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Limnology in northeastern Ontario:
from acidification to multiple stressors1

W. (Bill) Keller

Abstract: Thousands of lakes around Sudbury, in northeastern Ontario, Canada, were badly damaged by acid deposition
and many were also metal-contaminated. Large reductions in atmospheric sulphur and metal emissions have led to wide-
spread chemical improvements in these lakes, and recovery has been documented for various biota. These findings were
very important in establishing the necessity and value of sulphur emission controls during the international debates about
the effects of acid deposition and the need for cleaner air. Studies of northeastern Ontario lakes are continuing to advance
our understanding of chemical and biological recovery processes; however, that knowledge is still incomplete. It has be-
come apparent that the recovery of lakes from acidification is closely linked with the responses to, and interactions with,
other large-scale environmental stressors like climate change and calcium declines. Developing a better understanding of
lake recovery processes and their future outcomes within such a multiple stressor context will be difficult. It will demand
the merging of various approaches, including monitoring, experimentation, paleolimnology, and modelling, and will re-
quire effective collaboration among different research and monitoring sites and various agencies and institutions engaged
in environmental science.

Résumé : Des milliers de lacs des environs de Sudbury, dans le nord-est de l’Ontario, Canada, ont été lourdement endom-
magés par les dépôts acides et plusieurs ont été aussi contaminés par des métaux. Les réductions importantes des émissions
atmosphériques de soufre et de métaux ont conduit à une amélioration générale de la chimie de ces lacs et on a démontré
le rétablissement de divers organismes. Ces résultats ont été de grande importance pour établir la nécessité et l’importance
du contrôle des émissions de soufre lors des débats internationaux sur les effets des dépôts acides et la nécessité d’air plus
pur. Les études faites sur les lacs du nord-est de l’Ontario continuent à faire progresser notre compréhension des processus
de rétablissement chimique et biologique; ces connaissances demeurent cependant encore incomplètes. Il est devenu évi-
dent que la récupération des lacs de l’acidification est reliée étroitement à leurs réactions aux autres sources de stress à
grande échelle dans l’environnement, tels que le changement climatique et le déclin du calcium, ainsi qu’à leurs interac-
tions avec ces sources. Il sera difficile d’obtenir une meilleure compréhension des processus de récupération des lacs et de
leur destin futur dans un tel contexte de sources multiples de stress. Cela nécessitera la conjonction de plusieurs approches
dont la surveillance continue, l’expérimentation, la paléolimnologie et la modélisation; il faudra aussi une coordination ef-
fective entre les divers sites de recherche et de surveillance, ainsi qu’une collaboration des différentes agences et institu-
tions impliquées dans les sciences de l’environnement.

[Traduit par la Rédaction]

Introduction
During the 1980s, the acidification of lakes by acid depo-

sition emerged as a major international concern (e.g., Cowl-
ing 1982), although acid rain effects on lakes had been
identified much earlier (e.g., Oden 1968). In fact, the 1980s
are sometimes referred to as the acid rain decade, since that
was the period when scientific, public, and political recogni-
tion of the issue came to the forefront, and large efforts were
mounted to begin to understand and address the problem.

Large-scale lake liming programs were initiated to combat
acidification in some areas, notably in Scandinavia (Olem et
al. 1991; Henrikson and Brodin 1995). In North America,
lake liming was never adopted as a widespread management
tool, although experiments were conducted to examine the
feasibility of liming and determine the responses of aquatic
biota to the neutralization of lake acidity (Porcella 1989;
Keller et al. 1990a). Because of the large numbers and gen-
eral inaccessibility of acidified lakes in North America (an
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estimated 19 000 lakes in Ontario, Canada, alone; Neary et
al. 1990) extensive liming was not considered to be logisti-
cally or economically feasible. Also, since liming only treats
the symptoms and not the causes of the acid deposition prob-
lem, control programs to reduce acid emissions were given
priority by government agencies in Canada and the USA.

Efforts to achieve sulphur emission controls were eventu-
ally successful. Under various agreements, both Canada and
the USA substantially reduced sulphur dioxide emissions.
Total North American emissions are now about 40% less
than in 1980 (Jeffries et al. 2003). However, these large-
scale emission reduction programs were in reality still just
massive experiments, since the ultimate outcome for aquatic
ecosystem recovery was far from certain.

