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Eastern white pine and eastern hemlock growth: possible
tradeoffs in response of canopy trees to climate
Rebecca L. Stern, Paul G. Schaberg, Shelly A. Rayback, Paula F. Murakami, Christopher F. Hansen,
and Gary J. Hawley

Abstract: A warming climate and extended growing season may confer competitive advantages to temperate conifers that can pho-
tosynthesize across seasons. Whether this potential translates into increased growth is unclear, as is whether pollution could con-
strain growth. We examined two temperate conifers— eastern white pine (Pinus strobus L.) and eastern hemlock (Tsuga canadensis (L.)
Carrière)— and analyzed associations between growth (476 trees in 23 plots) and numerous factors, including climate and pollutant
deposition variables. Both species exhibited increasing growth over time and eastern white pine showed greater maximum growth.
Higher spring temperatures were associated with greater growth for both species, as were higher autumnal temperatures for eastern
hemlock. Negative correlations were observed with previous year (eastern hemlock) and current year (eastern white pine) summer
temperatures. Spring and summer moisture availability were positively correlated with growth for eastern white pine throughout
its chronology, whereas for hemlock, correlations with moisture shifted from being significant with current year’s growth to previ-
ous year’s growth over time. The growth of these temperate conifers might benefit from higher spring (both species) and fall (eastern
hemlock) temperatures, though this could be offset by reductions in growth associated with hotter, drier summers.
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Résumé : Un climat plus chaud et une saison de croissance plus longue pourrait conférer des avantages compétitifs aux conifères de la
zone tempérée chez qui la photosynthèse peut se poursuivre en toute saison. Il n’est pas clair si cette possibilité pourrait se traduire par
une croissance accrue et de même si la pollution pourrait limiter la croissance. Nous avons étudié deux conifères de la zone tempérée : le
pin blanc (Pinus strobus L.) et la pruche du Canada (Tsuga canadensis (L.) Carrière), et nous avons analysé les liens entre la croissance (476
arbres dans 23 places échantillons) et plusieurs facteurs, incluant des variables liées au climat et aux retombées de polluants. Les deux
espèces ont augmenté leur croissance avec le temps et le pin blanc a connu la croissance maximum la plus élevée. Les températures prin-
tanières élevées étaient associées à une plus forte croissance chez les deux espèces, ainsi que les températures automnales élevées dans le
cas de la pruche du Canada. Des corrélations négatives ont été observées avec les températures estivales de l’année précédente (pruche du
Canada) et de l’année en cours (pin blanc). La disponibilité d’humidité au printemps et à l’été était positivement corrélée avec la croissance
du pin blanc tout au long de sa chronologie, tandis que dans le cas de la pruche du Canada les corrélations avec l’humidité allaient avec
le temps de significatives avec la croissance de l’année en cours à celle de l’année précédente. La croissance de ces conifères de la zone
tempérée pourrait bénéficier de températures plus chaudes au printemps (les deux espèces) et à l’automne (pruche du Canada), bien que
cela puisse être compensé par des réductions de croissance associées à des étés plus chauds et plus secs. [Traduit par la Rédaction]

Mots-clés : dendrochronologie, conifères de la zone tempérée, température, humidité, changement climatique.

Introduction
Forest composition and growth may shift as the suitability of

habitats for component tree species shifts with climate change
(Prasad et al. 2007 — ongoing). For species in temperate forest
communities that have adapted to existing seasonal differences
in temperature and precipitation types, alterations in climate
could have profoundly negative effects on tree health and pro-
ductivity (e.g., Reinmann et al. 2019). While warmer tempera-
tures may be unfavorable to many species, one taxon, conifers,
may actually benefit. Temperate evergreen conifers have the abil-
ity to photosynthesize across seasons if conditions are suitable,
because theymaintain their needles throughout the year (Schaberg

et al. 1995; Hadley 2000). However, the ability for photosynthetic
gain outside of the growing season may not necessarily translate
into increased growth because changes in growing season climate
could limit carbon (C) gain — effectively nullifying gains due
to increased photosynthesis at other times. Recent evidence of
increased growth, at least partially related to an extended grow-
ing season, has been observed for one temperate conifer in the
Northeast — red spruce (Picea rubens Sarg.) (Kosiba et al. 2018;
Mathias and Thomas 2018). Whether this phenomenon is unique
to red spruce or is more broadly applicable to other ecologically
and economically important temperate conifers in the region,
such as eastern white pine (Pinus strobus L.) and eastern hemlock
(Tsuga canadensis (L.) Carrière), has not yet been explored. Studying
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the growth and response of both eastern white pine and eastern
hemlock may offer insight into a possible general response of tem-
perate conifers to a changing climate in the region.
Eastern white pine grows primarily in the northeastern United

