
INTRODUCTION

In areas affected by acid deposition, terrestrial catch-
ment liming has often been used to increase the duration
of the neutralizing treatment for downstream aquatic sys-
tems, or to reduce the episodic nature of acid runoff events
(Hindar, 2005; Hindar and Wright, 2005). Outside of con-
cerns about impacts to vegetation, such as the loss of
sphagnum moss or other acidophilus plants, catchment
liming has usually been considered a very effective means
of chemical treatment of the recipient water bodies (Clair
and Hindar, 2005). However, the goals of these manage-
ment treatments have rarely been broadened beyond this
chemical focus, to consider how catchment treatments can
enhance other terrestrial inputs or subsidies to lakes and
streams. For example, many recent studies have shown
that terrestrial catchments contribute much of the produc-
tivity of small low nutrient lakes through the release of
dissolved or fine particulate organic matter that fuels the
aquatic food web (Cole et al., 2006; Jansson et al., 2007;
Karlsson et al., 2012). In addition to the nutrient inputs,
coarse woody debris released into the aquatic system also
generates habitat and substrates that attract and support a
vast array of microbial, invertebrate and vertebrate species
(Willis and Magnuson, 2000; Roth et al., 2007;
Kreutzweiser, et al., 2008) that make delta areas and lit-
toral zones such highly productive ecosystems (Roach et

al., 2014). Re-establishing these land water linkages is
therefore an important management goal when consider-
ing options for severely damaged landscapes.

This study documents the chemical trends and biotic
responses to catchment liming in a once very acidic and
metal contaminated lake near an abandoned metal smelter
in Sudbury, Canada. It is part of a much larger study of
the land water linkages that operate to aid in the recovery
of severely damaged systems (Szkokan-Emilson et al.,
2011; Tanentzap et al., 2014). Our study updates an earlier
paper that focused on the immediate chemical changes
that accompanied catchment liming (Gunn et al., 2001).
Here we take a much longer perspective (20 years), and
demonstrate the importance of restoring healthy terrestrial
ecosystems to benefit downstream aquatic systems and
their biotic communities. We use an indicator species ap-
proach and focus on restoration of a key member of the
organic matter scraper and shredder community, Hyalella
azteca, a ubiquitous but sensitive amphipod that is absent
from the littoral zones of many acid and metal contami-
nated lakes in the greater Sudbury area (Wesolek et al.,
2010a), a loss that contributes to the low productivity of
these nearshore areas in contaminated lakes (Sherwood et
al., 2002; Luek et al., 2013). Hyalella azteca cannot sur-
vive in lakes with a pH below approximately 5.6 (Snucins,
2003), and is further limited by its high sensitivity to met-
als even at higher pH levels (Borgmann et al., 2005).
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ABSTRACT
The response of a sensitive indicator species to the effects of catchment liming was assessed in a lake severely impacted by atmos-

pheric emissions from a metal smelter in Sudbury, Canada. The lake chemistry recovered following the closure of the local smelter
and major reductions (approximately 95%) in acid and metal emissions from other area smelters, leading to recolonization of the
lake with fish and other biota. However, the littoral macrobenthos community remain severely impoverished. The catchment liming
sustained improved stream water quality for 20 years after the initial aerial treatment and created a littoral zone hot spot for the re-
colonization of Hyalella azteca. Colonization at delta sites of untreated catchment drainage areas, in the same lake, were low and
highly variable, and these sites appeared to be impacted from soil erosion and episodic release of acid and metals. This study demon-
strated the need to both reduce air pollutants and to conduct land reclamation in severely damaged watersheds, before lake ecosystems
themselves can be fully recovered.
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Study lake and experimental catchment
treatment area

