitive to acidification. Yet,
zooplankton community composition of these lakes resembled acid-stressed
communities based on several characteristics, including 1) distinction of lakes based
on species assemblages with highly different acid-tolerances and their relationships
with environmental factors related to acid sensitivity, 2) low species richness, 3) low
frequency of occurrence of acid sensitive taxa/species, 4) opposite trends in changes
of relative abundances of acid-sensitive and acid-tolerant taxa along the acidsensitivity gradient, 5) relatively low abundances of acid-sensitive taxa and 6)
relatively high abundances of acid-tolerant species in acid-sensitive lakes. Therefore,
zooplankton assemblages clearly indicated that acid-stress has been impacting these
lakes, which was not captured by chemical indicators that were collected
concurrently.
2.4.1. Zooplankton Communities that were Influenced and Uninfluenced by the
Acid-stress
The arrangement of distinct species associations in ordination space (PCA
and RDA) and their association with environmental factors (as revealed by RDA)
identified that lakes were inhabited by two types of crustacean zooplankton
communities, one influenced by the acid-stress (axis 1) and one that remained
unimpacted (axis 2). The separation of acid-tolerant and acid-sensitive species along
RDA and PCA axis 1 is governed by ANC, which represents the sensitivity to
inorganic acidity. On the other hand, large bodied species associated with axis 2
5

were more common to small, shallow lakes with high DOC and nutrient
concentrations (typical characteristics of naturally acidic bog lakes). Small
zooplankton species tend to dominate lakes that have become acidic due to inorganic
acids from anthropogenic sources (Havens and Hanazato 1993), while naturally
acidic fishless bog lakes are dominated by large zooplankton species (Arnott and
Vanni 1993, Donald et al. 2001). Aquatic biota typical to bog lakes are often adapted
to sustain acidity under natural conditions (Dangles et al. 2004, Petrin et al. 2007)
and, therefore, remain relatively unaffected by cultural acidification (Schartau et al.
2008). This could be the reason for higher abundances of D. pulex in naturally acidic
lakes, though this species is considered acid-sensitive (Reviewed by Marmorek &
Korman 1993; Brett 1989). In addition, high DOC waters may be relatively resistant
to acidification compared to low DOC waters with comparable base cation
concentrations due to the buffering effect of organic acid system (Lam et al. 1989,
Baker et al. 1991). In addition DOC also render heavy metals such as aluminium less
toxic (Arnott and Vanni 1993). The negative correlation of these species to B.
longirotris is likely a result of heavy predation by C. americanus, an invertebrate
predator common in fishless bog lakes (Ende and Dempsey 1981).
2.4.2. Zooplankton Composition and Environmental Parameters
Distinction of acid-sensitive and acid-resistant species assemblages in my
study system (along RDA axis 1) was likely based on the degree of sensitivity of
lakes to episodic acid-stress events and vulnerability to acid deposition. In other
culturally acidified systems, similar distinctions in species assemblages had been
detected, yet this was mainly driven by factors directly related to inorganic acidity
6

such as pH and [SO42-] (e.g. Sprules 1977; Pinel-Alloul & Methot 1990). ANC
generally represents both extent of acidity of waters and sensitivity of waters to acidstress (Sullivan et al. 1989, Lydersen et al. 2004). However current levels of acidity
of these lakes are not high enough to cause the zooplankton responses observed in
these lakes. For instance 90% dominance of total crustacean composition by L.
minutus was detected in acidified lake systems in Ontario when pH is below 4.5 with
high trace metal concentrations (Marmorek and Korman 1993). Therefore I suggest
that ANC (related to

RDA axis 1) which was the main factor governing the

separation of acid-sensitive and acid-resistant species assemblages in my study
system, represents geological acid sensitivity gradient of the study lakes and
vulnerability of these lakes to episodic acidification during high flow events rather
than the acidity itself . Lake depth was the third most important factor, which largely
represents the hydraulic retention time of the lakes. Lakes with low baseline ANC and
low hydraulic retention times are more vulnerable to acid-stress during episodic highflow events (Sullivan 2002), which is discussed in detail below. The third influence,
azimuth from the Athabasca oil sands region, is likely a combined representation of
the combined effects of spatial gradients in geological acid sensitivity and wind
direction (Anas, unpublished data), thus characterizing susceptibility to acid
deposition.
Although there was a strong distinction of specific species associations (acidsensitive species vs. acid-resistant species vs. species typical to naturally acidic lakes)
in the ordination analyses (1st two axes of PCA explained nearly half of the variation
in species composition), environmental factors only explained 16% of this variation
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(RDA). One possible reason could be a temporal disconnect, as the environmental
conditions that were measured during sampling in the fall were probably not
responsible for structuring the zooplankton composition of these lakes (see below). In
addition, the sampling domain contained only small proportions of both highly acidsensitive and acid-insensitive lakes, with the majority of lakes being acid-sensitive.
Zooplankton community characteristics varied dramatically between highly acidsensitive and acid-insensitive lakes, whereas acid-sensitive lakes showed intermediate
characteristics of these two groups. Thus the numerical dominance of lakes with
intermediate acid-sensitivities could have reduced the amount of variability explained
by environmental parameters structuring the zooplankton composition. Finally, RDA
only quantify the variation in zooplankton composition in terms of external
environmental factors and effects of biotic interactions among zooplankton species
(e.g. competition, predation) are not quantified in this analysis. However these biotic
interactions play a major role in structuring zooplankton compositions of lakes
(described below).
2.4.3. Impacts of Acid-Stress on Zooplankton Assemblages
The altered zooplankton community structure in the study lakes (as well as in
other acidified systems) compared to circumneutral lakes (i.e. reduced importance of
acid-sensitive species and elevated importance of acid-tolerant species) can be an
integrative result of direct physiological influences of acid-stress and biotic
interactions. In general, physiological stress determines the occurrence of
zooplankton species in lakes, whereas biotic factors determine the proportional
composition within the realized zooplankton community (Brett 1989). For instance,
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daphnids are physiologically more sensitive to acid-stress than copepods (Brett 1989)
and small cladocerans, such as Bosmina spp (Havens and Hanazato 1993), and
therefore are strongly reduced or extirpated in acid-stressed lakes. Acid-tolerant
species, such as L. minutus and B. longirostris, on the other hand are affected the least
by physiological stress (Brett 1989). These species are almost always found over a
large pH range, hence they are generalists with the highest rates of occurrence.
However, the increase in dominance of these species is determined by biotic factors.
Reduced competitive pressure from superior competitors and/or decline in predation
pressure might favour these taxa in acid-stressed lakes. For example, increased
relative abundance of L. minutus in acid-stressed lakes can be due to reduced resource
competition from daphnids (Soto and Hurlbert 1991, Cooke 2005), S. oregonensis
and E. lacustris, which all are acid-sensitive taxa with similar functional roles as L.
minutus (Barnett et al. 2007).

