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Abstract

To constrain the effect of climate and peatland type on carbon accumulation, we reconstructed these parameters from a Holocene-length core of
a Sphagnum-dominated peatland near Cordova, AK, USA. We determined peat type using a combination of peat texture and density, macrofossils,
distributions of leaf-wax biomarkers, and soil pH reconstructions based on distributions of branched glycerol dialkyl glycerol tetraether lipids (borGDGTs).
We produced an independent record of hydroclimate and temperature change using hydrogen isotope ratios of leaf-wax biomarkers and distributions
of brGDGTs. Carbon accumulation rates were constrained with 14 AMS 4C dates from identified macrofossils and ash-free bulk density. In the early
Holocene, the site was a shallow pond with evidence for emergent macrophytes, Sphagnum, and algae growing in a warm, moist climate. At 9.2kyr
(I'kyr=1000 cal.yr BP), the site became a Sphagnum-dominated bog. Under mid-Holocene warm, evaporative climate conditions, the site became sedge-
dominated. As climate cooled and effective precipitation increased, Sphagnum was able to gain dominance abruptly at ~3.5kyr. Large changes in the
vegetation assemblage and hydrology and climate are contemporaneous with significant changes in the rate of carbon accumulation. Carbon accumulated
most rapidly when Sphagnum dominated and effective moisture was high and most slowly when sedges were dominant and conditions were warmer
and drier. Estimates of future climate change indicate warmer, more evaporative conditions that, in the past, favored a sedge-dominated environment,

suggesting that this peatland and those similar can contribute to a positive feedback to warming by transitioning to less efficient carbon sinks.
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Introduction

Northern peatlands are an important component of the global
carbon cycle. While covering only 3% of Earth’s surface, peat-
lands can account for up to 30% of the carbon stored in terrestrial
soils — a 550 Gt reservoir (Gorham, 1991; Roulet et al., 2007; Yu
et al., 2010). Peatlands have been a major sink of atmospheric
carbon throughout the Holocene, as the vast majority of the
550 Gt of carbon has accumulated since the end of the Pleistocene
(Gorham et al., 2003). While these important ecosystems have
been removing carbon from the atmosphere for millennia, their
role in the carbon cycle may drastically change because of recent
and future warming. Anthropogenic warming is expected to result
in higher temperatures, longer growing seasons, increased pre-
cipitation, increased evaporation, and more episodic precipitation
in the Arctic (Christensen et al., 2007). A detailed understanding
of the response of peatlands to specific changes in climate is nec-
essary to assess the impact that warming will have on peatlands
and their role in the global carbon cycle (Beilman et al., 2009).
However, we hypothesize that more episodic precipitation may
result in a vegetation shift from a vegetation type that is more
efficient at carbon sequestration (dominated by Sphagnum) to one
that is less efficient, like sedges (Kuiper et al., 2014). Because
Sphagnum photosynthetic rate is extremely sensitive to drying, if

precipitation were to become more episodic, even if the total
amount of precipitation were unchanged, Sphagnum would be at
a disadvantage because of the periods of dryness in between epi-
sodes of precipitation (Williams and Flanagan, 1996). To assess
the relative influence of these different factors — climate and veg-
etation type — on carbon accumulation, we reconstruct these
parameters in the same samples from a Holocene-length core
from a southern Alaskan peatland.
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Figure 1. Map of Corser Bog and its environs.An outline of the peatland (determined by walking the perimeter with a GPS device) is overlain
on an orthophoto raster image. Inset shows the location of study site along the southern coast of Alaska. Two core locations are labeled in

this figure. Core B was used for this investigation. Core A, which exhibits the same lithological units as Core B, is archived in the Lamont-
Doherty Earth Observatory Core Repository. Inset: Summary of monthly climate and 3D of precipitation at Cordova,AK. Dashed line indicates
temperature; solid line indicates 6D of precipitation calculated using the Online Isotopes in Precipitation Calculator (Bowen and Revenaugh,
2003; Bowen and Wilkinson, 2002; Bowen et al., 2005). Bars indicate precipitation amount in millimeters.

Typically, climate is reconstructed from peatlands using paleo-
ecological techniques. However, if we are to disentangle the
effects of vegetation and climate changes, we need to reconstruct
climate independent of vegetation. We have chosen biomarker
and compound-specific stable isotope methods to avoid this cir-
cularity. We used the hydrogen isotope ratios of leaf-wax bio-
markers to assess changes in hydroclimate and temperature. Such
measurements have come into common use recently, but their
interpretation is complicated and depends on many site-specific
parameters (Hou et al., 2008; Kahmen et al., 2013a, 2013b;
Sachse et al., 2006; Smith and Freeman, 2006; Xie et al., 2000,
2004). To understand changes in temperature and peatland pH, we
measured the distributions of branched glycerol dialkyl glycerol
tetracther lipids (brGDGTs; Peterse et al., 2012; Weijers et al.,
2007). By using these biomarker proxies, one is able to recon-
struct climate and hydrological change independent of vegetation
change.

Corser Bog, located at 60.5296364°N latitude and
145.453858°W longitude, is a Sphagnum peatland along the south-
central Alaskan coast (Figure 1). The peatland can currently be
classified as ombrotrophic (rain-fed) and Sphagnum-dominated,
but because it is a local topographical high and surface flow direc-
tions are away from the peatland, even if the peatland itself was not
always strictly ombrotrophic by chemical or vegetational defini-
tion, the topography of the site is such that the primary hydrologic
input to the peatland is precipitation.

