
ORIGINAL PAPER

Diatom-inferred lake level from near-shore cores
in a drainage lake from the Experimental Lakes Area,
northwestern Ontario, Canada

Kathleen R. Laird Æ Brian F. Cumming

Received: 20 February 2008 / Accepted: 9 September 2008

� Springer Science+Business Media B.V. 2008

Abstract We inferred late Holocene lake-level

changes from a suite of near-shore gravity cores

collected in Lake 239 (Rawson Lake), a headwater

lake in the Experimental Lakes Area, northwestern

Ontario. Results were reproduced across all cores. A

gravity core from the deep central basin was very

similar to the near-shore cores with respect to trends in

the percent abundance of the dominant diatom taxon,

Cylcotella stelligera. The central basin, however, does

not provide a sensitive site for reconstruction of lake-

level changes because of the insensitivity of the

diatom model at very high percentages of C. stelli-

gera and other planktonic taxa. Quantitative estimates

of lake level are based on a diatom-inferred depth

model that was developed from surficial sediments

collected along several depth transects in Lake 239.

The lake-level reconstructions during the past

*3,000 years indicate that lake depth varied on

average by ±2 m from present-day conditions, with

maximum rises of *3–4 m and maximum declines of

*3.5–5 m. The diatom-inferred depth record indi-

cates several periods of persistent low levels during

the nineteenth century, from *900 to 1100 AD, and

for extended periods prior to *1,500 years ago.

Periods of inferred high lake levels occurred from

*500 to 900 AD and *1100 to 1650 AD. Our

findings suggest that near-shore sediments from small

drainage lakes in humid climates can be used to assess

long-term fluctuations in lake level and water

availability.
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Introduction

Sediment records from topographically closed-basin

lakes in arid and semi-arid regions have been used to

infer past climatic conditions (e.g. Fritz 1996; Fritz

et al. 1999). The utilization of sediment records from

drainage lakes (i.e. lakes that have a surface outflow)

in more humid regions to infer climatic conditions is

more complex. The extent to which these lakes

respond to climate can be difficult to estimate from

the sediment record (Smol and Cumming 2000).

Given that drainage lakes are the most common lake

type, refining paleolimnological methods to decipher

lake level from cores taken in drainage lakes will

increase our knowledge of long-term water availabil-

ity in regions where little information exists (e.g.

Wolin and Duthie 1999).
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A common method for tracking changes in lake

level or shoreline location in drainage lakes is that of

Digerfeldt (1986). The technique tracks sediment

units across a transect of cores from the shore towards

the center of the lake. This method relies on tracking

changes in sediment composition and type, and

changes in the distribution of littoral vegetation

inferred by analysis of aquatic pollen and macrofos-

sils (Dearing 1997). This approach assumes that the

strongest evidence of changes in lake level is

preserved in the near-shore sediments (Battarbee

2000). In contrast, many paleolimnological studies

focus on central, deep cores, thus there have been

attempts to reconstruct lake level in open, freshwater

lakes from these central cores using ratios between

open-water and littoral species of cladocerans, os-

tracods and diatoms (Battarbee 2000). Because other

factors can influence such ratios, such as nutrients,

pH, wind or light, reconstructions of lake depth from

central cores is often not possible. However, if

accumulation of near-shore sediments is adequate,

then analyses of these deposits can provide a means

of inferring lake level (Battarbee 2000).

Analysis of aquatic macrofossils is one means of

utilizing the Digerfeldt method to reconstruct lake

levels. The amount of sediment needed for macro-

fossil analysis, however, can be substantial (e.g.

Digerfeldt et al. 1992). There has been good agree-

ment between lake levels inferred from near-shore

aquatic macrofossils, and paleoclimatic reconstruc-

tions based on pollen analogues, (e.g. Digerfeldt

et al. 1992). Problems can arise, however, such as a

lack of modern pollen analogues from which to infer

past conditions. In such cases, the pollen proxy

cannot be utilized. We used a modified Digerfeldt

approach and analyzed diatom assemblages, the

proportion of scaled chrysophytes to diatom valves,

and percent organic matter (OM) in gravity and

piston cores taken near the present-day littoral/

planktonic diatom ecotone (Moos et al. 2005) in

ELA Lake 239 (Rawson Lake) to infer changes in

past lake levels (Laird and Cumming 2008). This

combination of variables, along with the modern

surface-sample analyses of OM and diatoms (Laird

and Cumming 2008), proved to be a robust means of

inferring past lake levels from near-shore sediments.

Many characteristics of Lake 239 make it a good

candidate for using the Digerfeldt method, i.e.

relatively small size (\50 ha), and a small catchment

area to lake area ratio (\5:1) (Dearing 1997). In

addition, direct groundwater flow to Lake 239 is

negligible (Schindler et al. 1996). Thus, groundwater

interactions likely do not complicate the inferences

of climate from the lake-level reconstructions (e.g.

Digerfeldt et al. 1992).

A number of drainage lakes in the Experimental

Lakes Area (ELA), northwestern Ontario, showed

marked climate-induced changes during an extended

drier and warmer period in the 1970s and 1980s

(Schindler et al. 1996; Schindler 1997; Findlay et al.

2001). Impacts on lake ecosystems included more

transparent waters due to reduced inputs of dissolved

organic carbon from the catchments, warmer tem-

peratures, deeper thermoclines, increased water

renewal time, and small declines in lake level

(Schindler et al. 1996; Moos et al. 2005). The

responsiveness of ELA Lake 239 to these recent

droughts suggests that a longer-term record of climate

conditions might be archived in the sediment.

The ELA lies within the Winnipeg River Drainage

Basin (WRDB), which provides a major component

of the hydroelectric power for Manitoba Hydro

(St. George 2007). Little is known about the past

climate of this region and long-term planning for

future extremes is based on only 80–100 years of

instrumental records. A few Holocene pollen records

from the basin exist (McAndrews 1982; Kronberg

et al. 1998), in addition to a few records from sites

farther east (Björck 1985). Supplementary informa-

tion comes from studies of deglaciation and Lake

Agassiz (e.g. Bajc et al. 2000). Recently, a tree-ring

network was developed to provide a 200–300-year

perspective on drought conditions throughout the

WRDB (St. George 2007).