Declined predation pressure from acid-sensitive

cyclopoid copepods, such as D. thomasi and C. scutifer (Wong et al. 1986), might be
another reason for the increased abundance of L. minutus. Further, the elevated
abundances of B. longirostris in my study lakes relative to other lake systems might
be a result of reduced resource competition from daphnids (Goulden and Hornig
1980, DeMott and Kerfoot 1982) and decreased predation by Epischura spp., an
predatory cyclopoid (Kerfoot 1978, Alexander and Hotchkiss 2009). The progressive
changes in biotic interactions along the acid-sensitivity gradient was reflected in the
trend of opposite changes in relative abundances of several acid-sensitive vs. acidtolerant taxa. However the decrease in relative abundance of B. longirotris with
increasing acid sensitivity, which was reversed to the expected pattern, could be
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attributed to higher predation pressure from acid-tolerant invertebrate predators such
as C. americanus (Ende and Dempsey 1981) and H. septentrionalis (O’Brien and
Schmidt 1979) in acid-sensitive lakes. Ultimately, the trend of decreasing relative
abundances of acid-sensitive taxa with increasing acid-sensitivity of lakes was likely
associated with the progressive and unidirectional increase in direct physiological
stress. On the other hand, a clear trend in relative abundances of acid-tolerant species
was not apparent, probably because their abundances are controlled indirectly by
several multidirectional biotic factors in addition to direct physiological stress.
Although spatial patterns of distribution of key acid-sensitive and acid-tolerant
species were not related to distances from acidifying emission source, it does not
necessarily indicate that zooplankton communities were not influenced by acidifying
emissions. Effects of acidifying emissions are not necessarily a function of distance
from the point source because dry deposition is generally more important than wet
deposition in influencing lakes located closer to point source whereas further away
wet deposition can be equally or more important(Alcamo et al. 1991). However
spatial patterns indicate that acid-sensitive S. oregonensis is replaced by functionally
similar (Barnett et al. 2007) acid-tolerant L.minutus in relatively more acid-sensitive
lakes located in northern part of the study region. Similarly Keller and Pitblado
(1984) recorded that replacement of S. oregonensis by L. minutus in acidified lakes of
northeastern Ontario. Presence of S. oregonensis in some lakes located in northern
part of study region and presence of L. minutus in some lakes located in southern part
of study region indicate that these patterns were not caused by geographical isolation
of two species.
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2.4.4. Chronic vs. Episodic Acidification
The observed zooplankton community attributes of the study system suggest
that my study system is influenced by the acid-stress. However as per the chemical
inferences, these lakes are not permanently acidified and current levels of acidity of
these lakes are not sufficient enough to cause the zooplankton responses detected in
these lakes. Therefore there should be an alternative explanation for this discrepancy.
I propose that they were the result of episodic acidification, defined as transient
periods of reduced pH and ANC during high flow events such as heavy rain falls
(spring or autumn) and snow melt that can be as deleterious to aquatic biota as
chronic acidification (Macavoy and Bulger 1995, Baker et al. 1996). Secondary
effects, such as shifts in speciation of some metals to more toxic forms (e.g. increase
in Al concentration with pH decline) may also occur during these episodic events
(Harvey et al. 1981, Sullivan 2002).This temporal decline in pH associated with high
flows is often the result of several concurrent natural factors including dilution of the
buffering capacity, flushing of organic acids from terrestrial into aquatic systems,
oxidation of sulfides in bedrock, nitrification, and neutral salt effects. In areas of
anthropogenic acid deposition, effects of these natural factors can be amplified by
interactions with acid deposition (Laudon 2000, Sullivan 2002). Acidic deposition
may intensify episodic acidification, both by supplying nitrogen to sensitive
watersheds (producing pulses of NO3- during high flow events), producing
hydrologically-mobile stores of SO42– through dry deposition, and by lowering
baseline pH and ANC, so that smaller episodes may be sufficient to produce acidic
conditions (Stoddard et al. 2003). In regions of acid deposition, these short-term
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changes can have substantial impacts on aquatic biota well before long-term chemical
alterations are even measurable (Harvey et al. 1981, Kowalik and Ormerod 2006).
Previous studies suggest that such episodic acid-stress events can cause temporary
changes in crustacean zooplankton composition (Engle and Melack 1995), yet may
also result in permanent changes, depending on the intensity and frequency of
episodes (Merrett et al. 1991).
For many boreal systems, spring snow melt represents largest influx of water
to most of lakes and associated with episodic acidification (Laudon et al. 2004).
Subsequently pH of these lakes can be increased to near neutral levels and
concentrations of acid anions such as sulfate and nitrate can be reduced mostly by
several lake in situ processes during summer.

These include in lake alkalinity

production processes such as diffusion of base cations from sediments and in situ
processes that remove anions such as sulphate removal by precipitation of iron
sulfides or binding as organic sulfur, denitrification and biological removal of nitrate
(Schindler et al. 1986). Although watersheds can also contribute to increase in
alkalinity by cation supply via runoff, its contribution can be less important relative to
lake in situ alkalinity generation (Schindler et al. 1986). Consequently autumn
sampling might not be able to detect the changes in lake water chemistry associated
with the snow melt.
Several watershed characteristics and some lake characteristics of my study
system are likely to predispose these lakes to episodic acidification. In general, many
of the same characteristics that predispose aquatic systems to chronic acidification
from acid deposition also predispose them to episodic acidification including geology
12

and soil characteristics. Thus, shallow, base-poor soils, small watershed areas,
exposed bedrock and prolong snowpack accumulation make lakes in northern
Saskatchewan highly vulnerable to episodic acidification. In addition, low ANC and
shallow depth of the study lakes further increase their susceptibility to short-term pH
declines. The lower the baseline concentrations of base cations of lakes are (low
ANC), the higher the chance that pH/ANC drop below biological thresholds during
these episodic events (Wigington et al. 1992, Stoddard et al. 2003). Furthermore,
short hydraulic retention times of shallow lakes enable snowmelt to rapidly flush the
lake basins with highly diluted acidic melt water (Schnoor et al. 1983, Sullivan 2002).
Another possible cause of acid-stressed zooplankton community attributes
might be a pH depression during winter due to increased pCO2 under ice. Increased
pCO2 as a result of respiration or decomposition of organic matter under ice (Striegl et
al. 2001) can significantly reduce pH (Kratz et al. 1982, Wograth and Psenner 1995).
Accordingly, a pH depression by an average of 0.6 units was observed in 10 of the
study lakes with low DOC concentrations that were sampled in March of 2010 (Scott,
unpublished data), relative to pH values during fall sampling in 2009. In lakes with
high DOC concentrations, CO2 accumulation should be even higher (Striegl et al.
2001) leading to a greater pH drop. Thus, in lakes with pH close to 6, biological
thresholds are likely to be surpassed due to this pH drop. Consequently, when
seasonal fluctuations in pH are common, minimum pH values can effectively regulate
the zooplankton communities (Morgan 1985).
2.4.5. Preliminary Paleolimnological Evidences
I substantiated that zooplankton community attributes of our study lakes were
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not natural, but rather caused by a recent impact by examining sediment cores of
nine lakes for their presence of ephippia (diapausing eggs of daphnids) for periods
representing current (0-10 yrs.) vs. pre-oil sand operations (90-100 yrs.) conditions.
Ephippia in sediment records indicate presence of (acid-sensitive) daphnids during
the corresponding time periods (Pollard et al. 2003). Based on zooplankton
community attributes, of the nine lakes, 2, 3, 2 and 2 were classified as non-sensitive,
sensitive, highly sensitive and acidic bog lakes, respectively. In non-sensitive lakes
and acidic bog lakes, ephippia were encountered for both current and pre-oil sand
conditions, indicating that these lakes remained unaffected over time. In contrast, in
highly sensitive lakes ephippia were present in samples representing pre-oil sand
conditions, yet were absent in current samples. For sensitive lakes, results were
intermediate as all three lakes had ephippia in pre-oil sand conditions, but only one
had ephippia during current conditions. Furthermore, the consistency between
presence of ephippia in current sediment records (0-10 yrs) and presence of daphnids
in zooplankton samples of the lake survey reflects that absence of daphnids in
corresponding zooplankton samples was not due to any seasonal dynamics, yet due
to the recent impact of acidification.
2.4.6. Synergistic Effects of Climate Change and Acidification
Recent climate change induced droughts in the region (Hogg et al. 2008, Ma
et al. 2012) could have acted synergistically with regional acidification in causing
altered zooplankton community attributes of study lakes. Droughts can result in
oxidation of reduced sulfur deposited in saturated areas of lake catchments (mainly
wetlands) from years of atmospheric deposition. Remobilization of stored acidity
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when wet conditions resume can cause severe acid pulses (Keller 2007) which could
subsequently have significant impact on lake biota including zooplankton (Keller et
al. 1992, Yan et al. 1996, Arnott and Yan 2002). In contrast, drought conditions
alone lead to increase in alkalinity of lakes which is caused by increase in the ratio of
base cations to strong acid ions (Schiff and Anderson 1986, Schindler et al. 1996).
This is a result of increased water retention of lakes, which allows increase in base
cation diffusion from sediments and increase in biological sulfate removal (Schindler
et al. 1996, Schindler 1997). Although alkalinity of runoff can be decreased under
drought conditions (due to decrease in exports of base cations resulting from lower
weathering rates), lake in situ processes are more important in controlling the lake
alkalinity compared to catchment processes. Therefore it is unlikely that the
zooplankton community responses (specific to acid-stress) of my study lakes were
caused by droughts alone.
2.4.7. Influence of Latitudinal Gradient
Higher latitudinal location of the present study system relative to other boreal
shield lake systems used for the comparisons is another consideration with respect to
relatively lower species richness of my study lakes. Theoretically species richness
can be low in high latitude lakes due to harsh northern environmental conditions.
However there is lack of consensus on this hypothesis as there are both supporting
(Shurin et al. 2007) and contrasting evidences (Moore 1978, Rautio and Vincent
2006) for it. Unfortunately species richness data of some reference lakes from same
zoogeographic region (northern Saskatchewan and Manitoba) were not available to
further test if observed low species richness of my study lakes was a regional
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predisposition related to high latitudes.
2.4.8. Ca Requirements
Surprisingly, the very low Ca concentrations (< 3 mg L-1) in many survey
lakes, did not influence the distribution of daphnids in my study lakes (Figure 2.11),
despite evidence that low Ca can eliminate daphnids due to their high physiological
demand for Ca (e.g. Jeziorski et al. 2008; Waervagen et al. 2002). In contrast,
abundances of daphnids were elevated in several lakes with Ca concentrations below
1.5 mg L-1, which is considered the threshold concentration to negatively affect
daphnids (Ashforth and Yan 2008, Jeziorski et al. 2008). The reasons for the reduced
sensitivity of daphnids to low Ca concentrations in northern Saskatchewan lakes are
unclear at this point. The main difference is that my study lakes are currently at the
onset of acidification, while most studies that documented high Ca requirements were
conducted in post-acidification systems. Potentially, the extirpation of daphnids from
many acidified lakes might have been associated with changes in the genetic pool,
reducing the physiological efficiency of Ca uptake.

