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D/H ratios of leaf lipids from lacustrine aquatic macrophytes have been shown to record precipitation dD
values, which can reflect precipitation-weighted mean annual temperature (MAT) in the northeastern
United States. Here we report a high-resolution hydrogen isotopic record from Little Pond, Massachu-
setts, USA, which we compare with other paleoclimate data from the region, including a similar dD
record from Blood Pond, Massachusetts. Together the two datasets provide a >16 ka record of dD vari-
ability in the region, affording new insights into Holocene climate history. First, the long-term trends in
dD correlate significantly with regional temperatures inferred from alkenone records from nearby areas
of the North Atlantic and lake-level inferred changes in precipitation and evaporation. The long-term dD
trends reflect a period of maximum regional warmth at ca. 8e6 ka after the collapse of the Laurentide Ice
Sheet. Second, unlike the positive relationship between temperature and dD observed over the long-term
and during early events like the Younger Dryas, we find that a series of warm and dry events at 4.9e4.6,
4.2e3.9, 2.9e2.1, and 1.3e1.2 cal kya BP coincide with negative dD excursions from the long trends. These
events were likely driven by summer drought dynamics.

© 2017 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Paleoclimate reconstructions from New England in the north-
eastern United States provide major reference for evaluating
modern climate change and climate forcings. Such efforts include
pollen (e.g., Webb et al., 2003; Shuman et al., 2007; Oswald et al.,
2010; Williams et al., 2010; Marsicek et al., 2013), chironomid as-
semblages (Cwynar and Spear, 2001; Francis and Foster, 2001),
alkenone ratios (Sachs, 2007), lithological characteristics (Shuman
et al., 2001; Newby et al., 2009; Hubeny et al., 2011) and organic
biomarker hydrogen isotopes (e.g., Huang et al., 2002; Shuman
et al., 2006; Hou et al., 2007, 2012). These records reveal rich in-
formation on past precipitation and temperature at different time
scales, including both long-term climate trends and multi-century
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variability. For example, early-Holocene warming led to peak
temperatures during ca. 9000-5500 cal yr BP and was followed by
subsequent long-term cooling (Marsicek et al., 2013; Sachs, 2007;
Shuman and Marsicek, 2016). Effective moisture increased as the
temperatures declined (Marsicek et al., 2013; Newby et al., 2014;
Shuman and Marsicek, 2016), and a series of multi-century cool-
wet/warm-dry fluctuations punctuated the long trends since ca. 6
ka (Sachs, 2007; Newby et al., 2014; Shuman and Marsicek, 2016).

Major paleoclimate questions remain, particularly about the
patterns and causes of themulti-century climate variability (Newby
et al., 2014; Shuman and Marsicek, 2016). Although stable isotope
records from ice cores and speleothems can provide detailed
paleoclimate records on time scales from decades to millennia (e.g.,
Grootes and Stuiver, 1997; Wang et al., 2004, 2008; Vinther et al.,
2009), New England is devoid of such paleoclimate archives. In
the recent years, hydrogen isotope records from sedimentary lipids
have shown major advantage in recording high resolution tem-
perature and precipitation regime changes in this region (Huang
et al., 2002; Shuman et al., 2006; Hou et al., 2007, 2012). When
compared with multiple, quantitative climate signals from pollen,
alkenones, and lake-level studies (Sachs, 2007; Newby et al., 2014;
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Shuman and Marsicek, 2016), the integrated paleoclimate data
would provide an important framework for considering the in-
fluences of different climate forcings, such as orbitally-forced
insolation trends (e.g., Shuman and Donnelly, 2006), the Lauren-
tide Ice Sheet (Shuman et al., 2006; Hou et al., 2007, 2012), and
solar activity (e.g, Nichols and Huang, 2012).

Recent studies demonstrate that dD values of mid-chain length
leaf lipids (e.g., behenic acid dD (dDBA)) from aquatic macrophytes
preserved in lake sediments are useful proxies for lake water dD
values (Hou et al., 2006, 2007), and can therefore capture the
different isotopic signatures integrated by the lake water. Lakes
with abundant aquatic plant inputs are particularly attractive,
because terrestrial plants also produce small amounts of mid-chain
leaf waxes and could potentially interfere with aquatic plant iso-
topic signals (Gao et al., 2011). To deal with this problem, Gao et al.
(2011) developed a model for selecting the most suitable lakes for
hydrogen isotopic reconstruction (see Methods section for more
details). We produce a new high-resolution, Holocene-length,
behenic acid dD (dDBA) record from Little Pond, located in the town
of Royalston, central Massachusetts, USA. Then, using existing data
from Blood Pond, also located in central Massachusetts (Hou et al.,
2006, 2007), we produce a composite isotopic record in New En-
gland for the past 16 kyr.

To understand the climate signals embedded in the Little Pond
dDBA record, we statistically decomposed the time series and
compared both the raw data series and the different spectral
components with two regional datasets: an ensemble of multiple
quantitative precipitation minus evaporation (P-E) reconstructions
based on lake-level records from eastern Massachusetts (Newby
et al., 2014; Shuman and Marsicek, 2016), and the nearest
Holocene-length alkenone-derived sea-surface temperature (SST)
record from the Scotian margin (Sachs, 2007). The P-E and SST
records are significantly correlated at centennial scales with each
other and with pollen-inferred precipitation and temperature re-
constructions, and thus represent well-validated climate signals for
the region (Marsicek et al., 2013; Shuman and Marsicek, 2016).
Using these datasets, we evaluate 1) how the isotopic variations
correspond to the temperature andmoisture variations, and 2) how
the variations relate to the different climate forcings in this region
at different time scales. Thus, the comparisons presented here
further test and expand a multifaceted framework for under-
standing the climate history of the North Atlantic region as
expressed in New England, and reveal different interacting tem-
perature and moisture dynamics at multi-millennial and multi-
century scales.