In this study we present analyses from a suite of

near-shore cores collected between 7 and 13 m water

depth, and compare them to results from a central,

deep core collected at *30 m. Results were repro-

duced in the transect of near-shore cores, but

illustrate that the central, deep core is not appropriate

for lake-level inference. Analyses from the transect of

cores enabled a more robust estimate of the magni-

tude of high stands than analyses on cores from a

single depth, i.e. the littoral/planktonic diatom eco-

tone (Laird and Cumming 2008). Results from this

study suggest that if appropriate lakes and near-shore

locations are chosen, records from small drainage

lakes can be produced, which could expand our
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knowledge of past lake levels and water availability

in many regions.

Study site

Lake 239 (Rawson Lake) is a headwater lake located

within the Experimental Lakes Area (ELA) (49�400 N,

93�440 W), northwestern Ontario (Fig. 1a), and has

been one of the primary reference lakes at ELA since

its inception in 1968 (Johnson and Vallentyne 1971). It

is a relatively small lake (surface area *56 ha) with a

catchment of *240 ha and a maximum depth of

*32 m (Fig. 1b). Limnological monitoring data from

Lake 239 is extensive and has formed the basis of

numerous studies of climatic effects on lake ecosys-

tems (e.g. Schindler et al. 1996; Findlay et al. 2001).

The drainage system of Lake 239 flows into Lake of

the Woods, which flows into Lake Winnipeg via the

Winnipeg River and eventually into the Hudson

Bay drainage system (Schindler et al. 1996). The

region is dominated by boreal tree species such as

jackpine (Pinus banksiana) and black spruce (Picea

mariana). Precambrian shield underlies the area with

bedrock dominated by pink granodiorite (granite).

Soils are thin and mostly moss-covered (Schindler

et al. 1996).

Methods

Sampling

Replicate gravity cores were collected in *30 m of

water near the deep, central basin in July 2003 with a

modified K-B corer (Glew 1989). Replicate gravity

cores were collected from the northeast basin in July

2004 (Fig. 1b). Cores were taken at *2 m depth

intervals between 7 and 13 m depth, using a modified

K-B corer (Glew 1989). The location of the near-shore

cores was based on high-resolution seismic reflection

data (e.g. Lewis et al. 2001), enabling us to choose an

area that had the greatest near-shore sediment depo-

sition along a relatively gentle slope. The gravity cores

were sectioned in the field at 0.25-cm intervals for the

entire length of the cores. From each water depth, a

core was chosen for detailed analysis based on the

length of core and the integrity of the core as assessed

by 210Pb analyses. The core chosen for analysis at

13 m (core 13C, Laird and Cumming 2008) is our

master core for comparisons and chronological corre-

lations across cores. This core was chosen for detailed

analysis based on preliminary diatom and chrysophyte

scale analyses of the top sediments of the near-shore

cores and because sediment accumulation was highest

at this location (Laird and Cumming 2008).
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Fig. 1 Location of Lake 239 (a) and bathymetric map indicating the location of the gravity cores (b)
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Chronology

Gravity core chronologies are based on 210Pb for the

top *10 cm and stratigraphic correlation with the

master gravity core at 13 m. The three radiocarbon

dates of the master core were determined by accel-

erator mass spectrometry (AMS) of isolated pollen

(Laird and Cumming 2008). The 210Pb analysis is

based on counts from a low-background gamma

counter (Schelske et al. 1994) and chronology is

calculated with the constant rate of supply model

(Oldfield and Appleby 1985). The 14C AMS dates

were calibrated to years AD and calendar years BP

using OxCal version 3.1. (Stuiver et al. 1998), with

1950 as the reference point. The resulting age model

indicates that sedimentation rates have changed little

over this time period (Laird and Cumming 2008). A

radiocarbon date on macrofossil material (5,035 ± 35
14C year BP) was consistent with the pollen-dated

sample (4,825 ± 35 14C year BP) from the same

interval in a near-shore piston core collected in July

2004 from *13 m depth (Laird and Cumming 2008).

A pollen sample (8,210 ± 40 14C year BP) and

macrofossil sample (8,170 ± 70 14C year BP) from

the same interval of a piston core collected from the

deep central basin, yielded similar dates.

Diatom analysis

All 186 of the 0.25-cm intervals of the master gravity

core from *13 m were prepared for diatom analysis.

For the cores retrieved at *7, 9 and 11 m, every 0.25-

cm interval in the top 10–12 cm was analyzed. Below

12 cm, samples were taken every 0.5 cm from the core

taken at 11 m (98 samples total), and every 1 cm from

the cores taken at 7 and 9 m (54 and 74 samples total,

respectively). Samples were collected from every 0.5-

cm interval throughout the entire core collected at a

depth of *30 m (72 samples total). Approximately

0.2–0.3 g of wet sediment was sub-sampled from each

core sample. Each sub-sample was weighed and placed

in a 20-ml glass vial for acid digestion. The procedure

then followed Moos et al. (2005). In addition, an

aliquot of a known concentration of microsphere

solution was added to each *5-ml diatom slurry

following digestion. The microspheres were counted

along with the diatoms and used to estimate the

concentration of diatoms (Battarbee and Keen 1982).

Diatoms were identified and counted along transects

on prepared slides using a Leica DMRB microscope

fitted with a 1009 fluotar objective (NA = 1.3), and

using differential interference contrast optics at

1,0009 magnification. Approximately 300 diatom

frustules were enumerated per slide. Dominant diatom

taxa ([*5%), based on previous counts (Laird and

Cumming 2008), were identified to the species level or

lower, and rare taxa were counted in appropriate

groups (e.g. genera, species with similar life forms and

habitats). The main taxonomic references were Kram-

mer and Lange-Bertalot (1986, 1988, 1991a, b),

Cumming et al. (1995) and Camburn and Charles

(2000). Chrysophyte scales were enumerated, but not

identified to the species level.