2.5. CONCLUSION
My study suggests that biological effects of acid-stress can occur before
permanent changes in water chemistry are apparent, probably due to seasonal or
short-term pH alterations. Autumn sampling is ideal for detecting long-term or
permanent changes in lake water chemistry in terms of minimizing temporal and
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in north-west Saskatchewan lakes
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spatial variability (Sullivan 2002). However initial stages of acidification can occur
during short-term acid-stress events in the spring (Macavoy and Bulger 1995, Tunk
1995). Therefore chemical factors measured in autumn might not be reliable, sensitive
indicators of early damages due to acidification. Biological indicators on the other
hand have proven to be sensitive to detect early effects of acidification as shown for
benthic crustaceans (Okland and Okland 1980, Nero and Schindler 1983) and
Pimephales, a forage fish species (Mills 1984). My results imply that crustacean
zooplankton will need to be considered as a sensitive indicator of early acidification as
well.
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3. PRESENCE VS. ABSENCE OF ZOOPLANKTON INDICATOR SPECIES TO
CHARACTERIZE ACID-STRESS GRADIENTS IN BOREAL LAKES

3.1. INTRODUCTION
The utilization of biological indicators is a long known practice in
environmental monitoring and assessment of ecosystem integrity. Species whose
presence or abundance readily reflect some measure of the habitat characteristics
within which they are found are often identified as biological indicators (Stork and
Samways 1995). One key advantage is that biological responses to perturbations are
assessed directly, rather than relying on inferences from chemical data, and after all,
the biological consequences are normally the ultimate concern (Friberg et al. 2011).
In addition, biological indicators reflect overall ecological quality of an ecosystem by
integrating the effects of different environmental factors or stressors, providing a
broad measure of their impacts (Iliopoulou-Georgudaki et al. 2003, Zhou et al. 2008).
Further,

indicator

species

provide

integrative

measurement

of

fluctuating

environmental conditions over time and space, potentially lowering sampling effort
and cost compared to the high intensity of sampling that is often required when
relying on chemical variables (Friberg et al. 2011).
In an ecosystem that is affected by a disturbance, the niche breadths of
individual species are related to their response to the disturbance (Vázquez and
Simberloff 2002). Often specialists with narrow niche-breadths are negatively
affected by the disturbance, while opportunistic generalists benefit (Preston 1962,
McKinney 1997, Hobbs 2000).

Hence, compared to ubiquitous generalists,
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specialists that are restricted to one or few habitat types potentially represent better
ecological indicators of disturbance, due to their greater susceptibility to local or
regional extinctions (De Cáceres et al. 2010). Thus, in a given ecosystem or
ecoregion, undisturbed diverse habitats should be characterized by a higher
importance of habitat specialists while disturbed habitats should be represented by
their extinctions.
Dufrêne and Legendre (1997) proposed a method that identifies indicator
species based on their ecological niche breadths to characterize predefined clusters of
sites (locations) that are selected based on either environmental characteristics or
other classification criteria of interest. An indicator value is calculated for each
species by combining its mean abundance (measure of specificity) and frequency of
occurrence (measure of fidelity) in its cluster of sites, followed by a randomization
procedure to test the statistical significance. A high indicator value is obtained by the
combination of a large mean abundance within a cluster compared to the other groups
(specificity) and the presence in most sites of that cluster (fidelity). Since this method
incorporates two elements i.e., species and the cluster of sites, it can be used to gain
information on both components. In fact, this method characterizes the qualitative
environmental preferences of target species and identifies indicators for particular
groups of sites, which can be used in further surveys (De Cáceres et al. 2010).
Based on the same concept, Dufrêne and Legendre (1997) also suggested an
index describing the indicator value for the absence of a species. Although the
presence indicator value has been widely applied in various ecological studies
(Podani and Csányi 2010), the absence indicator value has not been used so far.
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However, absence indicators can be highly informative in characterizing disturbance
status of sites in stressed ecosystems because disturbed or stressed sites are reflected
by the absence of habitat specialists rather than their presence.
To contrast the importance of presence vs. absence of indicator species in
ecological monitoring, I evaluated the interactions of zooplankton and environmental
conditions in boreal lakes as a model system. Zooplankton is characterized by a very
high diversity, and distinct assemblages exist among lakes that are often associated
with specific physical, chemical or biological factors (Havens and Hanazato 1993,
Sternberger and Lazorchak 1994, Gyllström et al. 2005). Of particular interest are the
effects of acid-stress on zooplankton assemblages that have been well studied and
understood during past, large-scale acidification events of lake ecosystems in North
America (Dillon et al. 1978) and Europe (Gorham 1998). Acid-stress has been
described to influence zooplankton community attributes such as species richness,
frequency of occurrence and relative abundances of acid-sensitive and acid-resistant
species (reviewed by Havens & Hanazato 1993; Marmorek & Korman 1993; Brett
1989). However, these community attributes are more suitable to indicate the impact
of acid-stress on lakes within an ecoregion (e.g. Anas, chapter 1; Sprules 1977; Keller
& Pitblado 1984), rather than to characterize the impact of acid-stress on individual
lakes.
As a sampling domain, 244 lakes across northern Saskatchewan, Canada, were
chosen that are downwind of high sulfur-dioxide and nitrogen-oxide emissions from
oil-sand operations near Fort McMurray, Alberta, that threaten to acidify these acidsensitive systems (Jeffries et al. 2010). The sensitivity of these lakes to acidification
21

is indicated by their low acid neutralizing capacities (<200 μeq L–1) across the
Athabasca Plain and the Churchill River Upland (Figure 1). In this region, lakes are
highly susceptible to exceed steady-state critical loads (Jeffries et al. 2010; Scott et al.
2010), which would result in a decrease of pH. Finally, although chemical inferences
from past and recent studies of these lakes did not provide sufficient evidence of
acidification (Shewchuck 1986; Scott et al. 2010), zooplankton community attributes
revealed several symptoms of acid-stress in these lakes (Anas, chapter 1).
In this study, I identified those zooplankton species that characterize acidstress status of boreal Shield lakes of north-west Saskatchewan by using indicator
value analyses for both species presence and absence. To evaluate if the successful
application of this combined approach is dependent on a stress gradient, I applied the
same analyses to a sub-set of lakes representing reference conditions (lakes that can
remain relatively unimpacted by acid-stress). I show that the combined approach of
using both presence and absence indicator species is more appropriate and reliable for
characterizing disturbance status of sites within a stressed ecosystem, whereas the
indicator value analysis of species presence alone is adequate in the absence of a
stress gradient.

