
Assessing Biological Recovery of Cladocera from Sudbury-Area Lakes Using 
Paleolimnology 

 

 

by 

 

 

Andrew Lawrence Labaj 

 

 

 

 

 

A thesis submitted to the Department of Biology 

in conformity with the requirements for 

the degree of Master of Science 

 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(April, 2014) 

 

Copyright ©Andrew Lawrence Labaj, 2014 



Abstract 
Lakes near Sudbury, Ontario, experienced widespread acidification and metal-contamination 

beginning in the late-19th century. These stressors caused extreme damage to regional aquatic systems and 

their catchments, with aquatic biota experiencing reduced species richness and, in some cases, 

extirpations. Emission control measures markedly improved pH, however biotic recovery continues to lag 

water quality improvements, prompting investigation into mechanisms leading to this phenomenon. Due 

to the lack of long-term monitoring data, I use paleolimnological approaches to examine temporal trends 

in cladoceran zooplankton, from pre-impact conditions, through the period of acidification/metal 

contamination, and following the implementation of emission controls. I assess the degree of biotic 

recovery that has taken place in these lakes, and review the mechanisms that continue to structure 

cladoceran assemblages. Lakes closest to Sudbury recorded increases of ~15-65% relative abundance of 

Chydorus brevilabris, concurrent with the late-1800s industrial development. The relative abundance of C. 

brevilabris remains elevated above pre-impact levels in two Sudbury lakes; however, in Middle Lake, 

which was neutralized with calcium carbonate, declines in C. brevilabris (to ~pre-impact levels) occurred 

following neutralization. Conversely, lakes located ~60 km southwest of Sudbury, in Killarney Provincial 

Park, experienced muted assemblage change, with minor (< ~5%) increases in grazers (e.g., Daphnia spp., 

Holopedium glacialis) occurring within the past ~40 years. Lakes in Sudbury and Killarney acidified to 

pH < ~5, however those in Sudbury additionally received high inputs of nickel and copper, which have 

toxic effects on aquatic organisms, including some Cladocera. Contamination with these metals may have 

been a primary driver of cladoceran assemblage change. Elevated metal concentrations likely continue to 

structure the cladoceran assemblages in the Sudbury lakes. In addition, many of the lakes contain altered 

food webs (e.g., large populations of yellow perch) as a legacy of the acid and metal contamination, 

acting as a potential barrier to recovery. Finally, warming air temperatures over the past ~40 years, which 

I link to increases in primary production, may alter the composition of cladoceran species found in these 

lakes, and therefore prevent a return to pre-impact conditions. 
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Chapter 1 

General Introduction 
1.1 Ecological Stressors  

 Freshwater lakes are an important ecological, cultural, and economic resource in Canada. 

However, over the past ~150 years, a variety of environmental stressors have accompanied industrial 

development with wide ranging consequences for water quality and aquatic biota. Acid deposition is 

amongst the most widespread stressor affecting lakes and rivers in industrialized areas worldwide 

(Schindler 1988). The presence of sulphuric acid in precipitation has been known for well over ~150 

years, and in fact the term “acid rain” was first coined in 1852 with the discovery that the sulphuric acid 

content of rainwater was proportional to distance from developed areas (Smith 1852). Natural 

precipitation may be acidic (between pH 5-5.6; Galloway et al. 1982) due to contributions of atmospheric 

CO2 and other natural acid precursors, such as NOX. However industrial emissions can release SO2 gasses 

into the atmosphere, which combine with moisture to form acid precipitation with pH < 5. The greatest 

sources of SO2 have historically been smelting complexes; the two largest in history being located in 

Sudbury, Canada, and in Noril’sk, Russia (Gunn et al. 1995). SO2 is easily distributed with winds, thus 

exhaust from even a single source has the potential to affect a large land area.  

Vegetation loss is often one of the first signs of damage from acid deposition. Large swaths of 

devegetated land, such as that surrounding Sudbury, Ontario in the 1960s  (Gorham and Gordon 1960), or 

the ‘fume kill zone’ surrounding Wawa, Ontario (Gordon and Gorham 1963), were visible signs that 

severe environmental damage had occurred. Less visible to the general public was the damage that acid 

deposition had caused to lakes. As acid precipitation enters lakes from the airshed and catchment, it can 

cause a decline in lakewater pH, as well as a number of associated limnological changes, especially in 

regions with geological properties resulting in poor acid buffering capacity. As pH declines, lake biota 

experience increasingly severe physiological effects, ranging from reproductive limitations, reduced 

growth and deformities, to complete extirpation (Beamish and Harvey 1972). Similarly, zooplankton 

 1 



assemblages exhibit reduced species richness and biomass as lakes become increasingly acidified (Yan 

and Welbourn 1990; Stenson et al. 1993).  

 Heavy metal contamination is an additional stressor that often accompanies acid deposition in 

smelting regions, and can be responsible for serious ecological damage in lakes downwind of metal 

smelting complexes. There are two main pathways through which metals can enter lakes: catchment 

leaching and direct deposition from the airshed. Aluminum largely enters the watershed via leaching from 

surrounding soils (Cronan and Schofield 1979). As acid deposition contacts soils, aluminum ions are 

mobilized, and washed into lakes via runoff. This process may result in aluminum concentrations that are 

10-50 times greater in acidic lakes compared to neutral lakes (Cronan and Schofield 1979). In elevated 

concentrations, monomeric aluminum may bind to fish gills and cause mortality (Spry and Wiener 1991). 

Although aquatic invertebrates and zooplankton may vary in their toxicity responses to Al in water 

(Havas and Likens 1985b), sub-lethal effects have been observed in Daphnia, which had difficulty 

feeding and swimming at high (1.02 mg/L) Al levels at ~pH 6.5 (Havas and Likens 1985a).  

Copper and nickel are released as particulates, and enter lakes via direct deposition or runoff. 

These metals are commonly found in the exhausts of metal smelters. For example, during peak years 

(1970s) in Sudbury, emissions of Cu and Ni averaged 670 and 500 tonnes/year (Nriagu et al. 1998). Cu 

and Ni particulates have limited transport range, with highest concentrations occurring within 50 km of 

their sources (Hutchinson and Whitby 1977; Jeffries and Snyder 1981; Keller and Pitblado 1986). As Cu 

and Ni enter lakes, they may accumulate in lake sediments, causing damage to benthic organisms that live 

in contact with sediments (Gunn and Keller 1995). Furthermore, the catchments surrounding lakes may 

become saturated with Cu and Ni, leaching these metals into lakes for centuries after atmospheric inputs 

have ceased (Nriagu et al. 1998). Cu and Ni can both result in toxic effects on zooplankton, including 

decreased reproduction and growth, and increased mortality (Ingersoll and Winner 1982; Münzinger 

1990; Koivisto et al. 1992; Brix et al. 2001). The toxicity of some metals may additionally be influenced 

by water pH and dissolved organic carbon (DOC). For example, Cu and Al become less toxic under low-
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pH conditions (Campbell and Stokes 1985; Havas and Likens 1985b). Thus, as pH increases (for example, 

following emission reductions), the toxicity of metals may become increasingly important in limiting the 

growth of aquatic biota. 

 Anthropogenic climate change is a more recently recognized stressor with impacts on lake 

systems that are still often poorly understood (Keller 2007). Increasing air temperatures may affect lake 

biota directly (through physiological means) and indirectly (through changes to habitat, food supply, and 

predation). Warming air temperatures and shifts in seasonal precipitation are expected to cause a reduced 

ice-cover season, with later ice-on and earlier ice-off dates, a phenomenon that has already been observed 

in northern Ontario (e.g., Futter 2003; Rühland et al. 2010). Shifts in the ice-free season may stimulate 

earlier blooms of phytoplankton, creating a mismatch between phytoplankton availability and the 

zooplankton grazer species, ultimately resulting in a decline in grazers, as well as a host of other 

responses (Winder and Schindler 2004). Conversely, warming temperatures may support enhanced algal 

production, due to greater growth rates at warmer temperatures (Paerl and Huisman 2008; McQuatters-

Gollop et al. 2007), increasing the overall primary production available for grazer species.  

Lake thermal structure is also impacted by shifts in climate, with surface water temperatures 

increasing as air temperatures increase (De Stasio et al. 1996; Snucins and Gunn 2000). Stratification 

patterns may additionally be impacted, with clear lakes experiencing weaker stratification (due to light 

reaching greater depths and causing warming) and lakes with high water colouration (e.g., high DOC) 

experiencing stronger stratification (Snucins and Gunn 2000; Keller et al. 2005). With increased surface 

water temperatures, thermocline depth may be lowered, reducing the availability of cold water habitat for 

cold stenothermic species such as lake trout (Schindler et al. 1990). In addition, the increase in warm 

water habitat may create favourable conditions for warm-water species to invade (Mandrack 1989). 

Finally, warming water temperatures may stimulate an increase in invertebrate metabolism, leading to 

increased levels of invertebrate predation (MacPhee et al. 2011; Labaj et al. 2013). With climate change 
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expected to continue into the future (IPCC 2013), these effects will likely become increasingly 

pronounced.  

1.2 Anthropogenic Stressors in the Sudbury Region 

 Sudbury, Ontario, rose to prominence throughout the 20th century as a major center for the mining 

and smelting of nickel and copper. In 1888, the first smelter and open pit roaster was established at 

Copper Cliff (Nriagu et al. 1982), leading to the emission of large quantities of SO2 and particles of 

copper and nickel into the environment. The smelting industry rapidly developed, and by 1960 it is 

estimated that 2.5 million tons of sulphur dioxide (SO2) were released to the atmosphere annually, along 

with thousands of tons of metal particulates (Gunn 1996). As emissions continued, the landscape around 

the city became largely devegetated, and lakes within a ~17,000 km2 area surrounding the city began to 

acidify and become contaminated with heavy metals (Neary et al. 1990; Potvin and Negusanti 1995; 

Keller et al. 2004). Paleolimnological studies in the region established background pH of lakes often 

between 6-6.5 (Dixit et al. 1987, 1990, 1992, 1996); however, during acidification, the pH of lakes 

declined to as low as ~4 (Neary et al. 1990), while levels of Cu and Ni became elevated hundreds of times 

above background levels (Keller et al. 1990). The greatest contamination occurred in lakes within ~30 km 

of the city, due to the limited transport range of metal particulates (Keller and Pitblado 1986; Keller et al. 

1999b). As water quality degraded, biota of many lakes experienced declines in species richness or 

extirpation at multiple trophic levels (Yan and Welbourn 1990).  

As the impacts of smelter emissions became increasingly apparent downwind of Sudbury, 

policies and procedures were implemented to reduce the release of SO2 and metals into the environment. 

The earliest emission controls were imposed in 1969, placing limits on the annual outputs of SO2 from the 

smelters (Potvin and Negusanti 1995). In an attempt to improve air quality further in the Sudbury region, 

the 381-m high Inco Superstack was constructed in 1972 to disperse emissions of SO2 and metals away 

from the city (Potvin and Negusanti 1995). In addition, two obsolete smelter plants were closed in the 

early-1970s, and additional emission controls were implemented later in the decade, further improving air 
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quality (Potvin and Negusanti 1995). In the mid-1980s, new emissions targets were implemented that 

resulted in vast reductions in emissions, and, by 1995, emissions were 14% of their peak (1960s) values 

(Potvin and Negusanti 1995). Since these measures were implemented, the pH of lakes in the region has 

steadily increased, and some lakes now exceed a pH of 6 (Hutchinson and Havas 1986; Keller et al. 1986; 

Smol et al. 1998; Keller et al. 2004, 2007). However, lakes within ~30 km of the city remain 

contaminated with heavy metals such as Ni and Cu, (Keller and Yan 1991; Keller et al. 1999b), and the 

biological recovery in these systems continues to lag (Keller et al. 2004; Yan et al. 2004). 

1.3 Biological Recovery 

 Despite increases in pH, recovery of lake biota is often slow, and lags chemical recovery (Keller 

et al. 1999b; Yan et al. 2003, 2004; Monteith et al. 2005; Gray and Arnott 2009). The definition of 

“biological recovery” can differ based upon the researchers and the type of study being carried out. 

Studies involving the use of zooplankton monitoring data often use the “reference lake” approach, as the 

monitoring record rarely extends past the time of biological impacts (e.g., Yan et al. 1996, 2004; Valois et 

al. 2011). Using this method, impacted lakes are compared to their “pristine” (i.e., not impacted by the 

stressor of interest) counterparts to assess the degree of similarity. A particular strength of this method is 

that it provides realistic reference conditions, as recent stressors such as climate change affect both the 

reference and impacted lakes. However, with the lack of long-term monitoring data, pre-impact 

conditions are often ascertained only through use of paleolimnological methods, which track physical, 

chemical, and biological conditions in lakes through time (Smol 2010). Paleolimnological studies often 

set a pre-impact time period as a reference condition for biological recovery (Smol 1992; Arseneau et al. 

2011). Nonetheless, with multiple anthropogenic stressors affecting lakes, caution must be taken to select 

a reference target that isolates the effects of the stressor of interest, prior to the onset of more recent 

stressors such as climate change (Bennion et al. 2011).  

 Following emission reductions, the improvement of water quality (i.e., pH, metals, etc.) is a 

critical step in the recovery process of lakes. In a survey of boreal shield lakes, Kurek et al. (2011) 
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showed that acidity-related factors were amongst the most important in structuring the cladoceran 

assemblages in these systems. Within the Sudbury region, pH has increased by several units in many 

lakes (Keller 2009; Greenaway et al. 2012), and some of the most acidified lakes have shown the greatest 

improvements in pH (from pH 4 to greater than 6; Keller and Pitblado 1986; Keller et al. 1999b; 2007). A 

pH of 6 is often defined as the threshold at which biological recovery may occur in lakes that acidified 

due to anthropogenic activities (Holt and Yan 2003; Holt et al. 2003), and, within Sudbury, several lakes 

have now exceeded this pH ~40 years following the first implementation of emission controls (Keller et al. 

2007). However, contamination with Cu and Ni may remain a long-standing issue within many smelter-

impacted lakes (Keller et al. 1999b). Though concentrations of these metals may decline with emission 

controls, they accumulate in lake sediments, and may continue affecting mud-dwelling organisms (Gunn 

and Keller 1995; Keller et al. 1999b). Furthermore, watershed soils saturated with Cu and Ni may leach 

these metals into lakes for hundreds of years following emission reductions (Nriagu et al. 1998). The 

continued presence of metals in lakes will likely remain a primary hindrance to biological recovery 

(Valois et al. 2010; Webster et al. 2013) due to their toxic effects on lake biota (Campbell and Stokes 

1985; Brix et al. 2001).  

 An effective method of rapidly increasing lakewater pH and reducing metal contamination is to 

spread calcium carbonate (lime) or calcium hydroxide over a lake and its watershed. These compounds 

increase water pH as well as provide some buffering capacity to accommodate further acid inputs. Liming 

is not a permanent solution to lake acidification–retreatment is required on a recurring basis for as long as 

acid inputs continue to be present. Liming programs have been somewhat successful in some countries 

such as Sweden, where it is estimated that ~6000 lakes are limed annually (Yan et al. 1995); however, in 

regions where acidification was more widespread, such as Sudbury, liming was not considered a viable 

solution to restoring water chemistry, due to the large number of (often remote) lakes, and the frequency 

of re-treatment that would be required. Despite these issues, eight lakes in the Sudbury region have been 

 6 



limed for experimental purposes since the 1970s to determine the relationship between severity of 

acidification and rate of recovery under improved water quality conditions (Yan et al. 1995).  

 Biological factors also limit the pace of biotic recovery from environmental stressors. When 

organisms are completely extirpated from an environment, their recovery is dependent on their ability to 

physically return (or disperse) back to the system. Small organisms such as zooplankton may colonize 

lakes through several means, including streams, animals (e.g., trapped in fur), wind (Keller and Yan 1998; 

Cohen and Shurin 2003), or the resting egg bank deposited in the sediments (Binks et al. 2005). 

Cladoceran zooplankton are a group with well-documented abilities to disperse (Shurin 2000; Louette and 

De Meester 2005), and dispersal likely plays a minimal role in structuring cladoceran assemblages (Yan 

et al. 2004; Kurek et al. 2011; Anas et al. 2014). Nonetheless, in remote lakes, or in regions where 

colonist sources have become depleted, dispersal processes may be an important factor regulating the rate 

of zooplankton recovery (Gray and Arnott 2011). 

Biotic resistance is a barrier to recovery created by the altered food webs and predation regimes 

that remain following anthropogenic disturbance of lakes. For example, as acidification affects lakes, 

acid-sensitive taxa such as fish are extirpated or reduced in abundance (e.g., Beamish and Harvey 1972), 

while others, such as the invertebrate predator Chaoborus, are able to survive (Nilsson and Sandøy 1990). 

Invertebrates may be further favoured in acidified systems due to the lack of fish predation (Stenson and 

Eriksson 1989; Kurek et al. 2010). Alternatively, if fish populations survive acidification, their predation 

may present an impediment to recovery (Nilssen and Wærvågen 2002; Yan et al. 2004; Leuk et al. 2010). 

For example, following acidification, yellow perch (Perca flavescens–an acid-tolerant planktivore 

species) was the dominant fish species in several lakes in Sudbury (Leuk et al. 2010; Valois et al. 2010; 

Webster et al. 2013), leading to heavy predation upon zooplankton (Yan et al. 2004). A shift in overall 

food webs and predation regime can therefore result as lakes are increasingly affected by stressors 

(Stenson and Eriksson 1989; Yan et al. 1991). The altered food webs may present a challenge for 

recolonizing species not adapted to the altered predation regime (Keller and Yan 1998; Gray and Arnott 
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2009), and they may persist long after the original stressor that created them has been resolved (Keller 

and Yan 1998). Within acidified lakes, altered predation regimes remain an important factor limiting the 

recovery of the biotic assemblage (Valois et al. 2010; Webster et al. 2013).  

