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Abstract In order to better constrain the limnological

impacts from recent climate change relative to those of

the Holocene, we developed a high-resolution multi-

proxy paleoenvironmental record from a small lake on

eastern Baffin Island, Arctic Canada. Carbon and

nitrogen elemental and isotopic compositions from

sediment organic matter, algal pigments, and diatom

assemblages are integrated to provide robust indices of

paleoclimatic variability. In particular, the ratio be-

tween individual carotenoid pigments (lutein:diatox-

anthin) reveals a shift in dominant primary production

from ‘green’ taxa (chlorophytes, higher plants, and

bryophytes) during the Holocene Thermal Maximum

(HTM) to ‘brown’ taxa (diatoms and chrysophytes)

over the mid- to late Holocene. Green pigment

abundance appears most sensitive to mean summer

temperatures, and their increased relative abundance in

the past serves as an indicator of warm times. Region-

ally, the HTM occurred shortly after local deglaciation

(10 ka), persisting until*7 ka.This timing agreeswith

that revealed by chironomid assemblages and ice-core

records elsewhere in the Canadian Arctic, but is

significantly earlier than suggestions from palynology

on Baffin Island. This study provides additional

evidence that this discrepancy represents the ecesis

for higher plant dispersal and colonization on distal,

freshly deglaciated landscapes. Pigment and diatom

data indicate that midHolocene cooling began between

7 and 6 ka, intensifying after 3 ka. All proxies show

pronounced change after 1.5 ka, with the greatest

divergence from average Holocene values occurring

during the Little Ice Age (LIA), supporting the growing

consensus that theLIAwas the coldestmulti-centennial

interval of the Holocene. In the twentieth century, most

proxies, including sedimentary carotenoid ratios,

abruptly returned to a similar state as the Holocene

Thermal Maximum, while diatom species assemblages

present a more muted response. This underscores that

anthropogenic alteration of the Earth system has

created conditions with no exact analog in the past

10,000 years. Collectively, these results add new

information on the dimensions of Arctic lake responses

to Holocene climate change, which in turn can be used

to reconcile paleoclimate reconstructions from diverse

proxies.
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Introduction

The extent and persistence of Arctic snow and ice cover

can influence climate on a global scale (Serreze and

Francis 2006; Miller et al. 2012), yet also produces

profound local impacts on nutrient cycling and

biological communities in Arctic lakes and watersheds

(Wolfe 2002; Smol et al. 2005;Michelutti et al. 2007). It

is this relationship that allows the reconstruction of past

climate based on changes in organic matter character-

istics and microfossil assemblages preserved in Arctic

lake sediments. Understanding the nature of Holocene

paleoclimatic events at high spatial and temporal

resolution is necessary to disentangle the variability of

climatic evolution across the Arctic (Kaufman et al.

2004). Much information is gained about the function-

ing of the Earth’s climate system by examining the

variable regional responses to a spatially homogenous

forcing, such as insolation along bands of equal latitude.

The eastern Canadian Arctic has long been recog-

nized as an important region for the study of past

climate (Andrews et al. 1972; Hughen et al. 2000;

Miller et al. 2005; Briner et al. 2006; Besonen et al.

2008; Axford et al. 2009). Because other continuous

high-resolution climate archives (such as ice sheets) are

relatively sparse, the sediment archived in the abundant

lakes of the region can be used to fill gaps in spatial

coverage of climate records (Smol 2008). A wide range

of climate proxies from lake sediments has been used to

reconstruct late Quaternary climates across the eastern

Canadian Arctic, including quantifications of minero-

genic input to lakes (Moore et al. 2001; Thomas and

Briner 2008) and diatom species assemblages (Wolfe

1994; Wolfe and Härtling 1996; Wolfe 2003; Antoni-

ades et al. 2005; Smol et al. 2005;Michelutti et al. 2007;

Podritske and Gajewski 2007; Wilson et al. 2012).

Recent multiproxy records (Briner et al. 2006; Axford

et al. 2009; Thomas et al. 2011) have exploited carbon

and nitrogen elemental concentrations and isotopic

ratios to shed new light on linkages between regional

Holocene climate history and aquatic biogeochemistry.

Algal groups have variable tolerances for environ-

mental conditions and are predicted to respond differ-

entially to Holocene climate evolution (Smol and

Cumming 2000). Sedimentary pigments provide a

means to reconstruct the abundance of taxonomic groups

that do not leave morphological remains. These pig-

ments can be used to differentiate contributions from

green algae, higher plants, and mosses, from those

originating from diatom and chrysophyte production

(Leavitt and Hodgson 2001). For example, the ratio

between the xanthophyll carotenoids lutein and diatox-

anthin is predicted to track such changes over time.

Lutein and diatoxanthin are similarly stable because they

both lack the 5,6-epoxide group that makes pigments

such as fucoxanthin particularly unstable (Bianchi et al.

1993; Leavitt andHodgson 2001). The similar structure,

and thus stability, of these compoundsallows a ratio to be

used without diagenetic artifacts biasing the signal.

The goal of this study is to further refine the timing

and magnitude of regional Holocene climate change by

integrating more commonly used geochemical and

biological properties with algal pigments. We employ

multiple proxies of organic matter provenance and algal

biomarkers, with diatom microfossil assemblage com-

position included to provide an independent proxy to

help deconvolve the geochemical proxy signals.

Although sedimentary pigments have been used exten-

sively in temperate and Antarctic paleolimnological

studies (Leavitt et al. 1997; Hodgson et al. 2004; Tani

et al. 2009; Hede et al. 2010), they have seen limited use

in studies of Arctic lakes (Leavitt et al. 2003;Michelutti

et al. 2005). By combining sedimentary pigments with

geochemical and microfossil techniques, we present a

multiproxy record of the past 10 ka that allows for a

comprehensive understanding of past lacustrine bio-

productivity and inferred climate history.

