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Dendroclimatic analysis of central Appalachian red spruce in
West Virginia
Eric Yetter, Sophan Chhin, and John P. Brown

Abstract: We conducted dendroclimatic analyses and constructed future growth projections for red spruce (Picea rubens
Sarg.) throughout the central Appalachians in the state of West Virginia. This study involved field sampling of 18 sites
across red spruce’s range in six regions throughout the Monongahela National Forest that were selected based on pairwise
combinations of three latitudinal groups (north, central, and south) with two aspects (north and south). Each combination
of latitudinal group and aspect was referred to as a landscape cluster. Growth was negatively impacted by high summer
temperature stress but responded favorably to high fall temperatures. The results also suggested that red spruce was likely
impacted by the degree of winter harshness in all landscape clusters. In the northern latitudinal landscape clusters, red
spruce responded favorably to warm spring temperatures by allowing an early start to the growing season. Growth projec-
tions under a future climate change scenario show that future expected increases in mean and maximum monthly temper-
atures will have negative effects on future spruce growth. The forecasting results suggested that red spruce in northern
latitudes on south aspects or central latitudes on north aspects are the landscape clusters that will likely be the most resil-
ient to future climate change. Dendroclimatic results and future growth projections can assist with identifying locations
that are most suitable for future red spruce restoration activities.

Key words: climate change, dendrochronology, red spruce, restoration.

Résumé : Nous avons effectué des analyses dendroclimatiques et avons établi des projections de la croissance future de
l’épinette rouge (Picea rubens Sarg.) pour le centre des Appalaches dans l’�Etat de la Virginie-Occidentale. Cette étude impli-
quait un échantillonnage sur le terrain de 18 stations à travers l’aire de répartition de l’épinette rouge dans six zones de la
forêt nationale de Monongahela qui ont été choisies en fonction de combinaisons appariées de trois groupes latitudinaux
(latitudes nord, centrale et sud) et de deux expositions (nord et sud). Nous faisons référence à un élément de paysage pour
désigner chaque combinaison de groupe latitudinal et d’exposition. La croissance a été influencée négativement par les
températures estivales élevées, mais a réagi positivement aux températures automnales élevées. Les résultats indiquent
aussi que le degré de rigueur hivernale a probablement eu un impact négatif sur l’épinette rouge dans tous les éléments de
paysage. Dans les éléments de paysage de latitude nord, l’épinette rouge a réagi positivement aux températures printa-
nières élevées en démarrant hâtivement sa saison de croissance. Les projections de croissance selon un scénario de futurs
changements climatiques montrent que les augmentations prévues de températures mensuelles moyenne et maximale
auront des effets négatifs sur la croissance de l’épinette. Les résultats des prévisions indiquent que l’épinette rouge dans les
latitudes nord exposées au sud de même que dans les latitudes centrales exposées au nord sont les éléments de paysage qui
seront probablement les plus résilients aux futurs changements climatiques. Les résultats dendroclimatiques et les projec-
tions de croissance future peuvent aider à identifier les emplacements les plus appropriés pour les futures activités de res-
tauration de l’épinette rouge. [Traduit par la Rédaction]

Mots-clés : changements climatiques, dendrochronologie, épinette rouge, restauration.

1. Introduction
Red spruce (Picea rubens Sarg.) was once very common in the

central Appalachian Mountains but is now found in only a small
portion (estimated to be as low as 7%) of its distributional range
compared with the past (Rentch et al. 2016). Forest disturbance
resulting primarily from anthropogenic causes such as fire and
logging have been large contributors to the decline of red spruce
(Blum 1990). Logging and wildfires collectively disturbed an esti-
mated 97% of central Appalachian red spruce’s distributional
range throughout the 1800s and 1900s, with an estimate of over
580 000 ha of forest disturbed over the historical exploitation

period (Thomas-Van Gundy and Sturtevant 2014). While fire and log-
ging have contributed to the recent decline of red spruce, this was in
addition to a long-term trend of population decline since the last ice
age in the Appalachian region.The natural history of the region indi-
cated that during the maximum extent of the last Wisconsin glacia-
tion, red spruce was dominant in the central Appalachian region
and occurred as open red spruce woodlands present at low eleva-
tions (Stephenson 2013). With the retreat of the ice sheet approxi-
mately 10000 years ago, red spruce migrated north to more
climatically suitable habitat. Relict populations of red spruce were
left to persist at high elevations in the Appalachian region.
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The restoration of red spruce in the central Appalachians is
important because red spruce forests provide many ecosystem
services. The endangered cheat mountain salamander (Plethodon
nettingi) is endemic to red spruce associated forests in the state of
West Virginia and within the central Appalachians (Pauley 2008).
Increases in spruce cover may benefit cheat mountain salaman-
der populations and may promote the expansion of the threat-
ened Virginia northern flying squirrel (Glaucomys sabrinus), which
relies on red spruce associated forests for food sources (Trapp
et al. 2017). In addition, this habitat is critical for certain species
of breeding birds and the sequestration of larger amounts of soil
carbon compared with soils associated with hardwood forests
(Nauman et al. 2015).
Dendrochronology is the science of dating tree rings to examine

