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INTRODUCTION 
The Rideau Canal system of southern Ontario is a 202-km 

long waterway consisting of 24 lock stations, 52 dams, and mul-
tiple channels that connect the Ottawa River (Ottawa, Ontario) 
and Lake Ontario (Kingston, Ontario). Initially intended to trans-
port military personnel and equipment, followed by a period of 
significant commercial transport, the canal system is now prima-
rily used for recreational purposes (Bergman et al., 2022). Over 
their history, the canal’s watersheds have been subjected to a vari-
ety of anthropogenic stressors that have, both directly and indi-
rectly, affected lake ecosystems. For example, the construction of 
the Rideau Canal (1826-1832) was one of the earliest, large-scale 
cultural disturbances in Canada that included wide-spread defor-
estation to provide timber for building the numerous locks and 
dams (CHPC, 1996), as well as extensive flooding that increased 
depths in many surrounding lakes by ~2-3 m to enable boat trans-
port (Forrest et al., 2002). The canal system is also one of the old-
est cottage regions in Canada with most Rideau lakes having 
highly developed shorelines and multiple access points (Halseth 
and Rosenberg, 1994). More recently, the canal region has been 
impacted by the introduction of zebra mussels and increased 

regional anthropogenic climate warming (Balasubramaniam et 
al., 2025). 

Long-term environmental monitoring programs of aquatic 
ecosystems are rare, and when they are available, they are often 
implemented only after a stressor has exerted measurable 
impacts (Smol, 2019). In lieu of direct monitoring, paleolimno-
logical approaches can be used to reconstruct background envi-
ronmental conditions prior to the onset of human activities, 
thereby providing important context for evaluating the relative 
impacts of recent anthropogenic disturbances (Smol, 2019). In 
this study, Cladocera will be used as the primary biological indi-
cator as they are key in aquatic food webs, occupying an inter-
mediate trophic position between top-down (fish and inverte-
brate predators) and bottom-up (phytoplankton) regulators 
(Korosi and Smol, 2011). In addition, their chitinous remains are 
typically well preserved in most lake sediment records (Korhola 
and Rautio, 2001; Jeppesen et al., 2011) and are easily identifi-
able based on distinctive morphological traits. Cladoceran 
species composition is influenced by multiple environmental 
factors that allow them to be effective indicators of habitat and 
trophic status (Nevalainen and Luoto, 2017), lake chemistry 
(DeSellas et al., 2008), top-down interactions with predators 
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Five lakes within the Rideau Canal system (Ontario, Canada) were studied ~25 years ago using lake sediment cores for diatom analy-
sis. More recently, new sediment cores were collected to assess limnological changes linked to more contemporary stressors, such as 
accelerated regional climate warming. However, long-term changes in the cladoceran assemblages remained unstudied in the earlier 
collections. Here, we reconstruct cladoceran assemblage dynamics over the past ~200 years to assess how this key intermediate troph-
ic level has responded to multiple catchment disturbances and recent environmental change. The Rideau Canal was constructed in the 
early-1830s as a way to connect Ottawa to Kingston for military transport, but is now primarily used for recreational purposes. The 
construction of the canal resulted in many land-use changes including flooding, deforestation, and settlement, that likely impacted 
lakes within the system. Recently, environmental changes, including accelerated climate warming, zebra mussel invasions, and 
cyanobacterial blooms, are affecting these waterbodies. Despite relatively major changes recorded in diatom assemblages, only mod-
erate shifts were observed in cladoceran assemblages during the period of canal construction. In contrast, the past ~25 years were 
characterized by increased dominance of Bosmina spp., a pattern widely associated with climate warming, along with declines in the 
relative abundance of most littoral cladoceran taxa. Overall, biological turnover in cladoceran assemblages was consistently lower 
than that observed for diatom assemblages across all lakes. These recent compositional changes are consistent with accelerated 
regional warming and associated limnological shifts, as well as reduced total phosphorus concentrations and altered food resources.
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(Korosi et al., 2008), water-level changes (Wang et al., 2020), 
and climate warming (Thienpont et al., 2015).  

Earlier paleolimnological studies of lakes near or within the 
Rideau Canal system focused on diatoms (Christie and Smol, 
1996; Karst and Smol, 2000; Forrest et al., 2002) and chirono-
mids (Little and Smol, 2000), with an overall goal to understand 
the ecological impacts of early 19th century canal construction 
and other extensive catchment disturbances (e.g., deforestation, 
flooding, and urbanization). Given that Cladocera were not 
included in previous paleoecological studies, insights into impor-
tant food web dynamics were missing. Recently, these same lakes 
(Big Rideau, Indian, Lower Rideau, Upper Rideau, Opinicon, 
Otter) were re-cored to examine recent changes in diatoms and 
chlorophyll-a (Balasubramaniam et al., 2023, 2025) and chirono-
mids (Lansing et al., 2025), since the earlier cores were collected 
~25 years ago. Here, we explore long-term changes in cladoceran 
assemblages by revisiting Big Rideau L., Indian L., Upper 
Rideau L., and Lower Rideau L., with comparisons to recently 
published L. Opinicon, the shallowest of the study lakes (Graves 
et al., 2024). We use the same sediment cores collected in 2019 
and 2020 by Balasubramaniam et al. (2023, 2025) and focus on 
the impacts associated with the construction of the Rideau Canal, 
as well as anthropogenic stressors that have emerged over the 
past ~25 years (zebra mussels, anthropogenic climate warming). 
The timing, magnitude, and nature of the cladoceran assemblage 
shifts are then compared among lake records as well as with the 
diatom profiles from these same lake cores (Balasubramaniam et 
al., 2025).  

 
Site description 

The construction of the Rideau Canal, completed in 1832, rep-
resented a major ecological disturbance to the region’s aquatic sys-
tems. Canal development required the flooding of lakes to achieve 
navigable water depths for transportation (Forrest et al., 2002), 
while extensive deforestation between the early 1800s and the 
1870s occurred to support lumber, settlement, and agricultural 
expansion (Legget, 1986). Subsequent cottage development, 
beginning in the 1930s, further altered watershed conditions. 
Collectively, these activities have had lasting impacts on the phys-
ical, chemical, and biological characteristics of waterbodies within 
the Rideau Canal system. 

The Rideau Canal system is situated within the Great Lakes-St. 
Lawrence Lowlands physiographic region (Fulton and Richard, 

1987) and connects a network of 16 lakes spanning two major 
watersheds. Some lakes drain through the Cataraqui River water-
shed (drainage area: 910 km²), while others drain through the 
Rideau River watershed (drainage area: 3,730 km²). The Rideau 
River originates in Big Rideau Lake and flows northeast toward 
Ottawa, whereas the Cataraqui River originates in Newboro Lake 
and flows southwest toward Kingston (Parks Canada, 2025). Of 
the six lakes examined in this study, five are located within the 
Rideau River watershed, while Indian Lake lies within the 
Cataraqui River watershed. Otter Lake, however, is not part of the 
canal system, and was used as a reference site for stressors specif-
ically associated with the construction of the Rideau Canal. The 
Rideau Canal system also spans distinct geological settings that 
may influence lake characteristics. Lower Rideau L. is situated on 
the Smiths Falls Limestone Plain, which is characterized by shal-
low soils and extensive limestone bedrock exposure (Watson, 
2000; RVCA, 2014a; Parks Canada, 2025). In contrast, the remain-
ing five study lakes are located on the Frontenac Axis, a geological 
ridge connecting the Canadian Shield to the north with the 
Adirondack Mountains to the south, and are underlain predomi-
nantly by granite, gneiss, and marble bedrock (Watson, 2000). 

 
Big Rideau Lake 

Big Rideau L. (44.7706° N, 76.2152° W) is the largest (surface 
area: 44.6 km2) and deepest (Zmean = 16.3 m; Zmax = 95 m) lake in 
the Rideau Canal system (Fig. 1) and straddles both granitic and 
limestone bedrock (Forrest, 2001). It is currently oligo-mesotrophic 
to mesotrophic with an eleven-year (2009-2019: May-June) mean 
total phosphorus (TP) concentration of 9.1 µg L-1, and a nine-year 
(2012-2020: May-June) mean Secchi transparency depth of 7.0 m 
(Tab. 1; Balasubramaniam et al., 2025).  

 
Indian Lake 

Indian L. (44.592° N, 76.327° W) is a small (surface area: 2.7 
km2), relatively deep (Zmean = 10.1 m; Zmax = 26 m), thermally strat-
ified (Forrest, 2001) lake that is situated on Precambrian Shield 
bedrock (Fig. 1; Forrest, 2001). It is currently oligo-mesotrophic to 
mesotrophic with a ten-year (2010-2019: May-June) mean TP con-
centration of 10.6 µg L-1 and a five-year (2015-2019: May-June) 
mean Secchi transparency depth of 5.0 m (Tab. 1; Balasubramaniam 
et al., 2025).  
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Tab 1. Geographical, physical, and chemical data for the study lakes along the Rideau Canal, and Otter Lake. Chemical data and Secchi 
depth samples were collected by Balasubramaniam et al. (2023; 2025) in September/October 2019/2020, and analyzed by the National 
Laboratory for the Environmental Testing (NLET) in Burlington, ON. The physical data were from Christie and Smol (1996), Karst and 
Smol (2000), and Forrest et al. (2002).  

Lake                      Latitude   Longitude      Mean      Maximum    Surface    Watershed     SA:W            TP              Ca            Secchi 
                                   (°N)            (°W)          Depth        Depth     Area (SA)  Area (W)                        (µg L-1)      (mg L-1)       Depth 
                                                                           (m)              (m)            (km2)          (km2)                                                                       (m) 
Big Rideau L.                44.42             76.14              16.3               95.0               44.6              128.5              0.35               11.6               24.0                7.0 
Indian L.                        44.35             76.19              10.1               26.0                2.7               359.0              0.01               10.2               23.0                5.0 
Upper Rideau L.            44.40             76.22               8.1                22.0               13.6              155.0              0.09                8.0                24.7                4.7 
Lower Rideau L.           44.51             76.07               2.8                23.0               13.0              478.9              0.03               13.0               23.0                5.9 
L. Opinicon*                 44.34             76.19               4.9                 9.2                 7.8               598.0              0.01               11.3               23.3                4.0 
Otter L. (CR)                 44.47             76.07              10.0               37.0                6.0                46.6               0.13                8.6                31.7                6.2 
CR, canal reference; TP, total phosphorus. *See Graves et al. (2024).