The Sudbury area of northeastern Ontario, Canada, pro-
vides one of the best examples in the world of the ecological
effects of sulphur emissions and their control and is the case
study I focus on here. Sudbury (Fig. 1) is located roughly at
the centre of the Boreal Shield, Canada’s largest ecozone,
which contains 22% of Canada’s freshwater surface area
(Urquizo et al. 2000). Typical of the Boreal Shield, lakes in
northeastern Ontario are generally low in ionic strength, nu-
trient poor, and very sensitive to anthropogenic influences,
including acid deposition. Over a century of sulphur and
metal particulate emissions from metal smelters led to wide-
spread terrestrial and aquatic damage near Sudbury (Gunn
1995). It is estimated that over 7000 lakes in a 17 000 km2

area around Sudbury were acidified to the point that biolog-
ical damage occurred (Neary et al. 1990; Fig. 1). Many of

the lakes closest to the Sudbury smelters were also highly
metal-contaminated (Keller and Pitblado 1986). However,
large-scale emission reduction programs were implemented
at the Sudbury smelters in the 1970s and 1990s, achieving
overall reductions of ~90% in sulphur (Fig. 2a) and metal
emissions in comparison with the peak emission levels in
the 1960s (Potvin and Negusanti 1995; Keller et al. 2007).

Lake recovery

Have sulphur emission reduction programs worked? The
answer is clearly yes, or perhaps more accurately, yes, they
are working. The acid rain story is still far from over in
Canada and in other areas of the world affected by excessive
acid deposition. However, very encouraging evidence of
chemical and biological recovery of lakes following reduc-
tions in acid deposition is emerging, particularly in the Sud-
bury area, where emission controls were implemented earlier
than in most other acid-affected regions and where emission
reductions were very large (Keller et al. 1999a).

In northeastern Ontario, changes in lake chemistry, in-
cluding increased pH and reduced sulphate and metal con-
centrations, followed the major reductions in emissions
from the Sudbury area smelters in the 1970s and 1990s
(Keller and Pitblado 1986; Keller et al. 1992a; Keller et al.
2007). While many of the thousands of historically damaged
lakes are still acidic, the pH of some formerly acidified
lakes has increased to >6.0 (Keller et al. 2007), a widely ac-
cepted threshold for effects on many acid-sensitive aquatic

Fig. 1. The location of Sudbury in the Boreal Shield Ecozone (diagonal shading), the historical lake damage zone around Sudbury (stip-
pling), and locations of long-term aquatic research and monitoring sites in Ontario: DESC (Dorset Environmental Science Centre); CFEU
(Cooperative Freshwater Ecology Unit; www.livingwithlakes.ca); TLW (Turkey Lakes Watershed; www.tlws.ca); ELA (Experimental Lakes
Area; www.umanitoba.ca/institutes/fisheries/).
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species (Keller et al. 1990b; Havens et al. 1993; Holt and
Yan 2003). Changes in the sulphate concentrations and pH
of Clearwater Lake near Sudbury over the last several deca-
des provide a dramatic example of this chemical recovery
from acidification (Fig. 2b), which has been accompanied
by increases in dissolved organic carbon (DOC) concentra-
tions and decreases in calcium concentrations (Fig. 2c). The
metal concentrations in many lakes have declined greatly
with time, including metals related to acid leaching of
watersheds (e.g., aluminum, manganese) and smelter-related
metals (e.g., copper, nickel). However, despite dramatic de-
clines, concentrations of some smelter-related metals, in-
cluding copper and nickel, remain elevated in lakes close
(within ~30 km) to Sudbury (Keller et al. 1999b).

Following water quality improvements, evidence of bio-
logical recovery has emerged for many groups of aquatic or-
ganisms, including phytoplankton (Nicholls et al. 1992;
Graham et al. 2007; Winter et al. 2008), zooplankton (Keller
and Yan 1991; Locke et al. 1994; Keller et al. 2002),
benthic invertebrates (Griffiths and Keller 1992; Snucins
2003), and fish (Gunn and Keller 1990) in Sudbury area
lakes. However, it has also become apparent that biological
recovery can be a very complex process that we cannot yet
predict with confidence.