historical growth characteristics of trees (Speer 2012). Dendrocli-
matology is a more specific subdiscipline of dendrochronology
that seeks to determine what climate factors have impacted tree
growth (Fritz 1976). Results from dendroclimatic studies can be
used to plan restoration activities and identify the suitability of
future species in terms of climate change resilience (Chhin 2015). A
dendroclimatic study that analyzes red spruce growth across the
central Appalachiansmay highlight areas where red spruce growth
will yield favorable growth rates given projections of future cli-
mate attributes. Studies in the central Appalachians have been
mainly focused on other growth factors such as acid deposition,
disturbance, and air pollution, but not specifically climate (Rentch
et al. 2007; Mathias and Thomas 2018). Air pollution and associated
acid rain historically contributed to growth declines in red spruce,
but recent trends in air pollution reduction have resulted in
growth increases (Kosiba et al. 2018). Mathias and Thomas (2018)
found that central Appalachian red spruce has shown positive
growth responses in the past 30 years due to decreases in air pollu-
tion and acid precipitation events. Mathias and Thomas (2018) also
found that increases in mean July temperatures and increased CO2

levels have had a fertilizer effect on red spruce growth.
Red spruce growth at the northern portion of its range (44.5–

50°N) has shown growth increases with warmer temperatures
and increased CO2, but extremely warm temperatures may result
in growth declines (Dumais and Prévost 2007; Kosiba et al. 2017).
Red spruce near its southernmost range (35.6–39.1°N) in the
southern Appalachians has different growth responses to climate
variables than spruce at the northern portion of its range (Berry
and Smith 2014; Koo et al. 2014; White et al. 2014; Walter et al.
2017). This difference in growth response may hint that the spe-
cies could respond differently to climate in the isolated central
Appalachian portion of its range. Increasing mean summer tem-
peratures are having negative impacts on growth within red
spruce’s range in the southern Appalachians; future increases in
temperature will likely reduce suitable habitat to higher eleva-
tions (Koo et al. 2014). Moisture stress is an additional factor that
could contribute to spruce decline in the future (Berry and Smith
2014). Southern Appalachian red spruce relies on cloud cover for
supplementary moisture from condensation that is necessary
for growth (Johnson and Smith 2006). Cloud cover is important
for sustaining spruce growth during the summer growing season
as clouds mitigate negative growth effects associated with extreme
summer temperature by limiting direct solar radiation and mois-
ture loss (Berry and Smith 2014). Climate change predictions have esti-
mated a reduction in cloudy days during the growing season in the
southern Appalachians, and this reduction in cloud cover will also
result in a reduction in moisture and habitat suitability in the south,
particularly at lower elevations (Berry and Smith 2012). Although
moisture deficits can be growth limiting to southern red spruce popu-
lations, excess moisture leading to anaerobic soil conditions in the
spring also can have negative effects on growth; this could become
even more of a factor considering future climate predictions (White
et al. 2014). Overall, predictions of red spruce’s growth response to
increasing temperatures and moisture limitations forecast the

reduction in suitable southern Appalachian red spruce habitat in
the future (Walter et al. 2017).
Previous studies have established that the historical reach of

red spruce extended to lower elevations than does its current
range (Thomas-Van Gundy et al. 2012). Unfortunately, restoration
efforts in low elevational areas could yield unfavorable results
with future climate change (Rentch et al. 2007;Walter et al. 2017).
For instance, future increases in mean summer temperatures
from climate changemay result in declines of spruce growth that
aremore noticeable at lower elevations (Gavin et al. 2008). In con-
trast, models created to help locate suitable lands for future red
spruce restoration activities predict that restoration activities at
higher elevations generally have higher likelihood of success
(Thomas-Van Gundy and Sturtevant 2014). Red spruce at high ele-
vations have benefited overall from warming, which may make
the species better suited than its competitors at high elevations
in the future (Kosiba et al. 2017).
Understanding how climate impacts growth would be helpful

for future planning and resource allocation. In addition, deter-
mining how climate change may affect red spruce growth in the
future could help guide restoration efforts in areas of the central
Appalachians with the highest probability of spruce survival
(Rentch et al. 2007; Walter et al. 2017). Consequently, the first
objective of this study is to conduct dendroclimatic analysis to
determine climate–growth relationships for central Appalachian
red spruce. The second objective of this study is to project red
spruce growth under a future climate change scenario. Projected
growth rates will be compared with historic growth and used to
estimate how central Appalachian red spruce growth may be
affected by climate change.

2. Methods

2.1. Field sampling design
Most of the red spruce remaining in the central Appalachian

Mountains occurs in West Virginia predominately on lands within
the Monongahela National Forest (MNF). To take advantage of the
large latitudinal range of red spruce forests in the MNF, this study
included red spruce trees located throughout the extent of thenational
forest. Eighteen sites were randomly selected using Geographic Infor-
mation System (GIS) software (i.e., ArcGIS) and the random sample
tool located within the data management Arc toolbox (Theobald
et al. 2007). The study area that was eligible for plot selection was
determined by a forest type cover map obtained from the state of
West Virginia’s GIS clearinghouse website (Byers et al. 2013). All for-
ested land with a minimum of 10% estimated red spruce cover
according to the red spruce forest cover layer, was included for ran-
domplot placement (Fig. 1).
Six landscape clusters were established for 18 site locations

