
Quaternary Research (2017), 88, 514–524.
Copyright © University of Washington. Published by Cambridge University Press, 2017.
doi:10.1017/qua.2017.62

Centennial to millennial hydroclimatic fluctuations in the humid
northeast United States during the Holocene

Bryan N. Shuman*, Sara A. Burrell
University of Wyoming, Department of Geology and Geophysics, 1000 E. University Ave., Laramie, Wyoming 82071, USA

(RECEIVED November 15, 2016; ACCEPTED July 5, 2017)

Abstract

Paleoclimate records indicate that the hydroclimate of the northeast United States changed continuously during
the Holocene, but the signals of multi-century variations have been difficult to distinguish from local effects and noise.
Systematic replication of the signals can help diagnose the patterns of change. Here, we use ground-penetrating radar
(GPR) and sediment core analyses to extend and compare the regional network of lake-level records. We reconstruct the
histories of two lakes in northeast Pennsylvania, which show that multi-century hydrologic changes observed in coastal
New England extended to the Susquehanna River watershed. Correlations with isotopic and marine temperature records
(r> 0.65) indicate that high temperatures coincided with low water at 4.9–3.8 and 2.8–2.0 ka. Widely recognized
Holocene events at ca. 4.2 and 2.7 ka, therefore, may have shared similar ocean-atmosphere dynamics in this region. Low
water levels in Pennsylvania from ca. 5.5–4.9 ka, however, demonstrate that other multi-century changes had different
patterns. At ca. 5.5 ka, anti-phased inland and coastal hydrologic changes followed a sharp temperature decline and
produced drought possibly as far inland as the Great Lakes. The long-term increase in water levels since then underscores
that current pluvial conditions in the region probably lack a Holocene precedent.
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INTRODUCTION

Many paleoclimate records provide evidence of centennial and
millennial (102–103 yr) hydroclimatic fluctuations and shifts
during the Holocene, but the major patterns of variation at these
time scales remain uncertain (Mayewski et al., 2004; Wanner
et al., 2011; Roland et al., 2014). Differences among archives
and regions have been difficult to assess without systematic
replication of the paleoclimatic signals, which, like modern
droughts, can have a high degree of spatial heterogeneity. In the
northeastern United States (U.S.), however, closely spaced
paleohydrologic records present a useful opportunity to evaluate
how millennial-to-centennial variability modified long-term
regional moisture trends (Webb et al., 1993; Willard et al.,
2005; Li et al., 2007; Newby et al., 2011; Marsicek et al., 2013).
Work in this region can specifically evaluate climate dynamics
associated with the North Atlantic (deMenocal et al., 2000; Oppo
et al., 2003; Thornalley et al., 2009; Seager et al., 2012), while
also documenting the long-term context for recent increases in
effective moisture in the northeast U.S. (Pederson et al., 2013).

In the northeast U.S., the near-shore sediment stratigraphies
of small lakes and ponds have indicated past water-level
changes and have been used to quantify the timing and
magnitude of hydroclimatic changes (e.g., Hubeny et al.,
2015). A series of studies using geophysical surveys, multiple
sediment cores from each lake, and dozens of radiocarbon
analyses spanning at least the last 6 cal ka BP have
reconstructed repeated and synchronous precipitation minus
evaporation (P-E) fluctuations of multi-century duration
(Li et al., 2007; Newby et al., 2014). Additional evidence of
multi-century variability derives from detailed stable isotopic
records, which further demonstrate fluctuations of 330–500 yr
(Zhao et al., 2010). Multi-century water-level changes correlate
across lakes (Newby et al., 2014), with pollen-inferred
precipitation reconstructions (Marsicek et al., 2013), and with
both alkenone- and pollen-inferred temperature variability
(Shuman and Marsicek, 2016).
The records indicate that a sequence of alternating warm-dry

and cool-wet phases were superimposed upon a long-term
increase in P-E of>400mm since 9–8ka (Webb et al., 1993;
Shuman andMarsicek, 2016).Warm dry phases date to 4.9–4.6,
4.2–3.9, 2.9–2.1, and 1.3–1.2 ka from the inland Berkshire
highlands to coastal Cape Cod about 200 km east (Newby et al.,
2014). These fluctuations may include the regional expression
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of variations discussed globally such as the 4.2- and 2.7-ka
“events” (van Geel et al., 2000; Booth et al., 2005), but also
place these events together as part of a potential series of
genetically similar variations (Saltzman, 1982; Renssen et al.,
2006; Jongma et al., 2007). However, a distinctive contrast
between inland drought and a wet coast from 5.7–4.9 ka
indicates that more than one dynamic was probably involved in
the sequence of changes (Newby et al., 2014). Changes from
5.7–4.9 ka may relate to a period with unusual North Atlantic
circulation patterns and extensive climate anomalies across
mid-latitude North America (Oppo et al., 2003; Shuman and
Marsicek, 2016), but could also be a function of lake-specific
variability because the changes were only recorded at a single
inland lake (Newby et al., 2014).
To test whether multi-century variability detected in