Improvements in biological communities may not simply
follow improvements in chemical habitat quality. Altered
food webs resulting from previous chemical damage can
continue to control community structure even after suitable
chemistry is restored. In lakes where planktivorous fish
were eliminated by acidification, abundant populations of
invertebrate predators usually controlled by fish predation,
like Chaoborus, may control zooplankton communities
(Yan et al. 1991; Keller et al. 2002). In cases where some
fish have persisted or are becoming reestablished in recover-
ing lakes, unusually simple fish communities such as abun-
dant populations of the acid-tolerant yellow perch (Perca
flavescens) may also retard zooplankton recovery (Yan et
al. 2004). Such ‘‘biological resistance’’ (Keller and Yan
1998) can be a major factor affecting recovery patterns in
lakes after the removal of chemical stress. As well, many
other poorly understood factors can be expected to influence
biological recovery processes, including various physical
and biological constraints on the ability of different organ-
isms to disperse and effectively colonize lakes (Keller and
Yan 1998; Yan et al. 2003). Examples of complicating fac-
tors include possible suppression of colonists by established
acid-tolerant zooplankton (Binks et al. 2005) and within-
species adaptations in acid tolerance (Derry and Arnott
2007). The relative influence of different factors may be
very lake specific.

Various conceptual models have been proposed as frame-
works for the study of lake recovery processes (Keller and
Yan 1998; Yan et al. 2003; Keller et al. 2007). However,
we are far from being to able to realistically model biologi-
cal recovery in a quantitative sense. Attempts to model bio-
logical recovery to date have had to rely only on direct
relationships observed between species distributions and
lake chemistry (e.g., Doka et al. 2003) without the ability to
incorporate the many biological and physical factors affect-
ing recovery processes. Our incomplete understanding of the
roles of various physical and biological factors in affecting

recovery processes in lakes of different types will need to
be much improved to enhance predictive abilities for future
biological recovery.

Surprises
Many of the chemical changes in Sudbury area lakes that

followed emission reductions, such as increased pH and re-
duced sulphate concentrations, were anticipated. Other im-
portant changes came as surprises, revealed by the
monitoring programs implemented to study acidification.

Long-term monitoring data for northeastern Ontario lakes
clearly demonstrated that the declines in lake water sulphate
due to reductions in sulphur deposition were not simply bal-
anced by declines in lake acidity, but also by substantial de-
clines in base cation concentrations. Declines in calcium
concentrations (Keller et al. 2001a) were of particular con-

Fig. 2. (a) Annual sulphur dioxide emissions (kilotonnes (kt)) from
Sudbury area smelters, (b) average annual pH (^) and sulphate
concentrations (^), and (c) calcium (D) and dissolved organic
carbon (DOC, ~) concentrations for Clearwater Lake. Clearwater
Lake, 13 km from Sudbury, has the longest continuous monitoring
record of any acidified lake in the world.
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cern because of the implications for biota. Many important
organisms have relatively high calcium requirements that
can affect their distributions (Tessier and Horwitz 1990;
Hessen et al. 1995), and calcium modifies the effects on bi-
ota of many other stressors, such as acidity and metals
(Brown 1983), ultraviolet (UV) radiation (Hessen and Alstad
Rukke 2000), and temperature (Ashforth and Yan 2008). Re-
cent investigations have shown that calcium declines
throughout much of Ontario are in fact a major threat to the
biota of soft-water Precambrian Shield lakes, with effects al-
ready evident on Daphnia, a calcium-rich taxon very impor-
tant in aquatic food webs (Jeziorski et al. 2008). Declines in
base cations, including calcium, are widespread in regions
recovering from acidification (Stoddard et al. 1999). These
declines likely are a result of reduced current acid leaching
rates and depletion of exchangeable base cation pools in
lake watersheds by many years of elevated cation export.
However, other factors, including base cation removal
through forest harvesting and regrowth, may be very impor-
tant regionally (Watmough and Dillon 2003)

Monitoring has also revealed other important surprises.
Swan Lake, near Sudbury, like many other area lakes, was
increasing in pH during the early to mid-1980s, when
abruptly the pH declined from ~5.7 to ~4.5 in 1988. Acid
deposition did not change during that time; the change that
caused the re-acidification of Swan Lake was a change in
the weather. During a prolonged drought (1986–1987),
watershed soils and littoral sediments dried, and stored sul-
phur and metals were oxidized and later mobilized into the
lake water when wet conditions resumed (Keller et al.
1992a). The re-acidification profoundly changed the nature
of the lake in many ways, including increasing metal con-
centrations, transparency, UV-B penetration, and bottom
temperatures (Yan et al. 1996a), with dramatic effects on
phytoplankton and zooplankton communities (Arnott et al.
2001). Two decades ago, Swan Lake provided a very strong
signal of some of the dramatic changes that might result
from climate change in the future and helped reveal the po-
tential importance of interactions between different large-
scale stressors, including acidification, climate change, and
ozone depletion.