Average annual rainfall and temperature measured at the
nearby Cordova airport, 15km to the south, are 3m and 4°C,
respectively. Overall, the climatology of south-central Alaska, the
region in which Corser Bog is found, is sensitive to the dynamics

of the North Pacific Ocean. Precipitation is abundant throughout
the year, but generally higher during August, September, and
October. This early autumn peak in precipitation is because of
increased cyclogenesis during this time of year driven by the
Aleutian Low pressure system (Pickart et al., 2009). The tempera-
ture, precipitation, and cloudiness in south-central Alaska in gen-
eral are highly sensitive to changes in sea surface temperatures in
the North Pacific like the Pacific Decadal Oscillation (PDO; Hart-
mann and Wendler, 2005; Mantua et al., 1997).

Methods

Core collection and chronology

The 372cm core was extracted from Corser Peatland with a
10-cm-diameter, tripod-mounted, modified Livingstone piston
corer in five successive drives. The core was split in the Lamont-
Doherty Earth Observatory Core Repository and imaged with a
Geotek linescan camera. Core stratigraphy was determined by
visual inspection of the core, magnified images, measurements of
ash-free bulk density (AFBD), and the radiocarbon chronology.

The age of the core is determined by 14 AMS radiocarbon
dates on identified terrestrial macrofossils (Table 1). Dated mate-
rial was separated from the peat by wet-sieving with a 500-um
screen and then pretreated with an acid—alkali—acid chemical
digestion prior to combustion, graphitization, and measurement
by AMS at the National Ocean Science Accelerator Mass Spec-
trometry Facility (Woods Hole, MA) or the W. M. Keck Carbon
Cycle Accelerator Mass Spectrometry Laboratory (University of
California, Irvine, CA).
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Table I. Radiocarbon dates from Corser Bog, Alaska.

Lab code Core depth (cm) 14C date (yrBP) Age error (yr) Material dated Calibrated age (cal.yr BP)
0OS-86052 38 585 50 Sphagnum stems, 4 twigs 605
0OS-86053 89 1860 60 Sphagnum stems with leaves 1796
UCIAMS-119399 113 2240 30 Tsuga twig with sterigmata 2224
OS-86051 135 2770 50 12 Picea needles, |5 Tsuga mertensiana 2863
needles, 2 Tsuga heterophylla needles
0OS-86200 149 2880 50 I % calyx, 4% Tsuga twig tip, 3% Picea 3008
needle fragments, | x T. mertensiana
needle with base, 3%Picea needle tip
fragments
UCIAMS- 119400 171 3255 15 Cyperaceae stems, Ericaceae twig 3467
0S-93485 190 4140 70 Twigs, bark 4684
0OS-87440 224 5690 70 Twig fragments 6470
0Os-86179 235 6170 80 Twig, twig fragment 7074
UCIAMS-119401 260.5 7930 40 Sphagnum stems 8746
UCIAMS- 119402 280.5 8075 40 Sphagnum stems 9009
0OS-86054 304 8260 80 Twig 9247
OS-86055 352 9220 100 Alnus bracts and cone scale 10,382
0S-93450 368 10050 35 3 Nuphar seeds, | Empetrum leaf, 2 11,558

Sphagnum branches

Carbon content

Carbon content in the core was determined using the AFBD of the
peat measured by the loss-on-ignition (LOI) method. Volumetric
samples (~2 cm?) of peat were dried at 100°C overnight to deter-
mine water content, and then burned in a muffle furnace at 550°C
for 2h to determine AFBD. AFBD is converted to carbon content
by multiplying by 0.423 in Sphagnum peat and 0.514 in sedge
peat (Loisel et al., 2014).

Organic and stable isotope geochemistry

Organic molecules were extracted from 36 freeze-dried peat sam-
ples by ultrasonic agitation in hexane. Each sample was approxi-
mately 0.5g dry weight. Organic compounds were extracted by
ultrasonic agitation. Samples were sonicated for 30 min in 20 mL
of hexane three times. After each round of sonication, the extract
was decanted from the beaker and replaced with another 20 mL of
hexane. The products of each of these three successive rinses
were combined for the total lipid extract (TLE). The TLE was
separated into three fractions on a silica gel flash column. The
flash column was prepared in a Pasteur pipette with a dimethyl-
chlorosilane-treated glass wool plug and 5cm of silica gel (60 A
pore size, 70-230 mesh). TLEs were loaded onto the column
using 0.5mL or less of hexane. Hydrocarbons were eluted from
the column with 4 mL of hexane; ketone, ester, and aromatic com-
pounds were eluted with 4mL of dichloromethane; and polar
compounds (including brGDGTs) were eluted with 4mL of
methanol.

