Ecology Letters, (2004) 7: 452-460 doi: 10.1111/j.1461-0248.2004.00599.x

REPORT

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

Norman D. Yan"2*, Robert
Girard?, Jocelyne H. Heneberry?,
W. Bill Keller?, John M. Gunn*
and Peter J. Dillon®

Abstract

In the mid-twentieth century, many lakes near Sudbury, Canada, were severely
contaminated by acid and metal emissions from local smelters. For example, in the early
1970s, Middle Lake had pH of 4.2, and Cu and Ni levels both >0.5 mg L' . To
determine if crustacean zooplankton could recover from such severe and chronic
damage, Middle Lake was neutralized in 1973. A comparison of its zooplankton with
that of 22 reference (pH > 6) lakes indicates that the planktonic Copepoda completely
recovered by 2001. In contrast, the cladoceran assemblage improved but did not recover.
Colonist sources existed — Cladocera and Copepoda occurred with equal frequency in
area lakes — but six separate colonizations by cladoceran species failed. We argue that
local factors, metal toxicity and predation by yellow perch, have, to date, prevented
cladoceran recovery. Nonetheless, the complete copepod recovery is encouraging, given
the severity and duration of pre-neutralization stress.
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INTRODUCTION

The probability that biota will recover from disturbance is
greatly reduced when the damage has been severe and
chronic, and it is attributable to multiple classes of stressors,
e.g. altered physical and chemical regimes plus altered food
web structure (Niemi ez 2/ 1990; Hughes & Connell 1999).
With
extinctions are common, nearby colonist sources are often
depleted, and habitat conditions that fostered the pre-

severe and long-lasting damage, local species

disturbance community are often incompletely re-generated,
even when the stressors are removed. Unfortunately,
examples of such disturbance are now common. For
example, of 181 species listed as threatened or at risk of
extinction in the USA, two-thirds face three or more

different classes of threats, half of which are defined as both
chronic and severe (Lawler ef a/. 2002).

Many populations of aquatic biota currently face just such
severe and long-lasting damage attributable to multiple
stresses. For example, several thousand lakes in the vicinity
of Sudbury, Ontario, Canada, were acidified by historical
sulphur emissions. While damage attributable to acidifica-
tion is evident at pH 6 (Keller ez 2/ 1990; Holt et al. 2003),
many Sudbury lakes were severely acidified, with pH levels
near 4 (Beamish & Harvey 1972; Conroy et al. 1976; Keller
& Pitblado 1986), and lakes close to the smelters were
frequently also metal-contaminated (Keller & Pitblado
1986). This damage was chronic, reaching back at least
until the 1950s (Gorham & Gotdon 1960), if not much
earlier (Dillon & Smith 1984; Dixit ef a/. 1992). Biota in
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these lakes also faced multiple stressors, indirectly related to
the lakes’ acidity and metal-contamination. For example,
dissolved organic carbon (DOC) concentrations were much
reduced (Yan ef al. 1996a); and DOC is both the principal
attenuator of subsurface UV radiation (Scully & Lean
1995), and the principal determinant of mixing depths in
small temperate lakes (Pérez-Fuentetaja e a/. 1999). Hence,
damaging UV radiation penetrated deeply into these lakes
(Yan et al. 1996a; Gunn e al. 2001), and summer thermo-
clines were unusually deep (Yan 1983). In extreme cases,
the profundal cold-water habitat that is essential for many
species (Moore ef al. 1996) disappeared (Yan & Miller
1984). As a further consequence of the chemical and
physical alterations, normal predator-prey interactions were
altered by the elimination of fish (Gunn ef a/. 1988), the
frequent explosion of pelagic macroinvertebrate predators
(Stenson & Eriksson 1989; Yan ef al 1991), and great
reductions in species richness (Scheider ef a/. 1975; Dillon
et al. 1979; Yan & Miller 1984). Given the severity and
duration of such alterations in lake physics, chemistry and
food web structure, we would predict a slow rate of
recovery of zooplankton should all stressors be removed.
In fact complete recovery of Sudbury zooplankton from
disturbances of these magnitudes has not as yet been
observed (Keller & Yan 1991; Yan ef al. 1996a,b,c; Keller
et al. 2002).

Here we report 30 years of change in the crustacean
zooplankton community in Middle Lake, following its 1973
neutralization (Scheider & Dillon 1976). Planktonic Clado-
cera have not yet recovered. We do not believe regional
factors explain the cladoceran time series, as we documented
several cladoceran colonizations in the lake. Rather, as six
such colonizations failed we believe local factors are
responsible, specifically, continuing metal toxicity and/or
predation from a very abundant population of yellow perch
(Perca flavescens). In contrast, the tecovery of the copepod
assemblage is now complete, with six species of copepod
colonists founding large, stable populations in the lake. The
copepod recovery in this severely disturbed lake augurs well
for the future of zooplankton currently damaged by the
severe and chronic effects of multiple stressors. For example,
should S emission reductions be followed by widespread
chemical and physical normalization in the world’s acidified
lake districts (Stoddard e a/ 1999), we predict the planktonic
Copepoda at least will recover, and Copepoda are major
components of the freshwater zooplankton.

