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SUMMARY

1. Recovery of acidified aquatic systems may be affected by both abiotic and biotic

processes. However, the relative roles of these factors in regulating recovery may be

difficult to determine. Lakes around the smelting complexes near Sudbury, Ontario,

Canada, formerly affected by acidification and metal exploration, provide an excellent

opportunity to examine the factors regulating the recovery of aquatic communities.

2. Substantial recovery of zooplankton communities has occurred in these lakes following





Methods

Study area

The 46 lakes studied are located in the City of Greater

Sudbury and the surrounding District of Sudbury,

ranging from latitude N46�–47� and longitude W80�–

81�. This is a region of historically high acid and metal

deposition from a variety of local and regional

sources. The largest smelters were located right in

the city and thus the gradient of greater industrial

pollution near the city and less farther away was

overlapped by a gradient of urban influence. A few

lakes were never acidified but most were and are now

in various stages of recovery (pH 5.22–7.58). In four

lakes, experimental manipulation (i.e. liming) was

undertaken to hasten chemical recovery. The lakes lie

3–100 km from the Sudbury smelters, and metal

concentrations covered a wide range (Cu 0.3–

31.0 lg L)1 Ni 1.5–224.0 lg L)1). Most lakes are oli-

gotrophic to mesotrophic [total phosphorus (TP)

< 24 lg L)1], with two lakes with TP < 30 lg L)1. TP

as well as ionic strength was higher in lakes closest to

the smelters because of the increased urban influence.

The lakes covered a wide range of surface area





two variable groups (in this case abiotic and biotic

variables) are analysed using this method, one is

treated as a set of covariates, while the other is

treated as explanatory variables. This allows estima-

tion of the percent variance explained by each of the

variable groups. To reduce the effects of the differ-



(mean = 10.42 lg L)1, SD = 12.22), although the val-

ues varied considerably in response to the wide range

of lake water chemistry. Final Acute Values ranged

from 0.24 to 49.28 lg L)1. The Biotic Ligand Model

indicated that 20 lakes contained copper concentra-

tions which reached or exceeded the FAV (lake-

specific water quality criterion), indicating a potential

for accumulation on the biotic ligand (AP >1, Fig. 3).

There was no correlation between AP and either total

copper or distance from smelter (P > 0.05).

An RDA was applied to examine the relationship

between the physicochemical (abiotic) variables and

zooplankton species composition (Fig. 4). The vari-

ables most strongly related to relative zooplankton

abundance were pH, AP, conductivity, depth and

aluminium concentrations. These five variables

explained 36% of a possible 56.5% of the variance

among lakes (Table 2). Higher pH lakes were charac-

terised by a high relative abundance of Skistodiaptomus

oregonensis (Lilljeborg) and Daphnia mendotae and a

high abundance of cyclopoids (Fig. 4). Because of the

confounding effect of urbanisation, lakes high in

metal concentrations (Cu, Ni, Zn) were also often

higher in conductivity and TP and were characterised

by an increased abundance of Diaphanosoma birgei,

T. extensus and B. freyi.

Accumulation Potential, which indicated the poten-

tial for copper bioaccumulation on the biotic ligand,

displayed relationships with zooplankton species not

seen with total copper concentrations. Whereas

copper and nickel concentrations were not related to

any measures of relative abundance (P > 0.05), high

AP values were associated with a decrease in the

relative abundance of cyclopoids and Daphnia spp.

The relative abundance of Holopedium gibberum

Fig. 3 Relationship between log10-total copper concentrations

and the final acute value (FAV) in the 46 study lakes with a



increased with increasing AP (Fig. 4). Holopedium

gibberum appeared to be the more metal tolerant than

Daphnia spp. Of the 20 lakes with AP values >1,

Daphnia was absent from 12, whereas H. gibberum was

absent from only four. When present in these lakes,

the Daphnia assemblage was primarily composed of

D. mendotae.

Fish community composition and its potential impact on

zooplankton recovery



variables was shared (22.4%), reflecting the strong

role abiotic factors have in shaping the fish assem-

blage. Despite the interaction between these two

groups of variables, fish species composition contin-

ued to explain a significant proportion of the variance

in zooplankton species composition, after the variance

attributed to the abiotic variables was removed



A comparison of the relative abundance of H. gib-

berum and Daphnia to the physicochemical lake char-

acteristics revealed that these two taxa responded

very differently to the underlying environmental

gradients. The abundance of H. gibberum increased

with increasing concentrations of aluminium and

decreased with increasing pH and conductivity, while

Daphnia decreased significantly with increasing metal

concentrations. The exception to the overall trend for

Daphnia was the species D. mendotae. Both D. mendotae

and H. gibberum tolerated high metal concentrations

in lakes close to the smelters and were found in lakes

with copper concentrations as high as 20 and

31 lg L)1, respectively. Holopedium gibberum was

found in the lakes with the highest AP.