1.4 Cladocera 

 The Cladocera are an order of crustacean zooplankton that are ideally suited for use as study 

organisms in investigations of anthropogenic disturbance. Under favourable environmental conditions, 

cladocerans mainly reproduce asexually (via parthenogenesis), allowing for a rapid generation time 

(Korhola and Rautio 2001). Thus, they respond quickly to environmental factors that affect their growth 

and reproduction. Under unfavourable environmental conditions, sexual reproduction may take place, 

producing a resting egg that can remain viable until conditions improve (Korhola and Rautio 2001). 

Resting eggs are also produced prior to winter, providing a means for overwintering and re-colonizing the 

following summer. Cladocerans have well-known ecological characteristics, with established 

environmental tolerances and optima. For example, they display documented responses (e.g., shifts in 

abundance and species composition) to acidification gradients (Keller et al. 1990; Havens et al. 1993; 

Valois et al. 2010; Kurek et al. 2011) and metal contamination (Ingersoll and Winner 1982; Koivisto et al. 

1992; Brix et al. 2001), making them useful indicators for study of regional acidification/metal 

contamination and recovery.  

Many cladoceran species are grazers, occupying an intermediate position in the food web. As 

such, they are sensitive to changes in primary production (their food supply) as well as predation (Hessen 

et al. 1995), and changes in their abundance can therefore provide a holistic representation of the 

ecological shifts occurring in aquatic environments in response to environmental stressors. Cladocera are 

also effective paleolimnological indicators because several of their body parts (often antennules, 

carapaces, and postabdomens) are composed of chitin, which is preserved for millennia in lake sediments 

(Korhola and Rautio 2001). Upon death, the chitinous remains disarticulate, and can be identified and 
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counted to approximate past species abundance and assemblage characteristics (Korhola and Rautio 2001; 

Kurek et al. 2010b).  

 A few cladoceran species may also function in some capacity as indicators of predation intensity 

within a lake. The cladoceran genus Bosmina spp. has shown promise as a sensitive indicator of past 

predation intensity in paleolimnological studies (Nilsson and Sandøy 1990; Palm et al. 2005; Alexander 

and Hotchkiss 2010; Korosi et al. 2010, 2013). Under varying predation intensity, Bosmina may undergo 

cyclomorphosis, altering the length of its appendages and size of its body to minimize predation. When 

planktivorous fish are the dominant predators, they tend to select the largest available prey (size selective 

predation), favouring Bosmina with smaller size attributes (e.g., Brooks and Dodson 1965). Conversely, 

invertebrate predators are often limited in the size of prey they can capture and manipulate (gape-limited 

predation), thus larger Bosmina spp. would be favoured under heavy invertebrate predation, as they 

increase prey handling time (Kerfoot 1975). The most commonly measured size attributes of Bosmina spp. 

are antennule, mucro, and carapace lengths. These features may be affected differently based on type of 

predation, for example, antennules may elongate when Bosmina spp. face predators that can damage 

swimming appendages, while mucro length may elongate when predators causing overall mortality are 

present (Post et al. 1995). Antennule and mucro length do not change over the lifetime of an individual 

(Deevey and Deevey 1971), thus shifts in the size of these appendages are linked with cyclomorphic 

response to predation, rather than the instar from which the remain was produced (Kerfoot 1975; Korosi 

et al. 2013). Nonetheless, it is apparent that the relationship between predation regime/intensity and 

Bosmina size is not straightforward, and there may be other factors at work influencing Bosmina size. 

Several studies designed to ground-validate this relationship using paleolimnology have yielded 

inconclusive results, indicating that caution must be taken when interpreting Bosmina spp. size changes as 

a predation signal (Labaj et al. 2013, 2014).  Nevertheless, further study is required to assess the utility of 

Bosmina size measures as an indicator of past predation measures in paleolimnological studies. 

1.5 Thesis Objectives 
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 The overall goals of this thesis were to assess the extent of recovery that has occurred in the 

cladoceran taxa of lakes in the Sudbury and Killarney region ~40 years following the implementation of 

emission controls at the Sudbury smelters, and to determine the relative contributions of modern stressors 

that may continue to limit recovery in these systems. Both Sudbury and Killarney were affected by 

anthropogenic acidification throughout the 20th century; however Killarney, which is ~60 km southwest 

of Sudbury, did not receive high inputs of Cu and Ni, due to the limited transport distance of these metals 

(Hutchinson and Whitby 1977; Keller and Pitblado 1986). Furthermore, lakes in Killarney are located 

within a provincial park, and have not been exposed to local human development (i.e., houses, roads, etc.). 

These study sites are therefore ideal for studying the effects of acidification and comparing the impacts of 

metal contamination on cladocerans. Following this introduction, in Chapter 2, I use paleolimnology to 

investigate the response of Cladocera to lake neutralization in Middle Lake, Sudbury. The overall intent 

was to investigate the effectiveness of lake liming at returning the cladoceran assemblage to a pre-impact 

state. Chapter 3 compares the impacts of acidification and recovery in lakes from Sudbury and Killarney. 

Cladoceran assemblages are compared through time from 3 Sudbury lakes and 2 Killarney lakes to assess 

the current state of cladoceran recovery (relative to pre-impact conditions), and determine the factors that 

may continue to limit recovery in these systems. Finally, Chapter 4 summarizes the main findings of the 

research, and suggests future research to be carried out in the Sudbury region. 

1.6 Literature Cited 

Alexander ML, Hotchkiss SC (2010) Bosmina remains in lake sediment as indicators of zooplankton 

community composition. J Paleolimnol 43:51-59 

Anas MU, Scott KA, Cooper RN, Wissel B (2014) Zooplankton communities are good indicators of 

potential impacts of Athabasca oil sands operations on downwind boreal lakes. Can J Fish Aquat Sci 71, 

DOI:10.1139/cjfas-2013-0472 

 10 



Arseneau KMA, Driscoll CT, Brager LM, Ross KA, Cumming BF (2011) Recent evidence of biological 

recovery from acidification in the Adirondacks (New York, USA): a multiproxy paleolimnological 

investigation of Big Moose Lake. Can J Fish Aquat Sci 68:575-592 

Beamish RJ, Harvey HH (1972) Acidification of the La Cloche Mountain lakes, Ontario, and resulting 

fish mortalities. J Fish Res Board Can 29:1131-1143 

Bennion H, Battarbee RW, Sayer CD, Simpson GL, Davidson TA (2011) Defining reference conditions 

and restoration targets for lake ecosystems using palaeolimnology: a synthesis. J Paleolimnol 45:533-544 

Binks JA, Arnott SE, Sprules WG (2005) Local factors and colonist dispersal influence crustacean 

zooplankton recovery from cultural acidification. Ecol Appl 15:2025-2036.  

Brix KV, DeForest DK, Adams WJ (2001) Assessing acute and chronic copper risks to freshwater aquatic 

life using species sensitivity distributions for different taxonomic groups. Environ Toxicol Chem 

20:1846-1856 

Brooks JL, Dodson SI (1965) Predation, body size, and composition of plankton. Science 150:28-35 

Campbell PGC, Stokes PM (1985) Acidification and toxicity of metals to aquatic biota. Can J Fish Aquat 

Sci 42:2034-2049 

Cohen GM, Shurin JB (2003) Scale-dependence and mechanisms of dispersal in freshwater zooplankton. 

Oikos 103:603-617 

Cronan CS, Schofield CL (1979) Aluminum leaching response to acid precipitation: effects on high-

elevation watersheds in the northeast. Science 204:304-306 

 11 



De Stasio BT, Hill DK, Kleinhans JM, Nibbelink NP, Magnuson JJ (1996) Potential effects of global 

climate change on small north-temperate lakes: physics, fish, and plankton. Limnol Oceanogr 41:1136-

1149 

Deevey ES, Deevey GB (1971) The American species of Eubosmina Seligo (Crustacea, Cladocera). 

Limnol Oceanogr 16:201-218 

Dixit AS, Dixit SS, Evans RD (1987) Paleolimnological evidence of recent acidification in two Sudbury 

(Canada) lakes. Sci Total Environ 67:53-67 

Dixit AS, Dixit SS, Smol JP (1996) Setting restoration goals for an acid and metal-contaminated lake: a 

paleolimnological study of Daisy Lake (Sudbury, Canada). Lake Reserv Manage 12:323-330 

Dixit AS, Dixit SS, Smol JP (1992) Algal microfossils provide high temporal resolution of environmental 

trends. Water Air Soil Poll 62:75-87 

Dixit SS, Dixit AS, Smol JP (1990) Paleolimnological investigation of three manipulated lakes from 

Sudbury, Canada. Hydrobiologia 214:245-252 

Futter MN (2003) Patterns and trends in southern Ontario lake ice phenology. Environ Monit Assess 

88:431-444 

Galloway JN, Likens GE, Keene WC, Miller JM (1982) The composition of precipitation in remote areas 

of the world. J Geophys Res 87:8771-8786 

Gordon AG, Gorham E (1963) Ecological aspects of air pollution from an iron-sintering plant at Wawa, 

Ontario. Can J Botany 41:1063-1078 

Gorham E, Gordon AG (1960) The influence of smelter fumes upon the chemical composition of lake 

waters near Sudbury, Ontario, and upon the surrounding vegetation. Can J Botany 38:477-487 

 12 



Gray DK, Arnott SE (2011) Does dispersal limitation impact the recovery of zooplankton communities 

damaged by a regional stressor? Ecol Appl 21:1241-1256 

Gray DK, Arnott SE (2009) Recovery of acid damaged zooplankton communities: measurement, extent, 

and limiting factors. Environ Rev 17:81-99 

Greenaway CM, Paterson AM, Keller W, Smol JP (2012) Dramatic diatom species assemblage responses 

in lakes recovering from acidification and metal contamination near Wawa, Ontario, Canada: a 

paleolimnological perspective. Can J Fish Aquat Sci 69: 656-669.  

Gunn JM (1996) Restoring the smelter-damaged landscape near Sudbury, Canada. Restoration and 

Management Notes 14:129-136 

Gunn JM, Keller W (1995) Urban lakes: integrators of environmental damage and recovery. In: Gunn JM 

(ed) Restoration and recovery of an industrial region. Springer, New York, pp 257-269 

Gunn JM, Keller W, Negusanti JJ, Potvin RR, Beckett P, Winterhalder K (1995) Ecosystem recovery 

after emission reductions: Sudbury, Canada. Water Air Soil Poll 85:1783-1788 

Havas M, Likens GE (1985) Toxicity of aluminum and hydrogen ions to Daphnia catawba, Holopedium 

gibberum, Chaoborus punctipennis, and Chironomus anthrocinus from Mirror Lake, New Hampshire. 

Can J Zool 63:1114-1119 

Havens KE, Yan ND, Keller W (1993) Lake acidification: effects on crustacean zooplankton populations. 

Environ Sci Technol 27:1621-1624 

Hessen DO, Faafeng BA, Anderson T (1995) Replacement of herbivore zooplankton species along 

gradients of ecosystem productivity and fish predation pressure. Can J Fish Aquat Sci 52:733-742 

 13 



Holt C, Yan ND (2003) Recovery of crustacean zooplankton communities from acidification in Killarney 

Park, Ontario, 1971-2000: pH 6 as a recovery goal. Ambio 32:203-207 

Holt CA, Yan ND, Somers KM (2003) pH 6 as the threshold to use in critical load modeling for 

zooplankton community change with acidification in lakes of south-central Ontario: accounting for 

morphometry and geography. Can J Fish Aquat Sci 60:151-158 

Hutchinson TC, Havas M (1986) Recovery of previously acidified lakes near Coniston, Canada following 

reductions in atmospheric sulphur and metal emissions. Water Air Soil Poll 28:319-333 

Hutchinson TC, Whitby LM (1977) The effects of acid rainfall and heavy metal particulates on a boreal 

forest ecosystem near the Sudbury smelting region of Canada. Water Air Soil Poll 7:421-438 

Ingersoll CG, Winner RW (1982) Effect on Daphnia pulex (De Geer) of daily pulse exposures to copper 

or cadmium. Environ Toxicol Chem 1:321-327 

IPCC (2013) Climate change 2013: the physical science basis, contribution of working group I to the fifth 

assessment report of the Intergovernmental Panel on Climate Change. Stocker TF, Qin D, Plattner G-, 

Tignor M, Allen SK, Boschung J, Nauels A, Xia Y, Bex V, Midgley PM (eds) Cambridge University 

Press, Cambridge, 1535 pp 

Jeffries DS, Snyder WR (1981) Atmospheric deposition of heavy metals in central Ontario. Water Air 

Soil Poll 15:127-152 

Keller W (2009) Limnology in northeastern Ontario: from acidification to multiple stressors. Can J Fish 

Aquat Sci 66:1189-1198 

Keller W (2007) Implications of climate warming for boreal shield lakes: a review and synthesis. Environ 

Rev 15:99-112 

 14 



Keller W, Gunn JM, Yan ND (1999a) Acid rain-perspectives on lake recovery. J Aquat Ecosyst Stress 

Recovery 6:207-216 

Keller W, Heneberry J, Gunn JM, Snucins E, Morgan G, Leduc J (2004) Recovery of acid and metal-

damaged lakes near Sudbury Ontario: trends and status. Ecological risk assessment, Sudbury soils study, 

53 pp  

Keller W, Heneberry JH, Gunn JM (1999b) Effects of emission reductions from the Sudbury smelters on 

the recovery of acid- and metal-damaged lakes. J Aquat Ecosyst Stress Recovery 6:189-198 

Keller W, Heneberry JH, Leduc J (2005) Linkages between weather, dissolved organic carbon, and cold-

water habitat in a boreal shield lake recovering from acidification. Can J Fish Aquat Sci 62:341-347 

Keller W, Pitblado JR (1986) Water quality changes in Sudbury area lakes: a comparison of synoptic 

surveys in 1974-1976 and 1981-1983. Water Air Soil Poll 29:285-296 

Keller W, Pitblado JR, Conroy NI (1986) Water quality improvements in the Sudbury, Ontario, Canada 

area related to reduced smelter emissions. Water Air Soil Poll 31:765-774 

Keller W, Yan ND (1998) Biological recovery from acidification: zooplankton communities as a model 

of patterns and processes. Restor Ecol 6:364-375 

Keller W, Yan ND (1991) Recovery of crustacean zooplankton species richness in Sudbury area lakes 

following water quality improvements. Can J Fish Aquat Sci 48:1635-1644 

Keller W, Yan ND, Gunn JM, Heneberry JH (2007) Recovery of acidified lakes: lessons from Sudbury, 

Ontario, Canada. Water Air Soil Poll Focus 7:317-322 

Keller W, Yan ND, Holtze KE, Pitblado JR (1990) Inferred effects of lake acidification on Daphnia 

galeata mendotae. Environ Sci Technol 24:1259-1261 

 15 



Kerfoot WC (1975) The divergence of adjacent populations. Ecology 56:1298-1313 

Koivisto S, Ketola M, Walls M (1992) Comparison of five cladoceran species in short- and long-term 

copper exposure. Hydrobiologia 248:125-136 

Korhola A, Rautio M (2001) Cladocera and other brachiopod crustaceans. In: Smol JP, Birks HJB, Last 

WM (eds) Tracking environmental change using lake sediments. Volume 4: zoological indicators. 

Springer, Netherlands, pp 5-41 

Korosi JB, Paterson AM, DeSellas AM, Smol JP (2010) A comparison of pre-industrial and present-day 

changes in Bosmina and Daphnia size structure from soft-water Ontario lakes. Can J Fish Aquat Sci 

67:754-762 

Kurek J, Cwynar LC, Weeber RC, Jeffries DS, Smol JP (2010) Ecological distributions of Chaoborus 

species in small, shallow lakes from the Canadian boreal shield ecozone. Hydrobiologia 652:207-221 

Kurek J, Weeber RC, Smol JP (2011) Environment trumps predation and spatial factors in structuring 

cladoceran communities from boreal shield lakes. Can J Fish Aquat Sci 68:1408-1419 

Labaj AL, Kurek J, Smol JP (2014) Chaoborus americanus predation influences Bosmina mucro lengths 

in fishless lakes. J Paleolimnol 51:449-454 

Labaj AL, Kurek J, Weeber RC, Smol JP (2013) Long-term changes in invertebrate size structure and 

composition in a boreal headwater lake with a known minnow introduction. J Limnol 72:215-226 

Leuk A, Morgan GE, Wissel B, Gunn JM, Ramcharan CW (2010) Rapid and unexpected effects of 

piscivore introduction on trophic position and diet of perch (Perca flavescens) in lakes recovering from 

acidification and metal contamination. Freshwater Biol 55:1616-1627 

 16 



Louette G, De Meester L (2005) High dispersal capacity of cladoceran zooplankton in newly founded 

communities. Ecology 86:353-359 

MacPhee SA, Arnott SE, Keller W (2011) Lake thermal structure influences macroinvertebrate predation 

on crustacean zooplankton. J Plankton Res 33:1586-1595 

Mandrak NE (1989) Potential invasion of the Great Lakes by fish species associated with climatic 

warming. J Great Lakes Res 15:306-316 

McQuatters-Gollop A, Raitsos DE, Edwards M, Pradhan Y, Mee LD, Lavender SJ, Attrill MJ (2007) A 

long-term chlorophyll data set reveals regime shifts in North Sea phytoplankton biomass unconnected to 

nutrient trends. Limnol Oceanogr 52:635-648 

Monteith DT, Hildrew AG, Flower RJ, Raven PJ, Beaumont WRB, Collen P, Kreiser AM, Shilland EM, 

Winterbottom JH (2005) Biological responses to the chemical recovery of acidified fresh waters in the 

UK. Environ Pollut 137:83-101 

Münzinger A (1990) Effects of nickel on Daphnia magna during chronic exposure and alterations in the 

toxicity to generations pre-exposed to nickel. Water Res 24:845-852 

Neary BP, Dillon PJ, Munro JR, Clark BJ (1990) The acidification of Ontario lakes: an assessment of 

their sensitivity and current status with respect to biological damage. Ontario Ministry of the Environment, 

