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Abstract 

Biomonitoring has repeatedly been proven to be an effective tool in assessing aquatic ecosystems 

and is especially useful in historically stressed environments like Sudbury area lakes, that are on 

an acid-recovery trajectory while facing contemporary changes including urbanization, calcium 

declines, climate change and lake brownification. Due to the varied ranges of sensitivities among 

different species, zooplankton are important bioindicator taxa of pelagic waters often used in 

biomonitoring.  Their crucial link between primary producers and fish communities also make 

them important taxa for monitoring. After decades of water chemistry improvements in Sudbury, 

crustacean zooplankton communities have sometimes lagged in recovery that may be attributable 

to factors such as dispersal, residual metal toxicity, biotic resistance, and incomplete food webs. I 

conducted a broad spatial survey of 58 historically acidified lakes and 24 reference lakes in the 

Sudbury acid deposition zone and 5 remote reference lakes to understand the current variation in 

pelagic zooplankton community compositions in lakes along numerous gradients of change to 

and to determine the recovery status of zooplankton communities. My results show that 

zooplankton communities in lakes that have chemically recovered from historical acidification 

do not resemble reference compositions after over four decades since emission reductions, 

suggesting a shift to alternate community compositions due to changing contemporary 

environmental factors. 

 

Keywords 

Restoration ecology, biomonitoring, novel communities, brownification, zooplankton 
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Introduction 

Freshwater is one of the essential finite resources needed for life. Responsibly managed 

freshwaters provide many benefits and services contributing to human and ecosystem health, 

economic stability, and cultural value (UNESCO 2006). Global freshwaters are however 

severely threatened by both in-situ and ex-situ anthropogenic influences that cause disturbance to 

ecosystem structure and function (Carpenter et al. 2011). Among these threats are climate change 

(Carpenter et al. 1992, 2011), biodiversity and habitat loss (Tickner et al. 2020), human 

population growth and agricultural activities (Pimentel and Pimentel 2006), industrial and urban 

pollutants (Albert et al. 2021), and the spread of invasive species (Sharma et al. 2011). The 

monitoring required to address these threats has usually focused on water chemistry and physical 

variables, but increasingly biomonitoring has also proved to be an effective tool in assessing the 

health of freshwaters (Karr 1987; Gunn and Sandøy 2001; Lougheed and Chow-Fraser 2002; 

Hurford et al. 2010; Jacks et al. 2021; Clasen et al. 2022; Gökçe 2022). Biomonitoring usually 

involves direct assessment of the presence and relative abundance of a suite of biota or 

particularly selected biota that are highly sensitive to contaminants or other disturbances. This 

biomonitoring approach can be especially useful for monitoring cumulative ecological impacts in 

historically stressed and recovering ecosystems that are also experiencing contemporary changes.  

Sudbury, Ontario has a legacy of severe environmental damage. Copper-nickel mining 

and smelting in Sudbury began in the late 1800s and has resulted in very large sulphur dioxide 

and metal (eg. Cu, Ni) emissions. In fact, Sudbury became one of the largest point sources of 

sulphur dioxide emissions in the world. Peak emissions occurred in the 1960’s and 1970’s, 

averaging over 5,500 tonnes of sulphur dioxide per day (Keller 1992). Consequently, there was 
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widespread aquatic acidification and metal contamination causing significant reduction in 

diversity and local extinctions of many species in lakes, across the entire food web from benthos 

(Griffiths and Keller 1992; Carbone et al. 1998) to plankton (Sprules 1975; Yan and Strus 1980; 

Keller and Pitblado 1984; Macisaac et al. 1987; Nicholls et al. 1992) to fish (Gorham and 

Gordon 1960; Beamish and Harvey 1972).  The large area affected directly by this point source 

atmospheric deposition of pollutants, covered more than 17,000 km2 and was appropriately 

termed ‘the Sudbury Zone of Effect’  (Neary et al. 1990). About 1000 km2 of the ‘Zone’ 

landscape was left barren or semi-barren of vegetation, and it was estimated that more than 7,000 

of the Sudbury area lakes were acidified to a pH less than 6 (Neary et al. 1990; Keller et al. 

2007), the survival threshold for many freshwater biota (Havens et al. 1993; Holt and Yan 2003).  

Many of these impacted lakes, particularly in the area immediately around the three smelters and 

in geologic regions with low buffering capacity, were acidified to a pH of less than 5.0 and 

became virtually devoid of higher trophic aquatic organisms (Keller 1992; McNicol and 

Wayland 1992). Beginning in the 1970s a series of control orders were put in place by 

government to reduce air pollution (Potvin and Negusanti 1995). The industries responded to 

these regulations and invested heavily in pollution control technologies that reduced sulphur 

emission by nearly 98%. In addition, an internationally recognized community-led regreening 

program has worked to restore approximately 3500 ha of landscape through liming, fertilizer and 

seed additions, and more than 10 million trees were planted in the most affected barren areas 

(City of Sudbury 2021). 

The many lakes throughout the Sudbury Zone of Effect have varied widely both in the 

nature and severity of their early impacts, as well as their trajectories of recovery that have 

occurred with emission reductions, due to factors such as the proximity to the smelters or 
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perhaps more importantly the geochemical sensitivity of the landscape surrounding individual 

lakes. Even today, lake chemistry varies dramatically, and while invertebrate and vertebrate 

species have been returning and/or increasing in abundance, many lakes are still fishless and low 

in overall biodiversity (Keller and Gunn 1995; Gray and Arnott 2009; Valois et al. 2011; 

Simmatis et al. 2021). Steady declines in aqueous metal concentrations have been documented 

but some lakes closest to the smelters still exceed Ontario’s Provincial Water Quality Objectives 

(OPWQO) for nickel, copper, aluminum and other acidification associated metals (Valois et al. 

2010; Celis-Salgado et al. 2016).  

In addition to variation in the geochemistry of their watersheds, many of the acidic lakes 

in the region have low wetland drainage, resulting in very dilute lakes often with low dissolved 

organic carbon (DOC) inputs (Gunn et al. 2001). Acidification therefore resulted in many ultra-

clear waters that allowed penetration of infrared and ultraviolet radiation, and visible light 

causing deeper thermocline depths in lakes (Schindler and Curtis 1997; Keller et al. 2003; 

Caplanne and Laurion 2008). High exposure to UV-B can contribute to biological damage 

(Schindler and Curtis 1997; Gunn et al. 2001; Stasko et al. 2012) causing high mortality of 

invertebrates like the predatory Chaoborus (Persaud and Yan 2003), altered diurnal migration of 

Daphniids (Leech and Williamson 2001; Boeing et al. 2003; Ekvall et al. 2015) and DNA 

damage to various zooplankton species (Williamson et al. 2001).  

Although legacy stressors such as acidification and metals have had a large impact on 

ecosystem structure and function, contemporary lake acidity may in fact no longer be a 

controlling variable determining ecosystem status in many cases. Metal concentrations (Yan et 

al. 1996) and water clarity have significantly declined in many lakes and the region is now 

experiencing numerous contemporary environmental changes, including brownification (Wissel 
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et al. 2003; Keller 2009; Meyer-Jacob et al. 2019, 2020), climate change (Creed et al. 2018), 

urbanization (Simmatis et al. 2021), invasive species (Kaufman et al. 2009; Azan et al. 2015) and 

calcium declines (Keller et al. 2001, 2019; Jeziorski et al. 2012). 

Zooplankton communities have often been used in the biomonitoring of Sudbury lakes 

(Keller and Yan 1991; Shurin et al. 2010; Valois et al. 2010; Labaj et al. 2014) due to their 

varied sensitivities to environmental change. Different species are sensitive to various water 

chemistry and habitat changes and have been critical in understanding the impacts of lake acidity 

and subsequent improvements on the biological community. However, zooplankton communities 

are also influenced by a wide range of additional conditions including biotic interactions due to 

their crucial link between primary producers and fish communities. For example, it has been 

proposed that in addition to chemical recovery lakes may also require recovery of other portions 

of native food webs, such as planktivorous and piscivorous fish, to promote a full zooplankton 

community recovery (Binks et al. 2005; Valois et al. 2010, 2011; Keller et al. 2019). Early 

zooplankton community recovery was noted by an increase in species richness in naturally 

recovering lakes (Keller and Yan 1991). After about two decades of either natural or 

experimentally assisted (i.e. liming) recovery of pH to around 6, the re-colonization of 

eliminated acid-sensitive species has been frequently documented (Yan et al. 1996; Keller and 

Yan 1998). However, a delay in recovery of crustacean zooplankton, especially Cladocera, has 

also occurred in many lakes around Sudbury, particularly in urban lakes that are experiencing 

unique water chemistry changes and urban anthropogenic stressors (Yan et al. 2004; Valois et al. 

2011). Now that most Sudbury lakes have achieved water chemistry recovery (pH > 6, lower 

metal levels) and are facing new environmental changes, it is critical to assess the progress of 

contemporary zooplankton community recovery and community responses to changing 
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environmental conditions. Many contemporary changes have been documented in recent years, 

but we are lacking a comprehensive study of environmental changes and zooplankton 

community composition in Sudbury lakes. 