STUDY LAKE DESCRIPTION AND METHODS

Thirty years ago, Middle Lake (46°26'N, 81°02'W) was
acidic (pH 4.2), and contaminated with both Cu
(0.5 mg L™ and Ni (1 mg L', Scheider ez o/ 1976). Tt
had extremely clear waters (Secchi depth = 12 m), and it

did not stratify in the summer — an aberrant situation for a
lake of its small size (area = 28 ha) and maximum depth
(15 m). All fish had disappeared from the lake, and
biodiversity was reduced at all levels of the food web
(Scheider ef al. 1976; Yan & Strus 1980; Yan & Miller 1984).
Predictably, the crustacean zooplankton community was
highly disturbed. On average, mid-lake, vertical plankton
hauls captured only two to three species, and a single small
cladoceran, Bosmina longirostris, comprised 99% of crustacean
standing stocks (Yan & Strus 1980).

To determine if severely contaminated Sudbury lakes
could recover, slurries of CaCOj; and Ca(OH), were added
to Middle Lake and the nearby Lohi and Hannah lakes
between 1973 and 1975 (Scheider ez al 1976). Small
amounts of phosphoric acid were also added to Middle
Lake from 1975 to 1978 in order to stimulate production,
but the fertilization effects were modest and short-lived
(Yan & TLafrance 1984). Base additions raised lake pH
from the 4.2 to >6, and reduced metal concentrations
many-fold (Scheider & Dillon 1976). Phytoplankton
community composition recovered fairly quickly when
assessed at the divisional taxonomic level (Yan & Dillon
1984); however, with the exception of the acid-sensitive,
Daphnia mendotae (Keller et al. 1990; Yan et al. 1996c), there
was no evidence of recovery of crustacean zooplankton in
Middle Lake by 1989, when the data were last examined
(Yan ¢t al. 1996b).

Since 1980, Middle Lake has been sampled on roughly a
monthly basis during the ice-free season for water quality,
thermal profiles and zooplankton composition. Yan & Strus
(1980) describe the pre-1980 sampling methods. Since 1980,
volume-weighted composite zooplankton samples have
been prepared by combining the contents of mid-lake,
76-um mesh, vertical hauls from 3, 6, 10 and 13 m (Yan
et al. 1996b). Animals were preserved in a 4% sugar formalin
solution, and counted as described by Yan e# a/. (2001). The
body lengths of all counted animals were measured and
recorded (Allen ef al. 1994).

There are no pre-disturbance data that can be used to
assess recovery of zooplankton in Middle Lake. It
acidified more than 50 years ago. Instead, we assess
recovery by compating its fauna with that of 22 non-
acidic reference lakes located far from the smelters but in
the same zoogeographic region for zooplankton (Yan
et al. 1996b). Zooplankton methods employed in these
reference lakes were similar to those employed in Middle
Lake after 1980.

Yan et al. (1996b) determined that the best two metrics to
assess recovery of zooplankton from acidification were
species richness (ice-free season averages of numbers of
species found in standard counts of fortnightly or monthly
samples), and a multivariate metric based on the scores of a
correspondence analysis (CA) ordination run using the
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log-transformed, species abundance matrix. Here we employ
these two metrics to assess trecovery in Middle Lake,
constructing recovery targets from the 22 non-acidic lakes.
We use the mean £ 2 SD as our target for richness (Yan
et al. 1996b; Kilgour e al. 1998). It has a value of eight to
12 species per standardized count (Yan ef al. 2002). To
assess recovery of cladoceran and copepod assemblages we
employ graphical analysis, asking simply if the Middle Lake
zooplankton trajectory has returned within the grouping of
CA axis I and II scores of the 22 non-acidic lakes, i.e. if the
numbers and relative abundances of its species are now
similar to that of the reference lakes, for the two dominant
inter-species covariance patterns.

For the CA we assembled a data matrix composed of the
three decades of ice-free season average zooplankton
abundances (log,+; transformed) in Middle Lake and in
single years from the 22 reference lakes. Nauplii were
excluded from the analysis because they were not identified to
sub-order in the early years; however, calanoid and cyclopoid
copepodids were included as separate taxa. All stage VI
copepodids (i.e. adults) were identified to species. Species
encountered in only one of the 22 reference lakes were
excluded, as were the principally littoral taxa which our
offshore protocols poorly sampled (Yan e a/. 1996b). Hence,
the CA-input matrix was composed of 25 taxa in single years
for the 22 reference lakes, and each year from 1973 to 2002 in
Middle Lake, excepting 1980, when the lake was not sampled.

We employed a separate 1990 synoptic zooplankton
survey data set to determine the frequency of occurrence of
planktonic Copepoda and Cladocera in lakes in the city of
Sudbury. We employ this data set to determine if there was
an equal frequency of potential Cladocera and copepod
colonist sources in the region. We sampled these 32 lakes
using single, mid-summer, mid-lake, vertical hauls from 1 m
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above bottom to the surface with a 30 cm diameter, 80 pm
mesh net. As the lakes were sampled only once, our estimate
of colonist availability is probably conservative.

