
Prolonged Ice Cover Dampens Diatom Community
Responses to Recent Climatic Change in High Arctic
Lakes

Authors: Keatley, Bronwyn E., Douglas, Marianne S. V., and Smol,
John P.

Source: Arctic, Antarctic, and Alpine Research, 40(2) : 364-372

Published By: Institute of Arctic and Alpine Research (INSTAAR),
University of Colorado

URL: https://doi.org/10.1657/1523-0430(06-068)[KEATLEY]2.0.CO;2

BioOne Complete (complete.BioOne.org) is a full-text database of 200 subscribed and open-access titles
in the biological, ecological, and environmental sciences published by nonprofit societies, associations,
museums, institutions, and presses.

Your use of this PDF, the BioOne Complete website, and all posted and associated content indicates your
acceptance of BioOne’s Terms of Use, available at www.bioone.org/terms-of-use.

Usage of BioOne Complete content is strictly limited to personal, educational, and non - commercial use.
Commercial inquiries or rights and permissions requests should be directed to the individual publisher as
copyright holder.

BioOne sees sustainable scholarly publishing as an inherently collaborative enterprise connecting authors, nonprofit
publishers, academic institutions, research libraries, and research funders in the common goal of maximizing access to
critical research.

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 02 May 2024
Terms of Use: https://bioone.org/terms-of-use



Prolonged Ice Cover Dampens Diatom Community Responses to Recent Climatic
Change in High Arctic Lakes

Bronwyn E. Keatley*1

Marianne S. V. Douglas{{ and

John P. Smol*#

*Paleoecological Environmental

Assessment and Research Laboratory

(PEARL), Department of Biology,

Queen’s University, Kingston, Ontario,

K7L 3N6, Canada

{Paleoenvironmental Assessment

Laboratory (PAL), Department of

Geology, University of Toronto, 22

Russell Street, Toronto, Ontario, M5S

3B1, Canada

{Present address: Canadian

Circumpolar Institute, University of

Alberta, Campus Tower, Room 308,

8625-112 Street, Edmonton, Alberta,

T6G 0H1, Canada

marianne.douglas@ualberta.ca

1bronwyn.keatley@mail.mcgill.ca

#Corresponding author:

smolj@queensu.ca

Abstract

Numerous paleolimnological studies of Arctic lakes and ponds have shown marked

shifts in both algal and invertebrate taxa within the past ,150 years that are

consistent with recent climatic warming. However, the magnitude and timing of

changes are often non-uniform, with large, deep lakes frequently exhibiting muted

assemblage shifts relative to smaller ponds. The hypothesis that duration and extent

of ice cover exerts an overriding influence on habitat availability for biota has been

commonly invoked to explain these differences, and many studies indicate that

changes in ice cover are important drivers of recent biological changes. However, a

detailed paleolimnological comparison of two lakes from the same region that have

similar water chemistry but different ice cover regimes has not yet been attempted.

Here we examine the influence of prolonged ice cover on the rate, magnitude, and

direction of fossil diatom species shifts over time in two remarkably similar and

adjacent Ellesmere Island lakes that mainly differ in their periods of ice cover. These

two lakes exhibit strikingly different paleolimnological diatom profiles, despite their

physical proximity, similar depths, and nearly identical water chemistry. In the lake

characterized by prolonged ice cover, we find little evidence of diatom-inferred

environmental change over its recent history, while diatom assemblages have

undergone dramatic changes in the lake with the shorter duration of ice cover. This

study supports the general hypothesis that changes in ice cover are a principle

determinant of shifting diatom assemblages in High Arctic lakes.

DOI: 10.1657/1523-0430(06-068)[KEATLEY]2.0.CO;2

Introduction

High latitude regions are especially sensitive to climatic

changes (ACIA, 2004) and therefore represent critical reference

areas for studies of long-term environmental change. As long-term

monitoring data are lacking with respect to both temporal and

spatial scales, proxy indicators of environmental change must be

relied upon to reconstruct environmental histories in this

climatically sensitive area (Pienitz et al., 2004). The abundance

of lakes and ponds in the Canadian High Arctic allows for

regional assessments of environmental change using paleolimno-

logical techniques. The accumulation of allochthonous and

autochthonous biological, chemical, and physical indicators in

lacustrine sediments provides a rich archive of information about

past environments (Smol, 2008). Diatoms are siliceous unicellular

algae (class Bacillariophyceae) that are particularly useful

environmental indicators because they are ubiquitous, respond

rapidly to changing conditions, and different species often have

distinct optima with respect to many important environmental

variables (Stoermer and Smol, 1999). Diatoms have been

especially effective biomonitors in Arctic regions (Douglas and

Smol, 1999; Douglas et al., 2004; Solovieva et al., 2005) where

other sources of proxy data are sometimes lacking.