Among many contemporary changes, the increase in DOC referred to as brownification 

has been widely documented in North America (Robidoux et al. 2015; Williamson et al. 2015) 

and Europe (Finstad et al. 2016; Kritzberg et al. 2020), and it is also prominent in the Sudbury 

region (Snucins and Gunn 2000; Gunn et al. 2001; Meyer-Jacob et al. 2019, 2020).  In Sudbury, 

a combination of factors such as reductions in soil acidity and ionic strength, increased terrestrial 

inputs from active land reclamation sites, and increased decomposition rates linked to a warming 

climate (Monteith et al. 2007; Keller et al. 2008; Meyer-Jacob et al. 2019) have been associated 

with brownification. Brownification towards pre-acidification conditions in clear acidified lakes 

can be beneficial because DOC combines with and helps detoxify metals (Schindler and Curtis 

1997),  can serve as a nutrient source (Vasconcelos et al. 2019), can protect organisms from high 

UV radiation (Schindler and Curtis 1997; Schindler and Gunn 2003) and can potentially create 

larger hypolimnetic cold-water habitats (Keller et al. 2005). However, the long-term effects of 

brownification are generally unknown due to simultaneous and complex chemical and biological 

interactions. For example, some suggested effects include warming surface waters, shading and 

decreased primary productivity of phytoplankton and benthic algae, and altered interactions with 

visual predators (Schindler and Gunn 2003; Prairie 2008). Climate warming has been shown to 

magnify the effects of brownification by causing steeper thermal gradient changes (Snucins and 

Gunn 2000) and may impact zooplankton species richness (Shurin et al. 2010) and diel 

movements (Santonja et al. 2017). Meyer-Jacob et al. (2020) showed that DOC levels in Sudbury 

region lakes are moving towards (or even exceeding) pre-industrial levels, comparable to 
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unimpacted reference lakes in the region. However, it is unknown if or how this change in DOC 

is impacting community recovery from acidification and metal contamination.  

Urban inputs such as road salt and nutrient run-off are also a growing concern in Sudbury 

lakes. Anthropogenic contributions are changing water chemistry in urban lakes with 

consequential effects on zooplankton community structures (Simmatis et al. 2021). Urban lakes 

in the region are close to the smelters and have experienced higher SO2 and metal deposition as 

well as higher chloride levels from road salts (Sorichetti et al. 2022), and the zooplankton 

communities have often experienced a delay in recovery. For example, Clearwater Lake, a 

severely acid-damaged urban lake, had not yet had a full recovery of either the copepod or 

cladoceran zooplankton in 2014, 40 years after the first zooplankton community assessment 

(Yan et al. 2016). Middle Lake, another acid-damaged urban lake, was limed as part of an 

experiment and had a fully recovered copepod community but not a cladoceran community 40 

years after liming (Yan et al. 2016). The proximity of urban lakes to both smelters and human 

development may be promoting the occurrence of bio-chemically distinct lakes in Sudbury and 

causing further delays in expected biotic recovery.  

Calcium is an essential requirement for the exoskeleton of crustacean zooplankton and 

declines of Ca levels in northeastern boreal lakes has been well documented (Keller et al. 2001, 

2019; Jeziorski et al. 2012). Declines have been attributed to various factors including the past 

high acid deposition causing a depletion of base cations in the soil pools around lakes, the 

decline of Ca leaching from watersheds due to reduced atmospheric deposition and reduced 

acidity (Keller et al. 2001), and other factors like deforestation and changes in hydrological  

conditions or forest fire frequency due to climate change (Schindler et al. 1996; Jeziorski et al. 

2014). Ca levels below 1.5 mg L-1 can significantly affect different Daphniid species to various 
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extents. For example, within the Daphnia pulex complex, D. catawba, is known to be acid 

tolerant but was also found to tolerate low Ca conditions, while D. pulex was absent in lakes with 

Ca levels <1.5 mg L-1 in a study involving 36 lakes in the Muskoka region, Ontario (Jeziorski et 

al. 2012). Declining Ca concentrations can enhance toxicity of legacy metals like Cu and Ni 

(Welsh et al. 2000) and inhibit crustacean zooplankton survival (Celis-Salgado et al. 2016).  

Historically, water chemistry, specifically acidity, has been viewed as the main 

controlling factor for biotic compositions and food web structures in acid-damaged lakes. 

Currently, most lakes have achieved non-toxic pH levels, but there have been no recent studies to 

assess the recovery status of zooplankton communities and determine legacy effects and 

emerging contemporary concerns. With multifaceted environmental changes in the past 50 years 

since peak emissions of SO2 and metals it is important to reassess the state of the aquatic 

resources to be able to determine realistic biodiversity and restoration goals in Sudbury. It is 

crucial to recognize contemporary environmental factors and how these may influence biotic 

communities.  

Here I use a large survey of lakes located across the Sudbury Zone to investigate the 

relative influence of both legacy and emerging concerns in structuring contemporary pelagic 

zooplankton communities. Specifically, my primary objectives are to determine (1) the 

contemporary water chemistry characteristics across lakes with varied acidification histories, (2) 

if zooplankton community compositions in lakes that have chemically recovered resemble 

reference lake communities, and (3) the primary chemical and physical correlates of current 

zooplankton community compositions. A secondary objective of this work is to identify key 

indicator species whose presence and/or abundance are reflective of legacy and emerging 

concerns in the region. I predict that although a gradient in pH levels may still persist within the 
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Zone, we will see strong associations of contemporary water chemistry changes across all lake 

groups. In addition, pH will no longer be the strongest correlate for zooplankton compositions. I 

predict that zooplankton communities in both acid-recovered and reference lakes will correlate 

strongly to contemporary environmental changes but may still look different from expected 

reference communities due to complex recovery pathways. I also expect to see increased 

associations of acid-sensitive indicator species in recovered systems four decades after emission 

reductions.  
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Methods 

2.1 Study area 

The City of Greater Sudbury (46° 37'N, 80° 48'W) is located on the Precambrian 

Canadian Shield in northeastern Ontario and contains more than 330 lakes. It is within the Lake 

Temagami (4E) and Georgian Bay (5E) Ecoregions (Crins et al. 2009) of the Boreal Shield 

Ecozone, which was characterized by a cool and humid climate and mean annual precipitation of 

903.3 mm during the period 1981-2021 (ECCC 2021). During the same period, summer 

(June/July/August) temperatures averaged 17.8oC and mean winter 

(December/January/February) temperatures averaged -10.8oC (ECCC 2021). The winds were 

prevailing most frequently from a southwest direction in the summer with an average wind speed 

of 11.9 km/h (ECCC, 2021). During the winter, the most frequent wind direction was from the 

north at an average of 14.7 km/h (ECCC, 2021). 

My study area encompasses the City of Greater Sudbury and stretches south and west to 

Killarney Provincial Park (46o0'46.80''N, 81o24'6.12''W) and to just north and east of Lady 

Evelyn-Smoothwater Provincial Park (47°22'27.05"N, 80°31'8.85"W; Figure 1).  Typically, 

Shield soils are low in calcium, magnesium, and other cations, and consequently, so are Boreal 

Shield lakes. Hence most lakes in the region have low acid-neutralizing capacities and are 

relatively nutrient poor (Gunn and Pitblado 2003). In a small area around Sudbury, there are 

pockets of limestone, dolomite, or carbonate-rich rocks that aid in acid-neutralizing of lakes that 

received substantial sulphur deposition (Cowell 1986; Neary et al. 1990). Some lakes are also in 

urban areas with winter sanding and salting of both major and smaller inner (including minor, 

local, and/or dirt roads) roads that affects their ionic composition. 
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2.2 Field sampling 

Crustacean zooplankton and water samples were collected in the summer of 2018 at the 

deepest location of 82 lakes in the Greater Sudbury region and from 5 lakes within the Turkey 

lakes experimental watershed, located 300km west of Sudbury and 50km north of Sault Ste. 

Marie, ON (Figure 1). Lakes in the Sudbury region included 58 study lakes that were historically 

acidified (pH < 6) and 24 local reference lakes generally within the pollution deposition zone, 

but which had not acidified to a pH < 6.0. In contrast the Turkey lakes were well outside the 

Sudbury deposition zone and although they received moderate long-range sulphur deposition 

historically from nearby Wawa and Sault Ste. Marie smelters, they have had few other 

anthropogenic disturbances (eg. relatively undisturbed forested basin). Due to low historical and 

contemporary impacts the Turkey lakes are expected to exhibit biotic compositions typical for 

Boreal Shield lakes in reference conditions (Jeffries et al. 1988).  

A zooplankton net (12.5 cm diameter, 80μm mesh) was used to collect a composite 

sample by drawing the net from 1m off the bottom of the lake to the surface. One zooplankton 

haul was taken from each lake at a constant speed of approximately 1m/second averaging an 

efficiency of 82.30% measured using a current meter attached to the mouth of the net. The entire 

zooplankton sample was consolidated into a 46ml sample and preserved with 34ml of 33% 

formalin so that the total sample measured 80ml. Surface grab samples for water chemistry 

analysis such as metals, nutrients and ions, were collected using a 4L plastic jug held 

approximately 0.5m below the surface. Secchi disk depths were measured as an indication of 

water clarity, and dissolved oxygen and temperature profiles at 1m intervals were taken using a 

YSI (Pro-ODO). Chlorophyll samples were collected from the euphotic zone using a composite 

can that drew water as it was lifted from 2 x Secchi depth + 1 m or 1 m off the bottom if the 
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calculated depth based on Secchi depth exceeded the maximum depth. Brown 1L Nalgene bottles 

that were spiked with 0.5ml of 1% MgCO3 preservative were used to store chlorophyll samples. 