Daisy Lake is a 36 ha oligotrophic (total P<10 µg L–1),
dimictic lake, with a maximum depth of 14 m. It is a long,
narrow lake that extends 3.5 to 6.5 km southwest of the
abandoned Coniston Cu and Ni smelter that had operated
from 1913 to 1972 (Fig. 1). When our monitoring studies
began in the early 1990s the lake was very acidic (pH<5.0)
and metal contaminated (Cu>70 µg L–1; Ni>300 µg L–1). It
was fishless and lacked many species of sensitive macroin-
vertebrates (clams, snails, and amphipods (including H.
azteca) typically found in the littoral zone (Wesolek et al.,
2010a). Based on sediment pollen records the original pine
(Pinus spp.) and spruce (Picea spp.) dominated forest was
lost in the 1940s resulting in extensive soil erosion that left
much of the watershed consisting of blacked exposed
bedrock (Dixit et al., 1996). Today, now more than 40 years

since the closure of the local smelter, a distinct spatial pat-
tern to the damage has developed across the 275 ha water-
shed. In the east, closer to the old smelter site, the land is
still nearly completely barren. As you move to the west,
progressively more white birch (Betula papyrifera), trem-
bling aspen (Populus tremuloides), red pine (Pinus resinsa),
and red oak (Quercus rubra) occur, particularly in sheltered
valleys with thicker soils and in moist lowlands (Szkokan-
Emlison et al., 2011).

While the overall forest cover of the Daisy Lake water-
shed has been very slow to recover, and soil erosion and
low organic soil content remain persistent problems
(SARAG, 2009), the water chemistry in the lake has im-
proved greatly in response to very large atmospheric emis-
sion reductions from the metal processing industry in
Sudbury. In addition to the closure of the Coniston smelter,
total emissions of SO2 and metal particulates have been re-
duced by approximately 95% since the early 1960s, a pe-

Fig. 1. Daisy Lake watershed near the abandoned Coniston Smelter in Sudbury, Ontario, Canada. The entire 275 ha watershed is de-
lineated and five catchment study sites (2-39 ha) are shown. The treatment catchment (J) used for an experimental liming project in the
mid 90’s is labelled. Inserted is a photo of an airplane applying limestone to the treated catchment (J) in 1994 (Photo: W. Keller).
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52 J.M. Gunn et al.

riod when the Sudbury smelters represented the largest
source of SO2 in the world (Fig. 2A). The pH and dissolved
organic carbon (DOC) concentration in Daisy Lake began
increasing about 1990, while metal concentration declined
(Fig. 2 B,C,D) and a wide variety of fish species (including:
northern pike (Esox Lucius), white sucker (Catostomus
commersoni), walleye (Sander vitreus), yellow perch
(Perca flavescens) and smallmouth bass (Micropterus
dolomieu) have since invaded the lake from the down-
stream lake, which in turn has permitted fish feeding birds
[common loon (Gavia immer)] to resume reproduction.
However, these improvements to the fish and avian species
did not include the littoral benthos, where recovery was
very delayed and appeared to be impacted by continued
acid and metal contaminated drainage water from the ter-
restrial catchment areas (Wesolek et al., 2010b). Repeated
surveys between 1990 and 2007 detected no H. azteca in
Daisy Lake (Watson, 1992; Mantysaari and Vine, 2004;
Wesolek et al., 2010a) until about 2010, the year when the
first specimens were detected near the outlet of the lake
(Fig. 2B). Phylogenetic analysis indicated that these

colonists were of the same clade as those that occupied the
downstream circumneutral lake, suggesting that this lake
was the likely source of the colonists moving into Daisy
Lake (Babin-Fenske et al., 2012).

Within the Daisy watershed there are 13 individual
catchment areas, drained by ephemeral streams which run
only in the spring and fall or during particularly heavy rain
events in summer. The 39 ha Site J catchment area, selected
for liming (Fig. 1), was located in the most devastated area
closest to the smelter, and prior to treatment the stream
water from this catchment had consistently low pH (ap-
proximately 4.5) low base cation concentrations (Ca 1.7 -
2.5 mg L–1) and high metal concentrations (Cu 56-138 µg
L–1; Ni 320-354 µg L–1) (Gunn et al., 2001; Tab. 1). The ex-
perimental catchment was aerially limed in 1994 using 410
tonnes of coarse dolomitic limestone (53.9% CaCO3;
48.8% MgCO3) applied evenly across the full catchment
area, and 54 tons of fine pelletized dolomite (54.5%
CaCO3; 45.0% MgCO3) applied to the 15 small wetland
areas (at 31.8 tons per ha) within the catchment in 1995
(Gunn et al., 2001).