In a recent analysis of 55 paleolimnological profiles from

circumpolar lakes and ponds, Smol et al. (2005) summarized the

often dramatic changes in biological microfossils, including

diatoms, which have occurred over the last ,150 years. Assem-

blage changes were found to be consistent with climatic warming,

with the greatest changes observed in the northernmost regions.

Interpretations based on diatoms are also consistent with studies

using non-biological proxies (e.g. Smith et al., 2004). Changes in

lake ice cover were first proposed by Smol (1983) as a major cause

for some of the striking species changes, and this idea was

developed further by Smol (1988) and Douglas and Smol (1999).

Briefly, during cooler periods, the persistence of ice cover can

reduce primary production by limiting light penetration into the

lake. Under warmer conditions, ice cover is reduced, more light is

available for photosynthesis, and as a result more habitat becomes

available for colonization by algae. However, other factors, such

as lake depth, also play a role in how changes in climate,

manifested through changes in lake ice, could affect diatom flora.

For example, in relatively deep, extensively ice-covered lakes near

Alert and Resolute Bay (Fig. 1), diatom communities showed

subtle shifts that began over the last few decades (Doubleday et

al., 1995; Michelutti et al., 2003a; Antoniades et al., 2005). In

contrast, small, shallow ponds at Cape Herschel (Ellesmere Island)

and Isachsen (Ellef Ringnes Island) (Fig. 1) tracked relatively

dramatic changes in diatoms beginning much earlier, in the late

19th or early 20th century, respectively (Douglas et al., 1994;

Antoniades et al., 2005). Likewise, across the circumpolar north,

many deeper lakes have recorded increases in planktonic species

during recent history (Sorvari et al., 2002; Rühland et al., 2003),

whereas shallow ponds have been characterized by shifts in taxa

indicative of greater periphytic (aquatic plant) habitat availability

(Smol et al., 2005). Both the development of plankton (in deeper

lakes) and periphyton (in shallow ponds), as well as the delayed

impact of warming in some locations, could be explained by

changes in the persistence of ice cover, and associated limnological
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changes in the physical, chemical, and biological characteristics of

deeper versus shallower lakes (Smol, 1988; Douglas and Smol,

1999).

While a large diatom calibration set has been developed to infer

ice cover duration in subarctic lakes in Fennoscandia (Thompson et

al., 2005), the ice cover hypothesis has yet to be explicitly tested

using a paleolimnological approach. In this paper, we test the

hypothesis that ice cover is the overriding influence on diatom

communities in High Arctic lakes by examining diatom assemblage

shifts in two small, adjacent lakes, Skeleton Lake and Lake EP2, in

northern Ellesmere Island, which are very similar in all limnological

respects (e.g. location, morphology, and water chemistry variables

that influence diatoms) other than duration of ice cover.

Although instrumental records of climate change do not exist

for the study sites and the Lake Hazen region of northern

Ellesmere Island, previous diatom-based paleolimnological inves-

tigations suggest that environmental changes have occurred at

Alert (Doubleday et al., 1995; Antoniades et al., 2005), the Hazen

Plateau (Smith, 2002), and the Fosheim Peninsula (Wolfe, 2000;

Perren et al., 2003). Likewise, glacier mass balance records (Braun

et al., 2004), melt records from the nearby Agassiz Ice Cap

(Koerner and Fisher, 1990), and instrumental data from Alert and

Eureka weather stations (Meteorological Service of Canada, 2006)

indicate a regional warming in recent decades. Thus, while

environmental change has occurred in this region, ice cover

continues to persist longer on one lake than the other likely due to

local cooling caused by shading from a nearby hill. If climate

modulated changes in the duration and extent of ice cover is truly

the dominant factor driving diatom assemblage shifts in Arctic

lakes, we predict the greatest ecological changes to occur in the

lake with the longest open water period.