n-Alkanes were analyzed in the Lamont-Doherty Earth Obser-
vatory Organic Geochemistry Laboratory. Relative abundances of
n-alkanes (plant leaf waxes) were measured on a Thermo TraceGC
with flame ionization detector. A pulsed temperature vaporization
(PTV) injector, and a 30m, HP-5 column were used. The oven
temperature holds at 60°C for the first minute then ramps at 22°C/
min to 200°C, and then ramps at 7.5°C/min to 320°C and holds
for 10 min. Hydrogen isotope ratios of individual n-alkanes were
determined by continuous flow isotope ratio mass spectrometry
(Thermo TraceGC, GC-Isolink, ConFlo IV, Delta V IRMS). The
GC injector, column, and temperature program are the same as for
GC-FID described above. Eluent from the gas chromatograph is
pyrolyzed to hydrogen gas in a high temperature furnace at
1430°C, which flows through the ConFlo IV continuous flow
device to the IRMS. The median standard deviation for sample

replicates is <1%o. Long-term standard deviation of repeated mea-
surements of laboratory standards (mixture of fatty acid methyl
esters) is ~2.5%o.

brGDGTs were analyzed in the Biogeochemistry Laboratory
at the University of Massachusetts, Amherst. The methanol frac-
tions from the above-described analyses were filtered through
0.45um PTFE syringe filters in 99:1 hexane:propanol (vol/vol)
and analyzed on an Agilent 1260 HPLC coupled to an Agilent
6120 MSD (Hopmans et al., 2000; Schouten et al., 2007). A Pre-
vail Cyano column (150 mm X 2.1 mm in surface area, and 3 pm of
opening) was used with 99:1 hexane:propanol (vol/vol) as an elu-
ent. After the first 7min, the eluent increased by a linear gradient
to 1.8% isopropanol (vol) over the next 45min at a flow rate of
0.2mL/min. Scanning was performed in selected ion monitoring
(SIM) mode.

Results and discussion

Radiocarbon ages

In all, 14 AMS radiocarbon measurements made on identified
macrofossils constrain the chronology of the 372-cm-long core
(Table 1). Dates were calibrated using the IntCal09 calibration
dataset with the program Calib 6.1.0, and were reported as cali-
brated years before ap 1950. The top of the core is assigned an age
of —60, corresponding to the date it was taken, July 2010. The
age—depth model we have assigned consists of four linear sec-
tions (Figure 2). The mathematical intersections of adjacent age/
depth functions coincide with changes in peat texture and AFBD
described in the following sections.

Core stratigraphy

Visual inspection of peat texture, LOI, AFBD, measurements, and
the age—depth model (Figure 2) reveals five distinct periods of
sediment accumulation over the 372cm of the core (Figure 3).
From the bottom of the core to 345cm depth, LOI values are
~50%. Above 345 cm, the LOI sharply increases to between 80%
and 90%. Radiocarbon sampling density is not sufficient to reveal
strong evidence for a change in accumulation rate with this
change in LOI (Figure 2), and we treat this section (372-302 cm)
as one unit, Unit I. This unit is characterized by dark brown,
faintly laminated, light-brown gyttja, interrupted by A/nus stems
and roots and was deposited between 11.5 and 9.2kyr.
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Figure 2. Radiocarbon age model from Corser Bog. Four linear
regressions through the median calibrated ages calculated from
Calib 6.1.0 and IntCal09 were used to distribute age throughout the
core. Changes or breaks in slope of the age—depth model coincide
with observed changes in peat type and density.

Unit II, from 302 to 248 cm, is bounded at the bottom by a
sharp contact between light-brown gyttja and fibrous Sphagnum
peat and at the top by a drop in the LOI from values above 95% to
as low as 80% (Figure 2). This unit contains two subunits, [Ta and
IIb. The contact between Ila and IIb is drawn at the change in
AFBD at 266cm (Figure 3), which coincides with a change in
sedimentation rate (Figure 2). All of Unit II is characterized by
LOI values consistently >95% in spite of the noticeable change in
density at the Ila/IIb contact and was deposited between 9.2 and
7.8 kyr. However, the smoother texture and higher density of Unit
IIb suggests it is more strongly decomposed than Ila, because
sedges in the overlying unit, which are arenchymous, may have
oxygenated this layer after it was deposited.

Unit II1, from 248 to 173 cm, is bounded at the top and bottom
by large changes in sedimentation rate (Figure 2), AFBD, and
LOI (Figure 3) and is characterized by sedge-dominated peat with
low accumulation rate, high AFBD, and LOI values between 80%
and 95%. Unit I1I was deposited between 7.8 and 3.6 kyr. Unit IV,
the top 173 cm of the core, consists of fibrous Sphagnum peat
with LOI that is more consistently above 90%. In the upper
150 cm of the core, several sharp decreases in LOI are apparent
with no visible change in the peat stratigraphy or density. These
layers may be tephra or atmospherically derived dust.

Carbon accumulation

Carbon accumulation rates (CARs) are shown in Figure 4. In Unit
I, in the gyttja, the median measured CAR is 14 g/m?yr. Carbon
accumulates fastest in the Sphagnum-dominated Unit Ila, where
the median CAR is 27 g/m?/yr The lowest CAR values are found
in the decomposed Unit IIb and the sedge-dominated Unit III,
with median CARs 7.5 and 13 g/m?/yr, respectively. The rates cal-
culated in these two units show the strong impact of the transition
to sedge peat on the carbon storage. Not only does sedge peat
accumulate less carbon over time but also promotes carbon loss in
the peat directly below. Finally, the site transitions to Sphagnum-
dominated peat in Unit IV, with median CAR of 20 g/m%yr. We
find that the CAR during the Sphagnum-dominated Units is about
60% higher (median=21g/m?%yr) than in the sedge-dominated
Units (median=13 g/m?/yr). The fact that the sedge-dominated
environment is less efficient at sequestering carbon is consistent
with plot-scale peatland manipulation experiments, for example
(Kuiper et al., 2014).