3.2. METHODS
3.2.1. Study Area
The sampling area intersected three ecoregions: Athabasca Plain, Churchill
River Upland, and Mid-Boreal Upland (Figure 3.1). Of these, Athabasca Plain and
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Figure 3.1. Sampling domain and locations of 244 study lakes in northern Saskatchewan,
showing their distribution across three ecoregions (AP =Athabasca Plain; CRU =
Churchill River Upland [AP & CRU = Boreal Shield]; MBU = Mid-Boreal Upland
[Boreal Plain]; AOSR =Athabasca Oil Sands Region - portion of approximate active
mining area is shown).
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Churchill River Upland are physiographic divisions of the Boreal Shield ecozone,
while the Mid-Boreal Upland is part of the Boreal Plain ecozone. The landscape
changes from flat to strongly rolling, with distinctive upland areas. Localized relief
can be as much as 90 m but is generally less that 60 m. The elevation of the study
lakes ranges from 210 m a.s.l. to 554 m a.s.l. In respect to vegetation, jackpine (Pinus
banksiana)/lichen forest with variable canopy closure predominates on well-drained
sand plains and till ridges throughout the area (Scott et al. 2010).
The climate is subarctic with mean annual, July, and January temperatures of
~2.3 °C, 16 °C, and –24 °C, respectively. Mean annual precipitation is between 450
mm to 530 mm, with 288 mm to 318 mm falling as rain between May and September.
The prevailing wind is from the W-NW (Shewchuck 1986, Acton et al. 1998).

3.2.2. Lake Selection
The study area (56° to 59° latitude; -107° to -110° longitude) was defined by a
300 km radius extending eastward from the estimated centroid of the active
Athabasca Oil Sands Region north of Fort McMurray, Alberta. The sampling domain
was stratified into 10 degree azimuth angles (totalling coverage from 20 to 120
degrees) and 25 km distance-increments, with the final sampling grid designed as a
subset of alternating distance-direction segments. Stream arc and lake polygon layers
were obtained from 1:50,000 scale Canadian National Topographic Series maps
(Saskatchewan Ministry of Environment, v2). Connected polygons were stratified
using Shreve Link ≤5 of the terminal lake-path arcs to define a subset of headwater
lakes. Random selections of ≤10 candidate lakes between 10 and 400 ha per segment
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were made to include backup lakes. Candidate sites <1 m depth, or showing extensive
macrophyte cover were rejected.
3.2.3. Field Survey
Selected lakes were sampled annually from 2007 to 2009 in late September
during the fall circulation period. Due to the remoteness of the lakes, sampling was
conducted by helicopter. After locating the helicopter in the approximate center of the
lake, an integrated water sample was collected for physiochemical parameters, and
zooplankton was sampled by vertical net tows using a conical plankton net (mesh size
= 68 micron, diameter = 0.3 m) that was equipped with a flow meter. Plankton
samples were preserved in sugar buffered formalin (Haney and Hall 1973). In total
244 lakes were surveyed from which 56 were sampled in all three years, 84 were
sampled twice and 104 were sampled once.
3.2.4. Laboratory Analysis
Zooplankton of each lake was enumerated and identified to species.
Taxonomic identifications were conducted according to standard identification keys
(Aliberti et al., 2009; Hebert, 1995; Sandercock & Scudder, 1996). The corresponding
data for physiochemical parameters of the study lakes were provided by the
Saskatchewan Ministry of Environment (Scott et al. 2010).
3.2.5. Data Analysis
I used averages of all environmental factors and species abundances over the
three survey years for subsequent data analyses as they were more appropriate in
representing long-term conditions of the study lakes (Anas, chapter 1).
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Classification of lakes based on acid-stress
The acid-sensitivity gradient of lakes in north-west Saskatchewan represented
a clear stress gradient as changes in zooplankton community attributes were detected
with increasing acid-sensitivity (Anas, chapter 1). Based on organic acid-adjusted
Acid Neutralizing Capacities (ANCoa) described by Scott et al., (2010), three acidsensitivity or acid-stress categories were identified. Highly- sensitive (highly acidstressed), sensitive (intermediate stress) and non-sensitive (low acid-stressed)
categories were defined by ANC of <50 µeq L-1, 50 to 200 µeq L-1 and >200 µeq L-1,
respectively and 18, 155 and 71 lakes were classified into these categories,
respectively. Among the three acid-stress categories, non-sensitive lakes were
considered reference lakes as they remained relatively uninfluenced by acidification
(Anas, chapter 1).
Classification of reference lakes based water chemistry
To explore if lakes could be categorized by factors other than acid stress, I
performed a classification of lakes based on water chemistry. This analysis was
conducted solely on non acid-sensitive (reference) lakes to avoid the confounding
impact of acid-stress on this analysis. First, I performed a Principal Component
Analysis (PCA) on standardized (scaled to unit variance) water chemistry variables
i.e., total nitrogen (TN), total phosphorus (TP), dissolved organic carbon (DOC),
dissolved inorganic carbon (DIC), grand alkalinity, specific conductivity, pH and
color (R, version 2.13.0, ‘vegan’ package). PCA compresses the variance in the data
matrix by identifying the correlation structure within the data matrix. This technique
identifies orthogonal vectors describing a significant portion of the variance within
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the original data matrix, and the resulting components can be used as traditional
variables for further statistical analyses. Subsequently, the Kaiser–Guttman criterion
was applied to decide on the appropriate number of principal components to be
included into further analyses (Guttman 1954, Kaiser 1960, 1961).
To partition the individual reference lakes into distinct groups based on water
chemistry, k-means clustering was used for site scores of the selected principal
components (R, version 2.13.0, ‘vegan’ package). I evaluated the results based on 2 to
10 groups, and the simple structure index (ssi) criterion (defined as maximum ssi)
was used to select the best solution in terms of number of clusters to be retained
(Dolnicar et al. 1999).
Indicator value analysis for species presence
To determine indicator values of species presence (IndValp) for different acidstress levels and different reference lake categories, I used the method developed by
Dufrene and Legendre (1997). This method calculates an indicator value for each
species for a cluster (category) of sites by combining measures of its specificity and
fidelity. The relative mean abundance of a species across sites of a particular cluster is
used as a measure of specificity, whereas relative frequency of presence of a species
across sites of a given cluster is used as a measure of fidelity (Table 3.1). The
package ‘labdsv’(R, version 2.13.0) was used to calculate IndValp and its significance
for different acid-stress categories, as well as for the different categories of reference
lakes based on water chemistry.
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Table 3.1. Mathematical formulae of the indicator values for species presence and
absence
Indicator value of species presence

Indicator value of species absence

relative mean realized abundance of species i in group j;
realized abundance of i species in group j;
i in group j;