RESULTS

The chemical and physical conditions of Middle Lake were
substantially improved by the initial planned neutralization
(Fig. 1). These benefits were prolonged by municipal land
re-greening programmes in the late 1980s, programmes that
included soil liming (Lautenbach 1987), and by reductions in
S and metal emissions from local smelters (Keller e a/
2003). In consequence, the pH of Middle Lake has remained
above 6.5 since 1974 (Fig. 1a). Concentrations of Cu and Ni
(Fig. 1b), and many other metals were reduced by additions
of base (Yan & Dillon 1984), and have continued to fall
since the mid-1970s. The lake waters of Middle Lake were
very transparent in 1973 (Fig. 1c), and the lake did not
stratify, i.e. bottom temperatures did not differ from surface
temperatures even at the time of maximum summer heat
content (Fig. 1d). The liming and modest fertilization
lowered transparency in the mid-1970s, but since that time
average Secchi transparency has ranged from 4 to 6 m,
typical levels for small Shield lakes (Fig. 1c). The lake has
stratified each year since 1974, and bottom waters have
slowly cooled (Fig. 1d). Hence the lake now has both the
profundal cold-water habitat and dimictic thermal regimes
that are typical of small temperate lakes.

We assume that it was acidification and metal-contamin-
ation that climinated all fish from the lake (Scheider ez al.
1975). In-sitn experiments confirmed that metal levels
prevented their re-establishment shortly after base additions
(Yan & Dillon 1984). However, yellow perch (Perca flavescens)
established a large population in the lake in the mid-1980s,

Figure 1 Long-term changes in ice-free sea-
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son averages of pH (a), total Cu and Ni
concentrations (b), Secchi transparency (c),
and mid-summer bottom water tempera-
tures (d) in Middle Lake. Metal concentra-
tions and pH were assessed on at least a
monthly basis in volume-weighted samples
through all depths. The lake was not
stratified in 1973. Dates of experimental
neutralization and phosphorus additions are
indicated. Base was also added to the lake’s
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and by the eatly 1990s, yellow perch contributed >99% of
fish caught in multiple trap net sets (J.M. Gunn, unpublished
data). In summary, the physical, chemical and food web
regimes of the lake have dramatically improved, in the sense
that they are now more typical of non-acidified lakes. There
are however two key exceptions. First, Cu and Nilevels, while
greatly reduced are still elevated in comparison with remote
lakes (LaZerte 1986). Secondly, most northern Ontario lakes
have fish, but a community formed essentially solely of
planktivorous (i.e. stunted) yellow perch is highly unusual.

In comparison with the 22 non-acidic lakes, the
zooplankton community of Middle Lake has improved
steadily over the last 30 years, but the entire community has
not yet recovered. Ice-free season average crustacean species
richness has increased from 2.6 species per standard count
in 1973 to an average of six to eight species after 2000
(Fig. 2). While the pattern of improvement is clear, the
target of 8—12 species per count per year (Yan e al. 2002)
has not yet been reached.

Copepoda and Cladocera are the principal groups in
the crustacean zooplankton community. The copepod
assemblage of Middle Lake has completely recovered, while
recovery of Cladocera stalled about 1990. These two
patterns are clear in the CA ordinations. The copepod CA
(Fig. 3) reflects inter-lake and year-to-year variation in
abundances of immature calanoid and cyclopoid copepod-
ids, and in adults of three calanoid species (Leptodiaptonius
minutus, Epischura lacustris and Skistodiaptomus oregonensis), and
six cyclopoid species (Cyclops bicuspidatus thomast, Acanthocy-
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Figure 2 Long-term changes in ice-free season average crustacean
zooplankton species richness identified in standard counts of
monthly samples. Only individuals identified to the species level
are included. The SE calculated from monthly richness estimates is
indicated.

clops vernalis, C. scutifer, Mesocylops edax, Tropocyclops extensus,
and Orthocyclops modestus). Although the copepod fauna of
Middle Lake differed substantially from the 22 reference
lakes in the eatly years, it has not been distinguishable from
the reference communities since 1996 (Fig. 3a). By our
definition, the copepod fauna of Middle Lake has recovered.
Taxa scores of the CA (Table 1, Fig. 3b) indicate that this
recovery reflects the early disappearance of A. vernalis and
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Figure 3 Scattergram of lake-year (a) and taxa (b) scores of the first two axes of the Correspondence Analysis ordination run on the log,
transformed ice-free season mean abundances of Copepoda in the 22 non-acidic reference lakes and Middle Lake. Each point in the Middle
Lake trajectory represents a year. By the mid-1990s, the Middle Lake trajectory was within the envelope of the reference lakes. Scores of the
Middle Lake taxa on the two CA axes are provided in Table 1. Taxa included in the ordination (see b) include Acanthocyclops vernalis (A.v.),
Cyclops bicuspidatus thomasi (C.b.t.), Cyclops scutifer (C.s.), Epischura lacustris (B.L.), Leptodiaptomns minutus (L.m.), Mesocyclops edax (M.e.), Orthocyclops
modestus (O.m.), Skistodiaptomus oregonensis (S.0.), Tropocyclops extensus (T.e.), and calanoid (Ca.c.), and cyclopoid (Cy.c.) copepodids.
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Table 1 Ice-free season average abundances (animals per m’) of all zooplankton taxa recorded in two or more years in Middle Lake*