Regional Holocene climate

The coastal lowlands of eastern Baffin Island were

deglaciated as early as 14 ka (Dyke et al. 2002; Miller

et al. 2005; Briner et al. 2007), but local glaciers

persisted in the interior highlands until substantially

later. The timing of the onset of the regional Holocene

Thermal Maximum (HTM) remains contentious. Chi-

ronomid species assemblages (Briner et al. 2006;

Axford et al. 2009) show peak warmth occurring

10–8.5 ka. The record from the Agassiz Ice Cap

(Fisher et al. 2012) shows a similar timing, with peak

melt occurring between 11 and 9 ka and remaining

elevated until *6.5 ka. However, palynological

records from Baffin Island sediment cores suggest
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that peak warmth occurred much later, with maximum

pollen concentrations occurring at approximately 6 ka

while other proxies in the same cores point to earlier

peak warmth (Miller et al. 2005). Regional syntheses

of HTM timing such as Kaufman et al. (2004), rely on

the integration of multiple proxies, some of which may

have an inherent delayed response to a change in

climate. The apparent discrepancy in HTM timing

highlights the importance of selecting proxies that are

responsive and representative of climate changes.

As the strength of summer insolation decreased,

Neoglacial cooling began at *5.5 ka and became

more severe after 2 ka as shown by both decreases in

lacustrine productivity as well as the growth of plateau

ice caps (Miller et al. 2005, 2013). The culmination of

Neoglacial cooling occurred during the Little Ice Age

(LIA;*1250–1850 AD) and is recognized throughout

the North Atlantic as the coldest summers in the last

8 ka (Miller et al. 2010). In the last century, anthro-

pogenic emission of greenhouse gasses has led to

summer temperatures greater than any other century of

the Holocene (Miller et al. 2013).

Study site

Qivitu Highlands Lake (hereafter: KHL after the

earlier spelling as Kivitoo) is located on the forelands

of the Qivitu Peninsula of eastern central Baffin Island,

Nunavut, Arctic Canada (Fig. 1). It is a small

(*0.3 km2), shallow (3.75 m) lake, 100 m asl., with

a small catchment (*1 km2) and two trickling inlets.

The lake surface is frozen as thick ice most of the year,

with an estimated modern ice-free season of

*2.5 months frommid June until September. Because

of its shallowness, it experiences relatively warm

summer water temperatures but has little thermal

inertia, cooling off quickly in late summer. Sparse

vegetation fills crevices between till boulders in the

catchment, with limited soil development. Mosses and

lichens predominate with scattered shrub willow

(Salix) and heaths (e.g. Cassiope and Empetrum).

Materials and methods

Modern sampling

Lake water parameters were measured in the field

(August 2010) using a Hydrolabmulti-sensor probe and

are listed in Table 1. Modern samples were collected to

characterize the isotopic composition of various organic

matter sources in the catchment. These consisted of lake

margin soils (5–15 m from the lake shore), aquaticmoss

from the littoral zone, aquatic moss from the central

basin of the lake, and two plankton tows (Table 2).

Fig. 1 a The eastern North

Atlantic showing the

locations of proxy records

discussed. KHL = Qivitu

Highlands Lake,

CF3 = Clyde Foreland lake

3, AIC = Agassiz Ice Cap.

b Qivitu Peninsula showing

KHL, Itiliq Lake (ITL), and

Kekerturnak Lake (KEK).

c An aerial photograph of

KHL during 2010 coring,

note coring platform for

coring location and scale
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Plankton towswere conducted by pulling a fine (43 lm)

mesh net across several transects of the lake at a depth of

\1 m below the lake surface.

Sediment cores

Sediment cores fromKHLwere taken during three field

seasons. A meter-long core, 95KHL-02, was recovered

in 1995 and a macrofossil date at the contact with basal

sandy diamicton provides a minimum age for local

deglaciation (Table 3). A 60-cm surface core (05KHL-

01-2), which did not recover the entire sediment

package, was entirely extruded and subsampled in the

field at high resolution in 2005. A 74-cm-long sediment

core (KHL10-2A), visually identical to 95KHL-02, was

recovered using a hammer-driven piston corer from an

anchored raft platform in August 2010. An adjacent

surface core (KHL10-2B) with intact sediment–water

interface was recovered and carefully extruded in the

field at 0.25–0.5-cm resolution to preserve the most

recent part of the record. The composite sediment

stratigraphy comprises 70 cm of organic-rich gyttja

underlain by sandy glacial diamicton. When split, the

top 3 cm as well as the bottom 44 cm of gyttja were

dark and reduced, with diffuse transitions to a lighter,

oxidized layer in between. A macrophyte layer occurs

at 36 cm composite depth, just below the transition

between reduced and oxidized sediment. The upper

several cm of the 2010 surface core has high water

content (93 % at 1 cm), and thus permits high-resolu-

tion sampling of the last century.