- relative mean non

relative frequency of presence of species

relative frequency of absence of species i in group j;

number of individuals of species i across sites of group j;
individuals of species i over all groups;

sum of mean number of

- maximum, over all groups, of the

mean number of individuals of species i per each group;
where species i is present;

mean

- number of sites in group j

- number of sites in group j where species i is absent;

total number of sites in group j; r – total number of groups
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Indicator value analysis for species absence
The indicator values of species absence (IndValab) for different acid-stress
levels and reference lake categories were developed based on the criteria originally
proposed by Dufrene and Legendre (1997). The rationale of this absence index is that
it should be largest for a cluster of sites when a species is absent from all its sites but
present in all sites of the other clusters. It should be noted that IndVal ab of a species is
not simply symmetrically opposite to its IndValp. The relative mean realized
abundance of a particular species for a cluster should be replaced with its relative
mean non-realized abundance, which is defined as abundance that a particular species
in a cluster was unable to achieve relative to the cluster with its maximum abundance
(Table 3.1). Similarly, the relative frequency of presence of a species in a cluster
should be replaced by its relative frequency of absence (Table 3.1). To calculate the
IndValab and to test its significance, a statistical program was developed in R (see
appendix A). In order to test the significance of the index, first individual sites were
randomly reallocated among the clusters (249 permutations). Subsequently, the
significance was evaluated by the difference between the observed value of the index
and the mean of those values obtained from the random permutations, weighted by
the standard deviation of the randomly obtained values, turning it into a regular z
statistic. It was assumed that permuted statistics were approximately normally
distributed (Edgington 1987).
Appropriateness of the identified indicator species
Indicator values for a species are highest at a level of partitioning among
clusters (categories), for which this species is most appropriate to be used as an
29

indicator. When clusters that are characterized by a high indicator values of a species
are combined or subdivided, the indicator values decreases drastically (small
differences in indicator values may still occur due to variations around the mean
abundances (realized and non-realized) within clusters, as they are part of the
calculations for both indices (Dufrene and Legendre 1997). Hence, to evaluate how
appropriate identified indicator species were in representing their corresponding
clusters, I calculated IndValp and IndValab for all possible levels of classification /
clustering. Level 1 combined all lakes within one single cluster, at level 2, lakes were
partitioned into two clusters, and at level 3, lakes were partitioned into the original
three clusters. It should be noted that IndValab does not exist at a clustering level of
1 because relative mean non-realized abundances cannot be calculated for a single
cluster, as this represents the absence of a species from all sites.

3.3. RESULTS
3.3.1. Limnological Characteristics
In general, the study lakes were relatively small (median lake area 68.6 ha),
shallow (median maximum depth 4.75 m), oligotrophic (median TN and TP 409.5 µg
L-1 and 11 µg L-1, respectively) and slightly colored (median DOC 5.93 mg L-1),
although considerable variations of these characteristics occurred among the lakes.
For most lakes, pH was in the circum-neutral range and only 3% of the lakes had a
pH below 6. Yet, the wide range in ANCoa indicated that acid sensitivity of the lakes
varied from highly sensitive (<50 µeq L-1) to sensitive (50 to 200 µeq L-1) and
insensitive (>200 µeq L-1), with a higher proportion (71%) of sensitive / highly
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sensitive lakes.
3.3.2. Zooplankton Composition
Across the 244 lakes a total of 42 species were identified, including 11 species
of cladocerans (Bosmina longirostris, Diaphanosoma brachyurum, D. bergei,
Ceriodaphnia reticulata, Chydorus sphearicus, Daphnia pulex, D. galeata mendota,
D. rosea, D. ambigua, Holopedium gibberum, Leptodora kindtii), 10 copepod species
(Aglaodiaptomus

leptopus,

Heterocope

septentrionalis,

Epischura

lacustris,

Leptodiaptomus minitus, L. sicillis, Skistodiaptomus oregonensis, Dicyclopes
thomasi, Tropocyclops prasinus mexicanus, Acanthocyclops vernalis, Cyclops
scrutifer), 13 species of rotifers ( Kellicotia longispina, Kearatella cochlearis, K.
earlinae, K. crassa, Trichocera cylindrica, Polyarthra remata, Brachionus
calyciflorus,

Syncheata

stylata,

Colletheca

pelagica,

Gastropus

hyptopus,

Clonochiloides coenobasis, Monostyla lararis, Asplancha priodonta) and a series of
large-bodied invertebrate taxa (Chaoborus americanus, amphipods, chironomids,
hydracarinids, corixids).
3.3.3. Presence and Absence Indicator Species for Acid-Stress Categories
Indicator value analyses revealed that statistically significant presence and
absence indicator species existed for high and low acid-stress categories, while there
were no indicator species to reflect intermediate acid-stress level (Table 3.2). One
crustacean (L.minutus) and four rotifers (K.cochlearis, K.longispina, C. pelagica and
T. cylindrica) were identified as significant presence indicator species for the highly
acid-stressed (or highly sensitive) lake category, whereas three crustaceans
(D.galeata, E.lacustris and D.thomasi), one rotifer (K.crassa) and one larval insect
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Table 3.2. Presence and absence indicator species characterizing three acid-stress categories of north-west Saskatchewan lakes
Acid-stress
category

indicator value analysis for species presence
Indicator species
IndValp
p value

indicator value analysis for species absence
Indicator species
IndVala p value
b

High
(highly sensitive)

Intermediate
(Sensitive)
Low
(Non-sensitive)

Crustaceans:
Leptodiaptomus minutus
Rotifers:
Keratella cochlearis
Kellicotia longispina
Colletheca pelagica
Trichocera cylindrica

None
Crustaceans:
Daphnia pulex
Skistodiaptomus oregonensis

0.569

0. 001

0.649
0.548
0.205
0.161

0.003
0.002
0.006
0.013

_

0.340
0.318

_

0.098
0.003

Only the species with p ≤ 0.1 were recorded.
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Crustaceans:
Daphnia galeata
Epischura lacustris
Diacyclops thomasi
Rotifers:
Keratella crassa
Other invertebrates:
Chironomid larvae
None
Crustaceans:
Holopedium gibberum
Rotifers:
Polyarthra remata
Kellicotia longispina

0.799
0.763
0.752

0.027
0.016
0.061

0.866

0.016

0.874

0.006

_

_

0.332

0.000

0.849
0.211

0.004
0.002

(chironomid larvae) were absence indicator species (Table 3.2). IndValp for all the
presence indicator species was maximum for the trivial partition where all lakes
belonged to the same category, and IndValp decreased as more categories were
formed (Figure 3.2A; results only shown for the three species with highest indicator
values), indicating that these species were widespread in all the lakes (Dufrene and
Legendre 1997). In contrast, for absence indicator species, IndValab was largest when
highly acid-stressed lakes were partitioned from the rest (other two categories
together) (Figure 3.2B).
For the low acid-stressed (or non-sensitive) lake category, two crustaceans (S.
oregonensis and D.pulex) were statistically significant presence indicators and one
crustacean (H.gibberum) and two rotifers (P.remata and K.longispina) were identified
as absence indicator species (Table 3.2). IndValp was highest for S. oregonensis
when low acid-stressed lakes were separated from the rest (other two categories
combined), showing its suitability as an indicator for this category. However, IndValp
for D.pulex was highest when all lakes belonged to same category and declined with
the successive partitioning, reflecting that D.pulex was a common species in all
categories (Figure 3.2C). On the other hand, IndValab of absence indicator species for
this category reached their highest values when lakes were partitioned as low acidstressed lakes vs. the other two categories combined (Figure 3.2D).
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Figure 3.2. Changes in indicator values for different levels of partitioning among
categories (based on acid-stress level): 1- all lakes belong to a single category; 2a – lakes
were partitioned into 2 categories as high stress vs. intermediate plus low stress; 2b lakes were partitioned into 2 categories as high plus intermediate stress vs. low stress; 3 –
lakes were partitioned into 3 categories as high vs. intermediate vs. low stress. (A)
presence indicators of high stress category; (B) absence indicators of high stress category;
(C) presence indicators of low stress category; (D) absence indicators of high stress
category.
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3.3.4. Presence and Absence Indicator Species for Reference Conditions
Based on the Kaiser–Guttman criterion, the first three principal components of
the PCA (which collectively explained 84% of the variation) were selected for the
subsequent analysis. The first principal component (41.1% of variation) represented
variables related to acid-base status of the lakes i.e., pH, gran alkalinity, DIC and
specific conductivity (Figure 3.3).