n-Alkane distributions

Distributions of n-alkane homologues in epicuticular waxes from
plant leaves are an increasingly common data type used for

paleoecological reconstruction. The relative abundances of the
major constituents of the hydrocarbon fraction of the extracts
from Corser Bog sediment samples are displayed in Figure 3. We
also report several n-alkane indices: the average chain length
(ACL), P-aqueous ratio (P,,), and the Sphagnum/Vascular Ratio
(SVR), all of which seek to reduce the many measurements of
compound abundances in each sample to a single representative
value. The ACL is equal to the sum of fractional abundance of
each alkane multiplied by its carbon number. The P,, ratio is
equal to the fractional abundance of 23 and 25 carbon alkanes
relative to 29 and 31 carbon alkanes. The SVR is a rescaling of the
ratio of C,; to C,, n-alkane and represents the ratio of Sphagnum-
derived alkanes relative to vascular plant-derived alkanes. The
equations for each of the three indices are shown below:

33
ACL = Z nx [Can+2]
=% [alkanes]

_ Cy+Cys
Cy+Cys+Cyy + Gy

(Ficken et al., 2000)

aq

4 3
SVR‘—O.O]SIX(CBJ +O.1144x[(C:23j -

29 29

2
0.3916x [CBJ +0.8996 x [CBJ —0.0455

29 29

(Nichols et al., 2006)

All three indices are highly correlated (Figure 3). We choose to
use the SVR for our interpretation. It does not include Cj;
n-alkane, which, in our samples, coelutes with olean-12-ene, a
degradation product of olean-12-ene-3f-ol, a compound derived
from angiosperms (Otto et al., 2005), and is therefore difficult to
quantify. The SVR is based on the relative abundance of C,; and
C,, n-alkane (Sphagnum and vascular plant biomarkers, respec-
tively) and has been used to quantify the fraction of total alkanes
contributed by Sphagnum relative to vascular plants (Nichols et
al., 2006). Changes in SVR reflect the changes in the relative con-
tribution of n-alkanes by Sphagnum and vascular plants, but this
index underestimates the biomass input of Sphagnum to the sedi-
ment because total production of n-alkanes by Sphagnum is gen-
erally lower than that of vascular plants (Pancost et al., 2002).
Consequently, even when SVR values are very low, such as in
Unit I, Sphagnum can still be present and contribute to peat car-
bon. In Unit I, the SVR is above 0.4, indicating significant input
from Sphagnum (Figure 3). The percent contribution of C,; to
total n-alkanes is also at its highest during this period. C,; is typi-
cally a product of aquatic algae (Sachse et al., 2012). The coexis-
tence of Sphagnum and aquatic algae supports the interpretation
that this unit was deposited in a shallow pond environment. The
Nuphar seed identified at 368 cm (Table 1) further supports this
interpretation. Sphagnum remains an important part of the system
through Unit II, as indicated by SVR values near 0.4. In Unit III,
however, Sphagnum’s contribution to the peat is greatly reduced.
The largest change in the record occurs at about 3.5 kyr, when the
contribution of Sphagnum to the leaf-wax n-alkane pool changes
from nearly 0 to nearly 1. This large change in SVR is concurrent
with the transition from the sedge peat of Unit III to the Sphag-
num peat of Unit IV. From its high at 3.0kyr, the SVR declines
through the remainder of the Holocene, but Sphagnum remains an
important contributor to peat n-alkanes.

We find that CAR is higher when Sphagnum contributes a
higher proportion of n-alkanes (Figure 4), but we do not see a
direct correlation between SVR and CAR. Rather, when SVR
indicates that the peatland is Sphagnum-dominated, CAR is
higher than when SVR indicates that the peatland is not
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triterpenoid, so a combined value is reported. Indices include the average chain length (ACL), P-aqueous ratio (P,,), and the Sphagnum/Vascular

Ratio (SVR).
LOI: loss-on-ignition; CBT: cyclization of branched tetraethers.

Sphagnum-dominated. For example, while SVR declines
throughout the late Holocene, ~3.5-0kyr, CAR remains rela-
tively constant but higher than in the mid-Holocene, ~8-3.5kyr,
when SVR is very low and sedges dominate.

Hydrogen isotope ratios of n-alkanes

By measuring the hydrogen isotopes of individual leaf waxes, we
assess both the deuterium isotopic composition (6D) of peatland
water and the amount of evaporation occurring from Sphagnum
during the growing season. We have used the 6D of vascular plant
biomarkers in peatland sediments to reconstruct the 6D of peat-
land water as has been done previously (Nichols et al., 2009,
2010). 8D of n-alkanes, however, is difficult to interpret. Here, we
will discuss our approach to converting the 8D of sedimentary
alkanes into a climate signal. At high latitudes, temperature is the
dominant control on the 8D of precipitation, and Corser Bog is no
exception (Figure 1). However, the range of values for the D of
C,, n-alkane is 35%o. If we were to directly interpret 8D of C,, as
temperature using the relationship between monthly 6D of pre-
cipitation and monthly temperature, it would result in estimates of
Holocene temperature change of about 10°C, which does not
agree with the 3°C range in Holocene July temperatures estimated
using pollen transfer functions in sediments from nearby peat-
lands (Heusser et al., 1985). To what, then, do we attribute the
35%o range in 3D of C,,? Hydrogen isotope ratios of C,, n-alkane
are determined not only by the 6D of source water but also by the
apparent fractionation factor between water and lipid (g,_). It is
the 0D of source water that can potentially be influenced by

temperature or other climatic or hydrologic factors. Thus, before
interpreting these measurements, we must convert 6D of alkanes
using appropriate values of ¢, ;.