Clearly, the usefulness of long-term studies extends far
beyond the direct assessment of changes related to specific
environmental control measures. The surprises revealed by
monitoring can be crucial to identifying new threats that
need to be addressed.

Land–water linkages

The above examples (widespread calcium decline and the
re-acidification of Swan Lake) also illustrate very well
something that we all know; lakes are intimately linked to
their watersheds. Watershed processes, not just lake proc-
esses, will strongly affect lakes and lake recovery. If we re-
move important ecosystem components like calcium from
the landscape through anthropogenic activities, we will have
to wait a long time for weathering to replace them. Contam-
inants like sulphur and metals stored in saturated watershed
soils, lake sediments, and wetlands are not gone, but can be
mobilized, particularly through the effects of droughts, as
has been observed near Sudbury (Keller et al. 1992a) and in

south-central Ontario (Dillon et al. 1997; Adkinson et al.
2008). When we store contaminants on the landscape, we
create a legacy that will persist for an unknown time period.
It has been estimated that the effects of metals deposited in
the watersheds of some of the most severely affected Sud-
bury lakes may continue for centuries (Nriagu et al. 1998).

Furthermore, watersheds around Sudbury that were de-
nuded by very harsh historical logging and smelting proc-
esses do not provide the woody debris for nearshore cover
or the typical amounts and types of organic material (Ras-
mussen et al. 2008) important to the functioning of littoral
lake habitats (Roth et al. 2007; Helmus and Sass 2008). For-
est regrowth on formerly denuded watersheds around Sud-
bury has already reduced wind speeds, which in turn has
affected lake thermal structure by reducing wind-induced
mixing (Tanentzap et al. 2008); however, reestablishment of
healthy forests in such badly damaged landscapes is a very
slow process that may sometimes require human interven-
tion (Courtin 1995). As well, many of the major impacts of
climate change on small Boreal Shield lakes will likely be
through effects on watershed processes such as organic mat-
ter production and decomposition, with resultant effects on
lake clarity and thermal structure (Keller et al. 2008) under-
scoring the need for a better understanding of key land–
water linkages.

Additional process-oriented research is needed on the im-
portant linkages between lakes and their watersheds. Effec-
tive management of recovering lakes near Sudbury and
elsewhere clearly needs to consider watershed management
strategies, not simply lake management techniques.

Multiple stressors, multiple approaches
We cannot address major environmental issues like acid-

ification, or understand processes like recovery from acidifi-
cation, in isolation from other large-scale stressors affecting
aquatic ecosystems. Multiple interacting stressors are the
reality in many of today’s aquatic environments (Sala et al.
2000). Stressors such as acidification, base cation depletion,
and invasive species — all under the overarching influence
of a changing climate (Fig. 3) — will interact and affect
lakes in ways we cannot yet predict with confidence (Schin-
dler 2001; Keller 2007; Yan et al. 2008).

Understanding the effects of multiple stressors will be a
complex undertaking and will demand assessment ap-
proaches that will also be complex and multidisciplinary.
Using studies on lakes in northeastern Ontario as examples,
it can be seen that much of the success of the acidification
science programs that ultimately led to the widespread im-
plementation of sulphur emission controls was due to the ef-
fective merging of results from different scientific
approaches. These included temporal and spatial surveys,
paleolimnological reconstructions, laboratory and field tox-
icity tests, and lake-scale experimental liming studies.

Keller et al. (1990b) combined results from large spatial
surveys, laboratory toxicity studies, and a whole-lake neu-
tralization experiment to demonstrate that widespread losses
of the important, widely distributed crustacean zooplankter,
Daphnia mendotae, had resulted from acidification and that
these losses had occurred in lakes below a pH threshold of
~6.0. Such studies were instrumental in making the case for
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the occurrence of extensive biological damage even at what
were then considered comparatively moderate levels of lake
acidity. This was a case that needed to be made internation-
ally, not just to scientists but also to policy makers, to dem-
onstrate the critical need for sulphur emission controls.