States (US), extending west to Minnesota, south to Georgia (mostly
in the Appalachian Mountains), and north into southern Canada
(NAPA 2014). In the pre-European settlement forests of the north-
eastern US, eastern white pine was a minor component (Cogbill
2000), though it was distributed widely and occurred in a range
of topographic positions and moisture conditions (Abrams 2001).
Eastern white pine has doubled in its frequency across New
England in response to a decrease in harvesting and regrowth on
abandoned agriculture land (Cogbill 2000).
Eastern hemlock is a foundation species in forests of the east-

ern US (Ellison 2014) that can grow in a wide range of sites,
although it appears most competitive in cool, moist environ-
ments with little historical disturbance (Foster et al. 2014). Over a
large portion of its range, the prevalence and growth of eastern
hemlock have been significantly reduced due to feeding damage
by a non-native insect — the hemlock woolly adelgid (HWA:
Adelges tsugae Annand) (e.g., Nuckolls et al. 2009). While HWA is
present in parts of southern Vermont (USDA Forest Service 2019),
success of this insect has been limited in the northern part of
eastern hemlock’s range, in part because overwintering mortal-
ity of the insect has restricted its spread there (Ellison et al. 2018).
With increasingly warmer winters, HWA are likely to experience
higher overwinter survival and expand into the northern range
of eastern hemlock (McAvoy et al. 2017). However, eastern hem-
lock survival rates have been shown to average 73% after 15 years
of the pest’s introduction to a site (Eschtruth et al. 2013), and tree
mortality may be slower to occur in northern forests due to low
temperature constraints on HWA population growth (Paradis
et al. 2008). Even with HWA infestation, eastern hemlock may
still have great potential for C capture and growth within the
northern forest.
The purpose of this study was to evaluate patterns and potential

climate and pollution drivers of growth for eastern white pine and
eastern hemlock in the northern forest. The influence of pollution
was assessed because acid deposition has reduced the growth of
multiple ecologically significant species in the region,most notably
another temperate conifer— red spruce (DeHayes et al. 1999; Driscoll
et al. 2001; Schaberg et al. 2010). Our objectives for this study were
to (i) describe and compare long-term growth patterns of these
two species, (ii) examine radial growth associations of both spe-
cies to climate factors, (iii) analyze potential growth responses to
pollutant deposition, and (iv) investigate potential differences in
climate- and deposition-growth associations over time to better
understand which environmental variables best explain growth in
this region. To address these objectives, we sampled 476 dominant
and co-dominant canopy class eastern white pine and eastern
hemlock trees at 23 plots throughout Vermont (VT), and analyzed
tree-ring growth in relation to tree and stand characteristics, as
well as climate and pollution data.

Methods

Study area
The study area is located throughout the state of VT, ranging

from 42.75°N to 44.93°N and 72.37°W to 73.36°W (Fig. 1). Mean
annual precipitation is 112 cm, with 46% of precipitation falling
during the growing season, from May through September (NOAA
National Climatic Data Center 2019). Mean temperature is warm-
est in July (25.6 °C) and coldest in January (�14.5 °C; Fig. 2). Within
this geographic range, 23 forested plots were selected for sam-
pling: eight with only eastern white pine, 10 with only eastern
hemlock, and five plots with both species. With the exception of
three eastern hemlock sites that were considered old growth
with no evidence of land clearance, these sites were second-

growth stands recovering from deforestation and intensive land
use during the late 19th and early 20th centuries. Because human
disturbance can impact or obfuscate the influence of environ-
mental factors (e.g., changes in temperature, moisture, and pol-
lution deposition) on growth, we avoided currently managed
forests when selecting plots. We were not selective in picking
sites with specific intrinsic characteristics such as aspect, soil
type or elevation. Rather, we were interested in choosing sites
that would provide a broad representation of mature canopy
trees of each species. Soil parent material across sites ranged
from loamy lodgement and supraglacial tills to sandy glacio-
fluvial or clayey glaciolacustrine deposits (USDA Natural Resources
Conservation Service 2019). Other common canopy tree species
varied per site but included Acer saccharum (Marsh), Fagus grandifolia
(Ehrh.), Betula alleghaniensis (Britton), Quercus rubra (L.), and Acer
rubrum (L.).

Dendrochronological techniques
To better isolate potential climate and pollution drivers in these

species, we focused on sampling dominant and co-dominant trees,
rather than conduct a complete ecological analysis that would
include intermediate and suppressed trees. The growth of interme-
diate and suppressed trees could have a different climate response
(Rollinson et al. 2020) and would also include trends such as those
related to competition, which, in addition to other factors, could
obscure the influence of environmental signals that we were
seeking to understand. We extracted increment cores from a
total of 476 dominant and co-dominant trees: 219 eastern white
pine and 257 eastern hemlock. At each site, between 14 and
24 trees per species were sampled following standard dendro-
chronological techniques (Stokes and Smiley 1968) by collecting
two xylem increment cores per tree at diameter at breast height
(DBH: 1.37 m above ground level), perpendicular to the slope and
180° from each other. At site 16 (Fig. 1), only one core per tree was
collected. We avoided sampling trees with noticeable bole or
crown damage to minimize the influence of non-climatic factors
on growth, and to better represent average growth across a site.
Increment core samples were oven-dried, mounted, and sanded

with increasingly finer grit sandpaper. Annual tree-ring increments
were visually crossdated using the list method (Yamaguchi 1991)
and microscopically measured to a 0.001 mm resolution via a
Velmex sliding stage unit (Velmex, Inc., Bloomfield, New York)
using MeasureJ2X software (v.5.05, VoorTech Consulting, Holder-
ness, New Hampshire). The software program COFECHA (v. 6.06p)
was utilized to statistically detect possible crossdating errors
(Holmes 1983) and to calculate chronology statistics such as series
intercorrelation, average mean sensitivity and autocorrelation
(but see Bunn et al. 2013). Individual cores were removed from a
site chronology if obvious defects (i.e., knots, insect damage, rot)
obscured growth patterns/magnitude resulting in poor correla-
tions with the master chronology. To determine the time period
over which all plot chronologies sustained a robust stand-wide
signal, expressed population signal (EPS) was computed (R pack-
age dplR; Bunn et al. 2016) based on the equation described by
Wigley et al. (1984) using a cutoff of 0.80 (but see Buras 2017).
When a core’s pith was present, we counted tree age at breast
height. If pith was not present, we approximated core age with a
pith estimator (Speer 2010) using the curvature of the innermost
annual rings. We did not assess age for cores that did not exhibit
ring sequence curvature, since we were unable to estimate pith
in these cases.