Variability of the apparent fractionation between water and
lipid (g, exerts a strong influence on the 8D of sedimentary
alkanes. For vascular vegetation, the factors determining ¢, , are
leaf water evaporation (Kahmen et al., 2013a, 2013b) and the
plant type, which influences the biological fractionation (Sachse
et al.,, 2012). While leaf water evaporation is a less important
influence on ¢, in humid regions (Hou et al., 2008; Kahmen et
al.,, 2013b), the difference in apparent fractionation between
monocots, which dominate sedge peat, and dicots, which domi-
nate the vascular vegetation in Sphagnum peat, is large — up to
40%o (Sachse et al., 2012). The 35%o range in 6D of C,, at Corser
Bog could potentially be entirely because of changing vegetation
type.

To better understand the variability in source water 6D, that is,
variability in climate and hydrology, we have translated the 6D of
C,, into peatland water 8D using apparent fractionation factors
from a recent compilation (Sachse et al., 2012). In Sphagnum
peat, we use ¢, values for dicots sampled from locations north of
45°N, and for samples in sedge peat, we use ¢,,_; values for mono-
cots found north of 45°N. Rather than simply using a mean value
for ¢,, ,, we account for the uncertainty in this parameter using the
following method. For each lipid sample, we calculate the 6D of
water 10* times, each time randomly choosing a value for ¢,
from a probability distribution generated from the Sachse et al.
(2012) compilation (Figure 5). The lithology of the core deter-
mines the distribution from which random ¢, ; are chosen — the

Downloaded from hol.sagepub.com at COLUMBIA UNIV on October 7, 2014


http://hol.sagepub.com/

Nichols et al.

1151

Corser Bog
(a) (e)
2 | ST R S 5 5
Lo L Do § : a T
5 1 et e 2 B
=8 e% eed 1l g + £ & 4 ‘f*
- T ° 0% o o’ - o0 QN_ ' "
[N e) ®oo ¥ O ° [ .oo-.. [ h @ '
£° | Mpd K ST o B + m :
I AL S " :
ON ° ' ' ' ' '
o ° ' ' '3 < A ' '
S T T T T T a4 |4§ T T T T
0 2 4 6 8 10 0 6 8 10
(b) ()
B e T e : T
— . A N . A
c 2 ° ' ' Le ! I:|J ' ' I
S5 ' . . o Lo
by : o L g | - o g
EQ : 4 No mm@ O s o
E) it 2l g a8 1 ST A
ER R A - s s :E{ﬂ ;
5o 11, A o
: ! 2 L
T T T T T T ; T T T T T T
0 2 4 6 8 10 0 2 4 6 8 10
(c) (9)
- 9" 9 ®g| = - —
Q. . e @ %o Glacier Advances & Vo | o0
o | : P SO w0 — R
o h h a . ' a g
e Ll e| T 4 A LB L Y S
¢ - - e | Z - i :
. . 8o Do
Gy | O8P 1 o i 59 IR I
o N e " ' ' :
® ! o . - - © O
—.. : ® !.'! k) . Annual o
® 0® a8 : : L -0
S T T ee T T [ T T T T T
0 2 4 8 10 0 2 4 6 8 10
G (h)
s 2 | e T
o - I AT
o< ® Si. 8 t
o e 1 . -
.Ec\]— Y~ -1 . &% 5 ? . * .: F
go— g— ‘.b ' ; \ .
- 1% s £
S & y < s Lo s
EY - + Peterse oWeijers o i oo
uE: T T T T T T T T T T T T
0 2 4 6 8 10 0 2 4 6 8 10
Age, Cal. ka Age, Cal. ka

Figure 4. (a) Carbon density of peat samples (g/cm?); (b) Carbon accumulation rate (CAR; g/m?/yr); (c) Sphagnum/Vascular ratio (SVR)
where values near | indicate abundant Sphagnum-derived n-alkanes and values near 0 indicate abundant vascular plant-derived n-alkanes; (d)
MBT-/CBT-derived temperature estimates from Corser Bog using two different soils calibrations. Black bars above temperature data indicate
approximate times of glacier advances for which evidence is apparent in south-central Alaska. (e) 8D of C23 n-alkane (%. VSMOW), (f) 8D
of C29 n-alkane, (g) Black diamonds indicate the most probable value for the 6D of peatland water.The heights of the blue bars indicate the
interquartile range of possible values, and the widths indicate the relative probability. Horizontal lines indicate the modern amount-weighted
average values of 3D of precipitation for June, July,August, and annually. The right-hand y-axis is a temperature axis scaled using the linear
relationship between the monthly 3D of precipitation and monthly temperature in Cordova. Black bars indicate glacier advances as in D. (h)
Black diamonds indicate the most probable value for the evaporation index, f.The heights of the red bars indicate the interquartile range of

possible values, and the widths indicate the relative probability.