188 pp, ISBN:0-7729-6550-1 

Nilssen JP, Sandøy S (1990) Recent lake acidification and cladoceran dynamics: surface sediment and 

core analysis from lakes in Norway, Scotland, and Sweden. Phil Trans R Soc Lond B 327:299-309 

Nilssen JP, Wærvågen SB (2002) Intensive fish predation: an obstacle to biological recovery following 

liming of acidified lakes. J Aquat Ecosyst Stress Recovery 9:73-84 

 17 



Nriagu JO, Wong HKT, Coker RD (1982) Deposition and chemistry of pollutant metals in lakes around 

the smelters at Sudbury, Ontario. Environ Sci Technol 16:551-560 

Nriagu JO, Wong HKT, Lawson G, Daniel P (1998) Saturation of ecosystems with toxic metals in 

Sudbury basin, Ontario, Canada. Sci Total Environ 223:99-117 

Paerl HW, Huisman J (2008) Blooms like it hot. Science 320:57-58 

Palm F, Stenson JAE, Lagergren R (2005) Which paleolimnological zooplankton records can indicate 

changes in planktivorous fish predation? Verh int Ver Limnol 29:661-666 

Post DM, Frost TM, Kitchell JF (1995) Morphological responses by Bosmina longirostris and Eubosmina 

tubicen to changes in copepod predator populations during a whole-lake experiment. J Plankton Res 

17:1621-1632 

Potvin RR, Negusanti JJ (1995) Declining industrial emissions, improving air quality, and reduced 

damage to vegetation. In: Gunn JM (ed) Restoration and recovery of an industrial region. Springer, New 

York, pp 51-65 

Rühland K, Paterson AM, Hargan K, Jenkin A, Clark BJ, Smol JP (2010) Reorganization of algal 

communities in the Lake of the Woods (Ontario, Canada) in response to turn-of-the-century damming and 

recent warming. Limnol Oceanogr 55:2433-2451 

Schindler DW (1988) Effects of acid rain on freshwater ecosystems. Science 239:149-157 

Schindler DW, Beaty KG, Fee EJ, Cruikshank DR, DeBruyn ER, Findlay DL, Linsey GA, Shearer JA, 

Stainton MP, Turner MA (1990) Effects of climatic warming on lakes of the central boreal forest. Science 

250:967-970 

 18 



Shurin JB (2000) Dispersal limitation, invasion resistance, and the structure of pond zooplankton 

communities. Ecology 81:3074-3086 

Smith RA (1852) On the air and rain of Manchester. Mem Lit Philos Soc Manchester (Ser 2), 10:207-217 

Smol JP (2010) The power of the past: using sediments to track the effects of multiple stressors on lake 

ecosystems. Freshwater Biol 55 (Supplement 1):43-59 

Smol JP (1992) Paleolimnology: an important tool for effective ecosystem management. J Aquat Ecosyst 

Health 1:49-58 

Smol JP, Cumming BF, Dixit AS, Dixit SS (1998) Tracking recovery patterns in acidified lakes: a 

paleolimnological perspective. Restor Ecol 6: 318-326.  

Snucins E, Gunn JM (2000) Interannual variation in the thermal structure of clear and coloured lakes. 

Limnol Oceanogr 45:1639-1646 

Spry DJ, Wiener JG (1991) Metal bioavailability and toxicity to fish in low-alkalinity lakes: a critical 

review. Environ Pollut 71:243-304 

Stenson JAE, Eriksson MOG (1989) Ecological mechanisms important for the biotic changes in acidified 

lakes in Scandinavia. Arch Environ Contam Toxicol 18:201-206 

Stenson JAE, Svensson J-E, Cronberg G (1993) Changes and interactions in the pelagic community in 

acidified lakes in Sweden. Ambio 22:277-282 

Valois AE, Keller W, Ramcharan CW (2011) Recovery in a multiple stressor environment: using the 

reference condition approach to examine zooplankton community change along opposing gradients. J 

Plankton Res 33:1417-1429 

 19 



Valois AE, Keller W, Ramcharan CW (2010) Abiotic and biotic processes in lakes recovering from 

acidification: the relative roles of metal toxicity and fish predation as barriers to zooplankton re-

establishment. Freshwater Biol 55:2585-2597 

Webster NI, Keller W, Ramcharan CW (2013) Restoration of zooplankton communities in industrially 

damaged lakes: influences of residual metal contamination and the recovery of fish communities. Restor 

Ecol 21:785-792 

Winder M, Schindler DE (2004) Climate change uncouples trophic interactions in an aquatic ecosystem. 

Ecology 85:2100-2106 

Yan ND, Girard R, Heneberry JH, Keller W, Gunn JM, Dillon PJ (2004) Recovery of copepod, but not 

cladoceran, zooplankton from severe and chronic effects of multiple stressors. Ecol Lett 7:452-460 

Yan ND, Keller W, Gunn JM (1995) Liming of Sudbury lakes: lessons for recovery of aquatic biota from 

acidification. In: Gunn JM (ed) Progress in restoring the smelter-damaged landscape near Sudbury, 

Canada. Springer, New York, pp 195-204 

Yan ND, Keller W, MacIsaac HJ, McEachern LJ (1991) Regulation of zooplankton community structure 

of an acidified lake by Chaoborus. Ecol Appl 1:52-65 

Yan ND, Keller W, Somers KM, Pawson TW, Girard RE (1996) Recovery of crustacean zooplankton 

communities from acid and metal contamination: comparing manipulated and reference lakes. Can J Fish 

Aquat Sci 53:1301-1327 

Yan ND, Leung B, Keller W, Arnott SE, Gunn JM, Raddum GG (2003) Developing conceptual 

frameworks for the recovery of aquatic biota from acidification. Ambio 32:165-169 

 20 



Yan ND, Welbourn PM (1990) The impoverishment of aquatic communities by smelter activities near 

Sudbury, Canada. In: Woodwell GM (ed) The Earth in transition: patterns and processes of biotic 

impoverishment. Cambridge University Press, Cambridge, pp 477-494 

  

 21 



Chapter 2 

Long-term trends in cladoceran assemblages related to acidification and 
subsequent liming of Middle Lake (Sudbury, Canada) 
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2.1 Abstract 
In the mid-20th century, similar to many lakes in the vicinity of Sudbury, Canada, Middle Lake was 

severely acidified due to nearby smelting operations. However, this lake is of particular interest because it 

was limed in 1973, and later fertilized as part of a restoration effort. Here, we use paleolimnological 

methods to track cladoceran assemblage responses to acidification, liming, and subsequent recovery in a 

~250-year lake sediment record. Cladoceran assemblage changes, notably increases in Chydorus 

brevilabris, coincided with the late-1800s establishment of open-pit ore roasting in the region. As 

acidification progressed, the Daphnia pulex complex was replaced by the D. longispina complex. 

Following liming, Chydorus brevilabris increased abruptly in relative abundance in the sediment record, 

followed by a rapid decline. Invertebrate predation was investigated using Bosmina mucro length, 

however no significant trends were evident. Our results suggest that complete biological recovery has not 

occurred. Specifically, species richness (rarefied) is ~64% lower after the onset of acidification, and many 

rare species present prior to the onset of acidification have not yet returned to pre-impact levels despite 

dispersal events of these rare taxa being observed during contemporary zooplankton monitoring. Factors 

impeding the complete biological recovery of the cladocerans in Middle Lake may include biotic 

resistance, ongoing metal contamination and a warming climate. 

2.2 Introduction 
During the 20th century, many lakes surrounding Sudbury, Canada, became heavily acidified and 

metal-contaminated due to large-scale regional mining and smelting operations (Gunn 1996). This 

resulted in widespread damage to aquatic biota from multiple trophic levels, and commonly included 

reduced species richness, and in some cases extirpations (Keller et al. 2004). Beginning in the 1970s, 

there was a concerted effort to reduce the atmospheric output of SO2 from local smelters by the 

installation of exhaust scrubbers and the implementation of government-mandated emission reduction 

targets. These measures were largely successful at reducing acid deposition, and decades later many 

Sudbury lakes experienced marked increases in pH (Keller et al. 1986, 1999a, 2007). This chemical 
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recovery has stimulated interest in the evaluation of biological recovery of the aquatic ecosystems in the 

region (e.g., Yan et al. 1996; Keller and Yan 1998; Smol et al. 1998; Valois et al. 2010; Khan et al. 2012; 

Palmer et al. 2013).  

Despite rising lakewater pH, aquatic communities (e.g., fish, invertebrates, and zooplankton) in 

many Sudbury lakes remain impoverished relative to non-acidified lakes throughout Ontario (Keller et al. 

1999b). Within ~25 km of Sudbury many of these recovering lakes continue to exceed provincial water-

quality guidelines for copper and nickel concentrations, metals that can cause biological damage (Keller 

et al. 1999b; Valois et al. 2010). Even in lakes with water quality sufficient for zooplankton survival, 

species may be unable to recolonize due to lack of colonization vectors and factors reducing the viability 

of species resting eggs (Gray and Arnott 2009). Should re-colonization be successful, altered food webs 

persist in previously-acidified lakes long after they have recovered in pH, a phenomenon known as biotic 

resistance (Keller and Yan 1998; Gray and Arnott 2009; Valois et al. 2010; Jeziorski et al. 2013). For 

example, lake acidification may extirpate fish communities, transferring the role of top predators to 

invertebrates and, in turn, preventing the recovery (to a pre-impact state) of zooplankton communities 

(Yan et al. 1991; Gray and Arnott 2009). The biological recovery of acidified lakes may also be limited 

by regional changes in climate, such as increasing air temperatures and shifting ice phenology (Keller 

2007; Futter 2003). Furthermore, due to the interactions of multiple environmental stressors, it may be 

unrealistic to expect a complete return of biological species to their pre-impact assemblage (Valois et al. 

2011; Arseneau et al. 2011; Palmer et al. 2013). Although the trajectory of biological recovery can vary 

based on the additional stressors present, biota are generally expected to shift towards pre-impact states in 

time as acid stress is removed (Keller et al. 1999a). 

 Here, we use paleolimnology to examine the cladoceran assemblages of an extensively-monitored 

lake that acidified severely and was subsequently limed and fertilized in the early-1970s. This indirect 

monitoring approach allows for the tracking of cladoceran assemblages before, during, and after 

acidification. The intermediate trophic position of cladocerans in lake food webs makes them sensitive to 
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changes in both primary production (food supply) and predation by invertebrates and fish (Hessen et al. 

1995). Cladoceran communities are also influenced by acidification to a large extent, and consequently 

some species are reliable indicators of acidity-related factors (Keller et al. 1990; Havens et al. 1993; 

Valois et al. 2010; Kurek et al. 2011). Specifically, we use the sedimentary cladoceran assemblages to: 1) 

examine the cladoceran response to acidification and liming over the last ~250 years; 2) evaluate long-

term trends in predation; and 3) assess the biological recovery of the Middle Lake cladoceran assemblage 

with respect to its pre-impact state (e.g., late-1800s). 

2.3 Methods 
2.3.1 Site Description  

 Middle Lake (N 46º 26.342’ W 81º 01.440’) is located within the City of Greater Sudbury, 

approximately 5 km SE of the Copper Cliff smelter (Fig. 2.1). The lake is underlain by quartzite (Scheider 

and Dillon 1976), and has a maximum depth and surface area of 15 m and 28.2 ha, respectively (Yan et al. 

1996). Surrounding the lake are permanent homes, seasonal dwellings, and a road embankment at the 

southern end that was constructed in the 1970s. Middle Lake has been subject to prior paleolimnological 

investigation, using diatom fossils to reconstruct pH levels back to ~1900; however, this diatom-based 

reconstruction does not extend to pre-impact times (Dixit et al. 1990). From ~1900 until ~1940, diatom-

inferred pH was stable at ~6; however, after this time, began to decline, and by the early-1970s, the lake 

had severely acidified to a pH of 4.3 (Dixit et al. 1990). In 1973, total Cu and Ni lakewater concentrations 

reached 496 μg·L-1 and 1068 μg·L-1, respectively (Yan et al. 1996), well above the 5 μg·L-1 and 25 μg·L-1 

provincial water-quality guidelines for these metals (Pearson et al. 2002). The history of planktivorous 

fish presence/absence in Middle Lake was also reconstructed using larval remains of the phantom midge 

Chaoborus spp., and likely consisted of one or two fish species, which were extirpated from the lake as 

pH dropped below ~6 in the 1940s (Uutala and Smol 1996). The lake was experimentally limed in 1973 

(Scheider and Dillon 1976), and the pH of the lake has remained above 6 since this time (pH=7.7 in July 

2012). In an attempt to remediate the surrounding land and promote plant re-growth, phosphorus 
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treatments were applied to the watershed between 1975 and 1978 (Scheider and Dillon 1976; Yan and 

Lafrance 1984; Yan et al. 1996). Further liming and fertilization of the catchment was carried out in 

1983-1984 (Yan et al. 1996). Three species of fish (smallmouth bass, Iowa darters, and brook stickleback) 

were also stocked in the lake at this time; however, stocking was unsuccessful due to high metal levels in 

the water (specifically Cu, at 40 μg·L-1; Yan and Dillon 1984; Poulin et al. 1990; Girard et al. 2006). 

Metal levels have been in steady decline since liming and emission reduction efforts were implemented, 

and Cu and Ni concentrations were 18 μg·L-1 and ~100 μg·L-1, respectively, as of 2007 (Palmer et al. 

2013). As of 2008, the lake contains six fish species (yellow perch, smallmouth bass, brown bullhead, 

pumpkinseed, northern pike, and walleye; Leuk et al. 2010). 

2.3.2 Field Methods 

In July 2012, a sediment core was collected from the deepest basin of the lake at ~13 m water 

depth using a Glew (1989) gravity corer. The sediment core was sectioned in the field at 0.25-cm 

intervals from 0 to 15 cm, and 0.5-cm intervals beyond 15 cm using a core extruder (Glew 1988). 

Sediments were then stored in a cooler with icepacks until transportation to the laboratory.   

2.3.3 Laboratory Methods 

Gamma spectroscopy was used to determine sediment age, following the methods described by 

Schelske et al. (1994). 210Pb and 137Cs were measured from 18 sediment intervals. The Constant Rate of 

Supply (CRS) model described by Appleby (2001) was used to determine sediment ages based on 

unsupported 210Pb concentrations. The 137Cs peak, resulting from nuclear weapons testing at ~1963, was 

compared to the 210Pb dates to verify their accuracy. Background 210Pb levels were reached at 10.5-10.75 

cm, corresponding to the ~1890s (Fig. 2.2). Sediment ages below 10.5-10.75 cm were determined by 

extrapolation using linear regression. The bottom of the core (25 cm) corresponds to ~1650 A.D. (Fig. 

2.2). We note 137Cs begins to decline at ~5.5 cm, indicating a date of ~1963 (Appleby, 2001).  

Past trends in sedimentary-inferred chlorophyll-a (Chl-a) were estimated using visible reflectance 

spectroscopy (VRS) techniques (Wolfe et al. 2006). Importantly, this method utilizes the spectral 
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signatures of Chl-a and its degradation products between 650 and 700 nm wavelengths to infer Chl-a 

levels from sediments. The accuracy of the VRS method has been verified using paleolimnological 

studies of lakes with known primary production histories (Michelutti et al. 2010).  

Cladoceran remains were prepared largely following the methods outlined by Korhola and Rautio 

(2001). Freeze-dried sediments were deflocculated by combining with a 10% KOH solution and heating 

at ~80ºC for 20 minutes, and then rinsed over a 38-μm mesh sieve and concentrated into a glass vial. 

Three drops of ethanol and safranin solution were added as a preservative and stain, respectively. 

Between three and eight 50-μL aliquots of the concentrated remains were applied to each slide, followed 

by glycerine jelly to mount a glass cover slip. Cladoceran remains (i.e., headshields, carapaces, etc.) were 

examined at 200X magnification under brightfield illumination on a Leica DMR microscope. The primary 

taxonomic resources used for the identification of cladoceran remains were Szeroczyńska and Sarmaja-

Korjonen (2007), and Korosi and Smol (2012a, 2012b). Entire coverslips were scanned, and a minimum 

of 100 individuals were enumerated for each interval, as per counting effort guidelines of Kurek et al. 

(2010b).  

Daphnia were grouped into two species complexes: the Daphnia pulex complex (possibly 

consisting of Daphnia pulex, Daphnia pulicaria, Daphnia catawba, and Daphnia minehaha), and the 

Daphnia longispina complex (possibly consisting of Daphnia ambigua, Daphnia mendotae, Daphnia 

dentifera, Daphnia dubia, and Daphnia longiremis) (Hebert 1995), based on the occurrence of stout 

spines along the middle region of the postabdominal claw (Korosi and Smol 2012a). Bosmina spp. size 

attributes (i.e., carapace, mucro, and antennule lengths) were measured using Northern Eclipse image 

analysis software following the methods described in Korosi et al. (2010). To ensure meaningful size 

variations were detected, a minimum of 35 remains were measured for each Bosmina size attribute per 

sediment interval (Brahney et al. 2010). 

2.4 Results 
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2.4.1 Cladoceran Assemblages 

A total of 29 taxa were recovered from Middle Lake (Fig. 2.3). Sediment intervals in the pre-

impact period (~1740 to ~1890; 25 cm – 10.5 cm) had an average species richness (rarefied) of ~11. This 

was considerably higher than the average species richness (rarefied) of ~4 during the acidification (1890 

to mid-1970s; 9.75 cm – 4.5 cm) and post-liming (mid-1970s to 2012; 4 cm – sediment surface) periods. 

Four taxa comprised >87% of the assemblage throughout all sediment intervals: Chydorus brevilabris, 

Bosmina spp. (primarily Bosmina longirostris), D. pulex complex, and D. longispina complex. All other 

taxa did not exceed 2% in 2 or more sediment intervals, and were therefore considered rare. Several 

species, including Alona intermedia and Holopedium glacialis were present in the lake during the pre-

impact period, but disappeared by the late-1800s. Acroperus harpae, Alonella excisa, Alonella nana, and 

Leptodora kindtii disappeared from the lake during the acidification period.  