Site Description

The two study lakes, Skeleton Lake and EP2 (unofficial

name), are small (maximum depths ,4 and ,3 m, respectively),

relatively simple basin, High Arctic lakes (81u509N, 71u289W),

located on the north side of Lake Hazen, Ellesmere Island,

Nunavut, Canada. Skeleton Lake drains into EP2 (less than 20 m

to the east) via Skeleton Creek, which in turn flows through a third

pond (EP3) and then into Lake Hazen (Fig. 2). Skeleton Lake has

repeatedly been shown to become ice free later than EP2 (Fig. 3;

Oliver and Corbet, 1966; National Air Photo Archives; and field

observations, this study, 2003). This is likely due to the greater

shading and protection from winds on Skeleton Lake by Blister

Hill, located to the south (Fig. 2; Oliver and Corbet, 1966).

For its latitude, the Hazen Basin region experiences

anomalously warm summer conditions due to its continental

location and its placement on the leeward side of the Grant Land

Mountains (Thompson, 1994). In July 2003, for example, mean

maximum daily temperatures at Eureka and Alert were 10.9 and

4.3 uC, respectively (Meteorological Service of Canada, 2006),

while the mean maximum daily temperature at Lake Hazen camp

was 16 uC. The area receives very little precipitation (,95 mm

annually; Thompson, 1994). The frost-free period at Lake Hazen

(Fig. 1) lasts 8–10 weeks and, as such, supports a greater

abundance and diversity of vegetation than the surrounding areas

(Soper and Powell, 1985). Skeleton Lake, EP2, and EP3 are

surrounded by wet meadows which are predominantly covered

with Carex aquatilis var. stans and Eriophorum spp., as well as

Saxifraga, Lychnis, Salix, Stellaria, Arctagrostis, Polygonum,

Equisetum, and many types of mosses (Soper and Powell, 1985).

Bedrock consists of Jurassic and Cretaceous sandstone and shale;

this is overlain by glacial till, sand, gravel, talus, and soils of

Pleistocene and more recent origin (Christie, 1964).

Methods

Water chemistry measurements and water samples were taken

from Skeleton Lake, EP2, and EP3 within approximately one hour

of each other on 7 July 2003. Temperature, pH, and specific

conductivity were measured in the field with a handheld

FIGURE 1. Map showing the
locations of the study site (star)
and the other sites (numbered)
mentioned in the text: 1. Alert,
2. Hazen Plateau, 3. Agassiz Ice
Cap, 4. Fosheim Peninsula, 5.
Cape Herschel, 6. Isachsen, Ellef
Ringnes Island, 7. Char Lake,
Cornwallis Island.
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thermometer, a handheld Hanna pHEP pH meter and aYSI model

33 conductivity meter, respectively. Water samples were also taken

for total filtered phosphorus (TPf), total unfiltered phosphorus

(TPu), nitrate-nitrite (NO3-NO2), ammonia (NH3), total Kjeldahl

nitrogen (TKN), total dissolved nitrogen (TdN), particulate

nitrogen (PON), dissolved organic carbon (DOC), dissolved

inorganic carbon (DIC), particulate carbon (POC), dissolved

silica (SiO2), chlorophyll a (Chl a, uncorrected for phaeophytin),

calcium (Ca), magnesium (Mg), sodium (Na), potassium (K),

sulfate (SO4), and chloride (Cl). Laboratory analyses were

performed at the National Laboratory for Environmental Testing

(NLET), Environment Canada, Burlington, Ontario, Canada,

using methods outlined in Environment Canada (1994).

Sediment cores were obtained using a modified Glew (1989)

corer (3.75 cm inner diameter) from the deepest part of both

Skeleton Lake (33 cm long) and EP2 (17 cm long) on 14 July 2003.

Cores were sectioned on-site at 0.5 cm intervals using a Glew

(1988) extruder. The uppermost (,2 cm) sediments from the

adjacent pond, EP3, were sampled by hand to allow for a

comparison of the recently deposited diatom assemblages between

the three sites.

Subsamples from each 0.5-cm-thick interval of both cores

were analyzed for 210Pb using alpha spectrometry at MyCore

Scientific, Deep River, Ontario, Canada. The 210Pb dates for

Skeleton Lake were calculated using the constant rate of supply

(CRS) method (Binford, 1990). In the sediments from EP2, the
210Pb activity levels were too low to provide a reliable age model,

so trace elements were used to identify anthropogenic pollution

horizons as an approximate marker for the increase in industrial

emissions at A.D. ca. 1850. Trace element analyses were carried out

by Activation Laboratories Inc., in Ancaster, Ontario, Canada. A

suite of metals (specifically total Pb) were measured using a Perkin

Elmer SCIEZ ELAN 6100 Inductively Coupled Plasma Mass

Spectrometer (ICP/MS). International certified reference materials

USGS GXR-1, GXR-2, GXR-4, and GXR-6 were analyzed at the

beginning and end of each batch of samples. Internal control

standards were analyzed every 10 samples and a duplicate was run

for every 10 samples. Total Hg was measured on a Perkin Elmer

FIMS 100 cold vapor Hg analyzer. Organic matter was estimated

by loss on ignition (LOI) at 550 uC for 2 hours (Heiri et al., 2001)

at PEARL in Kingston, Ontario, Canada.