MBT: methylation of branched tetraethers; CBT: cyclization of branched tetraethers; OIPC: Online Isotopes in Precipitation Calculator.

monocot distribution is used for samples from sedge peat, and the
dicot distribution is used for samples from Sphagnum peat and
gyttja. The marked values for peatland water 6D in Figure 4(g)
represent the most probable 3D value of peatland water.
Particularly striking is the stark difference between the pattern
of variability in the 8D of C,, record and the 6D of water record.

While 8D of C,, in Unit III is depleted relative to the other units,
the most probable 6D of water in this Unit is enriched relative to
the other units. Comparing these two records illustrates the strong
influence of vegetation type on 6D of alkanes and the importance
of independent reconstructions of vegetation to accompany mea-
surements of alkane 8D. Only after translating alkane 8D values
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Figure 5. Probability density functions of ¢,,_, for C,4 in
dicotyledonous and monocotyledonous plants sampled from
locations north of 45°N latitude (Sachse et al., 2012),and C,; in
Sphagnum sampled from various locations around the Laurentian
Great Lakes (Nichols et al.,2010).Vertical lines indicate the most
probable ¢,,_,.

into source water 6D values can we interpret changes in the record
as having to do with changes in climate, hydrology, or other allo-
genic parameter.

A plant’s source water 8D is determined by the 8D of precipi-
tation, precipitation seasonality, and soil water evaporation. With
a topographically isolated watershed of <0.3km?, source water
for plants living in this peatland, or ‘peatland water’, is dominated
by precipitation. Corser Bog is topographically higher than the
surrounding lakes, and thus is a source of water to the lakes.
Because the seasonal range of 8D of precipitation is so large, 65%o
(Figure 1), precipitation seasonality can have a strong influence
on 98D of peatland water (Nichols et al., 2009; Steig et al., 1994).
Although the modern average monthly precipitation is relatively
constant throughout the year, with a small peak in precipitation
amount in autumn (Figure 1), this may not have always been the
case. Depending on the residence time of peatland water, the
source water for peatland vascular plants may have been domi-
nated by spring melt, or by warm season precipitation. This varia-
tion would result in a source water 8D value that could vary up to
the seasonal range of 65%o. We find that during the late Holocene,
~3.5-0kyr, the 3D of peatland water is about equivalent to the
modern average for 6D of summer (JJA) precipitation, based on
estimates from the Online Isotopes in Precipitation Calculator
(OIPC; Bowen and Revenaugh, 2003; Bowen and Wilkinson,
2002; Bowen et al., 2005). This result is to be expected — the vas-
cular plants in the peatland use water that fell as precipitation dur-
ing the growing season. In the early Holocene, from about
11-9kyr, peatland water transitioned from a value closer to mod-
ern average annual precipitation 8D to a value closer to the sum-
mer precipitation value. During this time, the site was transitioning
from a shallow pond environment into a Sphagnum peatland. As a
pond with a potentially longer residence time, it is more likely
that the water used by vascular plants was representative of the
full year’s precipitation. As the site transitioned from a shallow
lake to a peatland, the volume of water available to vascular
plants decreased, thus shortening the residence time of that water.
As aresult, the 3D of the peatland water as recorded by the vascu-
lar plants became more representative of the growing season
average, rather than annual.

The 8D of peatland water during the middle Holocene, how-
ever, cannot be explained by changing the seasonality of precipi-
tation or hydrology of the site because the water values from 8 to
3.5kyr are more enriched in deuterium than the current warm sea-
son precipitation. If we translate the enrichment in 6D of peatland

water into temperature using a linear relationship between
monthly 3D of precipitation and monthly temperature (Figure 1),
we end up with a mid-Holocene that is ~4.5°C warmer than the
late Holocene (Figure 4). This is a larger temperature change than
was estimated using pollen transfer functions from nearby peat-
lands (Heusser et al., 1985). Heusser et al. (1985) estimated that
July temperatures were about 3°C warmer than the late Holocene.
This 1.5°C difference in temperature estimates of temperature
change translates to 6%o of 6D change, which is within the uncer-
tainty of our estimate of &, ;.

To estimate the amount of evaporation occurring at the peat-
land surface, we use a combination of the 8D of Sphagnum and
vascular plant biomarkers (C,; and C,, n-alkane respectively).
Sphagnum, which has no vascular system, uses water found either
in its hyaline cells or trapped between its leaves (referred to as
‘Sphagnum water’), that is strongly affected by evaporation at the
surface of the peatland, while vascular plants use water from
below the surface (referred to as ‘acrotelm water’) that is pro-
tected from evaporation (Kim and Verma, 1996; Nichols et al.,
2010). The contrast in the 8D of the biomarkers from these two
groups can be used to estimate the amount of evaporation at the
surface of the peatland (Nichols et al., 2010). Similar techniques,
comparing the 3D of terrestrial and algal n-alkanes, have been
used in lake sediments (Miigler et al., 2008). We estimate the
evaporation occurring at the surface of Corser Bog using the 6D
of C,; and C,, n-alkane according to the following method
adapted from Nichols et al. (2010). We convert C,; and C,,
n-alkane 6D values into Sphagnum water and acrotelm water 8D
values using the above-described method of repeatedly choosing
random ¢,, | value from probability distributions of ¢, , (Figure 5).
We then use the two most probable water 3D values and a Ray-
leigh evaporation model to estimate the fraction of water remain-
ing after evaporation (f). Values of f closer to 1 indicate more
effective moisture, and values close to 0 indicate that Sphagnum
is experiencing highly evaporative conditions. The equation for f
follows (Nichols et al., 2010) in the form of

SDa-3Ds

f:€ & +e*

where 6Da is the isotope ratio of peatland acrotelm water, 6Ds is
the isotope ratio of Sphagnum water, ¢, is the kinetic enrichment
factor at 0.75 relative humidity (3.125%o), and &* is the equilib-
rium enrichment factor at 288 K (86.731%o).