Paleolimnological reconstructions of lake acidity histories
in many northeastern Ontario lakes (Dixit et al. 1992; Vine-
brooke et al. 2002) revealed widespread acidification and
showed that natural acidity could not account for the exten-
sive occurrence of acid lakes observed in contemporary
large-scale field surveys (Keller and Pitblado 1986). This ef-
fectively countered early arguments that lake acidification
was predominantly a natural process (Krug et al. 1985).
Temporal comparisons of monitoring data (Keller and Pit-
blado 1986; Keller et al. 1992a) demonstrated that chemical
recovery would follow reductions in acid deposition, and pa-
leoecological reconstructions (Dixit et al. 1989), observa-
tions from naturally recovering lakes (Gunn and Keller
1990; Keller and Yan 1991), and liming experiments (Keller
et al. 1992b; Yan et al. 1996b) showed that biological recov-
ery could be expected to follow chemical improvements in
aquatic habitats. In combination, findings from these studies
provided a compelling case for the ecological benefits of
sulphur emission controls.

The examples given above show how findings from mul-
tiple approaches were combined to make a strong scientific
case for acid rain damage and demonstrate the clear need
for, and benefits of, sulphur emission controls. Knowledge
generated through a variety of scientific strategies came to-
gether to clearly show that widespread lake acidification was
directly due to excessive acid deposition, that lake acidifica-
tion had caused extensive damage to lake communities, and
that removal of acid stress would stimulate the chemical and

biological recovery of aquatic ecosystems. The successful
combination and dissemination of knowledge from investi-
gations using different approaches and conducted at a vari-
ety of scales was essential in helping raise the scientific and
public concern and ultimately stimulate the political will to
address the acidification issue, although there were many
concerns about the difficulty of effectively linking acid rain
science and policy (e.g., Alm 2003). This scientific knowl-
edge, based on many publications in the primary literature,
was summarized in a number of comprehensive synthesis re-
ports (e.g., RMCC 1990; NAPAP 1991) for communication
to stakeholders and decision makers.

Multiple supporting lines of evidence make a very strong
case, an important lesson learned from the acid rain issue,
and something to remember as we confront other large-scale
threats like climate change in a multiple-stressor world. We
need to take on these environmental challenges together, not
from individual research silos.

Reference conditions

Assessment of lake damage or recovery depends on hav-
ing a measure of ‘‘normal’’ for comparison. Normal, how-
ever, may be difficult to define. Since predisturbance
conditions are often not precisely known, normal must gen-
erally be defined by what is considered typical for regional
lakes or lake types that are undisturbed or minimally dis-
turbed. Lakes of interest for damage and recovery assess-
ments are compared either visually or statistically with
temporal (monitored through time) or spatial (synoptic sur-
veys) reference lakes or better yet with both types of refer-
ence lakes (e.g., Keller et al. 1992b; Yan et al. 1996b). The
dilemma of course lies in the availability and selection of

Fig. 3. Conceptual diagram of some of the biotic and abiotic factors potentially affecting the extent of lake recovery from acidification.
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appropriate reference lakes, similar in attributes to the test
lake but not affected by the particular stressor(s) under in-
vestigation. Of necessity, groups of reference lakes are often
used to define the normal range of variability (Kilgour et al.
1998) for minimally disturbed systems against which test
systems can be compared. While this approach has proved
to be very useful for recovery assessments, the true appro-
priateness of statistical definitions of normal for compari-
sons with specific test lakes is difficult to judge.

Paleolimnological reconstructions can tell us much about
the actual prestress conditions for many chemical and bio-
logical attributes of lakes (Smol 2008). However, historical
conditions in a given lake may not necessarily represent the
appropriate reference condition for contemporary assess-
ments. It was recognized decades ago that given changes to
other parts of disturbed ecosystems, a return to predisturb-
ance communities within a reasonable time frame may not
always be possible even after a stress is removed (Cairns
1990).

Studies in Ontario over the last three decades have dem-
onstrated broadscale temporal changes in many key attrib-
utes of lake habitats, including concentrations of calcium,
DOC, and phosphorus (Jeziorski et al. 2008; Keller et al.
2008; Yan et al. 2008). Recovery targets determined from
reference lakes that are affected by multiple large-scale re-
gional or global influences will be moving targets, under-
scoring the need for maintaining up-to-date, appropriate,
reference data sets as part of long-term lake monitoring pro-
grams, to allow accurate assessments of the effects of envi-
ronmental stressors.