Microwave digestion techniques were used to clean diatom

frustules from the sediment with concentrated HNO3 (Parr et al.,

2004). Diatom slurries were rinsed with deionized water until they

reached a neutral pH, dried on pre-cleaned glass cover slips, and

mounted on slides with NaphraxH (high refractive index mounting

medium). A minimum of 500 diatom valves was identified and

enumerated from each sample using a Leica DMRB microscope.

Taxonomy primarily followed Krammer and Lange-Bertalot

(1986–1991), Krammer (2002), and Antoniades et al. (2008). In

order to examine whether rare species were tracking environmen-

tal changes in these lakes, we used all species in a principal

components analysis (PCA). We also performed a detrended

correspondence analysis (DCA) to examine species turnover in

standard deviation (SD) units (Lepš and Šmilauer, 2003). This

ecologically relevant interpretation provides an objective compar-

ison of species compositional change between the two sites.

Results

MODERN LIMNOLOGY

The physical and chemical variables measured for Skeleton

Lake, EP2, and EP3 are shown in Table 1. The variables of

greatest limnological interest that influence diatom assemblages,

including pH, specific conductivity, and dissolved nutrients, are

nearly identical between the three lakes; notable exceptions to this

include temperature and the particulate fractions of carbon (POC)

and nitrogen (PON), and NH3. However, when examined in the

context of 55 lakes and ponds from northern Ellesmere Island, a

principal components analysis (PCA), based on water chemistry

variables that are expected to influence diatom assemblages,

indicates that they are more similar to each other than to 52 other

sites from northern Ellesmere Island (Fig. 4).

Diatom assemblages identified from the recently deposited

sediments of the three lakes are listed in Table 2. All three lakes

are characterized by small, benthic diatoms and share high

abundances of some common taxa (e.g. small, benthic Fragilaria

spp. sensu lato). The diatom assemblage in the surface sediments

from EP3 was the most diverse of the three lakes, and consisted of

small Achnanthes spp. (A. petersenii, A. minutissima), Brachysira

zellensis, Cymbella spp., Denticula spp., and small Nitzschia

FIGURE 2. Site map detailing the local topography near
Skeleton Lake and EP2.

FIGURE 3. Ice-off dates for Skeleton Lake (solid bars) and Lake
EP2 (hatched bars). The data from 1963 and 1964 are from Oliver
and Corbett (1966). The data from 2003 is approximated from our
own field observations based on two site visits that occurred seven
days apart; during the first visit, EP2 was already ice-free while
Skeleton Lake was ,80% ice-covered. Seven days later, after very
warm weather, Skeleton Lake was ice-free.
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species (Table 2). Similar to EP2, the most prevalent diatom in

EP3 was Fragilaria brevistriata suggesting that some as-of-yet

unidentified characteristic about these water bodies currently

favors the growth of F. brevistriata.

PALEOLIMNOLOGY

Unsupported 210Pb concentrations in the Skeleton Lake

sediment core displayed a largely exponential decline until

reaching background levels at 4.75 cm depth, corresponding to

an age of A.D. ca. 1877 (Fig. 5). Since the 210Pb concentrations

were too low in the EP2 sediment core to obtain reliable dates, we

examined total Pb and Hg concentrations to provide an

approximate time horizon indicating the onset of airborne

anthropogenic pollution. Sedimentary concentrations of Pb and

Hg in ponds from nearby Greenland have been shown to increase

starting in the early 19th and 20th centuries (Bindler et al., 2001a,

2001b). Thus, a rise in the Hg and Pb concentrations at 9 cm depth

is interpreted as corresponding to ,150 to 200 years BP.

A list of common diatom taxa and the DCA axis 1 gradient

lengths (an estimate of change in species composition) of the

sediment cores of Skeleton Lake and EP2 can be found in Table 3.