Cladocerat Copepodaf
S.sp C.s. B. L D. b. D.m Hg Av. Om Cyec Ca. c. Lm Cbt S o Te Me
CA1 232 1.13 0.58 0.25 0.08 —=0.72 232 175 0.25 0.07 001 =029 -038 -0.38 -0.39
CA2  3.63 0.54 -0.15 —0.64 -046 018 139 -0.89 0.06 -034 —04 0.02 022 029 046
1973 329 48047 17 112
1974 37 1071 157 48 248 0.7
1975 0.2 394 122 10 47 1 0.1 0.1 0.2
1976 17192 113 26 86 8
1977 199 3707 18 118 4574 4 53 0.7
1978 89 1265 5 64 51 7767
1979§ 7.8 555 1066 75 293 1242 40 6.7
1981 26 6994 3 98 18883 2843
1982 5.1 194 219 18 85137 4249
1983 174 6412 45 108 110614 4124
1984 164 9517 3.8 75 25898 1513
1985 0.5 21 176 1.1 23 14826 1992
1986 27 257 9 10 2 188 11216 1393
1987 379 12668 18 0.5 110 430 16674 1131
1988 406 25936 23 77 19 129 24798 2171
1989 0.7 39 62892 105 25 1 11 265 39223 4415 28
1990 22 33678 70 521 11881 32066 1504 1469
1991 65 67997 3352 272 12914 13776 3018 1248
1992 18 32094 646 3822 2701 24605 2025 1227
1993 22 17859 366 1699 6273 22391 1971 895 6
1994 93 45584 5565 1920 14077 12716 1078 2460 32
1995 21 68681 4247 499 6340 6615 410 745 9 93
1996 41 106931 6233 2071 14678 20442 959 924 1094 442
1997 31551 12730 2817 4988 27941 1082 941 1025 109
1998 15 47695 10770 2721 12827 31363 1018 593 832 838
1999 83 25764 7033 1573 7686 22427 1150 1001 903 946
2000 155 49714 3155 3255 8748 18868 311 1513 785 737
2001 44 4256 933 1196 12 6234 6199 644 486 770 150 13
2002 8 4684 829 3343 6231 8396 570 332 598 328 216

Cladoceran and copepod species are separately sorted based on the ranks of taxa scores on the first CA axis of their respective ordinations
(see Figs 3 and 4). CA axis I and II scotres of the taxa are provided.

*Additional species recorded in just a single year in Middle Lake were Daphnia dubia in 1985, Eubosmina tubicen in 1986, Daphnia longiremus,
Daphnia pulex and Daphnia retrocurva in 1990, Epischura lacustris in 1992, and Cyelops seutifer in 1996. Additional species found only in the
reference lakes that were included in the analyses were the Cladocera: Daphuia ambigna, Polyphemns pediculus and Eubosmina longispina.
tThese Cladoceta are Simocephalus sp. (S. sp), Chydorus sphaericus (C.s.), Bosmina longirostris B.L), Diaphanosoma birgei (D.b.), Daphnia mendotae
O.m.) and Holopedium gibbernm (H.g.).

1These Copepoda are Acanthocylops vernalis (A~.), Orthocyclops modestus (O.m.), cyclopoid copepodid (cy.c.), calanoid copepodid (ca.c.),
Leptodiaptomns minutus (L..), Cyclops bicuspidatus thomasi (C.b.t.), Skistodiaptomus oregonensis (S.0.), Tropocyclops extensus (T.e.), and Mesocyclops
edax (M.e.)

§The lake was not sampled in 1980.

O. modestus, the appearance of L. minutus and S. oregonensis, the majority of the increase in zooplankton species richness
the two most common calanoid copepods in Ontario (Rigler (Fig. 2).

& Langford 1967), and the appeatrance of stable populations In contrast to the copepods, the cladoceran trajectory was
of three other common cyclopoid copepods, C. bicuspidatus promising, but recovery has stalled (Fig. 4a). The acid- and
thomasi, T. extensus and M. edax (Table 1). On average the metal-tolerant Bosmina longirostris and  Chydorus  sphaericus
number of copepod species in the Middle Lake assemblage remain dominant members of the assemblage (Table 1).
increased from one in 1973 to five in 2002, accounting for The 1986 appearances of Diaphanosoma birgei and Daphnia

©2004 Blackwell Publishing Ltd/CNRS
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Figure 4 Scattergram of lake-year (a) and taxa (b) scores of the first two axes of the Correspondence Analysis tun on the log(x + 1)-
transformed ice-free season mean abundances of Cladocera in the 22 non-acidic reference lakes and in Middle Lake. Each point in the Middle
Lake trajectory represents a year. Note that the assemblage of Middle Lake was very stable after 1990, but outside the envelope of the
reference lakes. Taxa scores for the Middle Lake Cladocera are provided in Table 1. Taxa included in the ordination (see b) were Bosmina
longirostris (B.l) (now termed Bosmina freyi in Middle Lake), Chydorus sphaericus (C.s.), Daphnia ambigna (D.a.), Daphnia dubia (D.d.), Daphnia
mendotae (D.m.), Daphnia pulex (D.p.), Daphnia retrocurva (D.x.), Diaphanosoma birgei (D.b.), Eubosmina tubicen (E.t.), Simocephalus serrulatus (S.s.),
Eunbosmina longispina (B.1.), Polyphemus pediculus (P.p.), and Sida crystallina (S.c.).

mendotae, two common Shield lake species, were promising,
but many daphniid species, in particular, are still missing
(Fig. 4b), and the most common large cladoceran in
Canadian Shield lakes, the metal-sensitive (Yan & Strus
1980) Holopedium gibberum has apparently twice failed to
colonize the lake (Table 1). Five other cladoceran species
briefly appeared in the assemblage, but did not persist. They
included four Daphnia species (D. dubia, D. longiremis,
D. pulex, D. retrocurva) and Eubosmina tubicen (Table 1). In
summary there were at least six apparently unsuccessful
colonizations of Middle Lake by cladoceran species that are
common in many non-acidic lakes in Ontario.