2. Samples and methodology

2.1. Samples, study sites and chronology

For the Holocene temperature reconstruction, we collected a
sediment core from Little Pond in Royalston, Massachusetts, USA
(referred to as Little Pond Royalston in Oswald et al., 2007) (Fig. 1).
Little Pond (42.68�N, 72.19�W, Elevation 301 m) is a small water
body, that has a surface area of 4.0 ha and a maximum depth of
5.7 m. In Royalston, the long-term mean January temperature
ranges from �12.3 to �0.2 �C, and the long-term July mean tem-
perature from 13.5 to 27.7 �C (https://www.ncdc.noaa.gov/cdo-
web/search; 1949e2015). Annual mean precipitation is
~1108mm. The long-termmean January and July precipitation rates
are ~85 mm/month and ~117 mm/month respectively (same source
as temperatures). Little Pond is characterized by high aquatic pro-
ductivity and abundant aquatic vegetation; the surrounding land-
scape is mainly forested. The watershed contour of Little Pond is
provided in Supplementary Material (Fig. S1). The pond has one
inlet and one outlet with an estimate of residence time of months
to a few years based on previous study on New England lakes
(Norton et al., 1989).

Modern moisture sources of our study site are estimated in
Fig. S2A, based on detailed data from a recent publication by
Puntsag et al. (2016). Basically, there are four principal sources of
moisture for our study area, namely, south Atlantic, Northeastern
Atlantic, Arctic, and western continental sources. These sources
have mean dD values shown in Supplementary Table S1 and
Fig. S2B. The study site reported in Puntsag et al. is at Hubbard
Brook Experimental Forest, ~130 miles north of our site. We use the
long-term isotopic data from Hubbard Brook Experimental Forest
to approximate our isotopic values, by making a correction based
on the modern offset between LPR and Hubbard Brook using the
Online Isotopes in Precipitation Calculator (OIPC). Hysplit data in
2016 are also plotted to corroborate the moisture sources (Fig. S2C;
Stein et al., 2015; Rolph, 2017).

The sediment core from Little Pondwas collected in 2003, with a
total length of ~7.8m. The Little Pond age-depthmodel (Fig. S3) was
generated using Bchron (Haslett and Parnell, 2008) and based on
the chronological data reported by Oswald et al. (2007) (seven AMS
14C dates and pollen evidence for European settlement) plus an
additional 14C date obtained for the depth of 712e713 cm (OS-
82883; 14C age¼ 9940 ± 45). The resulting sampling resolutionwas
~40 yr between 11 and 8 cal kyr BP, and ~80 yr between 8 cal kyr BP
and present (about 10 yr resolution in the past 200 yr).

We statistically compared the details of the Little Pond record
with the average P-E reconstruction from New Long Pond in Ply-
mouth, Massachusetts (150 km SE of Little Pond), and Deep Pond in
Falmouth, Massachusetts (175 km SE of Little Pond; Marsicek et al.,
2013; Newby et al., 2014), and with the Uk’37 SST reconstruction
from core OCE326-GGC30 from off the coast of Nova Scotia (Sachs,
2007), which was not significantly different, including its centen-
nial details, from pollen-inferred growing-season temperatures
from the region from Maine to New York (Shuman and Marsicek,
2016). Consistent with previous analyses, the SST record was line-
arly detrended to account for a warm-bias that causes Late-
Pleistocene temperatures to be > 5 �C warmer than today in the
raw data (see discussion by Shuman and Marsicek, 2016).

We also made a composite dDBA record using our new data from
Little Pond and the published dDBA data from Blood Pond, south
Massachusetts (Hou et al., 2007), which is ~80 km south of Little
Pond, has a surface area of 8.5 ha, and reaches a maximum depth of
3.6 m. In Dudley, Massachusetts, where Blood Pond is located, the
long-term mean January temperature ranges from �9.8 to 0.7 �C,
and the long-term July mean temperature from 15.5 to 27.0 �C
(source: http://www.ncdc.noaa.gov/cdo-web/;monthly normals for
Charlton, MA; 1951e2016). Annual mean precipitation is
~1220 mm, which is evenly distributed throughout the year (same
source as temperature). Temperatures are slightly warmer at Blood
Pond than near Little Pond by around 1.9, 1.2, and 1.3 �C for the
average high and low temperatures in January and the average low
temperatures in July, respectively.

The existing Blood Pond dDBA record (Hou et al., 2006, 2007,
2012) features about 90 yr resolution between 16 and 10 cal kyr
BP and about 20 yr resolution from 10 cal kyr BP to 7.5 cal kyr BP
(Fig. S3). To make the composite record from these two cores, we
have aligned the Blood Pond record to the Little Pond record and
reduced the Blood Pond dDBA values by 5‰ in order to account for
the slightly warmer temperature at that site. The dD of modern lake
water from Blood Pond is also ~5‰ higher than that from Little
Pond (Fig. 2A), which may reflect the slightly higher temperature,
and/or different proportion of plant input sources (Gao et al., 2011).
Applying such a small offset correction led to visually more
consistent overlapping of the two records for the time interval of
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Fig. 1. Map of the study sites and geographical settings. The solid black lines depict the Gulf Stream and the dashed line indicates the Labrador Current. The study sites are 1) Little
Pond (this study; Marsicek et al., 2013) and Blood Pond (Hou et al., 2007, 2012; Marsicek et al., 2013). a-c) the alkenone-based SSTs in northwestern N. Atlantic (b is the Scotian
Margin site; Sachs, 2007), A) GISP2 d18O (Grootes and Stuiver, 1997) and B) Renland d18O (Vinther et al., 2009). The Rocky Pond with % Coarse material and Crooked Pond with lake
level reconstruction are close to the position (1) (Newby et al., 2009; Shuman et al., 2001). Regionally-synthesized pollen-inferred temperatures are also available from the
northeastern US (Shuman et al., 2007; Marsicek et al., 2013), and N. Quebec (Viau et al., 2006).