Fig. 2. A) Decline in SO2 emissions from Sudbury smelters. B) Increase in mid-lake pH in Daisy Lake. Date of the lake reaching
expected pH threshold for amphipod survival (- - - - -) and timing of actual colonization (——––) indicated. C) Decline in metal con-
centrations and (D) increase in DOC (with metal binding capabilities) illustrated.
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METHODS
We selected 4 reference catchments located along the

north shore of Daisy Lake (D, H, I, K) to contrast with the
limed catchment (J) (Fig. 1). These catchments have been
previously delineated and characterized using topography,
satellite imagery, and aerial photography classifications
(Kielstra, 2014) (Tab. 2). Stream water grab samples were
collected from approximately 15 m above the site where the
catchment streams discharged into Daisy Lake beginning in
1990. Most samples (n=3-21 yr–1) were collected in May
and June before streams dried up for the season. All samples
were analyzed for pH, ANC, colour, conductivity, metals
(total Al, Cu, Ni, Pb, Zn, Fe, Mn), major ions (Ca, Mg, Na,
Cl, SO4, SiO3)and nutrients (DOC, P, N) at the Ontario Min-
istry of the Environment laboratory (1981). H. azteca were
collected using modified Hester-Dendy artificial substrates
(hereafter, dendies), using standard protocols (NTL-LTER,
2005). Dendies (n=6-8) were deployed at the delta areas
(within the lake) at the mouths of the drainage streams, and
were spaced 1 m apart following transects at the 0.75 m
depth contour at each site. In very flat shallow deltas,
dendies were spaced along the depth contour at 5 m perpen-
dicular from shore (depth range: 0.25-0.75 m). Dendies
were deployed in August at a time when the streams them-

selves were usually not running, except after heavy rain
events, but the delta areas were visibly enriched with organic
matter and debris that had been discharged to these sites
from the adjoining catchment area during earlier periods of
stream flow. The dendies were left undisturbed and then re-
trieved after ca. 25 days, then filtered on a 500 µm sieve,
preserved in 70% ethanol, and amphipods were identified
and counted under a dissecting microscope (MZ16 1-40x,
Leica Microsystems Canada Inc., Ontario, Canada).

We used Poisson Generalized Linear Mixed Models
(GLMMs) to associate H. azteca abundance (number per
dendy) with both stream chemistry and catchment variables
(Zuur et al., 2013). Stream chemistry variables included
pH, DOC, Al, Cu, Ni and watershed variables included sub-
catchment area, % wetlands as defined using a threshold of
the compound topographic wetness index, % barren cover
estimated using multispectral aerial photograph classifica-
tion, and the mean NDVI (Normalized Difference Vegeta-
tion Index; a measure of forest density) across maximum
value composites generated using Landsat imagery (Kiel-
stra, 2014). Wetlands and barren areas were derived using
higher resolution data input versus NDVI (i.e., 10 m digital
elevation model, 0.4 multispectral image, and 30 m pixel
sizes, respectively) in order to better resolve landscape fea-

Tab. 1. Selected chemical variables for stream water quality from the 5 catchment areas on Daisy Lake during the final study years
(2013-2014) of the amphipod colonization study. For the limed catchment (J), conditions immediately pre- (1991-1992) and post-liming
(1996-1997) are also shown (mean ±SD indicated).