DISCUSSION

Despite three decades of non-acidic conditions, the cladoc-
eran assemblage of Middle Lake has not recovered. All
daphniid species excepting D. mendotae are currently missing,
and FH. gibbernm, generally the dominant cladoceran in
Canadian Shield lakes (Yan e al 1988), is very rare.
Nonetheless, we are encouraged by the recovery of the
Copepoda, and we suspect that the current delay of
cladoceran recovery is largely a function of local rather than
regional processes. In fact we believe the influence of such
local processes may be extremely strong in metal-contamin-
ated lakes, i.e. those near the smelters, or downstream of
contaminated industrial discharges. Alternatively, the local
conditions may be a function of the unusual predation regime

in the lake. In this case, recovery of the Cladocera will only
occur when a more ‘typical’ fish community is established.

The (re)-assembly of zooplankton communities after
removal of historical stress that is severe enough to cause
local extinctions, must follow a set generic sequence (Yan
et al. 2003). Colonists must be supplied either from egg
banks or from other lakes. These colonists must survive and
reproduce, if nascent populations are to persist and grow.
Both Calanoida and Cladocera produce long-lived resting
stages that are commonly abundant in lake sediments
(Hairston ef al. 1990; Pollard ez 4/ 2003). The two calanoid
copepod species that colonized Middle Lake (L. minutus and
S. oregonensis) first appeared in the mid-1970s, during lake
fertilization. Their resting eggs produced at that time may
have provided local colonists for the eventual establishment
of large and persistent populations. In contrast, egg-banks
cannot explain the recovery of cyclopoid copepods, given
their lack of long-lived resting stages.

Cyclopoid copepods apparently colonize new habitats
more rapidly than do Cladocera (Caceres & Soluk 2002), but
we do not believe that their greater vagility accounts for the
copepod recovery in Middle Lake. In the first place, the
number of local colonization sources did not differ between
Copepoda and Cladocera. In 1990, cladoceran and copepod
taxa had the same mean frequency of occurrence in the
32 local lakes, at 11.4 and 8.5 lakes per species, respectively,
on average (= 0.72, P = 0.48). Of more significance,
many cladoceran colonists did cleatly reach Middle Lake.

©2004 Blackwell Publishing Ltd/CNRS
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Five cladoceran species appeared in 1 year and failed to
persist, while Holopedinm colonization has apparently failed
twice (Table 1). Hence, it would appear that recovery of
Cladocera was not limited by regional processes, i.e. by the
dispersal of colonists, rather the arriving colonists failed to
start viable populations. Such local control of zooplankton
colonization success may in fact be the norm, even in
uncontaminated lakes (Lukaszewski e a/. 1999; Shurin 2000).

We do not believe that the cladoceran failures were due to
colonist starvation. The chlorophyll concentrations in
Middle Lake were typical of Shield lakes after about 1985
(Girard et al. 2004). Further, the large and persistent
D. mendotae population indicates that the seston is of a
quality to support good daphniild growth (Sterner ez al.
1997). The mortality of cladoceran colonists may be
attributable to unusually heavy predation from yellow perch.
Heavy fish predation has been cited as a cause for the slow
recovery of Cladocera in Norwegian acidified lakes (Nilssen
& Wervagen 2002), and with no piscsivores, Middle Lake
does have an unusually large, yellow perch population
comprised of small-bodied individuals (J.M. Gunn, unpub-
lished data). Further, cladoceran community composition is
known to be much more vulnerable than is copepod
composition to alterations in both vertebrate (Yan ez al.
2001) and invertebrate (Boudreau & Yan 2003) predation.
A comparison of body sizes of D. mendotae in Harp and the
non-acidic reference lakes is consistent with this hypothesis.
Cladoceran body size declines in the face of heavy fish
predation (e.g. Yan ef al 2001), and D. mendotae were
unsually small in Middle Lake in comparison with the non-
acidic reference lakes (Fig. 5). It is at least equally likely that
the cladoceran colonization failures are attributable to the
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Figure 5 Long-term changes in ice-free season average body
length of Daphnia mendotae in Middle Lake (a), in comparison with
the distribution (box plot) of ice-free season mean lengths in the
19 non-acidic reference lakes with D. mendotae populations (b).
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greater sensitivity of Cladocera than Copepoda to metals.
The timing of recovery of D. mendotae in Middle Lake and
the neighbouring Hannah ILake has been unequivocally
linked to metal toxicity (Yan ez a/ 1996c). When Ni, and
especially Cu levels were low enough, D. mendotae colonized
the lakes (Pollard ez a/. 2003) and subsequently established
huge populations (Yan ez al. 1996c). Copepods are more
tolerant of Ni (48-h LCsy of 3.6-15 mg L_l) than are
Cladocera (48 h LCso of 0.51-1.9 mg L', reviewed in
National Research Council Canada 1981), and the
20-30 pg L' of Cu remaining in Middle Lake after 1990
might very well pose a threat to the long-term survival of
many species of Daphnia (Biesinger & Christensen 1972;
Winner & Farrell 1976), if not to . mendotae. Supporting the
metal hypothesis are the correlations of axis scores with
environmental variables. The Middle Lake Axis 1 and II
scores for the cladoceran and copepod ordinations were
much more strongly correlated with Ni concentrations (r =
0.51, 0.43, 0.72 and 0.66, respectively), than with pH, Cu,
water transparency or water temperature.