Water and chlorophyll samples were sent to the Dorset Environmental Science Centre Lab for 

processing using standard protocols (Ontario Ministry of the Environment 1983). 

Crustacean zooplankton samples were identified and enumerated using ZEBRA, a semi-

automated software (Girard et al. 2007). Adult and immature Cladocera were identified to 

species, except for Ceriodaphnia and Alona which were identified to genus. Adult Copepoda 

were identified to species, while immature Copepoda were identified to suborder only 

(Calanoida or Cyclopoida), except for Senecella calanoides and Epischura lacustris which were 

identified to species as the copepodid life stages are easily distinguishable. Calanoid/cyclopoid 

nauplius and copepodids were also identified separately but were grouped into immature 

calanoids and immature cyclopoids. A maximum of 250 (a minimum of 240) zooplankton were 

counted from a known sample volume. Density for the entire sample and biomass per species 

was extrapolated by the ZEBRA software using the sample volume analyzed.  

2.3 Data preparation and statistical analysis  

All data organization and analyses were conducted in R studio (version 3.6.2) and Microsoft 

Excel (version 2102).  Relative abundance of zooplankton species was calculated using density 

data for each lake. Species that did not have relative abundances of >2% in at least 3 lakes and 

were spatially rare (present in <7% of lakes) were deleted from the relative abundance data 

matrix. The relative abundance data was Hellinger transformed using the decostand() function in 

the R package Vegan (Oksanen et al. 2022), which calculates the square-root of the relative 

abundances to reduce the effects of extreme abundance values (Borcard et al. 2011). A binary 
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matrix was also created for presence /absence analysis where all species regardless of abundance 

were retained.  

Exploratory analysis involved creating Spearman’s correlation matrices and examining the 

magnitude of correlations between variables, testing normality using Shapiro-Wilk test, plotting 

histograms and boxplots to visualize distributions, calculating descriptive statistics, and 

calculating Shannon-Wiener and Simpson diversity indices for zooplankton using the “Vegan”, 

“ggplot”, and “dplyr” R packages. Highly correlated chemical and environmental variables were 

pruned using the magnitude of correlation coefficients (> 0.7) prior to initiating a forward 

selection assessment of variable contribution to a Redundancy Analysis (RDA) ordination 

model. For example, alkalinity and conductivity in the water chemistry dataset were eliminated 

due to high collinearity with pH and calcium, whereas nickel was highly correlated to copper. 

Log-transformations were applied to some water chemistry variables including copper, calcium, 

aluminum, chloride, sulphate, and total phosphorus, to ensure normality and meet the 

assumptions of statistical inferences. No data transformations were necessary for the retained 

physical variables. Chlorophyll, a biological variable, was added to the physical data matrix 

since resources like food availability can influence zooplankton niche structure and availability, 

as well as the ability to thrive in their habitats. Silvester and Wolf lakes were missing chlorophyll 

values and were dropped from the physical analysis but were retained for individual water 

chemistry and zooplankton analysis. 

 Comparative analysis between different lake groupings based on key physical or 

chemical characteristics including t-tests and Analysis of Variance (ANOVA) were conducted in 

Microsoft Excel. A combination of both unconstrained and constrained multivariate ordination 

analyses was then used to illuminate patterns in physical, chemical, and biological characteristics 
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of lakes, and their associations. This included unconstrained Principal Component Analysis 

(PCA) for water chemistry, physical, and zooplankton data individually, constrained 

Redundancy Analysis (RDA) for zooplankton data with water chemistry and physical factors 

respectively, and lastly variation partitioning (Varpart) and partial-RDA (p-RDA) of all three 

datasets. Prior to using constrained ordination, the zooplankton community dataset was checked 

for gradient lengths using Detrended Correspondence Analysis (DCA; decorana() in Vegan 

(Šmilauer and Lepš 2014)) to ensure gradients were less than three (3) and linear models would 

be suitable for the dataset. Forward selection (ordiR2step()) was used to further prune water 

chemistry and physical variables. Z-scores were calculated for environmental variables prior to 

constrained analysis. For unconstrained ordination, broken stick analysis (bstick() in Vegan 

(Oksanen et al. 2022)) was used to select the PCA axes that captured the meaningful variation, 

whereas the screeplot() function was used for constrained ordinations combined with 

permutation tests of overall significance (permutest(); 999 permutation per RDA). Variation 

inflation (vif.cca()) values were also considered in constrained ordinations to ensure that 

inflation values due to collinearity did not exceed 10. Lastly, for variation partitioning analysis, 

each independent fraction was tested for statistical significance (anova.cca()). 

For better visualization of ordination patterns, lakes were classified into various 

groupings based on some key physical or chemical characteristic (Table 1). Four different visual 

grouping schemes were implemented for each ordination including 1) geogroupings based on 

geology and distance from settlement (“urban” = lakes that are closer to smelters (<15km), have 

generally elevated metals levels, and have developed watershed or paved roads near-by, “non-

urban” = lakes that have little to no direct anthropogenic influence, “Killarney” = lakes located 

in the Killarney Provincial Park that have been subject to important acidification recovery 
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studies due to their close proximity to Sudbury and some lakes with distinct geology and 

topography, “reference” = local lakes within the Sudbury acid deposition zone that did not 

acidify historically, and “Turkey” = remote reference lakes that are outside the Sudbury 

deposition zone, 2) acidity groupings based on lake pH (pH < 5.9 = “recovering” lakes, pH ≥ 5.9 

= “recovered” lakes, and Sudbury reference and Turkey lakes combined = “Reference”), 3) 

calcium levels of lakes based on Ca requirements for sensitive zooplankton (“Ca < 2 mg/l” or 

“Ca ≥ 2 mg/l”), and 4) change in DOC levels from the first ever measurement taken from the 

lake (most in 1981, some in late 1980’s or early 1990’s). The delta DOC does not account for 

variation of trends over the years but gives a sense of the general direction and magnitude of 

change.  Groupings were determined by calculating residual error of long-term July DOC levels 

of 11 long-term monitoring lakes to account for discrepancies or minor seasonal fluctuations 

(Appendix A).  Lohi Lake had the highest range of seasonal DOC variability which was used as 

a conservative threshold for meaningful DOC rise. The resultant DOC groupings were a change 

by a magnitude of 0 – 1 mg L-1 = “No sig change”, increase between 1 and 2 mg L-1 = “1 < 

DDOC < 2”, and lastly an increase of 2 mg L-1 and more = “DDOC ≥ 2”.  These groupings did 

not drive the analyses and were only applied after ordinations were completed to be used as a 

visual guide. 
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Results 

3.1 Contemporary water chemistry and physical factors  

The water chemistry attributes that were analyzed for the 58 study lakes, 24 local reference 

lakes, and 5 remote reference lakes included acidity (pH), metals (Al, Fe, Pb, Ni, Cu), ions (Cl, 

Ca, SO4), nutrients (TP, TKN, Silicate), and water clarity (DOC) (Figure 2;Table 2). Attributes 

which were not retained for analysis included alkalinity and conductivity which are highly 

correlated with other variables such as pH. Nickel (Ni) and Cu were also highly correlated with 

each other hence Ni was dropped from the ordinations.  The eliminated variables can be 

considered as represented by the retained variables (Appendix B). Physical factors that were 

analyzed for Spearman’s correlation did not show strong correlations between most variables. 

Exceptions included true color with Secchi depth, and hypolimnion width with maximum depth. 

True color and maximum depth were therefore excluded from the analysis.  

Contemporary pH levels continue to vary widely across the surveyed lakes (Figure 2), but 

emerging contemporary water chemistry changes also varied largely and seemed to be more 

important in grouping lakes. Contemporary pH values ranged from 4.98 in Marjorie, an acid-

recovering non-urban lake, to 7.03 in Alice, a recovered urban lake. A wide range of DOC 

concentrations was also revealed. Tillie, an acid-recovering non-urban lake had the highest DOC 

level of 9.4 mg L-1, followed by Crooked, a recovered urban lake, with 8.4 mg L-1 DOC. The 

lakes with the lowest DOC levels include acid-recovering Nellie, Marjorie, and Sunnywater 

lakes with 0.5, 0.4, and 0.2 mg L-1 DOC respectively. Recovering lakes (pH < 5.9), were 

generally higher in Al, while recovered lakes (pH ≥ 5.9) were generally higher in metals such as 

Cu. Ca levels were also higher in recovered lakes compared to recovering lakes. DOC levels in 
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43 lakes seemed to have increased more than the calculated seasonal variation (-1 – 1 mg L-1; 

Appendix A), however urban lakes on average had the largest change in DOC over 28-37 years 

(1981/1990 - 2018) compared to other groups (Appendix C). Physically, lakes in Killarney 

tended to be deeper with larger hypolimnia and thermoclines, while Turkey lakes were shallow 

with smaller hypolimnia and lower bottom water dissolved oxygen levels. Secchi depths tended 

to be shallower on average in urban and Sudbury reference lakes in comparison to other groups.  