                                                                  Limed catchment (J)                                       Reference catchments
                                              Pre-liming          Post-liming          Post limed                  D                         H                          I                          K
                                             (1991-1992)        (1996-1997)        (2013-2014)                       (2013-2014)
                                                   n=21                    n=31                     n=9                      n=9                     n=10                    n=10                     n=9

pH                                          4.44±0.07            5.73±0.50             6.78±0.19            5.53±0.58           5.92±0.23             4.79±0.23             4.59±0.11
ANC (mg L–1)                       -2.01±0.50            1.07±0.36             6.85±1.53              4.3±4.62           2.33±1.50           -0.17±0.63              -0.5±0.44
Ca (mg L–1)                            1.63±0.33            4.83±1.29             2.39±0.38            2.24±1.49           2.03±0.23             1.07±0.27           0.933±0.15
DOC (mg L–1)                        1.44±0.41            1.99±0.55             4.28±1.27            3.08±2.05           2.64±0.70             2.75±1.21           0.922±0.26
Cu (mg L–1)                            0.13±0.02            0.02±0.01             0.02±0.01            0.01±0.003         0.01±0.003         0.026±0.01           0.037±0.004
Ni (mg L–1)                               0.3±0.05            0.07±0.02             0.03±0.01              0.1±0.01           0.11±0.02           0.085±0.01           0.102±0.01
Al (mg L–1)                             1.36±0.28            0.13±0.09             0.12±0.04            0.21±0.04           0.12±0.05           0.235±0.02             0.58±0.06

Tab. 2. Landscape characteristics of five catchments in Daisy Lake’s watershed. All variables were input into separate GLMMs. Mean
catchment NDVI (Normalized Difference Vegetation Index) was generated using Landsat 5 images. Barren area was estimated using
multispectral aerial photo classification, and wetland area was estimated using pixels above a threshold of the compound topographic
wetness index derived from digital elevation models (from Kielstra, 2014).

Site             Area (ha)                      NDVI                Barren area (%)             Wetland area (%)          Barren area (ha)         Wetland area (ha)

D                     18.48                           0.65                           31.97                                   1.18                                  5.7                                0.19
H                     29.14                           0.67                           26.55                                   2.81                                  7.5                                0.87
I                       32.28                           0.62                           38.03                                   2.39                                12.3                                0.65
J                      39.34                           0.64                           34.33                                   3.84                                13.4                                1.57
K                       1.95                           0.55                           46.08                                   0.00                                  0.89                              0.00
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tures that may not be differentiated by satellite imagery
alone. We standardized predictors to mean of zero and unit
variance. Due to multicollinearity of predictors and limited
sample size, we compared models with a single predictor,
controlling for variation in the amount of H. azteca sampled
per year (i.e., fixed effects of predictor and year). Site (e.g.,
D, H, I, J, K) was included as a random intercept. We used
an additional observation-level random effect to account
for overdispersion. Chemistry and watershed models were
compared separately using AICc (Akaike’s Information Cri-
teria; using form corrected for small sample size bias) to
generate the best predictive candidates (Burnham and An-
derson, 2002). GLMMs were fit using lme4 version 1.0-6
and compared using MuMIn version 1.9.13 in R version
(Barton, 2013; Bates et al., 2014; R Core Team, 2014).

RESULTS AND DISCUSSION
Liming of catchments and their wetlands can in some

cases result in an initial pulse of metals, as the added base
cations exchange with soil-bound metal cations

(González-Alcarez et al., 2013). This initial spike in metal
concentrations was noted from the limed catchment (J) in
this study as well, but this spike subsided within a few
weeks to be followed by significantly improved water
quality (Gunn et al., 2001). The liming of the J catchment
in 1994/95 has sustained improved stream water chem-
istry for 20 years (Fig. 3), and achieved desired water
quality conditions for biota (e.g., pH >6.0) long before
emission reduction alone would have been effective. For
example in catchment I (Fig. 1), the adjoining untreated
reference catchment, mean pH increased slowly (from 4.5
to 4.8), Cu decreased (from 56 to 23 ug L–1), Ca decreased
(from 2.5 to 1.2 mg L–1), and DOC increased (from 1.9 to
2.3 mg L–1) during this same 1991-2014 period (Fig. 3).
Changes in these parameters are consistent with recovery
trends observed in other regions where acid deposition
has been reduced (Keller et al., 2001; Monteith et al.,
2007; Jeziorski et al., 2008). However, the observed mag-
nitude of water quality improvements in the catchment I
reference stream, brought about by emission reductions

Fig. 3. Trends in mean chemistry for the reference (circles, catchment I) and limed (triangles, catchment J) catchments. Trends are sep-
arated by variables of interest including pH (A), calcium (B), dissolved organic carbon (C), and copper (D) concentrations. Mean values
are shown. Error bars were left out for clarity (see Tab. 1 for description of current conditions in the remaining reference catchments).