L. Gao et al. / Quaternary International 449 (2017) 1e11 3
11.3e8 ka, during which both lakes have high-resolution dD data.
To test for a significant evaporative enrichment of deuterium in

the modern lake waters, surface lake water dD and d18O values for
both lakes weremeasured in August 2009 (Fig. 2A). The dD and d18O
values were compared with the local meteoric water line, which is
established based on precipitation dD and d18O data from the Global
Network of Isotopes in Precipitation (GNIP) stations in New En-
gland (IAEA, 2006). There were 745 usable data points from 7 GNIP
stations in the eastern North America (Supplementary Table S2)
and the data coverage was from 1953 to 2007.

To evaluate how temperature changes influence the downcore
dDBA values, we compare the dDBA-reconstructed temperatures
from Little Pond (about 10 yr resolution for the past 200 yrs) with
the 180-year instrumental record of mean annual temperature for
Amherst, Massachusetts (Fig. 2B; Amherst temperature sources:
the full record (1836e2015) was made by Prof. R Bradley and M.
Rawlins, including the averaged overlap between data from the
National Climatic Data Center, National Oceanic and Atmospheric
Administration (http://www.ncdc.noaa.gov/cdo-web/) and the
book by Bradley et al. (1987). In Amherst, Massachusetts, the long-
term mean January temperature ranges from �10.4 to 0.6 �C, and
the long-term July mean temperature from 15.1 to 27.9 �C (source:
http://www.ncdc.noaa.gov/cdo-web/; monthly normals for
Amherst, MA). Annual mean precipitation is ~1169 mm, which is
relatively evenly distributed throughout the year (same source as
temperature).

To best reconstruct source water hydrogen isotopic ratios using
compound-specific isotope analysis, we must also determine the
source of the target compound(s) because different sources may
carry distinct isotope signatures and blur the climate change-
induced isotope variations. We have thus assessed the aquatic in-
puts of mid-chain leaf lipids in Little Pond and Blood Pond using the
multi-source mixing model developed by Gao et al. (2011). Briefly,
the n-alkane distributions of different groups of plants (e.g., sub-
merged/floating, terrestrial, etc) are used as end members in a
linear algebra model. The sedimentary n-alkane distributions from
study lakes are thus considered mixture from different end mem-
bers. The best fit of each end-member inputs to sediments is thus
optimized in Matlab Software.

2.2. Analytical method

The sediment samples were prepared and analyzed following
the procedure in Gao et al. (2011). All sediment samples were first
freeze-dried. The samples (~0.2 g dw) were extracted using an
Accelerated Solvent Extractor (ASE200, Dionex) with dichlor-
omethane:methanol (9:1 v/v) at 150 �C and 1200 psi for three 15-
min cycles. The total extracts were then separated into neutral and
acid fractions using solid phase extraction (Aminopropyl Bond
Elute ®). The acid fractions were methylated overnight using 5%
acetyl chloride in methanol at 60 �C. Methylated acids were
recovered after addition of ~3 ml 5% NaCl water solution and
extracted with hexane. Hydroxyl acids were removed using silica
gel column chromatography. The fatty acid methyl esters (FAMEs)
were collected in dichloromethane. The neutral fraction was
further eluted through silica gel columns with hexane, dichloro-
methane, 25% ethyl acetate in hexane and methanol to get hydro-
carbon, ketone/ester/aromatic fractions, alcohols and others,
consecutively.

To determine the n-alkyl lipid distributions, FAMEs and
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Fig. 2. A) Comparison of the lake water dD and d18O values of Little Pond and Blood
Pond with the local Meteoric Water Line (MWL); B) Comparison of the dDBA-inferred
temperature (gray * symbols and the blue line) from Little Pond with instrumental
records from nearby City of Amherst (gray dots for the original yearly data and the
orange line for 5-yr running average). The local MWL is established based on precip-
itation dD and d18O data from Global Network of Isotopes in Precipitation (GNIP)
stations in New England (IAEA, 2006). Global MWL is also plotted (the dashed line).
Surface lake water from Blood Pond and Little Pond was collected in August 2009.
Error bars for the dD and d18O of the lake water for both lakes are smaller than the
symbol size on Fig. 2A. The instrumental temperature data for Amherst City are ob-
tained from the National Oceanographic and Atmospheric Administration's National
Climatic Data Center (NCDC), NOAA. Analytical errors for dD values of behenic acid in
Fig. 2B are smaller than 3‰ and not visible. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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hydrocarbon fractions were analyzed using a gas chromatograph
(GC, Agilent model 6890) with injector split/splitless and flame
ionization detector (FID). Chemstation version B.03.01 software
was used for data acquisition and analysis. Compound identifica-
tion was based on comparison of GC retention times and mass
spectra from GC-MS (Gas Chromatography-Mass Spectrometry)
analyses. GC-MS analysis was carried out on an Agilent 5973N
quadrupole mass analyzer interfaced to an Agilent GC model
6890N. Chemstation E. 02.00 softwarewas used for data acquisition
and analysis.