(three sites per regional group). Landscape clusters organized
individual sites based on their latitude and aspect. The landscape
clusters are as follows: North Latitude and North Aspect (NLNA),
North Latitude and South Aspect (NLSA), Central Latitude and
North Aspect (CLNA), Central Latitude and South Aspect (CLSA),
South Latitude and North Aspect (SLNA), and South Latitude and
South Aspect (SLSA). Plot attributes for each landscape cluster are
provided in Table 1. Regional grouping of sites by latitude ensures
that plots within close spatial proximity are grouped together. Sepa-
rating landscape clusters further by aspect (north aspect consists of
azimuth of 0–45° and 315–360° while south aspect correspondswith
135–225° azimuth) ensures that variability in climate response is
preserved as trees on north- and south-facing slopesmay react differ-
ently to climate variables. Table 2 shows a breakdown of the individ-
ual siteswithin each region alongwith correspondingmean values.
At each site, 10 codominant and dominant red spruce trees

were sampled within the 10-m-radius circular plot (0.0337 ha). A
random bearing was established for each plot. Sampling started
at the random bearing and then proceeded clockwise until the
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Fig. 1. Maps showing (a) regional context of the study area in the midwestern and northeastern United States, and (b) a zoomed in view of the
study area where dendroclimatic plots (black dots) were sampled in the Monongahela National Forest in West Virginia. These maps were created
using ArcGISVR (version 10.8) software by Esri. ArcGISVR and ArcMap™ are the intellectual property of Esri and are used herein under license.
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first 10 red spruce trees in the dominant or codominant size class
were sampled. If the entire plot did not have 10 red spruce trees
in the codominant or dominant size class, an additional 10 mwas
added to the plot radius and sampling continued, starting with
the previous random bearing and proceeding clockwise. If neces-
sary, additional 10 m segments were added to the plot radius
until a total of 10 trees were sampled. The small sample size limi-
tation of 10 trees was partly due to low density of red spruce
observed at many of the red spruce sites. In addition, conserva-
tion concern for protecting red spruce habitat for the federally
endangered cheat mountain salamander also limited sample
size.
At each of the 18 plots, two increment cores were sampled at

breast height (1.3 m) from each red spruce tree. The two cores
were taken from the side of the stem perpendicular to the slope
of the ground with the cores taken 180° from each other. Trees
were sampled from the codominant and dominant height classes
as we were concerned that intermediate and suppressed size
classes may show less of a response to climate due to competition
and growth suppression. Trees with noticeable defects or disease
were not sampled. Additional data including diameter at breast
height (DBH), total height, crown height, and bark depth, were
collected for each sampled tree. Tree height and crown height
were obtained using a hypsometer.
Since plot sizes were not uniform due to the variability of

spruce density across the central Appalachians, stand densities
were quantified for each sampled tree rather than at plot center.
Basal area was determined around each cored tree. Basal area
estimations were conducted using a 2.296 metric basal area fac-
tor (BAF) wedge prism. Ideal basal area calculation would be con-
ducted using the pith of the sampled tree as plot center. Since the
center of the sampled tree could not be used as a plot center for
basal area measurements, a basal area plot was taken three feet
from the sampled tree’s pith. Tomaintain randomness, a random
bearing was established for the basal area measurement around
each tree. Basal area for red spruce species was noted as well as
basal area of competing species and total basal area.

2.2. Sample processing and dendrochronological analysis
Extracted increment cores were stored in large paper straws

and labeled according to the plot number and tree sample num-
ber. Cores were oven dried in the laboratory. Properly dried incre-
ment cores were mounted to wooden core mounts, pressed, and
dried. Mounted cores were then sanded using an electric palm
sander. All cores were sanded to a minimum grit level of 400.
Sample cores that showed growth suppression were sanded to a
grit level of 800.
Sanded increment cores were then visually cross dated by

using the list method of Yamaguchi (1991) to track the instances
of marker rings. Tree cores were marked by highlighting false,
missing, and narrow rings (Yamaguchi 1991). Marker years can be
observed as years where the ring width is notably narrow or wide
relative to the surrounding tree rings. Once cores were visually
cross dated, they were then scanned at an optical resolution of
2400 dots per inch.
Scanned images of the cores were then processed in the tree-

ring image analysis program CooRecorder (version 9.0) (Coo-
Recorder and DendroScan: Cybis Elektronik and Data AB, Sweden).
CooRecorder was used to measure all tree-ring widths for each in-
crement core. Missing rings were noted in CooRecorder and tree
rings were assigned an accurate age. Tree cores were then statisti-
cally cross dated using the computer program COFECHA (version
6.06) (Holmes 1983; Grissino-Mayer 2001). COFECHA compares indi-
vidual tree chronologies to the plot master chronologies and identi-
fies potential errors (i.e., missing rings or false rings) associated
with the initial visual crossdating process. Individual chronologies
with low correlations to themaster chronology could have crossdat-
ing errors such as missing rings or improper age of the outermostT
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ring (Grissino-Mayer 2001). Once chronologies were statistically
cross dated, plot master chronologies were then standardized in
computer program ARSTAN version 6.05 P (Cook 1985). ARSTAN is
used to standardize chronologies to isolate climate related growth
responses while removing and or minimizing growth responses
related to competition and other non-climatic factors (Chhin 2015).
Cubic smoothing splines are generally used for shade tolerant spe-
cies in closed canopy stands and trees that have experienced periods
of suppression (Cook and Peters 1981). Cubic smoothing splines of
50 years were used for chronologies with average lengths of approx-
imately 100 years. For several plots which consisted of younger
cohorts of sampled trees, a cubic smoothing spline of a shorter
length of 40 or 30 years was used. Residual chronologies were
selected to represent plot level master chronologies in ARSTAN.
Residual chronologies consist of plot level growth chronologies
that have autocorrelation removed which removes growth
trends caused by persistent non-climatic factors. Expressed Pop-
ulation Signal (EPS) is one of the many statistics ARSTAN pro-
vides in its output; EPS provides a measure of how well the
sample chronology portrays a hypothetically perfect chronology
(Magruder et al. 2013). We used an EPS threshold of 0.80, which is
considered a benchmark that should be reached for dendrocli-
matic analysis of red spruce (Kosiba et al. 2017). The primary pur-
pose of calculating EPS in this study was to determine the
timeframe for each site chronology that had adequate tree sam-
ple replication. We did not use EPS to implicitly infer climatic
sensitivity (Buras 2017). A total of 17 of the 18 climate plots
reached minimum EPS values of 0.80. Plot 103 did not initially
reach an EPS value of 0.80. An additional 10 trees were cored at
plot 103 and resulted in an EPS of over 0.85 for the final plot 103
chronology. Landscape cluster chronologies were developed for
all six landscape clusters (Fig. 2). Landscape cluster chronologies
consisted of averaging each of the individual plots’ residual
chronologies. Averaged landscape cluster chronologies only
included averages for time periods where individual chronolo-
gies maintained EPS signals above 0.80. We feel this process
ensures that each site has equal weight in the landscape cluster
chronology average. We did not pool individual tree-ring series
for each tree core in a landscape cluster due to the concern that
that trees from some sites may dominate the final chronology of
each landscape cluster.