In summary, we believe that copepods have recovered in
Middle Lake because founding individuals arrived into
unsaturated food webs, at times when local conditions were
suitable for their survival and growth. In contrast, we believe
that the stalled recovery of Cladocera is not attributable to
lack of colonists, or to inadequate food base availability or
quality. Rather we believe it is attributable to unusual fish
predation from the large yellow perch population and/or to
continuing metal toxicity for the majority of large cladoceran
species, including many daphniid taxa and Holopedium.

The complete recovery of the Middle Lake copepod fauna
from severe and chronic impacts of chemical and physical
disturbance and food web alteration bodes well for the
recovery of planktonic Copepoda from multiple distur-
bances, and for their recovery from less severe disturbance
once stressors are removed. As there are thousands of
acidified lakes on the Canadian Shield, Middle Lake provides
a hopeful case study for Copepoda (Doka ez al. 2003). We
must still await the future recovery of Cladocera in Middle
Lake. We believe such recovery depends on continuing
reductions in Cu and Ni levels, and perhaps also on the
colonization of Middle Lake by piscivores that will reduce
planktivorous fish population size.

ACKNOWLEDGEMENTS

We thank Bill and Dee Geiling for counting the 30 years
of zooplankton samples, dozens of summer students for
their hard work, and Keith Somers, Wolfgang Scheider and
Ed Piché from the Ontario Ministry of Environment for
many years of financial and other support for this work.
K. Somers provided very helpful comments on the
manuscript.



Recovery of zooplankton from massive damage 459

REFERENCES

Allen, G., Yan, N.D. & Geiling, W.T. (1994). ZEBRA2 —
Zooplankton enumeration and biomass routines for APIOS: a semi-
antomated sample processing system for Zooplankton ecologists. Ontario
Ministry of the Environment Report, Dorset, Ontario.

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.

Biesinger, K.E. & Christensen, G.M. (1972). Effects of various
metals on survival, growth, reproduction, and metabolism of
Daphnia magna. /. Fish. Res. Board Can., 29, 1691-1700.

Boudreau, S.A. & Yan, N.D. (2003). The differing crustacean
zooplankton communities of Canadian Shield lakes with and
without the non-indigenous zooplanktivore, Bythotrephes. Can.
J. Fish. Aquat. Sci., 60, 1307-1313.

Caceres, C.E. & Soluk, D.A. (2002). Blowing in the wind: a field
test of ovetland dispersal and colonization by aquatic inver-
tebrates. Oecologia, 131, 402—408.

Conroy, N., Hawley, K., Keller, W. & Lafrance, C. (19706). Influ-
ences of the atmosphere on lakes in the Sudbury area. /. Grear
Latkes Res., 2(Suppl. 1), 146—165.

Dillon, P.J. & Smith, P.J. (1984). Trace metal and nutrient accu-
mulation in the sediments of lakes near Sudbury, Ontario. In:
Environmental Impacts Smelters (ed. Nriagu, J.). J. Wiley & Sons,
NY, pp. 375-416.

Dillon, P.J., Yan, N.D., Scheider, W.A. & Conroy, N. (1979).
Acidic lakes in Ontario, Canada: characterization, extent and
responses to base and nutrient additions. Areh. Fydrobiol. Beib.,
13, 317-336.

Dixit, A.S., Dixit, S.S. & Smol, J.P. (1992). Long-term trends in
lakewater pH and metal concentrations inferted from diatoms
and chrysophytes in three lakes, near Sudbury, Ontario. Can. /.
Fish. Aquat. Sci., 49 (Suppl. 1), 17-24.

Doka, S.E., McNicol, D.K. Mallory, M.L., Wong, 1., Minns, C.K. &
Yan, N.D. (2003). Assessing potential for recovery of biotic
richness and indicator species due to changes in acidic deposi-
tion and lake pH in five areas of southeastern Canada. Environ.
Monitor. Assess., 88, 55-101.

Girard, R., Yan, N.D., Heneberry, J. & Keller, W.B. (2004). Physical
and Chemical Data Series from Clearwater, Lobi, Middle and Hannah
Lakes Near Sudbury, Ontario: Long-Term Responses to Liming, and
Natural Recovery from Historical Acidification and Metal Contamination.
Ontario Ministry of the Environment, Dorset Environment
Science Centre Report, Dorset, Ontario, 160 pp.

Gorham, E. & Gordon, A.G. (1960). The influence of smelter
fumes upon the chemical composition of lake waters near
Sudbury, Ontario, and upon-surrounding vegetation. Can. J.
Botany, 38, 477-487.