There is little change in the 33 cm Skeleton Lake core (Fig. 6a);

this is reflected in the short gradient length of DCA axis 1 (1.06 SD

units; Table 3). Diatom assemblages are composed of small,

benthic taxa, dominated by Fragilaria construens var. venter (,80–

90%). Throughout much of this core, F. construens var. venter co-

occurs with F. pinnata (up to ,20%). In the top 2 cm

(corresponding to approximately the last ,30 years), there is a

small increase in F. brevistriata (up to its maximum relative

abundance of ,10%), as well as the near complete disappearance

of F. pinnata.

In nearby Lake EP2, which is less shaded, warmer, and

experiences less prolonged ice cover than Skeleton Lake (Fig. 6b),

three periods of diatom change occur within the 17 cm sediment

core (Fig. 6c). These patterns in the dominant species are also

reflected when all species are incorporated in the DCA, which

indicates a species turnover of 2.00 SD units (Table 3). Below

10 cm, F. pinnata dominated the record (up to ,80% relative

abundance), and was accompanied by other small benthic diatoms

such as F. construens var. venter and F. brevistriata (Fig. 6c). At

,9.25 cm, estimated to be ,100–150 years BP based on our

geochemical proxies, diatom assemblages diversified to include

taxa such as Denticula kuetzingii, small Nitzschia species (N.

frustulum, N. inconspicua, and N. perminuta), and Cymbella spp. In

the uppermost sediments, between 0 and 2 cm, a small benthic

diatom, F. brevistriata, becomes the dominant taxon.

Discussion

MODERN LIMNOLOGY

The similarity of the modern limnological variables among

the three lakes is a function of their similar bedrock, regional

climate, and connectivity via Skeleton Creek. The notable

exceptions to these similarities are temperature and the particulate

fractions of carbon (POC) and nitrogen (PON), which are all

higher in EP2 and EP3 than Skeleton Lake, and NH3, which is

highest in EP2 (Table 1). The lower temperature of Skeleton Lake

can be attributed to the persistent ice cover that was present at the

time of sampling; this ice cover is in turn related to the local

shading of Skeleton Lake. Both POC and PON are measures of

particulate matter in the water column, and not directly indicative

of nutrients that are available to photosynthetic organisms. Higher

particulate concentrations in EP2 and EP3 suggest that they have

higher concentrations of algal and detrital matter, which are

indicative of higher production and/or inflow energy in these

systems, as would be expected with decreased ice cover (Smol,

TABLE 1

Selected limnological characteristics for the three study lakes.

Skeleton Lake EP2 EP3

Latitude (N) 81u49.7989 81u49.8459 81u49.8849

Longitude (W) 71u28.4839 71u28.3529 71u28.0529

Date sampled 8 July 2003 8 July 2003 8 July 2003

Depth (m) ,4 ,3 ,2

Temperature (uC) 6 13.5 12

pH 8.2 8.2 8.1

Specific conductivity (mS cm21) 175 180 187

SiO2 (mg L21) 4.61 5.21 5.7

Na (mg L21) 1.42 1.26 1.41

Ca (mg L21) 38.8 41.7 44.3

K (mg L21) 1.09 0.85 0.98

Mg (mg L21) 6.53 5.59 6.04

SO4 (mg L21) 41.7 30.3 33.5

Cl (mg L21) 0.61 0.58 0.56

Particulate organic carbon (POC; mg L21) 0.529 1.24 1.49

Particulate nitrogen (PON; mg L21) 0.084 0.259 0.334

Dissolved organic carbon (DOC; mg L21) 5.8 4.6 4.1

Dissolved inorganic carbon (DIC; mg L21) 20.7 22.8 25.9

NO3-NO2 (mg L21) 0.005 0.006 ,0.005

NH3 (mg L21) 0.014 0.032 0.01

Total Kjeldahl nitrogen (TKN; mg L21) 0.314 0.296 0.298

Total dissolved nitrogen (TdN; mg L21) 0.354 0.346 0.275

Total phosphorus (Tpu; mg L21) 0.0095 0.0075 0.0056

Total phosphorus filtered (TPf; mg L21) 0.0052 0.0036 0.0032

Chlorophyll a (mg L21) 0.6 0.6 0.9

Total N : Total P (molar) 61 112 159
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1988). Moreover, as water flows from Skeleton Lake through EP2

and then EP3, it is reasonable to expect higher particulate matter

downstream. Although NH3 concentrations are twice as high in

EP2 as Skeleton Lake, both values are low compared to the range

of NH3 values for 24 ponds and lakes located within ,10 km

radius of our study site (range NH3 5 0.003 to 0.145 mg L21;

Keatley et al., 2007). In any case, as all three lakes are P limited,

not N limited (Table 1), slight differences in these nutrients are not

likely to be biologically significant.

