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Abstract Lake water calcium (Ca) decline has recently
been recognized as a stressor impacting softwater lake
districts that have experienced long-term patterns of acid
deposition and/or timber harvesting. Declining aqueous
Ca levels may impact the survival of aquatic biota,
particularly Ca-rich cladoceran taxa such as daphniids.
Daphnia pulex are sensitive to laboratory Ca levels
below 1.5 mg l−1; however, responses of cladoceran
communities to Ca decline in natural environments
require further study. Dickie Lake (Ontario, Canada) is
the site of an inadvertent natural experiment, providing
insight into the effects of changing aqueous Ca avail-
ability upon cladoceran communities, as the lake has a
history of acidification, followed by recent (1990s) Ca
additions to the watershed via applications of calcium-
rich road dust suppressants. Paleolimnological analyses
were used to examine changes in cladoceran community

structure (with a focus upon Ca-rich daphniids) from
pre-industrial times to present day. Three distinct tem-
poral stages were apparent in Dickie Lake’s daphniid
community: 1870–1950, 1950–1990, and 1990–present.
The daphniid community of the pre-industrial assemb-
lages was dominated by members of the Daphnia long-
ispina species complex, but shifted in the late 1950s to
more acid- and Ca-insensitive members of the D. pulex
species complex. During the most recent stage, coinci-
dent with dust suppressant applications, both daphniid
complexes are well represented. Observed transitions
between daphniid species complexes provide further
evidence of the influence of Ca availability upon cla-
doceran community structure, indicating the potential
importance of the controlled addition of Ca to freshwater
systems (i.e., liming) as a mitigation/recovery strategy as
Ca declines continue.

Keywords Calcium . Zooplankton .Daphnia . Lakes .

Liming . Cladocera . Canadian Shield

1 Introduction

Lake ecosystems are subject to a variety of environ-
mental stressors including fluctuations in pH, climate,
nutrient availability, and the spread of invasive species
(Yan et al. 2008b). Acidification stress associated with
acid deposition received much public attention in
North America during the late 1970s and 1980s, resulting
in political action to reduce sulphate emissions (Jeffries et
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al. 2003a). Following large reductions in sulphate emis-
sions in the 1980s and 1990s, the widespread recovery of
lake ecosystems in North America from acidification was
anticipated (Jeffries et al. 2003a). However, expected
increases in pH were relatively rare in the early stages
of recovery (Jeffries et al. 2003b). The slow recovery of
acidified lakes on the Canadian Shield has been attributed
principally to long-term declines in exchangeable base
cations (in particular, calcium (Ca); Stoddard et al. 1999;
Keller et al. 2001; Jeffries et al. 2003b; Molot and Dillon
2008). Depletion of exchangeable stores of Ca from soils
has been accelerated by both acid deposition and tree
harvesting practices (Watmough et al. 2005), which
initially enhance Ca release from the soil (Lawrence et
al. 1999), but deplete the exchangeable pool over time
(Likens et al. 1996; Stoddard et al. 1999), especially when
compounded by low weathering inputs of Ca (Likens et
al. 1996). Consequently, long-term soil Ca depletions
have resulted in Ca declines in lakes across the Canadian
Shield (Stoddard et al. 1999; Jeziorski et al. 2008), with
growing concern regarding the impacts of ongoing Ca
declines upon aquatic biota (as Ca is an essential nutrient),
particularly for Ca-rich organisms such as the Cladocera.