the northeast U.S., and the inland-coastal contrast there
at 5.7–4.9ka, represents a set of synoptic-scale variations
or heterogeneous, sub-regional changes, we studied the water-
level histories of two lakes in the northern Susquehanna River
(Chesapeake Bay) watershed. The work extends a network
of comparable, quantitative water-level reconstructions inland
at the same latitude, which can connect the evidence of multi-
century drought phases in Massachusetts (Newby et al., 2011,
2014) with evidence of multi-century climate variability from
New Jersey (Li et al., 2007; Zhao et al., 2010), Chesapeake Bay
(Willard et al., 2005), and lakes and bogs to the west fromOhio
to Wisconsin (Baker et al., 1992; Nelson et al., 2006; Booth
et al., 2012; Wang et al., 2016).

APPROACH

We present evidence of lake level changes derived from
ground-penetrating radar (GPR) profiles and closely dated lake
sediment cores from two lakes, Blanding Lake (41.79°N,
75.68°W, 454m elevation, 4.8 ha) and Handsome Pond
(41.62°N, 75.68°W, 406m elevation, 6.1 ha), in Susquehanna
and Lackawanna Counties in northeastern Pennsylvania,
respectively (Fig. 1). Both lakes lie within the glaciated,

northeastern portion of the Allegany Plateau. They formed
within the sandy Orlean Till above the Devonian Catskill
Formation, comprised largely of red, fluvial sandstones (Berg
et al., 1980; Sevon and Braun, 1997). They occupy small,
well-defined watersheds and are drained by small streams. In
the 45-ha watershed of Blanding Lake, elevations rise >50m
within 500m of the lake, and they rise >35m within 250m
of Handsome Pond, which has a 35-ha watershed. Today, a
mix of deciduous forests, open fields, and rural housing cover
the watersheds; a dense development of lake cabins rings
Handsome Pond, but the shore of Blanding Lake is largely
undeveloped.
To reconstruct the hydrologic history of each lake, we use

a decision tree approach, implemented in R (R Core Develop-
ment Team, 2009), to systematically evaluate and correlate
data frommultiple sediment cores (Pribyl and Shuman 2014).
The approach constrains the elevation of shoreline sediments
over time based on recognition of two major sedimentary
facies: (1) a near-shore (littoral) zone with sandy, inorganic
sediments that accumulate slowly (<20 cm/ka) due to erosion
and degradation in warm, wind-mixed shallow (<1m)
waters; and (2) an offshore (profundal) zone of organic muds
that typically accumulate at ~ 70 cm/ka across the range of
depths (usually >1m) where sediments fall out of suspension
(Rowan et al., 1992; Shuman, 2003; Goring et al., 2012;
Shuman et al., 2015). We infer intervals of low water from
times when littoral sands extended to deeper positions within
the lake basins than found today.
Individual cores can have idiosyncratic stratigraphies

determined by bathymetry, local sediment supply, specific
accumulation histories, and other factors, but multiple cores
can be used together with GPR profiles to isolate the common
stratigraphic signals created by changes in lake elevation. By
quantitatively tracking the elevation of the littoral-profundal
(sand-mud) boundary or “sediment limit” (Digerfeldt, 1986),
we can create lake-level time series, which are statistically
comparable among lakes (Newby et al., 2014; Pribyl and
Shuman, 2014). GPR profiles ensure that key features
represent basin-wide stratigraphic changes consistent with

Figure 1. Map of the topography of the northeast United States, adjacent Canada, and the Atlantic Ocean showing the locations of our
study sites (circles): Blanding Lake, Susquehanna County, Pennsylvania, and Handsome Pond, Lackawanna County, Pennsylvania. Other
sites mentioned for comparison are shown as black squares. NLP, New Long Pond, Massachusetts.
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water level fluctuations rather than localized slumps or flood
deposits (Pribyl and Shuman, 2014) and were collected at
Handsome and Blanding lakes using a GSSI SIR-3000 GPR
with a 400 MHz antenna floated in a small inflatable
raft in June 2015. After quantifying the magnitude of the
water-level changes at Blanding Lake, we also use a simple
mass-balance approach applied at multiple other lakes to
estimate changes in P-E from the changes in lake volume
(Shuman et al., 2010; Marsicek et al., 2013; Pribyl and
Shuman, 2014). Like previous work, we made no assump-
tions or adjustments about the effects of sediment compaction
on the elevations of stratigraphic features.
In combination with the GPR data, multiple cores were

