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Figure 1. Locations of sites (see Table 1 for upper panel site index) with paleoclimate data used in this paper that span at least 2 centuries
reconstructed from various sources in the northeastern US. Isothermal rem. mag. is isothermal remanent magnetization; NADA is the North
American Drought Atlas.

Modern and historical data show annual temperatures in
the NE US increasing by almost 1.1 ◦C and precipitation
increasing by about 12 cm (more than 10 %) over the past
century (Horton et al., 2014). Precipitation timing is also
changing, with the heaviest events from 1958–2012 increas-
ing 37 % in the Midwest and 71 % in the Northeast (Karl,
2009). The frequency of daily summer precipitation (June,
July, August) has significantly increased since the mid-1990s
in the Ohio Valley of Ohio and Kentucky and in eastern New
York state (Bishop and Pederson, 2015). Seasonal changes
are also evident, with warming strongest in winter and pre-
cipitation increases most pronounced in the fall (Kunkel
et al., 2013). Loss of winter ice cover on Lake Superior has
caused the summer surface water temperatures there to in-
crease approximately 2.5 ◦C between 1979 and 2006 (Austin
and Colman, 2007). In Maine, ice-out dates (the dates when
lake ice first breaks up each spring) are getting earlier, re-
flecting warming over the past century (by 0.6 days decade−1

from 1884 through 2008; Hodgkins, 2013). Sebago Lake in
Maine has been failing to freeze completely at an increas-
ing rate since 1937, and projections for continued warming
signal significant ecological and economic impacts in the

region through its effects on fisheries, transportation (e.g.,
snowmobile trails) recreation, and other resources. Warming
thus appears to be more rapid in southern than northern New
England thus far, but upwards trends in both temperatures
and precipitation are expected to continue in coming decades
(Anderson et al., 2010).

2.2 Tree-ring records

Tree-ring records provide the most abundant data about sea-
sonal to decadal drought and temperature variations beyond
the historical record (Speer, 2010). Records from long-lived
species like bristlecone pine (Pinus longaeva) or bald cy-
press (Taxodium distichum), neither of which grow in this
region, are used to extend instrumental records of climate
back 1000–3000 years or more in some cases, but limited tree
longevity and preservation of samples for cross-dating often
limit longer-term analyses. Using ring widths, wood density,
or stable isotopic content, dendroclimatic (tree-ring-based
paleoclimate) reconstructions of temperature and moisture
availability can be created from a network of tree-ring
records. In addition, growth suppression (Trouet et al., 2016)
and tree-ring anatomical variability (Therrell and Bialecki,
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Table 1. Site ID, location, data type, sample resolution for the past 3000 years, and citations for sites used in this study. IRM is isothermal
remanent magnetization and SVR is Sphagnum / vascular ratio. The sample resolution for New Long Pond could not be obtained as raw data
were not provided for the study. Mathews Pond and Whitehead Lake are not provided because a continuous age model was not constructed
and trends are therefore approximations only.

ID Site name Type Lat. Long. Avg. yrs/sample Citation

1. Great Heath Bog, ME Testate amoeba 44.70 −67.81 11 Clifford and Booth (2013)
2. Irwin Smith Bog, MI Testate amoeba 45.03 −83.62 49 Booth et al. (2012)
3. Minden Bog, MI Testate amoeba 43.62 −82.84 16 Booth et al. (2003)
4. Pinhook Bog, IN Testate amoeba 41.61 −86.85 21 Booth et al. (2012)
5. Saco Bog, ME Testate amoeba 43.55 −70.46 5 Clifford and Booth (2013)
6. Sidney Bog, ME Testate amoeba 44.39 −69.78 18 Clifford and Booth (2013)
7. South Rhody Bog, MI Testate amoeba 46.56 −86.07 27 Booth et al. (2012)
8. White Lake, NJ IRM 41.00 −74.80 98 Li et al. (2007)
9. Great Heath Bog, ME SVR 44.70 −67.81 14 Nichols and Huang (2012)
10. Davis Pond, MA Lake level 42.14 −73.40 1.85 Newby et al. (2014)
11. Deep Pond, MA Lake level 41.56 −70.64 1.85 Marsicek et al. (2013)
12. New Long Pond, MA Lake level 41.85 −70.71 1.85 Newby et al. (2014)
13. Mathews Pond, ME Lake level 43.27 −70.86 Not available Dieffenbacher-Krall (2005)
14. Whitehead Lake, ME Lake level 46.46 −67.86 Not available Dieffenbacher-Krall 2005
15. Green Lake, NY Varves 43.05 −75.97 1 Hubeny et al. (2014)
16. Pettaquamscutt R. Estuary, RI Varves 41.50 −71.45 1 Hubeny et al. (2014)
17. Emerald Basin Alkenones 45.89 −62.80 39 Keigwin et al. (2011)
18. Scotian Margin Alkenones 44.00 −63.00 72 Sachs et al. (2007)