Sediment chronology

The chronology of the uppermost sediments was

developed from the excess 210Pb profile measured by

a-spectroscopy at MyCore scientific, Ontario, Canada

on 05KHL-2 (Fig. 2). The 210Pb chronology was

calculated using the Constant Rate of Supply (CRS)

model (Appleby and Oldfield 1978), and transferred to

the 2010 core by matching organic matter proxies

(TOC, carbon and nitrogen stable isotopes) from the

two cores to determine a tie-in point where only

background (supported) 210Pb remains. Carbon iso-

topes show the strongest signal at the tie-in point,

shown for each core in Fig. 2. This tie-in point, at 1870

Table 1 Modern lake-

water parameters measured

at Qivitu Highlands lake

during August 2010

Depth (m) Specific conductivity

(lS cm-1)

pH Dissolved oxygen (mg L-1)

0 14 6.4 13.4

0.5 14 6.3 13.1

1 14 6.3 13.1

1.5 14 6.2 12.7

2 14 6.2 12.9

2.5 14 6.2 12.1

3 13 6.1 11.8

3.5 13 6.1 12.6

Table 2 Isotopic

composition of modern

samples collected in and

around KHL in summer

2010. These samples

characterize the sources of

organic matter to lake

sediments

Sample type d15N (%) %N d13C (%) %C C:N

Soil -1.2 0.10 -24.7 5.0 41

Soil 3.2 0.60 -26.3 9.8 19

Soil 3.0 0.04 -25.5 0.6 20

Terrestrial

Plant avg (n = 8) -1.6 1.8 -26.9 43.1 48

±3.6 ±1.6 ±1.21 ±10 ±29

Moss (shallow water) 0.4 0.70 -20.1 20 36

Moss (deep water) 0.6 0.90 -22.3 22 27

Moss (deep water) 1.3 1.0 -23.1 26 30

Plankton 6.8 5.7 -30.9 44 9.0

Plankton 6.2 4.5 -30.5 33 8.5
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AD, was given an uncertainty of 30 years to account

for limitations in the method of splicing the two

records.

Macrofossils of aquatic mosses were sampled from

the core wherever possible to develop a radiocarbon

chronology for the remainder of the core. Although

rare, macrofossils were recovered at 14.5, 27.5, and 36

depth, and dated by 14C. The basal age of this core was

determined by dating the humic acid fraction (Abbott

and Stafford 1996) of bulk sediment at 65.5, 4.5 cm

above the contact between organic sediment and

glacial diamicton (Table 3). This date is consistent

with the stratigraphically deeper basal macrofossil

date of 95KHL-02. Although humic material is

typically older than the date of sedimentation due to

an age reservoir in the catchment, the paucity of relict

organic material on deglaciation leads to little age

offset in the sediment shortly following deglaciation

(Wolfe et al. 2004). All radiocarbon samples were

processed at the Radiocarbon Laboratory of the

Table 3 Radiocarbon ages from KHL, processed at the radiocarbon laboratory of the institute of Arctic and Alpine research

Core Depth

(cm)

Material

dated

14C age (years BP) d13C Calibrated 2-sigma age

range (years BP)

AMS result

number

KHL10-2B 14.5 Macrofossil 370 ± 20 -22.7 322–499 CURL-13518

KHL10-2A 27.5 Macrofossil 4720 ± 25 -17.9 5328–5880 CURL-14026

KHL10-2A 36.0 Macrofossil 6405 ± 25 -26.1 7273–7417 CURL-12695

KHL10-2A

95KHL-02

65.5

99–101

Humic acids

Macrofossil

9160 ± 25

9500 ± 60

-20.6 10241–10,399

10,585–11,085

CURL-14020

CURL-2207

Fig. 2 a Smoothed spline

age model for KHL10

created using the program

CLAM (Blaauw 2010).

(b) The steep decline in

unsupported 210Pb in

05KHL shows that post-

depositional mixing of the

surface sediment has been

minimal. (c) KHL10-2A,

(d) KHL10-2B, and

(e) 05KHL-2 showing the

tie-in point for each core

determined by characteristic

proxy value. Carbon

isotopic composition is

shown here, however the

same tie-in point is also

obtained by using nitrogen

isotopes or TOC%.

Differences in the resolution

and rate of change of proxy

values are attributed to

varying sediment density of

each core
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Institute of Arctic and Alpine Research. The CLAM

software package (Blaauw 2010), which integrates the

Intcal 09 14C calibration (Reimer et al. 2009) was used

to develop an age-depth model using a smooth spline

(Fig. 2), which incorporates all radiocarbon ages as

well as the 1870 ± 30 AD 210Pb derived age control

point.

Sediment geochemistry

Total organic carbon (TOC) and total nitrogen (N), as

well as their stable isotopes, were measured on

lyophilized homogenized bulk sediment at the Carne-

gie Institution of Washington’s Geophysical Labora-

tory in Washington, DC. After being weighed into tin

capsules, the samples were loaded into the autosam-

pler of a CE NC 2500 Elemental Analyzer and

combusted in an oxidation column at 1020 �C. CO2

and N2 were separated by gas chromatography and

measured for concentration and isotopic composition

by a Finnigan Delta V Plus isotope ratio mass

spectrometer. An acetanilide standard was measured

every 12th sample and used to correct for drift.

Isotopic data is reported in standard delta notation

relative to the V-PDB (d13C) and Air (d15N) standards,
and have analytical precision of ±\0.2 % for both

d13C and d15N values, estimated from duplicate

analyses.

Algal pigments

Algal pigments were measured at continuous half-

centimeter resolution at the Institute of Arctic and

Alpine Research following the methodology described

in Leavitt and Hodgson (2001), using an Agilent 1200

series HPLC with an Eclipse XDB C18 15-cm column.

The archive half of KHL10-2A was used for pigment

analysis because it was sealed, stored cold, and not

visibly oxidized at the time of sampling. All subsamples

were kept frozen under nitrogen until the time of

measurement. Freeze-dried subsamples of varying mass

were extracted immediately upon lyophilization in

5 mL of 80:15:5 acetone:methanol:water solvent mix-

ture in an amber vial, which was flushed with nitrogen

and sealed. Samples were sonicated for 30 s to disperse

the sediment, then stored at -10 �C for 24 h. After the

extractionwas complete, sampleswere filtered through a

0.2-lmPTFE syringe filter, which was then flushedwith

3 mL of acetone to insure complete recovery of

pigment. This extract was evaporated to dryness under

N2, after which a known volume of rehydration solution

(acetone, methanol, and ion pairing reagent) was added

and an aliquot transferred to a refrigerated autosampler.