A better understanding of the specific linkages between
important aquatic habitat attributes and aquatic communities
under reference conditions and the development of improved
methods for reference condition definition based on habitat
characteristics (Bowman and Somers 2005; Linke et al.
2005; Whittier et al. 2007) would greatly help with the as-
sessment of stressor effects and recovery from them. More
standardized definitions of what we actually mean by refer-
ence conditions for particular situations would also aid in
the effective application of reference condition approaches
to aquatic assessments (Stoddard et al. 2006).

The value of monitoring
Monitoring programs have sometimes been unfairly

criticized as being unnecessary and expensive. In reality,
monitoring is essential, for among many other purposes, de-
termining what has been accomplished through environmen-
tal management programs and what further actions are
required. The costs of environmental monitoring programs
in fact are usually a very small fraction, much less than 1%,
of the implementation costs or expected benefits of pollution
control programs (Lovett et al. 2007).

Wise lake management depends on understanding the
aquatic resources we are trying to manage. Long-term mon-
itoring is an essential element in developing and maintaining
that knowledge. As outlined in the previous examples, long-
term lake monitoring studies in northeastern Ontario have
played an essential role in documenting the responses of
acidified lakes to sulphur emission controls, findings that
were important not just regionally, but nationally and inter-

nationally in the debates for cleaner air. These studies have
also played an important role in identifying and raising
awareness of new stressors like calcium depletion (Keller et
al. 2001a) and drought effects (Yan et al. 1996a) that may
fundamentally change the nature of many aquatic ecosys-
tems in the future.

Lake monitoring studies in northeastern Ontario have, in
their own right, made large contributions to understanding
the effects of multiple stressors on Boreal Shield lakes.
However, one of the greatest values of such regional studies
comes when they are merged with the results of studies
from other long-term research and monitoring sites to ad-
dress environmental issues on much broader geographical
scales: for example, the extent of calcium declines in On-
tario (Jeziorski et al. 2008), chemical recovery from acidifi-
cation in eastern Canada (Clair et al. 2007), future risk from
UV-B penetration across Canada (Molot et al. 2004), or re-
cent changes in DOC concentrations in the Northern Hemi-
sphere (Monteith et al. 2007).

Each of the major long-term limnological research and
monitoring sites in Ontario, for example (Fig. 1), including
the lakes studied at the Dorset Environmental Science
Centre (south-central Ontario), the Cooperative Freshwater
Ecology Unit (northeastern Ontario), the Turkey Lakes
Watershed (Algoma Region), and the Experimental Lakes
Area (northwestern Ontario), captures a unique set of char-
acteristics and differing ecological histories, reflecting dif-
ferent regions of the Boreal Shield. Collectively these sites
span large gradients in various stressors such as acid deposi-
tion, climate, and extent of shoreline development (Keller et
al. 2001b). Interagency cooperation in effect links these sites
into a network, where through collaborations the ability of
the whole to answer science questions becomes much
greater than the sum of the parts. Such collaborations need
to be encouraged and strengthened.

As already demonstrated, data from long-term monitoring
sites are valuable for many purposes beyond simply allowing
us to track how aquatic ecosystems have responded to stres-
sors or the removal of stressors. Monitoring data form the
baseline from which important ecological hypotheses can be
constructed and from which realistic experiments can be de-
signed to test them. For example, the previously mentioned
drought-induced acidification event observed in the Swan
Lake monitoring record stimulated in-lake experimentation
investigating the role of drought and re-acidification on zoo-
plankton emergence from sediments (Arnott and Yan 2002).
Long-term monitoring data also allow determination of the
direct and indirect relationships between important lake at-
tributes and stressors, information that can help us use the
past to forecast the future of our lakes through the construc-
tion of empirical and conceptual models.

Lakes, as low points in the local landscape, integrate the
effects of changes in processes within their watersheds as
well as changes in internal processes. Lakes and specific
lake attributes can be extremely important indicators of en-
vironmental change, notably in a climate change context
(Williamson et al. 2009), but also for changes related to
many other environmental stressors. The usefulness of lakes
and lake attributes for tracking and understanding environ-
mental changes is, however, only as good as the quality and
security of the monitoring programs that employ them. The
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maintenance of well designed and carefully operated long-
term aquatic research and monitoring studies needs to be an
integral part of environmental protection and management
systems.