Statistical analyses
To establish if any stand-wide release events existed during the

chronology period, we analyzed individual tree growth (raw ring
width) per plot employing the radial-growth averaging criteria
presented by Nowacki and Abrams (1997), using the TRADER pack-
age for R (function growthAveragingALL; Altman et al. 2014). We
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used a 10-year running median with a 50% threshold to identify
major releases for eastern white pine, since it is a fast-growing
species of intermediate shade tolerance. Since eastern hemlock
is a slow-growing, highly shade tolerant species that can sustain

extended periods of suppression and show dramatic releases
when gaps occur in the canopy (Abrams et al. 2001; Black and
Abrams 2005), we used a 100% threshold to determine major
releases for this species. A stand-wide release was defined as ≥25%

Fig. 1. Locations, plot numbers, and species sampled for the 23 study plots throughout Vermont. WP, eastern white pine; EH, eastern
hemlock. Figure was created using ArcGIS 10. Base map courtesy of Esri, USGS, and NOAA.
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of trees in the stand experiencing a major release within the
same decade (Nowacki and Abrams 1997).
We averaged raw ringwidthmeasurements per tree, and stand-

ardized growth via two methods. First, we calculated basal area
increment (BAI) to assess general growth trends. BAI converts di-
ameter increments (cm/year) into area increments (cm2/year) to
reduce size- and age-related growth trends (West 1980). BAI chro-
nologies were created per site and across all sites within a species
to generate a study-wide chronology (functions bai.out and
chron, R package dplR; Bunn et al. 2016). Second, raw ring widths
were standardized using splines, which allow for high frequency
endogenous variation (e.g., non-climate related growth resulting
from sporadic release events or competition for resources) to be
filtered or smoothed from exogenous climate related growth
(Cook and Peters 1981). For sites that did not exhibit large release
events, we used a 67% n cubic smoothing spline with a 50% fre-
quency cutoff. For sites that did exhibit a large release at some
point in the chronology, we used the Friedman Super Smoother
(Friedman 1984; Pederson et al. 2013) to minimize the effects of
disturbance and release, since this method better filtered out
non-climatic responses of trees at individual sites. Autoregressive
modeling was performed on the standardized series to further
lessen the effects of endogenous disturbance, remove the influ-
ence of temporal autocorrelation (first order autocorrelations),
and enhance the common signal (Cook 1985), which produced
prewhitened (residual) chronologies. Mean annual growth values
were computed using Tukey’s biweight robust mean, which
reduces the effect of outliers (Cook and Kairiukstis 1990) and
increases the common signal, resulting in a ring width index
(RWI). Residual RWI chronologies were created per species for
each site and across all sites for each species to create a study-
wide chronology. Chronologies were truncated to the common
period of 1940–2014, based on EPS results.
Eastern hemlock and eastern white pine were co-occurring at

five of our sample sites, enabling us to conduct a direct compari-
son of growth between these species at the same locations. To
test for differences in growth between the species over time
(1940–2014), we used an analysis of covariance (ANCOVA) for BAI
data for both species at these five sites. Also, per species, sites
were then divided into two approximately equal groups based on
median tree age (eastern white pine: 95.5 years, eastern hemlock:
136.0 years), mean tree size (DBH; eastern white pine: 60.3 cm,
eastern hemlock: 46.5 cm), and site elevation (eastern white pine:
155 m, eastern hemlock: 314m). We tested stand-level chronologies

for differences in BAI slope (Wilcoxon Rank Sum test) over time
based on these characteristics.

Climate data
We evaluated a range of climate parameters for potential asso-

ciations with radial growth. We averaged climate data from the
National Climatic Data Center for the three climate divisions in
VT (NOAA National Climatic Data Center 2019), since our study
sites spanned these divisions. From this dataset, we selected two
direct measures of temperature and two heat indices on which to
focus: monthly maximum and minimum temperature (Tmax and
Tmin, respectively), heating degree days (HDD) and cooling degree
days (CDD). HDDmeasures low temperature exposure, calculated
as the number of degrees that a day’s average temperature is
below 18.3 °C (65 °F), while CDD is a gauge of high temperature
exposure, calculated as the number of degrees that a day’s aver-
age temperature is above 18.3 °C (65 °F). While HDD and CDD
were formulated to estimate heating and cooling needs within
buildings, these indices have been shown to relate to tree growth
and physiology and can serve as proxies for aggregated low and
high temperature exposures over time (e.g., Kosiba et al. 2018;
Stern et al. 2020). For Tmax and Tmin, we also created seasonal
(previous Summer: pJun–pAug; previous Fall: pSep–pNov; Winter:
pDec–Feb; Spring: Mar–May; Summer: Jun–Aug; Fall: Sep–Nov)
and water year (Wyr: pOct–current Sep) metrics. In addition to
obtainingmonthly temperature data, we also acquired daily min-
imum and maximum temperature data to compute Growing
Degree Days (GDD), a measure of heat accumulation which may
be a better indicator of tree function during the growing season
than solely direct measures of temperature. GDD was calculated
using the R package pollen (function gdd; Nowosad 2018).
In addition to temperature data, we utilized the Standardized