Upper Rideau Lake 
Upper Rideau L. (44.682° N, 76.336° W) is a large (surface 

area: 13.62 km2), relatively deep (Zmean = 8 m; Zmax = 23 m) lake 
that thermally stratifies in the summer (Fig. 1; Christie and Smol, 
1996). The surrounding bedrock is primarily composed of con-
glomerate sandstone, shale, and dolostone (RVCA, 2014b). The 
lake is mesotrophic with a ten-year (2010-2019: May-June) mean 
TP concentration of 16.6 µg L-1and an eleven-year (2009-2019: 

May-June) mean Secchi transparency depth of 4.7 m (Tab. 1; 
Balasubramaniam et al., 2025).  

 
Lower Rideau Lake 

Lower Rideau L. (44.8521° N, 76.1281° W) is a large (surface 
area: 13 km2), shallow (Zmean = 2.8 m; Zmax = 23 m, in one deep 
area), polymictic (Forrest, 2001) lake (Fig. 1). The underlying 
bedrock consists of Paleozoic quartz sandstone, some dolostone 
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Fig. 1. Image of the study lakes Lower Rideau L., Big Rideau L., Upper Rideau L., Indian L., and L. Opinicon as well as the reference lake 
Otter L. (Ontario, Canada). The locations of the 1990s (Christie and Smol, 1996; Karst and Smol, 2000; Forrest et al., 2002) and the 2020 
(current study) sediment cores are labelled with red and yellow circles, respectively. Reference: image created in R using package ggmap 
(Kahle and Wickham, 2013). Inset: Map of Canada with the approximate location of the Rideau Canal (red box) within the province of Ontario 
(pink shading) developed using ArcGIS.
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and possibly conglomerate (RVCA, 2014c). The lake is 
mesotrophic with an eleven-year (2010-2020: May-June) mean TP 
concentration of 14.1 µg L-1 and an eleven-year (2009-2019: May-
June) mean Secchi transparency depth of 5.9 m (Tab. 1; 
Balasubramaniam et al., 2025).  

 
Otter Lake (Reference) 

Otter L. (45.8489° N, 76.4297° W) is a small (surface area: 6 
km2), relatively deep (Zmean = 10 m; Zmax = 37 m), thermally strati-
fied lake (Forrest, 2001) that is located outside the Rideau Canal sys-
tem. It was chosen as a “reference” lake in this study as it was not 
affected by disturbances associated with canal construction and 
flooding (Fig. 1). It is currently oligo-mesotrophic with a ten-year 
(2008-2017: May-June) mean TP concentration of 9.6 µg L-1 and an 
eleven-year (2009-2019: May-June) mean Secchi transparency 
depth of 6.2 m (Tab. 1; Balasubramaniam et al., 2025).  

 
 

METHODS 
Sediment sample collection 

Sediment cores were collected from the four lakes within the 
Rideau Canal system in 2020, including Big Rideau L., Indian L., 
Lower Rideau L., Upper Rideau L., as well as the reference lake 
(Otter L), as described in Balasubramaniam et al. (2025). In addi-
tion, our comparative analyses will incorporate the L. Opinicon sed-
iment record, which was collected in 2019, drawing from recently 
published Cladocera data (Graves et al., 2024). Given that a Global 
Positioning System (GPS) was not available for earlier core collec-
tions (1991 to 2000), bathymetric maps were used to retrieve the 
2020 sediment cores at approximately the same location as the ear-
lier paleolimnological studies (Fig. 1). The 2020 cores were collect-
ed using a Glew (1989) gravity corer and were sectioned on site 
using a Glew (1988) vertical extruder. Each sediment core was sec-
tioned into 0.25 cm intervals for the first 5 cm followed by 0.5 cm 
intervals for the remainder of the core (Balasubramaniam et al., 
2025). At the same time and location as the core collection, Secchi 
depth, coring depth, and surface water pH were recorded, and sur-
face water samples were collected (at ~1 m) for water chemistry 
analyses. Water samples were sent to the National Lab for 
Environmental Testing (NLET) in Burlington (Ontario) where they 
were analyzed for ions (i.e., calcium, fluoride, chloride, magnesium, 
sodium, sulfate, potassium, silica) and TP. The sediment cores were 
freeze-dried prior to analyses. 

 
210Pb dating 

As described in detail in Balasubramaniam et al. (2025), 210Pb 
gamma spectrometry techniques closely followed the methods out-
lined by Schelske et al. (1994). In brief, strategically selected inter-
vals from the sediment cores (15-25 intervals) were prepared by 
weighing ~0.3 g of the freeze-dried material into plastic tubes at a 
height of ~2 cm. A chronology was established using the 
ScienTissiME package (http://www.scientissime.net/software; 
Scheer Software Solutions, Barry’s Bay, ON, Canada), based on 
unsupported 210Pb activity (total 210Pb minus supported 210Pb), and 
using 214Pb as a proxy for background activities and the constant 
rate of supply (CRS) model (Appleby, 2001). In addition, 137Cs 
trends were examined as a potential independent chronological 
marker to corroborate 210Pb dates. Dates of interest beyond back-
ground 210Pb (e.g., 1830 canal construction) were extrapolated 

using third-order polynomial regression models (these dates are 
viewed with caution as associated errors may be high). Further 
details of the CRS dating approach and results for these cores are 
reported in Balasubramaniam (2022) and Balasubramaniam et al. 
(2025). 

 
Instrumental records  

Trends in mean annual air temperature (MAAT) between 1873 
and 2021 were obtained from Environment Canada and Climate 
Change (ECCC) for Kingston (ECCC, station ID: 6104142) and 
Lyndhurst Shawmere (ECCC, station ID: 6104725) using adjusted 
and homogenized climate data (Vincent et al., 2020). Using the 
same approach as Balasubramaniam et al. (2025), these two cli-
mate stations were chosen as they are within ~50 km of the central 
area of the Rideau Lakes region and the historical temperature data 
from both stations were highly correlated (r = 0.96; p<0.001). 
There was a seven-year hiatus in the MAAT observations which 
corresponds to World War II (1939-1945) and a six-year gap dur-
ing the 1970s (1971-1976). Highly correlated temperature data 
from Brockville (ECCC, ID: 6100969, r = 0.82; p<0.001; 
Balasubramaniam et al., 2025) and Harrington IHD (ECCC, ID: 
6103367, r = 0.81; p<0.001; Balasubramaniam et al., 2025) were 
used to supplement the Kingston record. MAAT was presented as 
anomalies data using the 1971-2000 average as the reference peri-
od and compared to trends in our paleolimnological proxies. 

 
VRS-chlorophyll-a trends 

Visible range spectroscopy-inferred chlorophyll-a (VRS Chl-
a) analysis was used to examine trends in whole-lake primary 
production following methods described in Wolfe et al. (2006) 
and Michelutti et al. (2010) and is discussed in detail in 
Balasubramaniam et al. (2025). Briefly, a small amount of 
freeze-dried sediment from each interval was sieved through a 
125-µm mesh, placed into glass cuvettes, and processed with a 
Model 6500 series Rapid Content Analyzer (FOSS NIRSystems, 
Inc.). Trends in Chl-a concentrations and its main diagenetic 
products were inferred from spectral absorbance values of wave-
lengths between 650-750 nm and using a log-transformed algo-
rithm of standardized methods from Michelutti et al. (2010). To 
facilitate comparisons across our paleolimnological proxies and 
across records, long-term trends in VRS Chl-a concentrations 
were expressed as z-scores (standardized within sediment records 
to a mean of 0 and a standard deviation of 1). 

 
Cladoceran analysis 

For each sediment core, analysis was done at every 2 cm for 
cladoceran subfossil remains following methods described by Frey 
(1986) and Korhola and Rautio (2001). Briefly, ~0.2-g of freeze-
dried sediment per interval was deflocculated in a 10% potassium 
hydroxide (KOH) solution at ~75°C for 30 min. Each sample was 
then passed through a sieve (38-µm) and rinsed with deionized 
water to remove small particles and KOH. Ethanol and safranin 
were used to preserve and stain the samples, respectively. One 
aliquot (100 µL each) of the concentrated remains was applied to 
a coverslip followed by glycerin jelly as a mounting medium to 
make permanent slides.  

The identification of cladoceran subfossils generally followed 
Szerocyńska and Sarmaja-Korjonen (2007) and Korosi and Smol 
(2012a, 2012b). Cladoceran remains were identified under 200x or 
400x magnification using a DMR2 microscope (Leica® 
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Microsystems, Wetzlar, Germany) and bright-field optics. All 
cladoceran remains including carapaces, headshields, and post-
abdominal claws were counted and the most abundant remain was 
used to calculate the number of individuals per taxa. Coverslips 
were scanned in their entirety for all identifiable remains and a 
minimum of 70 individuals were enumerated for each interval 
(Kurek et al., 2010) and expressed as percent relative abundance. 
We combined Bosmina longirostris and Eubosmina longispina into 
Bosmina spp. for analyses because of the lack of consistent visibil-
ity of the lateral headpore (position of lateral headpore is key for 
identification; Korosi and Smol, 2012a). Daphnia spp. included 
Daphnia longispina complex and Daphnia pulex complex. 
Chydorus spp. included Chydorus brevilabris, Chydorus piger, and 
Chydorus gibbus. As well, we combined Alona affinis, Alona cir-
cumfimbriata, Alona quadrangularis, and Alona rustica (only 
found in Big Rideau L.) into Alona spp., and Alonella nana and 
Alonella excisa into Alonella spp. for analyses. 

For each sediment record, relative abundances of the most 
common taxa (greater than 2% in at least two intervals) were dis-
played stratigraphically using the riojaPlot package (Juggins, 
2023) in R (version 4.3.1; R Development Core Team, 2024). The 
cladoceran taxa displayed in the stratigraphies were ordered by 
habitat (i.e., pelagic, littoral, and benthic). To quantitatively dis-
play the stratigraphic succession of cladoceran assemblages over 
time, taxa were organized from left to right in the stratigraphy 
based on increasing species scores from a canonical correspon-
dence analysis (CCA) constrained to sediment core depth (Janssen 
and Birks, 1994). Cladocera stratigraphic zones were established 
through constrained incremental sum of squares (CONISS) cluster 
analysis (Grimm, 1991), with important zones identified by bro-
ken-stick analysis (Bennett, 1996) using the vegan package 
(Oksanen et al., 2015) in R (version 4.3.1, R Development Core 
Team, 2024). In addition, principal component analysis (PCA) 
biplots of cladoceran species abundances as arrows and core sam-
ples as numbers (core depths in cm) were generated for each sedi-
ment record to show the contribution and relationship of each 
species to PCA axes 1 and 2 and how species co-vary over time. 
PCA biplot ordinations were generated using the vegan package 
(Oksanen et al., 2015) in R (version 4.3.1, R Development Core 
Team, 2024) following species square-root transformation to stabi-
lize variance (Legendre and Gallagher, 2001). 