During the pre-impact period, the common cladoceran taxa experienced only minor changes, with 

Bosmina spp. and C. brevilabris averaging 77% and 3% relative abundance, respectively (Fig. 2.3). The 

D. pulex complex, initially present at 17%, declined to 9% relative abundance by the 1890s. During the 

acidification period, C. brevilabris increased to approximately 30% relative abundance by the late-1950s, 

while the D. pulex complex disappeared from the record in ~1940, replaced by the D. longispina complex. 

Following liming, C. brevilabris relative abundance rapidly increased to ~70%, followed by a rapid 

decline to ~5% relative abundance by 1990, where it persisted for the rest of the core, along with Bosmina 

spp. at ~90% relative abundance, and the D. longispina complex at 2-6% relative abundance.  

 Bosmina antennule and carapace lengths showed little change throughout the record, remaining at 

an average of ~93 μm and ~215 μm, respectively. Mucro length was stable at an average of ~43 μm 

throughout the pre-impact and acidification periods, but, began to decline in the late-1970s, reaching a 

minimum of ~33 μm by ~1985 (Fig. 2.3). Mean mucro length then increased throughout the remainder of 

the post-liming period, reaching ~60 μm by 2012 (Fig. 2.3). The mean mucro length time series was not 
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significant across the record (Mann-Kendall trend test: τ = -0.15, p = 0.29), nor during the post-liming 

period (τ = 0.33, p = 0.21). 

2.4.2 VRS Chlorophyll-a 

 VRS Chl-a levels remained stable during the pre-impact period (~0.035 mg·g-1 dry weight (dwt); 

Fig. 2.3). Levels remained consistently low and stable throughout the acidification period (Fig. 2.3). 

Coincident with the onset of lake fertilization, Chl-a increased sharply to a level of ~0.064 mg·g-1 dwt and 

has since remained at this level (Fig. 2.3). 

2.5 Discussion 
2.5.1 Cladoceran Assemblage Response to Acidification and Liming 

 The cladoceran assemblage of Middle Lake has undergone marked changes during the past ~130 

years, largely tracking the impact of anthropogenic acidification. Chydorus brevilabris was present 

throughout the sediment record; however, beginning in the late-1800s, there was an increase in its relative 

abundance, coincident with the rise of development in the Sudbury-region and the use of open-pit ore 

roasting beds (Gunn et al. 1995; Pearson et al. 2002). The monitoring record of Yan et al. (1996) extends 

only a few months prior to liming, and thus did not detect the long-term rise in C. brevilabris observed in 

the paleolimnological record. Similar long-term increases in C. brevilabris have been observed in other 

acid-stressed systems, such as several heavily-acidified lakes downwind of an iron sintering plant near 

Wawa, Ontario (Jeziorski et al. 2013). Due to its high survival under low-pH conditions, C. brevilabris is 

able to take advantage of the reduced competition in acidified lakes, thus often reaching relatively high 

abundances in these systems (Kurek et al. 2011; Jeziorski et al. 2013). C. brevilabris reached its 

maximum relative abundance just after the liming of the lake, followed by a rapid decline.  

Throughout the pre-impact and acidification periods, VRS Chl-a remained stable, an indication 

that acidification had little effect on the primary production of the lake. The VRS Chl-a measurements 

(Fig. 3) appear to track the fertilization of Middle Lake well. We interpret the step-like increase in VRS 

Chl-a to be a result of the lake fertilization that began in 1975. Following fertilization, phytoplankton 
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standing stocks increased by ~400%, in addition to a shift from chrysophytes to blue-green algae as the 

dominant summer phytoplankton taxa (Scheider and Dillon 1976; Yan and Lafrance 1984). Because our 

methodology also measures chlorophyll-a degradation products, this increase cannot be explained by 

diagenetic processes (Michelutti et al. 2010). The final fertilization of the lake took place in 1984; 

however, VRS Chl-a levels have remained elevated from pre-impact levels, possibly reflecting longer ice-

free seasons (Futter 2003) and significant increased average air temperatures in this region in recent 

decades (Mann-Kendall trend test: τ = 0.34, p < 0.001; Fig. 2.1). 

2.5.2 Biological Recovery of Cladocerans 

For the past ~250 years, the cladoceran record from Middle Lake has been dominated by Bosmina 

spp., and to some extent, C. brevilabris. Daphniids from the D. pulex complex, comprised up to 15% of 

the assemblage during the pre-impact period; however, declined with acidification and were completely 

replaced by the D. longispina complex (likely D. mendotae; Yan et al. 2004), which now inhabits the lake. 

Furthermore, many rare taxa that disappeared during the acidification period have not yet re-colonized the 

lake, even though Middle Lake has had a pH > 6.5 since 1974. Moreover, the cladoceran community 

(sampled by net hauls through the water column) remains different from reference lakes in the region 

(Yan et al. 2004; Palmer et al. 2013). In marked contrast, the copepod community of Middle Lake is 

considered fully recovered (Palmer et al. 2013). Such incomplete recovery of cladocerans relative to other 

biological groups is a trend that has been observed in other acid-impacted regions of eastern North 

America. For example, Arseneau et al. (2011) observed shifts in diatom and chrysophyte species 

indicative of biological recovery in Adirondack (USA) lakes; however, cladoceran species failed to show 

a response to rising lakewater pH. It is apparent that additional factors continue to prevent the complete 

recovery of the cladoceran community in Middle Lake. Although pH has recovered, the influence of 

multiple stressors has likely changed Middle Lake from its pre-impact conditions in ways beyond those 

related to industrial emissions. Construction of the highway embankment at the southern end of the lake 

has resulted in steady increases in salinity (Girard et al. 2006). Furthermore, shoreline development and 
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invasion of Eurasian water milfoil in many lakes of the region have the potential to alter littoral habitat. 

Despite these possible factors, the cladoceran assemblage has changed little in the past 30 years, 

suggesting that the above stressors have had little impact. The most obvious factors limiting biological 

recovery include continued metal contamination (Valois et al. 2010; Webster et al. 2013), 

dispersal/recolonization limitations (Gray and Arnott 2009), altered predation dynamics (Keller and Yan 

1998; Webster et al. 2013), and a changing climate (Futter 2003; Keller 2007).  

Biotic recovery may be hindered by the inability of organisms to disperse and successfully 

recolonize lakes that have recovered from ecological degradation. Cladocera typically recolonize a lake 

from two sources: the resting egg bank contained within the lake sediments and via transportation vectors 

(e.g., streams, animal movements, wind) from nearby lakes (Keller and Yan 1998; Gray and Arnott 2009). 

We note several rare taxa, including Alona affinis/quadrangularis, Alona rustica, Eurycercus spp., Sida 

crystallina, and Polyphemus pediculus, appeared during the post-liming phase, after being absent from the 

fossil record for at least several years prior to liming, suggesting that they disappeared from the lake and 

returned. Similarly, in the net-haul record, Yan et al. (2004) observed that five cladoceran species arrived 

in Middle Lake within a one-year period, yet none persisted. Collectively, direct monitoring and the 

sediment record indicate that cladoceran recovery in Middle Lake is not being limited by dispersal. Likely, 

environmental conditions and biotic processes have greater relative importance compared to dispersal-

related factors in structuring fossil cladoceran communities (Kurek et al. 2011). 

An additional potential barrier to recovery is biotic resistance. In acidifying lakes, fish are often 

eliminated after pH drops below 6 (Beamish and Harvey 1972), while invertebrates such as Chaoborus 

can survive pH as low as 3.5 (Havas and Likens 1985). In the absence of fish, Chaoborus may fill the role 

as dominant predators (Appelberg et al. 1993; Labaj et al. 2014), reducing the density of small-bodied 

zooplankton species (Vanni 1988; Wellborn et al. 1996). Within Middle Lake, Uutala and Smol (1996) 

noted that Chaoborus americanus, an indicator of fishless conditions or low fish planktivory (Sweetman 

and Smol 2006; Kurek et al. 2010a), began increasing in the 1950s during acidification. Bosmina spp. can 
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modify body size attributes in response to differing predation types, with longer morphs typically 

reflecting greater invertebrate predation, and shorter morphs reflecting reduced invertebrate predation 

(possibly due to greater planktivorous fish predation) (Korosi et al. 2013; Labaj et al. 2013). We noted 

that although Bosmina mucro length experienced a decline and subsequent increase in recent decades, no 

significant trends were observed over the entire record or post-liming, suggesting that invertebrate 

predation has remained stable. Since ~1990, Middle Lake has contained a large population of yellow 

perch (Perca flavescens), a species that consumes zooplankton in its juvenile stage, and later life stages if 

sufficient benthic invertebrates are unavailable (Poulin et al. 1990; Leuk et al. 2010; Valois et al. 2010). 

Predation by yellow perch may continue to present a barrier to cladoceran recovery in Middle Lake (Leuk 

et al. 2010), especially as metal levels continue to decline (Webster et al. 2013).  

Although the effects of acidification from a lakewater pH perspective have been resolved in 

Middle Lake, it is not surprising that the cladoceran assemblage has failed to return to its pre-impact state 

(species richness and composition). The most likely impediment to full biological recovery is that 

multiple stressors continue to affect the lake’s biota, in addition to physical/chemical properties. Cu and 

Ni contamination, though decreasing since emission reductions were implemented, may continue to limit 

the survival of sensitive taxa, including daphniids (Yan et al. 2004; Khan et al. 2012; Webster et al. 2013). 

Additionally, Middle Lake has experienced a shift in stratification patterns, switching from weak to strong 

stratification in 1974 (following liming and fertilization; Girard et al. 2006). Such shifts in thermal regime 

have been observed in lakes throughout the Sudbury region, due to increasing DOC (Girard et al. 2006), 

forest re-growth (Tanentzap et al. 2008), and significant warming regional temperatures (Fig. 2.1). Shifts 

in lake stratification may have possible implications to cladoceran communities, especially small-bodied 

zooplankton such as Bosmina (Moore et al. 1995). Changing lake stratification patterns may also affect 

invertebrate predation upon pelagic cladocerans such as the bosminids (Labaj et al. 2013). As these 

stressors continue to impact aquatic ecosystems throughout the boreal shield ecozone, it is increasingly 
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unlikely that complete biotic recovery will occur in previously-acidified systems, and our ability to 

predict and manage ecosystem response may be challenged. 

2.6 Conclusions 
Although the restoration efforts in Middle Lake have raised and maintained the pH at 

circumneutral levels since 1973, a legacy of acid and metal damage is still evident, and the modern 

cladoceran assemblage is impoverished relative to its pre-impact state.  Our long-term record indicates 

that biological impacts associated with industrial development in Sudbury began as early as the ~1890s, 

and increased in severity until the lake was limed in 1973. C. brevilabris tracked the acidification history 

of Middle Lake, reaching maximum relative abundance followed by an abrupt decline soon after liming. 

Many species present prior to the onset of acidification are still missing from the lake and the dominant 

Daphnia species differ between contemporary and pre-impact periods. Recovery of the cladoceran 

assemblage is likely still limited by high levels of Cu and Ni in the water and sediments, increased 

predation by juvenile yellow perch in the littoral zone, enhanced predation by invertebrates in the pelagic 

zone, and regional climate change. Although great strides have been made towards pH recovery in the 

Sudbury region, further research into the effects of multiple stressors on biological recovery are warranted 

if we are to fully appreciate ecosystem trajectory following the widespread and often severe impacts of 

human activities on aquatic ecosystems during the 20th century. 

2.7 Acknowledgements 
This study was funded by a Natural Sciences and Engineering Research Council of Canada  

(NSERC) grant to John Smol and NSERC graduate scholarship to Andrew Labaj. We thank Joshua 

Thienpont for his assistance in the field, and the Cooperative Freshwater Ecology Unit, Laurentian 

University, Sudbury, for providing chemical monitoring data of Middle Lake. Additionally, we wish to 

thank Edwin Morelli for assistance with chlorophyll-a analysis, Clare Nelligan for assistance with 

creating a map, and an anonymous reviewer for comments that greatly strengthened our manuscript. 

 33 



2.8 References 

 

Appelberg, M., Henrikson, B.-I., Henrikson, L., & Svedäng, M. (1993). Biotic interactions within the 

littoral community of Swedish forest lakes during acidification. Ambio, 22, 290-297. 

Appleby, P. G. (2001). Chronostratigraphic techniques in recent sediments. In W. M. Last and J. P. Smol 

(Eds.), Tracking environmental change using lake sediments. 1. Basin analysis, coring, and chronological 

techniques (pp. 171-203). Dordrecht: Springer. 

Arseneau, K. M. A., Driscoll, C. T., Brager, L. M., Ross, K. A., & Cumming, B. F. (2011). Recent 

evidence of biological recovery from acidification in the Adirondacks (New York, USA): a multiproxy 

paleolimnological investigation of Big Moose Lake. Canadian Journal of Fisheries and Aquatic Sciences, 

68, 575-592. 

Beamish, R. J., & Harvey, H. H. (1972). Acidification of the La Cloche Mountain lakes, Ontario, and 

resulting fish mortalities. Journal of the Fisheries Research Board of Canada, 29, 1131-1143. 

Brahney, J., Routledge, R., Bos, D. G., & Pellatt, M. G. (2010). Changes to the productivity and trophic 

structure of a sockeye salmon rearing lake in British Columbia. North American Journal of Fisheries 

Management, 30, 433-444.  

Dixit, S. S., Dixit, A. S., & Smol, J. P. (1990). Paleolimnological investigation of three manipulated lakes 

from Sudbury, Canada. Hydrobiologia, 214, 245-252.  

Futter, M. N. (2003). Patterns and trends in Southern Ontario lake ice phenology. Environmental 

Monitoring and Assessment, 88, 431-444. 

Girard R., Yan, N. D., Heneberry, J., & Keller, W. (2006). Physical and chemical data series from 

Clearwater, Lohi, Middle and Hannah lakes near Sudbury, Ontario: long-term responses to liming, and 

 34 



natural recovery from historical acidification and metal contamination. Ontario Ministry of Environment 

Report #5429e. 

Glew, J. R. (1988). A portable extruding device for close interval sectioning of unconsolidated core 

samples. Journal of Paleolimnology, 1, 235-239.  

Glew, J. R. (1989). A new trigger mechanism for sediment samplers. Journal of Paleolimnology, 2, 241-

243.  

Gray, D. K., & Arnott, S. E. (2009). Recovery of acid damaged zooplankton communities: measurement, 

extent, and limiting factors. Environmental Reviews, 17, 81-99.  

Gunn, J. M. (1996). Restoring the smelter-damaged landscape near Sudbury, Canada. Restoration and 

Management Notes, 14, 129-136. 

Gunn, J. M., Keller, W., Negusanti, J., Potvin, R., Beckett, P., & Winterhalder, K. (1995). Ecosystem 

recovery after emission reductions: Sudbury, Canada. Water, Air, and Soil Pollution, 85, 1783-1788. 

Havas, M., & Likens, G. E. (1985). Toxicity of aluminum and hydrogen ions to Daphnia catawba, 

Holopedium gibberum, Chaoborus puntcipennis, and Chironomus anthrocinus from Mirror Lake, New 

Hampshire. Canadian Journal of Zoology, 63, 1114-1119. 

Havens, K. E., Yan, N. D., & Keller, W. (1993). Lake acidification: effects on crustacean zooplankton 

populations. Environmental Science & Technology, 27, 1621-1624. 

Hebert, P. D. N. (1995). The Daphnia of North America: an illustrated fauna. CD-ROM, Guelph: 

University of Guelph. 

 35 



Hessen, D. O., Faafeng, B. A., & Anderson, T. (1995). Replacement of herbivore zooplankton species 

along gradients of ecosystem productivity and fish predation pressure. Canadian Journal of Fisheries and 

Aquatic Sciences, 52, 733-742. 

Jeziorski, A., Keller, W., Paterson, A. M., Greenaway, C. M., & Smol, J. P. (2013). Aquatic ecosystem 

responses to rapid recovery from extreme acidification and metal contamination in lakes near Wawa, 

Ontario. Ecosystems, 16, 209-223. 

Keller, W. (2007). Implications of climate warming for boreal shield lakes: a review and synthesis. 

Environmental Reviews, 15, 99-112. 

Keller, W., Gunn, J. M., & Yan, N. D. (1999a). Acid rain-perspectives on lake recovery. Journal of 

Aquatic Ecosystem Stress and Recovery, 6, 207-216.  

Keller, W., Heneberry, J. H., & Gunn, J. M. (1999b). Effects of emission reductions from the Sudbury 

smelters on the recovery of acid- and metal-damaged lakes. Journal of Aquatic Ecosystem Stress and 

Recovery, 6, 198-198. 

Keller, W., Heneberry, J., Gunn, J. M., Snucins, E., Morgan, G., & Leduc, J. (2004). Recovery of acid 

and metal-damaged lakes near Sudbury Ontario: trends and status. Ecological Risk Assessment, Sudbury 

Soils Study 53.  

Keller, W., Pitblado, J. R., & Conroy, N. I. (1986). Water quality improvements in the Sudbury, Ontario, 

Canada area related to reduced smelter emissions. Water, Air, and Soil Pollution, 31, 765-774.  

Keller, W., & Yan, N. D. (1998). Biological recovery from acidification: zooplankton communities as a 

model of patterns and processes. Restoration Ecology, 6, 364-375.  

 36 



Keller, W., Yan, N. D., Gunn, J. M., & Heneberry, J. (2007). Recovery of acidified lakes: lessons from 

Sudbury, Ontario, Canada. Water, Air, and Soil Pollution: Focus, 7, 317-322. 

Keller, W., Yan, N. D., Holtze, K. E., & Pitblado, J. R. (1990). Inferred effects of lake acidification on 

Daphnia galeata mendotae. Environmental Science & Technology, 24, 1259-1261. 