Precipitation-Evapotranspiration Index (SPEI; Vicente-Serrano
et al. 2017) to assess moisture availability. The SPEI takes into
account precipitation and potential evapotranspiration, there-
fore capturing the demand of increased temperatures on mois-
ture availability. Individual site data were averaged to create
a state-wide SPEI dataset at the 1-month (SPEI01) and 3-month
(SPEI03) time steps. SPEI01 enabled us to identify specific influen-
tial months, while SPEI03 allowed us to evaluate relationships on
a seasonal basis.

Pollution data
We also acquired pollutant deposition data (NO3

–, SO4
2–, and

rainfall pH) from two National Atmospheric Deposition Program

Fig. 2. Monthly mean temperature (black circles) and monthly total precipitation (grey bars) for the study area from 1940 to 2014 (NOAA
National Climatic Data Center 2019).
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(National Atmospheric Deposition Program 2017) sites in VT
(Bennington and Underhill) and from the Hubbard Brook Eco-
system Study, NH (Likens 2016). Data were averaged for the two
VT sites (1982–2014) and regressed against data from NH (1965–
2012) to enable us to project the VT data further back in time.
Total timespan for this combined dataset was 1965–2014.

Correlations
We calculated moving correlation functions using Pearson’s

correlations with bootstrap resampling (1000 bootstrap samples;
Biondi and Waikul 2004) and a window of 25 years. Correlations
were calculated between the RWI chronologies (1940–2014) and
monthly, seasonal, andwater year climate variables. Monthly cor-
relations spanned a 17-month window from the previous year’s
June to current year’s October to account for lagged and integrated
effects of climate. Correlations were considered significant at
P ≤ 0.05 and were conducted using the R package treeclim (function
dcc; Zang and Biondi 2015). We evaluated moving correlations
for two reasons: (i) to evaluate the strength of significant sta-
tionary correlations over time, and (ii) to test for potential
novel associations that occurred for only specific periods of the
chronologies but may not be evident in results from long-term
static correlations.
In addition to climate data, we conducted moving correlations

with pollutant deposition data for the time period with available
data (1965–2014). Since the pollutant deposition data exhibited
strong decreasing (NO3

– and SO4
2–) and increasing (pH) trends

(supplementary Fig. S11), we made the a priori assumption that
these trends could lead to spurious correlations with tree growth
data. To prevent potential spurious correlations, we calculated
first differences of all pollutant deposition variables, as well as
tree growth for both species, and then conducted the correla-
tions. Correlations were calculated between RWI and annual
totals for Wyr pollution deposition variables. A window of 10
years was used for these moving correlations to better assess any
potential responses to recent changes in pollution deposition.

Results

Chronology statistics and BAI growth trends
Eastern white pine and eastern hemlock exhibited similar

chronology statistics (Table 1). Eastern white pine had an esti-
mated median site age range of 76.0 to 200.5 years, and eastern
hemlock showed a range of 55.5 to 190.5 years (supplementary
Tables S1 and S21). The mean DBH range was 49.0�87.9 cm for
eastern white pine sites and 35.9�58.3 cm for eastern hemlock
sites (supplementary Tables S1 and S21).
BAI growth for both species increased throughout their chro-

nologies (Fig. 3). Maximum growth was 40.7 cm2 in 2012 for east-
ern white pine and 26.2 cm2 in 2010 for eastern hemlock. For
eastern white pine, there were no differences in BAI slopes over
time for stand-level chronologies between elevation and size
groups. Eastern white pine sites in the younger age group cate-
gory grew at a significantly faster rate throughout the chronol-
ogy than older sites (Wilcoxon Rank Sum test; Z = 0.04, P ≤ 0.05).
Eastern hemlock showed no differences in BAI slope over time
for stand-level chronologies in terms of elevation, size, or age
groupings. Results from the ANCOVA test, which compared
growth trajectories of the two species, showed that throughout
the chronology and across all sites, eastern white pine has been
growing at a faster rate than eastern hemlock (F[1,2063] = 189.49,
P ≤ 0.0001). To ensure that this difference in growth was not due
to variations in site conditions that could have been confounded
with species, we also compared growth specifically at the five
sites where the two species co-occurred. Evenwith a reduced sam-
ple size for comparison, eastern white pine had greater growth

than eastern hemlock at these sites (F[1,744] = 260.42, P ≤ 0.0001).
Seven sites showed evidence of growth releases of unknown origin
during the chronology timespan (supplementary Table S31).