 
Comparison among paleo proxy trends  
and regional warming over past ~150 years 

For each sediment record, a PCA was used to graphically sum-
marize the major patterns in cladoceran assemblage variation over 
time, generated using the vegan package (Oksanen et al., 2015) in R 
(version 4.3.1, R Development Core Team, 2024) following species 
square-root transformation to stabilize variance (Legendre and 
Gallagher, 2001). The PCA axis 1 (PC1) sample scores were plotted 
against core depth/time for the cladoceran assemblages (this study) 
and compared to downcore PC1 sample scores derived from previ-
ously published diatom assemblages from the same cores 
(Balasubramaniam et al., 2023, 2025). The relationship between 
Cladocera and diatom PC1 sample scores were assessed using a 
Spearman rank correlation analysis. Detrended canonical correspon-
dence analysis (DCCA), constrained to sediment age as the sole 
environmental variable, was used to estimate compositional 
turnover in cladoceran assemblages as beta diversity (scaled in stan-
dard deviation units) over time (sensu Smol et al., 2005), providing 
a means to quantify and compare the magnitude of change in each 

record. Only data since the construction of the Rideau Canal were 
used (~200 years of the sediment record) to estimate species 
turnover. All data were analyzed equally by using square-root trans-
formations of species-relative frequency data (to stabilize vari-
ances), detrending by segments, and no down-weighting of rare taxa. 
All DCCA analyses were conducted using CANOCO 5 (Šmilauer 
and Lepš, 2014). 

 
 

RESULTS 
210Pb radioisotopic dating 

A detailed summary of the 210Pb dating of the sediment cores for 
Big Rideau L., Indian L., Upper Rideau L., Lower Rideau L., and 
Otter L. is provided in Balasubramaniam et al. (2025). Briefly, initial 
210Pb activities in Big Rideau L., Indian L., and Otter L. (~1200 
Bq/kg; ~2400 Bq/kg; ~2000 Bq/kg, respectively) generally followed 
an exponential decline with sediment depth (Balasubramaniam et 
al., 2025). Upper Rideau L. and Lower Rideau L. had more vertical 
profiles before following a more typical exponential decay with 
depth (Balasubramaniam et al., 2025). Indian L., Upper Rideau L., 
Lower Rideau L., and Otter L. had distinct 137Cs peaks that were 
used to corroborate the 210Pb chronology (Balasubramaniam, 2022). 

 
Cladocera trends 

Across all study lakes, a total of 22 cladoceran species were 
identified and enumerated, 18 of which were common to all study 
lakes, whereas only two (Disparalona acutirostris and Kurzia 
latissima) were found in a subset of lakes (Upper Rideau L., Lower 
Rideau L., Otter L., and L. Opinicon), Graptoleberis testudinaria 
was found in a subset of lakes (Big Rideau L., Indian L., and 
Lower Rideau L.), and Alona rustica was only found in Big Rideau 
L.  

 
Cladoceran assemblage changes 

Biostratigraphical zones were established for each of the study 
lakes. Subzones of change that were of interest ecologically were 
also included (Fig. 2), although they were not deemed statistically 
significant by the broken-stick model. CONISS analysis identified 
two important stratigraphic zones in Big Rideau L., with the primary 
break occurring between core depths of 14 (ca. 1880) and 16 cm (ca. 
1849) and a subzone between 2 cm (ca. 2010) and 4 cm (ca. 1999; 
Fig. 2a). In Indian L., the division occurred between depths 14 cm 
(ca. 1907) and 16 cm (ca. 1867) and a subzone between 4 cm (ca. 
2002) and 6 cm (ca. 1987; Fig. 2b). The significant CONISS zone 
division in Upper Rideau L. occurred between 6 cm (ca. 2010) and 
8 cm (ca. 2008) with a subzone between 22 cm (ca. 1876) and 24 cm 
(ca. 1838; Fig. 2c). Lower Rideau L. had a CONISS zone division 
between 48 cm (ca. 1829) and 50 cm, with a subzone between 16 cm 
and 18 cm (ca. 1966; Fig. 2d). The canal reference lake, Otter L., had 
a significant CONISS zone division between 10 cm (ca. 1960) and 
12 cm (ca. 1951), with two subzones between 22 cm (ca. 1876) and 
24 cm (ca. 1829) and the second occurring between 4 cm (ca. 1997) 
and 6 cm (ca. 1984; Fig. 2e). 

For Cladocera species biplots, PCA axis one (PC1) accounts 
for 26-43% and PCA axis two (PC2) accounts for 13-18% of the 
total variance among the five study lakes (Fig. S1 a-e). The PCA 
biplots graphically illustrate which species (arrows) were most 
abundant at various times (numbers as core depth, in cm) in each 
sediment record (Fig. S1), aligning with the CONISS zones gener-
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ated in Fig. 2. For example, in Big Rideau L., Indian L., Upper 
Rideau L., and Lower Rideau L., PC1 is positively related with 
taxa that are most abundant at the bottom of the cores (Alona spp., 
A. harpae, Alonella spp., Pleuroxus spp.), and in Indian and Upper 
Rideau lakes, Daphnia spp. were abundant (Fig. S1a-d). In Otter 
L., PC1 is positively related to species most abundant since the 
~1990s (Chydorus spp., Alonella excisa, and O. gracilis) and neg-
atively related to taxa abundant at the bottom of the core (Alona 
spp., A. nana, and A. harpae; Fig. S1e). In Big Rideau L., PC2 is 
positively related to Alona affinis around the period just before the 
construction of the canal and negatively related to taxa that are 
most abundant since ~1990s (Bosmina spp. and Daphnia spp.; Fig. 
S1a). In Indian L., Upper Rideau L., and Lower Rideau L., PC2 is 
positively and negatively related to taxa that are most abundant 
during the construction of the Rideau Canal (~1830; littoral taxa; 
Fig. S1b-d). In Otter L., PC2 is positively related to Bosmina spp. 
and Eurycerus spp. in the mid-1950s and negatively related to a 
variety of littoral taxa during the period following the construction 
of the Rideau Canal (mid-1800s; Fig. S1e). 

 
Pre-canal construction disturbances  
(bottom of core to ~1830) 

During the pre-canal period, cladoceran assemblages in the 
deeper lakes (Big Rideau L., Indian L., and Otter L.) were domi-
nated by Bosmina spp., whereas Upper Rideau L. had approxi-
mately equal proportions of Bosmina spp. and littoral taxa. 

Meanwhile, Lower Rideau L. was dominated by littoral species. 
Big Rideau L. underwent a subtle decline in Bosmina spp. from 24 
cm (~62%) to 16 cm (~43%; ca. 1849) with a concurrent increase 
in Chydorus spp. (~9% to ~25%; Fig. 2a). During this zone, A. 
harpae, Alona spp., and Alonella spp. all exhibited their highest 
relative abundances of the entire core. In Indian L., Bosmina spp. 
dominated the assemblage and remained relatively stable through-
out most of this zone, with a subtle increase from 18 cm (~37%; 
ca. 1828) to 16 cm (~51%; ca. 1867) and a concurrent decline in 
Daphnia spp. (~33% to ~23%; Fig. 2b). Chydorus spp. increased 
in relative abundance during this zone, from ~1% at the bottom to 
~13% at 16 cm (ca. 1867), with concurrent declines in Alona spp. 
from 17.5% (26 cm) to ~6% (16 cm). For Upper Rideau L., this 
zone was further divided into Zone 1a and 1b, with the former 
dominated by littoral species such as Chydorus spp. which 
remained around ~25-30% relative abundance, with a concurrent 
increase in Bosmina spp. from ~30% at the bottom of the core to 
~40% at 24 cm (ca. 1828; Fig. 2c). In Lower Rideau L., from the 
bottom of the core to 50 cm there was a decrease in relative abun-
dance of Alona spp. from ~38% to ~20%, Chydorus spp. increased 
from ~27% to ~36%, and Bosmina spp. increased from ~36% to 
50% (Fig. 2d). In Otter L. (the reference lake), the zone was divid-
ed into Zone 1a and 1b (Fig. 2e). The majority of species were rel-
atively stable in Zone 1a, with the exception of Daphnia spp. 
which declined from ~18% at the bottom of the core to ~9% at 24 
cm (ca. 1829; Fig. 2e). 
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Fig. 2. Cladocera stratigraphic profiles showing the percent relative abundance of the most common taxa enumerated in the 2020 cores from 
Big Rideau L. (A), Indian L. (B), Upper Rideau L. (C), Lower Rideau L. (D), the canal reference (CR) lake Otter L. (E).The figures are scaled 
by depth with the corresponding CRS-estimated 210Pb dates presented as a secondary axis. Dates in bold have been extrapolated and are 
viewed with caution: italicized dates were interpolated. Cladocera are ordered from left to right based on their axis one species scores from a 
canonical correspondence analysis constrained to depth. Horizontal black lines depict significant zones (dashed lines are sub-zones) deter-
mined by constrained incremental sum of squares (CONISS). The ratio of benthic to pelagic sums are located on the right. The shaded grey 
area represents the period of recent accelerated warming.