2.3. Dendroclimatic analysis
Historic climate data for this project was obtained from Ore-

gon State University’s PRISM website (prism.oregonstate.edu)
(Daly et al. 2008). Climate data was obtained for each of the 18 study
sites by using each plot’s geographical coordinates (i.e., latitude and
longitude) in PRISM’s climate modeling system. Historical climate
data obtained from PRISM is spatially interpolated from actual
weather stations that have been collecting climate data since 1895
(Daly et al. 2008). Based on a digital elevation model, PRISM is able to
capture the physiographic conditions of a study site location by
making climate adjustments mainly due to elevation and other
topographical positions such as aspect. PRISM in particular has
been shown to perform well in estimating climatic conditions in
mountainous areas. In our study, we only used the climate data
that corresponded with the timeframe in which all landscape
clusters had achieved an EPS value greater than 0.80, which was
the time period of 1941–2017. Monthly climatic data included total
precipitation, mean temperature, minimum temperature, and
maximum temperature. Climatemoisture index (CMI) is a function
of precipitation and temperature which takes into account water
losses through evapotranspiration (Hogg 1997). CMI was calculated
with monthly data obtained from PRISM. Regional climate values
for the six landscape clusters (NLNA, NLSA, CLNA, CLSA, SLNA, and
SLSA) were derived from averaging climate values from the three
individual plots within each regional group.
Growth–climate analysis was conducted to find significant rela-

tionships between residual chronologies for each regional group
and the corresponding reginal climate variables including mini-
mum temperatures,maximum temperatures, mean temperatures,
precipitation, and climate moisture index. Growth–climate analy-
ses were conducted using a step-wise multiple regression con-
ducted with R (Version 3.6.0) statistical analysis software for the
period 1941–2017 (Venables and Ripley 2002; Chhin et al. 2008;
R Core Team 2019). Growth–climate analysis consisted of compar-
ing red spruce growth to monthly and seasonal (3 consecutive
months) climate variables and creating multiple linear regression
models using stepwise analysis (with forward selection) and only
including significant predictors with low AIC (Akaike information
criterion) values. If significant monthly and seasonal climate values
overlapped, the stronger predictor of the two variables was retained
in the model and the predictor with the lower prediction power was

Table 2. Chronology statistics for the 18 plots.

Landscape
cluster Site Interval

Total trees
(radii)

Mean ring
width (mm)

Absent
rings (%)

Mean
sensitivity EPS

EPS ≥0.80
year (trees)

NLNA 147 1936–2018 10 (20) 1.938 0.00 0.1449 0.87 1936 (6)
16 1945–2018 10 (20) 2.440 0.00 0.1467 0.84 1945 (5)
8 1947–2017 11 (19) 2.240 0.00 0.2108 0.90 1929 (5)

NLSA 115 1935–2018 10 (20) 2.188 0.00 0.1510 0.83 1949 (7)
130 1941–2018 10 (20) 2.105 0.06 0.1243 0.84 1941 (8)
101 1944–2018 10 (20) 2.183 0.00 0.1299 0.83 1944 (8)

CLNA 30 1968–2017 10 (19) 1.930 0.00 0.1371 0.80 1968 (10)
85 1923–2018 11 (22) 1.908 0.00 0.2159 0.82 1923 (10)
128 1926–2018 10 (20) 1.271 0.07 0.1801 0.86 1900 (7)

CLSA 103 1926–2018 20 (40) 1.725 0.19 0.1247 0.86 1926 (14)
61 1930–2018 10 (19) 1.228 0.11 0.1424 0.80 1930 (10)
13 1939–2018 10 (20) 2.672 0.06 0.1426 0.85 1939 (7)

SLNA 106 1919–2018 10 (19) 1.719 0.05 0.1690 0.87 1919 (7)
40 1921–2018 11 (22) 1.743 0.05 0.1582 0.80 1921 (11)
121 1936–2018 10 (20) 1.656 0.05 0.1697 0.84 1936 (8)

SLSA 113 1914–2018 10 (20) 1.664 0.20 0.1698 0.86 1922 (7)
23 1953–2018 10 (19) 2.143 0.00 0.1167 0.85 1953 (8)
142 1930–2017 10 (20) 1.498 0.20 0.2015 0.83 1930 (9)