MODERN DIATOM ASSEMBLAGES

Although there are some specific taxonomic differences

between the diatom assemblages present in the recently deposited

sediments of Skeleton Lake, EP2, and EP3, they also exhibit some

important similarities (Table 2). For example, small benthic

Fragilaria sensu lato taxa are the most abundant diatoms in each

of the three sites. Small Fragilaria taxa, especially F. pinnata, are

considered to be pioneering diatoms that can commonly exploit

harsh conditions and have been well documented as an indicator

of cool conditions with short growing seasons in both the Arctic

(Douglas et al., 1994; Michelutti et al., 2003a), and in alpine

regions (Lotter and Bigler, 2000), and are frequently the dominant

TABLE 2

Diatom taxa (.3% relative abundance) from the top 2.5 cm
intervals from the sediment cores of Skeleton Lake and EP2 and

the surface sediment (,2 cm) diatoms from EP3.

Relative abundance (%)

Skeleton Lake

Fragilaria brevistriata 11.26

Fragilaria construens var. venter 85.78

EP2

Denticula kuetzingii 7.55

Fragilaria brevistriata 83.88

Nitzschia complex 4.95

EP3

Achnanthes minutissima 7.24

Achnanthes petersenii 5.36

Brachysira zellensis 3.22

Cymbella angustata 5.36

Cymbella microcephala 4.83

Cymbopleura sp. 8.85

Denticula tenuis 4.29

Eunotia praerupta 4.29

Fragilaria brevistriata 19.03

Fragilaria pinnata 5.90

Navicula chiarae 4.29

Nitzschia complex 7.24

FIGURE 5. (A) Age-depth model for Skeleton Lake based on
CRS model (Binford, 1990). (B) Total 210Pb activities. The dashed
line indicates estimated supported 210Pb.

FIGURE 4. Principal components analysis (PCA) biplot based on
selected measured water chemistry variables that are considered to
influence diatom assemblages (pH, specific conductivity, dissolved
nutrients, and related variables). The arrows represent the measured
environmental variables, while the open circles represent 52 lakes
and ponds across northern Ellesmere Island. Skeleton Lake is
represented by the solid square, EP2 is represented by the open
square, and EP3 is represented by the solid circle. The proximity of
these three sites represents their highly similar water chemistry.

368 / ARCTIC, ANTARCTIC, AND ALPINE RESEARCH

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 02 May 2024
Terms of Use: https://bioone.org/terms-of-use



taxa found in pre-industrial polar lake sediments (Smol et al.,

2005). Ecological preferences that can distinguish these small

Fragilaria taxa are difficult to define; for example, Karst-Riddoch

(2004) suggested that the distribution of small benthic Fragilaria

taxa (F. pinnata, F. construens var. venter, F. brevistriata) in many

lakes across Iceland was not related to measured environmental

variables.

The differences among the three lakes can best be appre-

ciated with respect to the higher diversity of taxa repre-

senting different growth forms and life strategies. In Lake EP3,

which experiences the least shading and is the shallowest

lake, the diatom assemblage consists of many species known to

have secondary growth characteristics (e.g. Cymbella taxa often

have mucilaginous stalks). Such diverse assemblages have been

linked to regions with longer growing seasons, as these more

complex life forms would take longer to develop (Douglas and

Smol, 1999).

PALEOLIMNOLOGY

Skeleton Lake and EP2 have very similar morphologies, water

chemistry, are located within ,20 m of each other, and are

connected by Skeleton Creek, yet the historical composition of

diatom species assemblages is strikingly different between the two

lakes. Although both lakes must have experienced warming to some

degree, Skeleton Lake has had more persistent ice cover than EP2.

Thus, it was expected that diatom assemblage shifts consistent with

climate warming would be recorded in EP2, but that only a muted

diatom response to the same environmental drivers would be

apparent in Skeleton Lake due to shading that leads to a cooler

microclimate and extended ice cover (Smol, 1988).