Khan, F. R., Keller, W., Yan, N. D., Welsh, P. G., Wood, C. M., & McGreer, J. C. (2012). Application of 

biotic ligand and toxic unit modeling approaches to predict improvements in zooplankton species richness 

in smelter-damaged lakes near Sudbury, Ontario. Environmental Science and Technology, 46, 1641-1649. 

Korhola, A., & Rautio, M. (2001). Cladocera and other brachiopod crustaceans. In J. P. Smol, H. J. B. 

Birks and W. M. Last (Eds.), Tracking environmental change using lake sediments. 4. Zoological 

indicators (pp. 5-41). Dordrecht: Springer. 

Korosi, J. B., Kurek, J., & Smol, J. P. (2013). A review on utilizing Bosmina size structure archived in 

lake sediments to infer historic shifts in predation regimes. Journal of Plankton Research, 35, 444-460. 

Korosi, J. B., Paterson, A. M., DeSellas, A. M., & Smol, J. P. (2010). A comparison of pre-industrial and 

present-day changes in Bosmina and Daphnia size structure from soft-water Ontario lakes. Canadian 

Journal of Fisheries and Aquatic Sciences, 67, 754-762. 

Korosi, J. B., & Smol, J. P. (2012a). An illustrated guide to the identification of cladoceran subfossils 

from lake sediments in northeastern North America: part 1–the Daphniidae, Leptodoridae, Bosminidae, 

Polyphemidae, Holopedidae, Sididae, and Macrothricidae. Journal of Paleolimnology, 48, 571-586. 

Korosi, J. B., & Smol, J. P. (2012b). An illustrated guide to the identification of cladoceran subfossils 

from lake sediments in northeastern North America: part 2–the Chydoridae. Journal of Paleolimnology, 

48, 587-622.. 

 37 



Kurek, J., Cwynar, L. C., Weeber, R. C., Jefferies, D. S., & Smol, J. P. (2010b). Ecological distributions 

of Chaoborus species in small, shallow lakes from the Canadian boreal shield ecozone. Hydrobiologia, 

652, 207-221.  

Kurek, J., Korosi, J. B., Jeziorski, A., & Smol, J. P. (2010a). Establishing reliable minimum count sizes 

for cladoceran subfossils sampled from lake sediments. Journal of Paleolimnology, 44, 603-612. 

Kurek, J., Weeber, R. C., & Smol, J. P. (2011). Environment trumps predation and spatial factors in 

structuring cladoceran communities from boreal shield lakes. Canadian Journal of Fisheries and Aquatic 

Sciences, 68, 1408-1419.  

Labaj, A. L., Kurek, J., & Smol, J. P. (2014). Chaoborus americanus predation influences Bosmina 

mucro lengths in fishless lakes. Journal of Paleolimnology, 51, 449-454. 

Labaj, A. L., Kurek, J., Weeber, R. C., & Smol, J. P. (2013). Long-term changes in invertebrate size 

structure and composition in a boreal headwater lake with a known minnow introduction. Journal of 

Limnology, 72, 215-226. 

Leuk, A., Morgan, G. E., Wissel, B., Gunn, J. M., & Ramcharan, C. W. (2010). Rapid and unexpected 

effects of piscivore introduction on trophic position and diet of perch (Perca flavescens) in lakes 

recovering from acidification and metal contamination. Freshwater Biology, 55, 1616-1627. 

Michelutti, N., Blais, J. M., Cumming, B. F., Paterson, A. M., Rühland, K. M., Wolfe, A. P., & Smol, J. P. 

(2010). Do spectrally inferred determinations of chlorophyll a reflect trends in lake trophic status? Journal 

of Paleolimnology, 43, 205-217. 

Moore, M. V., Folt, C. L., & Stemberger, R. S. (1995). Consequences of elevated temperatures for 

zooplankton assemblages in temperate lakes. Archiv für Hydrobiologie, 135, 289-319. 

 38 



Palmer, M. E., Keller, W., & Yan, N. D. (2013). Gauging recovery of zooplankton from historical acid 

and metal contamination: the influence of temporal changes in restoration targets. Journal of Applied 

Ecology, 50, 107-118. 

Pearson, D. A. B., Gunn, J. M., & Keller, W. (2002). The past, present, and future of Sudbury’s lakes. In 

D.H. Rousell and K. Jansons (Eds.). Physical Environment of the Sudbury Region, Ontario Geological 

Survey Special Volume 6 (pp.195-215). 

Poulin, D. J., Gunn, J. M., & Laws, K. M. (1990). Fish species present in Sudbury lakes–results of the 

1989 and 1990 urban lakes survey. Ontario Ministry of Natural Resources, Sudbury District. 

Schelske, C. L., Peplow, A., Brenner, M., & Spence, C. N. (1994). Low-background gamma counting 

applications for 210Pb dating of sediments. Journal of Paleolimnology, 10, 115-128.  

Scheider, W., & Dillon, P. J. (1976). Neutralization and fertilization of acidified lakes near Sudbury, 

Ontario. Proceedings of the 11th Canadian Symposium, Water Pollution Research Canada (pp. 93-100). 

Smol, J. P., Cumming, B. F., Dixit, A. S., & Dixit, S. S. (1998). Tracking recovery patterns in acidified 

lakes:  A paleolimnological perspective.  Restoration Ecology, 6, 318-326. 

Sweetman, J. N., & Smol, J. P. (2006). Reconstructing fish populations using Chaoborus (Diptera: 

Chaoboridae) remains – a review. Quaternary Science Reviews, 25, 2013-2023.  

Szeroczyńska, K., & Sarmaja-Korjonen, K. (2007). Atlas of subfossil Cladocera from central and 

northern Europe. Świecie, Poland: Friends of the Lower Vistula Society. 

Tanentzap, A. J., Yan, N. D., Keller, B., Girard, R., Haneberry, J., Gunn, J. M., Hamilton, D. P., & Taylor, 

P. A. (2008). Cooling lakes while the world warms: effects of forest regrowth and increased dissolved 

organic matter on the thermal regime of a temperate, urban lake. Limnology and Oceanography, 53, 404-

410. 

 39 



Uutala, A. J., & Smol, J. P. (1996). Paleolimnological reconstructions of long-term changes in fisheries 

status in Sudbury area lakes. Canadian Journal of Fisheries and Aquatic Sciences, 53, 174-180. 

Valois, A., Keller, W., & Ramcharan, C. W. (2010). Abiotic and biotic processes in lakes recovering from 

acidification: the relative roles of metal toxicity and fish predation as barriers to zooplankton 

reestablishment. Freshwater Biology, 55, 2585–2597. 

Valois, A., Keller, W., & Ramcharan C. W. (2011). Recovery in a multiple stressor environment: using 

the reference condition approach to examine zooplankton community change along opposing gradients. 

Journal of Plankton Research, 33, 1417-1429. 

Vanni, M. J. (1988). Freshwater zooplankton community structure: introduction of large invertebrate 

predators and large herbivores to a small-species community. Canadian Journal of Fisheries and Aquatic 

Sciences, 45, 1758-1770. 

Webster, N. I., Keller, W., & Ramcharan, C. W. (2013). Restoration of zooplankton communities in 

industrially damaged lakes: influences of residual metal contamination and the recovery of fish 

communities. Restoration Ecology, 21, 785-792. 

Wellborn, G. A., Skelly, D. K., & Werner, E. E. (1996). Mechanisms creating community structure across 

a freshwater habitat gradient. Annual Reviews of Ecology, Evolution, and Systematics, 27, 337-363. 

Wolfe, A. P., Vinebrooke, R. D., Michelutti, N., Rivard, B., & Das, B. (2006). Experimental calibration 

of lake-sediment spectral reflectance to chlorophyll a concentrations: methodology and paleolimnological 

validation. Journal of Paleolimnology, 36, 91-100. 

Yan, N. D., & Dillon, P. J. (1984). Experimental neutralization of lakes near Sudbury, Ontario. In J. 

Nriagu (Ed.), Advances in environmental sciences series (pp. 417-456). New Jersey: John Wiley and Sons. 

 40 



Yan, N. D., Girard, R., Heneberry, J. H., Keller, W., Gunn, J. M., & Dillon, P. J. (2004). Recovery of 

copepod, but not cladoceran, zooplankton from severe and chronic effects of multiple stressors. Ecology 

Letters, 7, 452-460.  

Yan, N. D., Keller, W., MacIsaac, H. J., & McEachern, L. J. (1991). Regulation of zooplankton 

community structure of an acidified lake by Chaoborus. Ecological Applications, 1, 52-65. 

Yan, N. D., Keller, W., Somers, K. M., Pawson, T. W., & Girard, R. E. (1996). Recovery of crustacean 

zooplankton communities from acid and metal contamination: comparing manipulated and reference 

lakes. Canadian Journal of Fisheries and Aquatic Sciences, 53, 1301-1327. 

Yan, N. D., & Lafrance, C. (1984). Response of acidic and neutralized lakes near Sudbury, Ontario, to 

nutrient enrichment. In J. Nriagu (Ed.), Advances in environmental sciences series (pp. 457-521). New 

Jersey: John Wiley and Sons. 

  

 41 



2.9 Figures 

 

Fig. 2.1 Map of Sudbury showing the locations of Middle Lake and the Copper Cliff smelter. Inset: Mean 
annual air temperature (1956-2012) measured at Sudbury Airport (Climate station ID: 6068150). Data 
obtained from Environment Canada historical climate records (http://climate.weather.gc.ca/) 

 

Fig. 2.2 a) 210Pb (black circles) and 137Cs (white circles) decay versus interval depth. Error bars represent 
standard error. b) Sediment date vs. depth based on 210Pb spectroscopy. Beyond this depth dates were 
calculated based on linear regression (age = -0.2543 (interval depth)2 - 8.2795 (interval depth) + 
2014.6)
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Fig. 2.3 Percent relative abundance of select taxa present in Middle Lake. Average Bosmina mucro length (error bars represent standard error) and 
VRS chlorophyll-a are indicated for each interval. 210Pb dates are shown to the left
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Chapter 3 

Elevated metal concentrations inhibit biological recovery of Cladocera in 
previously acidified boreal lakes near Sudbury, Ontario 
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3.1 Abstract 
Sudbury lakes experienced amongst the greatest levels of acidification and metal contamination 

in the world, resulting in well-documented impacts on the region’s aquatic biota. However, following 

aggressive emission control programs beginning in the late-1960s, pH has increased from less than 5 to 

greater than 6 in many lakes. Biological recovery, however, often continues to lag water quality 

improvements. Here, paleolimnological records of cladoceran recovery are compared amongst three 

Sudbury lakes and two Killarney Provincial Park lakes (located ~60 km SW of Sudbury), to assess the 

current state of biological recovery (relative to pre-impact times) and determine what barriers to complete 

biological recovery may exist. The extent of cladoceran shifts during the 20th century is variable among 

the five lakes, but is most pronounced in the Sudbury lakes. Within the Sudbury lakes, Chydorus 

brevilabris increased in relative frequency since the late-1800s, closely tracking the development and 

intensity of smelting activities. With the exception of neutralized Middle Lake, the Sudbury lake 

assemblages generally continue to exhibit lower species richness and different assemblages compared to 

their pre-impact states. Conversely, the Killarney lakes experienced only subtle assemblage changes 

throughout the period of marked acidification between ~1920 and 1980. The most notable changes in the 

Killarney lakes occurred in the past ~40 years at George Lake and in the past ~20 years at Lumsden Lake. 

A likely cause for the differences in lake trajectories between regions is contamination with Cu and Ni, 

which were up to 34 times higher in the Sudbury lakes.  Because concentrations of these metals remain 

high, biological recovery will likely continue to be inhibited. Moreover, increased primary production and 

shifts in cladoceran assemblages over the past ~40 years in all the study lakes suggests that climate 

change is now also affecting Cladocera, such that a return to a pre-impact state is unlikely. 

3.2 Introduction 
Throughout the 20th century, many lakes located in the vicinity of Sudbury, Ontario, became 

strongly acidified and contaminated with copper and nickel due to regional mining and smelting 

industries (Keller et al. 2004). During peak years (1960s), Sudbury represented the largest point source of 
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SO2 in the world (Gunn et al. 1995), with average emissions of SO2, Cu, and Ni at 2.5 million, 670, and 

500 tonnes/year, respectively (Nriagu et al. 1998). Consequently, the water quality of nearby lakes was 

severely degraded, with some lakes declining from pH ~6 to as low as pH 4 (Neary et al. 1990), and 

sedimentary Cu and Ni concentrations increasing hundreds of times above background levels of 29 and 

48 μg·g-1 for these metals (Nriagu et al. 1982). The most severe pollution was noted within an ~30 km 

zone surrounding Sudbury, where the concentrations of these metals were highest (Keller and Pitblado 

1986; Keller et al. 1999b). As water quality conditions deteriorated, declines in species richness and, in 

some cases, extirpations were noted among many aquatic taxa, including fish (Beamish and Harvey 1972), 

phytoplankton (Havas et al. 1995; Vinebrooke et al. 2002) and zooplankton (Yan and Strus 1980; Yan 

and Wellbourn 1990). During the 1970s and 1980s, emissions of SO2 were reduced by 90% (Keller 2009), 

leading to pH increases in the region’s lakes (in some cases, returning them to pH > 6; Hutchinson and 

Havas 1986; Keller et al. 1986; Smol et al. 1998; Keller et al. 2007). Subsequently, limited biological 

recovery has been observed at multiple trophic levels including phytoplankton, zooplankton, and 

invertebrates (Keller et al. 2007). However, biological recovery continues to lag chemical recovery in 

most systems and the ultimate cause of this phenomenon continues to be an active research endeavor. 

 “Biological recovery” can be defined in various ways. Modern biological surveys often use the 

“reference lake” approach, where species composition of recovering lakes is compared with those of un-

impacted lakes (e.g., Yan et al. 2004; Valois et al. 2011). Although this approach can identify the impacts 

of recent environmental stressors in a particular region, it is often unable to track long-term changes, due 

to a lack of long-term monitoring data (Smol 2010). Paleolimnological studies often define biological 

recovery as a return of community composition to one resembling pre-impact conditions (Arseneau et al. 

2011; Bennion et al. 2011; Jeziorski et al. 2013). However, with the onset of recent additional stressors, 

such as rapid climate change, the species composition of lakes may remain altered long after the original 

stressor has subsided, and pre-impact conditions may no longer represent a realistic target for recovery 

(Bennion et al. 2011). Nevertheless, in the context of recovery from acidification, the biotic assemblage 
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of recovering lakes is expected to follow a trajectory away from acid-tolerant organisms, towards the pre-

impact assemblage following water quality improvements (Keller et al. 1999a). 

Biological recovery in formerly acidified lakes of the Sudbury-region is likely hampered by 

several factors. Copper and nickel, though no longer entering the lakes in large quantities, remain 

concentrated within lake sediments and catchments, and many lakes within ~30 km of Sudbury contain 

copper and nickel concentrations in water far in excess of their respective provincial guidelines of 5 and 

25 μg·L-1 (Keller et al. 1999b; Pearson et al. 2002; Valois et al. 2010). These metals may reduce 

zooplankton survival, for example, survival of the cladoceran Daphnia is reduced at copper 

concentrations of only 5 μg·L-1 (Ingersoll and Winner 1982). Furthermore, sublethal effects, including 

delayed growth and reproduction (Koivisto et al. 1992), can have negative impacts on cladoceran 

populations. In addition to water chemistry, biological factors may continue to limit biotic recovery, even 

in cases where water quality has improved. Successful recolonization may also be hindered by the altered 

food webs that remain following acidification (e.g., Lundberg et al. 2000). For example, low-pH 

conditions often reduce fish planktivory via species extirpation, while some key invertebrate predators, 

such as Chaoborus, are able to survive (Nilssen and Sandøy 1990; Yan et al. 1991). Zooplankton that are 

not adapted to high levels of invertebrate predation may be at a competitive disadvantage (Yan et al. 

1991; Keller et al. 2002; Arnott et al. 2006). 

The Cladocera are an order of crustacean zooplankton of particular interest in studies of past lake 

environments. Cladocerans are sensitive to acidification (Keller et al. 1990; Arseneau et al. 2011; Kurek 

et al. 2011) and metal contamination (Brix et al. 2001), and respond quickly to changes in these variables 

due to their rapid rate of reproduction (Korhola and Rautio 2001). As mid-trophic level grazers, they are 

sensitive to changes in both primary production and predation (Hessen et al. 1995). Therefore, shifts in 

cladoceran species composition and abundance can indicate changes occurring in the whole-lake system. 

Cladoceran remains are well preserved in lake sediments and can often be identified to the species level, 

allowing historical species composition and abundances to be determined (Korhola and Rautio 2001). 
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They are therefore of value in paleolimnological studies, where past species assemblages can be 

compared to those of modern times to infer environmental shifts through time. In addition to 

environmental conditions, certain cladoceran taxa, notably Bosmina spp., respond to the intensity of 

predation by altering their body size and the length of defensive appendages (Kerfoot 1975; Nilsson and 

Sandøy 1990; Alexander and Hotchkiss 2010; Korosi et al. 2013). Thus, measurements of subfossil 

Bosmina spp. size attributes may be useful for inferring trends in predation through time. 

Here, we compare the biological recovery of cladocerans from three lakes located within ~15 km 

of Sudbury (all of which acidified below pH 5 and were contaminated with Cu and Ni), with two lakes in 

Killarney Provincial Park, located ~60 km southwest of the city (Fig. 3.1). Many Killarney lakes acidified 

(Beamish and Harvey 1972); however, they are well outside of the 30 km region surrounding Sudbury 

where acidification and elevated metal concentrations were most severe (Keller et al. 1999b). These study 

lakes are of interest as they were exposed to some of the highest levels of atmospheric contamination in 

history. They therefore act as excellent model systems for studying anthropogenic impacts and recovery. 