Non
-co

mmerc
ial

 us
e o

nly



55Recolonization of sensitive invertebrates

alone, were not sufficient to eliminate the predicted toxi-
city of acid and metals in these dilute waters in Sudbury
(Welsh et al., 1993).

From an ecosystem perspective the real benefit of the
catchment liming was not that of improving water quality
conditions in the ephemeral drainage streams themselves,
but rather in changes observed at the confluence sites of the
receiving water, Daisy Lake. Here we note that the catch-
ment liming created habitat conditions at its delta area
within the lake that have favoured the colonization of a
highly sensitive indicator species, H. azteca (Fig. 4). In
2011 single specimens of H. azteca were collected for the
first time at sites D and J, the two deltas associated with
catchments with circumneutral steam water (one by liming,
the other naturally occurring); however the development of
an abundant population of amphipods over the next 3 years
(2012, 2013, 2014) was much greater at the limed catch-
ment site (Fig. 4).

We have two hypotheses to explain the pattern of col-
onization at the 5 study sites, the first being a toxicologi-
cal hypothesis related to the periodic releases of fine
sediments and acid and metal rich stream water from
catchments to the delta sites. In support of this hypothesis
we found a strong negative association between the aver-
age H. azteca abundance in the dendies and total Al con-
centration in stream water (Fig. 5; Tab. 3). Al
concentration was also positively correlated (P<0.05,
Spearman’s rho: 0.73) with the percentage of the catch-
ment area that was bare, and negatively correlated
(P<0.05, Spearman’s rho: -0.64 and -0.73 respectively)
with catchment area and NDVI as a measure of forest

cover. The dendies were in place during the summer pe-
riod when streams were usually not flowing, and one
would then expect that with currents and wind mixing all
shoreline sites would be exposed to very similar circum-
neutral lake water chemistry. However in each year indi-

Fig. 4. Abundance estimates of Hyalella azteca separated by
catchment (D, H, I, J, K) and study year (2011-2013). Error bars
represent the 95% confidence intervals about the sample means.

Fig. 5.Hyalella azteca abundance in dendies associations with measured Al concentrations (A) and DOC concentrations (B) in catchment
stream water. Lines are fitted regressions where the intercept varies in a given year; 2012 is solid, 2013 is dashed, and 2014 is dotted.
Grey polygons represent the area covered by the combined 95% confidence intervals of the individual regression lines. This does not
incorporate uncertainty in the random effects. Means of all sites (by site and by year) are plotted together and error bars represent 95%
confidence intervals about the sample means.
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vidual heavy rain events did occur and these events may
have released pulses of acid metal rich water that created
toxic mixing zone conditions (Rosseland et al., 1992)
within the deltas at the sites where dendy counts were low.
We do not have any in-lake measure of the duration or ex-
tent of such toxic plumes, but Szkokan-Emilson et al.
(2013, 2014) noted high temporal variability in stream
water chemistry draining from two of the catchments used
in our study (I and H), with high concentrations of metals
released during rain events in the summer months. We
therefore hypothesize that periodic rain events during our
study may have caused direct mortality of amphipods
and/or led to precipitation of fine erosional sediments or
solutes that coated substrates and organic matter and pre-
vented colonization by amphipods. Wesolek et al. (2010b)
found extensive coats of fine Al rich erosional material
on leaf packs that he employed in Daisy Lake. Scanning
electron microscopy revealed that this material was
mainly feldspar and quartz. Fe precipitates where also ob-
served below wetlands during drought periods at Site I, a
catchment where almost no amphipods colonized the delta
area (Fig. 4). Such precipitates are known to impact in-
vertebrate and microbial communities (Siefert and Mutz,
2001; Holland et al., 2014).