Climate- and pollutant-growth correlations

Eastern white pine
Eastern white pine exhibited sustained significant positive cor-

relations with spring and summer moisture throughout its chro-
nology (Fig. 4). This was evident in individual months as May,
June, and July SPEI01 (r values ranging from 0.31 to 0.72, P ≤ 0.05)
and seasonal metrics with May, June, July, and August SPEI03
(r values ranging from 0.33 to 0.80, P ≤ 0.05). July SPEI03, an index
of available moisture for May, June, and July, showed the most
consistent significant correlations and also the strongest correla-
tion coefficients of all moisture and temperature variables for
this species for the entirety of the chronology period (r = 0.80, P ≤
0.05; Fig. 4). During the last 40 years only, the eastern white pine
chronology showed negative associations with previous summer
SPEI03 metrics (previous June and July; r values ranging from
�0.59 to�0.34, P ≤ 0.05; supplementary Fig. S21).
Correlations between eastern white pine growth and tempera-

ture showed both positive and negative associations depending
on the season. Correlations with pDec Tmax switched from posi-
tive to negative over the length of the chronology and were nega-
tive for the majority of the last 50 years (r values ranging from
�0.56 to 0.44, P ≤ 0.05; supplementary Fig. S31). March Tmax (r val-
ues ranging from 0.28 to 0.48, P ≤ 0.05) showed a positive associa-
tion during the last 40 years of the chronology, along with March
GDD since the 1970s (r values ranging from 0.32 to 0.56, P ≤ 0.05;
Fig. 5). In contrast to spring months, eastern white pine growth
showed a negative correlation with June Tmax (r values ranging
from �0.74 to �0.45, P ≤ 0.05) during the past 40 years and summer
Tmax (r values ranging from �0.58 to �0.21, P ≤ 0.05; Fig. 5) during
the past 50 years. Eastern white pine growth showed consistent
positive associations with pJuly Tmax starting in the 1960s (r val-
ues ranging from 0.35 to 0.52, P ≤ 0.05; supplementary Fig. S31). This
patternwas also evident in pJuly GDD, which switched from a nega-
tive to positive correlation over time (r values ranging from �0.44
to 0.51, P ≤ 0.05; supplementary Fig. S31). No significant patterns
were found in correlations between eastern white pine growth and
the threeWyr pollutionmetrics.

Eastern hemlock
Eastern hemlock showed a consistent significant correlation

with June SPEI01 until the last 40 years (r values ranging from

Table 1. Summary of regional chronology statistics for the
two study species— eastern white pine and eastern hemlock.

Statistic
Eastern
white pine

Eastern
hemlock

n sites 13 15
n trees 219 257
n cores 449 492
Longest chronology span 1794–2015 1735–2015
Interseries correlation 0.65 0.62
Mean sensitivity 0.24 0.26
First-order autocorrelation 0.78 0.78
Mean correlation between trees 0.52 0.43
Expressed population signal 0.90 0.89
Signal-to-noise ratio 13.2 12.0

Note: Statistics shown are average values for all sites within a species
from ring-width index chronologies. For individual site statistics, see
supplementary Tables S1 and S21.

1Supplementary data are available with the article at https://doi.org/10.1139/cjfr-2020-0512.
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0.26 to 0.47, P ≤ 0.05; Fig. 6). Similarly, June, July, and August
SPEI03 were significant only during the first decades of the chro-
nology (r values ranging from 0.34 to 0.59, P ≤ 0.05; Fig. 6 and sup-
plementary Fig. S41). pAugust SPEI01 (r values ranging from 0.40
to 0.63, P ≤ 0.05) and pSep SPEI03 (r values ranging from 0.28
to 0.66, P ≤ 0.05) were also significant, but only during the last
40 years (supplementary Fig. S41).
Eastern hemlock showed a negative association with pJuly Tmax

(r values ranging from�0.51 to�0.41, P ≤ 0.05), and was also seen as
positive correlations with pJuly HDD (a measure of cold; r values
ranging from 0.31 to 0.59, P ≤ 0.05; supplementary Fig. S51). The spe-
cies also exhibited a positive association with warmer previous fall
temperatures: pOctober Tmax (r values ranging from 0.42 to 0.57,
P ≤ 0.05) and pOct HDD (r values ranging from �0.54 to �0.50,
P ≤ 0.05; Fig. 7). Feb GDD exhibited a changing pattern through
time: while eastern hemlock growth showed a positive correlation
with Feb GDD at the beginning of its chronology (r values ranging
from 0.30 to 0.35, P ≤ 0.05), it showed a negative correlation more
recently (r values ranging from �0.54 to �0.34, P ≤ 0.05; supple-
mentary Fig. S51). A positive association was seen between eastern
hemlock growth and March Tmin (r values ranging from 0.43 to 0.54,
P ≤ 0.05), but only during the first 30 years of the chronology, which
thendisappeared (Fig. 7). Similarly, associationswithMay Tmax (r values
ranging from �0.58 to �0.40, P ≤ 0.05; Fig. 7) and May HDD (r values
ranging from0.35 to 0.57, P ≤ 0.05; supplementary Fig. S51) were signif-
icant only early in the chronology. Eastern hemlock did not exhibit
any significant patternswithWyr pollutionmetrics (1965–2014).

Discussion

General growth patterns
Both eastern white pine and eastern hemlock exhibited increas-

ing growth, with the highest levels occurring in the most recent
decades. Overall, eastern white pine showed greater maximum
growth than eastern hemlock, and a higher rate of growth through-
out the chronology (1940–2014). These trends are consistent with

each species’ ecological niche and known silvics. For example, east-
ernwhite pine is intermediate in shade tolerance and has a remark-
able potential growth rate compared to other coniferous and
hardwood species within its range, whereas eastern hemlock is the
most shade tolerant of all North American species and has a rela-
tively low growth potential (Burns andHonkala 1990).