The second principal component (26.9% of

variation) corresponded to nutrient status (TN, TP and chlorophyll a) and DOC
whereas variables related to water colour (DOC and colour) were mostly represented
by third principal component (15.8% of variation).
The k-means clustering of the first three principal components identified three
optimum lakes clusters based on the ssi criterion. The first cluster was characterized
by lakes with higher nutrient levels and more colored water compared to the other two
clusters (Figure 3.3 and Table 3.3). The third cluster was highly alkaline relative to
other two clusters whereas second cluster showed intermediate characteristics of other
two clusters (similar to first cluster in terms of alkalinity while nutrient levels and
water colour were comparable to the third cluster).
Statistically significant presence and absence indicator species were identified
for all three clusters representing different reference conditions of non acid-stressed
lakes (Table 3.4). The first cluster was characterized by the presence of A. leptopus,
chironomid larvae and amphipods, and the absence of B. longirostris. D. ambigua and
A. priodonta were presence indicators for the second cluster, whereas T. cylindrica
was an absence indicator. The third cluster was represented by the presence of H.
septentrionalis and D.brachyurum and the absence of H. gibberum and E.lacustris.
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DIC

Sp_Cond

Figure 3.3. Principal Components Analysis (PCA) on water chemistry variables of the 71
reference lakes. Principal components 1, 2 and 3 explained 37.7, 23.4 and 15.8% of the
total variance, respectively. Different symbols represent the association of individual
lakes to the three clusters. G_Alk – gran alkalinity; Sp_Cond – specific conductivity.
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Table 3.3. Water chemistry characteristics of 3 lakes clusters representing different
reference conditions
Variable

TN

Statistic Cluster 1 Cluster 2 Cluster 3
(n=19)
(n=44)
(n=8)
Q1
815
240.5
364.5
Median
942
312
509
Q3
1300
387.5
531

TP

Q1
Median
Q3

22
36
63

5.33
10
13

6.25
10.5
24.25

Chl A

Q1
Median
Q3

4.2
10.63
17.75

2.08
4.12
6.42

3.11
4.12
6.29

DOC

Q1
Median
Q3

7.5
13.7
15.2

3.01
4.12
6.27

4.4
6.5
7.32

Colour

Q1
Median
Q3

17.8
29.9
102.8

5.03
9
17.97

3.95
6.8
22.53

DIC

Q1
Median
Q3

2.4
3.92
5.5

2.92
3.85
4.5

14.25
18.2
25.43

Gran alkalinity

Q1
Median
Q3

11.10
14.86
25.04

11.64
15.1
18.65

59.48
80.7
109.88

Specific conductivity

Q1
Median
Q3

25.67
32
47.8

28.5
32.5
40.65

135.3
171.9
220.4

pH

Q1
Median
Q3

6.98
7.2
7.47

7.1
7.32
7.48

8.12
8.25
8.77

*Maximum depth

Q1
Median
Q3

1.48
1.77
3.25

5.36
9.54
15.43

2.84
5.94
6.05

Q1- 1st quartile; Q3- 3rd quartile; * Although maximum depths were not used for the lakes
classification, it is included here because it is a important predictor variable influencing the water
chemistry parameters of the lakes.
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Table 3.4. Presence and absence indicator species characterizing different reference conditions of north-west Saskatchewan lakes
Lake cluster
Cluster 1

Cluster 2

Cluster 3

indicator value analysis for
Indicator species
Crustaceans:
Aglodiaptomus leptopus
Other invertebrates:
Chironomid larvae
Amphipods
Crustaceans:
Daphnia ambigua
Rotifers:
Asplancha priodonta
Crustaceans:
Heterocope septentrionalis
Diaphanosoma brachyurum

species presence
IndValp
p value
0.299

0. 037

0.207
0.157

0.064
0.036

0.266

0.078

0.364

0.040

0.483
0.332

0.002
0.040

Only the species with p ≤ 0.1 were recorded.
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indicator value analysis for species absence
Indicator species
IndValab
p value
Crustaceans:
Bosmina longirostris
0.466
0.006

Rotifers:
Trichocera cylindrica

0.478

0.030

Crustaceans:
Holopedium gibberum
Epischura lacustris

0.728
0.732

0.000
0.088

The presence indicators of the three clusters were proven to be the most
appropriate representatives of their corresponding clusters1. For presence indicators of
the first cluster, IndValp was highest when the first cluster was separated from the rest
(other two clusters combined), whereas IndValp of presence indicators of the second
and third clusters reached their highest values when the lakes were partitioned into
three clusters (Figure 3.4A, 3.4B and 3.4C). This indicates that all of the indentified
indicator species were habitat specialists and had narrow niche breadths.
On the other hand, only some of the absence indicators were verified to be
appropriate to represent the different clusters. As expected, IndValab was highest for
B. longirotris when the first cluster was partitioned from other two, while IndValab of
H. gibberum reached its highest value when the lakes were portioned into three
clusters. However results for T. cylindrica and E.lacustris did not match with the
expected pattern (Figure 3.4D, 3.4E and 3.4F).

3.4. DISCUSSION
This study identified several statistically significant presence and absence
indicator species characterizing highly acid-stressed and non acid-stressed lakes
categories.

However, no indicator species were identified to represent the

intermediate acid-stress category. Furthermore, indicator species for both presence
and absence were identified to reflect lake associations for three chemistry-based

1

For a better comprehension of this, it is important to understand how lakes were partitioned at different
clustering levels i.e., at the second level of clustering, first cluster is separated from the rest (second and
third clusters together) whereas at third level of clustering, rest of the lakes were subdivided into second
and third clusters (while 1st cluster remain intact)
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Figure 3.4. Changes in indicator for different levels of partitioning among reference lake
categories: 1 –all lakes belong to one cluster; 2 – lakes were partitioned into 2 clusters; 3
– lakes were partitioned into 3 clusters. (A) presence indicators of cluster 1; (B) presence
indicators of cluster 2; (C) presence indicators of cluster 3; (D) absence indicators of
cluster 1; (E) absence indicators of cluster 2; (F) absence indicators of cluster 3.
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categories of non acid-stressed lakes. In respect to the appropriateness of the
identified indicator species, presence indicator species for the high acid-stress
category were not suitable as they were widespread among all the lakes (habitat
generalists). Yet, absence indicators were appropriate to characterize these lakes as
these species were only absent from this particular category. On the other hand,
presence indicators for the low acid-stress category, as well as for the water-chemistry
based categories in reference lakes, were largely habitat specialists and therefore
appropriate indicators
3.4.1. Presence and Absence Indicators for Acid-Stress
Highly acid-stressed lakes were characterized by the presence of several acidtolerant species and the absence of few acid-sensitive species. It is not surprising that
highly acid stressed lakes were represented by the presence of L. minutus and several
rotifer species (see results), given that acid-stress favors the dominance of these acidtolerant species (Brett 1989, Marmorek and Korman 1993, Havens and Hanazato
1993). However these species are opportunistic generalists (with high fidelity for all
categories) and merely increased their abundances in acid-stressed lakes, potentially
due to reduced competition and/or predation by acid-sensitive species (Brett 1989,
Anas, chapter 1). Therefore, the identification of these species as significant presence
indicators by IndValp analysis is an artifact due to their abruptly increased mean
abundances in the high acid-stress category relative to other categories. Thus, relying
solely on their presence to characterize acid-stressed lakes would not be reliable
because these species were also found in lakes of other categories (intermediate and
low stress), only at lower abundances. On the other hand, absence indicator species
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for the high-stress category i.e., D.galeata, E.lacustris and D.thomasi are well known
acid-sensitive species (Reviewed by Brett 1989, Marmorek and Korman 1993,
Havens and Hanazato 1993). Chironomids, that were also identified as absence
indicator, have generally not been considered to be acid-sensitive (Wiederholm and
Eriksson 1977, Merilainen and Hynynen 1990, Schnell 2001), despite evidence that
some taxa are acid-sensitive (Raddum and Sæther 1981, Halvorsen et al. 2001,
Kubovčík and Bitušík 2006). Generally, acid-sensitive species/taxa are extirpated
from acid-stressed lakes and, therefore are habitat specialists. Thus, the combined
utilization of presence of acid-tolerant generalists and absence of acid-sensitive
specialists should be most reliable to typify these highly acid-stressed lakes, rather
than depending on the presence of generalists alone.
Lakes of the low acid-stress category were characterized by the presence of
acid-sensitive species and absence of their inferior competitors. While D.pulex and
S.oregonensis are regarded as acid-sensitive species (reviewed by Brett 1989,
Marmorek and Korman 1993, Havens and Hanazato 1993), further analysis revealed
that D. pulex was widespread in all acid-stress categories. Yet, D. pulex is not a
habitat generalist like L.minutus, but rather a species typical to fishless bog lakes,
which were represented in all three acid-stress categories (Anas, chapter 1).
Consequently, it appeared that D. pulex was a common species in all categories. On
the other hand, confinement of S.oregonensis to only non acid-stressed lakes suggests
that this species is relatively more acidophobic than other acid-sensitive species in the
study, and thus should be considered an extreme specialist. H.gibberum, P. remata
and K. longispina were likely identified as absence indicator species because strong
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competition from daphnids might have suppressed them in these lakes (Tessier 1986,
Havens and Hanazato 1993, Hessen et al. 1995).
Non existence of indicator species for the intermediate stress category is not
surprising given that species composition of this category is represented by mixture of
the other two acid-stress categories with moderated abundances. Several empirical
models (Grime 1973, Connell 1978, Menge and Sutherland 1987) suggest that species
diversity/richness of a given trophic level is relatively low at both high and low levels
of stress/disturbance. Stress-sensitive species are extirpated due to high physiological
stress at a high stress levels, while high predation and/or competitive exclusion results
in elimination of certain species at low stress levels.