A script defining functions to calculate f from the 6D of
n-alkanes written in the open-source statistical programming lan-
guage, R, is provided as Appendix 2, available online.

Using the n-alkane-derived values of f, we find that the most
evaporative part of the record occurs during the transition from
Sphagnum peat to sedge peat just before ~8 kyr. Evaporative
conditions, as indicated here by low values for f, favor the
growth of vascular plants as they can draw water from below,
and need not rely on a constant supply of precipitation. Further-
more, groundwater can infiltrate the peatland against the gravi-
tational hydrologic flow via transpiration by sedges, bringing
nutrients that will support a change in vegetation from oligotro-
phic Sphagnum to mesotrophic sedges (Glaser et al., 1997), thus
increased evaporation not only lowers water tables, allowing
peat to oxidize, but also can facilitate vegetation change to spe-
cies that are less efficient at storing carbon. The least evapora-
tive part of the record, ~3 kyr, corresponds with coolest part of
the Holocene, as well as the major transition from a sedge peat-
land to a Sphagnum peatland. As the evaporative stress is
reduced and vapor pressure deficit decreases, vascular transpira-
tion also reduces, halting the reverse flow of nutrient-rich
groundwater, allowing Sphagnum to flourish, and restoring the
peatland’s high capacity to store carbon.
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Reconstructed pH and temperature

The methylation of branched tetraethers (MBT) and cyclization
of branched tetraethers (CBT) are two relatively new proxies
based on brGDGTs, lipids that are widespread in soils and peats
(Weijers et al., 2007). brGDGTs are different in both the number
of methyl branches (MBT) and the degree of cyclization (CBT).
CBT varies as a function of soil pH while MBT varies as a func-
tion of mean annual temperature and to a lesser extent, soil pH.
The use of these two proxies in combination, the MBT/CBT
Index, allows for the influence of pH to be removed and for
mean annual soil temperature to be reconstructed (Weijers et al.,
2007). To date, the MBT/CBT proxy has mainly been applied to
soils and lacustrine sediments (e.g. Fawcett et al., 2011; Tierney
et al., 2012), while only a handful of studies have examined
brGDGTs in peatlands (e.g. Ballantyne et al., 2010; Huguet et
al., 2010; Weijers et al., 2011). A study of an ombrotrophic peat
bog in Switzerland showed that brGDGTs in a peat core were
mainly fossil lipids rather than derived from extant biomass
(Weijers et al., 2011). Furthermore, the study of the Swiss peat-
land revealed a significant shift in CBT-reconstructed pH, coin-
ciding with a stratigraphic change in peat composition from
Carex-dominated, which formed in a fen system, to a Sphag-
num-dominated peat. The Carex peat yielded CBT-reconstructed
pH values of ~8, whereas the Sphagnum-dominated peat yielded
lower values of ~4-5, as expected (Weijers et al., 2011). MBT/
CBT temperatures based on the same samples yielded mean
annual temperature (MAT) estimates within the standard error
of the calibration (5°C) but possibly with a warm bias (Weijers
etal., 2011). A warm bias has been noted at a few peat bogs and
is often observed in soils, which may result from a combination
of the insulating effect of vegetation and the heat capacity of
(soil) water (Weijers et al., 2011). The combined effect is likely
to be pronounced in peat bogs. Although the use of brGDGTs to
reconstruct environmental conditions in peat bogs is fraught
with potential complications related to the unknown origin of
these compounds, which are thought to be produced by anaero-
bic soil bacteria (e.g. Sinninghe Damsté et al., 2011; Weijers et
al., 2006), our results from Corser Bog lend support to the use of
the MBT and CBT proxies for reconstructing past environmen-
tal conditions from peat bogs.

In Corser Bog, we find that the CBT-reconstructed pH of the
peat is consistent with expected pH values in each peat type.
CBT-reconstructed pH values in Unit I range from about pH 5.0—
5.5 (Figure 3) — near the pH of rainwater, which would be
expected in a rain-fed, non-carbonate pond. Units II and IV, the
Sphagnum peat units, have CBT-derived pH values between 4.0
and 4.5 (Figure 3), consistent with Sphagnum-dominated bogs
(Vitt, 1990). In Unit III, pH values are between 5.2 and 5.8 (Fig-
ure 3), more typical of sedge-dominated systems (Vitt, 1990).