The second hypothesis is that the improved terrestrial
catchment conditions, either through the catchment liming
treatment and subsequent vegetation growth, or because
of better residual soil conditions at individual catchments
such as Site H, led to greater organic enrichment of indi-
vidual delta sites. This enrichment may have then at-
tracted and supported more colonizing amphipods. In
support of this organic enrichment hypothesis we did find
the strongest positive association between H. azteca abun-
dance and stream water DOC concentration (Fig. 5; Tab. 3).

We did not find strong direct associations between am-
phipods abundance in the delta areas and measured catch-
ment variables, presumably because of the small number
of sites involved. However, DOC in stream water was
positively correlated (P<0.05, Spearman’s rho: 0.69) with
catchment area. Consistent with our findings, Szkokan-
Emilson et al. (2011) found that increased fine-particulate
organic matter export from the catchment areas was as-
sociated with increased overall diversity of nearshore
macroinvertebrate communities in Daisy Lake. Tanentzap
et al. (2014) then showed that the export of DOC from
catchments in Daisy Lake led in steps as an upsurge in
energy through bacterial, and zooplankton and eventually
led to greater growth of larval perch at sites associated
with higher forest cover. Although the improvements to
terrestrial catchment conditions did appear to be associ-
ated with improved overall aquatic community health in
the deltas, through the release of organic matter and other
terrestrial subsidies, it remains likely that the mitigation
of toxicological impacts brought on by liming is still hav-
ing the greatest beneficial effects on H. azteca, given their
known sensitivity to low pH and metals.

CONCLUSIONS
The catchment liming experiment that began 20 years

ago was designed to address a very narrow management
goal of finding a more cost effective and long term treat-
ment of acidified catchments to assist in the neutralization
of receiving water bodies. The massive reductions of acid
and metal particulate emissions in Sudbury has in the
meantime created widespread water quality improvements
in area lakes, perhaps lessening the need for further testing
of this technology here, or elsewhere in the world where

Tab. 3. GLMM results associating Hyalella azteca abundance with chemistry and watershed variables. Coefficients with 95% boot-
strapped confidence intervals (bCI) are presented on the natural logarithmic scale. The intercept-only model with random effects is pre-
sented for comparison. AICc is Akaike’s Information Criterion with small sample size correction. Marginal GLMM R2 (R2

m) is explained
variance using fixed effects only while conditional GLMM R2 (R2

c) uses random effects.

GLMM                Fixed                     Coefficients                  Random              Variance                        AICc                     R2
m                       R2

c

                                                             (95% bCI)                                             component
                                                                                                                            (95% bCI)

Null                     Intercept               1.33 (0.71, 1.47)                   Site            2.62 (2.16, 7.56)                 613.74                   0                          0.74
                                                                                                    Dendy          0.70 (0.63, 1.23)
Model           Intercept (2012)          1.70 (1.07, 1.92)                   Site            2.16 (1.65, 6.99)                 603.36                   0.32                     0.83
(chemistry)              Al                   -1.21 (-2.17, -0.56)               Dendy          0.52 (0.42, 0.97)
                              2013                -0.64 (-1.05, -0.26)
                              2014                 -0.27 (-0.66, 0.10)

Model           Intercept (2012)          2.02 (1.27, 2.33)                   Site            2.01 (1.47, 6.53)                 605.44                   0.10                     0.79
(watershed)            DOC                  0.49 (0.09, 0.93)                 Dendy          0.50 (0.41, 0.98)
                              2013                -1.37 (-2.01, -0.72)
                              2014                -0.45 (-0.84, -0.02)
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57Recolonization of sensitive invertebrates

similar improvements have been made. However, this ex-
periment has demonstrated the importance of land man-
agement in initiating recovery of severely disturbed
ecosystems (Kozlov and Zvereva, 2007) and has revealed
some of the key terrestrial/aquatic linkages between
healthy land and healthy water that have wide application.
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