Major stratigraphic zones were identified using a

constrained cluster analysis (CONISS) with a

squared-chord distance to estimate dissimilarity with

the program TILIA v. 2.02 (Grimm 1987). A

Principal Components Analysis (PCA) of the diatom

community, using square-root transformed species

data, was run using C2 (Juggins 2003) to examine the

main direction of variation in taxa composition. A

square-root transformation was used to downweight

the importance of the dominant taxa.

Organic matter analysis

Organic matter (OM) content in the gravity core

samples was estimated by Loss-on-Ignition (LOI)

(Dean 1974). All gravity cores were analyzed for OM

every *0.5 cm for the length of each core. This

resulted in 47 samples for the core from 7 m water

depth, 75 samples for the cores from 9 and 11 m, 93

samples for the master core taken in 13 m, and 71

samples for the deep, central core collected in *30 m.

Diatom-inferred depth model

A quantitative depth model was developed using

diatom species data from 67 surface sediment samples

collected from five water-depth transects (Laird and

Cumming 2008), using the computer program C2

(Juggins 2003). The model is based on a modern

analogue technique (MAT) on square-root transformed

species data. The square-root transformation places

more weight on the subdominant taxa, resulting in a

reconstruction that does not simply reflect the domi-

nant taxa. A Bray-Curtis dissimilarity index was used

to compare down-core diatom assemblages with
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surface sample assemblages. The model uses the

average depth of the 10 most similar surface samples.

The MAT approach was used because the relationship

of the distribution of diatoms to depth was not linear

over the entire depth gradient (Laird and Cumming

2008). At depths [*12 m the relationship plateaus

because of the dominance of the planktonic taxon

Cyclotella stelligera Cleve and Grunow (in Van

Heurck). Results from two models, based on either

dominant taxa or full species counts (Laird and

Cumming 2008) were highly correlated (r = 0.95,

P \ 0.05). Thus, results presented here are based on

the dominant taxa and groups of rare taxa. This

approach provides a good summary of full species

counts, with the advantage of much-reduced enumer-

ation time.

Results

Fluctuations in Cyclotella stelligera

The dominant taxon in all gravity cores was the

planktonic species C. stelligera (Fig. 2). There were,

however, distinct changes in the percent abundance

of this taxon, along with the other sub-dominant taxa

found in the diatom assemblages of the 13-m master

core (Fig. 3). The other near-shore cores (not shown)

have similar trends in taxonomic composition,

although the percentage of C. stelligera decreases

towards shore and the percentage of tychoplanktonic

taxa and benthic taxa compose a higher percentage of

the assemblages. In the central core, the subdominant

taxa are primarily other planktonic taxa, with littoral

taxa being rare. Fluctuations in the percentages of

C. stelligera are highly consistent across all cores,

including the deep, central core (Fig. 2).

A stratigraphically-constrained cluster analysis

from 13 m depth indicates three zones of distinct

diatom assemblages (Fig. 3). Similar results were

found for the other near-shore cores (not shown),

whereas the central, deep basin core had a very low

total sum of squares and so could not be clearly

divided into distinct zones (not shown). The largest

change over the last *200–300 years (Zone A,

Figs. 2 and 3) occurs in sub-Zone A2, with a large

decrease in C. stelligera. This decrease is clearly

evident in all of the gravity cores (Fig. 2). The onset
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of Zone A also indicates a clear shift in the

concentration of C. stelligera, with the near-shore

cores indicating a decrease in concentration and the

central core an increase in concentration at sub-Zone

A1 (Fig. 4). The total concentration of diatoms is

largely represented by the concentration of C. stelli-

gera, with correlations between total diatom

concentration and the concentration of C. stelligera
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ranging from 0.87 to 0.95. As a consequence, only the

concentration of C. stelligera is shown.

Based on initial analyses of 210Pb, the middle of

Zone A2 was estimated to be around the 1890s (Laird

and Cumming 2008). This chronological estimate

was based on using the average 214Bi as an estimate

of background activity. Because the late 1800s

approach the limit of 210Pb dating, and carbon dating

indicated that sediments below this were older than

that estimated by 210Pb, the chronology of this period

was examined more thoroughly. Background activity

was estimated in two ways: (1) using the average
214Bi (Schelske et al. 1994), and (2) using the Binford

(1990) method of estimating supported 210Pb, i.e. by

using the mean, down-core asymptotic value for total
210Pb. The age model was rerun with different

estimates of supported 210Pb. Depending on which

background (supported 210Pb) was used, age esti-

mates for this period varied from the early 1800s to

the 1890s. Dating sensitivity in this part of the core is

a consequence of low unsupported 210Pb activities

near the unsupported/supported 210Pb boundary.

Estimates of the early 1800s for the timing of this

period (middle of Zone A2, 9.5 cm in the master core

from 13 m) are consistent with sedimentation rates

estimated from carbon dating this core; however, we

can only say confidently that this period corresponds

to sometime during the nineteenth century. Interpo-

lation between the bottom 210Pb date at 9.5 cm and

the first carbon date at 15.25 cm (615 cal year BP,

1335 AD) yields an estimate for the bottom of Zone

A2 of *1650 AD.