Given the numerous anthropogenic impacts on lakes worldwide, understanding the extent and timescales 

of recovery in these stressed systems is an important goal in aquatic ecology.  

In this paper, paleolimnological methods are used to infer the temporal dynamics of the 

cladoceran species assemblage through pre-impact, acidification/metal contamination, and post-impact 

periods. Lakes in the region have undergone extensive paleolimnological investigation, reconstructing pH 

and metal contamination through time to pre-impact conditions using diatom and chrysophyte 

assemblages (Dixit et al. 1897, 1990, 1992, 1996). In addition, the available water chemistry data, which 

extends back to 1973 (Cooperative Freshwater Ecology Unit, 2013), is used to assess changes in metal 

contamination in the lakes. Bosmina spp. size attributes will be used to infer past type and intensity of 

predation, and sedimentary chlorophyll-a levels will be used to track shifts in primary production.  
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This study aims to answer the following research questions: 1) How have cladocerans responded 

to past anthropogenic stressors associated with regional smelting operations, and what is the current status 

of cladoceran recovery in Sudbury and Killarney lakes relative to pre-impact conditions? and 2) What 

factors (i.e., metals, dispersal limitation, biotic resistance, climate) have most likely structured the post-

impact changes in cladoceran assemblages in Sudbury and Killarney?  

3.3 Methods 
3.3.1 Site Description 

Sudbury 

 The study lakes were selected primarily for their history of past scientific research, with extensive 

long-term monitoring, water quality, and paleolimnological data available (e.g., Dixit et al. 1987, 1990, 

1996). Daisy, Middle, and Clearwater lakes (Table 3.1) are located within the city limits of Sudbury (Fig. 

3.1), and were intensely acidified during the mid-20th century to pH < 5 (Table 3.1). Levels of 

sedimentary Cu and Ni in Daisy and Middle lakes increased throughout most of the 1900s (Fig. 3.2). Both 

metals have been in decline in the study lakes since the onset of water quality monitoring, however they 

are still well above provincial water quality guidelines (Fig. 3.3). Daisy Lake is located ~5 km southwest 

of the former Coniston smelter complex, while Middle Lake is ~5 km southeast of the currently operating 

Copper Cliff smelter. Clearwater Lake is the furthest from the smelting complexes, with the closest being 

Copper Cliff, 12 km to the north. Clearwater and Middle lakes both have permanent homes and seasonal 

dwellings located around their shorelines, while Daisy Lake remains largely undeveloped. The region is 

underlain by quartzite and gneiss (Scheider and Dillon 1976; Pearson et al. 2002), and lakes have limited 

ability to buffer changes in pH. As part of an experimental pH restoration effort, Middle Lake was 

neutralized with calcium carbonate and fertilized with phosphorus between 1973 and 1984, rapidly 

increasing pH and decreasing metal levels (Scheider and Dillon 1976; Yan and Lafrance 1984; Yan et al. 

1996). Fish populations were lost in many Sudbury lakes as they became increasingly impacted by 

acidification and metal contamination (Uutala and Smol 1996). 
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Killarney 

 Lumsden and George lakes are located within Killarney Provincial Park, approximately 60 km 

southwest of Sudbury (limnological variables listed in Table 1, Fig. 3.1). The Killarney lakes were 

acidified to a similar extent as the Sudbury lakes (Table 3.1), however the Killarney lakes received much 

lower inputs of Cu and Ni (Beamish and Van Loon 1977; Fig. 3.2), and metals in these lakes remain 

below provincial water quality guidelines (Fig. 3.3). Due to their proximity to Sudbury, and the extent to 

which they acidified, these lakes have also been subject to water monitoring and past diatom- and 

chrysophyte-inferred pH and metal reconstructions (Dixit et al. 1992). Killarney is underlain by quartzite, 

and consequently the lakes have poor buffering capacities (Snucins and Gunn 1998), similar to the 

Sudbury lakes. By the early 1970s, Lumsden Lake contained only one fish species (lake chub–Hybopsis 

plumbeus) in low abundance (Beamish and Harvey 1972), while George Lake had lost several important 

species, leaving only acid-resistant species such as yellow perch (Perca flavescens) and lake herring 

(Coregonus artedii; Beamish et al. 1975). 

3.3.2 Field Methods 

 A sediment core was collected from the deepest basin of each lake using a Glew (1989) gravity 

corer, and the core was then sectioned on-shore using a Glew (1988) core extruder. The sediment core 

that was analyzed from Daisy Lake was collected in 2006, and sediment dates were established using 

210Pb methods as part of a study by Tropea et al. (2010). An additional sediment core was collected from 

Daisy Lake during our July 2012 field season, however only the surface (0-0.25 cm) sediments were used 

from this core, to assess the most-recent cladoceran assemblage of the lake. All other lakes were sampled 

in July 2012. Sediments from the 2012 field season were sectioned at 0.25-cm increments from 0-15 cm 

depth, and at 0.5-cm increments below 15 cm. Sediments were kept cool with ice packs during 

transportation to the laboratory and subsequently stored in a cold room.  

3.3.3 Laboratory Methods 
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 Sediment ages were determined using gamma spectroscopy, with ages calculated using 

unsupported concentrations of 210Pb and the constant rate of supply (CRS) method described by Appleby 

(2001). Beyond background 210Pb levels (reached in the mid-to-late-1800s), a second-order polynomial 

function was used to extrapolate sediment age. For Daisy Lake, the majority of the analyses were 

performed on a sediment core collected in 2006 (previously dated and analyzed for diatoms; Tropea et al. 

2010). To assess the present-day cladoceran assemblage in Daisy Lake, a surface sediment sample (0-

0.25cm) was collected in July 2012, and assigned a date of 2012 in the stratigraphic analyses. 

 Cladoceran sedimentary remains were isolated from freeze-dried sediments using standard 

techniques (Korhola and Rautio 2001). Briefly, sediments were deflocculated in 10% KOH solution on a 

hotplate for 20 minutes. Sediments were then sieved through a 38-μm mesh sieve, and rinsed into a glass 

cuvette, where they were treated with 3 drops each of ethanol (preservative) and safranin (stain). After 

mixing, between 3 and 8 50-μL aliquots of the slurries were then applied to glass slides, which after 

evaporation were then mounted using glycerine jelly and a glass cover slip. Each slide was examined in 

its entirety at 200 or 400X magnification on a Leica DMR microscope under brightfield illumination. A 

minimum of 100 cladoceran individuals were enumerated per sediment interval, to ensure that the 

variation within the species assemblage was captured (Kurek et al. 2010). Taxonomic identification 

followed Korosi and Smol (2012a, b), and Szeroczyńska and Sarmaja-Korjonen (2007).  

To infer trends in predation intensity, three Bosmina spp. size attributes were examined using 

bosminid subfossils from each study lake (Korosi et al. 2013). Antennule, mucro, and carapace lengths 

were measured at 200X magnification using computer-aided measurement software. A minimum of 35 

Bosmina spp. remains were measured for each size attribute to ensure a statistically valid representation 

of each sediment interval (Brahney et al. 2010). 

 Past trends in primary production were inferred using visible reflectance spectroscopy of 

chlorophyll-a (VRS Chl-a) and associated breakdown products (Wolfe et al. 2006). Freeze-dried 
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sediments were dry-sieved through a 125-μm mesh sieve, with all sediments <125 μm being transferred 

into a 60 mL glass cuvette and analyzed on a FOSSNir System model 6500 rapid content analyzer for 

spectral signatures of Chl-a and its breakdown products between 650 and 700 nm wavelengths. A linear 

regression equation was then used to calculate the concentration of Chl-a present in the sediments 

(Michelutti et al. 2005). The VRS method has been ground-validated in boreal lakes with known primary 

production histories (Michelutti et al. 2010). 

3.3.4 Statistical Methods 

Cladoceran remains (i.e., headshields, carapaces, postabdomens, etc.) were counted individually, 

and the most abundant remain of each species was used to calculate the number of each species present 

(Frey 1960). Percent relative abundance was calculated based upon number of each species found within 

each sediment interval (excluding unidentifiable species). Rarefied species richness was calculated using 

the “vegan” package (Oksanan et al. 2012) for R statistical software (R Core Team 2012). Overall shifts 

in rarefied species richness were assessed using Mann-Kendall trend tests (using the “Kendall” package 

(McLeod 2011) and R statistical software (R Core Team 2012). To simplify the data set, stratigraphic 

diagrams did not include rare taxa (those not consisting of ≥ 1% relative abundance in 2 or more 

intervals). 

Prior to ordination analyses, rare taxa were removed, and the remaining taxa were square-root 

transformed to downweight the importance of the dominant taxa (e.g., Bosmina spp. and C. brevilabris) 

within the dataset. A principal components analysis (PCA) was then carried out to summarize the data 

through time and among lakes using the “vegan” package (Oksanan et al. 2012) and R statistical software 

(R Core Team 2012).  

Bosmina spp. size attributes from each interval were averaged to assess overall shifts in 

assemblage size through time. Standard deviations were used to assess overall error in the size measures 

from each interval. Monotonic shifts in Bosmina spp. size attributes through time were assessed with 
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Mann-Kendall trend tests using the “Kendall” package (McLeod 2011) and R statistical software (R Core 

Team 2012). 

3.4 Results 
3.4.1 Dating 

 The top 0-0.25 cm sediment interval of all cores corresponds to 2012, when the sediments were 

collected. Dates were established in the sediment cores from the surface intervals to between 7.13 and 

14.63 cm (when 210Pb reached background levels), corresponding to the late-1800s in each of the lakes 

(Fig. 3.4). Uncertainty in the dates varied from ±1 year in surface sediments to a maximum of ±28 years 

when background 210Pb levels were reached in the late-1800s (Fig. 3.4). 

3.4.2 Sudbury  

The dominant cladoceran taxa within the Sudbury lakes (Daisy, Middle, and Clearwater) were 

Bosmina longirostris and Chydorus brevilabris (Fig. 3.5). Within Middle and Clearwater Lakes, the 

Bosmina spp. remains were comprised almost entirely of B. longirostris, with the exception of a single 

headshield in the 2.5-2.75 cm sediment interval of Middle Lake identified as Eubosmina spp. Bosmina 

spp. headshields from Daisy Lake were not classified to the species level. All three lakes had low (< 

~10%) abundance of C. brevilabris in pre-impact times, and increased coincident with the onset of open-

pit roasting in the region during the late-1800s (Fig. 3.5). These increases were most pronounced in Daisy 

and Middle lakes, where C. brevilabris reached ~55% and ~70%, respectively, between the 1950s and 

1980s (Fig. 3.5). The increase of C. brevilabris in Clearwater Lake was subtle compared to the other 

Sudbury study lakes, reaching a maximum relative abundance of 15% in 2012. The Daphnia longispina 

species complex (potentially comprised of Daphnia ambigua, D. mendotae, D. dentifera, D. dubia, and D. 

longiremis; Herbert 1995) was found throughout the sediment record in Clearwater Lake (Fig. 3.5). In 

Middle Lake, the D. longispina species replaced the D. pulex complex (potentially comprised of Daphnia 

pulex, D. pulicaria, D. catawba, and D. minehaha; Herbert 1995) as the dominant daphniid species in 

~1940, reaching a maximum abundance of ~6% in ~2000. Holopedium glacialis was present in low (< 
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4%) abundance after ~1920 in Daisy Lake, before ~1900 in Middle Lake, and throughout the sediment 

record in Clearwater Lake (Fig. 3.5). Alona affinis/quadrangularis was present in Clearwater and Daisy 

lakes at maximum relative abundance of ~10% and ~3% respectively. A. affinis/quadrangularis declined 

abruptly after ~1950, reaching an average relative abundance of 0.5% for the remainder of the core (Fig. 

3.5). 

 In each Sudbury lake, mean values of Bosmina spp. size attributes fell within the standard 

deviation of the measured specimens (Fig. 3.5). However, significant directional trends (as assessed by 

Mann-Kendall trend tests) in mean size were observed for many of the size attributes (Table 3.2). Trends 

in size attributes were inconsistent among the lakes. Mucro and antennule lengths declined by ~30 μm 

and ~10 μm respectively in Daisy Lake, reaching their lowest values in the 1970s (Fig. 3.5). In Middle 

Lake, antennule and carapace lengths increased by ~25 μm and ~40 μm from the mid-1800s onward, with 

a brief ~10 μm decline in antennule length occurring during the ~1980s. Antennule lengths in Clearwater 

Lake were stable until the ~1950s, then increased by ~10 μm to reach the highest average values in the 

record. Mucro length declined steadily by ~20 μm from the mid-1800s onwards, while carapace length 

increased by ~20 μm beginning in the early-1800s (Fig. 3.5).   

3.4.3 Killarney 

 As in the Sudbury lakes, Bosmina spp. dominated throughout the George and Lumsden sediment 

records (Fig. 3.5). In George Lake, the assemblage of Bosmina varied between B. longirostris and 

Eubosmina spp. (Fig. 3.5), while in Lumsden Lake all identifiable species consisted of B. longirostris. 

Within George Lake, C. brevilabris, D. longispina, and H. glacialis increased from < 1% abundance 

beginning in ~1930, reaching a maximum abundance of ~5% or less between 1980 and 2000 (Fig. 3.5). In 

Lumsden Lake, C. brevilabris and Acroperus harpae occurred at < 3% relative abundance for the 

majority of the sediment record, however increased to ~5% beginning in the mid-1990s. The D. pulex 

species complex appeared in the record in the mid-1990s, and remained in the record below ~2% relative 
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abundance to present. Alonella nana, although present throughout the sediment record, became most 

abundant in the ~1960s and ~1970s (Fig. 3.5).  

 Temporal trends in Bosmina spp. size attributes are summarized in Table 3.2. Within George 

Lake, antennule and carapace lengths begin to increase steadily by ~15 μm and ~60 μm respectively, 

beginning in the late-1800s (Fig. 3.5). A brief ~5 μm decline occurred in antennule length during the 

1980s. Mucro length was stable in George Lake until the ~1970s, when it declined by ~10 μm, and has 

since increased by ~20 μm to present (Fig. 3.5). Overall, antennule and carapace lengths were steady in 

Lumsden Lake, however both experienced rapid peaks of ~15 μm and ~30 μm, respectively, in the late-

1990s. Mucro length in Lumsden Lake was stable until the 1960s, after which it declined steadily by ~10 

μm to present (Fig. 3.5).  

3.4.4 Comparing Trends in Sudbury and Killarney Lakes 

The PCA summarized variation in species between each of our 5 lakes through time, with axes 1 

and 2 together explaining 63% of the variation within the dataset (Fig. 3.6). Axis 1 was strongly 

correlated with the dominant species C. brevilabris (average r = 0.96) and Bosmina spp. (average r =        

-0.69), while axis 2 was negatively correlated to the presence of D. pulex spp in Middle, George, and 

Lumsden Lakes (average r = -0.70). Middle Lake experienced the most pronounced shifts along PCA 

axes 1 and 2 among the study lakes (Fig. 3.6). The assemblage shifted along axis 2 from ~1650 to ~1920, 

followed by a marked shift along axis 1 until ~1980. After 1980, Middle Lake axis 1 scores have steadily 

returned to their pre-impact values, however axis 2 scores continue to differ substantially. Daisy Lake 

also experienced marked shifts along axis 1 through time, and although axis 1 scores are shifting back 

towards their pre-impact values, they have not yet returned (Fig. 3.6). Clearwater Lake has shifted 

primarily along axis 1, and remains altered from pre-impact times. Both George and Lumsden Lakes 

remained closely clustered on both axes for most of the sediment record (Fig. 3.6). However, since the 

1990s, Lumsden Lake underwent a marked shift along axis 2, while George Lake shifted along both axes 

1 and 2. 
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Rarefied species richness declined significantly in all three Sudbury study lakes in the 20th 

century (Fig. 3.7, Table 3.3). Middle Lake experienced the earliest decline, decreasing from ~11 species 

to ~5 species by 1920 (Fig. 3.7). Daisy Lake rarefied species richness declined from ~10 to ~4 species 

between ~1925 and the mid-1950s (Fig. 3.7). Clearwater Lake, though having the most variable rarefied 

species richness, declined from ~10 to ~5 species by ~1970 (Fig. 3.7). Since ~1990, rarefied species 

richness in Daisy and Middle lakes has increased by ~3 species. In Clearwater Lake, this increase has 

been much more rapid, occurring since ~2009. Rarefied species richness was variable in the George and 

Lumsden sediment record, averaging 7 and 14 respectively (Fig. 3.7). A subtle but significant increasing 

trend in rarefied species richness was noted in George Lake (Table 3.3). 

Overall, VRS Chl-a concentrations have shown increasing trends in all lakes from relatively 

stable backgrounds beginning in the mid-to-late 20th century (Fig. 3.5). Daisy and Clearwater lakes have 

shown subtle (< ~0.015 mg·g-1 dwt) increases in VRS Chl-a since ~1940 and ~1980, respectively (Fig. 

3.5). Levels of VRS Chl-a increased abruptly by ~0.026 mg·g-1 dwt in Middle Lake in the early-1970s, 

coincident with fertilization of the lake (Labaj et al. 2014a). Moderate increases (0.025-0.040 mg·g-1 dwt) 

in VRS Chl-a occur in Lumsden and George lakes in ~1980 and ~1940, respectively (Fig. 3.5). 

3.5 Discussion 
3.5.1 Historic Cladoceran Assemblages and Their Current Status of Recovery 

During the period of industrial expansion, Cladoceran assemblages in the Sudbury lakes 

experienced more pronounced changes than those from Killarney and, despite signs of recovery, remain 

altered from their pre-impact states. The dominant species shift in all three Sudbury lakes occurred in the 

early-1900s with an increase in relative abundance of Chydorus brevilabris and concurrent declines in the 

relative abundances of Bosmina spp. and littoral species as lakes became increasingly acidified and 

contaminated with Cu and Ni. C. brevilabris, a widespread taxon in the boreal shield ecozone (Kurek et al. 