2015) can be used to reconstruct extreme events, such as hur-
ricanes and floods.

Specific extreme climatic events or decadal climate fluctu-
ations can be identified using dendroclimatology, which re-
lies on precise and accurate dating of each ring (Black et al.,
2016); this is a non-trivial exercise, particularly in closed
canopy forests where many factors influence growth. Tree-
ring reconstructions also employ direct calibration and veri-
fication of the climate–growth model from instrumental data.
Rigorous statistical testing of these models builds confidence
that reconstructions of historical climate represent an approx-
imation of the range of past variation, or at least of varia-
tions in surviving trees. As with many paleoclimate proxies,
reconstructions from tree rings are generally biased towards
the growing season because dormant season (winter) changes
have much less of an affect on radial growth. In addition,
climate changes in spring versus fall, for example, may af-
fect rings differently; fall climate primarily affects growth
in the following year. Dendroclimatology methods are re-
viewed in detail in Cook and Kairiukstis (1990). Key limi-
tations of tree-ring records of past climate are predicated on
tree longevity, the ability to retain low-frequency trends, and
the geometric and ecological factors influencing stem growth
(Fritts, 1976; Cook and Peters, 1997).

In the NE US, tree-ring records are limited in length,
rarely extending beyond the past 500 years. Growth is influ-
enced by non-climatic and climatic factors (Cook and Peder-
son, 2011), and most NE US trees are moisture- rather than
temperature-sensitive (Stahle and Hehr, 1984; Cook, 1991;
Meko et al., 1993). Conifers at high elevations or northern

range margins have the strongest significant and positive re-
lationships to temperature (Conkey, 1982; Pederson et al.,
2004; Bhuta et al., 2009), and the temperature sensitivity of
red spruce wood density (Conkey, 1986) and Atlantic white-
cedar ring widths (Hopton and Pederson, 2005) in particular
have produced reliable reconstructions. Red spruce sensitiv-
ity to acid rain, however, may complicate the most recent
temperature reconstructions (Webster et al., 2004).

In the NE US, only a few tree species in a specific por-
tion of their range are sensitive enough for temperature re-
constructions (Conkey, 1986; Pederson et al., 2004; Hopton
and Pederson, 2005). Several records of 1000 years or longer
are solely from cliff-dwelling northern white cedar or east-
ern red cedar and account for a lower proportion of annual
variance in the instrumental record versus most other recon-
structions. Such limitations can be overcome by combining
multiple species (Cook and Pederson, 2011; Maxwell et al.,
2011; Pederson et al., 2013), but this limits the robustness of
longer reconstructions.

The most common paleoclimatic reconstruction target
from tree rings is the Palmer Drought Severity Index (PDSI),
especially in the NE US due to the limited temperature sen-
sitivity of most species. The PDSI is not directly measured
but is rather modeled using precipitation and temperature,
soil types, and solar radiation varying by latitude. The North
American Drought Atlas (NADA; Cook and Krusic, 2004;
Cook et al., 2004) provided new insights into broad-scale hy-
droclimate variations. Most early NADA research focused on
the great droughts of the western US and Great Plains (e.g.,
Fye et al., 2003; Cook et al., 2004; Stahle et al., 2007), but
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