Period of canal construction and other anthropogenic 
impacts (ca. 1830 – ca. 1990s)  

Immediately following the completion of the Rideau Canal in 
1832, the Big Rideau L. Cladocera record registered an increase in 
the relative abundances of Bosmina spp. from ~43% at 15 cm (ca. 
1849) to ~64% at 6 cm (ca. 1984; Fig. 2a). The relative abundances 
of Chydorus spp. peaked (~34%) at 10 cm (ca. 1939) but then 
declined to ~20% at 6 cm (ca. 1984). Several littoral species, 
including Camptocercus spp., A. harpae, Alonella spp., Ophryoxus 
gracilis, and Pleuroxus spp., declined to 0% relative abundance 
during this zone. Alona spp. declined from ~18% at 16 cm (ca. 
1849) to ~5% at 6 cm (ca. 1984). In Indian L., Chydorus spp. 
increased from ~15% at 14 cm (ca. 1907) to ~35% at 6 cm (ca. 
1987), whilst Bosmina spp. declined from ~70% at 12 cm (ca. 
1939) to ~50% at 6 cm (ca. 1987; Fig. 2b), with a concurrent 
decline in littoral species (such as Camptocercus spp., Alona spp., 
Eurycercus spp., and Graptoleberis testudinaria). Daphnia spp. 
declined markedly from 23% at 16 cm (ca. 1867) to 0% at 10 cm 
(ca. 1955), with a slight reappearance at ~2% at 6 cm (ca. 1987). 
In Upper Rideau, L. Bosmina spp. declined from ~41% at 18 cm 
(ca. 1941) to ~34% at 10 cm (ca. 1996), Chydorus spp., Daphnia 
spp., and other littoral species remained relatively stable until ca. 
1996 where some littoral species such as Camptocercus spp., A. 
harpae, and Alona spp. began to decline (Fig. 2c). In Lower 
Rideau L., the earlier assemblages underwent subtle declines in lit-
toral species including Alona spp. that declined from ~20% rela-
tive abundance at 48 cm, to ~15% at 18 cm (Fig. 2d). Concurrently, 
Bosmina spp. increased briefly to ~55% relative abundance at 28 
cm (ca. 1946), before declining to ~38% at 18 cm (ca. 1966; Fig. 
2d). Daphnia spp. increased from ~1% abundance at 34 cm (ca. 
1926) to ~5% at 18 cm (ca. 1966) whereas Chydorus spp. under-
went a subtle increasing trend towards the middle of the zone with 
a subsequent decline towards the end of the zone. In the reference 
lake, Otter L., the Cladocera assemblage saw an increase in 
Chydorus spp. between Zone 1a and Zone 1b and the assemblages 
remained stable through the remainder of Zone 1b (Fig. 2e). In 
Zone 2a, Chydorus spp. increased further from ~5% at 12 cm (ca. 
1951) to ~15% at 6 cm (ca. 1984) and Bosmina spp. increased from 
50% to ~66% during the same time period. Concurrently, Daphnia 
spp. declined from ~12% at 12 cm (ca. 1951) to ~4% at 6 cm (ca. 
1984) and Eurycercus spp. declined from ~8% to ~1%. 

 
Recent accelerated climate warming (~1990s – present) 

In Big Rideau L., Bosmina spp. continued to dominate the most 
recent sediments but there was a notable increase in Daphnia spp. 
(Fig. 2a), doubling in relative abundance to 10% in the uppermost 
interval (ca. 2021). Meanwhile, many littoral species declined, par-
ticularly Chydorus spp. (Fig. 2a). Likewise, in Indian L., Bosmina 
spp. continued to dominate the assemblage during Zone 2b, increas-
ing from ~53% at 4 cm (ca. 2002) to ~67% at 0 cm (ca. 2021). 
Daphnia spp. that had previously declined sharply with canal con-
struction increased above trace abundances during this zone, reach-
ing ~9% by 0 cm (ca. 2021; Fig. 2b). Chydorus spp. began to decline 
during this period from ~28% at 4 cm (ca. 2002) to ~13% at 0 cm 
(ca. 2021), whereas other littoral species remained in low abun-
dances during this period of accelerated warming. Similar to Big 
Rideau and Indian lakes, relative abundances of Bosmina spp. in 
Upper Rideau L. increased during the most recent period of the 
record from ~34% at 10 cm (ca. 1996) to ~57% at 0 cm (ca. 2021; 
Fig. 2c). However, relative abundances of Daphnia spp. declined 

from ~8% in ca. 1996 and this taxon was not observed in the samples 
from 6 cm (ca. 2010) to 2 cm (ca. 2017), but by 0 cm returned in 
trace abundance of ~3% (Fig. 2c). Littoral taxa showed minor fluc-
tuations in relative abundance except for Alonella spp. which 
declined from ~10% in ca. 1996 to ~1% at the surface (Fig. 2c). In 
Lower Rideau L., Bosmina spp. remained dominant, increasing from 
~33% at 12 cm to ~47% at 0 cm, whereas Daphnia spp. remained 
stable at ~4% until 2 cm (ca. 2016), increasing thereafter to ~8% 
(Zone 2b; Fig. 2d). Chydorus spp. and Alonella spp. remained in rel-
atively high abundances, decreasing slightly in the upper three inter-
vals. Cladoceran assemblages in Otter L. (reference lake) also under-
went compositional changes over the past few decades (Zone 2b) 
including a decrease in Bosmina spp. beginning in ca. 1984 with a 
change in relative abundance from ~66% to 50% by 0 cm (Fig. 2e). 
During this recent period of warming, Daphnia spp. relative abun-
dance in Otter L. doubled from ~5% at 6 cm (ca. 1984) to ~10% at 
0 cm, together with increases in Chydorus spp. from ~14% at 4 cm 
(ca. 1997) to ~19% at 0 cm, and Alonella spp. from ~4% at 6 cm (ca. 
1984) to ~13% at 0 cm. The remainder of the littoral species 
remained relatively stable.  

 
Comparison among paleo proxy trends  
and regional warming over past ~150 years 

The main cladoceran trends in the study lakes’ sediment 
records, summarized using PC1 sample scores (Fig. 3 a-e), tracked 
similar temporal responses to diatoms (PC1 sample scores; Fig. 3 
a-e). PCA axis 1 explained between 32 and 58% of the total vari-
ance in the cladoceran assemblages over time within the lakes (Fig. 
3 a-e). All of the Cladocera PC1 samples scores (Fig. 3 a-e) were 
significantly correlated to the diatom PC1 sample scores (Big 
Rideau L.: r = 0.829, p<0.001; Indian L.: r = 0.659, p = 0.02; 
Upper Rideau L.: r = 0.732, p = 0.002; Lower Rideau L.: r = 0.498, 
p=0.04; Otter L.: r = 0.615, p = 0.04). In Big Rideau and Indian 
lakes (Fig. 3 a,b), PC1 scores recorded declining scores from the 
~1860s and then increases from the ~1990s to present, correspon-
ding to the time of increased accelerated warming in the region 
(Fig. 3f). VRS Chl-a for Big Rideau and Indian lakes (Fig. 3a,b) 
followed similar trends, with increases around the time of canal 
construction (ca. 1832), subsequent declines to the mid 1900s 
(~1940 for Big Rideau L. and ~1930 for Indian L.), and both trends 
showing increases to the top of the cores, corresponding with the 
period of accelerated warming (Fig. 3f) and increases in Daphnia 
spp., Bosmina spp., and declines in littoral species (Fig. 2a,b). The 
PC1 scores from Upper Rideau L. (Fig. 3c) remained relatively 
stable until the ~1990s where they declined to the top of the core. 
Similar to the PC1 trends in Upper Rideau L., the VRS Chl-a trend 
remained stable to ca. 1990, after which it rapidly increased to the 
top of the core, corresponding with the period of acerated warming 
(Fig. 3f) and increases in Bosmina spp., declines in Daphnia spp., 
and fluctuations in littoral species (Fig. 2c). In both Lower Rideau 
and Otter lakes (Fig. 3d,e), an increasing trend in the PC1 scores to 
the ~1990s were noted, where the scores sharply increased to the 
top of the core, corresponding with the period of accelerated 
warming (Fig. 3f). The VRS Chl-a trend in Lower Rideau L. (Fig. 
3d) declined from the bottom of the core through to the ~1960s, 
whereas Otter L. (Fig. 3e) remained relatively stable until ~1840s 
where it declined slightly. In both Lower Rideau and Otter lakes, 
an increasing trend in VRS Chl-a was observed from ~1990s to the 
top of the core which corresponded with the period of accelerated 
warming (Fig. 3f) and the continued dominance in Bosmina spp. 
(Fig. 2 d,e). 
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The biological turnover of the cladoceran assemblages (estimat-
ed by DCCAs) in the six study lakes ranged from 0.30-0.78 SD (Tab. 
2; Fig. 2) with no clear indication that lake depth had an effect. 
While two of the shallower canal-impacted lakes in this study, Upper 
Rideau L. (Zmean = 8.0 m) and Lower Rideau L. (Zmean = 2.8 m), had 
relatively low beta-diversity values (0.30 SD and 0.45 SD, respec-
tively), shallow L. Opinicon (Zmean = 4.9 m) had a relatively high 
compositional turnover (0.70 SD). Of the deeper lakes, Indian L. 
(Zmean = 10.1 m) had a compositional turnover of 0.55 SD, whereas 
Big Rideau L. (Zmean = 16.3 m), the deepest lake in the system, had 
the greatest amount of compositional change with a beta-diversity 
value of 0.78 SD (Tab. 2). The relatively deep reference lake, Otter 
L. (Zmean = 10.0 m), had a comparatively low compositional 
turnover value of 0.57 SD (Fig. 4C). For each study lake, Cladocera 
assemblage compositional turnover was lower than for the diatom 
assemblages (Tab. 2), which is expected as there is a higher number 
of diatom taxa compared to Cladocera taxa. 

The 148-year composite temperature anomalies record repre-
senting the Rideau Lakes region indicates that conditions were gen-
erally cooler between 1873 to 1920, as evidenced by bars being pre-
dominantly below the 1971-2000 mean (Fig. 3f). From the 1920s 
onward, MAAT anomalies were frequently above the baseline mean, 
particularly since the late 1990s when the highest temperatures were 
recorded and were consistently above the mean (Fig. 3f).  

 
 

DISCUSSION 
Over the past ~200 years, the Rideau Canal study lakes have 

experienced several catchment disturbances related to the construc-
tion of the canal (flooding and deforestation) and historical land-use 
changes (settlement, nutrient enrichment, cottage development). 
More recently, the Rideau lakes region has experienced accelerated 
climate change that is known to exacerbate other stressors (Smol, 
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Fig. 3. Comparison of the Cladocera and diatom assemblage changes summarized by principal component analysis axis one sample scores 
(PC1) and the VRS Chl-a concentrations presented as z-scores in Big Rideau L. (A), Indian L. (B), Upper Rideau L. (C), Lower Rideau 
L. (D), and the canal reference (CR) lake, Otter L. (E). Cladoceran, diatoms, and VRS Chl-a are represented by the black, blue, and green 
line respectively. Mean annual air temperature (MAAT), presented as anomalies, from the Kingston, Ontario and Lyndhurst Shawmere, 
Ontario weather stations where the negative anomalies (black bars) are values below the baseline mean (1971-2000) and positive anom-
alies (red bars) are values above the mean (F).