MBT/CBT estimates of mean annual air temperature (MAT)
were examined at Corser Bog using two available soil calibra-
tions (Peterse et al., 2012; Weijers et al., 2007). While neither of
these calibrations seems to reconstruct reasonable range of tem-
peratures for the Holocene — both calibrations reconstruct a range
of temperatures for the Holocene that exceeds 6°C — the shifts in
temperature we reconstruct are broadly consistent with changes in
glacial ice extent documented throughout south-central Alaska
(Figure 6). This consistency suggests that the MBT/CBT temper-
ature estimates, although incorrect in overall magnitude, may
change in a manner consistent with Holocene temperature change.
The warming start of the Holocene (Levy et al., 2004) is repre-
sented by the increase in temperature from ~11 to 9kyr. The start
of the Neoglacial is starkly apparent in the MBT-derived tempera-
ture record. At Corser Bog, the switch to cold temperatures occurs
between 3.8 and 3.3 kyr. This is consistent with glacier advances
dated to 3.7 (Calkin et al., 2001), 3.2 (Levy et al., 2004), and
3.6kyr (Wiles and Calkin, 1994). We also record a rise in

temperature at 2kyr and a dip in temperature centered on 1.3 kyr
that are concurrent with glacier retreats and advances, respec-
tively, in the Prince William Sound region (Calkin et al., 2001).

Although there are clearly uncertainties associated with cali-
brating GDGT indices with temperature and perhaps also with
pH, the general correspondence between changes in the MBT-/
CBT-derived temperature estimates and the advance/retreat activ-
ity of glaciers in the region is an encouraging indication that the
brGDGTs can be a valid tool for paleoclimate reconstruction in
peatlands. As has been noted previously, further research will be
required to determine whether the soil calibration is suitable for
peat or whether a peat-specific calibration is required (Weijers et
al., 2011). Well-constrained calibrations are especially necessary
in sedimentary records with large changes in depositional envi-
ronment, such as from lake to peatland, as at Corser. In any case,
the consistency with which the GDGT-reconstructed pH corre-
sponds with inferred pH based on peat type is an exciting indica-
tion that this proxy is useful in reconstructing the pH of peatland
environments even while further work is needed to properly cali-
brate MBT/CBT.

Controls on carbon accumulation and abrupt
ecological change

The early Holocene at Corser Bog was characterized by moist
climate with lower rates of evaporation, evidenced by the growth
of Sphagnum, and the maintenance of a shallow pond environ-
ment. The middle Holocene is warmer and drier than the early
Holocene. Rates of evaporation are high, fostering the growth of
a sedge dominance, which is less efficient for a carbon sink, com-
pared with Sphagnum (Murray et al., 1989). The middle Holocene
climate interpretation is consistent with the absence of glacial
advances in south-central Alaska during the middle Holocene.
Cooler, moister climate with lower evaporation rates prevails in
the late Holocene, fostering Sphagnum growth and the transition
from a sedge fen to a bog. This bog environment accumulates
carbon 60% as rapidly as the sedge-dominated environment that
preceded it.

Why should the transition from the sedge-dominated middle
Holocene to the Sphagnum-dominated late Holocene be so abrupt,
as our proxy evidence suggests? If climate is forcing vegetation
change and responding to a slow insolation forcing, change should
be gradual, but the transition from the middle to late Holocene is at
the decadal scale. This could be because of the fact that sedge-
dominated systems are self-supporting; sedges grow in tussocks
with dense rhizomes that could crowd out Sphagnum, but provide
substrate for other vascular species (Koyama and Tsuyuzaki,
2012); they also transpire more quickly than other types of vascu-
lar vegetation such as ericaceous shrubs, lowering the water table
in the peatland and favoring species with deep root systems, that
is, not Sphagnum (Murray et al., 1989). High rates of transpiration
by sedges could also reverse the direction of hydrological flow,
and potentially draw groundwater from the surrounding watershed
into the peatland, providing nutrients that would otherwise not be
available in a rain-fed system — higher nutrient availability also
favors sedges over Sphagnum (Siegel and Glaser, 1987). If the
growing season precipitation increases enough to ensure that the
dominant flow in the peatland is out rather than in, the sedges
would be cut off from their nutrient supply and Sphagnum, which
thrives in low nutrients and high water tables will take over the
peatland, producing the system we see today, significantly increas-
ing the capacity of the peatland to accumulate carbon.

Conclusion

It is well known that the cool, moist Arctic and Sub-Arctic wet-
lands favor peat growth and carbon accumulation. Here, evidence
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from Corser Bog, Alaska, USA, elucidates some of the mecha-
nisms by which climate and the hydrological cycle influence car-
bon accumulation. The direct influence of climate on carbon
storage is moderated by climate’s influence on vegetation type.
We found that carbon accumulates fastest when the site was a
Sphagnum-dominated environment, and most slowly when it was
a sedge-dominated environment. Units characterized by increased
abundance of Sphagnum and low pH corresponded with times of
cooler temperatures and reduced evaporation during the growing
season. These moist, cool, ombrotrophic conditions encourage
the growth of Sphagnum — an efficient peat former. Sedge-domi-
nated units, with less acidic pH, corresponded with increased
evaporative water loss and possible contribution of nutrient-rich
groundwater during the growing season, fostering the growth of
vascular species, particularly sedges — poorer peat formers. These
results from Corser Bog also provide insight on the potential
influence of recent and future climate change on carbon accumu-
lation in this and similar systems. Because recent and future
warming can result in climate conditions favorable to the sedge-
dominated environment, Corser Bog and sites like it in boreal
Alaska may act as a positive feedback for anthropogenic warming
by transitioning to a type of environment that is less efficient at
sequestering atmospheric carbon.
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