What now?
A decade ago, four research questions were identified for

recovering lakes in the Sudbury area (Keller et al. 1999b). If
we revisit these questions with a view to what has changed,
it is evident that while our knowledge has advanced over the
last decade (e.g., Keller et al. 2007), much more needs to be
learned, and these questions still remain valuable as general
guides for future research.

What are the interactive effects of lake acidification and
other large-scale stressors such as climate change and
UV-B irradiance?

While our understanding of multiple stressor effects is im-
proving, it is still very incomplete. The potentially very se-
vere implications of new stressors such as calcium depletion
and invasive species introductions are now recognized, but
how these and other large-scale stressors like climate change
will interact to structure future lake environments is still
poorly understood (Christensen et al. 2006). We do know
that the indirect effects of stressors and stressor interactions,
manifested through altered species interactions, will likely
play a major role in structuring aquatic communities in the
future. To advance our scientific understanding of lake re-
covery against an increasingly complex background, future
studies will need to be conducted within a multiple stressor,
multidisciplinary framework.

What will be the legacy of atmospheric contaminants
such as sulphur and metals stored in the environment?

We have known for many years that the large amounts of
pollutants, such as sulphur, stored in wetlands, lake sedi-
ments, and saturated watershed soils, can be mobilized with
severe consequences for aquatic ecosystems. However, we
still do not know the magnitude of these contaminant pools,
the realistic time frames over which periodic mobilization
might continue, and the probable long-term effects on
aquatic communities. Such legacy issues will of course be
closely tied to the overarching effects of changes in climate,
again arguing strongly for future study in a multiple stressor
context. Our recognition of important legacy issues in the
Sudbury area and elsewhere now also includes not just the
storage of contaminants but the removal of important ele-
ments like calcium from watersheds and the continuing ef-
fects of severe historical watershed disturbances (forest
damage, soil erosion) on the physical and chemical charac-
teristics of some recovering lakes.

Which organisms are capable of unassisted recovery and
which are not?

Over the last decade, our understanding of biological re-
covery processes has advanced substantially, but we are
still not in a position to clearly address this question for
more than a few species. There are contrasting results
showing widely varying patterns of recovery of aquatic
communities in different studies. For example, crustacean

zooplankton showed stronger evidence of recovery in spe-
cies richness than in community composition in Whitepine
Lake after pH 6.0 was reached (Keller et al. 2002), while
in contrast, in a group of chemically recovered (pH > 6.0)
Killarney area lakes, community composition but not spe-
cies richness showed evidence of recovery (Holt and Yan
2003). Considering phytoplankton, while limited recovery
has been observed in many Sudbury area lakes (Graham et
al. 2007), complete community recovery appears to have
occurred in Clearwater Lake (Winter et al. 2008), which is
recovering from very severe acidification and metal con-
tamination (Fig. 2b). Our understanding of the relative roles
of different chemical, physical, and biological factors in
controlling the recovery of lakes of different types is still
very incomplete. In particular, the effects of biological in-
teractions within the altered food webs in disturbed lakes
and the effects of the various biological and physical fac-
tors controlling species dispersal and colonization success
are very poorly known. Substantial additional research is
required to develop more refined models to permit predic-
tion of future biological recovery and identify additional
management actions that may be needed to promote ecosys-
tem recovery.

What are reasonable recovery targets?
There is recognition that the predisturbance condition may

not necessarily be an appropriate target for aquatic ecosys-
tem recovery. It is also apparent that the future reference
conditions appropriate to gauge the recovery of acidified
lakes may be a moving target because of changes in other
large-scale stressors. This emphasizes the continuing need
for developing and applying better methods for selecting
and using aquatic reference data for assessments of both re-
covery and effects. It also argues strongly for the incorpora-
tion of reference data collection as an integral part of long-
term monitoring programs designed to track the effects of
various environmental stressors.

The future of recovering lakes in northeastern Ontario and
in other regions of the world affected by excessive acid dep-
osition is far from clear. Additional knowledge in the above
research areas would contribute substantially to our ability
to understand recovery processes and realistically forecast
future lake recovery in a multiple stressor environment. The
recovery story is becoming more complex as our under-
standing develops. Unravelling it further will demand effec-
tive collaboration between various agencies and institutions
engaged in environmental science and management and will
require the continuing synthesis of findings from various
complementary scientific approaches.
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