Tab. 2. Detrended canonical correspondence analysis (DCCA) for both diatoms and cladocerans. Scores are based on data from post-
Rideau Canal construction (1820).  

Lake                                                    Cladoceran B.D. (SD units)                                        Diatoms B.D. (SD units) 
Big Rideau L.                                                                     0.78                                                                                         1.20 
Indian L.                                                                             0.55                                                                                         1.00 
Upper Rideau L.                                                                0.30                                                                                         0.71 
Lower Rideau L.                                                                0.45                                                                                         1.05 
L. Opinicon*                                                                      0.70                                                                                         1.10 
Otter L. (CR)                                                                     0.57                                                                                         1.05 
CR, canal reference lake; B.D., beta diversity; SD, standard deviation. *See Graves et al. (2024).



2010, 2019). Below, we discuss the impact of these multiple envi-
ronmental stressors on the cladoceran assemblages and make com-
parisons to recently published diatom trends from the same lakes 
(Balasubramaniam et al., 2025).  

 
Baseline conditions: pre-Rideau Canal construction  

The prevalence of Bosmina spp. during the pre-canal period in 
all cladoceran records, together with the presence of Daphnia spp. 
(although to differing degrees across lakes), suggest that baseline 
conditions in the study lakes were naturally mesotrophic. For exam-
ple, during periods of high production (such as when TP values are 
high), Daphnia spp. were found to have a positive relationship with 
TP values (Urabe et al., 1997; Labaj et al., 2021), although this rela-
tionship is usually indirect as increased TP can positively impact the 
quality and quantity of food resources (Scheuerell et al., 2002). The 
pelagic Bosmina spp. were the main cladocerans in the deeper lakes 
(Big Rideau L., Indian L., and Otter L.), whereas in shallower lakes 
(Upper Rideau L. and Lower Rideau L.), Bosmina spp. co-dominat-
ed the assemblages with a several littoral species. Bosmina species, 
unlike Daphnia, possess the ability to migrate both horizontally and 
vertically (Adamczuk, 2012). Daphnia species, which are often the 
ideal prey for planktivorous fish, are restricted to the limnetic zones 
of lakes as they are limited by their filter-feeding strategies. 
Conversely, Bosmina, which are often avoided by planktivorous fish 
(Adamczuk, 2012), can move throughout the water body and are 
adapted to feed upon smaller and less abundant food. 

The pre-canal diatom records from these lakes support the 
cladoceran interpretations that the lakes are naturally productive. 
For example, Aulacoseira taxa (A. ambigua, A. granulata, and A. 
subartica), which were an important component of the assem-
blages during the pre-canal period (Balasubramaniam et al., 2025), 
have been found across a range of TP concentrations but are com-
monly reported in mesotrophic conditions (Reavie and Smol, 
2001; Cumming et al., 2015; Duda et al., 2023). In addition, the 
prevalence of these large-celled taxa suggests the lakes experi-
enced periods of strong water column mixing, as these conditions 
would keep these taxa from sinking out of the photic zone (Padisák 
et al., 2003; Ptacnik et al., 2003). The prevalence of the benthic 
fragilarioid taxa during this early part of the record is consistent 
with colder conditions, longer periods of ice coverage, and shorter 
growing seasons (Lotter and Bigler, 2000; Douglas and Smol, 
2010; Rühland et al., 2015; Balasubramaniam et al., 2025). 
Collectively, the composition of Cladocera and diatom assem-
blages indicate that the pre-canal conditions of the Rideau lakes 
were naturally mesotrophic, well-mixed, and experienced shorter 
growing seasons (Christie and Smol, 1996: Karst and Smol, 2000; 
Forrest et al., 2002; Balasubramaniam et al., 2025). 

 
Lake impacts during the post-Rideau Canal  
construction era (ca. early 1800s to mid-1990s) 

The construction of the canal (1827 to 1832) led to multiple 
catchment disturbances that impacted our study lakes, most 
notably, widespread flooding resulting in increased lake depths and 
surface areas in all study sites, together with an increase in nutrient 
runoff into these systems. The pronounced change in surrounding 
hydrology and lake morphometry was clearly registered in all the 
cladoceran records (except the reference site, Otter Lake) by an 
overall increase in pelagic taxa (e.g., Bosmina spp. and Daphnia 
spp.), consistent with the increase in the availability of pelagic 
habitats. The increase in Chydorus spp. (specifically Chydorus 

brevilabris) in Big Rideau L. and Indian L. during the period of 
canal construction suggests an increase in nutrients, as these taxa 
have been reported to increase during periods of eutrophic or 
hypertrophic conditions (Bos and Cumming, 2003). By the 1860s, 
approximately two-thirds of the Rideau region had been clear-cut 
to support agriculture and settlement (CHPC, 1996). Subsequent 
cottage development, which began in the 1930s and expanded sub-
stantially after the 1950s (CHPC, 1996), contributed to soil ero-
sion, collectively increasing nutrient runoff into the lakes (Christie 
and Smol, 1996; Karst and Smol, 2000; Forrest et al., 2002; 
Balasubramaniam et al., 2025). Initial increases in Chydorus spp. 
during the late 1880s to early 1900s in Big Rideau and Indian lakes 
support this conclusion, as this taxon has been reported to become 
prevalent during periods of increased nutrients (Bos and 
Cumming, 2003; Laird et al., 2023). During this period of heavy 
catchment disturbance, the diatom records showed changes that 
were consistent with the cladoceran assemblages. Across the study 
lakes, but most notably in Indian L. and Lower Rideau L., increas-
es in A. ambigua, A. granulata, and A. subarctica point to 
increased nutrient inputs and a well-mixed water column 
(Balasubramaniam et al., 2025). Additionally, following canal con-
struction, benthic fragilarioid taxa generally declined across lakes 
which is likely a consequence of the extensive flooding 
(Balasubramaniam et al., 2025). An increase in total suspended 
solids (TSS) likely occurred at this time as the high-flow rate event 
of the flooding transported large amounts of sediment and debris 
in the waterbodies (Talbot et al., 2018). The increase in TSS would 
also impact light penetration in the waterbodies and therefore the 
amount of light reaching the benthic fragilarioid taxa, further con-
tributing to their decline (Balasubramaniam et al., 2025). Increases 
in TSS can also negatively impact the cladoceran communities. 
For example, particulates can interfere with the filtering mecha-
nisms of Daphnia spp. (Kirk, 1991), whereas Bosmina spp. are 
generally less affected, providing a competitive advantage over 
Daphnia spp. in high TSS environments (Jiang et al., 2010; Pinto 
et al., 2023). 

In the mid- to late-1900s, nutrient inputs into the lakes notably 
declined following a reduction in agricultural activities (Warren, 
1997), a reduction in the usage of phosphate-based detergents 
(McGucken, 1989), improvements in residential septic systems 
(Forrest et al., 2002), and the establishment of secondary forests 
(Forrest et al., 2002). One of the clearest responses to these 
changes in nutrient reductions was registered in Big Rideau L., 
where declines in the relative abundance of the higher nutrient 
indicator, Chydorus spp., were observed between the 1940s to 
1980s. However, the remainder of the study lakes did not exhibit 
this same trend in declining Chydorus spp. Big Rideau L. is the 
largest and deepest out of the study lakes with the highest surface 
area to watershed area ratio (~35%; Tab. 1). Because of this large 
SA:WA ratio, the nutrient inputs into the lake were likely diluted in 
relation to the other study lakes with smaller SA:WAs (Forrest et 
al., 2002; Balasubramaniam, 2022). Consequently, once nutrient 
loading decreased further during the mid-1900s, concentrations in 
Big Rideau L. may have fallen below levels capable of sustaining 
Chydorus spp., particularly in conjunction with declining VRS 
Chl-a values. Indian and Otter lakes displayed a different pattern, 
showing declines in Daphnia spp. from approximately the 1940s to 
the 1980s, while Chydorus spp. in both systems remained stable or 
increased slightly. The reduction in Daphnia spp. may also be con-
sistent with nutrient declines. During this interval, both lakes 
exhibited their lowest VRS Chl-a values, which likely reduced 
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food availability for larger cladocerans (DeMott and Kerfoot, 
1982). Additionally, decreased nutrient concentrations may have 
increased water clarity, thereby enhancing visual predation pres-
sure on Daphnia spp. 

In the shallower, macrophyte-dominated systems (Upper Rideau 
L., L. Opinicon), flooding during canal construction may have further 
increased the extent of the littoral zones of these lakes, leading to 
notable increases in cladoceran littoral taxa (L. Opinicon is discussed 
in detail in Graves et al., 2024) and epiphytic diatoms (Karst and 
Smol, 2000; Balasubramanium et al., 2023, 2025). The littoral zone 
of Upper Rideau L. is currently estimated to cover ~53% of the lake, 
despite it being a relatively deep system (Zmax = 22.0 m, Zmean = 8 m). 
This agrees with the cladoceran assemblage being comprised evenly 
of littoral species and pelagic Bosmina spp. and may explain the rel-
atively low biological turnover (Tab. 2). The extensive macrophyte 
coverage in Upper Rideau L. provides cladocerans with complex 
habitats and a variety of food sources, particularly for Chydorus spp. 
(Tremel et al., 2000; Basińska et al., 2014). The high abundance of 
Chydorus spp. and the strong representation of a variety of other lit-
toral taxa suggest that macrophytes were important in this shallow 
system from the beginning of the record to the late 1980s. Similarly 
in Balasubramaniam et al. (2025), planktonic diatom taxa were 
scarce throughout the Upper Rideau L. sediment record, with the 
observed assemblage shifts occurring primarily among benthic taxa. 
The large macrophyte abundance in both Upper Rideau L. and L. 
Opinicon suggest a clear-water equilibrium, as the macrophytes can 
utilize nutrients and indirectly suppress algal activity (Scheffer et al., 
1993). Comparatively, in the deeper study lakes that do not possess 
the same extensive littoral zones, higher biological turnover values 
were observed (Tab. 2). These deeper lakes may have been impacted 
by the increase in TSS following the flooding of the canal as TSS can 
reduce the light penetration in the water column (Talbot et al., 2018) 
and thus negatively impact both the macrophyte and algal communi-
ties living within the benthic zones. This was also recorded in the 
diatom assemblages, where Balasubramaniam et al. (2025) tracked 
declines in the relative abundances of benthic fragilarioid taxa across 
the study lakes.  