Gunn, J.M., MacKay, L.E., Deacon, LI, Stewart, T.J., Hicks, F.]J.,
Munroe, B.P. e al. (1988). Long-term monitoring of fish com-
munities in acid sensitive lakes in Ontario. Lake Reservoir Manage.,
4, 123-134.

Gunn, J.M., Snucins, E., Yan, N.D. & Arts, M.T. (2001). Use of
water clarity to monitor the effects of climate change and
others stressors on oligotrophic lakes. Env. Monitor. Assess., 67,
69-88.

Hairston, N.G., Jr., Dillon, T.A. & DeStasio, B.T., Jr. (1990).
A field test for the cues of diapause in a freshwater copepod.
Eeology, 71, 2218-2223.

Holt, C.A., Yan, N.D. & Somers, K. (2003). pH 6 as the threshold
to use in critical load modelling for zooplankton community
change with acidification in lakes of south-central Ontario:
accounting for morphometry and geography. Can. J. Fish. Aquat.
Sei., 60, 151-158.

Hughes, T.P. & Connell, J.H. (1999). Multiple stressors on coral
reefs: a long-term perspective. Limnol. Oceanogr., 44, 932-940.
Keller, W. & Pitblado, J.R. (1986). Water quality changes in
Sudbury area lakes: a compatison of synoptic surveys in

1974-1976 and 1981-1983. Wat. Air Soil Pollut., 29, 285-296.

Keller, W. & Yan, N.D. (1991). Recovery of crustacean zoo-
plankton species richness in Sudbuty area lakes following water
quality improvements. Can. J. Fish. Aguat. Sci., 48, 1635-1644.

Keller, W., Yan, N.D., Holtze, K.E. & Pitblado, J.R. (1990).
Inferred effects of lake acidification on Daphnia galeata men-
dotae. Emviron. Sci. Technol., 24, 1259—-1261.

Keller, W., Yan, N.D., Somers, KM. & Heneberry, J.H. (2002).
Crustacean zooplankton communities in lakes recovering from
acidification. Can. J. Fish. Aquat. Sci., 59, 726—735.

Keller, W.B., Heneberry, J.H. & Dixit, S.S. (2003). Decreased acid
deposition and the chemical recovery of Killarney, Ontario,
lakes. Ambio, 32, 183—189.

Kilgour, B.W., Somers, K.M. & Mathews, D.E. (1998). Using the
normal range as a criterion for ecological significance in
environmental monitoring and assessment. Ecoscience, 5,
542-550.

Lautenbach, W.E. (1987). The greening of Sudbury. /. Soi/ Wat.
Conserv., 42, 228-231.

Lawler, ].J., Campbell, S.P., Guerry, A.D., Kolozsvary, M.B.,
O’Connor, R.S. & Seward, C.N.S. (2002). The scope and treat-
ment of threats in endangered species recovery plans. Fcol
Applicat., 12, 663—-667.

LaZerte, B. (1986). Metals and acidification: an overview. Wat. Air
Soil Pollut., 31, 569-576.

Lukaszewski, Y., Arnott, S.E. & Frost, T.M. (1999). Regional
versus local processes in determining zooplankton community
composition of Little Rock Lake, Wisconsin, USA. J. Plankton
Res., 21, 991-1003.

Moore, M.V., Folt, C.L. & Stemberger, R.S. (1996). Consequences
of elevated temperatures for zooplankton assemblages in tem-
perate lakes. Arch. Hydrobiol., 135, 289-319.

National Research Council Canada (1981). Effects of Nickel in the
Canadian Environment. NRCC Report, Ottawa, 351 pp.

Niemi, G.J., DeVotre P., Detenbeck, N. Taylor, D., Lima, A.,
Pastor, J. ez al. (1990). Overview of case studies on recovery of
aquatic systems from disturbance. Env. Manag., 14, 571-588.

Nilssen, J.P. & Wearvagen, S.B. (2002). Intensive fish predation: an
obstacle to biological recovery following liming of acidified
lakes? J. Agquat. Ecosystem Stress Recovery, 9, 73—84.

Pérez-Fuentetaja, A., Dillon, P.J., Yan, N.D. & McQueen, D.J.
(1999). Significance of dissolved organic carbon in the predic-
tion of thermocline depth in small Canadian Shield lakes. Aguatic
FEeol., 33, 127-133.

Pollard, H.G., Colbourne, J.K. & Keller, W.B. (2003).
Reconstruction of centuries-old Daphnia communities in a lake
recovering from acidification and metal contamination. Ambio,
32, 214-218.

Rigler, F.H. & Langford, R.R. (1967). Congeneric occurrences of
species of Diaptomus in southern Ontario lakes. Can. J. Zool., 45,
81-90.

©2004 Blackwell Publishing Ltd/CNRS



460 N. D. Yan et al.

Scheider, W. & Dillon, P.J. (1976). Neutralization and fertilization
of acidified lakes neat Sudbury, Ontario. Wat. Pollut. Res. Can.,
11, 93-100.

Scheider, W.A., Adamski, J. & Paylor, M. (1975). Reclamation of
Acidified Lakes Near Sudbury, Ontario. Ontario Ministry of the
Environment Report, Toronto, 129 pp.