Note: Plot level statistics are grouped within their corresponding landscape cluster. Abbreviations for landscape cluster are
defined in Table 1. EPS, expressed population symbol. EPS ≥ 0.80 provides the earliest year when the individual chronology reaches
an EPS of 0.80 or higher, and also provides corresponding tree count to satisfy EPS ≥ 0.80.
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Fig. 2. Chronologies for each landscape cluster comprising three latitudinal groups (i.e., (a) northern, (b) central, and (c) southern) in
combination with two aspects (i.e., north and south). Chronologies in solid gray lines are from landscape clusters with north-facing
aspects; chronologies in dashed black lines are from landscape clusters with south-facing aspects.
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dropped from the regressionmodels. Seasonal variables were consid-
ered for regressionmodels as sometimes seasonal variables can show
relationships that monthly variables may not. Historic growth–
climate analysis also considered climate conditions for the previous
growing season as climate conditions during the previous growing
season can have impacts on current growth. This lag effect of tree
growth was important to consider when determining climate condi-
tions critical to red spruce growth. Growth–climate analysis was
conducted over a 76-year time span (i.e., 1941–2017). This time frame
was determined when a second member of a regional group lost
acceptable EPS signals and an average residual chronology could no
longer be constructed. Standardized partial regression coefficients
were also calculated to rank the relative importance of the predictor
variables in each regressionmodel (Zar 1999).

2.4. Future growth projections
Future climate data for the 18 sites were obtained using the

computer program ClimateNA (Wang et al. 2006). ClimateNA pro-
vides spatially interpolated future climate data that is custom tai-
lored to different emissions scenarios. The climate scenario referred
to as Representative Concentration Pathways (RCP) 4.5 was used to
make future climate predictions. The climate scenario RCP 4.5 is
thought of as a middle of the road scenario in terms of future pro-
jected greenhouse trajectories (Wang et al. 2016). Individual climate
estimations at each site were averaged for each regional group and
were applied to regional chronologies to predict future growth.
Table 3 shows average, future predicted climate values for each of
the landscape clusters in the central Appalachians.
The historic growth–climate regression equations were then

used to project spruce growth on a regional level. Monthly and
seasonal projected climate values were included in the regres-
sion models to make estimations of future tree growth with the
selected climate variables. Climate variables used to project
future growth included: mean monthly temperature, minimum
temperature, maximum temperature, precipitation, and climate
moisture index.
Growth projections were conducted on a yearly basis and then

averaged over four, 20-year, periods: 2021–2040, 2041–2060, 2061–
2080, and 2081–2100. Projected growth for each time period was
then compared with average growth during a 20-year reference
period of 1981–2000. The reference period of 2081–2000 was
selected because it was a common timeframe shared by all cores
and the time period also occurred before many climate change
concerns were highlighted. Projected future percent change in
growth (relative to the reference period) was determined for each
of the time periods for each regional group and also for all land-
scape clusters combined. Projected change in growth for all
groups combined may be used to estimate future growth change
for central Appalachian red spruce. Growth projections for land-
scape clusters could be used to determine areas that may produce
favorable red spruce growth in a changing climate. Future projec-
tions were compared with a 95% confidence interval of growth
during the reference period for each regional group. All changes
in growth for the future time periods which surpass positive and
negative growth changes within the 95% confidence interval are
considered a significant departure in future growth.

3. Results

3.1. Growth–climate relationships
In terms of latitude, therewerewas a higher percentage of absent

rings in southern landscape clusters, followed by the central and
northern landscape clusters (Table 2). Furthermore, within each lat-
itudinal group,moremissing ringswere present in the south versus
north aspect (Table 2). The correlation matrix for all site level chro-
nologies are provided in Supplementary A1. All six landscape

clusters show negative growth relationships related to mean
summer temperatures in the previous growing season (t – 1) (Fig. 3;
Table 4). All six landscape clusters share August (t – 1) (either as the
sole monthly or part of the seasonal climate variable) as negatively
related to growth. Landscape clusters NLNA, CLSA, and SLSA, all
share the late summer seasonalwindow (t – 1) (July, August, and Sep-
tember) as negatively associated with growth. Groups SLNA and
CLNA share the summer seasonal window (t – 1) (June, July, and Au-
gust) which are also negatively associated with growth. Mean tem-
peratures during the fall and early winter seasonal period (t – 1)
(October, November, and December) are positively associated with
growth across all six landscape clusters. A regression model (R2 =
0.225) that uses mean temperature values was developed for all six
landscape clusters which had two statistically significant growth
predictors. The most important predictor of growth was mean late
fall seasonal temperatures (t – 1) (October, November, andDecember)
whichhad a positive growth association.The secondmost important
predictor in the model for all regions combined was seasonal
summer mean temperatures (t – 1) (July, August, and September)
which had negative growth associations (Fig. 3; Supplementary B1).
Comparing regional growth to maximum temperatures yielded

regression models with the largest adjusted R2 values compared
with all of the climate variables (Fig. 3; Table 4). Maximum seasonal

Table 3. Average annual climatic values for the reference period and
future growth periods for each landscape cluster and all landscape
clusters combined.