Although activities associated with canal construction, partic-
ularly flooding, would not have affected the reference lake (Otter 
L.), it did not escape the impacts of deforestation as the region was 
clear cut to provide timber for the damming the waterways. As a 
result, Otter L. also likely experienced increased nutrient loading 
from soil erosion, agriculture run-off, and cottage development. 
Nonetheless, Otter L. had the lowest historic TP values compared 
to the other study lakes (Tab. S1). During this period, there was an 
increase in Chydorus spp. where the relative abundance doubles 
from previous numbers and continues to increase to ca. 1984. 
Although TP values were likely lower in Otter L. compared to the 
other lakes, the occurrence of Fragilaria crotonensis and 
Stephanodiscus medius/parvus in the diatom record, which both 
have moderate TP requirements (Reavie and Smol, 2001; 
Cumming et al., 2015; Duda et al., 2023), indicate that the lake had 
naturally productive conditions and likely enough nutrient enrich-
ment to provide a competitive advantage to Chydorus spp. 

 
Recent period: past ~25 years (1990s-present) 

The near-synchronous change in cladoceran assemblage compo-
sition across lakes, starting in the early 1990s, was characterized by 
a general shift from Chydorus spp. to greater abundances of pelagic 
Bosmina spp. and Daphnia spp. This period occurred during a time 
of multiple environmental stressors, including the introduction of 

zebra mussels, cyanobacterial blooms, and recent accelerated warm-
ing (Balasubramaniam et al., 2025). Below, we examine whether the 
assemblage changes can be explained by these stressors, and make 
comparisons to the diatom records from these same cores 
(Balasubramaniam et al., 2025). 

 
Zebra mussel invasion 

The introduction of the invasive zebra mussels (Dreissena poly-
morpha) into the Rideau Canal system was first reported in the mid-
1990s (Watson, 2000), with populations increasing until ~2013 and 
declining markedly thereafter (Martel and Madill, 2018). In many 
freshwater systems, the high algal filtering rates of zebra mussels 
have led to modifications in bottom-up control through declines in 
algal biomass, increases in water clarity (Hecky et al., 2004), and the 
consumption of both organic and inorganic matter (Newell, 2004), 
all of which indirectly impact cladoceran communities (Thorp and 
Casper, 2003). The presence of zebra mussels also tends to favour 
phytoplankton taxa with lower nutrient preferences (Fishman, 
2010), and reduce phytoplankton biomass overall (MacIsaac et al., 
1995; Caraco et al., 1997; Bastviken et al., 1998). In systems with 
zebra mussel invasions, large-bodied pelagic Cladocera, particularly 
Daphnia species, often decline in abundance (David et al., 2009; 
Armstrong and Cumming, 2025) while smaller-bodied taxa (such as 
pelagic Bosmina and littoral Chydorus species) may become 
increasingly dominant as they are better competitors in nutrient-poor 
conditions when there is lower food abundance available (DeMott 
and Kerfoot, 1982; Reissing et al., 2015). In our dataset, however, 
the abundance of small-bodied littoral Chydorus spp. did not 
increase in any of the Rideau study lakes. Rather, both small-bodied 
Bosmina spp. and large-bodied Daphnia spp. increased in the major-
ity of the lakes (Big Rideau L., Indian L., Lower Rideau L., and 
Otter L.). These trends suggest that zebra mussel invasions in the 
Rideau Lakes were most likely not driving factors in the cladoceran 
assemblage change. 

 
Nutrient changes 

Like many lakes in Ontario (Yan et al., 2008; Rühland et al., 
2010; Rahman et al., 2025), the six Rideau study lakes have experi-
enced declines in TP concentrations over the past few decades 
(MECP, unpublished data; Balasubramaniam et al., 2025; Tab. S1). 
Declining food resources may be linked to the continued dominance 
of Bosmina spp. in recent cladoceran assemblages, despite an 
increase in Daphnia spp. relative abundances in the study lakes. 
When food resources shift to smaller sizes and are less nutrient 
dense, Bosmina spp. may outcompete larger-bodied Daphnia spp. 
(DeMott and Kerfoot, 1982). Declining TP concentrations can also 
impact the overall health of the cladocerans, but Bosmina spp. are 
more disturbance tolerant (Jiang et al., 2014), and their TP require-
ments are much lower than Daphnia spp. (Schulz and Sterner, 1999; 
Reissig et al., 2015). In the diatom records from these same sedi-
ment cores, the shift from Aulacoseira and/or benthic fragilarioid 
taxa to small planktonic cyclotelloid taxa that have similarly low TP 
optima (Duda et al., 2023) is consistent with recent nutrient declines 
in our Rideau lakes (Balasubramaniam et al., 2025). Both the clado-
ceran and diatom records suggest nutrient changes alone cannot 
explain the assemblage changes and the switch in life strategies, and 
other environmental factors played a role. 

 
Cyanobacterial blooms 

Despite a significant decrease in TP concentrations over the past 
~40-50 years (MECP, unpublished data), cyanobacterial blooms 
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have been reported in a number of the Rideau lakes during the cur-
rent period of accelerated warming including in Lower Rideau L. 
(2015), Upper Rideau L. (2012, 2015, 2016, 2020), and Otter L. 
(2020) (MECP, unpublished data). In aquatic ecosystems, cyanobac-
teria can alter competitive outcomes by affecting species differently 
(Gliwicz and Lampert, 1990) and can reduce biodiversity through 
multiple inhibitory effects on zooplankton (Paerl and Otten, 2013). 
Based on the size efficiency hypothesis (Brooks and Dodson, 1965), 
which states that large-bodied zooplankton herbivores are better 
competitors for phytoplankton than smaller-bodied because of their 
higher filtering efficiency and stronger ability to ingest larger parti-
cles, Daphnia species are usually the superior competitors (DeMott 
and Kerfoot, 1982). However, during periods of cyanobacterial 
blooms, Bosmina species and other smaller-bodied cladoceran tend 
to outperform Daphnia species (Jiang et al., 2014) as large 
cyanobacterial filaments/colonies can interfere with cladoceran fil-
tering apparatuses (Gilbert, 1990). In addition to mechanically 
affecting filtering processes, cyanobacteria are a poorer food option 
for Cladocera as they lack essential lipids found in “high quality” 
algae (Martin-Creuzburg et al., 2008). However, B. longirostris is 
known to co-exist with toxic blue-green algae (Jiang et al., 2013), as 
this species is resistant to certain strains of cyanobacteria (i.e., 
Microcysits aeruginosa and Anabaena flosaquae) that can be toxic 
to some cladocerans (Fulton, 1988). The shift from Daphnia spp. to 
Bosmina spp. during the last two decades in Upper Rideau L. occurs 
during the period of reported cyanobacterial blooms on that lake 
(MECP, unpublished data) and aligns with the expected increase in 
small-bodied cladoceran species (Jiang et al., 2014). However, all 
other study lakes registered an increase in large-bodied Daphnia 
spp. which is counter to expected cladoceran response to cyanobac-
teria blooms.  

 
Recent accelerated climate warming 

The Rideau Canal region, like other lake regions around the 
world, has experienced increasing air temperatures over the past 
century, with a steepening of that trend since the ~1990s (Fig. 3f). 
Increased regional air temperatures, longer ice-free periods, 
enhanced thermal stratification, and higher primary production, can 
indirectly affect cladoceran assemblage composition (Jeppesen et 
al., 2014; Thienpont et al., 2015). For example, Daphnia species 
tend to thrive during warmer periods when there is an increase in 
open-water conditions and algal plankton production (Sommer et 
al., 1986; Berger et al., 2007; DeSellas et al., 2011) and increased 
nutrient cycling (Abgeti and Smol, 1995). In regions with mild win-
ters and early springs, Daphnia species can experience an early pro-
liferation because of the increased temperatures and an abundance of 
high-quality resources (George and Hewitt, 2006), which can also 
give Daphnia species an advantage over macroinvertebrate preda-
tors (Neill, 1981). In our Rideau lakes records, Daphnia spp. are 
increasing in relative abundance, but smaller-bodied, pelagic 
Bosmina spp. remain dominant in the assemblages. Given that TP 
concentrations have been declining since the 1970s in all lakes and 
the lakes are currently oligo-mesotrophic (Christie and Smol, 1996; 
Karst and Smol, 2000; Forrest et al., 2002; Balasubramaniam et al., 
2023; Balasubramaniam et al., 2025), the prominence of Bosmina 
spp. in our sediment records suggests an increase in small-sized food 
availability and lower nutrient density in these systems, as noted 
above. During periods of increased temperatures, smaller-bodied 
Cladocera are favoured as they have relatively low energy require-
ments (Moore and Folt, 1993; Daufresne et al., 2009) and can be 
sustained by nutrient-poor food (DeMott and Kerfoot, 1982). Under 

these warming conditions, there is often a general shift to more 
pelagic-dominated zooplankton opposed to diverse littoral commu-
nities (Kattel et al., 2008). This has been seen in nearby Algonquin 
Park, where both cottage-impacted lakes and reference lakes saw a 
trend towards declining species diversity and an increase in small, 
efficient grazers, namely bosminids (DeSellas et al., 2025). The gen-
eral increasing trend in Bosmina species observed in our records dur-
ing periods of recent warming has been reported in lakes across 
Canada as a response to climate-associated limnological changes 
such as longer ice-free periods, higher primary production, and 
longer open-water seasons (Jeziorski et al., 2015; Hargan et al., 
2016; Armstrong and Kurek, 2019; Laird et al., 2023). 

In the diatom record (Balasubramaniam et al., 2025), the study 
lakes showed an increase in the relative abundance of planktonic 
diatom taxa, which were generally concurrent with declines in 
Aulacoseira taxa and/or fragilarioid taxa. The changes within the 
diatom assemblages discussed in Balasubramaniam et al. (2025) 
were also more pronounced than those recorded in the earlier pale-
olimnology studies (Christie and Smol, 1996; Karst and Smol, 
2000; Forrest et al., 2002). While the cladoceran assemblages have 
changed significantly across the Rideau Canal study lakes, the 
responses are not as pronounced compared to that of diatom 
assemblages. The muted response in cladocerans compared to 
diatoms has been shown in other multi-proxy paleolimnological 
studies (Smol et al., 2005; Thienpont et al., 2015; Valleau et al., 
2020) and may be because of the higher number of diatom taxa 
compared to cladoceran. 