Ca is a structural element in the crustacean carapace
(Greenway 1985), and among the cladocerans com-
prises 2.5–7.7% of the dry weight of Daphnia spp.,
but only 0.2–0.4% for non-daphniid taxa such as
Bosmina spp. (Wærvågen et al. 2002; Jeziorski and
Yan 2006). Laboratory analyses have demonstrated
that among the Ca-rich daphniids, Ca is primarily
obtained via active transport from the surrounding
water (Cowgill et al. 1986; Tan and Wang 2009),
but the majority of this body Ca is lost to the surround-
ing medium during each shedding (moult) of the cara-
pace, and must be replaced (Alstad et al. 1999; Tan and
Wang 2009). The relationship between aqueous Ca con-
centration and community composition influences the
distribution and competitive success of crustacean zoo-
plankton species with varying Ca burdens, relegating
taxa with relatively high Ca demands to lakes with
higher ambient Ca (Wærvågen et al. 2002). The impacts
of reduced calcium availability over time have been
examined using paleolimnological techniques, and
long-term declines in the relative abundances of daph-
niid species have been observed in lakes that have fallen
near or below an experimentally determined fitness
threshold level for the species D. pulex (1.5 mg l−1;
Ashforth and Yan 2008; Jeziorski et al. 2008). Further
investigations into the importance of ambient (Ca) upon

cladoceran community structure are necessary to address
emerging questions regarding the ecological implications
of ongoing Ca declines in softwater regions such as the
Canadian Shield. Long-term monitoring programs, such
as those conducted by the Ontario Ministry of the Envi-
ronment in south-central Ontario, have been invaluable
for examining the combined effects of environmental
stressors such as acid deposition, climate change, cottage
development, and Ca decline for the past ~30 years (Yan
et al. 2008a). However, as the onset and impacts of many
environmental stressors (including Ca decline) often pre-
date direct monitoring, indirect methods such as paleo-
limnological techniques (that utilize indicators preserved
in lake sediments to track long-term changes in lake
systems; Smol 2010) are required to address many
long-term questions.

We examine the relationship between aqueous Ca
levels and cladoceran community structure in a soft-
water Canadian Shield lake. Dickie Lake (45°09′N;
79°05′W; Fig. 1) near the town of Dorset, Ontario, is
of particular interest due to the large changes in Ca
concentrations it has experienced during recent decades
(Fig. 2). Relatively low Ca levels (2.1–2.2 mg l−1) were
documented in Dickie Lake from 1980 to 1992 (Fig. 2),
prior to and during the implementation of SO2 emission
reductions (Jeffries et al. 2003a), and during this time
period pH levels varied from 5.7 to 6.1 (Fig. 2). Subse-
quently, relatively large increases in Ca concentration
have occurred since the late 1990s (maximum
3.2 mg l−1), coincident with the application of calcium
chloride as a dust suppressant to the surrounding roads
(Yao et al. 2011), while the pH has largely remained
above 6. Changes in aqueous Ca availability, such as
through inadvertent liming, are of particular interest in
softwater environments due to the potential impacts
upon Ca-rich daphniid taxa (Jeziorski et al. 2008;
2011; DeSellas et al. 2011). Liming practices have been
previously used to combat lake and stream acidification
and to ameliorate toxic effects of aluminum (Henrikson
et al. 1995; Eggleton et al. 1996), and may provide an
approach to managing aqueous Ca levels; however the
impacts on biological communities sensitive to low Ca
availability are poorly understood at present.

Long-term changes in the Ca concentration of Dickie
Lake due to acid deposition, followed by the recent
addition of Ca-rich dust suppressant, provide a unique
case study for examining the impact of aqueous Ca
decline on Ca-rich cladoceran assemblages, followed
by the potential restoration effects of the inadvertent
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liming of the watershed. Here, we investigate how the
cladoceran community of Dickie Lake has changed rel-
ative to temporal changes in lakewater Ca concentration.
The loss of daphniids from the Dickie Lake sediment
record during the period of prolonged acid deposition
and depletion of the watershed’s Ca reservoir (~1950–
1990), followed by their return upon the recent addition
of Ca-rich dust suppressant, adds to growing evidence of
the importance of aqueous Ca availability in structuring
cladoceran communities.