collected in water depths of <1.5m and <50m from shore
at the two lakes. The cores were collected in June 2015 with a
7 cm diameter Wright piston corer using 1m polycarbonate
barrels to obtain successive contiguous core sections
representing the entire lacustrine sediment sequence at each
location. The cores were capped and returned to the University
of Wyoming before opening and sampling, and foam was
inserted in barrel tops to stabilize the uppermost, flocculent
sediment during transport and storage. We used loss-
on-ignition (LOI) analyses (Dean, 1974; Shuman, 2003) of
contiguous 1 cm3 sub-samples to quantify the stratigraphic
changes in each core because alternating layers of sand
(low LOI) and mud (high LOI) were visually apparent upon
collection. When the Holocene sediment samples were
combusted at 550°C for 2 hrs, LOI <20% indicated the
presence of littoral sands associated with a low weight percent
of organic mater (Shuman, 2003; Shuman et al., 2015).
Net sediment accumulation rates between calibrated

radiocarbon ages further confirm the interpretation of sand
layers within the cores because littoral sands have low
accumulation rates relative to profundal muds (Shuman et al.,
2015), and especially compared to rapidly accumulated
slumps or flood deposits (e.g., Munoz et al., 2015). All
radiocarbon ages, based on analyses of sedimentary charcoal
analyzed at the Keck Carbon Cycle AMS Facility at the

University of California Irvine, were calibrated using
Intcal13 in Bchron (Haslett and Parnell, 2008; Reimer et al.,
2013).
We compare our lake-level reconstructions with other

paleoclimate records using generalized least squares (gls)
regression in R using the function “gls” (Pinheiro and
Bates, 2000). The mixed effects approach enables the errors
to be correlated in the models to account for temporal auto-
correlation. To do so, we assume a first-order autoregressive
moving average (ARMA) relationship among model resi-
duals. To further assess correlations among multi-century
changes rather than driven by long trends, we also compared
records after fitting and removing models of Northern
Hemisphere June insolation trends (Berger and Loutre,
1991). To account for uneven spacing of samples in time in
the different cores, both the lake-level reconstruction process
and the gls models were applied after interpolating core data
to 50-yr intervals based on the median age models. No further
chronological adjustments were made.

RESULTS

Near-shore sediment stratigraphies

Bright reflectors in GPR profiles from Blanding Lake and
Handsome Pond extend outward from shore and interrupt the
near-shore sequences of the late Quaternary lake sediments
(Fig. 2). The reflectors meet expectations for paleoshorelines
associated with near-shore erosion during periods of low water
(Pribyl and Shuman, 2014). They extend from multiple sides
of the lake basins and truncate underlying units. Mud units that
correlate with the bright near-shore reflectors (dark lenses
extending from the end of the bright reflectors in Fig. 2)
indicate periods when profundal muds were constrained to
narrow, deep areas (as expected during periods of low water).
They pinch out toward shore between the bright reflectors
(e.g., between reflectors IIa and IIb in Fig. 2A).

Figure 2. Ground-penetrating radar (GPR) profiles from (A) Blanding Lake and (B) Handsome Pond, Pennsylvania (Fig. 1). Vertical lines
show the approximate positions of sediment cores (Fig. 3) and numerals I–III mark the distal edges of three major near-shore reflectors
interpreted as paleoshoreline deposits. Vertical axis represents the data with respect to two-way travel time (TWT) of the radar signal; data
were collected using a 400Mhz antenna.
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Based on the GPR profiles, two near-shore cores were
obtained from 199 cm water depth at 37 and 24m from the
south shore of Blanding Lake and one from 98 cm water
depth ~15m from the northwest shore of Handsome Pond
(Table 1 and Fig. 2). The Blanding Lake cores are labeled by
distance from shore because they have the same water depth
today. All depths in cores are given relative to the lake
surface during coring (July 2015).
Cores collected through the near-shore sequences of Holocene

sediment contain alternating layers of organic-rich muds with
high net sediment accumulation rates and inorganic, sand layers
with low net sediment accumulation rates (Fig. 3). At Blanding
Lake, intervals of sands are associated with 2–20% LOI
(units I–III in Fig. 3A and B) and stand out visually, such as in
core 24 at 299–309, 329–331, 337–343, and 347–352 cm depth,

where LOI is <10% (Fig. 3B). At Handsome Pond, visual sands
in core 98 also coincide with minima in LOI (<20%) at 164–184
and 191–193 cm depth (Fig. 3C); three distinct layers from
164–171, 174–176, and 181–183 cm compose the upper sand
unit and contain wood fragments that raise LOI as high as 20%.
At both lakes, the sand units in the cores appear consistent

with major near-shore reflectors in the radar stratigraphies
(e.g., reflectors I–III in Fig. 2A). The most closely spaced
sets of sand layers in the cores correlate with branches of
the major radar reflectors, which indicate that the layers
diverge, become thin, and terminate at different distances
outward from shore (Fig. 2). For example, we correlate
the branching of reflectors IIa and IIb at Blanding Lake
(Fig. 2A) with the sequence of sand layers between
329–352 cm depth in core 24 (Fig. 3B). Not all of these sand

Table 1. Cores collected in June 2015.