Hydrogen isotopic ratios for n-alkanes and n-alkanoic acids are
measured on an HP 6890 chromatography interfaced to a Finnigan
Delta þ XL stable isotope mass spectrometer through a high tem-
perature pyrolysis reactor (Huang et al., 2002, 2004; Hou et al.,
2007). The H3

þ factor was determined every two days prior to
sample analysis (average values 3.0 ± 0.3 during this study). The
precision (1s) of duplicate analyses was within ±3‰. The accuracy
was routinely checked by analyses of laboratory isotopic standards
between every 6 samples (C23, C27, C29 n-alkanes; C22, C24, C28 n-
alkanoic acids). The dD values for individual n-acids (as methyl
esters) were corrected by mathematically removing the isotopic
contributions of the added methyl group. The dD values of the
added methyl group were determined by acidifying and then
methylating (along with the samples) the disodium salt of succinic
acid with a predetermined dD values (Huang et al., 2002).

The lake water was collected in 2 mL vial and sealed for isotopic
analyses. The water samples were analyzed for dD and d18O
following the same procedures as in Gao et al. (2012). The lake
water samples were charcoal processed to remove organic com-
pounds, then analyzed in a model L1102-i isotopic liquid water and
water vapor analyzer (Picarro, Sunnyvale, CA, USA). The instrument
was routinely checked for accuracy and precision using our sec-
ondary isotopic standards with dD values of 31, �38 and �256%
VSMOW. The standard deviation was <0.1% for d18O values and
<0.6% for dD values.

2.3. Statistical methods

To decompose and compare the Little Pond dDBA record, the
ensemble average P-E reconstruction, and the Uk’37 SST series, we
fit generalized additive mixedmodels (GAMMs) to each time series,
which enabled us to conduct high-pass filtering via detrending.
GAMMs are locally fit polynomials that can account for non-linear
trends and temporal autocorrelation among the residuals (Wood,
2006). The GAMMs were all fit in R (R Core Development Team,
2009) using the mgcv package. They have the form DataA ~ s
(Age) where s represents a spline smoother and A equals dDBA, P-E,
or SST. The models include a linear mixed effects model with an
ARIMA (autoregressive integrative moving average model) corre-
lation structure based on age. To ensure that the GAMMs capture
only the lowest frequency (>3000 year) trends, the smoother (s)
has a basis dimension, k, equal to only 4, which sets an upper limit
on the number of degrees of freedom. The order of the ARIMA
correlation structure derives from the R function, ar, applied to each
of the raw datasets.

Pearson product-moment correlations, r, were calculated for
each pair of raw or detrended data (e.g., raw and detrended dDBA
versus raw and detrended P-E series). To assess the significance of
the correlations, we also compared the coefficients with those
generated from calculating the correlation of each dataset (e.g.,
dDBA) with 1000 random autoregressive time series generated us-
ing the function, arima.sim, in R based on the autoregressive co-
efficients calculated for the actual data using the function, ar. The
comparison tests whether correlation exists simply because of
similar orders of autoregression (e.g., similarly smooth trends) or
whether the correlations exceed the range expected from chance
alone. We use histograms to compare the correlation coefficients
from comparisons of the data with the 1000 random coefficients,
and assess whether correlation coefficients based on the data fall
outside the 95% range of random values. Linear models (using the
function, lm, in R) and Granger causality tests (grangertest in R)
enable us to further quantify the relationships between the climate
variables and dDBA.

To facilitate comparison across datasets, all data were first lin-
early interpolated to 50-yr intervals. Because the P-E reconstruc-
tion lacks detail in the early Holocene, we only use the last 8500
years for the detrended comparisons. We also split the data into
Early- and Late-Holocene components at 6250 cal yr BP based on
significant changes in correlation coefficients at that time.

3. Results

3.1. Comparison of the Little Pond dDBA record with other
paleoclimate records

The SST and P-E reconstructions, which we compare with the
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Little Pond dDBA record, indicate that temperature and moisture
followed different long-term trends over the Holocene in Massa-
chusetts (Fig. 3A). Temperatures and effective moisture both
increased prior to ca. 8 ka, but since then, temperatures declined by
~2 �C as effective moisture increased by ~200 mm of equivalent
precipitation (Shuman and Marsicek, 2016). SST and P-E are poorly
correlated overall (r ¼ 0.17), but have a negative correlation
(r ¼ �0.41) over the last 6250 years when both records have
comparable detail. The correlation differs significantly from
random expectations (inset histogram, Fig. 3A) and is expressed
both in the long-term trend (Fig. 3A) and multi-century events
(Fig. 3B). Together, the SST and P-E datasets capture a series of cool/
wet and warm/dry multi-century fluctuations (Fig. 3B). The warm/
dry episodes were statistically synchronous with ages of 4.9e4.6,
4.2e3.9, 2.9e2.1, and 1.3e1.2 cal kyr BP in multiple records (Newby
et al., 2014).
Fig. 3. A) Time series of UK'37 sea-surface temperatures (SST) from OCE327-GCC30 off the S
and an ensemble of lake-level derived precipitation minus evaporation (P-E) reconstructio
trends fit using generalized additive mixed models (GAMMs) that account for temporal a
coefficients derived from random, autoregressive time series; thin vertical lines denote the 9
SST and P-E records (GAMM residuals, shown in B). The inset scatter plot shows the relation
vertical line in D). For Figs. 3e5, the r values shown at the top right of part A refer to the tim
histograms represent the r values for parts B (the detrended series). The scatter plots also
references to colour in this figure legend, the reader is referred to the web version of this
Comparison of the two paleoclimate reconstructions with the
Little Pond dDBA record indicates that the long-term trends and
multi-century events have different isotopic signatures (Figs. 4e5).
The long-term trends in dDBA, described by the GAMMs (Fig. 4A),
positively correlatewith the long-term SST trends (r¼ 0.57; Fig. 4A)
and negatively correlate with the long-term P-E trends (r ¼ �0.68;
Fig. 5A). Based on the smooth trends of the GAMMs, dDBA tended to
decline as temperature declined: dDBA-smooth ¼ (3.1 ± 0.29‰/�C)
Tsmooth �193.3 ± 3.6‰ (adjusted R2 ¼ 0.31, p < 2.2e-16); a Granger
causality test indicates that the two smoothed series contribute
more information to predicting each other than autocorrelation in
each series alone (F > 370, p < 2.2e-16). At the same time, dDBA also
tended to decline as effective moisture increased, which could be
consistent with evaporative effects: dDBA-