On the other hand, at

intermediate stress levels competing species can coexist due to reduced predation
and/or competition, leading to relatively higher diversity than at high or low stress
levels. Accordingly, I observed a relatively high species diversity/richness for
crustacean zooplankton and mixed species assemblages representing both highly
acid-stressed and non acid-stressed categories in intermediate acid-stressed lakes
(Anas, chapter 1). In this case, it was likely a result of lower mortality from acidsensitive predators (e.g. cyclopoid copepods) and/or reduced competitive exclusion
(due to reduced abundances) from acid-sensitive, superior competitors (e.g.
daphnids). In the meantime, competition among coexisting species in these lakes
might moderate the abundances of most species leading to intermediate specificity.
3.4.2. Presence and Absence Indicator Species for Reference Conditions
Indicator species representing the different categories of reference lakes
clearly reflected the ecological characteristics of the lake clusters they represented,
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for both abiotic and biotic characteristics. Similar to this study, A. leptopus,
chironomid larvae and amphipods have previously been described to be common in
high DOC, nutrient-rich, shallow, fishless lakes (Arnott and Vanni 1993, Donald et
al. 2001, Brauns et al. 2007, Anteau and Afton 2008, Weidman et al. 2011).
Furthermore, H.septentrionalis, while being large and pigmented, is known to cooccur with planktivorous fish in moderately deep lakes (O’Brien et al. 1979), and
studies by Schulze (2011) and Cottenie et al. (2001) indicated that D.ambigua prefers
water bodies with lower turbidity. For absence indicator species, biotic interactions
seemed to be more critical than abiotic ones. For example, B.longirotris in the first
cluster was likely controlled by predation of C. americanus (Ende and Dempsey
1981), which is prevalent in these fishless lakes (Sweetman and Smol 2006, Garcia
and Mittelbach 2008). In addition, the absence of H. gibberum in the third cluster may
be explained by competitive exclusion since superior daphnids had high abundances
in these lakes (Tessier 1986, Hessen et al. 1995). Finally, E. lacustris that was absent
from the third cluster might have been resource-limited due to the lack of their
preferred prey, H. gibberum (Schulze and Folt 1990).
3.4.3. Indicator Species to Characterize Stress Gradients vs. Reference
Conditions
This study suggests that the analysis of absence indicators yields significant
results when a limiting factor reduces the niche breadths of one or more species. Such
limiting factors can be either biotic or abiotic (Rosenzweig 1995). Biotic factors
probably included predation (e.g. predation of C.americanus on B. longirotris) and
competitive exclusion (e.g. competitive exclusion of H. gibberum by daphnids).
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While these biotic restrictions occur under natural conditions, they can still represent
a disturbance in certain situations, such as the appearance of invasive species, which
can shrink the niches of native species (e.g. Strongin et al. 2011; Medina et al. 2011;
Setzer et al. 2011). In my study, an abiotic factor (acidity) was the main disturbance
restricting the niche breadths of several species. However such abiotic limiting factors
may also occur naturally. For instance, Weider & Hebert (1987) showed that some
clones of D. pulex were absent from a set of ponds with high salinity after saline
water injection from a nearby bay, although those clones persisted in the adjacent less
saline and freshwater ponds.
In stressed systems the increased dominance of opportunistic generalists over
habitat specialists is a widespread phenomenon which can occur in a range of
terrestrial and aquatic ecosystems at all trophic levels from primary producers to toppredators (McKinney and Lockwood 1999). Thus the here proposed combined
approach should have wider applications beyond the present study. However, under
natural conditions habitat specialists are found in fairly narrow environmental
conditions which they are well adapted to, and different sets of specialists emerge
along gradients of environmental conditions (Rosenzweig 1995). Generalists coexist
with different specialists across all habitat types, yet are often being outperformed by
the superiorly adapted specialists (Pianka 1978, Richmond et al. 2005). Therefore
under natural conditions, it is sufficient to solely rely on presence indicators because
all presence indicators should be de facto habitat specialists in such a scenario.
Furthermore, determining the absence of a species requires more effort than
determining its presence. To identify a presence indicator species for a sample (site),
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it is only required to examine the sample until the species of interest is found,
whereas a thorough examination of the entire sample is necessary to accurately
declare its absence. This may require a significantly larger effort in certain situations
such as microscopic examination of samples. Yet such an effort is justified when
using only presence indicators would be inadequate. In addition, sampling
inefficiencies can be relatively more influential on outcome of the indicator value
analysis for species absence than that of species presence. However in the present
study, such influences of sampling inefficiencies were somewhat compensated by
large sample size. Furthermore 49% and 33% of the lakes of highly stressed category
were repeatedly sampled over the three survey years and two survey years
respectively and therefore averages of species abundances from repeated surveys
should have eliminated the bias from sampling inefficiencies to a certain degree in
this category.

3.5. CONCLUSION
In conclusion, I recommend the combined use of indicator value analyses for
both presence and absence when identifying indicators to characterize categories
along a stress/disturbance gradient. The present study provides an excellent example
for the necessity and feasibility of this approach by using a large 244-lake data set
representing a stress gradient. Indicator species analysis for absence also identified
statistically significant indicators under natural, reference conditions. Yet, this
absence-based approach might not be necessary because for undisturbed conditions
presence indicator species are often habitat specialists for all categories. The current
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study also emphasizes the importance of carefully considering ecological traits of
species before selecting them as indicators based solely on the results of statistical
analysis, in order to ensure that statistically selected species are appropriate indicators
of particular environmental conditions.
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4. GENERAL CONCLUSIONS
4.1. SYNTHESIS
The present study revealed that zooplankton species assemblages in pristine
boreal lakes of northern Saskatchewan are complex, due to known influences of both
biotic and abiotic factors. Yet, the influence of these environmental factors on
structuring species assemblages became less important in lakes that were potentially
impacted by emissions from upwind tar sands, as acid-stress became a main
environmental factor influencing the community structure resulting simplified
species assemblages. These changes in species composition were not only a direct
result of differences in tolerance to acid-stress among species, but also an indirect
result of altered interactions among species due to acid-stress. Interestingly, the
transition from complex to simple species assemblages was not gradual, instead,
zooplankton communities were most complex at intermediate levels of acid stress.
This was likely a result of increased opportunities for species coexistence at
intermediate stress levels (due to altered biotic interactions) as predicted by the
intermediate disturbance hypothesis.
The present study identified two major groups of zooplankton species based
on their responses to acid-stress, i.e. species that remained unimpacted by acid-stress
and those that were influenced by the acid-stress. The first set of species were
adapted to sustain acidity under natural conditions and therefore remained unaffected
by acidification. The distinction of these species from the second group was
important to avoid any misinterpretations as they acted as an interruption to identify
expected responses of zooplankton to acid-stress.
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Further, the set of species that was influenced by acid-stress was represented
by two types. Some species were adversely affected by acid-stress while other
species benefited. The adversely affected species were habitat specialists highly
intolerant to acid-stress, and therefore, their extirpation or reduced relative
abundances indicated acid-stress to lakes. On the other hand, opportunistic generalist
species indirectly benefited from acid-stress due to reduced predation and/or
competition from acid-sensitive predators or superior competitors. Therefore, the
increased relative importance of these species was indicative of acid-stressed
conditions. However, their mere presence was not a god indicator of acid-stress due
to their ubiquitous nature.