Variability in water chemistry was well described overall, as the PCA analysis of water 

chemistry variables explained 74.48% of the variation in the first two axes (Figure 4a-d). Urban 

lakes in the Sudbury region were chemically different compared to lakes in other geogroups 

(Figure 4a), which was primarily associated with elevated Cu, Cl, Ca, and pH. A secondary 

gradient of differentiation was apparent among the urban lakes, with some associated with DOC 

and nutrients, and others exhibiting higher residual SO4 concentrations.  Aluminum was 

negatively correlated to SO4 and present in lowest levels in urban lakes. Lakes in Killarney, non-

urban, Sudbury reference, and Turkey reference geogroups all had significant overlap in water 

chemistry variation (Figure 4a). 

In contrast, stronger differentiation in water chemistry variation was noted using acidity 

grouping visualization (Figure 4b), where acid-recovering lakes were primarily associated with 

elevated Al concentrations and reference lakes grouped together at the centre of the plot 

associated with silicate. Recovered lakes displayed high levels of chemical variation overlapping 

both recovering and reference lakes. Lakes with higher Ca levels (≥ 2 mg L-1) were either 

reference or recovered lakes with higher variation in overall water chemistry, whereas lakes with 

Ca levels < 2 mg L-1 showed lower variation and were primarily recovering and some more 

remote recovered lakes (Figure 4c). The delta DOC groupings also showed high overlapping 
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variation, in both chemical and physical analysis (Figure 4d, g). Without considering temporal 

variations, DOC levels have changed in all lakes over 28-37 years with 43 lakes having a 

magnitude of change of more than 1 mg L-1.  

My analyses identified a high degree of variation among the physical characteristics of lakes, 

and PCA analysis of physical factors explained 45.9% of the variation along the first two axes 

(Figure 4e -h). Most lakes in different geogroups had highly variable physical conditions, but in 

general, most non-urban lakes were associated with higher B.DO levels, were larger in surface 

area and located further north compared to other lakes. A combination of Turkey, urban and 

some reference lakes had higher surface temperatures (Figure 4e). Recovered and reference lakes 

showed similar physical conditions, whereas most recovering lakes tended to be on extreme sides 

of this variation (Figure 4f). Most lakes that were higher in CHLa levels and surface temperatures 

also had higher Ca levels of ≥ 2 mg L-1, while lakes with lower Ca levels had higher B.DO 

levels, surface areas, hypolimnion width, and Secchi depths (Figure 4g).  

3.2 Zooplankton community compositions  

A total of 37 zooplankton taxa (a combination of individual species and complexes) were 

identified in all Sudbury and Turkey lakes combined (Table 3), but only 6 of those had >2% 

average relative abundance across all lakes. Species richness was generally higher in Sudbury 

and Turkey reference lakes averaging 14 species (Figure 3), with the highest species richness 

occurring in Sudbury reference lakes Sam Martin (20 species), Bluewater (18 species), and 

Barnet and Little Burwash (17 species). Recovered lakes had an average of 12 species, and acid-

recovering lakes an average of 8.6 species. Shannon-Wiener and Simpson diversity indices 

showed no statistical difference between any of the lake grouping categories (ANOVA p-value > 
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0.5; Appendix D). The most spatially abundant taxa found in more than 85% of the lakes 

included immature calanoids, immature cyclopoids, Bosmina freyi, Holopedium gibberum, 

Epischura lacustris copepodid, and Leptodiaptomus minutus in descending order, with immature 

calanoids being the only group found in all 87 lakes. The zooplankton species with highest 

average density across all lakes, after immature calanoids/cyclopoids was Bosmina freyi, which 

was most abundant in acid-recovering and recovered lakes. The second most abundant species on 

average was Holopedium gibberum found across all lake categories. There were 13 species found 

in less than 7% of the lakes including Leptodora kindtii, Senecella calanoides, Ceriodaphnia sp., 

Chydorus sphaericus, Polyphemus pediculus, Aglaodiaptomus leptopus, Acanthocyclops vernalis 

complex, Sida crystallina, Alona sp., Disparalona acutirostris, Leptodiaptomus sicilis, 

Acroperus harpae, Eucyclops agilis, all of which had <2% average relative abundance in all 

lakes except Ceriodaphnia sp (Table 2). 

3.3 Zooplankton community compositions in chemically recovered lakes relative to 

reference compositions 

Zooplankton community composition continued to vary in lakes with differing acidity 

levels and compositions in recovered lakes do not resemble the compositions in reference lakes. 

There is a successive gradient from acid-tolerant, and generalist associated communities in 

recovering lakes to more acid-sensitive associated communities in reference lakes (Figure 5b, f). 

Communities in recovered lakes shared compositions with both recovering and reference lakes, 

but reference and recovering lakes had low overlap in community compositions (Figure 5b, f). 

These results were consistent with both relative abundance and presence/absence analysis.  

Reference and recovered lakes were also the majority of lakes with higher Ca levels (Figure 5c, 

g). In contrast, no strong differentiations were identified between overlying geogroups except for 
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some urban lakes showing secondary variation associated with B. liederi, T. extensus, D. birgei, 

and B. freyi. (Figure 5a). Delta DOC visualization showed high overlap between groupings in 

both relative abundance and binary analysis (Figure 5d, h). Overall, the relative abundance (Figure 

5a-d) PCA axis 1 explained 12.68% of the variation and was strongly associated with T. 

extensus, D. birgei, M. edax, E. lacustris copepodids, and immature calanoids, a combination of 

moderately acid-sensitive and acid-tolerant species. The second axis explained 12.03% of the 

variation and was strongly associated with many acid-sensitive species including D. thomasi, C. 

scutifer, D. longiremis, D. mendotae, and S. oregonensis, that were inversely related to acid-

tolerant B. freyi, H. gibberum, L. minutus, and B. liederi. The PCA biplot of binary zooplankton 

(Figure 5e-h) data revealed strong associations with acid-sensitive species on axis 1 that 

explained 9.46% of variation and were highly associated with reference and recovered lakes. 

Binary PCA axis 2 explained 7.56% of the variation and was strongly associated with generalist 

and acid-tolerant species. 

3.4 Key indicator species  

Presence and absence indicator species were identified using species boxplots (Appendix 

E) and strong associations to various lake groupings on biplots. Five presence indicator species 

were identified in Sudbury reference lakes containing higher Ca levels including D. thomasi, S. 

oregonensis, D. mendotae, C. scutifer, and D. longiremis (Figure 5b, c, f, g), which were absent 

from the recovering lakes. In the Turkey lakes, S. oregonensis, C. scutifer, and D. longiremis 

were absent and D. thomasi was found in low proportions. In contrast, D. dubia was found in 

four of the five Turkey lakes but was documented in only three of the 24 Sudbury reference 

lakes, and overall was found in only 8% of lakes. B. liederi was identified as an absent indicator 

species found in highest proportions in urban lakes that are recovered lake, but in none of the 
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Sudbury and Turkey reference lakes. In recovered Killarney lakes that have low Ca levels, E. 

tubicen was found in high proportions but it was found in comparably lower proportions in 

reference lakes. In addition to indicator species, new/returning species that may have the 

potential to thrive in the future or species that are currently getting outcompeted may be 

indicated by presence in low abundances. Among the 13 spatially rare species, 9 were associated 

with recovering and/or recovered lakes (Table 2). Although rare in both abundance and spatial 

presence, Ceriodaphnia sp., E. agilis, and A. vernalis complex, were highly associated with 

recovered lakes and were important species in explaining the variation on binary PCA axis 2, 

while S. calanoides, was highly associated with the reference lakes, and grouped with other 

presence indicator species on axis 1 (Figure 5e-h). Other rare species like P. pediculus, Alona sp., 

and C. sphaericus were associated with recovering and some recovered lakes.  

3.5 Primary chemical and physical correlates of zooplankton community compositions  

 The forward-selected primary drivers of zooplankton in the water chemistry analysis 

were pH (p-value = 0.001), copper (p-value = 0.002), calcium (p-value = 0.037), and aluminum 

(p-value = 0.023), and the remaining variables contributed only a small percentage to the 

variation. However, five other variables were still retained as a means of exploring additional 

variation. The variables retained include pH, copper (Cu), calcium (Ca), aluminum (Al), chloride 

(Cl), sulphate (SO4), dissolved organic carbon (DOC), total Kjeldahl nitrogen (TKN), and total 

phosphorus (TP). The forward-selected primary drivers in the physical variables analysis were 

Secchi depth (p-value = 0.002), bottom temperature (p-value = 0.002), surface temperature (p-

value = 0.026), surface area (p-value = 0.027), and bottom dissolved oxygen (p-value = 0.050). 

Seven other physical variables were also retained to explore additional variation. The physical 

variables used in the analysis include Secchi depth (Secchi), bottom temperature (B. Temp), 
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surface temperature (s.temp), lake surface area (SA), bottom dissolved oxygen (B.DO), elevation 

(elev), latitude (Lat), longitude (Long), hypolimnion width – difference between top and bottom 

of the hypolimnion (Hypo), thermocline (thermo), total chlorophyll a (CHL a), and total 

chlorophyll b (CHL b). 