smooth¼ (�0.024 ± 0.002‰/mm) P-Esmooth�0.016 ± 3.6‰ (adjusted
R2 ¼ 0.45, p < 2.2e-16); Granger causality was also detected in this
cotian Margin (red, Sachs, 2007; linearly detrended as in Shuman and Marsicek, 2016)
ns (blue, Newby et al., 2014; Shuman and Marsicek, 2016). Bold lines show long-term
utocorrelation in the residuals. The inset histogram shows the density of correlation
5% range of values and the bold line indicates the observed correlation in the detrended
ship between the detrended SST and P-E records since 6.25 cal kyr BP (left of the thin
e series shown in part A, while the bold vertical lines and numbers listed in associated
show the correlations based on the time series in part B. (For interpretation of the

article.)



Fig. 4. Same as in Fig. 3 except for the dDBA from Little Pond (black) versus the UK'37 sea-surface temperatures (SST) from OCE327-GCC30 off the Scotian Margin (red, Sachs, 2007;
linearly detrended as in Shuman and Marsicek, 2016). In the inset histogram and scatter plot, the black line and symbols indicate the relationships since 6.25 cal kyr BP (left of the
thin vertical line in D), whereas the red line and symbols indicate the relationship before 6.25 cal kyr BP. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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relationship (F > 246, p < 2.2e-16). Indeed, consistent with the
weak correlation between the GAMMs of the SST and P-E series
(adjusted R2¼ 0.03, p¼ 0.002), the long trend in dDBA appears to be
a function of (or related to) independent trends in both tempera-
ture and effective moisture: dDBA-smooth ¼ (3.97 ± 0.07‰/�C)
Tsmooth þ (�0.029 ± 0.0004‰/mm) P-Esmooth �0.02 ± 0.86‰
(adjusted R2 ¼ 0.96, p < 2.2e-16).

The residuals of the GAMMs consistently capture a similar series
of multi-century events (Figs. 3Be5B), although the correlations
related to temperature differ before and after 6.25 cal kyr BP
(Fig. 4B). Because the correlations differ significantly from random
expectations (Figs. 4A and 5A, inset histograms), the comparisons
confirm the presence of a significant signal of multi-century vari-
ability that contrasts warm, dry, but isotopically-light phases with
cool, wet, and isotopically-heavy phases since 6.25 cal kyr BP
(Figs. 4B and 5B).

The correlation of the detrended dDBA and SST series (Fig. 4B,
inset scatter plot) has a coefficient near zero and is not significantly
different from random correlations when the whole record is
considered. However, the lack of correlation arises from two
contrasting but significantly different than random correlations
before (red in the inset scatter plot, Fig. 4A) and after 6.25 cal kyr BP
(gray in the scatter plot). The early-Holocene correlation is positive
(r¼ 0.33), but the late-Holocene correlation is negative (r¼�0.34).
The temperature effects on the trends and multi-century events in
dDBA over the past 6250 years also reach near equal magnitudes,
but have opposite signs. During the multi-century events of the last
6.25 kyr, cool phases coincidedwith enrichment of deuterium (high
dDBA values in the right half, Fig. 4B) rather than the depletion
typical of cool precipitation (Dansgaard,1964) and found inmodern
surface sediments from northern lakes (Hou et al., 2007): dDBA-

detrended ¼ (�3.4 ± 0.9‰/�C) Tdetrended �0.29 ± 0.29‰ (adjusted
R2 ¼ 0.11, p ¼ 0.0001). Granger causality is not detected, however,
in the detrended record of multi-century variability (F < 2.2,
p > 0.13).