Scheider, W.A., Cave, B. & Jones, J. (1976). Reclamation of
Acidified Lakes Near Sudbury by Neutralization and Fertiliza-
tion. Ontario Ministry of the Environment Report, Toronto, 48
pp-

Scully, N.M. & Lean, D.R.S. (1995). The attenuation of ultraviolet
radiation in temperate lakes. Arch. Fydrobiol. Beib. FErgebn. Limmol.,
43, 135-144.

Shurin, J.B. (2000). Dispersal limitation, invasion resistance and the
structure of pond zooplankton communities. Ecology, 81, 3074—
3086.

Stenson, J.A.E. & Eriksson, M.O.G. (1989). Ecological mechan-
isms important for the biotic changes in acidified lakes in
Scandinavia. Arch. Environ. Contam. Toxicol., 18, 201-206.

Sterner, R.\W., Elser, ].J., Fee, E.J., Guilford, S.J. & Chrzanowski,
T.H. (1997). The light:nutrient ratio in lakes: the balance of
energy and materials affects ecosystem structure and process.
Am. Nat., 150, 663-684.

Stoddatd, J.L., Jeffties, D.S., Lukewille, A., Clair, T.A., Dillon, P.].,
Driscoll, C.T. ¢t al. (1999). Regional trends in aquatic recovery
from acidification in North America and Europe 1980-95.
Nature, 401, 575-578.

Winner, R.W. & Farrell, M.P. (1976). Acute and chronic toxicity of
copper to four species of Daphnia. /. Fish. Res. Board Can., 33,
1685-1691.

Yan, N.D. (1983). The effects of changes in pH on transparency
and on thermal regimes of Lohi Lake, near Sudbury, Ontario.
Can. J. Fish. Agquat. Sei., 40, 621-626.

Yan, N.D. & Dillon, P.J. (1984). Experimental neutralization of
lakes near Sudbury, Ontario. In: Environmental Impacts of Smelters
(ed. Nriagu, J.). John Wiley & Sons, New York, pp. 417-456.

Yan, N.D. & Lafrance, C.J. (1984). Responses of acidic and neu-
tralized lakes near Sudbury, Ontatio to nutrient enrichment. In:
Environmental Impacts of Smelters (ed. Nriagu, ].). J. Wiley & Sons
Inc., NY, pp. 457-521.

Yan, N.D. & Miller, G.E. (1984). Effects of deposition of acids and
metals on chemistry and biology of lakes near Sudbury, Ontario.

©2004 Blackwell Publishing Ltd/CNRS

In: Environmental Impacts of Smelters (ed. Nriagu, J.). J. Wiley &
Sons, Inc., NY, pp. 244-282.

Yan, N.D. & Strus, R. (1980). Crustacean zooplankton commu-
nities of acidic, metal-contaminated lakes near Sudbury, Ontario.
Can. J. Fish. Aquat. Sei., 37, 2282-2293.

Yan, N.D., Keller, W., Pitblado, J.R. & Mackie, G.L. (1988).
Daphnia-Holopedium relationships in Canadian Shield lakes
ranging in acidity. Verh. Internat. Verein. Limnol., 23, 252-257.

Yan, N.D., Keller, W., Maclsaac, H.J. & McEachern, L.J. (1991).
Regulation of zooplankton community structure of an acidified
lake by Chaoborus. Erol. Applicat., 1, 52—65.

Yan, N.D., Keller, W., Scully, N.M., Lean, D.R.S. & Dillon, P.J.
(1996a). Increased UV-B penetration in a lake owing to drought-
induced acidification. Nature, 381, 141-143.

Yan, N.D., Keller, W., Somers, K.M., Pawson, T.W. & Girard, R.E.
(1996b). The recovery of crustacean zooplankton communities
from acidification: comparing manipulated and reference lakes.
Can. J. Fish. Aquat. Sei., 53, 1301-1327.

Yan, N.D., Welsh, P.G., Lin, H., Taylor, D.]. & Filion, J.-M.
(1996¢). Demographic and genetic evidence of the long-term
recovery of Daphnia galeata mendotae (Crustacea: Daphniidae)
in Sudbury lakes following additions of base: the role of metal
toxicity. Can. J. Fish. Aguat. Sci., 53, 1328—1344.

Yan, N.D., Pérez-Fuentetaja, A., Ramcharan, C.W., McQueen,
D.J., Demers, E. & Rusak, J.A. (2001). Changes in the crustacean
zooplankton communities of Mouse and Ranger Lakes - Part 6
of the Dorset food web piscivore manipulation project. Archiv.
Hydrobiol. Spec. Issues Advanc. Limnol., 56, 127-150.

Yan, N.D., Girard, R. & Boudteau, S. (2002). An introduced pre-
dator (Bythotrephes) reduces zooplankton species richness. Zrol.
Lett., 5, 481-485.

Yan, N.D., Leung, B., Keller, W., Arnott, S.E., Gunn, J.J. &
Raddum G.G. (2003). Developing conceptual frameworks for
the recovery of aquatic biota from acidification: a zooplankton
example. Awmbio, 32, 165-169.

Editor, James Grover

Manuscript received 5 February 2004
First decision made 6 March 2004
Manuscript accepted 23 March 2004