Pigments were identified and quantified by a Diode

Array Spectrophotometer (DAD) calibrated with stan-

dards fromDHI, Denmark. Carotenoids were quantified

using the area under peaks in a trace at 435 nm. Because

lutein and zeaxanthin co-elute using our methodology,

identity and purity of the lutein peak was confirmed by

examining the absorbance spectrumof this peak for each

sample. Lutein has a deeper ‘trough’ between the second

two absorbance peakswhich are also slightly offset from

those of zeaxanthin, occurring at slightly shorter wave-

lengths. Specifically, on our system, the second peak of

the lutein spectrum occurs at 445 nm, the trough at

460 nm and the third peak at 472 nm. The ratio of the

height of the first peak to the height of the trough is 1.31.

For zeaxanthin, the second peak occurs at 450 nm, the

trough at 468 nmand the third peak at 476 nm. The ratio

between the height of the second peak and the trough for

zeaxanthin is 1.17. Spectra from all chromatograms

were examined to assure that the peak quantified did not

show evidence of zeaxanthin. Co-elution with carote-

noids prohibited quantification of chlorins using the

DAD, therefore chlorins were measured by fluorescence

(excitation = 435 nm, emission = 667 nm). Pigment

concentrations were normalized to the organic carbon

content of the sediment to reduce apparent variability

due to changing minerogenic inputs to the lake.

Diatom preparation and counting

Diatom microfossils were enumerated at 1-cm resolu-

tion using the same subsamples used for stable isotope

and elemental analysis. Organic matter was digested

using 30 % hydrogen peroxide heated to approximate-

ly 90 �C overnight. Samples were then centrifuged and

rinsed three times with distilled water. Clean diatoms

were suspended in distilled water and several drops

were placed on a microscope slide coverslip. These

were allowed to dry and then mounted using ZRAX, a

high refractive index mounting media. At least 300

diatom valves were identified per sample based on

taxonomy and nomenclature following the Baffin

Island flora of Wolfe (2003) and Wilson et al. (2012).

Due to the variable nature of diatom preservation in

this core, valves that were visibly dissolved (and not
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identifiable) were counted along with intact valves.

Those levels where partially dissolved valves reached

*40 % or more of the 300 counted were not included

in our reconstructions to avoid any potential bias.

Baffin Island transfer function calibration data of Joynt

and Wolfe (2001) was entered into the C2 program

version 1.7 (Juggins 2011) to develop a pH transfer

function. Diatom diversity is expressed in Hill’s N2

index, also calculated by the C2 program. Biogenic

silica (BSi) was measured to provide an indication of

diatom abundance, but was not used for climate

reconstruction.

Data analysis

Statistical analysis of the dataset was performed using

Principal Component Analysis (PCA) on a correlation

matrix using the princomp function in the R environ-

ment (R Development Core Team 2010). PCA was

conducted on two separate data sets: the geochemical

data that spans the entire record, and the diatom

taxonomic data, which is limited to the past 6 ka due to

preservational constraints. The geochemical PCA data

set contains all proxies measured, with the exception

of BSi, which was excluded due to the lower temporal

resolution of analysis. The diatom PCA was per-

formed using a combination of simplified species data

along with diatom preservation and Hill’s N2 diversity

index. Diatom inferred pH was excluded because the

transfer function results are directly obtained from the

species data. All principal components used in the

study are significant as determined by the broken stick

model performed by the bstick function within R. PCA

factor scores were plotted through time to obtain a

simplified proxy summary curve.

Results

Chronology

The 210Pb profile (Fig. 2) shows monotonic decay

back to background levels, indicating little mixing of

the upper sediments despite the shallowness of the

lake. This gives confidence that surface sediments are

not prone to redistribution by bioturbation or wave

action. The small size of the lake limits the depth of

wave action, and maximum winter lake ice is less than

2 m, so ice disturbance is unlikely. Surface sediment

of the 2010 core was less dense than that of the 2005

core, with approximately twice the sediment depth

represented by equal mass.

Radiocarbon dates (Table 3) increase with depth

without age reversals and the basal ages of the 1995

and 2010 cores are similar. The slightly older date

from the base of 95KHL indicates the onset of organic

sedimentation occurring prior to *10.6 ka. High

sedimentation rates in the early Holocene rapidly

decrease in the mid to late Holocene (Figs. 2, 3). Low

sedimentation rates persist until the top of the core

where lower sediment densities cause an apparent

increase of mass accumulation rates. Although the

age-depth relationship increases at the top of the core,

the mass accumulation rate remains low, reaching a

minimum between 1250 and 1850 AD. An increase in

the mass accumulation rate occurs after 1850 AD.

Sediment geochemistry

Total organic carbon (TOC%) content of KHL

sediments ranges from 3.8 to 13 %, with a stable

maximum between 8.5 and 1.5 ka (Fig. 3). Between

the start of organic sedimentation and 8.5 ka, TOC%

increases, associated with decreased minerogenic

input. After 1.5 ka, TOC% rapidly drops into a

pronounced trough, reaching a minimum (3.8 % at

1500 AD), which persists until a sharp recovery to

13 % in the twentieth century. Due to the large

changes in sediment accumulation rate, organic car-

bon flux is quite different than TOC%. Organic carbon

flux is greatest immediately following deglaciation,

which then decreases but remains high until 7 ka.

After 7 ka the flux of organic carbon gradually

decreases until stabilizing at 5 ka, remaining at a

low level (0.045 g cm-2 year-1) through the rest of

the mid Holocene and reaching a minimum of

0.011 g cm-2 year-1 during the LIA. Carbon flux

increases during the twentieth century, returning to

similar values as in the early Holocene.