2 Materials and Methods

Sediment cores were collected from the deep basin of
Dickie Lake (Fig. 1) in September 2010 using a Glew
(1989) gravity corer and were then immediately sec-
tioned on shore using a Glew (1988) vertical extruder.
The cores were sectioned at a 0.25-cm resolution (a
slice thickness typically representing ~1–3 years of
accumulated sediment in this geographic region; Mills
et al. 2009) to ensure the recent period of Ca chloride
additions to the watershed were well represented. Prior
to analysis, the sediment was stored in a cold room at
the Paleoecological Environmental Assessment and
Research Lab (PEARL) at Queen’s University in
Kingston, Ontario. The sediment intervals selected
for analysis were chosen to ensure a higher resolution
of sediments from recent decades (the period of direct

monitoring and Ca additions), while also extending
the analysis prior to initial European settlement of
the region (~1850). Sediment age was determined from
210Pb activity detected by gamma spectroscopy via the
constant rate of supply (CRS) model (Binford 1990).

Preparation of slides for enumeration of cladoceran
assemblages followed the methods detailed by
Korhola and Rautio (2001). The identification of cla-
doceran remains primarily followed Szeroczyñska and
Sarmaja-Korjonen (2007), Sweetman and Smol
(2006) and Smirnov (1974). All cladoceran remains
(e.g., carapaces, headshields, postabdominal claws)
were tabulated separately, and the most abundant re-
main was used to calculate the number of individuals
(Frey 1986). A minimum of 70 individuals were enu-
merated from each interval, a value demonstrated to be
sufficient to characterize most assemblages (Kurek et
al. 2010). Daphniid remains were assigned to one of
two species complexes based on the postabdominal
claw morphology; the Daphnia pulex species complex
was identified by the presence of stout spines on the
middle comb of the postabdominal claw, and the
Daphnia longispina species complex was identified
by the absence of these stout spines (Szeroczyñska
and Sarmaja-Korjonen 2007).

For statistical analyses, only species with greater than
2% relative abundance in at least two intervals were
included. Cladoceran assemblages were inspected for
both general trends over time as well as analyzed more

Fig. 1 Location of Dickie
Lake, in south-central
Ontario, Canada. Star indi-
cates coring location,
thick black lines indicate
nearby roads and circles
indicate nearby buildings
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rigorously using cluster analyses (constrained incremen-
tal sum of squares [CONISS]; Grimm 1987) with the
number of zones identified using the broken stick model
(Bennett 1996) bymeans of the vegan package (Oksanen
et al. 2011) for the R software environment (R Develop-
ment Core Team 2010). To explore the relationships
between the cladoceran species assemblages through
time, a principal component analysis (PCA) was
performed.

3 Results

The sedimentary cladoceran assemblages of Dickie
Lake over the past ~150 years have been dominated
by pelagic taxa (Fig. 3), primarily Bosmina spp., but

also the Daphnia longispina species complex (D.
ambigua, D. dubia, D. mendotae, D. longiremis, D.
retrocurva), the D. pulex species complex (D. catawba,
D. pulex), andHolopedium gibberum. Following cluster
analysis, three zones in the cladoceran community were
identified by the broken-stick model: ~1880–1950
(S1a), ~1950–1990 (S1b) and ~1990–present (S2), that
appear to be driven principally by changes in daphniid
abundances through time. The oldest cladoceran com-
munities present in the Dickie Lake sediment core (S1a)
are characterized by high relative abundances of bosmi-
nid remains, low abundances of the D. longispina com-
plex (mean abundance 4%), the virtual absence of theD.
pulex complex and low abundances of several lit-
toral taxa (notably Alona spp. and Alonella spp.). The
community changes present in the second zone (Fig. 3)

Fig. 2 a Mean annual aque-
ous calcium concentration
and b pH levels for the
ice-free season of Dickie
Lake from 1976 to 2007.
Vertical lines indicate the
onset of Ca additions. Data
are based on volume-
weighted samples (Dorset
Environmental Science
Centre, unpublished data)
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identified by the cluster analysis (~1950–1990, S1b) were
principally driven by decreases in the relative abundances
of the D. longispina species complex and littoral taxa,
concurrent with increases in the D. pulex complex (S1b).
A third community zone is present from ~1990 to the
present (S2, Fig. 3), and is markedly different from the
prior zones due to the increases in both daphniid species
complexes, while Bosmina spp. relative abundance
decreased.