 
 

CONCLUSIONS 
Lakes within the Rideau Canal system have experienced vari-

ous catchment disturbances. Building on the earlier diatom-based 
paleolimnological studies, the compositional changes in cladoceran 
assemblages were examined, with the largest assemblage changes 
occurring since the ~1990s. The most pronounced shift in the clado-
ceran assemblages, when considered alongside regional meteoro-
logical data and VRS Chl-a, is likely related to regional climate 
warming. These data show that the study lakes, which experienced 
extensive catchment disturbances in the 19th century, are now 
changing rapidly in response to recent climate warming and related 
limnological changes. Ongoing research should explore further 
multi-proxy studies to help gain insight into the trophic status-relat-
ed changes occurring within these waterbodies. 

 
Acknowledgments 

This research was funded by the Natural Sciences and 
Engineering Research Council of Canada by Discovery Grants to 
JPS and AMP, Craigie Fellowship awards to ELG and KB, and the 
Rideau Lakes Environmental Foundation (RLEF). We also thank 
Chris Grooms for fieldwork support. 

 
 

REFERENCES 
Abgeti MD, Smol JP, 1995. Winter limnology: a comparison of 

physical, chemical and biological characteristics in two temperate 
lakes during ice cover. Hydrobiologia 304:221–234. 

Adamczuk M, 2012. Spatial distribution of juvenile and adult stages 
of limnetic Cladocera in relation to selected environmental 
factors. J Limnol 71:112-118. 

                                           [Journal of Limnology 2026; 85:2258]                                                             [page 139]

Article



[page 140]                                                               [Journal of Limnology 2026; 85:2258]

Appleby PG, 2001. Chronostratigraphic techniques in recent 
sediments, pp. 171-203. In: WM Last, and JP Smol (eds.), 
Tracking environmental change using lake sediments. Basin 
analysis, coring, and chronological techniques. Kluwer Academic 
Publishers. 

Armstrong Z, Kurek J, 2019. Sensitivity and response of low-nutrient 
lakes to post twentieth century environmental change in New 
Brunswick, Canada. J Paleolimnol 61:85–98. 

Armstrong I, Cumming BF, 2025. Novel methods in cladoceran size 
structure analysis reveal ~ 60 years of trophic change in a 
sediment core from a Great Lakes Area of Concern (Bay of 
Quinte, Lake Ontario). Freshwater Biol 70:e70105. 

Balasubramaniam K, 2022. Have lakes within the Rideau Canal 
system responded to impacts of recent anthropogenic stressors 
over the past ~25 years: A diatom-based paleolimnological re-
assessment. MSc thesis. Queen’s University, Kingston. 

Balasubramaniam K, Rühland KM, Smol JP, 2023. A diatom-based 
paleolimnological re-assessment of previously polymictic Lake 
Opinicon, Ontario (Canada): crossing an ecological threshold 
in response to warming over the past 25 years. J Paleolimnol 
69:37-55. 

Balasubramaniam K, Rühland KM, Paterson AM, Smol JP, 2025. 
Revisiting lakes within the Rideau Canal system (Ontario, 
Canada) to assess the impacts of multiple environmental stressors 
over the past~ 25 years using diatom-based paleolimnology. J 
Limnol 84:2192. 

Basińska AM, Antczak M, Świdnicki K, Jassey VEJ, Kuczyńska-
Kippen N, 2014. Habitat type as strongest predictor of the body 
size distribution of Chydorus sphaericus (O. F. Müller) in small 
water bodies. Int Rev Hydrobiol 99:382-392. 

Bastviken DTE, Caraco NF, Cole JJ, 1998. Experimental 
measurements of zebra mussel (Dreissena polymorpha) impacts 
on phytoplankton community composition. Freshwater Biol 
39:375–386. 

Bennett KD, 1996. Determination of the number of zones in a 
biostratigraphical sequence. New Phytol 132:155-170. 

Berger SA, Diehl S, Stibor H, Trommer G, Ruhenstroth M, Wild A, 
Weigert A, Jäger CG, Striebel M, 2007. Water temperature and 
mixing depth affect timing and magnitude of events during spring 
succession of the plankton. Oecologia 150:643-54. 

Bergman JN, Beaudoin C, Mistry I, Turcotte A, Vis C, Minelga V, et 
al., 2022. Historical, contemporary, and future perspectives on a 
coupled social-ecological system in a changing world: Canada’s 
historic Rideau Canal. Environ Rev 30:72-87. 

Bos DG, Cumming BF, 2003. Sedimentary cladoceran remains and 
their relationship to nutrients and other limnological variables in 
53 lakes from British Columbia, Canada. Can J Fish Aquat Sci 
60:1177-1189. 

Brooks JL, Dodson SI, 1965. Predation, body size, and composition 
of plankton: the effect of a marine planktivore on lake plankton 
illustrates theory of size, competition, and predation. Science 
150:28-35. 

Canadian Heritage Parks Canada (CHPC), 1996. Working Towards 
a Shared Future, Rideau Canal Management Plan. 

Caraco NF, Cole JJ, Raymond PA, Strayer DL, Pace ML, Findlay SE, 
Fischer DT, 1997. Zebra mussel invasion in a large, turbid river: 
phytoplankton response to increased grazing. Ecology 78:588-602. 

Christie CE, Smol JP, 1996. Limnological effects of 19th century 
canal construction and other disturbances on the trophic state 
history of Upper Rideau Lake, Ontario. Lake Reserv Manage 
12:448-454. 

Cumming BF, Laird KR, Gregory-Eaves I, Simpson KG, Sokal MA, 
Nordin R, Walker IR, 2015. Tracking past changes in lake-water 
phosphorus with a 251-lake calibration dataset in British 
Columbia: tool development and application in a multiproxy 
assessment of eutrophication and recovery in Osoyoos Lake, a 
transboundary lake in Western North America. Front Ecol Evol 
3:84. 

Daufresne M, Lengfellner K, Sommer U, 2009. Global warming 
benefits the small in aquatic ecosystems. Proc Natl Acad Sci 
106:12788-12793. 

David KA, Davis BM, Hunter RD, 2009. Lake St. Clair zooplankton: 
evidence for post-Dreissena changes. J Freshw Ecol 24:199-209. 

DeMott WR, Kerfoot CW, 1982. Competition among cladocerans: 
nature of the interaction between Bosmina and Daphnia. Ecology 
63:1949–1966. 

DeSellas AM, Paterson AM, Sweetman JN, Smol JP, 2008. Cladocera 
assemblages from the surface sediments of south-central Ontario 
(Canada) lakes and their relationships to measured environmental 
variables. Hydrobiologia 600:105-119. 

DeSellas AM, Paterson AM, Sweetman JN, Smol JP, 2011. Assessing 
the effects of multiple environmental stressors on zooplankton 
assemblages in Boreal Shield lakes since pre-industrial times. J 
Limnol 70:41. 

DeSellas AM, Paterson AM, Rühland KM, Smol JP, 2025. Evaluating 
the potential effects of shoreline development and other stressors 
on cladoceran assemblages in Algonquin Park lakes (Ontario, 
Canada). J Paleolimnol 73:571-600. 

Douglas MSV, Smol JP, 2010. Freshwater diatoms as indicators of 
environmental change in the High Arctic, pp. 249-266. In: JP 
Smol and EF Stoermer (eds.), The diatoms: applications for the 
environmental and earth sciences. 2nd Ed. Cambridge 
University Pres. 

Duda MP, Sivarajah B, Rühland KM, Paterson AM, Barrow JL, 
Cheng Y, et al. 2023. Environmental optima for common diatoms 
from Ontario lakes along gradients of lakewater pH, total 
phosphorus concentration, and depth. J Paleolimnol 70:131-158. 

Fishman DB, Adlerstein SA, Vanderploeg HA, Fahnenstiel GL, 
Scavia D, 2010. Phytoplankton community composition of 
Saginaw Bay, Lake Huron, during the zebra mussel (Dreissena 
polymorpha) invasion: a multivariate analysis. J Great Lakes Res, 
36: 9-19. 

Forrest F, 2001. Reconstructing trophic histories (ca. 200 years) of 
four lakes within the Rideau Canal System, Ontario. MSc. Thesis. 
Queen's University, Kingston. 

Forrest F, Reavie ED, Smol JP, 2002. Comparing limnological 
changes associated with 19th century canal construction and other 
catchment disturbances in four lakes within the Rideau Canal 
system, Ontario, Canada. J Limnol 61:183-197. 

Frey DG, 1986. Cladocera analysis, pp. 667-692. In: BE Berglund 
(ed.), Handbook of Holocene palaeoecology and 
palaeohydrology. J. Wiley & Sons. 

Fulton RJ, Richard SH, 1987. Chronology of late Quaternary events 
in the Ottawa region. Geological Survey of Canada 86:24-30. 

Fulton RS, 1988. Grazing on filamentous algae by herbivorous 
zooplankton. Freshwater Biol 2:263-271. 

George DG, Hewitt DP, 2006. The impact of year-to-year changes in 
the weather on the dynamics of Daphnia in a thermally stratified 
lake. Aquat Ecol 40:33-47. 

Gilbert JJ, 1990. Differential effects of Anabaena affinis on 
cladocerans and rotifers: mechanisms and implications. Ecology 
71:1727-1740. 

Article



Glew JR, 1988. A portable extruding device for close interval 
sectioning of unconsolidated core samples. J Paleolimnol 1:235-
239. 

Glew JR, 1989. A new trigger mechanism for sediment samplers. J 
Paleolimnol 2:241-243. 

Gliwicz ZM, Lampert W, 1990. Food thresholds in Daphnia species 
in the absence and presence of blue-green filaments. Ecology 
7:691-702. 

Graves EL, Balasubramaniam K, Rühland KM, Paterson AM, Smol 
JP, 2024. Changes in cladoceran assemblage composition linked 
to early nineteenth century canal construction, land-use changes, 
and recent climate change in a macrophyte-dominated Ontario 
lake. J Paleolimnol 72:49-61. 

Grimm EC, 1991. TILIA v2. 0. B. 4 and TGView v2.0 (computer 
software) Illinois State Museum, Research and Collections 
Center, Springfield. 

Halseth G, Rosenberg MW, 1995. Cottagers in an urban field. 
Professional Geographer 47:148-159. 

Hargan KE, Nelligan C, Jeziorski A, Rühland KM, Paterson AM, 
Keller W, Smol JP, 2016. Tracking the long-term responses of 
diatoms and cladocerans to climate warming and human 
influences across lakes of the Ring of Fire in the far North of 
Ontario, Canada. J Paleolimnol 56:153–172. 

Hecky RE, Smith RE, Barton DR, Guildford SJ, Taylor WD, 
Charlton MN, Howell T, 2004. The nearshore phosphorus shunt: 
a consequence of ecosystem engineering by dreissenids in the 
Laurentian Great Lakes. Can J Fish Aquat Sci 61:1285-1293. 