In Zone B, there is a distinct increase in the

percentage of C. stelligera across all cores, although

the increase is small in the central core (Fig. 2). In

general, the percent abundance of C. stelligera is

highest in this zone, however a distinct decline of

C. stelligera in the middle of this zone, from *890

to 1130 AD, is evident in all cores. All of the near-

shore cores indicate an increase in the concentration

of C. stelligera in Zone B (Fig. 4). However, from

*890 to 1130 AD, lower diatom concentrations are

evident, being most distinct in the cores from 9 and

13 m (Fig. 4). The central core generally indicates

lower concentrations of C. stelligera in Zone B in

comparison to sub-Zone A1, with the lowest concen-

tration between *890 and 1130 AD (Fig. 4). In Zone

C, prior to *1,500 years ago, the diatom flora was

quite different (Fig. 3), with higher percent

abundances of benthic taxa (e.g. Achnanthes, small

Pseudostaurosira, Staurosira, Staurosirella, and

Navicula), and lower percentages of C. stelligera

(Fig. 2). The concentration of C. stelligera in the

near-shore cores is lower throughout this period, with

the exception of the core from 13 m, which displays

high values in sub-Zone C1 and then low ones in sub-

Zone C2 (Fig. 4).

Diatom-inferred depth

The trends in diatom-inferred depth are consistent

across all near-shore cores (Fig. 5). Inferences from

the central core, however, indicate that this site is not

sensitive to fluctuations in lake level. This is due to

the insensitivity of the depth model when applied to

samples that are dominated only by C. stelligera and

other planktonic taxa at the greater lake depths (Laird

and Cumming 2008). In addition, the inferred depth

of the deep central core is consistently underesti-

mated, never reaching close to the present-day depth

of 30 m. Lake depth inferences from all near-shore

cores are close to the actual depths at the coring site,

with the exception of the inference from the core at

11 m. This, however, may be due to the loss of the

very uppermost sediments of that core. PCA axis-1

scores, using square-root transformed species data,

were used to summarize the main direction in

variation of the taxa. The PCA scores of the near-

shore cores are highly correlated with diatom-inferred

depth, ranging from r = 0.84–0.89, whereas the

central deep core has a much lower correlation

(r = 0.55). The strength of these correlations sug-

gests that diatom-inferred depth is a good reflection

of the assemblage changes in the near-shore cores,

but not in the central core. This again suggests our

depth model is most appropriate for cores collected

near and below the ecotonal boundary between the

benthic and planktonic assemblages.

In Zone A2, diatom-inferred water depth from the

core at 13 m declines, relative to present, an average

of *0.8 m, with a maximum decline of *3.0 m

during the early 1800s (Fig. 5). Lake-level decline is

corroborated in the other near-shore cores, although

the core from 11 m indicates the smallest average

declines during this period, and the core from 7 m the

smallest maximum declines.

In all near-shore cores, the estimate of lake level

suggests that the period represented by Zone B
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corresponds to the period of highest lake level during

the late Holocene (Fig. 5). In our initial study of just

the core from 13 m, it was difficult to estimate the

magnitude of the rise because our model is most

sensitive for estimating lake levels shallower than

*10–12 m (Laird and Cumming 2008). With the

series of gravity cores we can better estimate the

magnitude of this lake-level rise. The deeper cores at

13 and 11 m suggest the average rise was *5.0 m,

whereas the shallower cores at 9 and 7 m yield

inferences for an average rise of *2 m, with short-

term, maximum rises of 3–4 m. The shallower cores

give a more realistic estimate because even with the

2-m rise, the inferred depth is around *10–12 m at

the coring sites and is thus within the range of

sensitivity of our depth model. The period from

*890 to 1130 AD (*21–18 cm depth in the 13-m

depth, master core) indicates distinct declines of

*2.5–3.0 m from the generally higher lake levels of

this period.

In Zone C, the near-shore cores display declines in

the percentage of C. stelligera (Fig. 2) and increases

in littoral taxa similar to that in the core from 13 m of

water (Fig. 3). Inferred depth was at its lowest of the

last *3,000 years (Fig. 5). All cores except the core

from 7 m depth suggest that the average decline

during this period was *2 m. The core from 7 m,

however, only encompasses the very top of Zone C

and thus does not fully represent this period.

Estimates of maximum declines range from *3.5

to 5 m (Fig. 5).

Organic matter

The amount of organic matter (OM) in sediments can

vary tremendously between lakes; however, within a

lake the profundal sediments (deep sediments) typ-

ically vary by only 2–5% (Shuman 2003). In contrast,

at the lakeward boundary of the littoral zone large

changes in OM occur (Shuman 2003). The position of

this boundary changes with changes in lake level.

When lake level declines, the boundary of the littoral

zone moves toward the center of the lake (Dearing

1997). In Lake 239, the OM content of profundal

surface sediments varies from *22% to 27%, and

sharply declines towards shore starting at *10 m

(Laird and Cumming 2008). In the near-shore gravity

cores, fluctuations in percent OM are small in Zones

A and B (Fig. 6), whereas sharp declines occur in

Zone C. The OM content of *16–20% in Zone C of

the 13-m depth master core is indicative of OM

content found in the surface samples of Lake 239

from *7 to 9 m depth (Laird and Cumming 2008).

Evidence from diatoms and OM together suggests

these findings are primarily due to lake lowering and

an inward shift of the littoral zone.

The diatom-inferred lower lake levels in Zone A2

are not clearly apparent in the OM records, except for
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the shallowest core at 7 m (Fig. 6). The diatom-

inferred decline of lake level between *890 and

1130 AD is also undetectable in the OM records.

Discussion

Near-shore core analysis for reconstruction

of lake levels

Many paleolimnological studies have used changes in

planktonic and non-planktonic (benthic and epi-

phytic) diatom species to infer past lake-level

fluctuations qualitatively (e.g. Owen et al. 1982;

Gasse et al. 1989; Wolin and Duthie 1999). Quanti-

tative assessment of lake-level fluctuations inferred

from the diatom assemblages in sediments from

freshwater lakes has been less common. The two

main approaches for developing inference models

have been: (1) analysis of diatoms collected from the

central basins of lakes that vary in maximum depth,

and (2) analysis of diatoms from the shallow littoral

zone to the deeper pelagic zone within a lake.