The PCA analysis explained 34% of the variation in
the Dickie Lake cladoceran assemblages through time
(Fig. 4). The differences among the assemblages from
the three zones were principally associated with the
daphniid species complexes.

4 Discussion

Changes among the sedimentary cladoceran assemblages
preserved in the Dickie Lake sediment record coincide

with broad changes in aqueous Ca concentration over
recent decades (Fig. 3), demonstrating the influence of
Ca availability on microcrustacean community structure.
The timing of the three stratigraphic zones identified
in the cluster analysis of cladoceran assemblages corre-
spond approximately to the pre-industrial period
(~1880–1950, S1a), the period of time when south-
central Ontario was experiencing acid deposition and
expedited Ca leaching (~1950–1990, S1b; Dillon et al.
1978), and most recently, the additions of Ca to the
surrounding watershed via the dust suppression pro-
gram (~1990–present, S2; Yao et al. 2011). The most
striking changes in cladoceran community composition
in response to the changes in lakewater chemistry across
these time periods have been amongst the daphniid
species complexes.

Prior to large-scale industrial activity and the accom-
panying increase in sulphate emissions and acid deposi-
tion (~1900–1950, S1a), remains from the D. longispina
species complex (typically represented in south-central

Fig. 3 Relative frequency diagram of the most common cla-
doceran remains recorded in the sediments of Dickie Lake, with
major daphniid community stages (S1a, S1b, S2) demarked as
determined by the constrained incremental sum of squares

(CONISS) cluster analysis. Only taxa that comprised >2% of
at least two intervals were included, and Alonella spp. and
Chydorus spp. were grouped for analysis. 210Pb dates are shown
to the right
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Ontario by D. ambigua, D. dubia, D. mendotae, D.
longiremus, and D. retrocurva; Yan et al. 2008b) were
present at a consistent relative abundance (~4%), in
contrast with the virtual absence of the D. pulex species
complex (typically represented in south-central Ontario
by D. catawba, D. pulicaria and D. pulex; Yan et al.
2008b). The cladoceran assemblage changed abruptly
during the 1950s (1950–1990, S1b), with decreases in
the relative abundances of the D. longispina species
complex and littoral chydorid taxa coincident with
increases in the D. pulex species complex (Fig. 3). The
timing of these changes are consistent with the rise of
sulphate emissions in eastern North America and the
subsequent acid deposition (Jeffries et al. 2003b;
Stoddard et al. 1999), resulting in decreases in lakewater
pH and, over time, reduced Ca concentration due to the
depletion of the pool of exchangeable Ca in watershed
soils (Watmough and Dillon 2003; Houle et al. 2006).
The differential response of the daphniid species com-
plexes is of particular interest, as the rise in the relative
abundance of the D. pulex species complex is likely due
to the species D. catawba (a species known to be both
acid-tolerant and Ca-insensitive; Sprules 1975; Cairns
2010; Jeziorski et al. 2011). However, the decline of the

D. longispina complex in Dickie Lake appears to be
similar to other declines in daphniids that have been
observed with falling aqueous Ca concentration (Jeziorski
et al. 2008). Where the Dickie Lake sediment record
differs from other paleolimnological examinations of the
relationship between the Cladocera and lakewater Ca
concentration is in the most recent stratigraphic zone.
Beginning in the late 1990s with large additions of Ca
dust suppressant to roads in the watershed (Yao et al.
2011), there has been a return of the D. longispina
complex and continued persistence of the D. pulex
complex (~1990–present, S2; Fig. 2) resulting in a daph-
niid assemblage very different from the pre-impact con-
ditions. Thus, changes in Ca availability over the past
several decades are likely the principal driver behind the
fluctuations in the daphniid community of Dickie Lake.