In Skeleton Lake, the consistent domination of the diatom

assemblages by small, benthic Fragilaria taxa is likely indicative of

cool conditions characterized by extensive ice cover (e.g. Smol,

1988; Douglas and Smol, 1999; Lotter and Bigler, 2000). In the

FIGURE 6. (A) Diatom profile of Skeleton Lake showing taxa present in at least one interval with a relative abundance of .3%. See
Table 3 for synonyms for some of the common taxa. Percent loss-on-ignition (%LOI; an estimate of organic matter) and PCA axis 2 sample
scores (PCA2; a summary of change occurring in rare taxa) are presented at the right side of the profile. (B) Photographs of ice cover on
Skeleton Lake and Lake EP2, indicating the physical proximity of the two lakes, Blister Hill, and a nearby pingo for reference (photographs
taken 7 July 2003). (C) Diatom profile of EP2 showing only species that are present in at least 3% relative abundance in at least one interval.
See Table 3 for synonyms for some of the common taxa. Percent loss-on-ignition (% LOI), total Pb, and total Hg (both expressed per gram
organic carbon), and PCA axis two sample scores (PCA2) are presented at the right side of the profile. The rise in total Pb and Hg are
interpreted to mark the onset of anthropogenic pollution (mid-19th to early 20th century).
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most recent sediments, the subtle increase in F. brevistriata is

similar to that found in the very recent sediments, representing the

warmest years on record, of Char Lake, a large, mostly ice-covered

High Arctic lake on Cornwallis Island (Michelutti et al., 2003a).

Thus, Skeleton Lake sediments indicate a relatively muted

response to recent regional warming, consistent with its more

extended ice cover.

In Lake EP2, on the other hand, shifts in diatom assemblages

from those indicative of cool, harsh conditions towards a

diversification of taxa indicative of more diverse substrate

availability (e.g. moss epiphytes such as Denticula kuetzingii;

Lim et al., 2001; Michelutti et al., 2003b), and larger, more

complex frustules (e.g. Cymbella taxa) are consistent with climate

warming and reduced ice cover. Such cover duration would have

led to a longer growing season for aquatic macrophytes and algae,

as well as enhanced nutrient export from the catchment (Smol,

1988; Douglas and Smol, 1999). These types of diatom species

changes are consistent with many other diatom changes seen in

lakes and ponds throughout the Arctic (e.g. Douglas et al., 1994;

Michelutti et al., 2003a; Antoniades et al., 2005; Smol et al., 2005).

ALTERNATIVE HYPOTHESES

Other factors, such as acid precipitation, atmospheric deposi-

tion of anthropogenic nitrogen or other nutrients or pollutants,

and/or some other unmeasured phenomenon, may potentially be

proposed as alternate drivers explaining the diatom assemblage

changes in Skeleton Lake and EP2. A comparison of the diatom

profiles between the two lakes addresses these other factors.

The remote location of our study sites, far from point sources

of pollution of any type, identifies atmospheric deposition as the

major pathway of pollutant transport to these sites. Due to the

proximity of our sites, both lakes are subjected to identical types

and quantities of atmospheric deposition. Nonetheless, if some

type of atmospheric deposition was affecting the lakes differen-

tially, we should see differences in our water chemistry data,

especially with respect to pH, dissolved nitrogen, and sulfate.

However, both Skeleton Lake and EP2 are presently nearly

identical with respect to these variables (Table 1), with the

exceptions of POC, PON, and NH3, which have been discussed

above. Furthermore, historical water chemistry measurements

indicate that Skeleton Lake and EP2 have remained circumneutral

to alkaline and, if anything, have slightly increased in pH since

1964 (Oliver and Corbet, 1966). These historical data also confirm

that the water chemistry of Skeleton Lake and EP2 were very

similar in 1964 (Oliver and Corbet, 1966), just as it was during our

field work in 2003.

Enrichment from atmospheric nitrogen has been linked to

diatom community shifts in lakes in the Rocky Mountains, U.S.A.

(e.g. Wolfe et al., 2001; Saros et al., 2003). In Arctic lakes on Baffin

Island, nitrogen deposition may have acted in concert with climate

changes to cause diatom shifts after 1950, although diatom

community change commenced in the mid-19th century (Wolfe et

al., 2006). Although our extremely remote study sites must have

received comparatively less atmospheric N input than those in the

continental U.S.A., persistent ice on Skeleton Lake could lead to

differences in the timing of N delivery to the two lakes, thereby

eliciting unique ecological responses. However, the diatom changes

in the very remote Lake EP2 began over the last ,100–150 years,

based on our approximate chronological estimate, while atmo-

spheric N deposition in comparatively impacted lakes in the

continental U.S.A. only become an ecologically important source

of N after the mid- to late 20th century (e.g. Wolfe et al., 2001; Saros

et al., 2003). Thus, even if differences in timing of delivery of N

deposition were affecting diatom communities, this could only

explain much more recent changes, and in any case, would

ultimately still be traced back to differences in ice cover regime.