Lake Core Latitude Longitude
Distance from
shore (m)

Water depth
(cm)

Length
(cm)

Blanding 37 41.7970°N 75.6763°W 37 199 441
24 41.7969°N 75.6761°W 24 199 322

Handsome 98 41.6210°N 75.6789°W 15 98 127
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Figure 3. Stratigraphic data from cores collected from (A–B) Blanding Lake and (C) Handsome Pond, northeast Pennsylvania. Loss-on-
ignition (LOI) data plotted on the left indicate the percent dry mass combusted at 550°C. Low values (e.g., gray bars) represent sand-rich
intervals in cores collected in 199 (A–B) and 98 cm of water (C). Net sediment accumulation rates (in cm/ka) indicate that sandy, low LOI
intervals represent reduced accumulation in shallow water; these data are shown on a log scale to the right for each core and were
calculated between calibrated radiocarbon ages (Table 2; horizontal lines labeled with median age rounded to decade in cal yr before AD
1950). The elevations and ages of the cores from Blanding Lake (plotted in D) were used with the LOI data to constrain the position of the
littoral zone through time. Core intervals were classified as littoral (orange symbols in D) based on bootstrapped classification schemes to
produce an ensemble of reconstructions (gray lines in D). The median reconstruction (dark blue) and associated 95% range of elevational
uncertainty (light blue band) are shown and used as an approximation of the lake elevation through time (Fig. 4). (For interpretations of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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layers appear to extend to core 37, but layer II at 347–352 cm
in core 24 extends outward from shore to 436–457 cm in
core 37 (gray bar, Fig. 3A and B). Similarly, at Handsome
Pond, radar reflectors IIa and IIb converge at the location of
core 98 (vertical line in Fig. 2B), which is consistent with the
multiple, closely spaced sand layers that form the low-LOI
(<20%) unit from 163–193 cm (Fig. 3C).
In all three cores, low net sediment accumulation rates

coincide with the low LOI (<20%) sand layers (Fig. 3A-C),
which is consistent with modern littoral sediments (Shuman
et al., 2015) and thus an expansion of the littoral zone during
episodes of low water. Accumulation rates as low as 2 cm/ka
likely indicate depositional hiatuses and their constraining
ages overlap in Blanding cores 37 and 24 and Handsome
core 98, respectively, at (1) >6.2, >6.8, and >7.4 cal ka BP;

(2) 5.5–4.4, 6.3–4.9, and 6.4–4.9 cal ka BP; and (3) 2.8–1.9,
3.3–2.0, and 3.0–0.5 cal ka BP (Fig. 3, gray bars). Low LOI
(<10%) and low accumulation rates (<20 cm/ka) also
overlap in time in the two shallowest cores, Blanding 24 and
Handsome 98, at 5.1–3.8 and 4.9–3.4 cal ka BP, respectively
(Fig. 3B and C), when accumulation rates in the deepest core,
Blanding 37, remained low (until 3.5 ka, Fig. 3A). Maxima in
accumulation rates of >50 cm/ka correspond to high LOI
muds, like those typically found in >1m of water today
(Shuman et al., 2015), and are bracketed by calibrated
radiocarbon ages in Blanding 24 at 6.8–6.3, 3.8–3.3, and
2.0–1.0 cal ka BP (Fig. 3B) and Handsome 98 at 7.4–6.9,
3.4–3.0, and <0.5 cal ka BP (Fig. 3C).
To enable sand to accumulate in Blanding Lake core 37, the

littoral zone must have been at least 3.0, 2.25, and 1.25m lower

Table 2. Radiocarbon analyses.