Correlations withmoisture
For eastern white pine, spring and summer moisture availabil-

ity maintained a strong association with growth throughout the
species’ chronology. This suggests that even though precipitation
has been increasing in the region during the past several decades
(Janowiak et al. 2018), moisture is still limiting growth to some
degree. Summer moisture may actually be more limiting to east-
ern white pine growth in recent years than it has been in the
past; the ten strongest correlationswith summermoisture emerged
during the last 21 years of the chronology (highest r values for July
SPEI03 ranging from 0.78 to 0.80, P ≤ 0.01). This counterintuitive
finding of more apparent sensitivity to moisture during a period
of increased precipitation (supplementary Fig. S61) may reflect
the greater periodicity and intensity of precipitation (i.e., vari-
ability) in recent years— a combination that can result in greater
runoff, reduced soil infiltration and longer gaps between rain
events (Janowiak et al. 2018). This trend of limited tree growth
potentially due to variability in precipitation has been found in
deciduous tree growth in the northeastern US (Martin-Benito and
Pederson 2015). Longer gaps between precipitation events can
create mini-drought conditions, and drought sensitivity has been
observed for 24 tree species in eastern North America (D’Orangeville
et al. 2018). Moreover, in pine ecosystems, water stress has been
shown to be a considerable determinant in reducing photosyn-
thetic rates (Teskey et al. 1994). Positive relationships between
eastern white pine growth and moisture availability in May
through August have also been observed in multiple other stud-
ies (Cook and Jacoby 1977; Abrams et al. 2000; Kipfmueller et al.
2010; Chhin et al. 2013). Our finding of eastern white pine’s

Fig. 3. Mean basal area increment (BAI) growth (6SE) from 1940 to 2014 for eastern white pine (black line) and eastern hemlock (grey
line), along with linear regression of growth over time (dashed lines and associated equations).
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increased sensitivity to moisture in recent decades despite gener-
ally increased precipitation levels may highlight the limitations
of broad generalized climate data (e.g., a moisture index for an
entire month), relative to potentially more ecologically relevant
metrics such as those designed to capture extreme climate events
(e.g., Oswald et al. 2018).
In addition to positive associations with current year moisture

availability, eastern white pine showed negative associations
with previous year’s moisture availability, which only became
dominant during the last 40 years of the chronology (supplemen-
tary Fig. S21). One possible explanation for this relationship is
eastern white pine needle damage, a disease complex that causes
yellowing and early needle-drop (Vermont Department of Forests
Parks and Recreation 2020). Previous year’s spring and summer
precipitation has been found to be a predictor of eastern white
pine needle damage in northern New England, with higher pre-
cipitation levels being associated with greater fungal damage
to and mortality of needles (Wyka et al. 2017). Consistent with
these findings, our eastern white pine sites exhibited negative
correlations with pJune and pJuly SPEI03 (supplementary Fig. S21),
which are indicative ofmoisture regimes for the spring and summer
seasons.
Our eastern hemlock findings indicated a significant positive

association with current summer moisture that has faded in the
last 40 years, but those positive correlations with previous

summer and fall moisture have emerged only during the last
40 years. Similar to our findings of a disappearing association
with current-year moisture in recent decades, Bigelow et al.
(2019) observed that for the period of 1978–2011, eastern hemlock
growth showed only a weak relationship to current year precipi-
tation variables in New York state, which may be slightly differ-
ent due to its more inland location. Other studies have observed
positive correlations between eastern hemlock radial growth
and both current and previous summer moisture availability in
eastern North America (Cook and Jacoby 1977; Cook and Cole
1991; Abrams et al. 2000; Tardif et al. 2001; Black and Abrams
2005), although these studies utilized static correlations rather
than moving correlations, and looked at different or longer time
periods. Using moving correlations, Saladyga and Maxwell (2015)
found consistent positive correlations between eastern hemlock
growth (1896–2012) and June precipitation in the Central Appala-
chian region. A positive correlation between eastern hemlock
growth and pSeptember precipitation was also found for an east-
ern hemlock site in New York (D’Arrigo et al. 2001), as we did with
pSeptember SPEI03. The apparent change in the timing and influ-
ence of moisture on eastern hemlock growth in the northern for-
est may reflect a shift in the region’s moisture regime: the region
experienced both overall drier conditions and a major drought
(1964–1967; NOAA National Centers for Environmental Information
2018) during the first half of the chronology, while in contrast, the

Fig. 4. Moving correlations of standardized radial growth of white pine with (a) May SPEI01 and (b) July SPEI03, two of the spring and
summer moisture metrics that exhibited sustained significance through the majority of the white pine growth chronology. Dotted lines
represent a non-significant relationship and solid lines a significant relationship at P ≤ 0.05. Year designations represent the last year of a
25-year moving window.
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region has experienced unusually high levels of precipitation during
the secondhalf of the chronology (Pederson et al. 2013).