Within-lake algal organic matter has low C:N

(*9), while terrestrial organic matter is typically high

(20–80), and aquatic mosses are intermediate (27–36;

Table 2). C:N in bulk lake sediment ranges between

11.0 and 15.3, indicating that the sediment organic

matter is composed of a varying mixture of terrestrial,

aquatic macrophyte, and algal sources (Fig. 3). C:N

values are highest during the early part of the record,

with the maximum value occurring at 9.8 ka. There is
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a subsequent decrease in C:N until it stabilizes

(*12.8) at 7 ka. C:N undergoes a slight rise between

7 and 2.2 ka, followed by a decrease. This decrease

steepens at about 1400 AD and reaches a minimum

value (*11) at 1870 AD, after which it rebounds

sharply (*12.8) in the twentieth century.

Carbon isotopic composition becomes steadily

more enriched from the beginning of the record

to ca. 3 ka, when d13C reaches its highest value

(-20.4 %; Fig. 3). Subsequently d13C becomes in-

creasingly depleted, gradually at first, then more

rapidly after 1500 AD, reaching its lowest value (-

24.6 %) at 1870 AD, which coincides with the C:N

minimum. Nitrogen isotopic composition closely

tracks the d13C variability between 8 and 3 ka, but

the two isotopic systems decouple and trend in

opposite directions after 3 ka. A pronounced positive

excursion of d15N occurs during the LIA with values

reaching 2.2 %, contemporaneous with the lowest

values of C:N and d13C (Fig. 3). During the twentieth

century, sediment d15N rapidly declines from the high

values seen in the LIA to *0.5–0.8 %.

Algal pigments

Algal pigment concentrations show large changes

throughout the record. Because chlorins are not

taxonomically specific, we focus on the two most

abundant and continuously preserved xanthophyll

carotenoids, lutein and diatoxanthin. While the former

is produced primarily by higher plants and chlorophyte

algae, the latter is produced exclusively by siliceous

ochrophyte algae (diatoms and chrysophytes). Lutein

is the most abundant carotenoid in the sediment

between 10 and 7.5 ka. This is captured as the lutein

to diatoxanthin ratio (L:D) in Fig. 4. Between 7.5 and

5 ka L:D gradually decreases, indicating the relative

depletion of lutein-producing taxa from the watershed.

After 5 ka, L:D remains consistently low, with elevat-

ed diatoxanthin concentration persisting during the late

Neoglacial and LIA. In the twentieth century, the

relative contribution of lutein sharply rebounds with

the L:D returning to HTM values.

Variable preservation of pigments down core does

not appear to be controlling observed trends.

Fig. 3 Organic carbon percent, carbon to nitrogen atomic ratio, and isotopes along with fluxes of bulk sediment and organic carbon

60 J Paleolimnol (2015) 54:53–69

123



Concentrations of both lutein and diatoxanthin at the

top of the core are relatively low and increase down

core, which gives confidence that there has been

minimal post-depositional diagenesis of these two

carotenoids. The ratio of chlorophyll a to its degrada-

tion products (pheophytin a and pheophorbide a) is

variable throughout the record but is not correlated

with any factors that are expected to demonstrate a

change in pigment preservation (such as sedimenta-

tion rate, TOC flux, or total chlorophyll a flux).

Therefore, this ratio does not seem to be indicative of

total pigment preservation but potentially reflects

variably preserved aquatic and terrestrial pigment

sources (Figs. 3, 5).

Diatom assemblage change

Diatoms are present, well-preserved, and abundant in

the uppermost portion of the core but become

progressively less well-preserved with depth. Preser-

vation declines between 1 and 6 ka (Fig. 5). Before

6.5 ka, over 40 % of valves show significant dissolu-

tion and were not enumerated. Valves were considered

partially dissolved only when a non-identifiable frag-

ment consisting of a sternum, central nodule, fascia or

hyaline areas was tapered and thinner than that of an

intact valve. Diatom microfossils are extremely rare in

sediments older than *8 ka. The greatest number of

taxa occurs in the surface sediments, with many taxa

(Discostella spp., Cymbella gaeumannii Meister,

Nitzchia spp. and Eunotia exigua Rabenhorst) not

seen other than in the top several centimeters of the

core. The LIA sediments are dominated by Aulaco-

seira species along with Pinnularia biceps Gregory.

There is a transition from the mid-Holocene fragilar-

oid taxa (primarily Stauroforma exiguiformis (Lange-

Bertalot) R. J. Flower, V. J. Jones and F. E. Round) to

the LIA-type diatoms beginning at about 3 ka (Fig. 5).

Fig. 4 Sedimentary carotenoid concentration and flux along

with chlorophyll a and a ratio of chlorophyll a to pheophytin

a and pheophorbide a indicating the type and magnitude of

lacustrine primary productivity. Lutein to diatoxanthin ratio

shows the relative contribution of diatoms and chrysophytes

(diatoxanthin) and green algae, bryophytes, and higher plants

(lutein). For plots with two axes, solid lines represent pigment

flux in lg mg C-1 year-1 (upper axis) while dashed lines

indicate pigment concentration in lg mg C-1 (lower axis)
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This transition is gradual until a threshold is reached

(likely pH-driven) just after 2 ka, when Aulacoseira

perglabra (Østrup) E. Y. Haworth becomes dominant.

Biogenic silica (BSi) captures changes in the

accumulation of diatom silica to the lake’s sediment,

regardless of whether or not individual valves subse-

quently dissolve in the sediment column. BSi indicates

that the flux of diatom valves was highest during the

early Holocene even though diatoms valves are not

well preserved in that part of the core. Due to the large

difference in silica per diatom frustule between

fragilaroid taxa and Aulacoseira, as well as the

potential for dissolved silica leaching from the

sediment, BSi appears not to be a sufficiently reliable

measurement of diatom abundance to be used in this

climate reconstruction.