Lake pH and Ca levels were the primary water chemistry correlates of zooplankton 

compositions (Figure 6). Sensitive zooplankton were associated with reference lakes that had 

higher pH, and Ca, while communities in urban lakes were strongly associated with Cu, nutrients 

(TKN, TP, DOC), and Cl (Figure 6a-e). Most acid-recovering lakes showed low associations with 

nutrients and metals but strong association with Al (Figure 6a, i). The RDA model for water 

chemistry and zooplankton community explained 13.38% of the variability in the first two axes 

and the overall model was statistically significant (999 permutation, F-ratio = 2.435, p-value = 

0.001). In addition to chemical sensitivity, the primary physical correlates explaining the highest 

variation included the width of the hypolimnion, Secchi depth, surface temperature, and CHL a 

(Figure 6f-j). Acid-sensitive species were associated with colder bottom temperatures and were 

found in generally larger lakes, while epilimnetic and generalist zooplankton including D. 

retrocurva, T. extensus, and D. birgei had stronger associations with lakes that had higher 

surface temperatures, bottom temperatures, and CHL a levels. Acid-tolerant species in 

recovering lakes were associated with larger Secchi depths, higher bottom dissolved oxygen 

levels, and were more typical of remote lakes. The RDA model for physical variables and 

zooplankton explained 11.97% of the variation on the first two axes and the overall model was 

statistically significant (999 permutations, F-ratio = 2.0878, p-value = 0.001). 

Using multi-component environmental descriptors in explaining variation in the 

zooplankton community revealed important interacting and decoupled chemical and physical 
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factors influencing zooplankton community. Using partial-RDA and variation partitioning, after 

accounting for zooplankton variation explained by chemical variables, physical factor explained 

8% of total zooplankton variation (Figure 7) where lake area, bottom temperature, bottom 

dissolved oxygen, and surface temperature were the most important variables (Appendix F). 

Conversely, when physical factors were applied first, variation explained by water chemistry 

variables amounted to 7% with Al, Ca, and pH being the most important variables (Appendix F). 

Interacting environmental variables explained 9% of zooplankton variation. Combined, all 

factors, independently or shared explained 23% of zooplankton variation. Each of the 

independent fraction of variation partitioning were statically significant (p-value ≤ 0.004).  
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Figure 1: Distribution of 82 Sudbury lakes and 5 Turkey lakes grouped by their acidity status in 

relation to the three mining smelter complexes in Sudbury. Map generated using QGIS 3.22.1. 
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Figure 2: Boxplots showing median of water chemistry parameter across lakes with different 

acidity status. The error bars represent lower quartile -/upper quartile +1.5*IQR (interquartile 

range). Point represents outliers (>1.5*IQR). Sample size for all variables is the same as shown 

on pH. 
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Figure 3: Boxplots showing median of species richness across lakes with different acidity status. 

The error bars represent lower quartile -/upper quartile +1.5*IQR (interquartile range). Point 

represents outliers (>1.5*IQR). 
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Figure 4: Principal Component Analysis (PCA) biplot of water chemistry variables (a-d) and 

physical factors (e-g) grouped by lakes geogroups, acidity, DDOC, and calcium. The ellipses are 

calculated at 95% confidence using 1 standard deviation that indicate the general grouping of 

lakes and should be used only as a visual aid. 
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Figure 5: Principal Component Analysis (PCA) biplot of proportional zooplankton communities 

(a-d) and binary zooplankton data (e-h) grouped by lakes geogroups, acidity, DDOC, and 

calcium. The ellipses are calculated at 85% confidence using 1 standard deviation. 
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Figure 6: Redundancy Analysis (RDA) of water chemistry (a-e; ) and physical factors (f-j) with 

zooplankton relative abundance grouped by geogroups, acidity and calcium levels. The ellipses 

are calculated at 75% confidence using 1 standard deviation that indicate the general grouping of 

lakes. 
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Figure 7: Variation partitioning Venn diagram where X1 = variation explained by physical 

variables, X2 = variation explained by water chemistry variables, and Y = total zooplankton 

variation. Overall, 23% of variation in the zooplankton community is explained by physical and 

chemical variation and 77% of residual variation represents unknown factors. 
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Table 1: Visual grouping schemes (Geogroups, Acidity, Calcium, and Delta DOC). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Geogroups Acidity Calcium (mg/l) Delta DOC (mg/l) 

Group 1 Urban Recovering <2 No sig change 

Group 2 Non-urban Recovered  ≥2 1<DDOC<2 

Group 3 Killarney Reference -   DDOC ≥2 

Group 4 Reference - -  - 

Group 5 Turkey - - - 
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Table 2: Summary statistics (mean, maximum, and minimum values) of water chemistry and 

selected physical variables across lakes with different acidity status. 

 

 

 

 

 

 

 

 

 

pH

Cu 

(mg/L)

Ca 

(mg/L)

Al 

(mg/L)

Cl 

(mg/L)

SO4 

(mg/L)

DOC 

(mg/L)

TKN 

(mg/L)

TP 

(mg/L)

Secchi 

(m)

Max Depth 

(m)

Surface 

Area (Ha)

Mean 6.157 0.002 1.487 0.043 0.875 4.387 3.357 0.206 0.004 6.083 30.023 313.79

Max 6.820 0.012 5.000 0.147 19.900 8.100 5.900 0.343 0.009 12.000 61.000 1316.45

Min 5.900 0.000 0.800 0.009 0.120 2.850 1.100 0.140 0.002 2.800 12.000 14.54

Mean 6.609 0.010 5.531 0.019 30.458 9.827 3.954 0.309 0.009 4.750 12.254 40.24

Max 7.030 0.034 12.900 0.104 117.000 41.200 8.400 0.561 0.028 9.100 22.000 156.80

Min 5.990 0.006 2.340 0.005 0.480 2.150 1.600 0.131 0.003 1.200 2.000 5.80

Mean 5.505 0.001 1.058 0.125 0.184 4.250 2.880 0.172 0.004 8.010 34.340 138.54

Max 5.850 0.005 1.520 0.198 0.310 5.850 9.400 0.388 0.012 18.500 90.300 336.28

Min 4.980 0.001 0.780 0.028 0.100 2.950 0.200 0.052 0.001 1.800 11.000 12.11

Mean 6.520 0.001 2.651 0.025 0.440 4.225 4.171 0.233 0.005 4.396 24.300 231.44

Max 6.690 0.003 3.760 0.068 3.030 5.800 7.300 0.322 0.009 10.800 45.700 482.10

Min 6.390 0.000 1.520 0.005 0.120 2.300 1.700 0.144 0.003 1.900 9.000 49.00

Mean 6.634 0.001 3.200 0.049 0.132 2.220 3.840 0.265 0.004 5.000 15.340 20.42

Max 6.820 0.001 5.160 0.078 0.140 2.850 5.000 0.321 0.007 6.250 37.000 52.00

Min 6.370 0.001 1.420 0.026 0.120 1.650 2.900 0.192 0.003 4.000 4.500 5.80

Recovered 

n=35

Recovered 

urban            

n=13

Recovering 

n=10

Reference 

n= 24

Turkey          

n=5
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Table 3: Zooplankton species occurrences in lakes grouped by acidity status. 

 

Retained Species Recovering Recovered 
Sudbury 
Reference 

Turkey 
Reference 

Total 
Lakes 

Proportions 
of Lakes 

Immature calanoid 10 48 24 5 87 1.000 
Immature cyclopoid 9 48 24 5 86 0.989 
E. lacustris copepodid 9 46 23 5 83 0.954 
Bosmina freyi 8 45 23 5 81 0.931 
Leptodiaptomus minutus 10 44 19 5 78 0.897 
Holopedium gibberum 8 42 23 4 77 0.885 
Mesocyclops edax 5 32 22 5 64 0.736 
Diaphanosoma birgei 3 28 19 5 55 0.632 
Tropocyclops extensus 1 33 12 5 51 0.586 
Diacyclops thomasi 0 18 22 3 43 0.494 
Cyclops scutifer 1 19 17 3 40 0.460 
Eubosmina tubicen 2 26 10 0 38 0.437 
Daphnia mendotae 0 13 20 3 36 0.414 
Daphnia catawba 5 17 7 3 32 0.368 
Bosmina longispina 4 19 8 0 31 0.356 
Skistodiaptomus 
oregonensis 0 14 15 0 29 0.333 
Daphnia ambigua 0 18 4 0 22 0.253 
Epischura lacustris 0 9 11 2 22 0.253 
Bosmina liederi 1 19 0 0 20 0.230 
Daphnia longiremis 0 4 14 0 18 0.207 
Daphnia retrocurva 0 5 10 1 16 0.184 
Daphnia sp. 2 10 3 0 15 0.172 
Orthocyclops modestus 2 6 3 2 13 0.149 
Daphnia pulicaria 1 3 3 1 8 0.092 
Daphnia dubia 0 0 3 4 7 0.080 

Rare Species 

Leptodora kindtii 1 3 2 0 6 0.069 
Ceriodaphnia sp. 1 3 0 0 4 0.046 
Chydorus sphaericus 0 3 1 0 4 0.046 
Polyphemus pediculus 1 2 1 0 4 0.046 
S.calanoides copepodid 0 0 3 1 4 0.046 
Agloadiaptomus 
leptopus 0 1 0 2 3 0.034 
Sida crystallina 0 0 1 1 2 0.023 
Alona sp. 1 1 0 0 2 0.023 
A. vernalis complex 0 1 1 0 2 0.023 
Senecella calanoides 0 0 1 1 2 0.023 
Disparalona acutirostris 1 0 0 0 1 0.011 
Acroperus harpae 0 1 0 0 1 0.011 
Leptodiaptomus sicilis 0 0 0 1 1 0.011 
Eucyclops agilis 0 0 0 1 1 0.011 
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Discussion 

Meaningful assessment of assemblage patterns and their environmental associations is 

dependent upon a high quality and reliable dataset. Zooplankton samples can have large 

interannual variation in individual lakes and can underestimate species pools by up to 33-50% 

(Arnott et al. 1999). Univariate analysis such as species richness and diversity measures are 

important community indicators, but if used solely may not capture many important community 

attributes. Multivariate analysis using relative abundance data have been found to produce more 

holistic results (Yan et al. 1996; Gray and Arnott 2009).  This large spatial survey with multiple 

lakes representing various gradients and lake groupings, paired with a multivariate statistical 

approach can help in identifying subtle but important community patterns that may otherwise be 

missed in individual lakes studies. Additionally, I used a reference system approach which is 

useful in cases such as mine that lack pre-impact historical data. Even with emerging concerns 

that are affecting reference systems, a comparison with impacted lakes may help estimate 

recovery targets, or to further investigate if an alternate target is to be expected amidst 

contemporary concerns.  