2011), is likely tolerant of low-pH conditions. For example, Chydorus sphaericus, a closely related 

species, has been observed in acidified mining lakes with pH as low as ~3 (Belyaeva and Deneke 2007). 
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Furthermore, C. brevilabris was likely able to benefit from the reduced abundance of competitor species 

and possibly predators as acidification and metal contamination intensified (Yan et al. 1996; Jeziorski et 

al. 2013). Increasing dominance of C. brevilabris in paleolimnological records has been observed in other 

impacted regions, for example in acid and metal-contaminated lakes downwind of a metal smelter in 

Wawa, Ontario (Jeziorski et al. 2013), and in acidified lakes of the Adirondack Mountains, New York 

(Charles et al. 1990; Paterson 1994). Despite ~15 years with observed pH > 6, the relative abundance of C. 

brevilabris remains greatly elevated above pre-impact levels in Daisy and Clearwater lakes (Fig 5), 

suggesting that cladoceran recovery has not yet occurred in these lakes. 

In Middle Lake, a rapid increase in relative abundance of C. brevilabris occurred following 

neutralization in 1973, followed soon after by a decline to pre-impact (~2%) levels (Yan et al. 1996; 

Labaj et al. 2014a). Neutralization caused a rapid increase from pH ~4.5 to ~6.5 within 2 years, as well as 

an abrupt decrease in water-column Cu and Ni concentrations due to reduced metal solubility and settling 

of particulates (Yan and Dillon 1984). The improved water quality likely created favourable conditions 

for other cladoceran species such as Bosmina spp., allowing them to increase in relative abundance. 

Within the Killarney lakes, C. brevilabris increased by ~5% or less only within the past ~40 years, after 

remaining relatively stable throughout much of the diatom-inferred acidification period. Few changes in 

the sedimentary cladoceran assemblage took place during the diatom-inferred acidification period, with 

the most dramatic assemblage shifts occurring prior to pH improvements in George Lake, and following 

pH improvements in Lumsden Lake. These results suggest that pH is not directly responsible for 

structuring the cladoceran assemblages in this region. 

Daisy, Middle, and Clearwater lakes began to shift along axis 1 of the PCA in the early 20th 

century, after the establishment of open-bed roasting in the Sudbury region. PCA axis 1 scores appear to 

track acidity and heavy-metal related factors. In addition, axis 1 is strongly correlated (average r = 0.96) 

with the relative abundance of C. brevilabris in all three Sudbury lakes. Beginning in ~1980, axis 1 scores 

of Daisy and Middle lakes began to return to their pre-impact values, tracking a cladoceran assemblage 
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shift that is reflective of increasing pH conditions in the lakes. Middle Lake axis 1 scores are currently 

similar to their pre-impact (pre-1870s) values, demonstrating improved water quality that resulted from 

the 1970s neutralizations (Labaj et al. 2014a). In contrast to the Sudbury lakes, the two Killarney lakes 

show little change along axis 1 throughout most of the 20th century, reflecting relative stability of the 

assemblages in these lakes during the observed period of acidification (i.e., 1920-~1990), as inferred by 

diatom reconstructions of pH (Dixit et al. 1992). 

Each of the three Sudbury lakes experienced a decline of 50% in rarefied species richness during 

the 20th century, with the earliest in Middle Lake (~1900), followed by Daisy Lake (~1925) and then 

Clearwater Lake (~1970). The delayed decline in species richness of ~50% in Clearwater Lake suggests 

that these cladoceran assemblages were the least impacted or have the greatest ecological resilience of the 

three Sudbury study lakes. Acidification was noted to occur ~50 years later in Clearwater Lake (12 km 

from Copper Cliff smelter) compared to other lakes located closer (i.e., < 5 km) to the smelting 

complexes (Dixit et al. 1987). Pollutants (i.e., SO2, Cu, Ni, etc.) generated from the roasting bed smelters 

were limited in range, and it is likely that Clearwater Lake (12 km from smelters) was distant enough to 

avoid massive contamination (Dixit et al. 1987). However, construction of a new smelter chimney in the 

1920s enabled pollutants to reach Clearwater Lake, after which contamination began (Dixit et al. 1987). 

The later-onset of acidification and metal contamination in Clearwater Lake may additionally be 

responsible for the reduced (< 20% C. brevilabris) and delayed species assemblage response compared to 

the other two Sudbury study lakes. 

In contrast to the Sudbury lakes, both study lakes from Killarney display only subtle increases in 

rarefied species richness throughout the 1900s. Within the Killarney region, Sprules (1975) noted that 

lakes below pH 5 often contained fewer than 7 species, while a recent survey of these same lakes found 

significant increases in species richness as pH increased following emission controls (Gray et al. 2012). 

Both the sediment record and the monitoring results of Sprules (1975) confirm that Bosmina spp. were the 

dominant cladoceran taxa in the Killarney lakes, however sedimentary assemblage metrics reveal the 
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presence of more species than those reported by Sprules (1975). The reduced number of species reported 

by Sprules (1975) may be because single-sample zooplankton surveys can miss up to 50% of the annual 

species present in a lake (Arnott et al. 1998). Our results suggest that cladoceran species richness has not 

shifted dramatically through time in the Killarney lakes as a result of increased pH; for example, the 

subtle increase in species richness in George Lake has been ongoing since the early-1900s, despite strong 

acidification as inferred by diatom reconstructions and monitoring studies.  

3.5.2 Factors Affecting Post-Impact Cladoceran Assemblages 

This study provided a “natural experiment” to study the historic impacts of Cu and Ni 

contamination on Cladocera. Lakes from both Sudbury and Killarney became greatly acidified by the 

1970s (pH ≤ ~5; Table 3.1). However, metal particulates have a limited transport distance (Jeffries and 

Snyder 1981; Keller and Pitblado 1986), generally reaching background levels within 50 km (Hutchinson 

and Whitby 1977). As a result, the lakes near Sudbury became heavily contaminated with Cu and Ni (in 

concentrations far above provincial water quality guidelines; Fig. 3.2, Fig. 3.3), while those ~ 60 km away 

in Killarney did not. Yan and Strus (1980) attributed the differences in dominant zooplankton species in 

Sudbury and Killarney lakes to Cu and Ni contamination in Sudbury. Our study provided the opportunity 

to assess the cladoceran assemblage changes through time, in the context of multiple stressors, to 

determine the extent of shifts in response to acidification and metal contamination. Marked increases in C. 

brevilabris relative abundance, consistent with the rise of the smelting industry, were observed only in the 

Sudbury lakes. We therefore suggest that contamination with Cu and Ni is the primary stressor structuring 

the cladoceran assemblage in Sudbury-region lakes. 

Acidity-related factors (e.g., pH and Al) are amongst the most important factors in structuring 

sedimentary cladoceran assemblages in boreal shield lakes of Ontario (Kurek et al. 2011). Within 

Sudbury, high heavy metal concentrations (notably Ni and Cu) accompanied acidification throughout the 

20th century, reducing zooplankton diversity and abundance in many regional lakes (Yan and Welbourn 

1990). Above provincial guidelines, these metals are toxic to cladocerans, with effects ranging from 
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delayed growth and reproduction (Koivisto et al. 1992) to overall increased mortality (Ingersoll and 

Winner 1982). Atmospheric inputs of Cu and Ni were reduced following the implementation of emission 

control programs (Keller and Pitblado 1986); however, soils in the Sudbury region are saturated with 

these metals (Nriagu et al. 1998). High mobility of the metals in soils, combined with runoff of 

precipitation, results in metal influx to lakes, a phenomenon that may continue for hundreds of years until 

watershed soils are depleted (Nriagu et al. 1998). Furthermore, lake sediments contaminated with metals 

may pose a threat to benthic organisms, such as mud-dwelling littoral cladoceran species living in contact 

with this environment (Gunn and Keller 1995). Toxicity of metals can vary based upon water pH and 

DOC, with metals such as Al and Cu becoming increasingly toxic at greater pH (Campbell and Stokes 

1985; Havas and Likens 1985). As pH recovery takes place, metal contamination may therefore become 

increasingly important in structuring the cladoceran assemblages in the Sudbury lakes.  

Biotic resistance also remains an important factor impeding recovery in the impacted lakes of the 

Sudbury region (Valois et al. 2010; Webster et al. 2013). Extirpation of fish species began in the 1960s in 

both Killarney (Beamish and Harvey 1972; Beamish 1974; Beamish et al. 1975) and Sudbury (Uutala and 

Smol 1996). As fish populations are reduced, they may be replaced with invertebrate predators such as 

Chaoborus (Stenson and Eriksson 1989; Yan et al. 1991). Chaoborus are important predators of small-

bodied Cladocera, and their increased predation in acidified systems may be an important factor 

structuring assemblages in acidified lakes (Yan et al. 1991).  

Predation by altered fish communities may also present a barrier to recovery within the Sudbury 

lakes. For example, large populations of yellow perch (Perca flavescens; an acid-tolerant species) are now 

present in lakes throughout Sudbury (e.g., Yan et al. 2004; Leuk et al. 2010; Valois et al. 2010; Webster 

et al. 2013). Heavy predation by yellow perch has been identified as a potential limiting factor in the 

recovery of cladocerans in Middle Lake (Yan et al. 2004), and other lakes in the region (Webster et al. 

2013). Altered food webs are hypothesized to remain a barrier to cladoceran recovery until key extirpated 

 60 



fish species (namely piscivores) have been re-established (Keller and Yan 1998; Valois et al. 2010; 

Webster et al. 2013). 

To investigate long-term trends in predation, and its relative importance in preventing cladoceran 

recovery, the size attributes of the pelagic taxon Bosmina spp. were measured (methodology reviewed in 

Korosi et al. 2013). Previous limnological and paleolimnological studies have demonstrated that Bosmina 

spp. undergoes cyclomorphosis in response to predation, possessing longer size attributes under more 

intense invertebrate predation and shorter attributes under increased planktivorous fish predation (e.g., 

Kerfoot 1975; Nilsson and Sandøy 1990; Alexander and Hotchkiss 2010). However, paleolimnological 

studies designed to test the relationship between predation intensity and Bosmina spp. size attributes 

suggest that this relationship is complex, and Bosmina spp. sizes may not be straightforward indicators of 

predation (Labaj et al. 2013, 2014b). Nevertheless, this study provided the opportunity to further 

investigate the relationship of Bosmina spp. sizes and predation intensity in lakes that underwent massive 

shifts in their food webs (i.e., the reduction or extirpation of fish).  

The Killarney and Sudbury study lakes each experienced drastic reductions in fish population 

sizes and richness (Beamish and Harvey 1972; Beamish et al. 1975; Poulin et al. 1990; Uutala and Smol 

1996). We expected that, as planktivorous fish were reduced or extirpated, invertebrate predation would 

become increasingly important, causing a shift towards longer size attributes, especially Bosmina spp. 

mucro lengths, which have been shown to be particularly sensitive to predation (Black 1980; Sprules 

1984; Labaj et al. 2014b). However, despite the strong food web shifts that accompanied acidification in 

each of our lakes, we did not observe a consistent trend in any of the size attributes through time among 

lakes (Table 3.2; Fig 3.5).  

The use of Bosmina spp. size attributes to infer past predation may be confounded by multiple 

factors. Reduction in pH may cause an overall reduction in Bosmina spp. body size (Locke and Sprules 

2000; Korosi et al. 2008). However, shifts in size attributes were not consistent with the timing and extent 
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of diatom-inferred acidification in the Sudbury region (Dixit et al. 1987, 1990, 1992, 1996), and we 

suggest that the low pH conditions did not have an effect on the size attributes in our lakes. Additionally, 

shifts in Bosmina species (potentially of different sizes) can result through time. Within George Lake, an 

increase in Eubosmina spp. (a larger taxon; Post et al. 1995) began in ~1890, however carapace lengths in 

George Lake were noted to increase ~20 years prior to the increase in Eubosmina spp., suggesting that the 

appearance of Eubosmina spp. was not the cause of the carapace increase in George Lake. Finally, 

background levels of fish planktivory in the study lakes may historically have been low. Despite the 

reduction in planktivorous fish with acidification, invertebrate predation may have remained relatively 

constant in our lakes through time. Due to the complex nature of Bosmina spp. cyclomorphosis, and the 

additional factors that may affect the measured sizes (such as pH, species composition, etc.), we suggest 

that this method may not be widely suitable for inferring past predation in systems with overall low fish 

planktivory. 

Climate change is a dominant stressor affecting lakes worldwide, with important implications to 

lake structure and function (Rühland et al. 2008; Williamson et al. 2009; Smol 2010). Within Sudbury, 

lakes are expected to undergo a range of chemical, physical, and biological shifts under future climate 

warming scenarios (Keller et al. 2007). For example, warmer annual air temperatures have already caused 

later ice-on dates and earlier ice-off dates in Southern Ontario lakes (Futter 2003). An elongated ice-free 

season provides a longer phytoplankton growth season, allowing for increased seasonal primary 

production. In addition, a warming climate may stimulate enhanced lake thermal stability and warmer 

surface temperatures (De Stasio et al. 1996; Snucins and Gunn 2000), favouring the growth of 

phytoplankton (McQuatters-Gollop et al. 2007; Paerl and Huisman 2008).  

Within Sudbury, air temperatures have significantly increased by ~1.5ºC since the 1950s (τ = 

0.34, p < 0.001; Fig. 3.8). Consequently, mean summer (June-August) epilimnetic (1 m depth) 

temperatures have increased significantly by ~1.5ºC in Middle Lake since monitoring began in 1973 (τ = 

0.28, p = 0.01; Cooperative Freshwater Ecology Unit, 2013). Warming water temperature patterns exist 
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throughout the region (e.g., MacPhee et al. 2011), and may be responsible for VRS Chl-a increases 

observed in each of our lakes between ~1960 and 1980. Within Daisy and Clearwater lakes, only minor 

(< 0.04 mg·g-1 dwt) VRS Chl-a increases occurred. However, Middle Lake experienced a rapid increase 

in VRS Chl-a in 1975 (Labaj et al. 2014a), following the experimental fertilization of its catchment with 

phosphorus (Scheider and Dillon 1976). 

Climate change may impact lake biota via altered food supply, predation dynamics, and the 

availability of habitat. Subtle increases in Daphnia spp. and H. glacialis were observed in Clearwater, 

Middle, George, and Lumsden lakes, consistent with the rise in VRS Chl-a. This trend was most notable 

in Lumsden, George, and Middle lakes, which experienced the greatest increases in primary production, 

as evinced by VRS Chl-a. As pelagic grazers, Daphnia spp. and H. glacialis would benefit from 

increased primary production (Tessier 1986). Shifting temperature may additionally alter the predation 

dynamics within lakes. For example, warming temperatures or modifications of lake stratification may 

increase Chaoborus predation upon zooplankton (MacPhee et al. 2011; Labaj et al. 2013). Furthermore, 

invasive species, which can greatly alter lake food webs, may be favoured under warming conditions 

(Mandrack 1989), leading to a potential loss of native species. Finally, loss of thermal habitat, for 

example, cold hypolimnetic waters, may result with altered stratification patterns, leading to a loss of 

species that require these habitats for survival (Schindler et al. 1990). Warming temperatures are expected 

to continue into the future (IPCC 2013), and it is increasingly unlikely that the original cladoceran 

assemblage will be restored under this new ecological regime.  