Janssen CR, Birks HJB, 1994. Recurrent groups of pollen types in 
time. Rev Palaeobot Palyno 82:165-173. 

Jeppesen E, Noges P, Davidson TA, Haberman J, Noges T, Blank 
K, et al., 2011. Zooplankton as indicators in lakes: a scientific-
based plea for including zooplankton in the ecological quality 
assessment of lakes according to the European 
Water Framework Directive (WFD). Hydrobiologia 676: 
279-297. 

Jeppesen E, Meerhoff M, Davidson TA, Trolle D, Søndergaard M, 
Lauridsen TL, et al., 2014. Climate change impacts on lakes: an 
integrated ecological perspective based on a multi-faceted 
approach, with special focus on shallow lakes. J Limnol 73:84–
107. 

Jeziorski A, Keller B, Dyer RD, Paterson AM, Smol JP, 2015. 
Differences among modern-day and historical cladoceran 
communities from the “Ring of Fire” lake region of northern 
Ontario: identifying responses to climate warming. Fundam Appl 
Limnol 186:203-16. 

Jiang W, Liu Z, Guo L, Chen F, Song X, 2010. Experimental study 
on the effect of sediment resuspension on zooplankton 
community. J Lake Sci 22:557-562. 

Jiang X, Liang H, Yang W, Zhang J, Zhao Y, Chen L, et al., 2013. 
Fitness benefits and costs of induced defenses in Daphnia 
carinata (Cladocera: Daphnidae) exposed to cyanobacteria. 
Hydrobiologia 702:105-13. 

Jiang X, Yang W, Xiang X, Niu Y, Chen L, Zhang J, 2014. 
Cyanobacteria alter competitive outcomes between Daphnia and 
Bosmina in dependence on environmental conditions. Fund Appl 
Limnol 184:11–22. 

Juggins S, 2023. riojaPlot: Stratigraphic diagrams in R, package 
version 0.1-20. Available from: https://github.com/nsj3/riojaPlot 

Kahle D, Wickham H, 2013. ggmap: Spatial Visualization with 
ggplot2. RJ 5:144-161. 

Karst TL, Smol JP, 2000. Paleolimnological evidence of limnetic 

nutrient concentration equilibrium in a shallow, macrophyte 
dominated lake. Aquat Sci 62:20-38. 

Kattel GR, Battarbee RW, Mackay AW, Birks HJB, 2008. Recent 
ecological change in a remote Scottish mountain loch: an 
evaluation of a Cladocera-based temperature transfer-function. 
Palaeogeogr Palaeoclimatol Palaeoecol 259:51–76. 

Kirk KL, 1991. Suspended clay reduces Daphnia feeding rate: 
behavioural mechanisms. Freshwater Biol 25:357-365. 

Korhola A, Rautio M, 2001. Cladocera and other branchiopod 
crustaceans, pp. 5-41. In: JP Smol, HJ Birks and WM Last (eds.), 
Tracking environmental change using lake sediments, Volume 4. 
Zoological Indicators. Springer. 

Korosi JB, Paterson AM, DeSellas AM, Smol JP, 2008. Linking mean 
body size of pelagic Cladocera to environmental variables in 
Precambrian Shield lakes: a paleolimnological approach. J 
Limnol 67:22-34. 

Korosi JB, Smol JP, 2011. Distribution of cladoceran assemblages 
across environmental gradients in Nova Scotia (Canada) lakes. 
Hydrobiologia 633:83-99. 

Korosi JB, Smol JP, 2012a, An illustrated guide to the identification 
of cladoceran subfossils from lake sediments in northeastern 
North America: part 1—the Daphniidae, Leptodoridae, 
Bosminidae, Polyphemidae, Holopedidae, Sididae, and 
Macrothricidae. J Paleolimnol 48:571-586. 

Korosi JB, Smol JP, 2012b. An illustrated guide to the identification 
of cladoceran subfossils from lake sediments in northeastern North 
America: part 2 - the Chydoridae. J Paleolimnol 48:587-622. 

Kurek J, Korosi JB, Jeziorski A, Smol JP, 2010. Establishing reliable 
minimum count sizes for cladoceran subfossils samples from lake 
sediments. J Paleolimnol 44:603-612. 

Labaj AL, Jeziorski A, Kurek J, Bennett JR, Cumming BF, DeSellas 
AM, et al., 2021. Environmental drivers of cladoceran 
assemblages at a continental scale: a synthesis of Alaskan and 
Canadian datasets. Freshw Biol 66:949–967. 

Laird KR, Li S, Gushulak CAC, Moir KE, Wang Y, Leavitt PR, 
Cumming, BF, 2023. Influence of cultural eutrophication, 
climate, and landscape connectivity on 3 Kawartha lakes 
(Ontario, Canada) since the early 1800s. Lake Reservoir Manage 
39:120–140. 

Lansing DJ, Graves EL, Balasubramaniam K, Michelutti N, Paterson 
AM, Smol JP, 2025. Declining bottom-water oxygen 
concentrations recorded by subfossil chironomid assemblages 
follow climate-driven changes in thermal stratification. J 
Paleolimnol 73:537-555. 

Legendre P, Gallagher ED, 2001. Ecologically meaningful 
transformations for ordination of species data. Oecologia 129: 
271-280. 

Legget RF, 1986. Rideau Waterway, vol. 3. University of Toronto 
Press, Toronto. 

Little JL, Smol JP, 2000. Changes in fossil midge (Chironomidae) 
assemblages in response to cultural activities in a shallow, 
polymictic lake. J Paleolimnol 23:201-212. 

Lotter AF, Bigler C, 2000. Do diatoms in the Swiss Alps reflect the 
length of ice-cover? Aquat Sci 62:125-141. 

MacIsaac HJ, Lonnee CJ, Leach JH, 1995. Suppression of 
microzooplankton by zebra mussels: importance of mussel size. 
Freshwater Biol 34:379–387. 

Martel AL, Madill JB, 2018. Twenty-six years (1990–2015) of 
monitoring annual recruitment of the invasive zebra mussel 
(Dreissena polymorpha) in the Rideau River, a small river system 
in Eastern Ontario, Canada. Can J Zool 96:1071-1079. 

                                           [Journal of Limnology 2026; 85:2258]                                                             [page 141]

Article



[page 142]                                                               [Journal of Limnology 2026; 85:2258]

Martin-Creuzburg D, von Elert E, Hoffmann KH, 2008. Nutritional 
constraints at the cyanobacteria-Daphnia magna interface: The 
role of sterols. Limnol Oceanogr 53:456-468. 

McGucken W, 1989. The Canadian federal government, cultural 
eutrophication, and the regulation of detergent phosphates, 1970. 
Environ Rev 13:155-166. 

Michelutti N, Blais JM, Cumming BF, Paterson AM, Rühland KM, 
Wolfe AP, Smol JP, 2010. Do spectrally inferred determinations 
of chlorophyll a reflect trends in lake trophic status? J Paleolimnol 
43:205–217. 

Moore M, Folt C, 1993. Zooplankton body size and community 
structure: effects of thermal and toxicant stress. Trends Ecol Evol 
8:178-183. 

Neill, WE, 1981. Impact of Chaoborus predation upon the structure 
and dynamics of a crustacean zooplankton community. Oecologia 
48:164-177. 

Nevalainen L, Luoto TP, 2017. Relationship between cladoceran 
(Crustacea) functional diversity and lake trophic gradients. Funct 
Ecol 31:488-498. 

Newell RIE, 2004. Ecosystem influences of natural and cultivated 
populations of suspension-feeding bivalve molluscs: a review. J 
Shellfish Res 23:51–61. 

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin RP, O’Hara 
RB, et al., 2015. Vegan: community ecology package. R 
package version 2.2–1. Available from: http://CRAN.Rproject. 
org/package=vegan 

Parks Canada, 2025. Nature and science: Rideau Canal National 
Historic Site.Available from: https://parks.canada.ca/lhn-nhs/on/ 
rideau/nature 

Paerl HW, Otten TG, 2013. Harmful cyanobacterial blooms: causes, 
consequences, and controls. Microb Ecol 65:995-1010. 

Padisák J, Soróczki-Pintér É, Rezner Z, 2003. Sinking properties of 
some phytoplankton shapes and the relation of form resistance to 
morphological diversity of plankton - an experimental study. 
Hydrobiologia 500:243-257. 

Pinto I, Nogueira S, Rodrigues S, Formigo N, Antunes SC, 2023. Can 
zooplankton add value to monitoring water quality? A case study 
of meso/eutrophic Portuguese reservoir. Water 15:1678. 

Ptacnik R, Diehl S, Berger S, 2003. Performance of sinking and 
nonsinking phytoplankton taxa in a gradient of mixing depths. 
Limnol Oceanogr 48:1903-1912. 

Rahman M, Vermaire JC, Sivarajah B, 2025. Assessing shifts in 
diatom communities in eastern Ontario recreational lakes in 
relation to land-use and climatic changes over the past ~150 years 
using a top–bottom paleolimnological approach. J Paleolimnol 
73:517-535. 

Reavie ED, Smol JP, 2001. Diatom-environmental relationships 
in 64 alkaline southeastern Ontario (Canada) lakes: a diatom-
based model for water quality reconstructions. J Paleolimnol 
25:25-42. 

Reissing M, Quiemaliños C, Modenutti B, Balseiro E, 2015. Prey C: 
P ratio and phosphorus recycling by a planktivorous fish: 
advantages of fish selection towards pelagic cladocerans. Ecol 
Freshw Fish 2:214–224. 

Rideau Valley Conservation Association (RVCA), 2014a. Rideau 
Lakes subwatershed report: Big Rideau Lake – Rideau ferry 
catchment. Rideau Valley Conservation Authority. 

Rideau Valley Conservation Association (RVCA), 2014b. Rideau 
Lakes subwatershed report: Upper Rideau Lake Catchment. 
Rideau Valley Conservation Authority. 

Rideau Valley Conservation Association (RVCA), 2014c. Rideau 

Lakes subwatershed report: Lower Rideau catchment. Rideau 
Valley Conservation Authority. 

Rühland KM, Paterson AM, Hargan K, Jenkin A, Clark BJ, Smol JP, 
2010. Reorganization of algal communities in the Lake of the 
Woods (Ontario, Canada) in response to turn of the century 
damming and recent warming. Limnol Oceanogr 55:2433-2451. 
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