Recent interest in the impacts of regional Ca declines
has spurred investigation into the impacts of declining
Ca concentrations on the growth, reproduction and sur-
vival of individual daphniid taxa (Ashforth and Yan
2008; Cairns and Yan 2009; Tan and Wang 2010).
Daphniids principally regulate Ca through adjusting
efflux rates (Tan and Wang 2009); therefore, specific
differences among daphniids in their Ca uptake efficiency

Fig. 4 Principal component analysis (PCA) biplot showing the
relationship between the sample scores (points) and species
scores (vectors) for Dickie Lake. The two primary axes account
for a total of 34% of the explained variance. The radiometrically
determined (210Pb) ages of the sediment intervals are indicated
for those intervals available. Major daphniid community stages
(S) are indicated and approximated here by the circles. Species
arrows are coded as follows: A. curv0Acantholeberis

curvirostis, A. affi0Alona affinis, A. cost0Alona costata, A.
gutt0Alona guttata, A. inte0Alona intermedia, A. nana0Alo-
nella nana, A. rust0Alona rustica, Bosm. spp. 0 Bosmina spp.,
C. bico0Chydorus bicornatus, C. spha0Chydorus sphaericus,
D. brac0Diaphanosoma bracyrum, D. long0Daphnia longis-
pina, D. pule0Daphnia pulex, H. gibb0Holopedium gibberum,
L. kind0Leptodora kindti, L. seti0Latona setifera, M. disp0
Monospilus dispar, R. falc0Rhynchotalona falcata
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may impact the ability to cope with reduced Ca avail-
ability (Tan and Wang 2010). Decreased efficiency of
Ca uptake and retention is likely an underlying cause
for the decreased relative abundance of the D. long-
ispina complex during the S1b stratigraphic zone
(~1950–1990; Fig. 3). Although Dickie Lake’s pH
was slightly below 6 during the 1970s (Fig. 2), an
indication of modest acidification (Hall and Smol
1996), this drop in pH alone is unlikely to be respon-
sible for the complete loss of the D. longispina com-
plex, as remains from this species complex are often
found in the sediments of nearby lakes with compara-
ble pH (e.g., Jeziorski et al. 2011). However, the
modest acidification is an indication that buffering
capacity of the surrounding watershed was depleted,
and that Ca levels likely fell to concentrations detri-
mental to the competitiveness of members of the D.
longispina complex. A recent survey of 304 softwater
lakes in south-central Ontario lakes has identified lake
Ca concentration to be a significant predictor of the
presence of five common daphniid species (D. longir-
emus, D. dubia, D.mendotae, D. retrocurva, and D.
pulicaria) and unrelated to the presence of two others
(D. ambigua and D. catawba; Cairns 2010). Interesting-
ly, four of the five species for which lakewater Ca is a
significant predictor belong to the D. longispina species
complex, and each differs in their specific optimal (2.76–
4.87 mg l−1) and critical lower Ca thresholds (1.26–
1.69mg l−1; Cairns 2010). Although theCa concentration
of Dickie Lake has likely always been suboptimal for
most members of the D. longispina complex (currently
~3 mg l−1 following recent Ca additions; Fig. 2), decreas-
ing ambient Ca concentrations, and therefore greater
energy expenditures on maintaining Ca balance may
have reduced the fitness of this taxon and explain its
disappearance from zone S1b (Fig. 3). In contrast, a
lower critical threshold was not identified for either
member of the D. pulex species complex (D. pulicaria
and D. catawba) examined by Cairns (2010), indicating
Ca insensitive species from this group may have been
provided a competitive advantage during the period
of acidification/Ca decline. The addition of Ca to
Dickie Lake via road dust suppressant in the most
recent stratigraphic zone (~1990–present, S2; Yao et
al. 2011) is the most likely explanation for the
reestablishment of the D. longispina species com-
plex. However, the limited taxonomic resolution
due to uncertainties in the identification of daphniids
remains complicates this analysis.