4.2. FUTURE RESEARCH DIRECTIONS
Future research should be aimed at providing more conclusive evidences in
respect to the findings of the present study, including: 1) additional evidences that
the observed unusual zooplankton composition of the study lakes was not typical or
natural to the region, but rather caused by recent acidification, 2) research to
investigate if the study lakes display other symptoms of ecosystem stress, 3) research
to investigate how sensitive life stages of zooplankton are coupled to episodic pH
changes and 4) research to further evaluate the robustness of the identified
zooplankton indicator species.
1) In the present study, crustacean zooplankton attributes of the survey lakes
were compared to those of past zooplankton surveys from several other acid-stressed
and unperturbed Shield lakes in order to determine if zooplankton communities of
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these lakes were impacted by acid-stress. However, ideally the present zooplankton
composition should be compared to either historical zooplankton composition of the
same lakes, or to the concurrent zooplankton composition of a set of nearby
unimpacted reference lakes. As historical records on zooplankton composition of the
study lakes are not available, the only possibility to determine the historical
zooplankton composition is a paleolimnological reconstruction using sediment cores
of these lakes. For this, sediment cores should be taken for several lakes from each of
the three acid-stress categories (based on present study) and their historical plankton
compositions should be reconstructed for a time period prior to the impact (when oil
sand operations were not in existence). Then, these historical zooplankton
compositions can be compared to the present ones to evaluate if they have been
changes over time. An alternative approach would be to compare the present
zooplankton composition of the study lakes with the similar of set of reference lakes
in the same zoogeographic domain and on similar geology, but removed from the
deposition sources.
2)

One of the early symptoms of ecosystem stress

are alterations of

community structure of sensitive species (Odum 1985, 1992). Yet, stressed
ecosystems may also exhibit other symptoms such as energetic responses (e.g.
increase in community respiration, unbalances in production/respiration ratio),
changes in nutrient cycling (e.g. increase in nutrient turnover, downward leaching
and lateral transport of nutrients, increase in nutrient loss or system become more
leaky) and other system-level trends (e.g. increase in parasitism and other negative
interactions, shorten food chain lengths), depending on the stage of perturbation
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(Rapport et al. 1985, Odum 1985). Therefore, future research may investigate if the
lake ecosystems in the study domain were also displaying such symptoms. Ideally
variations in these symptoms should be evaluated across the acid-sensitivity gradient
to determine the effect of acid-stress on causing such ecosystem responses.
3)

The intensity of responses of aquatic biota to episodic events often

depends on how sensitive life stages are coupled to those episodic events (Merrett et
al. 1991). Therefore seasonal sampling should be conducted to understand when and
how critical acid stresses may be occurring and to determine how different life stages
of crustacean plankton were affected by such critical acid-stresses resulting
expressed plankton composition.
4) The present study identified several indicator zooplankton species that
reflected different environmental conditions. Robustness of these identified indicators
can be evaluated by re-sampling the same environment under different temporal
and/or spatial conditions (McGeoch et al. 2002). This may involve sampling the same
study lakes during a different time period and/or sampling a different set of lakes in
the same geographical region. Subsequently it should be evaluated if the identified
indicator species (in the present study) are also successful in representing respective
environmental conditions during the re-sampling.

4.2. CONCLUSION
This thesis outlines several important aspects regarding the use of biological
indicators to detect and track the effects of acid deposition on lake ecosystems. First,
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it provides evidences that zooplankton can serve as appropriate and extremely
sensitive barometer of ecological stress resulting from acidification. Secondly, this
thesis suggests that community attributes of sensitive species are suitable to reflect
the degree of acidification of lake systems across a region, whereas presence and
absence of individual indicator species are appropriate to characterize the level of
acid-stress to individual lakes. Thirdly, it emphasizes the importance of considering
biological indicators independently from chemical ones to assess acid-stress, because
biological responses can occur before long-term chemical responses are detectable. In
the meantime, it suggests the importance of taking such early biological effects into
account to effectively legislate the conservation and protection of these ecosystems,
particularly as the deterioration of the biota is generally the ultimate concern.
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APPENDIX A
##Statistical program to calculate and test the significance of indicator value for species
absence
install.packages ("vegan")
install.packages ("reshape")
require(vegan)
require("reshape")
indval.absence <- function(x,clustering) {
sp.pa= decostand(sp,"pa")
nrw<-nrow(sp)
ncl<-ncol(sp)
numcls <- as.integer(length(table(clustering)))
se<-data.frame(sp,clustering)
se2<-data.frame(sp.pa,clustering)
ncl<-ncol(se)
Molten <- melt(se, id.vars = c("clustering"))
avg<-cast(clustering ~ variable, data = Molten, fun = mean)
mart<-apply(avg,2,max)
avg =avg[,2:ncl]
mart2<- matrix( nrow=numcls, ncol=ncl-1 )
for( i in 1:numcls ){
mart2[i, ] <- mart
}
nm<-names(sp)
colnames(mart2, do.NULL = FALSE)
colnames(mart2)<- nm
dif<-mart2-avg
su<-colSums(dif)
su3<- matrix( nrow=numcls, ncol=ncl-1 )
for( i in 1:numcls ){
su3[i, ] <- su
}
colnames(su3, do.NULL = FALSE)
colnames(su3)<- nm
fidel<-dif/su3
Molten2 <- melt(se2, id.vars = c("clustering"))
tol <- cast(clustering ~ variable, data = Molten2, fun = length)
68

con<-cast(clustering ~ variable, data = Molten2, fun = sum)
tol2<-data.frame(tol)
con2<-data.frame(con)
non<-tol2[2:ncl]-con2[2:ncl]
speci<-non/tol2[2:ncl]
indva1<-fidel*speci*100
indva<-apply(indva1,2,max)
A <- matrix(data=0, nrow=250, ncol=ncl-1)
for (i in 1:250) {
sp.per<-x[sample(nrow(sp)),]
sp.per.pa= decostand(sp.per,"pa")
se.per<-data.frame(sp.per,clustering)
se2.per<-data.frame(sp.per.pa,clustering)
Molten.per <- melt(se.per, id.vars = c("clustering"))
avg.per<-cast(clustering ~ variable, data = Molten.per, fun = mean)
avg.per =avg.per[,2:ncl]
mart.per<-apply(avg.per,2,max)
mart2.per <- matrix( nrow=numcls, ncol=ncl-1 )
for( j in 1:numcls ){
mart2.per[j, ] <- mart.per
}
nm<-names(sp)
colnames(mart2.per, do.NULL = FALSE)
colnames(mart2.per)<- nm
dif.per<-mart2.per-avg.per
dif2.per<-data.frame(dif.per)
su.per<-colSums(dif2.per)
su2.per <- matrix( nrow=numcls, ncol=ncl-1 )
for( k in 1:numcls ){
su2.per[k, ] <- su.per
}
su2.per
nm<-names(sp)
colnames(su2.per, do.NULL = FALSE)
colnames(su2.per)<- nm
fidel.per<-dif2.per/su2.per
fidel.per
Molten2.per <- melt(se2.per, id.vars = c("clustering"))
tol.per <- cast(clustering ~ variable, data = Molten2.per, fun = length)
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con.per<-cast(clustering ~ variable, data = Molten2.per, fun = sum)
tol2.per<-data.frame(tol.per)
con2.per<-data.frame(con.per)
non.per<-tol2.per[2:ncl]-con2.per[2:ncl]
speci.per<-non.per/tol2.per[2:ncl]
non.per
indva.per<-fidel.per*speci.per*100
ind.max<-apply(indva.per,2,max)
A[i,]<-ind.max
}
A<-data.frame(A)
men<-mean(A)
std<-sd(A)
zed<-(indva- men)/std
pval<-pnorm(-abs(zed))
p.adjust(pval, "holm")
out <- list(relfrq=data.frame(speci),indv=data.frame(indva1),pval=pval)
}
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