Time period NLNA NLSA CLNA CLSA SLNA SLSA All

Mean temperature (°C)
1981–2000 7.74 8.00 6.60 6.93 7.83 8.24 7.55
2021–2040 9.47 9.34 8.51 8.82 9.38 9.81 9.22
2041–2060 10.10 10.10 9.16 10.08 10.04 10.47 10.48
2061–2080 10.73 10.64 9.22 9.48 10.64 11.07 9.88
2081–2100 11.69 10.66 9.79 10.12 10.67 11.10 10.51

Maximum temperature (°C)
1981–2000 13.39 13.59 12.03 12.79 13.47 14.12 13.23
2021–2040 15.59 16.93 14.12 14.89 15.04 15.31 15.08
2041–2060 16.28 16.89 14.74 15.53 15.64 15.90 15.72
2061–2080 16.98 16.23 15.44 16.22 16.37 16.64 16.42
2081–2100 16.98 15.54 15.46 16.24 16.35 16.61 16.43

Minimum temperature (°C)
1981–2000 2.10 2.41 1.17 1.07 2.17 2.36 1.88
2021–2040 3.35 3.22 3.00 2.85 3.82 4.42 3.44
2041–2060 3.93 3.80 3.56 3.43 4.44 5.04 4.03
2061–2080 4.52 4.38 4.06 3.93 4.90 5.51 4.55
2081–2100 4.52 4.39 4.13 3.99 4.99 5.60 4.60

Precipitation (mm)
1981–2000 115.98 123.22 125.98 122.24 133.18 131.59 125.37
2021–2040 124.95 125.77 126.55 122.19 125.16 125.53 125.02
2041–2060 127.82 128.69 126.85 123.38 124.43 124.67 125.97
2061–2080 129.53 130.58 129.33 125.22 126.73 126.91 128.05
2081–2100 137.79 138.94 138.58 134.10 135.24 135.09 136.62

Climatemoisture index (cm)
1981–2000 6.33 6.93 8.06 7.34 8.05 7.50 7.37
2021–2040 6.01 6.17 7.11 6.24 6.52 6.49 6.44
2041–2060 5.92 6.03 6.76 6.00 6.07 6.03 6.14
2061–2080 5.76 5.88 6.66 5.80 5.93 5.87 5.99
2081–2100 6.54 6.67 7.57 6.70 6.79 6.71 6.83

Note: Future climate values are estimated from Representative Concentration
Pathway (RCP) 4.5 scenario data. Abbreviations for landscape cluster are defined
in Table 1.

1Supplementary data are available with the article at https://doi.org/10.1139/cjfr-2020-0491.
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summer temperatures (encompassing different seasonal combina-
tions of June, July, August, and September) for the previous grow-
ing season (t – 1) were important predictors for growth declines in
the following growing season. All six landscape clusters shared at
least July and August maximum temperatures as part of their
3-month seasonal predictor. NLSA and CLNA both shared June as
the third month associated with spruce growth declines in the fol-
lowing year. Landscape clusters NLNA, CLSA, SLNA, and SLSA, all
shared September (t – 1) as the third month for their significant
3-month seasonal window. Landscape clusters NLNA, NLSA, CLSA,
and SLSA, all shared the 3-month seasonal window of fall to early
winter (October, November, and December) of the previous year
(t – 1) as a positive associated growth predictor. Regional group
CLNA included maximum February temperature (t) as a positive
related growth predictor. The regression model to predict spruce
growth usingmaximum temperatures (R2 = 0.338) for all landscape
clusters combined had seasonal summer (July, August, and Septem-
ber) (t – 1)maximum temperatures as themost important predictor
in the model (Fig. 3; Supplementary B1). Fall and early winter
seasonal (October, November, andDecember) (t – 1)maximum temper-
atures were the second most important predictors in the regression
model. The third most important and last predictor in the regression

model includes spring seasonal (April, May, and June) (t – 1) maximum
temperatures.
Growth is positively associated with minimum monthly sea-

sonal fall and early winter temperatures (October, November,
and December) (t – 1) (Fig. 3; Table 4). Landscape clusters NLNA,
NLSA, SLNA, and SLSA, all shared this period as a significant pre-
dictor in their regional regression models. Site CLSA had just
minimum temperatures for themonth of December (t – 1) as a sig-
nificant predictor for spruce growth. The regression model devel-
oped to predict growth using minimum temperatures (R2 = 0.110)
for all six landscape clusters combined had one significant posi-
tively related predictor which is minimum temperatures for the
fall and early winter seasonal period (t – 1) (October, November,
and December) (Fig. 3; Supplementary B1).
Precipitation had fewer significant predictors associated with

radial growth compared with the other moisture variable — Cli-
mate Moisture Index (Fig. 4; Table 5). Landscape clusters CLNA
and CLSA both experienced a seasonal negative growth relation-
ship with precipitation during the months of July, August, and
September (t). Plots SLNA and SLSA experienced a monthly nega-
tive relationship with precipitation during themonth of August (t).
Landscape clusters located within the northern latitude portion of