Discussion

In this study, we have utilized algal pigment assem-

blages, organic matter bulk stable isotopes, and algal

microfossils (which are all produced and deposited

within the catchment) from the KHL sediment record

as a means to provide a better understanding of past

regional climate-driven environmental change. The

proxy data show coherent trends and reveal climate

states based on the sensitivity of each proxy measured.

Additionally, the major climate states of the last 10 ka

are uniquely characterized, with clearly distinguish-

able biogeochemical regimes observed in the time

periods 10–7 and 2 ka to 1900 AD, with a transitional

state occurring in between. The most recent century

appears similar to the early Holocene in all proxies

except diatom species assemblages, which are unique

with respect to those observed earlier in the record.

Pigment and diatom preservation

Algal pigment preservation needs to be carefully

considered in any study utilizing sedimentary pig-

ments, which are inherently unstable. This is due to the

nature of the light-absorbing chromophore and asso-

ciated weakly held electrons. Factors that decrease

pigment preservation are exposure to high light,

temperature, oxygen, and heterotrophic consumption,

which are all highest in the water column and in the

active layer at the sediment–water interface (Leavitt

and Hodgson 2001). Pigments will be best preserved

when they are quickly deposited and buried in the

sediment column. The shallow depth of the lake and the

high concentration of sedimentary pigments suggest

that much of the pigment is sourced from benthic algae

and macrophyte plants rather than from phytoplankton

Fig. 5 Dominant diatom taxa of the last 6.5 ka, the interval in

which they were relatively well preserved. Partially dissolved

valves are plotted to show decreasing valve preservation with

increasing depth/age. Lake water pH was reconstructed using

the calibration data set of Joynt and Wolfe (2001) and a transfer

function calculated using the C2 program (Juggins, 2011). Hill’s

N2 diversity shows increasing diversity in recent sediments. N2

was also calculated using the C2 program. Grey shading

indicates the interval of poor diatom preservation
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in the water column. Benthic pigments would be more

quickly buried and removed from conditions favorable

for degradation. The residence time of pigments in the

active sediment layer depends on the sediment accu-

mulation rate. Because there is a large reduction in

accumulation rate over the KHL record, there is the

potential for this to overprint the climatic signal

contained in the pigment record. Pigment concentra-

tion, however, is actually higher during times of low

sediment accumulation rate, suggesting that preserva-

tion is always high, and dilution by non-pigment

organic material is a predominant control on sedimen-

tary pigment abundance (Fig. 3). Additionally, there is

no first order decrease in pigment concentration

through time, indicating that in this environment,

pigments remain stable once buried for at least the

duration of the record. This shows that while there may

have been small changes in pigment preservation over

the Holocene, the climate signal of the pigment record

in this core is reliable and not overprinted by

degradation.

Changes in diatom preservation down-core are

likely due to post-depositional processes that lead to

elevated pH in sediment pore water, rather than

dissolution due to lake water chemistry at the sediment

water interface. Diatom dissolution is enhanced in

waters with high pH, temperature, and low dissolved

silica (Lewin 1961; Ryves et al. 2001). Although pH

was possibly higher in the early Holocene, as recon-

structed in other nearby lakes (Michelutti et al. 2007;

Wilson et al. 2012), it was probably not sufficiently

high to dissolve biogenic silica at the sediment water

interface. Similar bedrock and lake morphology

suggest that Holocene pH values at KHL should be

roughly the same as those at lake CF3, which had an

early Holocene diatom-inferred pH of *8.0 without

significant evidence of dissolved valves (Michelutti

et al. 2007). The presence of measureable biogenic

silica (BSi, Fig. 5) in sediments without visible

diatoms leads us to believe that the dissolution

occurred post-deposition and after removal from the

active upper sediment layer. This would allow

dissolved silica to be trapped in sediment pore water.

The reduction in diatom preservation occurs at the

same depth at which sediments become black and

presumably more strongly anoxic due to increased

organic matter content. Processes such as denitrifica-

tion and sulfate reduction in anoxic sediment can

elevate the pH of the pore water due to hydroxide and

bicarbonate ions produced, leading to in situ silica

dissolution (Drtil et al. 1995; Warthmann et al. 2000).

Elevated sediment organic matter encourages both

denitrification and sulfate reduction, as heterotrophic

respiration will deplete pore water oxygen and lead to

the use of these alternate electron acceptors.

Early Holocene (10–7 ka)

The HTM occurred at this site between 10 and 7 ka

and is distinctly characterized by most proxies. HTM

organic matter has C:N above 11, low d13C, high
chlorophyll concentrations, high L:D ratio, and the

lack of well-preserved diatoms. In Baffin Island lake

catchments, due to the minimal terrestrial vegetation

cover, high C:N can be interpreted as either a greater

proportion of terrestrial to aquatic organic matter

(Thomas et al. 2011), or a greater contribution from

aquatic macrophyte mosses (Briner et al. 2006).

Modern samples from the lake catchment (Table 2)

show that terrigenous soil (C:N 20–40) and lacustrine

mosses (C:N 27–36) are not readily distinguished by

this measure. d13C can aid in this distinction (Wang

and Wooller 2006). Terrestrial and algal organic

matter have consistently lighter carbon isotopic com-

position than that derived from aquatic macrophytes

(Meyers and Teranes 2001; Wang and Wooller 2006).

Modern terrestrial plants and soil collected near KHL

are consistent with this, with plants averaging -26.9 %
(n = 8, r = 1.21) and soils -25.5 % (n = 3,

r = 0.8) (Table 2). High C:N coupled with light

d13C suggest early Holocene conditions were charac-

terized by a greater flux of allochthonous organic

matter to the lake due to relatively abundant terrestrial

biomass.