Predictive, diatom-based depth models based on

sampling the central basins of a suite of lakes are

not always applicable to the lake under investigation

because of complex interactions between diatoms and

depth, distribution of aquatic macrophytes, water

clarity, and other variables (e.g. Barker et al. 1994;

Brugam et al. 1998; Moser et al. 2000). As a

consequence, a number of studies have used the

relationship between the diatom species assemblages

and water depth within the study lake as a basis for

reconstructing changes in past lake levels (e.g. Barker

et al. 1994; Yang and Duthie 1995; Brugam et al.

1998; Nguetsop et al. 2004; Punning and Puusepp

2007). Several of these studies were based on

assigning a life-form category (i.e. epiphytic, benthic,

tychoplanktonic, planktonic) to the diatom species,

but this can often be difficult (Barker et al. 1994;

Yang and Duthie 1995). Models based on weighted

averaging (WA) of depth versus diatom species along

a depth gradient within the study lake, have been used

with success in a number of studies (Yang and Duthie

1995; Duthie et al. 1996; Brugam et al. 1998). All of

these studies found strong relationships between the

diatom-inferred depth and the observed depth, with

the coefficients of determination (r2) ranging from

0.71 to 0.92. These studies, along with our recent

analysis of samples along a depth gradient in ELA

Lake 239 (Moos et al. 2005), and the development of

a quantitative depth model based on the modern

analogue technique (MAT) (Laird and Cumming

2008), clearly indicate that the distribution of diatom

species within a lake basin can be related to changes

in water depth and used to infer past fluctuations in

lake level.

Although C. stelligera often comprises 40–50%

(upwards of 60%) of the near-shore core assem-

blages, our depth model is extremely robust in

30

20

10

0

10 20

Organic matter (%)

D
ep

th
 in

 c
or

e 
(c

m
)

40

30

20

10

0

10 20

40

30

20

10

0

20

40

30

20

10

0

20 30

70

60

50

40

30

20

10

0

20 30

e) 30md) 13mc) 11mb) 9ma) 7m

1650 AD

1130 AD

890 AD

1335 AD

480 AD

1870 AD

1800 AD

615 BC

A1

A2

B

C1

C2

ZoneFig. 6 Percent organic

matter in the five gravity

cores taken from depths

ranging from 7 to 30 m.

Gray bars, the indicated

dates and zones are as in

Fig. 2

J Paleolimnol

123



regions of the lake that are near or below the ecotonal

boundary between the littoral and planktonic zones

(where C. stelligera can reach abundances of 60–

80%). The diatom taxa have distinct distributional

patterns with depth (Laird and Cumming 2008). For

example, planktonic taxa, such as C. stelligera begin

to decrease in percent abundance around 10 m, the

tychoplanktonic Aulacoseira distans (Ehrenberg) Si-

monsen peaks in percent abundance between 4 and

7 m, and benthic taxa have distinct distributions at

depths shallower than *5–6 m. The strength of the

relationship between the main direction of variation

and inferred depth of the near-shore cores, in

comparison to the weaker relationship with the

central core, provides evidence that assemblages near

the ecotone are highly related to depth. In the deeper

environs, additional factors, such as nutrient status,

species interactions, water clarity, etc. can have a

larger influence on species composition.

The difficulty with using near-shore deposits is

that a good sediment archive of past conditions may

be lacking (Battarbee 2000). For example, Wolin

(1996) attempted to analyze a series of near-shore

cores; however, a number of the coring sites had little

soft sediment accumulation due to the abundance of

sand. Thus the determination of sediment accumula-

tion and the slope of the near-shore environments is a

key component in lake-level studies that use marginal

sediments. The selection of near-shore cores for this

study was based on high-resolution seismic reflection

data (e.g. Lewis et al. 2001), enabling us to choose an

area that had the greatest near-shore sediment depo-

sition along a relatively gentle slope. Seismic

profiling of the lake bottom was key in our being

able to infer lake-level changes from the near-shore

sediments of Lake 239. Without the seismic reflection

data, we would have selected the original transect of

the surface samples (Moos et al. 2005), which was

chosen for its gentle slope. However, the seismic data

indicated that the degree of sediment accumulation in

this northwestern basin was small, whereas the

northeastern basin had much greater sediment

accumulation.

Chronology

The average resolution of each 0.25-cm interval of

the 13-m master core for the 210Pb-dated portion (top

*10 cm) is *5 years. It is *20 years for each

interval within the carbon-dated profile (*10–

46 cm). This resolution enables an excellent general

account of lake-level conditions throughout the past

*3,000 years, whereas higher-frequency fluctuations

are not distinguished in these analyses. The period

between the lower limit of the 210Pb (*10 cm) and

the first carbon date at 15.25 cm is a particularly

difficult part of the record for which to provide a

good chronology. Different estimates of supported
210Pb in the dating model can cause variations in

dates at low unsupported 210Pb activities. As a

consequence, the estimated dates from *1650 to

1790 AD (*10–12 cm) must be considered with

caution. For example, extrapolated 210Pb estimates at

12 cm were *1760 AD, whereas interpolation

between the bottom 210Pb date and the first carbon

date estimated this interval to be *1650 AD. Below

this interval, the carbon-dated chronology suggests

that sedimentation rates of the last *4,000–

5,000 years (Laird and Cumming 2008) have been

stable and thus likely provide a good estimate of time

within the constraints of 14C dating errors and

calibration to calendar years BP (e.g. Guilderson

et al. 2005).

Coherency with other records and low stands

of the past *300 years

The Quetico-Superior area has been described as a

regional-scale ecotone between three major vegeta-

tion communities, with the boreal forest to the north

(which includes the ELA region), the northern

temperate forest to the south, and the prairie to the

west (Kronberg et al. 1998). One of the primary

influences on this ecotonal region is the confluence of

three major airstreams; warm and dry Pacific air, cold

and dry Arctic air, and moist tropical air from the

Gulf of Mexico. In addition, within the boreal forest

there is an east-west gradient from moist to dry; this

region of the boreal forest is considered to be a

transitional region between the humid east and arid

west. Because of the proximity of the ELA to this

ecotonal boundary, droughts during the twentieth

century in the ELA region were often synchronous

with arid periods of the west (e.g. 1930s, 1980s).