4.1 Water chemistry of lakes that have recovered from acidification relative to 

recovering and reference lakes 

Many historically acidified Sudbury lakes (48 lakes in my dataset) have attained pH 

levels of around 6.0 suitable for various sensitive zooplankton taxa and are considered to be 

chemically recovered. These lakes have either experienced natural recovery following 90% 

emission reductions (Keller, 2009, 1992; Keller et al., 2007) or accelerated recovery through the 

Sudbury re-greening program in some urban lakes. The re-greening program consists of adding 
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crushed limestone (CaCO3), a process known as “liming”, to acidic land in efforts to increase pH 

levels and plant early successor species (Gunn, 1995).  

Consistent with the recent findings of Simmatis et al. (2021), the large variation in water 

chemistry of the recovered lakes is largely due to recovered urban lakes, which have become 

chemically distinct. Liming activities have been focused on areas near the smelters and 

surrounding settlements, and hence these lakes have experienced faster pH recovery. In addition, 

many of the urban lakes have neutralizing geology attributed to the gabbro outcrops that contain 

minerals rich in Ca (Card 1978; Rousell and Brown 2009). However, their close proximity to 

smelters, paved roads and developed land contributes to larger anthropogenic influences. Urban 

lakes have higher ion and metal concentrations (Cu, Cl, Ca) and several are also characterized by 

higher nutrient levels (TP, TKN, DOC; Figure 4a). Cl levels are higher in recovered urban lakes 

likely due to road salt from major paved roadways and infrastructure nearby. The majority of 

lakes with high Cl levels have also had very steep long-term increasing trends (Sorichetti et al. 

2022). Zooplankton have been found to be sensitive to high Cl levels with negative 

consequences on reproduction and survival of many Daphniids (Arnott et al. 2020) and can lead 

to changes in community compositions by significantly reducing cladoceran abundances 

(Valleau et al. 2020). 

Elevated Cu and Ni levels in Sudbury lakes have persisted for decades, especially in 

lakes closer to the smelters. This remains true for the urban lakes, which all continue to exhibit 

Cu levels above OPWQO of 5μg-1 L (0.005 mg-1 L). Even though Ni was not used in the 

ordinations due to high collinearity with Cu (variation inflation factors (>10)), most lakes still 

have Ni levels greater than the 25μg-1 L (0.025 mg-1 L) OPWQO (MOEE 1994). A combination 

of multiple elevated metals and low pH levels in some lakes can have complex additive and 
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interactive effects on zooplankton (Stockdale et al. 2014), however Cu is generally more toxic to 

zooplankton. Cu has been shown to be more toxic when there are lower levels of ions like Ca 

and Mg that compete for membrane binding sites (Jeziorski and Smol 2017). Aside from Ca 

being an essential nutrient for the exoskeleton of crustacean zooplankton, it also protects them 

from toxic Cu uptake (Celis-Salgado et al. 2016; Liorti et al. 2017). Lakes with heightened Cu 

levels (> 2 mg-1 L Ca) may be shielding some Daphniids from Cu toxicity and promoting the 

dominance of more tolerant species like Bosmina sp in the urban lakes. However, Ca 

concentrations have been in decline not only in Sudbury but also across other parts of north 

America and Europe (Watmough and Aherne 2011; Weyhenmeyer et al. 2019). In the 1980’s 

Calcium levels measured in a set of 86 Sudbury lakes showed that >95% of the lakes had >2 mg-

1 L Ca and on average had about 3.65 mg-1 L Ca (MECP Unpublished data; Appendix G) 

Nutrients (TP and TKN) and consequently chlorophyll a and b are also generally higher 

in urban lakes likely due to watershed development, land use and runoff from active land 

restoration sites that is enhanced by climate warming (Moss et al. 2011). Natural low inputs of 

phosphorus loading around Sudbury urban areas attributed to runoff from wetlands in the 

catchments, atmospheric loading, and internal phosphorus loading have also been identified 

(Paterson et al. 2006; The City of Greater Sudbury 2015). Several studies have also identified 

significant reductions in TP loadings in Sudbury and other areas in Ontario (Quinlan et al. 2008; 

Yan et al. 2008). However, numerous urbanized lakes in Sudbury have been noted to have 

frequent cyanobacteria blooms in the summer, especially Ramsey Lake (not part of my study set) 

that has been shown to historically be dominated by oligotrophic diatom assemblages but in 

recent years was dominated by mesotrophic and eutrophic taxa (Tropea et al. 2011). My results 

show that anthropogenic TP loadings are still important in grouping urban lakes and can have 
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important implications on zooplankton structures.  Zooplankton being algal grazers, have a 

strong positive relationship with nutrient levels (Yan et al. 2008) which can drive important 

bottom-up ecosystem processes (Rosińska et al. 2019).  However, low nutritional quality algae 

associated with toxic cyanobacteria blooms and eutrophication has been shown to reduce brood 

sizes and overall Daphnia biomass in Finland (Taipale et al. 2019), and has a negative 

correlational relationship with cladoceran body size (Yan et al. 2008).  

All recovering lakes in my dataset (pH < 5.9) are non-urban and Killarney lakes with few 

direct anthropogenic influences and that is likely why they are low in nutrient concentrations. 

These lakes are also low in metal concentrations (Cu and Ni) likely due to their distance from 

smelters.  In addition to low anthropogenic influences, they have low alkalinity levels and are 

poorly buffered lakes (Card 1978), hence even with significant reductions in acid depositions, 

there have been stronger declines in base cations overall and a slower increase in pH levels 

(Stoddard et al. 1999; Jeziorski and Smol 2017).   

The main chemical drivers of zooplankton communities from the partial-RDA and 

variation partitioning analysis were Ca, Al, and pH while the most important physical factors 

were lake area, bottom temperature, bottom dissolved oxygen, and surface temperature. Other 

factors that stood out included surface temperature, hypolimnion width, chlorophyll b, sulphate, 

and chloride. Overall, contemporary water chemistry characteristics point towards a combination 

of urbanization, remnant acidification effects, climate change, and brownification processes of 

varied magnitudes in different lake groupings. 
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4.2 Differences between zooplankton community composition in recovered and 

regional reference lakes  

Zooplankton communities in the recovered lakes continue to differ from communities in 

reference systems, over six decades since emission reductions began. Past studies have identified 

this difference between recovered and reference systems and attributed it to a delay in recovery 

due to a combination of possible limitations. These include 1) dispersal of acid-sensitive species 

from limited source lakes and their ability to colonize recovering environments (Yan et al. 1995; 

Keller and Yan 1998), 2) residual metal toxicity limiting survival and decreasing relative 

abundance (Valois et al. 2011; Palmer et al. 2013), 3) food web dynamics in systems with no fish 

or impaired fish communities with a switch to invertebrate predator control (Gray and Arnott 

2009; Valois et al. 2010; Schulze 2011; Gray et al. 2012; Webster et al. 2013), and 4) biological 

resistance from thriving acid-tolerant species (Keller and Yan 1998; Frost et al. 2006). Delays in 

the Sudbury region have persisted for decades (Yan et al. 1996; Arseneau et al. 2011) whereas 

experimental studies have demonstrated much shorter recovery timelines. For example, 

experimental acidification of Little Rock Lake, Wisconsin, had a delayed zooplankton recovery 

of up to 6 years (Frost et al. 2006) but that lake did not undergo other stressors like metal toxicity 

and urbanization and was not subjected to acidic conditions for only six years before the start of 

the recovery period. Experimental acidification of Lake 223, Ontario showed that some 

crustacean species were gained and some lost and the system was described to have a shifted 

zooplankton composition (Malley and Chang 1994). In both studies, total biomass did not 

fluctuate outside reference conditions throughout the experiments but experienced very different 

recovery pathways.  In Sudbury despite more severe acidification impacts, we have had decades 

since emission reductions and reductions in metal toxicity. Even with evidence of returning 
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species, community composition in recovered lakes still do not resemble reference compositions. 

Perhaps, previously described delays may no longer be in effect and contemporary community 

recovery goals may need to be re-evaluated. Recovered lakes may have achieved alternate 

community structure that reflect the contemporary environmental and urbanization effects.  