Correlations with temperature across the seasons

Spring
Both species showed positive associations with variables signi-

fying warmer spring temperatures, although these associations
appeared to be quite transitory, especially for eastern hemlock
(Figs. 5 and 7). This latter finding is somewhat surprising because
numerous studies have observed a positive association between
growth and March temperatures for eastern hemlock across a
wide spatial range in eastern North America, though these stud-
ies utilized static correlations (Cook and Cole 1991; Abrams et al.
2001; Tardif et al. 2001; Saladyga and Maxwell 2015). Similar
to our study, in examining moving correlations, Saladyga and
Maxwell (2015) found a positive correlation between eastern
hemlock growth and average March temperatures that disap-
peared around 1970. It has been suggested that early spring
temperatures can melt snow, enabling soils to warm and pho-
tosynthesis to resume (Cook and Cole 1991). Indeed, Hadley and
Schedlbauer (2002) observed a rapid increase in C uptake by
eastern hemlock trees in mid-April in Massachusetts, as well as
continued photosynthesis in October and November. C storage
in their study was regulated more by Tmin than soil tempera-
ture, suggesting that decreasing frosts in spring and fall as a

result of climate change could promote greater C storage in
eastern hemlock stands. We found that positive relationships
between growth and fall temperatures faded over time, whereas
those with spring temperatures were persistent, suggesting that
temperature trends for spring may ultimately be more consequen-
tial. In a subsequent study, Hadley et al. (2008) found that eastern
hemlock forests storedmoreC throughout the course of a relatively
warm year than a compatriot deciduous species, red oak. This find-
ing underscores the possibility that warmer fall, winter and spring
seasons could increase the C storage capabilities of some coniferous
mid-latitude forests, unless significant increases in summer tem-
peratures lead to net C losses (Hadley et al. 2008).
Previous studies on eastern white pine have shown links

between photosynthesis and spring temperatures. McGregor
and Kramer (1963) found the average rate of photosynthesis
in North Carolina in eastern white pine seedlings peaked in
April. In Michigan, Jurik et al. (1988) observed a positive rela-
tionship between April temperatures and eastern white pine
carbon dioxide exchange rates. In their study, soil temperatures
were the best predictor of maximum C exchange because
warmer soils allowed for increased root conductance followed by
stomatal conductance (Jurik et al. 1988). Our findings are consist-
ent with their evidence that a sustained period of warmer spring
air temperatures may support greater photosynthesis (Jurik et al.
1988) and growth. This may be particularly true for eastern white

Fig. 5. Moving correlations of standardized radial growth of white pine with numerous temperature variables: (a) March Tmax, (b) March
growing degree days (GDD), (c) June Tmax, and (d) Summer Tmax. Dotted lines represent a non-significant relationship and solid lines a
significant relationship at P ≤ 0.05. Year designations represent the last year of a 25-year moving window.
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pine, since positive correlations with warmer March months
were consistently and increasingly evident in our study over the
past four decades (Fig. 5).

Summer
The growth of eastern white pine and to a lesser extent eastern

hemlock was negatively correlated with summer temperatures.
For eastern white pine, these associations were particularly true
in the most recent decades; the strongest correlation with tem-
perature for eastern white pine was with June Tmax during the
window of 1989–2013 (r = �0.74, P ≤ 0.05). In our study area, June
Tmax has been increasing (supplementary Fig. S61). A negative

relationship between eastern white pine growth and summer
temperatures has been found in other locations throughout the
species’ range (Cook and Jacoby 1977; Kipfmueller et al. 2010;
Chhin et al. 2013). Along with our findings, these studies point
towards heat stress and heat-induced moisture limitations. Eastern
hemlock exhibited negative correlations with higher previous
summer temperatures (supplementary Fig. S51) — a pattern that
has also been observed across a wide range of eastern hemlock
stands (Cook and Cole 1991; D’Arrigo et al. 2001; Tardif et al. 2001).
Negative associations between temperature and growth often
reflect the influence of heat-induced moisture limitations
(Rennenberg et al. 2006). However, the persistence of these

Fig. 6. Moving correlations of standardized radial growth of eastern hemlock with (a) June SPEI01, (b) July SPEI03, and (c) August SPEI03.
Dotted lines represent a non-significant relationship and solid lines a significant relationship at P ≤ 0.05. Year designations represent the
last year of a 25-year moving window. For further explanations of moisture variables see Methods.
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associations into the recent pluvial (e.g., when negative relations
between growth and moisture have diminished for eastern hem-
lock) may suggest that direct heat stress is also becoming more
important.

Autumn
In recent decades, eastern hemlock growth was positively asso-

ciated with pOctober Tmax (Fig. 7), a pattern also observed in
Pennsylvania as a correlation with average October temperatures
(Black and Abrams 2005). On clear, mild days, temperate conifers
can exhibit fall photosynthetic rates comparable with summer
rates, so long as needles do not freeze (Havranek and Tranquillini
1995). Whatever the physiological causes and possible adaptive
consequences, it appears that relationships between eastern
hemlock growth and temperature during autumn are in flux.

Winter
Since minimum winter temperatures have been increasing

more than temperatures in any other season (Janowiak et al.
2018), one might expect to find evidence that eastern white pine
and eastern hemlock can capitalize on an ability to photosynthe-
size during winter, too. Indeed, in recent decades only, eastern
hemlock exhibited positive correlations with warmer February
temperatures (supplementary Fig. S51). Eastern white pine exhibited

negative growth with warmer pDecember months during the past
45 years (supplementary Fig. S31). Jurik et al. (1988) described that for
eastern white pine, even multiple days with warm winter air tem-
peratures may not increase soil temperatures enough to enable a
resumption of the species’ full photosynthetic capacity. If tempera-
tures rise but needles have a limited photosynthetic capacity,
warmed foliagewill experience increases in respiration that deplete
non-structural C reserves (e.g., Ögren et al. 1997) that otherwise
could fuel woody growth in spring.