Mid Holocene (7–2 ka)

After the peak HTM warmth TOC flux is greatly

reduced, becoming low and stable after 6 ka. This

reflects an overall decline in biological productivity

with the onset of mid Holocene cooling. The gradual

rise of d13C and d15N between 8 and 3 ka suggests

increasing abundance of aquatic macrophytes until

3 ka, when a decoupling of the correlation between

d13C and d15N shows a shift toward algae as the

predominant organic matter source to the lake.

An increase in diatoxanthin concentration relative

to lutein indicates a shift in primary production
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characteristics in and around the lake. This is

interpreted as a reduction of contributions from green

algae, macrophytes, and higher plants after the HTM,

with increasing relative abundance of diatoms as

Neoglacial cooling begins. This in turn suggests that

the ‘green’ taxa are more sensitive than diatoms to

changing climate. L:D reaches a decreased value by

5 ka, indicating that higher plants and green algae

were greatly reduced following the initial mid-

Holocene cooling. Diatoxanthin flux remains high

during the LIA, suggesting that diatom abundance

may be more influenced by water chemistry or lake

ontogeny than temperature. Additionally, diatom

growth is often characterized by early-season blooms,

which then become silicon-limited before the end of

ice-free conditions. Length of growing season is likely

more limiting than nutrient availability for green

plants, which grow slowly throughout the season and

in some cases retain biomass from one season to the

next. Because of this, diatom productivity is less

sensitive to length of summer than higher plants or

aquatic macrophytes. This is important to note as

many studies have used diatom abundance to recon-

struct total lake productivity, which is unlikely to

accurately reflect total aquatic production.

The onset of continuous diatom preservation occurs

after the end of the HTM, as organic matter flux

decreases, suggesting that the post-depositional pro-

cesses that led to the dissolution of diatoms were

linked to this warm interval. Diatom preservation in

KHL sediments can thus be interpreted as another

piece of evidence for the termination of HTM

conditions and onset of Holocene cooling between 7

and 6.5 ka. Improved diatom preservation, along with

the change in color of the sediment (5.7–5.5 ka),

represents a further transition in the lake basin in

response to intensified mid Holocene cooling. During

the mid Holocene, many of the organic matter proxies

show relative stability, indicating an unchanging

source. Contrastingly, the diatom record reveals

significant changes in the lake basin during this time.

The pH transfer function reveals a mid-Holocene pH

of around 6.8, remaining relatively stable until 3 ka

when a decrease in pH is indicated by the replacement

of fragilaroid taxa by Aulacoseira. Although pH is not

directly dependent on climate, an increase in the

duration of ice cover and the associated buildup of

carbonic acid in the lake water has been cited as a

predominant driver of pH changes over the Holocene

in poorly buffered Arctic lakes (Wolfe 2002;

Michelutti et al. 2007). This diatom assemblage

change indicates a pronounced increase in the duration

of lake ice cover after *3 ka.

Late Holocene (2 ka BP to *1900 AD)

All organic matter proxies show that the biggest

change in sediment properties from their mean

Holocene state since the end of the last glaciation

occurred during the LIA. A sharp decline in C:N, more

negative d13C, and more positive d15N shows an

increasing relative contribution of algal organic mat-

ter, reaching its maximum during the late LIA. These

characteristics all suggest a dominantly aquatic prove-

nance for sediment organic matter. This requires that

the landscape was nearly barren of plants or that

prolonged frozen conditions prevented the mobiliza-

tion of soil.

Anthropocene (*1900 AD to present)

Subsequently, many proxies from twentieth–century

sediments return to similar values as those recorded

during the HTM. L:D shows the return of ‘green’ algae

and plant predominance. C:N and carbon flux are

elevated, indicating higher productivity and greater

influx of terrestrial organic matter. Diatom assem-

blages, however, did not return to an assemblage

similar to earlier in the record, indicating different

environmental conditions to that of the mid Holocene.

The rise of Discostella and assemblage diversification

is similar to that observed by Smol et al. (2005) at

many Arctic sites. Many of these assemblage changes

were observed without associated changes in water

chemistry and are linked to changes in air temperature.

The rise of Discostella likely indicates warmer

temperatures and reduced ice cover at KHL in the

last century. We also note that sediment proxies from

KHL provide a detailed and compelling expression of

the Holocene-Anthropocene transition (Wolfe et al.

2013). During the twentieth century, sediment d15N
declines markedly, corresponding with trends ob-

served across much of the Arctic that reflect anthro-

pogenic nitrogen deposition (Holtgrieve et al. 2011).

In many cases (e.g. L:D, C:N, and carbon flux), peak

values attained during the HTM have been reached or

exceeded in sediments deposited during recent

decades, ultimately implying that recent warming
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has reached temperatures not consistently encountered

since the early Holocene.

PCA analysis

Plotting PCA component values through time was

used to summarize multiple proxies and develop a

composite proxy curve. The two principal components

that explained the greatest proportion of variance were

examined for each data set. Component one from the

geochemical data explains 46.3 % of the total variance

and is primarily controlled by the anticorrelation

between d15N and sedimentation rate, C:N, L:D and

other pigment fluxes. This principal component is

interpreted as primarily representing length of ice-free

season and summer temperature. Geochemical com-

ponent two explains 23.8 % of the total variance,

controlled by the inverse correlation of d15N with d13C,
TOC%, and (chlorophyll a/pheophytin a ? pheophor-

bide a). The diatom data component one (not shown)

explains 67.5 % of the variance and is driven by the late

Holocene diversification of assemblages. Diatom com-

ponent two represents the shift in assemblages during

the LIA. This component explains 18.8 % of the

variability and is possibly related to summer tem-

perature (Fig. 6).

Both geochemical PCA component 1 and the

diatom data derived component 2 likely represent

signals of climatic change rather than the within-lake

thresholds that drive the other principal components.