Widespread and persistent North American droughts

of the mid- to late-nineteenth century were not,

however, always evident in the ELA region. Exam-

ination of gridded station data for precipitation
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anomalies during these nineteenth century droughts

in Herweijer et al. (2006) suggests that the ELA

region was clearly encompassed only within the

major drought of the 1870s, but near the edge of the

major droughts of the mid-1850s to mid-1860s, and

the 1890s drought. However, much of this data is

based on extrapolation from a few climate stations,

particularly in the ELA region, and thus must be

viewed with caution. Nonetheless, the main point is

that the ELA region often lies on the edge of steep

climatic gradients and thus is in and out of phase with

other regions of North America. As a consequence of

its location, the ELA is a key region for examining

the long-term susceptibility to drought and water

availability in a region which today is often viewed to

be more typical of the humid east.

Historical lake-level data have been recorded at

Lake 239 from 1969 to present. During the warmer

and drier 1970s and 1980s (Schindler et al. 1996),

measured lake-level declined by 0.2–0.3 m at Lake

239 (Moos et al. 2005). Our records do not distinguish

this period, most likely because the measured changes

in lake level were small. The largest decline in the past

*200–300 years occurs in the nineteenth century

(middle of Zone A2) with maximum declines of *2–

3 m and average lake-level declines of approximately

0.8 m (Fig. 5). The bottom portion of Zone A2 is

estimated to be *1650–1790 AD. All cores, includ-

ing the deep central core recorded a sharp decline in

the percentage of C. stelligera during sub-Zone A2.

However, because of the high percentage of C. stel-

ligera and other planktonic taxa in the central core, the

site is not sensitive for inferring lake-level changes.

The concentration of C. stelligera also declines

during this period. In the near-shore cores, the trend

of low C. stelligera concentration remains until

present, whereas concentration increases in the most

recent sediments of Zone A1 of the central core

(Fig. 4).

Several periods of drought in western North

America during the nineteenth century have been

recorded in historical, proxy, and instrumental

records. Explorer accounts in the early 1800s (Zeb-

ulon Pike) and 1819–1820 (Stephen Long) describe

the North American Great Plains being like a desert

(Cook et al. 2007). Records of crop failure and tree-

ring data document drought in the Canadian prairies

from *1815 to 1819 (Case and MacDonald 2003).

Tree-ring records and historical accounts of eolian

activity document droughts in the 1800s and 1820s in

many regions of central North America (Muhs and

Holliday 1995; Woodhouse and Overpeck 1998).

Periods of drought in many regions of western North

America during the mid- and late-1800s have also

been documented. The explorer, Captain John Pallis-

er, considered the central Canadian prairies as ‘useless

land’ during his exploration from 1857 to 1860

(McDonald and Case 2000). Historical data from

eolian activity, newspaper accounts, early meteoro-

logical records and drought reconstructions from tree

rings indicate that drought was widespread throughout

much of central and western U.S. in the 1860s

(Woodhouse and Overpeck 1998). Herweijer et al.

(2006) document several widespread and persistent

droughts in the U.S. during the latter half of the

nineteenth century, with periods of drought from

1856–1865, 1870–1877 and 1890–1896. Tree-ring

records within the Winnipeg River Drainage Basin

suggest intermittent lower-growth years during much

of the 1880s and 1890s, but these were not as extreme

as in the 1860s and 1910s (St. George 2007). These

data do not correspond completely with the mapping

of nineteenth-century droughts in Herweijer et al.

(2006); however, this is likely due to the extrapolation

of precipitation data from a few climate stations. Tree-

ring records farther to the west indicated that the

1890s was a period of drier conditions in many parts

of the North American prairies (e.g. Sauchyn et al.

2003; Herweijer et al. 2007).

Given the uncertainty of the Zone A2 chronology,

it is difficult to pin-point exactly when the nineteenth-

century, maximum low lake levels occurred. How-

ever, based on the carbon dates and rate of

sedimentation, it is likely closer to the early 1800s

than the 1890s as first thought (Laird and Cumming

2008). In general, the nineteenth century (encom-

passed within sub-Zone A2) had lower lake levels

than the twentieth century. The bottom of this zone

(*11–12 cm in the 13-m master core) is estimated to

be *1650–1720 AD, which may correspond to an

arid period documented in other proxy records.

Severe drought from *1660 to 1710 AD was

documented in the pollen record from varved Lake

Mina, Minnesota, adjacent to the present-day prairie/

deciduous forest boundary (St. Jacques et al. 2008).

Further to the northeast, peaks in eolian activity were

documented in Elk Lake, MN from *1670 to 1750

AD (Dean 1997) and inferences from calcite d18O at
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Steel Lake, MN indicated an arid period from *1650

to 1700 AD (Tian et al. 2006). In southern Manitoba

in the Red River Valley, tree-ring data indicate an

extremely dry period from *1670 to 1775 AD (St.

George and Nielsen 2002). These periods of drought

overlap with the second colder phase of the so-called

Little Ice Age (LIA). Pollen data from Lake Mina

indicate a very cold phase from *1625 to 1775 AD

(St. Jacques et al. 2008). The expansion of the Big

Woods in MN at *1650 AD has been related to the

LIA cooling (Brugam and Swain 2000). Perhaps in

the ELA region, the apparent arid second phase of the

LIA is the result of long periods of dominance of

cold, dry Arctic air.

Late Holocene lake-level history

*1050 BC–1650 AD (*3,300–300 cal year BP)

The lake-level record of Lake 239 indicates generally

high lake levels between *480 and 1650 AD

(*1,470–300 cal year BP, Zone B). During this

period, both the percentage and concentration of

C. stelligera was generally higher in the near-shore

cores. A late sixteenth century megadrought indicated

in many tree-ring records across North America

(Woodhouse and Overpeck 1998; Woodhouse 2004)

is not apparent in the Lake 239 lake-level record.