Differences in Ca optima and thresholds within daph-
niid species complexes add ambiguities to the interpreta-
tion of changes in the daphniid sedimentary assemblages
as typically only the postabdominal claw is preserved in
lake sediments. Postabdominal claws are then assigned to
either the D. pulex or D. longispina species complex
according to the presence/absence of stout spines on the
middle comb (Szeroczyñska and Sarmaja-Korjonen
2007). To date, the identification of additional morpho-
logical characters to better separate taxa within the spe-
cies complexes have proven unsuccessful (Korosi et al.
2011). Although aqueous Ca concentration appears to be
a significant explanatory variable for most members of
the D. longispina species complex present in south-
central Ontario (Cairns 2010), this is not the case for D.
ambigua (Cairns 2010). Similarly D. longispina and D.
galeata are commonly found in low Ca (<2.0 mg l−1)
European lakes (Hessen et al. 1995; Wærvågen et al.
2002). Despite these potential complications and the
inherent difficulties associated with comparisons of cla-
doceran paleolimnological and modern-day sampling
data due to the incomplete species preservation in sedi-
ments, differences in the regions of the lake represented
(whole-basin vs. water column), and differing time
scales (integrated year-round samples vs. snapshots in
time), the monitoring data for Dickie Lake show good
agreement with the sediment record. During the late
1970s (S1b) the daphniids of Dickie Lake were domi-
nated by D. catawba (~10% of total crustacean zoo-
plankton density during the ice-free period), with
several members of the D. longispina complex (D.
mendotae, D. retrocurva and D. ambigua) present in
only trace amounts (<1%; N. Yan, York University,
Toronto, ON, Canada, unpublished data). Similarly,
the monitoring data also show a return following a
prolonged absence of several members of the D.
longispina complex (D. mendotae and D. retrocurva)
upon the additions of Ca to the watershed (N. Yan
unpublished data), closely matching the changes
observed post 1990 (S2) in the sediment record.
Discrepancies between the onset of the S2 stratigraphic
zone (in 1990) and the actual addition of Ca (in 1998)
are likely due to the presence of the Ca-insensitive taxa
D. ambigua responding to environmental cues other
than Ca limitation.

Although the cladoceran response to the closely
related changes in lake pH and Ca concentration was
the motivation for this analysis, in recent decades
Dickie Lake has also experienced many of the other
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environmental stressors influencing lakes on the
Canadian Shield. Therefore, the response of sedimentary
cladoceran assemblages to changes in Ca availability
have accompanied broad changes in climate, nutrient
availability, land use and their interactive and often
counteractive effects (Yan et al. 2008b; Smol 2010).
For example, accompanying the general increases in
temperature, drought conditions in south-central Ontario
have caused periods of re-acidification (Dillon et al.
2007), detrimental to acid-sensitive daphniid taxa, while
decreasing total phosphorus may be simultaneously
favouring daphniids over smaller, planktonic competi-
tors such as Bosmina spp. (Gliwicz 1990). Specifically
within Dickie Lake, chloride concentrations have risen
substantially with the addition of the road dust suppres-
sant (from 0.8–5.8 mg l−1; Molot and Dillon 2008);
however, they remain several orders of magnitude below
concentrations acutely toxic to daphniids (D. pulex;
Gardner and Royer 2010). Despite the variety of com-
peting influences of recent environmental changes in
Dickie Lake, changes in ambient Ca concentration
remain the best explanatory factor for the observed
stratigraphic shifts among daphniid taxa.

The impacts of the declining Ca concentrations in
softwater boreal lakes are expected to be most pro-
nounced for Ca-rich organisms such as Daphnia spp.
(Jeziorski et al. 2008; Cairns and Yan 2009). However,
differences in tolerance of low Ca conditions among
the daphniids warrants further investigation. This pale-
olimnological analysis adds to the growing evidence
of the importance of aqueous Ca concentration on
cladoceran community composition, as long-term
declines in the D. longispina complex were reversed
following the addition of large amounts of Ca to the
Dickie Lake watershed. The persistence of the D.
pulex complex following the inadvertent liming of
Dickie Lake, despite its lack of a preindustrial presence,
raises questions regarding the use of Ca additions as a
lake management practice to promote or enhance
recovery from aqueous Ca decline. It appears that
human-mediated aqueous Ca increases have promoted
a transition to a novel third state, rather than a recovery
of the Dickie Lake cladoceran community.
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