The comparison of the detrended dDBA and P-E series, however,
shows a consistently positive correlation (r ¼ 0.44) over the whole
record (Fig. 5), which is significantly different from random ex-
pectations (inset histogram, Fig. 5A) and exceeds the threshold for
Granger causality (F ¼ 7.5, p ¼ 0.007). Therefore, the relationship



Fig. 5. Same as in Fig. 3 except for the dDBA from Little Pond (black) versus the ensemble of lake-level derived precipitation minus evaporation (P-E) reconstructions (blue, Newby
et al., 2014; Shuman and Marsicek, 2016). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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between dDBA and P-E also contrasts depending on frequency:
negative correlation with respect to the long trends (Fig. 5A) but
positive with respect to the short events (Fig. 5B). Once the long-
term trends captured by the GAMMs have been removed, dDBA-

detrended ¼ (0.079 ± 0.012‰/mm) P-Edetrended þ0.08 ± 0.29‰
(adjusted R2 ¼ 0.19, p ¼ 1.454e-09). Inclusion of temperature into
the model reduces the variance explained (adjusted R2 ¼ 0.17,
p ¼ 5.255e-06), but overall at the multi-century scale over the past
6250 years, the correlation of warm and dry conditions with
reduced enrichment of deuterium with respect to hydrogen con-
trasts with the expected effects of evaporation on lake water and
temperature on precipitation.
3.2. A composite 16ka dDBA record

The composite record of dDBA from Blood and Little Ponds shows
significant variations in the hydrogen isotopic values of surface
waters in central Massachusetts over the past 16 thousand years
(Fig. 6). The composite isotope data after ice volume correctedwere
shown in Fig. S4. The most prominent temperature change during
this period marks the Younger Dryas (YD), which has been
extensively discussed in Hou et al. (2007). The total range of the
Holocene mean dDBA variation is ~25‰ (based on 5-point running
average), which equals only half of the full range from the YD to the
Holocene Thermal Maximum based on our scaling of the variance
at Blood and Little Ponds.
4. Discussion

4.1. Controls on dDBA

Previous studies have shown that dD values of behenic acid
(dDBA) in lake surface sediments of a north-south transect in the
eastern United States are strongly correlated to the annual mean air
temperature (MAT, in �C), with a transfer function of
dDBA ¼ 4.3 T �208.4 (R2 ¼ 0.96) (Hou et al., 2007). The relationship
arises from the large spatial scope of the transect, and the first-
order correlation of temperature to the dD of precipitation at this
scale (Dansgaard, 1964; Rozanski et al., 1993). For similar reasons,
we may expect to see a correlation with temperature over time,
although the Holocene range of temperatures (~2e4 �C) at any one
location is much smaller than the range of temperatures across the



Fig. 6. The composite dDBA record from combining the data of Little Pond (this study)
and Blood Pond (Hou et al., 2007; Blood Pond dD values are reduced by 5‰); In (A), the
red dashed line marks reconstructed modern temperature using dDBA measured from
core top sediment and the pink dashed line marks instrumental modern temperature
from the nearby city of Amherst, Massachusetts. Black symbols near bottom of the
plots show 14C age controls for the two lake sediment cores (filled diamonds, Blood
Pond; filled circles with vertical lines, Little Pond). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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eastern United States (21 �C) (see Hou et al., 2007; Shuman and
Marsicek, 2016). The Holocene changes fall within the range of
uncertainty in the dDBA-temperature transfer function (Hou et al.,
2007): when rearranged, T ¼ (0.23 ± 0.02 �C/‰)
dDBA þ 49.0 ± 2.7 �C.

We compared the dDBA-reconstructed temperature with the
instrumental record at Amherst, Massachusetts (Fig. 2B). The
reconstructed temperatures show similar trends as instrumental
annual mean data, but the isotope inferred record was systemati-
cally approximately 3 �C warmer than the Amherst record. The
discrepancy may arise from several factors. First, leaf wax inferred
temperatures are slightly biased toward warmer growth season
temperatures for vascular plants in New England. Second, precip-
itation isotopic ratios can also be affected by many factors such as
moisture sources and precipitation seasonality (e.g., Sjostrom and
Welker, 2009). In the New England region, seasonal temperature
changes play the dominant role in affecting seasonal precipitation
isotopic hydrogen ratios (Tang and Feng, 2001; Figs. S5A and S5B),
and thus, changes in the proportion of the cold and warm season
precipitations can also affect the isotopic ratios of the lake waters
(Sjostrom andWelker, 2009). For this reason, dDBAvalues have been
interpreted as precipitation-weighted temperatures rather than
annual mean temperature (Hou et al., 2007, 2012), and we expect
that the precipitation weighting (as well as other influences) may
produce meaningful deviations for mean annual temperature re-
constructions over the Holocene (e.g., Shuman andMarsicek, 2016).

We have chosen our study lakes to minimize the potential
evaporative effects, but recognize that changes in lake hydrology
and morphology over the Holocene may have altered the influence
of evaporation through time. Today, the lake waters collected from
both Little Pond and Blood Pond plot closely to the local meteoric
water line (dD ¼ 7.7 d18O þ 8.8, R2 ¼ 0.98) obtained from GNIP
stations in New England (IAEA, 2006), indicating little evaporative
enrichment for these flow through lakes with small residence times
(Fig. 2A). Our comparisons with other paleoclimate datasets enable
us to further evaluate the role of evaporation on dDBA in the past.

We have assessed the aquatic inputs of mid-chain leaf lipids in
Little Pond and Blood Pond using the multi-source mixing model
developed by Gao et al. (2011). Our results show that above 90% of
the total C22 n-acid in the surface sediments of the two lakes is
derived from aquatic floating/submerged macrophytes (Fig. S6,
average n-alkane distributions for the uppermost 6 sediment
samples were displayed for both lakes). Therefore, behenic acid in
the two lakes today is contributed predominantly by aquatic plants,
minimizing the potential influence from terrestrial plants (Gao
et al., 2011). Aquatic floating and submerged plants do not differ
significantly in the dD values of their behenic acid (Gao et al., 2011).
The dominance of aquatic input may change over time, and may
influence the response of leaf lipid dD to P-E conditions to some
extent.