Calibrated age range

Site Core Depth (cm) Lab No. Materialb 14C yr BP Error (yr) 5% Median 95%

Blanding 37 23.5 UCIAMS-166947 Charcoal 0.042mg C 1510 30 1346 1389 1503
37 65.5 UCIAMS-166948 Charcoal 0.16mg C 1500 25 1344 1378 1417
37 103.5 UCIAMS-166949 Charcoal 0.063mg Ca 1105 20 970 1006 1051
37 133.5 UCIAMS-166950 Charcoal 0.15mg C 1905 20 1825 1851 1881
37 166.5 UCIAMS-166951 Charcoal 0.20mg C 2660 20 2752 2762 2779
37 201.5 UCIAMS-166954 Charcoal 0.13mg C 3245 20 3413 3462 3543
37 232.5 UCIAMS-166952 Charcoal 0.19mg C 3975 20 4419 4440 4508
37 262.5 UCIAMS-166953 Charcoal 0.20mg C 4730 20 5338 5527 5572
37 302.5 UCIAMS-166955 Charcoal 0.063mg C 5445 40 6194 6243 6293
37 326.5 UCIAMS-166956 Charcoal 10285 30 11994 12055 12121
37 348.5 UCIAMS-166957 Charcoal 12140 35 13943 14030 14089
24 28.5 UCIAMS-166939 Charcoal 0.16mg C 1135 20 985 1020 1065
24 49.5 UCIAMS-166940 Charcoala 1140 15 991 1020 1062
24 60.5 UCIAMS-166941 Charcoal 0.033mg C 1920 35 1803 1867 1926
24 79 UCIAMS-166938 Charcoal 2075 20 1999 2038 2104
24 95.5 UCIAMS-166942 Charcoala 1440 15 1308 1326 1346
24 111.5 UCIAMS-159667 Charcoal 3110 20 3261 3340 3367
24 127.5 UCIAMS-159668 Charcoal 3520 20 3728 3779 3843
24 136.5 UCIAMS-159669 Charcoal 4530 20 5075 5147 5295
24 146.5 UCIAMS-159670 Charcoal 4350 20 4863 4907 4959
24 156.5 UCIAMS-159671 Wood 5510 20 6287 6298 6313
24 160.5 UCIAMS-159672 Charcoal 5900 20 6676 6711 6749
24 188.5 UCIAMS-159673 Charcoal 5950 20 6741 6769 6828
24 194.5 UCIAMS-159674 Charcoal 12310 30 14149 14206 14295

Handsome 98 22.5 UCIAMS-166943 Charcoal 500 15 515 524 534
98 22.5 UCIAMS-166944 Charcoala 185 15 3 178 280
98 33.5 UCIAMS-159659 Charcoala 125 20 25 112 260
98 44.5 UCIAMS-166945 Charcoal 0.15mg C 2915 20 2998 3048 3133
98 51.5 UCIAMS-166946 Charcoal 0.23mg C 3140 20 3285 3368 3390
98 66.5 UCIAMS-159660 Charcoal 0.22mg C 3910 20 4294 4357 4411
98 74.5 UCIAMS-159661 Charcoal 4310 20 4845 4857 4871
98 80.5 UCIAMS-159662 Charcoal 4365 20 4870 4919 4965
98 87.5 UCIAMS-159665 Charcoal 5560 20 6308 6348 6392
98 92.5 UCIAMS-159663 Charcoal 6075 20 6895 6932 6976
98 99.5 UCIAMS-159666 Charcoal 0.22mg C 6340 25 7222 7270 7309
98 108.5 UCIAMS-159664 Charcoal 6525 20 7425 7433 7461

aAges not accepted; out of stratigraphic order
bSample masses <1mg C are listed.
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than today at 12.1–6.2, 5.5–4.4, and 2.8–1.8 ka, respectively,
given the directly measured elevations of the sand layers in the
core (Fig. 3D). Additional water-level changes of ~50 cm could
also explain the less extensive sand layers in Blanding core 24
between 4.9 and 3.8 ka (Fig. 3A and B). At Handsome Pond,
the core does not include dated sediments older than 7.4 ka,
which indicates that water levels were likely lower
than the core location until the early Holocene. Subsequent
fluctuations would have had to shift the littoral zone to more
than 150–200 cm below the modern water surface to deposit
the coalesced sand layers in core 98 (Fig. 3C).

Comparisons with other records

Since 7 ka, the cores from Blanding Lake contain sufficient
detail to generate a quantitative lake-level reconstruction
(Fig. 3D). The reconstruction represents a parsimonious
interpretation of the changes in the two cores from Blanding
Lake, and indicates that the lake rose progressively during the
Holocene. The long-term rise is qualitatively consistent with
the onset of sediment accumulation in Handsome Pond core
only after ca. 7 ka and with the accumulation of high LOI
(>40%) muds in all cores only after 3.3–1.8 ka (Fig. 3). The
inferred changes would have affected each individual core in
a unique way based on each core’s depth and accumulation
history, and, as a result, no two cores have exactly the same
stratigraphic sequence. Because Handsome Pond core 98
represents a shallower location than the other two cores, the
stratigraphy represents a compressed sequence of changes
with high-LOI muds accumulating during only the highest
water phases.
The reconstruction indicates that units I–III represent