Fig. 3. Significant predictors of the regression models are shown for landscape clusters using temperature climatic variables. Predictors
displayed in black indicate a negative association with red spruce growth, while indicators in light gray indicate a positive relationship
with red spruce. Adjusted R2 values are listed for each growth model. In models with more than one regression term, the predictor
variables are ranked in order of significance, where 1 is assigned to the most influential predictor variable.
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theMNF experience significant growth increases with high precipi-
tation during June, July, and August (t – 1). The regression model to
explain red spruce growth across all landscape clusters combined
using precipitation (R2 = 0.143) has two predictors: (i) seasonal
summer period (t – 1) (June, July, August), which is positively associ-
ated with growth and themost important predictor, and (ii) seasonal

fall precipitation (t) (August, September, October), which is nega-
tively associatedwith spruce growth (Fig. 4; Supplementary C1).
Climate moisture index values for the summer (t – 1) showed

positive relationships with red spruce growth for four of the six
landscape clusters (NLNA, NLSA, CLSA, and SLSA) (Fig. 4; Table 5).
NLNA, NLSA, and SLSA, share the summer seasonal (t – 1) months
of June, July, and August, while CLSA shares the months of July
and August with the previously listed groups. High climate mois-
ture index values in the late summer to early fall (t) is negatively
associated with growth on three of the six landscape clusters
(CLNA, CLSA, SLNA). CLSA and SLNA include the seasonal early
fall months (t) (August, September, and October) as significant
growth predictors. Regional group CLNA includes the seasonal
late summer months (t) (July, August, and September) as signifi-
cant predictors in its regressionmodel. The regressionmodel cre-
ated to predict spruce growth across all landscape clusters
combined with CMI values (R2 = 0.178) has the seasonal summer
period (t – 1) (May, June, July) as the most important predictor.
The second most important, negatively associated, growth pre-
dictor was the seasonal fall and early winter period (t) (October,
November, December) (Fig. 4; Supplementary C1).

3.2. Future climate and growth projections
Future predicted growth when considering expected mean

monthly temperatures shows significant changes in growth for
all landscape clusters except regional group CLNA (Fig. 5). NLNA
shows a significant decline in growth for the time period 2061–
2080. NLSA is the only regional group NLSA shows positive
growth departures during the time periods of 2061–2080 and
2080–2100. Largest growth declines are predicted for regional
group CLSA, where significant negative changes in growth are
expected for all four future time periods (from 2020–2100). Regional
group SLNA is projected to have negative changes in growthwith sig-
nificant declines occurring in time periods 2041–2060, 2061–2080,

Table 4. Coefficients for regression models that use temperature climatic variables in predicting red spruce growth for
landscape clusters.

Landscape cluster C V1 B1 V2 B2 V3 B3 V4 B4

Mean temperature
NLNA 1.5892 –0.0621 –0.427 0.0257 0.299 0.0298 0.221 — —

NLSA 0.9900 –0.0264 –0.283 0.0218 0.281 0.0150 0.225 0.0194 0.227
CLNA 1.5433 0.0221 0.349 –0.0375 –0.318 0.0171 0.269 — —

CLSA 1.9754 –0.0653 –0.500 0.0274 0.369 — — — —

SLNA 1.8869 –0.0561 –0.341 0.0284 0.330 — — — —

SLSA 1.9105 –0.0688 –0.422 0.0335 0.341 0.0179 0.213 — —

All latitudes and aspects 1.6272 0.0270 0.387 –0.0434 –0.366 — — — —

Maximum temperature
NLNA 1.5570 –0.0615 –0.546 0.0227 0.301 0.0351 0.315 — —

NLSA 1.5161 –0.0431 –0.398 0.0201 0.302 0.0131 0.258 0.0102 0.203
CLNA 1.5456 0.0112 0.352 –0.0272 –0.302 0.0080 0.266 — —

CLSA 1.8506 –0.0588 –0.578 0.0207 0.304 0.0129 0.188 — —

SLNA 1.8628 –0.0473 –0.440 0.0234 0.315 — — — —

SLSA 2.2192 –0.0638 0.508 0.0279 0.330 — — — —

All latitudes and aspects 1.6523 –0.0536 –0.583 0.0210 0.341 0.0207 0.228 — —

Minimum temperature
NLNA 1.3611 0.0262 0.313 –0.0294 –0.234 — — — —

NLSA 1.0358 0.0247 0.317 — — — — — —

CLNA 1.0920 0.0221 0.338 — — — — — —

CLSA 1.0624 0.0096 0.258 — — — — — —

SLNA 1.1434 0.0262 0.323 –0.0362 –0.277 0.0301 0.299 — —

SLSA 1.0431 0.0263 0.296 — — — — — —

All latitude and aspects 1.0362 0.0238 0.349 — — — — — —

Note: Abbreviations for landscape cluster are defined in Table 1. Coefficients of model predictors are listed in order of importance in the model.
C is the model constant. V are model predictors for each climate variable. B is the beta coefficient for each model predictor. c.f. Figure 3 for specific
monthly and (or) seasonal variables. Predictor V1 is the most important predictor for eachmodel.

Table 5. Coefficients for regression models that use moisture-related
climatic variables in predicting red spruce growth for landscape
clusters.

Landscape cluster C V1 B1 V2 B2

Precipitation
NLNA 0.9940 0.0004 0.304 –0.0004 –0.275
NLSA 0.8171 0.0003 0.323 0.0005 0.243
CLNA 0.9841 –0.0003 –0.284 0.0003 0.270
CLSA 1.1311 –0.0004 –0.308 — —

SLNA 1.0731 –0.0005 –0.243 — —

SLSA 1.0884 –0.0007 –0.272 — —

All latitudes and aspects 0.9671 0.0003 0.321 –0.0003 –0.265

Climatemoisture index
NLNA 1.0198 0.0036 0.334 –0.0034 –0.266
NLSA 0.9720 0.0028 0.319 — —