4.2. Long-term patterns and relationships

The comparisons with the SST and P-E records from the north-
east U.S. (Figs. 3e5) confirm that the Little Pond dDBA record cap-
tures multiple climatic signals representative of the region. The
isotopic record is particularly important for confirming the pres-
ence of a series of multi-century fluctuations since the mid-
Holocene as well as a climatic shift at ca. 8.2 ka, which marks the
onset of the Holocene Thermal Maximum and an increase in
effective moisture (Figs. 4e5). Because the isotopic relationship to
climate variables differs, however, between the long-term trends
and multi-century events, different climate processes must have
been involved. Differences also exist between the climate-driven
isotopic dynamics before and after 7-6 cal kyr BP.

The first-order dDBA trends positively correlate with tempera-
ture changes (Fig. 4A), and are also negatively correlated with lake-
level changes (Fig. 5A). The correlations both far exceed the
covariance of temperatures and effective moisture (Fig. 3A), and
could reflect long-term changes in factors, such as the evaporative
enrichment of deuterium in the lake water, which would combine
temperature and effective moisture effects on dDBA. Given the
similar magnitudes of the slopes and intercepts in the temperature-
dDBA relationships found at this scale (slope: 3.1; intercept: �193;
derived from the dDBA and alkenone SST comparison) and in
modern samples collected from Florida to Quebec (slope: 4.3;
intercept: �208; Hou et al., 2007), the same first-order processes
(temperature and effective moisture) may underlie both patterns
(Fig. 4A). The SST-dDBA relationship has a 27% lower slope than the
modern temperature-dDBA relationship, but only spans ~3 �C
compared to the 21 �C range of the modern samples and is not a
significantly different relationship given the low number of sam-
ples involved (Hou et al., 2007).

Like the SST and pollen-inferred temperatures for the region, we
infer peak warmth at ~8 cal kyr BP, 3 kyr later than the summer
insolationmaximumduring the early Holocene (Figs. 4 and 6). If we
apply the modern temperature- dDBA transfer function (Hou et al.,
2007) to the Little Pond data, the average temperature between 8
and 11 cal kyr BP would have been ~2 �C lower than that of the
Holocene Thermal Maximum (HTM) at 7e8 cal kyr BP, which is
similar to that inferred from other data sources (Fig. 6; Shuman and
Marsicek, 2016). Following the previous interpretations, we attri-
bute this delay relative to summer insolation maximum to the in-
fluence of the LIS on the regional climate (Kaufman et al., 2004;
Shuman and Marsicek, 2016; Renssen et al., 2009).

Part of the depressed dDBA values from 11 to 8 cal kyr BP, and the
rapid positive shift in dDBA at ca. 8.2 ka, may also derive from
changes in precipitation seasonality. Previous records suggest that
lake levels were low during the early Holocene because the LIS and
associated glacial anti-cyclone prevented northward advection of
moisture into the region and thus low summer precipitation
(Shuman and Donnelly, 2006). The low dDBA values are not
consistent with enhanced evaporation from the lakes when water
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levels were low, although the specific water level histories of Little
and Blood Ponds is not known.

The temperatures inferred from the Little Pond dDBA also display
an overall declining trend following the HTM at ~7 cal kyr BP
(Fig. 6). The long-term cooling trend of ~3.4 �C, or 0.65�C/kyr be-
tween 8 and 2 cal kyr BP corresponds well with declining summer
insolation and globally-synthesized borehole temperature (Laskar
et al., 2004; Huang et al., 2008). In comparison, the Agassiz and
Renland ice cores show ~2.1 �C cooling, whereas pollen-inferred
temperatures and the smoothed SST record indicate cooling of up
to 2 �C (Sachs, 2007; Vinther et al., 2009; Shuman and Marsicek,
2016). Our results further underscore the likely warm bias in the
raw SST reconstructions in the late Pleistocene and early Holocene
(Shuman and Marsicek, 2016), especially given that coastal ocean
water may have also influenced the air temperature in the north-
eastern US due to ocean-atmospheric exchange (Shearman and
Lentz, 2009). If the dDBA variation is enhanced due to either evap-
orative effects or a reduced summer:winter precipitation ratio
through the Holocene, the inferred temperature change would be
even smaller than inferred from the raw (not detrended) SST record
(Sachs, 2007).

4.3. Multi-century patterns and relationships

The relationships at the multi-century scale indicate that addi-
tional processes have also influenced the record. The correspon-
dence of warm, dry phases with low dDBA values, and cool, wet
phases with high dDBA values (Figs. 4B and 5B), is not consistent
with either temperature effects on precipitation or evaporative
effects on the lake water. Instead, the relationships indicate that the
source, atmospheric pathway, or seasonality of moisture (e.g., wet
versus dry summers, Fig. 5B) differed between the dynamics that
shaped these variables over the long term and during multi-
century phases. A key to diagnosing the dynamics undoubtedly
also lies in the consistently positive relationship of the detrended
dDBA and P-E series (Fig. 5B), whereas the relationships of both
these variables with temperature changes at about 6.25 cal kyr BP
(Figs. 3B and 4B). Although the long trends were largely driven by
orbital and ice sheet changes (Shuman and Marsicek, 2016), a
different set of ocean-atmosphere dynamics, perhaps those typical
of short-term summer droughts, must be involved in the multi-
century variability since 6.25 cal kyr BP.