multi-century drought phases, which punctuated the long-
term rise (Fig. 3D). The elevations and common periods of
overlap in the ages of sand layers from the different cores
provide evidence that the level of Blanding Lake fell to
minima relative to the long-term trend at 5.5–4.4, >3.8,
and 2.8–2.0 cal ka BP. The most prominent intervening
maximum dates to ca. 3.4 cal ka BP (Fig. 3D). Handsome
Pond contains a compressed sequence of sand and mud layers
that overlaps in time with these events (Fig. 3C), but more
generally, the reconstructed changes correlate with the
reconstructed histories of other lakes in the region (Fig. 4A).
The changes at other lakes correlate with sea-surface

temperature (SST) variations recorded in adjacent regions of
the western North Atlantic (Fig. 4A and B). Long-term
increases in the lake levels can be explained by seasonal
insolation trends (dashed lines in Fig. 4A; Berger and Loutre,
1991), which in simulations reduced summer temperatures
and evaporation since the mid-Holocene while also increas-
ing the advection of sub-tropical moisture to the region
(Webb et al., 1993, 1998; Harrison et al., 2014). The cor-
relations among lakes persist even after summer insolation
trends have been fit and removed (Fig. 4B–E). Generalized
least squares regressions (lines in Fig. 4C–E) indicate that the
correlations with the detrended Blanding Lake reconstruction
over the past 4.5 ka typically have positive slopes, indicative

of significant correlations when they differ from zero
(β= 0.58± 0.06, 0.18± 0.07, and 0.78± 0.06 for Davis,
Deep, and New Long ponds, respectively).
From ca. 5.7–4.9 ka, however, Blanding Lake, like Davis

Pond in western Massachusetts, fell when the two coastal
lakes, New Long and Deep ponds in eastern Massachusetts,
rose and SSTs declined (Fig. 4A, note inverted SST scale).
Sand layer II at Blanding Lake and the associated minimum
in accumulation rate dating from 5.5–4.4 cal ka BP in core 37
and 6.3–4.9 cal ka BP in core 24 (Fig. 3A and B) is similar in
age to a low-water sand layer dating from 5.6–4.9 cal ka BP at
Davis Pond (in core F, 10m from shore; Newby et al., 2011).
The two coastal lakes, however, do not have evidence of sand
accumulation in near-shore cores until 4.9–4.6 ka (Newby
et al., 2014), and the slopes of generalized least squares
regressions comparing Blanding and the coastal lakes before
4.5 ka were negative (β= −1.15± 0.30 and −1.37± 0.36 for
the relationships between the detrended reconstructions of
Blanding Lake and Deep and New Long ponds, respectively;
small symbols in Fig. 4C and D). The onset of the coastal
drought marks the beginning of in-phase changes based on
continued accumulation of littoral sands in Blanding core 37
until an age of 4.4 cal ka BP (Fig. 3A) and a second discrete
sand layer and accumulation rate minimum dating to 4.9–
4.4 cal ka BP at Handsome Lake (represented as a LOI
minimum in Fig. 3C).
The lakes reached their highest water-level phases during

the last 2 ka (Fig. 4A), when Blanding Lake rose to a stable
level associated with its current outlet (Fig. 3D). Sandy layers
near the tops of cores 37 and 24 indicate some additional
variations in water level (Fig. 3A and B), but the elevations
of the sands did not fall substantially below the modern
elevation of the littoral zone (Fig. 3D).
The Blanding Lake water level reconstruction also

correlates with the oxygen isotope record from endogenic
carbonates within Lake Grinnell, New Jersey (Fig. 5).
High δ18O values at Lake Grinnell have been interpreted as
evidence of regional warmth (Zhao et al., 2010). The negative
correlation with the Blanding Lake reconstruction (r = −0.76),
thus, supports the negative correlation with Scotian Margin
SSTs (Sachs, 2007; Fig. 4A and B). Cool periods (low δ18O)
tended to be associated with high water, and warmth
(high δ18O) with drought. The relationship could also repre-
sent possible evaporative influences on the δ18O record.
The median age models for the two records indicate that

synchrony cannot be ruled out for shifts in both records
at ca. 4.7, 3.8, and 2.0 ka, but the δ18O also contains evidence
of variability at higher frequencies than the fluctuations that
produced units I-III at Blanding. For example, the period of
low water from 5.5–4.7 ka coincides with high variability
in the δ18O record rather than persistently high δ18O values,
although the mean δ18O for the period is higher than
any subsequent >200 yr window. The most pronounced
difference exists from 6.3–5.5 ka (Fig. 5A), when organic
silts below unit II (Fig. 3A and B) indicate high water, but
δ18O reach a maximum (Fig. 5A). Although the δ18O provide
added detail to the time series of events, specific
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P-E estimates can only be made from the lake-level record.
The estimates indicate that the multi-century events represent
changes of ~50mm (Fig. 5).