4.3 Alternate zooplankton community compositions  

Zooplankton communities in the recovered lakes, despite shifts towards reference 

communities, do not resemble contemporary reference community structures, but may now be 

forming alternate community compositions. These are sometimes referred to as novel, or no-

analog communities that are generally different from the expectations attributed to various 

environmental changes. Freshwater community compositions have been shifting globally in 

anthropogenically impacted lakes and more gradually in reference lakes (Palmer et al. 2013; 

Kopf et al. 2015; Geist and Hawkins 2016; Lamothe et al. 2018). In Sudbury, with the changing 

number and magnitude of environmental stressors, lakes are changing chemically and 

biologically, including our reference lakes that have become moving targets (Palmer et al. 2013). 

Keller and Yan (1998)  first introduced this concept of an alternate zooplankton community in 

Sudbury lakes and about 20 years since their study, recovered lakes have still not transitioned to 

reference community compositions. Re-evaluating the reference targets is essential due to 

changing environmental “background” conditions having concomitant and unexpected 

interacting impacts and varying zooplankton community structures that may not return to 

outdated reference conditions. While directionality of change has been proven to take different 

pathways (Locke et al. 1994), suggesting that in the long term, all our lakes are likely to undergo 

gradual changes in compositions, my broad spatial analysis shows strong indications that 

contemporary recovered lake community grouping is different from both recovering lakes and 
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reference conditions and may be in an alternate state. The stability of the alternate state is 

difficult to determine especially in systems that were historically stressed and are undergoing 

contemporary stressors. Further long-term analysis of zooplankton community structures in 

recovered and reference systems should be used to estimate directionality of change and identify 

indicators of community stability.  

The recovered lakes show a hybrid composition of both acid-sensitive and acid-tolerant 

zooplankton taxa. Acid-sensitive indicator species including D. retrocurva, D. mendotae, S. 

oregonensis, and D. longiremis that were highly associated with reference lakes were also 

present in many recovered lakes in lower relative abundances but were still completely absent 

from recovering lakes likely due to continuing low pH conditions. These species have been 

identified to be present in very low relative abundance or completely absent from acidic lakes in 

the past (Sprules 1975; Keller and Pitblado 1984; Keller and Yan 1998). In addition, some acid-

tolerant species in recovered lakes (B. freyi, L. minutus, B. longispina, H. gibberum) also have 

higher relative abundances compared to reference compositions likely due to thriving in 

historical low acidity conditions. This hybrid community is further enhanced in recovered urban 

lakes that have assemblages dominated by many generalist species compared to other recovered 

lakes. In general, we are seeing spatial shifts in the dominance hierarchy of communities. For 

example, D. catawba was the dominant Daphniid in recovered lakes, while D. mendotae was 

dominant in reference lakes. This aligns with what Frost et al., 2006 found in Little Rock Lake as 

D. catawba became the dominant Daphniid early in the recovery period, likely as it can tolerate 

lower pH levels (Keller and Pitblado, 1984; Malley and Chang, 1986) but did not maintain 

dominance once the lake was fully recovered. In my lakes, D. catawba is still the dominant 

Daphniid in recovered lakes. 
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The majority of rare species were littoral species mainly observed in recovering and 

recovered lakes, but no other patterns were identified. Littoral species can often be found in low 

numbers in pelagic zones, especially in shallow lakes with diverse macrophytes (Estlander et al. 

2009). They can also spread to pelagic areas in darker lakes due to increased refuge areas in high 

turbidity conditions and can also be driven to pelagic zones due to increased predation pressures 

(Havens 1991; Korosi and Smol 2012). Lastly, littoral species can temporarily expand their 

ranges into pelagic habitat shortly after improvements in lake pH levels until they are replaced 

by returning pelagic species (Keller and Yan 1991, 1998). The lakes in which littoral species 

were observed varied largely in terms of depth, DOC levels and Secchi depths, but were mostly 

observed in recovering or recovered lakes. A combination of relatively low abundance of 

returning pelagic species and lack of top predators in many recovering and recovered lakes may 

be resulting in the presence of littoral species in pelagic waters. 

4.4 Contemporary environmental factors driving alternate community structures 

4.4.1 Calcium declines in Northeastern Ontario 

The prominence of low Ca demanding zooplankton may be preventing recovered 

compositions from matching reference targets. Additionally, it may also be shifting reference 

lake communities closer to recovered compositions due to loss of sensitive taxa in lakes 

experiencing Ca declines. Calcium being an essential requirement for crustaceans, is one of the 

most important drivers of zooplankton communities, and consequently lakes with higher Ca 

levels have higher relative abundance of acid-sensitive taxa. Long-term studies have shown that 

overall Ca declines in the region, compared to pre-industrial levels, have been as large as 45% 

(Keller et al. 2001) with significant effects on zooplankton community compositions (Jeziorski et 
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al. 2012; Jeziorski and Smol 2017; Azan and Arnott 2017). This is also evident in my results by 

the shift in dominance from D.mendotae as the dominant Daphniid in reference systems to 

D.catawba that have higher tolerance to low Ca levels  in recovered systems (Cairns 2010; 

Jeziorski et al. 2012), further supporting my alternate community hypothesis. Furthermore, Ca 

declines can cause loss of acid-sensitive Daphniids similar to the effects of acidification (Ross 

and Arnott 2021) and may tend to reverse compositions to acid-tolerant and generalist dominated 

taxa. This is especially critical for reference lakes if they continue to change due to Ca declines 

and communities may shift towards recovered lakes zooplankton compositions. Low Ca 

demanding and generalist species like H.gibberum which is highly associated with both 

recovered and reference lakes, and L.minutus which is highly associated with recovered lakes 

especially low Ca lakes, may increase with further declines in Ca levels. Additionally, low Ca 

levels pose higher risk of Bythotrephes invasion that has been shown to impact species richness 

in recovered lakes (Azan and Arnott 2017).  Currently, there are five lakes in my dataset known 

to contain Bythotrephes including Tyson, Matagamasi, Wavy, Bell, and George Lakes (MECP 

unpublished data), however this species was not included in my analysis as it requires a different 

sampling protocol. No patterns related to Bythotrephes invasion in other regions in Ontario, for 

example Muskoka and Dorset (Yan et al. 2008; Azan and Arnott 2017) were observed in these 

lakes. 

4.1.2 Acidity gradients and associated Al concentrations  

The wide range of pH levels structures zooplankton communities but also regulates Al levels 

in lakes. Aluminum in clay minerals becomes highly mobile when the soil is acidic and hence 

acidified lakes were high in Al levels. Legacy effects of this are still seen in recovering lakes 

with Al concentrations averaging 125 μg L-1 compared to 25 μg L-1 in reference lakes. A 
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combination of high Al and low pH levels has been shown to significantly reduce zooplankton 

abundance (Havens and Decosta 1987) and significantly reduced survival of D. mendotae by 

about 60% at concentrations of 200 μg L-1 Al and pH 4.5, but about 80% of the population of 

B.longirostris (now B. freyi and B. liederi) were found to survive under the same conditions 

(Havens 1992). This aligns with my results as B. freyi is highly associated with high Al 

concentrations, followed by B. liederi and D. catawba with the variation partitioning analysis, 

and with H. gibberum and E. tubicen in the RDA analysis.  

4.1.3 DOC is a modifier and has multiple indirect effects on zooplankton  

Although direct signals of DOC in the variation partitioning were weak likely due to shared 

variation between chemical and physical factors, I identified potential indirect influences of 

DOC on zooplankton communities. DOC has great influence on chemical, physical, and 

biological variables and was recognized as a “master variable” by Prairie (2008). Variables 

identified to be modified by DOC such as hypolimnion width, chlorophyll b, surface 

temperatures, bottom temperatures, and dissolved oxygen levels are all important variables in my 

variation partitioning results. DOC attenuates light causing surface waters to warm, the 

thermocline to shrink and hypolimnion to expand, changing lake thermal structures (Strock et al. 

2017). Hypolimnetic zooplankton species B.longispina, C.scutifer, and D.longiremis, common to 

the Sudbury area were strongly related to larger hypolimnia and larger lakes that were 

predominantly among my recovered or reference lakes. The delay in recovery of these species 

has been attributed to dispersal limitations of deep-water species (Keller and Yan 1998) but now 

seem to be fairly widespread in reference and recovered lakes. C. scutifer, generally not found in 

productive lakes (Keller and Pitblado 1984), and which has previously been rarely found in 

Sudbury lakes (Palmer et al. 2013), was found in 33% of recovered lakes, and in 67% of local 
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and remote reference lakes. Additionally, B. longispina was found in 40% of recovered lakes 

(only 1 of which was a recovered urban lake), and 40% of recovering and 33% of reference 

lakes. The absence of B. longispina from urban lakes may be due to a limitation from elevated 

metal concentrations (Valois et al. 2011). D. longiremis was found in 58% of the local reference 

lakes and only 8% of the recovered lakes. Other hypolimnetic glacial opportunists L. sicilis and 

S. calanoides were found to be rare and have historically been rare in Sudbury lakes (Keller and 

Yan 1998; Gray and Arnott 2009) are perhaps limited by dispersal.  Overall, greater cold water 

hypolimnetic habitat expansion with rising DOC may promote recovery of hypolimnetic 

zooplankton and fish like lake trout, but can also lead to DOC related dissolved oxygen depletion 

at deeper depths (Knoll et al. 2018).  