Yan et al. (2004) attributed the success of D. mendo-

tae over H. gibberum in Middle Lake to a greater

susceptibility of the latter to either metals or fish

predation. However, metal toxicity, at least for cop-

per, appeared to be relatively low in Middle Lake

because of its high pH and calcium levels. Moreover,

H. gibberum was found in lakes with the highest

available copper values compared to D. mendotae; this

species occurred primarily in lakes with little or no

available copper. The absence of H. gibberum from

lakes with low available copper may reflect its

inability to compete with Daphnia at the high pH

and calcium concentrations that characterise lakes

with low available copper (Hessen, Faafeng & Ander-

sen, 1995).

The importance of biotic factors in influencing rates

of biological recovery has received substantial atten-

tion in recent years (Keller et al., 2002; Binks et al.,

2005; Monteith et al., 2005). Although it is well known

that community composition is determined by both

the physical and chemical properties of the water

body and the ecological interaction among the differ-

ent organisms, most earlier work seeking to explain

patterns in zooplankton distribution has focused

primarily on abiotic factors (Keller & Pitblado, 1984;

Shaw & Kelso, 1992; Siegfried & Sutherland, 1992).

Studies of recovery have largely continued this bias.

Despite this emphasis on physical and chemical

properties, Menge & Sutherland (1987) predicted that

biotic processes should dominate the regulation of

recovering communities. Some studies have failed to

find evidence of a strong influence of biotic interac-

tions on recovery rates for stream fish communities

(Detenbeck et al., 1992), periphyton (Vinebrooke,

1996) and zooplankton (Lukaszewski, Arnott & Frost,

1999). Work in both Swan and Sans Chambre Lake

(Sudbury, Ontario) has, however, provided evidence

for the primacy of ecological limitations to recovery of

some zooplankton species. Recovery in these lakes

appears to be limited by food web alterations caused

by an absence of fish and an abundance of macro-

invertebrate predators (Yan et al., 1991; Keller & Yan,

1998; Linley, 2008).

In Sudbury’s lakes, acidification eliminated the

large piscivores, smallmouth bass, walleye and lake

trout (Beamish, 1976). In contrast to the piscivores,

yellow perch is quite tolerant to both acidification

(Rahel, 1984) and metal contamination (Taylor, Wood

& McDonald, 2003). In highly contaminated lakes

where even perch disappeared, they returned as the



(1988) and Hessen et al. (1995). In this study, H. gib-

berum abundance usually surpassed Daphnia abun-

dance only when piscivores were absent and

presumably planktivory was high. Yan et al. (1988)

hypothesised this effect – that Daphnia would out-

compete H. gibberum except when under intensive fish

planktivory. We found that H. gibberum was often the

largest species in lakes without piscivores, which

were primarily characterised by relatively small spe-

cies (T. extensus, Chydorus sphaericus O.F. Müller and

Diaphanosoma birgei).

Overall, fish species composition was able to

explain a significant proportion of the variation in

the zooplankton. Recent work has shown that the fish

assemblage can explain as much or more of the

variation in the zooplankton among lakes as can water

chemistry (Amsinck, Jeppesen & Landkildehus, 2005;

Finlay et al., 2007). Much of the explanatory power of

the fish variables was a result of the relationship

between fish species composition and water quality

and lake depth. The relationship between lake area

and fish species richness was a confounding factor in

this study, as larger lakes generally contained a

greater diversity of fish (e.g. Eadie et al., 1986), and

these large lakes were also located further from the

smelters. However, after accounting for the variation

in the physical and chemical lake properties, the

abundance of yellow perch explained the dominance

of H. gibberum and immature calanoids seen in some

lakes.

The Sudbury area has enjoyed a substantial degree

of recovery in comparison with other acidified areas,

thus an understanding of the recovery process in

these lakes may serve as a model for other similarly

affected regions. Because both abiotic and biotic

factors affect abundance and species composition, it

is very difficult to isolate the mechanisms that

determine zooplankton community composition in

recovering lakes. Continuing metal toxicity appears to

be the primary cause of the absence of many Daphnia

species, other than D. mendotae, and also many cyclo-

poid species from the heavily contaminated lakes

close to the smelters. AP estimated by the Biotic

Ligand Model was better able to explain the differ-

ences in zooplankton community composition in

these lakes and may be more useful in estimating

toxicity than total metal concentrations. We did not

find evidence for a greater sensitivity to metals in the

Cladoceran community in comparison with copepods

as seen by Yan et al. (2004). Our study suggests that

the introduction of piscivores into the recovering lakes

may be necessary to facilitate the return of D. mendo-

tae, although, reduction in metal levels and metal

toxicity will still be important in allowing the com-

plete return of all components of the zooplankton

community.
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