The multi-century variability in the late-Holocene portion of the
dDBA record confirms the warm/dry events at 4.9e4.6, 4.2e3.9,
2.9e2.1, and 1.3e1.2 cal kyr BP, which also altered lake levels
(Newby et al., 2014), pollen assemblages (Marsicek et al., 2013), and
the Uk’37 temperatures (Sachs, 2007; Shuman andMarsicek, 2016).
Given the relationships with temperature and effective moisture
(Figs. 4B and 5B), the events either have distinctive atmospheric
circulation patterns or represent important changes in the sea-
sonality of precipitation. One parsimonious explanation is that the
events represent summer droughts that reduced the ratio of sum-
mer over winter precipitation and thus dDBA. The causes, therefore,
contrast with the cause of aridity of >300 mm in the early Holo-
cene, which coincides with the opposite direction dDBA change.
However, the long-term trend is readily explained by the effects of
the Laurentide ice sheet and insolation (e.g., Shuman et al., 2002),
whereas additional intrinsic ocean or atmosphere variability that
causes multi-century variability could have generated super-
imposed summer drought events throughout the Holocene e and
thus established a consistent relationship between P-E and the
detrended dDBA record (Fig. 5B).

Notably, there seems a turning point regarding the detrended
PE, dD and SST records at the time scale of centennial to millennial.
Before 6.5ka, dD positively correlates to SST at millennial time scale,
while PE doesn't seem to exert a prominent control on dD (probably
due to the mismatching time intervals between peaks). After 6.5ka,
the correlation between dD and SST turns to be negative, while PE
shows quite strong and consistent positive control on dD. We
introduce the interpretation of wet and dry summer to explain the
prominent PE control on dD after 6ka. Briefly, wet summer con-
tributes to heavier dD in precipitation, while SST from coastal N.
Atlantic is still annual average.

Two important mechanisms should be considered. First, long-
term secular trends in Holocene climates (e.g., driven by insola-
tion change or the permanent loss of the remnant Laurentide Ice
Sheet by ca. 6 ka) could have shifted the patterns of atmospheric
circulation over the region and thus the teleconnections among
regions and the relationships in the data. For example, a gradual
shift in the regional influence of the Atlantic subtropical high may
have caused the site to cross from one side to another of key frontal
boundaries (e.g., the seasonal Arctic front). The result would be a
local state-shift in climate-isotopic relationships arising from a
gradual regional change. Alternatively, the change could represent
a shift in the dynamics of the North Atlantic. Reconstructions of
North Atlantic overturning (e.g., Thornalley et al., 2009) reveal a
mid-Holocene shift from a stable overturning state before ca. 6 ka
to repeated multi-century variability during the late-Holocene.

4.4. The composite 16ka dDBA record

We use the composite to highlight that although cooling during
the YD produced a significant negative excursion in dDBA, such a
strong positive correlation with temperature does not extend into
the late-Holocene at similar multi-century scales e at least at Little
Pond (Fig. 4B). The comparison with the SST reconstruction (Fig. 4)
indicates that a positive relationship between dDBA and SSTs ex-
tends until ~7 cal kyr BP (red symbol, inset scatter plot in Fig. 4A;
left half, Fig. 4B), but more fine variability exists within the two
dDBA records than the SST record. Similar to Blood Pond, Little Pond
records multiple large centennial-scale dD excursions between 11.3
and 8 cal kyr BP with similar magnitude to that of the 8.2 ka event
(Fig. 6). These multi-decadal to multi-centennial negative excur-
sions in the Little Pond dDBA record are roughly centered at 10.7,
10.2, 9.8, 9.4, 9.2, 8.9, 8.5 and 8.2 cal kyr BP, within the uncertainty
of the age model for the Little Pond, and likely have climatic sig-
nificance given the significant agreement of late-Holocene events
across different types of records (Figs. 3e5).

We cannot statistically compare these with equally-detailed
quantitative moisture records from the region (Fig. 5), but the
events are broadly consistent with detailed drought history derived
from coarse material proportions in the high-sedimentation, near-
shore record from Rocky Pond, Massachusetts, indicating regional
responses to common climate forcings (Fig. 4; Newby et al., 2009).
The negative isotopic excursions at sub-millennial scales are not,
however, consistent with evaporative enrichment during the
drought episodes. Instead, they likely extend the moisture-isotope
relationship that we found since 8.5 cal kyr BP through our com-
parison with the regional P-E reconstruction (Fig. 5B).

5. Conclusions

In this study, we present a high-resolution record of hydrogen
isotope ratios of behenic acid (dDBA) from Little Pond and Blood
Pond inMassachusetts, USA. The record containsmultiple signals at
multi-millennial to multi-century scales that significantly correlate
with temperature and effective moisture reconstructions from the
region. Importantly, however, the signs of these relationships differ
both across scales and between the early and late portions of the
record. In this way, the data help to diagnose the spectrum of
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different climate dynamics involved in the region. Our data indicate
a Holocene Thermal Maximum between 8 and 7 cal kyr BP, which is
~2 �C warmer than the average of early Holocene temperatures in
the study region. The inference is consistent with both a modern
temperature-dDBA transfer function, and the long-term correlation
between the dDBA record and alkenone-derived SSTs. We attribute
the lower regional temperature in the early Holocene to the LIS,
which may suppress the movement of subtropical air mass north-
ward. Our Little Pond record also replicates abrupt cooling events
revealed in Blood Pond dDBA record, and confirms the existence of a
prominent multi-century variability including a rapid shift at ca. 8.2
ka and at 4.9e4.6, 4.2e3.9, 2.9e2.1, and 1.3e1.2 cal kyr BP. The later
have a different relationship to temperature than inferred over the
long term, which appears to be a function of dynamics that
generated summer drought across the region.
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