Changing associations over time
In looking at changes in climate associations over time, one

notable feature is that certain significant spring and summer
temperature-growth correlations for eastern hemlock have shown
few consistent patterns (Fig. 7, supplementary Fig. S51). This con-
trasts with eastern white pine, which showed a strengthened
association with spring and summer temperatures in later decades
(Fig. 5). This suggests that spring and summer temperaturesmay be
important controlling factors that influence growth for eastern
white pine, but that other factors are nowmore importantmodula-
tors of eastern hemlock growth.

Pollution deposition-growth correlations
Neither species showed significant associations between growth

and any pollutant metric. This was not unexpected because these

Fig. 7. Moving correlations of standardized radial growth of eastern hemlock with multiple temperature variables: (a) pOctober Tmax,
(b) pOctober heating degree days (HDD), (c) March Tmin, and (d) May Tmax. Dotted lines represent a non-significant relationship and solid
lines a significant relationship at P ≤ 0.05. Year designations represent the last year of a 25-year moving window. For further explanations
of temperature variables see Methods.
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particular temperate conifers have not been identified as being
particularly vulnerable to damage by acid deposition (e.g., Schaberg
et al. 2001, 2010). This is in stark contrast to red spruce, which is
probably the best documented example of pollution-associated tree
decline in North America (e.g., DeHayes et al. 1999; Driscoll et al.
2001; Kosiba et al. 2018). Nonetheless, the lack of any relationships
between growth and pollution metrics were somewhat surprising
in that through broad-scale forest inventories, both species showed
negative associations between N and (or) S deposition and growth
(Horn et al. 2018). However, because Horn et al. (2018) did not
compare growth to the first differences of pollutant deposition
variables, these associations may partially reflect simultaneous
but independent patterns of increased growth and decreased
pollution inputs.

Tradeoffs in response— implications for the growth of
temperate conifers
An organizing premise of this study was to assess if temperate

conifers other than red spruce might be experiencing enhanced
growth associated with milder shoulder seasons and a functional
lengthening of the growing season. Our findings of positive asso-
ciations between eastern white pine growth and warmer spring
temperatures, particularly in recent decades, are consistent with
this premise. At the beginning of its chronology, eastern hem-
lock also showed positive associations between temperature and
growth in spring, though unlike eastern white pine, this was also
evident in early autumn. Associations between increased growth
and higher spring (eastern white pine and eastern hemlock),
autumn and even winter temperatures (eastern hemlock) are
consistent with patterns documented for red spruce (Kosiba et al.
2018) and support the hypothesis that temperate conifer growth
may benefit from temperature increases outside of the tradi-
tional growing season (though changing relationships for east-
ern white pine in winter raise questions about the influences for
this species and season). However, negative associations between
growth and summer temperatures for all three temperate coni-
fers (here and Kosiba et al. 2018), indicate that overall warming
will likely involve tradeoffs between positive (non-growing season)
and negative (growing season) impacts. Furthermore, growth can
be further modulated by the positive influence of adequate mois-
ture in easternwhite pine (here), red spruce (Kosiba et al. 2018), and
possibly other temperate conifers as well. Thus, the net impact of
changes in temperature and moisture regimes will depend on how
these influences combine or possibly interact through time. For
example, a future with hotter and drier summers (Janowiak et al.
2018) could reduce C storage and offset growth gains associated
with the milder shoulder seasons (Hadley and Schedlbauer 2002).
This is especially important to consider since the northeast region
of the US is projected to experience a greater increase in tempera-
ture than other parts of the country (US Global Change Research
Program 2018). The recent high growth of eastern white pine and
eastern hemlock (here) and red spruce (Kosiba et al. 2018) suggest
that any tradeoffs in climate and pollution response currently
result in a net positive influence on growth. However, additional
study of growth-climate relationships for temperate conifers across
broader temperature and moisture gradients are needed to better
understand the overall trend in C gain potential of this tree group
as environmental change continues. Additionally, this study
focuses on the growth of existing canopy trees and does not extend
to potential C capture of future regenerations.
Our evidence of historically increasing eastern white pine and

eastern hemlock growth (Fig. 3) is in line with future predictions
for VT from the Climate Change Tree Atlas (Prasad et al. 2007—
ongoing). Based on importance values (dominance of a species in
a given forest area), projections from the Tree Atlas show that
eastern white pine and eastern hemlock are projected to decrease
slightly at lower elevations and increase at higher elevations and
latitudes within VT. One of the top predictors of suitable habitat

for eastern white pine and eastern hemlock in the Tree Atlas is
mean July temperature, which highlights the role that warmer
summer temperatures could play in altering the future habitat
suitability for these species (Prasad et al. 2007—ongoing). How-
ever, potential increases in growth related to warmer springs
(eastern white pine) and autumn (eastern hemlock) could offset
the negative influences of hot summer temperatures. Indeed, it
would be informative to integrate our findings of the positive
associations of higher shoulder season temperatures to existing
models of future habitat suitability to refine projections for tem-
perate conifers in the region.
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