However, it is also not apparent in adjacent regions in

Minnesota (Dean 1997; St. Jacques et al. 2008), nor

in the Red River Valley of Manitoba where inferred

precipitation was above normal from *1580 to 1620

AD (St. George and Nielsen 2002). This combined

data suggests that this region is beyond the north-

eastern limit of the sixteenth century megadrought.

There is, however, a period of much lower lake levels

earlier in Zone B.

There was a distinct decline in lake level of *2.5

to 3.0 m from *890 to 1130 AD (*1,060–820 cal -

year BP). This interval corresponds to an epic

drought recorded in many regions of North America

from *800 to 1400 AD. It is often referred to as the

Medieval Climatic Anomaly (MCA) or the Medieval

Warm Period, and encompasses ‘‘The Great

Drought’’ of the thirteenth century (Woodhouse and

Overpeck 1998; Woodhouse 2004; Herweijer et al.

2007). The estimates of timing of this epic drought

depend on the geographical location and the chrono-

logical constraints of the proxy records. Tree-ring

records from western North America indicate

prolonged, severe aridity from *900 to 1300 AD

(Cook et al. 2004). In Minnesota, several proxy

records indicate droughts within the MCA interval. A

century-scale drought recorded during the 1300s in a

900-year pollen record from Mina Lake was the most

severe of the record period with sand deposits

suggesting large declines in lake level (St. Jacques

et al. 2008). Eolian deposition was high at Elk Lake

from *1280 to 1410 AD (Dean 1997) and an arid

period from *1100 to 1400 AD is inferred from

calcite d18O at Steel Lake (Tian et al. 2006). As in

the Steel Lake record and other records where wetter

periods occur within generally more arid intervals,

the lake-level decline from *890 to 1130 AD in

Lake 239 is interrupted by wetter conditions from

*1000 to 1050 AD (19.0–19.75 cm in the master

13-m core). This short rise is most apparent in the

more highly-resolved 13-m core. Another smaller

decline in lake level is centered at *680 AD (24 cm

in the master 13-m core). This period is out of the

range of tree-ring records, and few other high-

resolution records that are adjacent to our study

region cover this period. Records of inferred peatland

water-table depth do not indicate the period around

680 AD as a dry interval, however widespread

drought events are recorded during *950–1250 AD

(the MCA period) and water-table levels were

generally low from *1,900 to *3,500 cal year BP

(Booth and Jackson 2003, Booth et al. 2006). This

latter period overlaps with the low lake levels in Lake

239 in Zone C from *3,300 to *1,470 cal year BP.

Inferred depth was at its lowest of the last

*3,000 years during Zone C. This is clearly apparent

in both the diatom and OM records of all the near-

shore cores. The OM records reflect the large changes

in lake lowering which resulted in an inward shift of

the littoral zone. However, smaller declines inferred

earlier in the record (i.e. Zone A2 and from *890 to

1130 AD) are not apparent in the OM records. Thus

the OM records appear not to be sensitive enough, in

comparison to the diatoms, to pick up smaller, short-

lived declines in lake level. Average declines during

Zone C were *2 m, with maximum declines of up to

*3.5–5.0 m. A decline of *2 m would cause a

*14% decrease in surface area and an *18%

decrease in the volume of Lake 239. Declines of

4 m would cause decreases in surface area of *23%

and a reduction in volume of *33% (Laird and

Cumming 2008). However, in comparison to the
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much lower lake levels of the mid-Holocene, condi-

tions of the past *3,000 years were more similar to

present-day conditions (Laird and Cumming 2008).

The timing of the onset of ‘modern’ lake-level

fluctuations in Lake 239 corresponds to the timing of

broad-scale syntheses of lake-level conditions during

the Holocene in North America (Ritchie and Harrison

1993; Thompson et al. 1993). These studies suggest

that the transition to generally cooler, moister con-

ditions occurred over a protracted period which began

*5,000–6,000 cal year BP, but was not established

until *2,000–3,000 cal year BP. This is similar to

what the Lake 239 record indicates, with a transi-

tional period from the extreme aridity of the mid-

Holocene beginning *5,500 cal year BP, with more

modern conditions commencing *3,300 cal year BP

(Laird and Cumming 2008). Sites further west and

east suggest that modern lake conditions were not

established until *2,000 cal year BP (Michels et al.

2007). The variation in timing of the onset of modern

lake conditions likely reflects the variability in

geological and hydrological setting, as well as the

geographic variance in timing of climatic change at

specific locations.

Conclusions

The detailed study of the near-shore sediments from

Lake 239 indicates that lake levels during the past

*3,000 years have varied on average by ±2 m

from present-day conditions, with maximum rises of

*3–4 m and maximum declines of *3.5–5 m. The

series of near-shore cores indicates high reproduc-

ibility in the percent and total abundance of the

dominant taxon Cyclotella stelligera, diatom-inferred

depth, and percent organic matter. This transect of

near-shore cores enables a better constraint on the

magnitude of lake-level fluctuations, particularly

rises in lake level, than analyses only at one depth.

High-resolution analysis of the core nearest to the

present-day ecotone between benthic and planktonic

taxa, at 13 m, provided an excellent view of declines

and trends in lake-level increases during the late

Holocene (Laird and Cumming 2008). Although the

deep central basin core had very similar trends in the

percentage of C. stelligera to the near-shore cores, it

does not provide a sensitive site for analysis of lake-

level changes because of the insensitivity of the

diatom model at very high percentages of C. stelli-

gera and other planktonic taxa. The robustness of our

findings suggest that near-shore sediments from small

drainage lakes in humid climates, with adequate

sediment accumulation in the near-shore environs,

can provide an excellent means of assessing long-

term fluctuations in lake level and water availability.

Our lake-level record indicates several periods of

persistent low levels during the nineteenth century,

from *900 to 1100 AD, and for extended periods

prior to *1,500 years ago. Water availability under

future human-induced warming is of concern to

industries dependent upon water resources, such as

agriculture and hydro-generation of electricity, and to

society in general for future drinking water and other

consumptive uses. Many regions of Canada are

projected to have increased precipitation under

increasing CO2 conditions; however, there is great

uncertainty in both the temporal and spatial distribu-

tion of future precipitation based on General

Circulation Models (Schindler 1997; IPCC 2007).