DISCUSSION

The water-level histories of Blanding Lake and Handsome
Ponds clarify that the northeast U.S. has been much drier than
today for most of the period since deglaciation and that repe-
ated multi-century drought phases punctuated the long-term
increase in effective moisture since 7–6 ka. The long-term
trends have been attributed to the regional effects of the
Laurentide Ice Sheet and orbital change on the advection of
moisture into the region (Webb et al., 1993; Shuman et al.,
2002), but the multi-century variability has not been as
clearly diagnosed (Li et al., 2007; Newby et al., 2014). The
correlation of our new records with water-level variations in
coastal Massachusetts and with SSTs associated with the
Labrador Current (Fig. 4) appear to confirm a regional
hydrologic interconnection with the state of the North Atlantic

(Li et al., 2007). The correlated changes do not, however,
clarify whether the ocean was the driver of the dynamics or
another parallel aspect of the hierarchy of regional changes
(Seager et al., 2012).
The formation of sand layers in the cores from the two

lakes during low water dated at 12.1–7.4, 6.3–4.9, >3.7, and
2.8–2.0 cal ka BP closely parallels the history of Davis Pond
192 km east in the Berkshire Hills of western Massachusetts
(Fig. 4; Newby et al., 2011, 2014). The episodes of low water
extended sands out from shore at least as far as Blanding
Lake core 37, which was usually deep enough to accumulate
organic-rich muds (Fig. 3A and D). High water episodes such
as at ca. 3.3 cal ka BP and after 1.8 cal ka BP extended the
muds at least as far toward shore as Blanding Lake core 24,
which often accumulated low-LOI sands in the shallow
littoral zone (Fig. 3B–D). The fluctuations may support
the inference of droughts and low water phases from the
expansion of littoral marls at White Lake, New Jersey at ca.
6.1, 4.4, and 3.0 ka (Li et al., 2007). Lakes in the region also
contain evidence of another drought phase at ca. 1.3 ka,
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although Blanding Lake appears to have been overflowing by
this time and the associated sand layer (low LOI in Fig. 3A
and B) is bracketed by a mix of out of order ages from
1.4–1.0 cal ka BP.
If the evidence of drought phases at 4.9–3.8 and

2.8–2.0 cal ka BP represents the regional expression of the
4.2- and 2.7-ka “events” (van Geel et al., 2000; Booth et al.,
2005; Martin-Puertas et al., 2012; Roland et al., 2014), then
the two events may have had related causes or similar climate
dynamics in the northeast U.S. In the first case, sand layers in
the two shallowest cores (Blanding 24 and Handsome 98)
date to 4.9–3.8 cal ka BP (Fig. 3B and C), and thus broadly
overlap in time with hydrologic fluctuations identified
elsewhere (Booth et al., 2005). However, our quantified
reconstruction for Blanding Lake indicates that water levels
reached their maximum drawdown during the event at 4.0–
3.7 cal ka BP (Fig. 3D) based on the interpolated ages of
sandy low LOI intervals in the deepest core, Blanding 37
(Fig. 3A). A calibrated radiocarbon age reversal in Blanding
core 24 at 5.1–3.8 ka limits our ability to refine the local
chronology of the event (Fig. 3B). In the case of the changes
at ca. 2.7 cal ka BP, the overlapping ages of the littoral
sediment deposition in all of the cores overlaps directly with
the event as defined elsewhere: 3.3–2.0 ka (Martin-Puertas
et al., 2012).
Regionally, both fluctuations appear to be part of a series

of repeated departures from the long-term hydrologic trends,
which have consistent relationships to changes in the nearby
ocean (Fig. 4A and B) and to multi-century temperature
changes in Greenland (Newby et al., 2014). The White Lake
record has been correlated to the timing of ice-rafted debris
events in the North Atlantic, which led to the interpretation
that the events represent cold-dry phases (Li et al., 2007), but
the lake-level reconstructions in Fig. 4 consistently show a
negative correlation to SST variations from the Scotian
Margin since 4.5 ka (Fig. 4A) and to oxygen isotopic changes
at Lake Grinnell (Fig. 5; Zhao et al., 2010). The regional
expression of these events may have been warm, dry

departures from the long trends, which is consistent with
pollen-inferred temperature and precipitation reconstructions
of the same events in Massachusetts (Marsicek et al., 2013;
Shuman and Marsicek, 2016).
The similarity of events over the past 8 ka at the coastal