With respect to other types of pollution, previous paleolim-

nological studies have shown that no changes in diatom

assemblages have been recorded in lakes that have experienced

point-source pollution from PCBs (Paterson et al., 2003). Thus,

differences in acidification, amount of nitrogen deposition, and

pollution cannot explain the types of diatom responses recorded in

the Skeleton Lake and EP2 cores.

The results from the sediment cores from Skeleton Lake and

EP2, as well as the surface sediment diatoms from EP3, all suggest

that ice cover plays an important role in dampening diatom

community shifts to environmental change. This is likely due to

the role of ice cover in restricting the growing season for both

algae and their potential substrates (e.g. mosses and grasses).

TABLE 3

Common diatom taxa (.3% relative abundance) found in the sediment cores from Skeleton Lake and EP2. Numbers in parentheses after the
lake name represent the lengths of the DCA axis 1 gradients, in standard deviation units; N is the number of occurrences, N2 is the effective
number of occurrences, calculated according to Hill’s N2 (Hill, 1973); Max % is the maximum relative abundance. Synonyms for taxa with

revised names are listed in the far right column.

N N2 Max % Synonym

Skeleton Lake (1.06 SD)

Fragilaria brevistriata Grunow in Van Heurck 33 29.6 12 Pseudostaurosira brevistriata (Grunow in Van Heurck) Williams & Round

Fragilaria construens var. venter (Ehrenberg) Grunow in Van Heurck 33 33.0 97 Staurosira construens var. venter (Ehrenberg) Hamilton

Fragilaria pinnata Ehrenberg 33 27.1 18 Staurosirella pinnata (Ehrenberg) Williams & Round

Fragilaria pseudoconstruens 26 18.8 10 Pseudostaurosira pseudoconstruens

EP2 (2.00 SD)

Achnanthes minutissima Kützing 14 10.5 13 Achnanthidium minutissimum (Kützing) Czarnecki

Achnanthes petersenii Hustedt 14 11.0 5 Rossithidium petersenii (Hustedt) Bukhtiyarova & Round

Caloneis silicula (Ehrenberg) Cleve 12 10.8 4 Caloneis silicula (Ehrenberg) Cleve

Cymbella angustata 13 10.9 5 Cymbopleura angustata var. spitzbergensis Krammer

Denticula kuetzingii Grunow 16 13.4 24 Denticula kuetzingii Grunow

Fragilaria brevistriata Grunow in Van Heurck 17 12.3 98 Pseudostaurosira brevistriata (Grunow in Van Heurck) Williams & Round

Fragilaria construens var. venter (Ehrenberg) Grunow in Van Heurck 10 8.8 10 Staurosira construens var. venter (Ehrenberg) Hamilton

Fragilaria pinnata Ehrenberg 17 13.1 79 Staurosirella pinnata (Ehrenberg) Williams & Round

Navicula soehrensis Krasske 11 8.2 6 Chamaepinnularia soehrensis (Krasske) Lange-Bertalot

Nitzschia complex 16 12.7 32 Nitzschia complex

370 / ARCTIC, ANTARCTIC, AND ALPINE RESEARCH

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 02 May 2024
Terms of Use: https://bioone.org/terms-of-use



However, due to microclimatic differences, the ice cover continues

to persist longer at Skeleton Lake than at EP2. Thus, the changes

recorded in the diatom records may reflect the crossing of some

type of ice cover threshold in EP2 that has not yet been reached in

Skeleton Lake, as the climatic changes have not yet been great

enough to reduce ice cover to the point at which dramatic diatom

shifts are occurring (Fig. 7). Furthermore, these results underscore

the importance of careful site selection and contextual interpre-

tation in paleolimnological studies, as local conditions may greatly

influence ecological responses to regional environmental change

(Smol et al., 2005).

Conclusions

Although Skeleton Lake and EP2 are nearly identical with

respect to water chemistry, morphology, and are located within

,20 m of each other, the two lakes have recorded strikingly

different diatom histories. The major difference between the two

sites is the longer length of ice cover on Skeleton Lake relative to

EP2. Both the muted diatom assemblage change in Skeleton Lake

and the marked changes in EP2 suggest that ice cover plays an

important role in influencing biological assemblages in polar lakes.
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