Even if there is an increase in precipitation, there will

likely be less water availability due to higher air

temperatures and periods of extended evaporation

and transpiration (Schindler 1997). For example, at

the ELA during the warm 1970s and 1980s, average

evaporation increased by *35 mm per 1�C increase

in annual temperature and was nearly double this rate

(*68 mm per 1�C increase) during the summer

months (Schindler 1997). Consequently, without a

substantial increase in precipitation, it is projected

from the empirical data from ELA that lake levels,

stream flows and groundwater levels will all decline

under a warmer climate (Schindler et al. 1996;

Schindler 1997). Conditions during the arid mid-

Holocene have been surmised to be a good analog for

future climatic conditions under greenhouse gas

forcing. However, even the more modest declines in

water availability during the late Holocene may make

it difficult for society to cope, particularly if water

management continues to be based on the short-term

instrumental records, which clearly do not encompass

the full range of natural climate variability.

The Canadian prairies are already experiencing

reductions in surface-water availability due to cli-

matic warming and human withdrawals (Schindler

and Donahue 2006) and many regions in the western

U.S. have experienced water supply deficits in

reservoir storage with the recent multi-year drought
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(e.g. Cook et al. 2007). These severe multi-year

drought conditions pale in comparison to the many

widespread megadroughts that persisted for decades

and sometimes centuries in many parts of North

America over the last millennium (e.g. Woodhouse

2004). It has been observed with the recent drought in

western North America that agricultural and hydro-

logical systems do not have the resilience to survive

such conditions as inferred during past megadroughts,

at least under our current use of water resources.

Acknowledgements We thank ELA staff for logistical

support while conducting fieldwork, and Dan Selbie, Melissa

Moos, Chris Lorenz, Lauren Forrester for help with fieldwork.

We thank Mike Lewis at the Geological Survey of Canada and

Gaywood Matile at the Manitoba Geological Survey for

conducting the high-resolution seismic profiling. We thank

two anonymous reviewers and the editing by Mark Brenner in

improving the manuscript. This project was funded by a

Premier’s Research Excellence Award to B.F.C. with matching

funds from Manitoba Hydro.

References

Bajc AF, Schwert DP, Warner BG, Williams NE (2000) A

reconstruction of Moorhead and Emerson Phase environ-

ments along the eastern margin of glacial Lake Agassiz,

Rainy River basin, northwestern Ontario. Can J Earth Sci

37:1335–1353. doi:10.1139/cjes-37-10-1335

Barker PA, Roberts N, Lamb HF, van der Karrs S, Benkaddour A

(1994) Interpretation of Holocene lake-level change from

diatom assemblages in Lake Sidi Ali, Middle Atlas, Mor-

occo. J Paleolimnol 12:223–234. doi:10.1007/BF00678022

Battarbee RW (2000) Palaeolimnological approaches to cli-

mate change, with special regard to the biological record.

Quat Sci Rev 19:107–124. doi:10.1016/S0277-3791(99)

00057-8

Battarbee RW, Keen MJ (1982) The use of electronically

counted microspheres in absolute diatom analysis. Limnol

Oceanogr 27:184–188

Binford MW (1990) Calculations and uncertainty analysis of

210Pb dates for PIRLA project lake sediment cores. J

Paleolimnol 3:253–267. doi:10.1007/BF00219461

Björck S (1985) Deglaciation chronology and revegetation in

northwestern Ontario. Can J Earth Sci 22:850–871

Booth RK, Jackson ST (2003) A high-resolution record of late-

Holocene moisture variability from a Michigan raised

bog, USA. Holocene 13:863–876. doi:10.1191/0959683

603hl669rp

Booth RK, Notaro M, Jackson ST, Kutzbach JE (2006)

Widespread drought episodes in the western great Lakes

region during the past 2000 years: geographic extent and

potential mechanisms. Earth Planet Sci Lett 242:415–427.

doi:10.1016/j.epsl.2005.12.028

Brugam RB, Swain P (2000) Diatom indicators of peatland

development at Pogonia Bog Pond, Minnesota, USA.

Holocene 10:453–464. doi:10.1191/095968300668251084

Brugam RB, Mckeever K, Kolesa L (1998) A diatom-inferred

water depth reconstruction for an Upper Peninsula,

Michigan lake. J Paleolimnol 20:267–276. doi:10.1023/

A:1007948616511

Camburn KR, Charles DF (2000) Diatoms of low-alkalinity

lakes in the northeastern United States. Academy of

Natural Sciences, Philadelphia

Case RA, MacDonald GM (2003) Tree-ring reconstructions of

stream flow for three Canadian prairie rivers. J Am Water

Resour Assoc 39:703–716. doi:10.1111/j.1752-1688.2003.

tb03686.x

Cook ER, Woodhouse CA, Eakin CM, Meko DM, Stahle DW

(2004) Long-term aridity changes in the western United

States. Science 306:1015–1018. doi:10.1126/science.

1102586

Cook ER, Seager R, Cane MA, Stahle DW (2007) North

American drought: reconstructions, causes, and conse-

quences. Earth Sci Rev 81:93–134. doi:10.1016/j.earscirev.

2006.12.002

Cumming BF, Wilson SE, Hall RI, Smol JP (1995) Diatoms

from British Columbia (Canada) Lakes and their rela-

tionship to salinity, nutrients, and other limnological

variables. Bibliotheca Diatomologica Band 31. Gebrüder
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Süßwasserflora von Mitteleuropa, Band 2/2. Gustav

Fischer Verlag, Stuttgart

Krammer K, Lange-Bertalot H (1991a) Bacillariophyceae. 3:

Teil: Centrales, Fragilariaceae, Eunotiaceae. In: Ettl H,
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