3.6. Conclusions 
This study compared the paleolimnological trajectories of cladoceran assemblies along a gradient 

of atmospheric pollution from point sources in Sudbury to Killarney Provincial Park. The most 

pronounced shifts in cladoceran assemblages were noted in the Sudbury lakes, which became heavily 

acidified and metal contaminated over the course of the 20th century. Although the cladoceran 

assemblages in these lakes have in some cases begun to return to their pre-impact status, biological 
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recovery is not yet complete. Comparatively, only minimal assemblage change accompanied acidification 

of the Killarney lakes. The majority of assemblage shifts in the Killarney lakes occurred after 1970. We 

suggest that metal contamination has played a more prominent role in altering cladoceran assemblages 

during the 20th century than acidification, and likely continues to limit biological recovery in many of the 

lakes with elevated metal levels. In addition, several factors, including altered predation pressures and 

climate change, occur at a regional scale, and may prevent lakes from ever completely returning to their 

pre-impact assemblage composition. As these stressors continue to impact these recovering lakes, it is 

doubtful that the pre-impact cladoceran species assemblages will be restored. Lakes in this region now 

exist within a multiple stressor environment, and future research must focus on the impacts of these 

additional stressors if the trajectory of the biotic assemblage is to be predicted. 
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3.8 Tables 
Table 3.1 Limnological variables of study lakes. Ca, DOC, TP, N, and Total chlorophyll-a represent 2005 measured values for Lumsden Lake, 

and 2011 values for all other study lakes. Values from Lumsden and George lakes represent single measures, while those from Daisy, Middle, 
and Clearwater represent the average of measurements taken between May and October. Data that was unavailable is indicated by ‘N/A’. 
Sources: aDixit et al. (1996); bYan et al. (1996);cYan and Lafrance (1984); dDixit et al. (1990); eDixit et al. (1987); fScheider and Dillon 
(1976); gDixit et al. (1992);hSprules (1975). Ca, DOC, TP, N, and Total Chl-a data for all lakes courtesy of the Co-operative Freshwater 
Ecology Unit (2013) 

 Daisy Middle Clearwater George Lumsden 

Coordinates N46º 27.040’ 
W80º 53.236’ 

N46º 26.342’ 
W81º 01.440’ 

N46º 22.202’ 
W81º 03.039’ 

N46º 01.796’ 
W81º 23.831’ 

N46º 01.524’ 
W81º 25.973’ 

Surface Area (ha) 36.1a 28.2b 76.5e 148g 22g 
Zmax (m) 14.8a 15b 21e 35g 22g 
Zmean (m) 5.2a 6.2b 8.1f 19g 7g 

Ca (mg·L-1) 2.3 9.2 3.7 1.5 1.0 
DOC (mg·L-1) 2.4 4.2 2.9 2.4 1.2 

TP (μg·L-1) 7.4 6.9 3.9 3.8 3.3 
Total Chl-a (μg·L-1) 1.6 1.7 8.9 N/A N/A 

2012 Surface pH 7.1 7.7 7.1 6.9 6.2 
1970s Measured pH N/A 4.4 (1973)c 4.29 (1973)e 4.9 (1971-3)h 4.4 (1971-3)h 

Inferred Background pH 6.5a 6d 6.5e 6.1g 5.9g 

Inferred Lowest pH 4.9a 4.5d 4.4e 5.3g 4.7g 

Closest Smelter (Distance) Coniston  
(5 km NE) 

Copper Cliff  
(5 km NW) 

Copper Cliff (12 
km N) 

Copper Cliff 
(57 km NE) 

Copper Cliff 
(58 km NE) 
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Table 3.2 Bosmina spp. size trends. Trends were analyzed with Mann-Kendall trend tests. N/S indicates 
size attributes with a non-significant trend 

Lake Size Attribute Overall Trend τ p 
Daisy Antennule - -0.52 0.002 

Mucro - -0.73 < 0.001 
Carapace N/S 0.04 0.820 

Middle Antennule + 0.58 < 0.001 
Mucro N/S -0.15 0.293 

Carapace + 0.74 < 0.001 
Clearwater Antennule + 0.42 0.029 

Mucro - -0.82 < 0.001 
Carapace + 0.61 0.001 

Lumsden Antennule N/S 0.22 0.197 
Mucro - -0.45 0.01 

Carapace N/S 0.25 0.15 
George Antennule + 0.53 < 0.001 

Mucro N/S -0.12 0.413 
Carapace + 0.73 < 0.001 

 

Table 3.3 Trends in rarefied species richness through time. Trends were analyzed with Mann-Kendall 
trend tests. N/S indicates a non-significant trend 

Lake Overall Trend τ p 
Daisy - -0.43 0.012 

Middle - -0.49 <0.001 
Clearwater - -0.54 0.005 
Lumsden N/S -0.006 1 
George + 0.50 < 0.001 
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3.9 Figures 

 

Fig. 3.1 Map of the study region. Study lake locations are indicated by stars
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Fig. 3.2 Sedimentary concentrations of Cu (top) and Ni (bottom) in 
Daisy and Middle lakes (Sudbury) and George and Lumsden 
lakes (Killarney). Y-axis is log10 scale. Middle, George, and 
Lumsden data from Snetsinger (1993), Daisy data from Tropea 
(2008) 

 

Fig. 3.3 Concentrations of Cu (top) and Ni (bottom) in the water of 
each of the five study lakes. Y-axis is log10 scale. Horizontal 
lines indicate provincial water quality guidelines for each metal. 
Data from the Cooperative Freshwater Ecology Unit (2013)
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Fig. 3.4 Age-depth models generated using 210Pb dating and the Constant Rate of Supply (CRS) method. 
Left panel of each graph depicts decay of 210Pb (black circles) and 137Cs (white circles). Right panel 
depicts age of sediment at depth
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a) 

 

Fig. 3.5 Relative frequency of common (≥ 1% relative abundance in 2 or more intervals) cladoceran taxa through time in the sediment cores from 
a) Daisy Lake, b) Middle Lake, c) Clearwater Lake, d) Lumsden Lake, and e) George Lake. Also indicated are Bosmina spp. size attributes 
(error bars represent one standard deviation) and composition (George Lake only), and VRS Chl-a through time. Sediment dates are based on 
210Pb geochronology. Dates earlier than ~1850 are extrapolated with a second-order polynomial linear regression, and should be interpreted 
only as approximations 
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b) 

 

Fig. 3.5 (continued) 
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c) 

 

Fig. 3.5 (continued) 
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d) 

 

Fig. 3.5 (continued) 
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e) 

 

Fig. 3.5 (continued) 
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Fig. 3.6 Principal components analysis (PCA) axes 1 and 2 scores for the cladoceran assemblage of the five study lake sediment cores through 
time. Grey lines connect sediment intervals in sequence. 210Pb-inferred dates are indicated for select points. Species vectors are shown for 
Chydorus brevilabris, Bosmina spp., and the Daphnia pulex species complex
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Fig. 3.7 Rarefied species richness through time in the three Sudbury lakes (main diagram) and two 
Killarney lakes (inset) 

 

Fig. 3.8 Regional temperature trends, measured annually at Sudbury Airport. Data from Environment 
Canada historical climate records 
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Chapter 4 

General Discussion and Conclusions 
Lakes near Sudbury, Ontario, have experienced among the highest levels of atmospheric 

contamination in the world from historic smelting operations. Severe biological damage resulted, 

including reduced species richness and even complete extirpations at several taxonomic levels. Beginning 

in the late-1960s, legislated emission controls reduced the quantities of SO2 and metals released to the 

atmosphere (Potvin and Negusanti 1995), and lakes are now showing promising signs of pH recovery 

(Hutchinson and Havas 1986; Keller et al. 1986; Smol et al. 1998; Keller et al. 2004, 2007). However, the 

continued lag in biological recovery relative to chemical recovery makes Sudbury lakes of interest in 

understanding the extent to which aquatic systems may recover following intense anthropogenic 

disturbance. Many of the lakes near Sudbury have been intensively studied in recent decades through 

regular monitoring programs (e.g., the SES Extensive Monitoring Program, and the Sudbury Urban Lakes 

Study), and through paleolimnological studies reconstructing pH, metals, and fish populations through 

time (e.g., Dixit et al. 1987, 1990, 1992, 1996; Uutala and Smol 1996). However, few paleolimnological 

studies have focused on cladocerans within the Sudbury region. As mid-trophic level grazers, cladocerans 

respond to both bottom-up (primary production) and top-down (predation) factors in lakes, making them 

useful indicators of overall lake processes (Hessen et al. 1995). I used paleolimnological methods to 

assess the long-term shifts in cladoceran assemblages from pre-impact conditions, through acidification, 

and during the recovery period. 

I examined 5 lakes from Sudbury and nearby Killarney Provincial Park, to answer the following 

research questions:  

1) How does lake neutralization (liming) impact the cladoceran assemblage? Is it an effective method for 

stimulating biological recovery in acidified systems? 
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Middle Lake has remained above pH 6.5 since the first neutralization treatment in 1973 (Yan et al. 

2004). Furthermore, the neutralization led to a rapid decline in Cu and Ni concentrations (Yan and Dillon 

1984). Following the neutralization treatment, Chydorus brevilabris rapidly increased in relative 

abundance, followed by an abrupt decline to near pre-impact levels by ~1990. In addition to 

neutralization, the catchment of Middle Lake was fertilized with phosphorus to stimulate re-growth of 

vegetation (Yan and Lafrance 1984). This caused a rapid increase in primary production in the lake that is 

reflected by sedimentary-inferred chlorophyll-a concentrations. Daphnia longispina spp. increased in 

relative abundance concurrent with increased primary production, suggesting that grazers are benefitting 

from greater resource availability. Several cladoceran taxa that were formerly present in Middle Lake 

(e.g., Alona intermedia, Holopedium glacialis) have not recolonized, despite improved water quality and 

higher food supply over the last ~40 years. Although the return of C. brevilabris to pre-impact conditions 

was a major step towards returning the assemblage to pre-impact conditions, recovery in many of the 

rarer species has not yet occurred. 

2) What is the current status of cladoceran recovery relative to pre-impact assemblages within 

atmospherically-contaminated lakes in the region? 

The most notable shifts in cladoceran assemblages occurred within the three Sudbury lakes (i.e., 

those that were less than ~15 km from the Sudbury smelters). During acidification and metal 

contamination in Sudbury, increases in relative abundance of the littoral C. brevilabris occurred 

concurrently with decreases in pelagic Bosmina spp. (the dominant pre-impact taxa), and several other 

littoral species. The increase in relative abundance of C. brevilabris shows that this species is able to 

withstand acidified and metal contaminated systems. Similar increases in relative abundance during 

acidification have been noted in acidified and metal-contaminated lakes of Wawa, Ontario (Jeziorski et al. 

2013), and in surveys of Adirondack Mountain lakes in New York (Charles et al. 1990; Paterson 1994), 

suggesting that this species shift may be characteristic of historical impacts from acidification and 

associated disturbances. As acid- and metal-sensitive taxa decline in lakes, C. brevilabris may be able to 
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take advantage of the reduced predation and competition, and thus increase in relative abundance (Yan et 

al. 1996). Marked increases in C. brevilabris did not occur in the Killarney lakes, which acidified to 

similar degrees as the Sudbury lakes, but were not contaminated with Cu and Ni. It is therefore likely that 

the increase in C. brevilabris relative abundance occurring in the Sudbury lakes is driven mainly by metal 

contamination, rather than pH decreases. 

The cladoceran assemblages of the Sudbury lakes have not returned to their pre-impact states 

despite pH improvements over the last ~40 years. In contrast, the assemblages from the Killarney lakes 

experienced few shifts during the acidification period (inferred from sedimentary diatom assemblages; 

Dixit et al. 1992). The most pronounced shifts in Killarney lakes occurred only in the past ~40 years. The 

severity of anthropogenic impacts is reflected in species richness, which declined notably in the Sudbury 

lakes during the acidification period, however remained constant or increased in the Killarney lakes 

through time. The assemblages of each of the study lakes remain altered from their pre-impact states, 

suggesting that the zooplankton continue to be structured by additional stressors present in these lakes. 

3) What additional factors have driven the post-impact cladoceran assemblage in the lakes of this region? 

 Although the pH of each of the study lakes is now > 6, these systems continue to be subject to 

multiple anthropogenic stressors that may prevent complete biological recovery. Within the Sudbury 

lakes, Ni and Cu concentrations in the water column remain elevated above provincial water quality 

guidelines (Pearson et al. 2002; Keller et al. 1999). The high metal concentrations in the water and 

sediments are likely one of the most important stressors structuring the zooplankton assemblage in 

Sudbury (Valois et al. 2010; Webster et al. 2013). Cu and Ni levels will likely remain a long-term 

problem in this region, due to the saturation of catchment soils which may release these metals into lakes 

for hundreds of years, maintaining high concentrations (Nriagu et al. 1998) that may be detrimental to 

cladoceran survival and reproduction. 
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Acidification and metal contamination caused the widespread loss of aquatic species at multiple 

trophic levels (e.g., fish, zooplankton, phytoplankton), resulting in altered food webs that may persist long 

into the future. For example, many acid-sensitive fish rapidly declined in abundance or were extirpated as 

lakes in the region acidified (Beamish and Harvey 1972; Beamish 1974; Uutala and Smol 1996). 

Invertebrates such as the phantom midge Chaoborus are often able to survive in low-pH conditions 

(Nilsson and Sandøy 1990) and, as a result, become important predators in acidified systems (Stenson and 

Eriksson 1989; Yan et al. 1991). Species that are not adapted to high levels of invertebrate predation 

could face difficulty re-establishing following acidification (Stenson and Eriksson 1989; Yan et al. 1991; 

Arnott et al. 2006). Additionally, predation by acid-tolerant fish species may create a barrier for 

zooplankton recovery (Nilssen and Wærvågen 2002). For example, high predation by yellow perch 

(Perca flavescens), an acid-tolerant species, has been suggested as a major barrier to zooplankton 

recovery in Sudbury (Yan et al. 2004; Keller and Yan 1998; Valois et al. 2010; Webster et al. 2013). Fish 

are often poor at dispersing to lakes, and populations may not recover without human intervention (i.e., 

stocking programs; Gunn et al. 1995). As such, the altered food webs in previously-acidified lakes that 

lack colonization routes for fish may persist indefinitely.  

 The paleolimnological record suggests that biological recovery in the study lakes has not been 

limited by the dispersal ability of cladocerans. For example, in each of the lakes, several cladoceran 

species that appeared to be extirpated during acidification have re-appeared in the record following water-

quality improvements. Furthermore, zooplankton monitoring from Middle Lake has similarly revealed 

brief appearances of cladoceran species that did not persist (Yan et al. 2004). Although dispersal 

limitation has been suggested as a potentially important factor limiting zooplankton recovery in the region 

(Gray and Arnott 2011), numerous studies (e.g., Pinel-Alloul et al. 1995; Shurin 2000; Louette and De 

Meester 2005), including the monitoring record at Middle Lake (Yan et al. 2004) and broad-scale 

paleolimnological surveys (Kurek et al. 2011) suggest that dispersal forces are negligible on cladocerans 

in the boreal region. 
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 Climate change is an environmental stressor that alters the structure and function of aquatic 

systems worldwide. Within Sudbury, temperatures in the past ~30 years have significantly increased, and 

are on average ~1.5ºC warmer now than in the mid-20th century. Warming temperatures have important 

effects on lake processes, leading to later ice-on and earlier ice-off dates (Futter 2003; Rühland et al. 

2010), affecting lake thermal stratification (De Stasio et al. 1996; Snucins and Gunn 2000; Keller et al. 

2005), and exerting direct physiological effects on aquatic species (Schindler et al. 1990). In addition, 

warming may stimulate excessive algal growth (Paerl and Huisman 2008; McQuatters-Gollop et al. 2007), 

resulting in greater primary production. This phenomenon occurs in the absence of nutrients from the 

catchment. Within George and Lumsden lakes, VRS Chl-a levels have nearly doubled in the past ~50 

years, and may be a reflection of the warming temperatures in the region. Increases in the grazer species 

Daphnia spp. and H. glacialis accompanied the elevated levels of VRS Chl-a, likely due to the enhanced 

availability of food resources.  

4.1 Future Research 
 Due to the extensive lake monitoring in the region, and the continued lack of biological recovery, 

lakes from the Sudbury region continue to be ideal systems for studying the long-term impacts of 

anthropogenic acidification and metal contamination. One of the most important factors structuring 

cladoceran assemblages in Sudbury lakes is ongoing contamination with heavy metals such as Cu and Ni 

(Valois et al. 2010; Webster et al. 2013). Importantly, our results provide insights into the impacts of 

metal contamination through time, enabling the effects on cladocerans to be tracked from pre-impact 

times to present. The long-term contamination of watershed soils in the region has been identified as a 

major source of Cu and Ni to lakes (Nriagu et al. 1998), causing ongoing water-quality concerns. In 

addition, as the pH of lakes improve, the toxicity of metals such as Al and Cu may increase (Campbell 

and Stokes 1985; Havas and Likens 1985), creating concerns for recovering lake biota. Future research 

must be directed at determining the extent of metal contamination in the lakes and watersheds of the 

region, enabling a remediation strategy to be developed. 
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 The measurements of Bosmina spp. size attributes indicate that they are not a straightforward 

indicator of predation intensity. Past studies have suggested that Bosmina spp. size attributes are sensitive 

to shifts in predation (e.g., Kerfoot 1975; Alexander and Hotchkiss 2010; Korosi et al. 2008). However, 

size trends in each of the study lakes were inconsistent despite marked shifts in food webs (loss or 

extirpation of fish species). Similar inconsistent results have been noted comparing Bosmina spp. sizes 

from fishless lakes and those with fish (Labaj et al. 2014) and in a fishless lake with known fish 

introduction (Labaj et al. 2013). Collectively, these paleolimnological results suggest that Bosmina sizes 

track predation only in limited circumstances. Several confounding factors may affect the Bosmina sizes 

in the study lakes. Different species of Bosmina are often difficult to differentiate based solely on 

subfossil remains, especially carapaces and mucros, which cannot be distinguished between species due 

to lack of unique features. Also Bosmina species, for example Bosmina longirostris and the closely 

related Eubosmina spp., may vary both in body size, and in response to predators (Post et al. 1995), 

leading to potential difficulty in inferring predation effects when these species shift in composition in a 

lake. Additionally, fish planktivory in my study lakes may have been historically low compared to 

invertebrate predation, with the loss of fish having only minor impacts on the overall predation regime 

within the lakes. Due to these potential confounding factors, and the lack of clear trends in studies 

ground-validating the relationship between Bosmina spp. size measures and predation, caution is 

warranted when using size measures to infer past predation. 

 Lakes are now entering a new ecological state, with climate change affecting many of the 

physical, chemical, and biological processes of lakes (e.g., Schindler et al. 1990, 1996; Schindler 1998; 

Keller 2007). As the effects of climate change continue into the future (IPCC 2013), research must be 

conducted to determine the effects of these multiple stressors on lake biota. Furthermore, long-term 

monitoring data are essential to track the ecological shifts in lakes through time as warming continues.  

4.2 Conclusions 
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 As regions worldwide become increasingly industrialized, acidification and metal contamination 

are issues that still present a threat. Within the Sudbury region, there have been promising signs of 

chemical recovery in recent years, though biological recovery of cladocerans, as inferred from the 

paleolimnological records, is not yet complete. This research provides one of the first paleolimnological 

cladoceran records from the Sudbury region. Importantly, it suggests that Cu and Ni contamination have 

played important roles in structuring the cladoceran species assemblage through time, and likely continue 

to limit biological recovery. It is evident that the impacts of acidification and metal contamination will 

have lasting ecological consequences on the lakes in this region. Continued research and monitoring will 

be required to track the magnitude and timescale of future biological recovery within the context of lakes 

facing multiple stressors.  
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Appendix A 
210Pb Dating Results 
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Appendix B 

Cladoceran Individual Counts (Unidentifiable Species Omitted) 
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Middle Lake (continued) 
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Clearwater Lake (continued) 
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Lumsden Lake (continued) 
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George Lake (continued) 
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Appendix C 

Cladoceran Subfossil Remain Counts 
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Daisy Lake (continued) 
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Middle Lake (continued) 
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Clearwater Lake (continued) 
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Lumsden Lake (continued) 
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George Lake (continued) 
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Appendix D 

Bosmina spp. Size Averages (μm) and Standard Deviations 
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Appendix E 

VRS-Inferred Sedimentary Chlorophyll-a 
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