lakes (Fig. 4A and B) indicates that at least one type of
recurring climate dynamic produced multi-century fluctua-
tions near the western North Atlantic, but our results also
show that a different chain of processes were involved in
changes from ca. 5.5–4.4 ka. As the region cooled at 5.5 ka,
coastal lakes rose but the western lakes declined (Fig. 4;
Newby et al., 2014). High variability in δ18O at Lake Grinnell
could confirm that the other records provide a time-averaged
record of sub-centennial variability, but could also represent
an intermediate location fluctuating between positive
(coastal) and negative (inland) responses. The differences
between the Blanding and Grinnell records at ca. 6 ka (Fig. 5)
are similar to the difference between Blanding and the coastal
lakes like Deep Pond (Fig. 4). The anti-phased changes could
have also emerged from a single abrupt shift in the long-term
mean states at ca. 5.5 ka (Kirby et al., 2002) when other
abrupt changes took place in this region (e.g., a permanent
shift in pine pollen percentages in cores from Chesapeake
Bay, Willard et al., 2005) and across the North Atlantic basin
(McGee et al., 2013).
Evidence of similarly timed drought phases exists as far

west as Chatsworth Bog, Illinois, and Devils Lake, Wisconsin,
where peaks in pollen from prairie forbs indicate an eastward
expansion of prairie and where oxygen isotopes indicate
aridity from ca. 5.5–4.9 ka (Baker et al., 1992; Nelson et al.,
2006; Grimm et al., 2009). Abrupt tree declines, shifts in lake
sediment composition, and periods of bog desiccation in
Indiana, Michigan, and Ohio may also represent responses to
the same event (Booth et al., 2012; Wang et al., 2016). More
work is needed to understand the extent of this mid-Holocene
arid phase, but it caused water levels to decline sufficiently to
produce low LOI sand layers with the lowest net sediment
accumulation rates of the past 7 ka at both Blanding Lake and
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Handsome Pond beginning between 6.3–5.5 ka and ending
between 4.9–4.4 ka (Fig. 3).
Finally, the accumulation of high LOI muds in all of our

cores since ca. 1.8 ka underscores the unusually cool, wet
nature of the Common Era in this region. Given that sediment
accumulation should have made the core locations shallower
with time, the low sand content and high LOI of the upper
meter of sediments provides strong evidence of a water level
rise. Shallowing with time should have made it easier to
deposit sand and winnow organic matter from the core sites,
but the cores show the opposite pattern. The recent high water
(Fig. 4) confirms that historical conditions do not represent
the long-term mean state under which many ecological or
geomorphic systems in this region developed during the
Quaternary (Shuman et al., 2004; Brantley et al., 2016).
Recent regional increases in effective moisture, therefore,
probably also lack precedent within the Holocene (Seager
et al., 2012; Pederson et al., 2013).
Declines in LOI in the top 20 cm of the cores may indicate

that the highest water levels were achieved before 0.5 cal ka BP
(Fig. 3). A water-level decline since then would be inconsistent
with a multi-century increase in effective precipitation inferred
from tree-ring records since AD 1500 (Pederson et al., 2013).
However, several caveats apply. First, land clearance following
European settlement would have facilitated erosion into the
lakes at rates with few Holocene precedents and, although more
sand was transported into the littoral zone, a decrease in the
elevation of the shoreline during low water is not indicated by
the elevations of these uppermost sands. Unlike older sand
layers, the uppermost sands could have formed with little
change in the elevation of the littoral zone (Fig. 3D). Likewise,
net sediment accumulation rates did not consistently decline,
as observed during other inferred low stands (e.g., Fig. 3C).
Second, even if water levels fell from their late Holocene
maxima, we cannot rule out the importance of erosion at the lake
outlets, which have spillover points today <50 cm below the
lake surface. Earlier levels were well below these thresholds, but
the outlets may have expanded once they were breached by high
water since ca. 1.8 cal ka BP.

CONCLUSIONS

Lake-level studies from northeastern Pennsylvania confirm that
long-term hydrologic trends raised water tables by several
meters in the northeast U.S. in response to ice sheet, insolation,
and greenhouse forcing over the Holocene. Furthermore,
millennial to centennial variations that interrupted these trends
were correlated with changes in the North Atlantic and
produced at least two different spatial patterns of drought in the
region. The first pattern produced low water levels from
Pennsylvania to coastal Massachusetts from ca. 4.9–3.8
and 2.8–2.0 ka when regional temperatures were high, but the
second pattern increased water levels along the coast while
lakes and wetlands in Pennsylvania, western Massachusetts,
and portions of the Great Lakes region fell from 5.5–4.9 cal ka
BP. Multiple cores within individual lakes (Fig. 3) and across
multiple lakes replicate the stratigraphic signals (Fig. 4), but the

synoptic extent and dynamics associated with these changes
require further investigation as part of the full spectrum of
hydroclimate variability. Similar datasets in additional areas
could provide specific estimates of P-E and show the spatial
patterns of change as a means to further diagnose multi-century
hydroclimate variability.
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