DOC plays an important role in the mobility and toxicity of metals, and it can also boost 

primary productivity through allochthonous nutrient inputs. DOC molecules consist of fulvic and 

humic acid which attach to various toxic metals such as Hg, Pb, Cu, Cr, and Al, reducing their 

availability. Generally, the recovered urban lakes with higher metal concentrations and 

productivity also have higher DOC levels likely due to increased terrestrial inputs. This could 

potentially play a role in binding with metals and promoting return of moderate-highly pH 

sensitive zooplankton species such as D. retrocurva (Sprules 1975), D. birgei (Malley and Chang 

1986), and T. extensus (Gray et al. 2012). Nutrients brought in by terrestrial runoff can increase 

primary productivity if this increase is not outweighed by the effect of shading. The interaction 

between brownification, primary productivity, and warming can have unexpected consequences 

on top-down and bottom-up biotic interactions.  Reduction in light penetration can shift 

productivity from benthic to pelagic systems, while warming can reduce both benthic and pelagic 

algal biomass in shallow lakes (Vasconcelos et al. 2016, 2019). However, we are seeing high 
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correlation of chlorophyll a and b with surface temperatures associated with reference and 

recovered lakes containing high species richness compared to recovering systems. DOC 

concentrations in Sudbury lakes is approaching pre-acidification levels (Meyer-Jacob et al. 2020) 

but may not be high enough to cause declines in primary productivity.  

Several studies have shown the effects of brownification on fish communities, especially 

involving shifts in habitat structure, adaptations for visual predators, and invasion of warmwater 

species (Sharma et al. 2011; Stasko et al. 2012). Many Sudbury lakes continue to have impaired 

upper food web structures that may continue to limit recovery and relative abundance of 

Daphniids in addition to other environmental processes. There is evidence of changes in 

zooplankton compositions following improvements in planktivorous fish communities (Valois et 

al. 2010; Schulze 2011; Webster et al. 2013). However, due to lack of fish community data for 

these lakes, it is difficult to access if this continues to be a limiting factor and it should be further 

examined in future studies. 
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Conclusions and recommendations  

I used biomonitoring, multivariate statistics, and reference system approaches to 

determine contemporary zooplankton community compositions in lakes impacted by 

acidification. It appears that zooplankton community compositions in recovered lakes have 

shifted to alternate communities but may be converging with reference lakes to some degree 

because of large scale environmental changes like urbanization, declining Ca levels, and 

complex and indirect effects of DOC changes. Communities in recovered lakes show 

compositions that overlap both recovering and reference lakes with a combination of acid-

tolerant and acid-sensitive species. Water chemistry has largely improved in many impacted 

lakes with pH levels above 5.9, suitable for many acid-sensitive taxa. However, despite 

achieving near neutral pH levels, urban lakes are chemically distinct and exhibit higher metals, 

nutrients, base cations, and chloride levels.  

Despite pH, DOC and other water quality parameters being largely on a trajectory toward 

pre-acidification levels in many lakes in the Sudbury Deposition Zone, acidity remains a problem 

in many distant lakes (Killarney and non-urban) that are located on sensitive bedrock and have 

little anthropogenic influence. Therefore, it is essential that biomonitoring in these lakes is 

maintained over the long run to better understand the interactions between historical and 

contemporary stressors. Additionally, with communities moving towards novel states, new 

criteria for community recovery objectives should be implemented considering the invasion of 

new species, urbanization effects, and changing reference conditions.  
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Appendices 

Appendix A: Long-term July (1981/1990 – 2018) DOC residuals of 11 long-term monitoring 

sites. DOC seasonal fluctuations vary in different lakes but are generally similar. Lohi Lake 

residual errors were used to determine DOC groupings since it showed the largest range. 
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Appendix B: Correlation matrix of all measured water chemistry variables. Highlighted variables were selected for statistical analysis 

 

 
  

Chloride Sulphate Alkalinity(Gran) Alkalinity (TPE) Conductivity Ph DOC

Chloride 1.0000 0.5209 0.2993 0.3163 0.6478 0.2530 -0.0193

Sulphate 0.5209 1.0000 0.0239 0.0356 0.4619 -0.0072 -0.4087

Alkalinity(Gran) 0.2993 0.0239 1.0000 0.9918 0.7638 0.9511 0.4005

Alkalinity (TPE) 0.3163 0.0356 0.9918 1.0000 0.7835 0.9587 0.4090

Conductivity 0.6478 0.4619 0.7638 0.7835 1.0000 0.7155 0.1689

Ph 0.2530 -0.0072 0.9511 0.9587 0.7155 1.0000 0.3910

DOC -0.0193 -0.4087 0.4005 0.4090 0.1689 0.3910 1.0000

Nitrogen (TK) 0.2841 -0.2262 0.5847 0.6038 0.4594 0.5739 0.7823

TP 0.3232 -0.1636 0.4102 0.4248 0.3142 0.3686 0.6583

Calcium 0.4916 0.2937 0.8845 0.8990 0.9244 0.8478 0.2593

Aluminum -0.5081 -0.4293 -0.5521 -0.5696 -0.5982 -0.5518 0.2464

Copper 0.7136 0.4835 0.3263 0.3555 0.6118 0.3007 0.2272

Iron 0.1306 -0.1989 0.1751 0.1933 0.1287 0.1324 0.5882

Nickel 0.7287 0.5998 0.0152 0.0393 0.4156 0.0013 -0.0789
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DOC Nitrogen (TK)TP Calcium Aluminum Copper Iron Nickel

Chloride -0.0193 0.2841 0.3232 0.4916 -0.5081 0.7136 0.1306 0.7287

Sulphate -0.4087 -0.2262 -0.1636 0.2937 -0.4293 0.4835 -0.1989 0.5998

Alkalinity(Gran) 0.4005 0.5847 0.4102 0.8845 -0.5521 0.3263 0.1751 0.0152

Alkalinity (TPE) 0.4090 0.6038 0.4248 0.8990 -0.5696 0.3555 0.1933 0.0393

Conductivity 0.1689 0.4594 0.3142 0.9244 -0.5982 0.6118 0.1287 0.4156

Ph 0.3910 0.5739 0.3686 0.8478 -0.5518 0.3007 0.1324 0.0013

DOC 1.0000 0.7823 0.6583 0.2593 0.2464 0.2272 0.5882 -0.0789

Nitrogen (TK) 0.7823 1.0000 0.7879 0.5286 -0.0947 0.4756 0.5940 0.1794

TP 0.6583 0.7879 1.0000 0.3254 -0.0499 0.4730 0.5732 0.2600

Calcium 0.2593 0.5286 0.3254 1.0000 -0.6291 0.4835 0.1025 0.2175

Aluminum 0.2464 -0.0947 -0.0499 -0.6291 1.0000 -0.2951 0.2690 -0.1993

Copper 0.2272 0.4756 0.4730 0.4835 -0.2951 1.0000 0.2923 0.8743

Iron 0.5882 0.5940 0.5732 0.1025 0.2690 0.2923 1.0000 0.2385

Nickel -0.0789 0.1794 0.2600 0.2175 -0.1993 0.8743 0.2385 1.0000
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Appendix C: Boxplot showing median change in DOC levels in all 87 lakes from 1981 (some in 

late 1980’s or early 1990’s) to 2018. Lakes that were historically acidified showed the largest 

change over time, especially in urban lakes. No significant differences were found between 

groupings (ANOVA p-value > 0.05). The error bars represent lower quartile -/upper quartile 

+1.5*IQR (interquartile range). Point represents outliers (>1.5*IQR). 
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Appendix D: Boxplots showing median zooplankton Shannon (H) and Simpson (D) diversity 

indices across lakes with varying acidity status. No significant differences were found between 

groupings (ANOVA p-value > 0.05). The error bars represent lower quartile -/upper quartile 

+1.5*IQR (interquartile range). Point represents outliers (>1.5*IQR). 
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Appendix E: Selected indicator species boxplots showing median relative abundance in lakes 

with different acidity status (right) and calcium levels (left). The error bars represent lower 

quartile -/upper quartile +1.5*IQR (interquartile range). Point represents outliers (>1.5*IQR).  

Acid sensitive species: D. mendotae, S. oregonensis, D. retrocurva, D. longiremis  

Acidity groupings:     Calcium groupings:  
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Hypolimnetic species: D. longiremis, C, scutifer, B. longispina  

Acidity groupings:     Calcium groupings: 
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Species indicating shifts in recovered systems: E. tubicen, B. freyi, D. catawba (outlier in one 

Turkey lake). 

Acidity groupings:     Calcium groupings: 
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Species associated with urban changes: L. minutus, H. glacialis, B. liederi  

Acidity groupings:     Calcium groupings: 
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Appendix F: Partial-RDA ordinations grouped by lake acidity status.  

 
 

a) P-RDA of physical factors given water chemistry data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

P-RDA of water chemistry variables given physical factors.  
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Appendix G: Median historical (most in 1981, some in late 1980’s or early 1990’s) calcium 

levels in 86 Sudbury lakes. Ca levels averaged 3.7 mg L-1. The error bars represent lower 

quartile -/upper quartile +1.5*IQR (interquartile range). Point represents outliers (>1.5*IQR). 

 

 

 

 

 

 