The PCA component 1 plot (Fig. 7) highlights the

HTM, as well as the major departures from the average

climate of the Holocene-the late Neoglacial (after

2 ka) and LIA (1400–1900 AD). Anthropogenic

influence on climate is recorded as a dramatic rise in

PCA component 1, rapidly returning to a similar state

as the HTM. PCA 2 (of the diatom data) differs in that

most of the change occurs between 3.0 and 1.2 ka, and

is a response to Neoglacial intensification rather than

the LIA maximum. Multiproxy records have the

advantage of including the unique point of sensitivity

of each proxy. If only the geochemical record was

examined, environmental change occurring during

this interval would not have been detected.

Comparison with regional records

Chironomid-inferred summer air temperatures from

lake CF3, *300 km north of KHL and in a similar

setting (Briner et al. 2006), and Agassiz Ice Cap melt

(Fisher et al. 2012) show a distinct HTM shortly after

deglaciation, contemporaneous with the summer

insolation maximum. Good agreement in the timing

of the warm period at both of these sites with proxy

records presented here strongly support an HTM

between *10 and 7 ka across eastern Baffin Island

(Fig. 7). An early HTM conflicts with the HTM timing

shown by pollen records, such as those presented in

Miller et al. (1999, 2005), which suggest that

thermophilous vegetation communities only devel-

oped *2 ka after peak summer temperature. We

propose a similar conclusion to that of Miller et al.

(2005) to explain the discrepancy between pollen and

lacustrine apparent peak warmth: the delayed response

of higher terrestrial plants reflects the combined

influences of residual Laurentide ice and long

Fig. 6 Principal

component biplots of

components one and two for

the geochemical a and

diatom b data
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migration distances, thereby delaying higher plant

ecesis. Vegetation succession in other Arctic sites has

been relatively rapid since the end of the LIA, with

mature tundra developing in as little as 100 years in a

site on Svalbard (Prach and Rachlewicz 2012).

Because it has been shown that plants are able to

rapidly colonize nearby freshly deglaciated land-

scapes, we place more of an emphasis on migrational

constraints rather than pedogenesis as the limiting

factor to terrestrial plant community development. A

comparison of proxy based global temperature anoma-

lies presented by Marcott et al. (2013) implies that the

Baffin Island HTM was considerably earlier than the

global average, while the LIA timing was synchronous

with the global average (Fig. 7).

A climate record of the last 2 ka from nearby Itilliq

Lake (Thomas et al. 2011), located 5 km from KHL,

shows few similarities to the most recent 2 ka of the

KHL record. The distinct 1000 AD cold period

described in Thomas et al. (2011) is not apparent in

KHL. It is possible that our chronology and sample

resolution does not properly resolve this event,

although this should not change the fundamental

structure and information contained in the proxy

curves. Ultimately, the different records shown by

these two lakes highlight the need to perform multiple

studies utilizing a variety of proxies in each region to

account for the variability of natural systems in

response to equivalent climatic events.

Conclusions

The multi-proxy reconstruction from KHL shows

Holocene-scale changes in dominant primary producers

and sediment organic matter provenance, as well as

Fig. 7 Summary of proxy data by PCA factor scores through

time. Principal component 1 for the geochemical data set and

principal component 2 for the diatom data set are interpreted as

representing summer temperature at the site. These summary

plots are compared to regional reconstructions of chironomid

inferred July air temperature from nearby lake CF3 (Briner et al.

2006), Agassiz Ice Cap melt % (Fisher et al. 2012), and a proxy

based reconstruction of global emperature anomalies (Marcott

et al. 2013)
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threshold changes of algal taxa during the HTM,

Neoglacial, LIA, and twentieth century. It is the first

paleolimnological study in the region to integrate

pigment-based reconstructions to a suite of more

commonly measured proxies. The ratio of diagnostic

carotenoids is shown to be a sensitive proxy for

examiningpast abundances ofphotosyntheticorganisms

that cannot be differentiated by other methods. Domi-

nant production shifted from chlorophytes, bryophytes,

and higher plants in the early Holocene to diatoms in the

mid- to late Holocene, reversing again following the

LIA. This suggests that diatoms are less sensitive to

summer cooling compared with higher plants and green

algae. L:D provides a sensitive novel climatic indicator,

particularly for periods of peak warmth in this environ-

ment, such as the HTM and twentieth century.

The organic matter proxy values for the early

Holocene require that considerable terrestrial biomass

was established shortly after deglaciation. This is

much earlier than the terrestrial floral development as

indicated by pollen records, which suggest a modern

flora was established only after 8 ka. We suggest that

higher plant ecological dynamics andmigration, rather

than temperature limitations, were the dominant

control on the appearance of pollen-producing plants

in the watershed following deglaciation. The early

Holocene vegetation must have comprised an abun-

dant biomass dominated by few taxa. Terrestrial

biomass became greatly reduced by 3 ka, with

sediments becoming almost completely comprised of

autochthonous algal organic matter during the LIA.

The compilation of proxies by their PCA compo-

nent scores enables a summary of regional Holocene

climate evolution (Fig. 7). HTM conditions extended

from 10 to 7 ka, with a transition to a cooler yet stable

mid Holocene climate between 7 and 5 ka. Neoglacial

cooling intensified from 3 to 1.5 ka and culminated in

the LIA (beginning at*1400 AD and peaking at 1870

AD), which is the coldest prolonged period of

Holocene summers at this location. A dramatic return

of some proxies to values similar to the HTM suggests

that modern conditions are comparable those of the

HTM. However, diatom species assemblages and

several of the geochemical proxies have continued to

evolve away from those of the HTM, possibly due to

additional factors such as atmospheric nitrogen depo-

sition, which indicates that the Anthropocene is truly

unique in character relative to the entirety of the

Holocene (Wolfe et al. 2013).
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