CLNA 0.9168 –0.0023 –0.265 0.0032 0.259
CLSA 0.9878 0.0027 0.268 –0.0030 –0.249
SLNA 1.0273 –0.0028 –0.231 — —

SLSA 0.9618 0.0028 0.264 — —

All latitudes and aspects 0.9827 0.0032 0.358 –0.0029 –0.264

Note: Abbreviations for landscape cluster are defined in Table 1. Coefficients
of model predictors are listed in order of importance in the model. C is the
model constant. V are model predictors for each climate variable. B is the beta
coefficient for each model predictor. c.f. Figure 4 for specific monthly and (or)
seasonal variables. Predictor V1 is the most important predictor for eachmodel.
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and 2081–2100. SLSA future growth also follows negative trends and
significant growth declines are predicted for all four time periods.
The overall change in growth for all landscape clusters shows signifi-
cant growth declines for time periods 2041–2060, 2061–2080, and
2081–2100. Trends in projected growth show the largest declines in
growth during the time period 2061–2080, with less negative growth
during the last growing period (2081–2100).
Predicting growth using projected maximummonthly temper-

atures show similar trends as mean temperature but with overall
larger declines (Fig. 5). Group NLNA experienced a negative
change in growth for all future time periods with significant
growth declines in time periods 2041–2060, 2061–2080, and 2081–
2100. NLSA shows a significant decline in growth only for the
time period of 2081–2100. Regional group CLNA shows significant
negative changes in projected growth for all four time periods
(2021–2040, 2041–2060, 2061–2080, and 2081–2100). The largest
declines in growth are expected to occur at plots in the CLSA
group. The CLSA group had significant growth declines for all
four time periods with a maximum change in growth during pe-
riod 2061–2080 where growth is expected to decline by over
�14%. Groups NLSA and CLNA overall have smaller predicted
growth declines when compared with the other landscape clus-
ters. Predicted growth using maximummonthly temperature for
all landscape clusters combined will result in an overall growth
decline with significant growth declines in the latter three time
periods (2041–2060, 2061–2080, and 2081–2100).
A positive growth trend is observed when projecting future

growth with minimummonthly temperatures as the climate pre-
dictor (Fig. 5). The southernmost groups (SLNA and SLSA) show the
largest positive change in predicted growth with growth changes
being significant for all four time periods. Groups NLSA and CLSA
have significant positive changes in growth during the last time pe-
riod (2081–2100). CLNA also has a positive change in future growth
when projected using minimum temperature for the last three

time periods (2041–2060, 2061–2080, and 2081–2100). Regional
group NLNA shows no significant changes in projected growth
using minimum temperatures as a predictor. Future projected
growth for all landscape clusters combined using future predicted
minimummonthly temperatures shows significant overall growth
increases in all four time periods (2021–2040, 2041–2060, 2061–
2080, and 2081–2100).
For all six landscape clusters and for all landscape clusters com-

bined, projected growth using either future precipitation or cli-
matemoisture index did not significantly depart from the baseline
growth rates for the reference period of 1980–2000 (Fig. 6).

4. Discussion

4.1. Growth–climate relationships
It was interesting to note in this study that missing rings were

generally more common in more southerly landscape clusters on
south aspects. These results suggest that red spruce in the central
Appalachians appears to be more physiologically stressed in
these typically drier and hotter landscape clusters. Given the
high shade tolerance of red spruce, missing rings are generally
competition induced (Seymour and Fajvan 2001; Yetter et al.
2021). While missing rings are mentioned in other studies of red
spruce, the exact number or percentage is generally not reported
(e.g., Goelz et al. 1999), or absent rings are never mentioned as a
cross-dating issue (e.g., Kosiba et al. 2017).
The results indicated that historical monthly maximum tem-

peratures were the most important predictors of spruce growth,
as these models had the highest R2 values overall for historic
growth–climate analyses. A lagged, negative relationship with
summer maximum and mean temperatures in the previous year
(t – 1) (July, August, and September) suggests that higher tempera-
ture could lead to respiratory depletion of carbohydrate reserves
necessary for next year’s growth (Pallardy 2007; McGuire et al. 2010).
High maximum and mean summer temperatures could potentially

Fig. 4. Significant predictors of the regression models are shown for landscape clusters using moisture climatic variables. Predictors
displayed in black indicate a negative association with red spruce growth, while indicators in light gray indicate a positive relationship
with red spruce. Adjusted R2 values are listed for each growth model. In models with more than one regression term, the predictor
variables are ranked in order of significance, where 1 is assigned to the most influential predictor variable.
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also induce moisture stress from increased evapotranspiration
demands (McGuire et al. 2010; Berry and Smith 2014; Schwab et al.
2018). These moisture deficiencies can result in negative growth the
following year (Dumais and Prévost 2007). The effect of moisture
stress was also underscored by a positive growth response of red
spruce in all regions combined to summer (t – 1) (June, July, and Au-
gust) precipitation and moisture index. Other studies have shown
that radial growth of red spruce populations had negative dendrocli-
matic relationships with high summer temperatures (Koo et al.
2014; Ribbons 2014). In contrast, Kosiba et al. (2018) found that
increasing mean summer temperatures resulted in a positive

growth response; this difference in response compared with our
studymay be due to the fact that the study by Kosiba et al. (2018) was
conducted on red spruce trees in the northern portion of its range.
Mathias and Thomas (2018) also found that increasing summer tem-
peratures had positive effects on central Appalachian red spruce
growth, but only when combined with additional CO2 enrichment.
Higher CO2 availability could lead to increased water-use efficiency
(Wang et al. 2006), which could, in turn, offset the intensity of tem-
perature induced drought stress. The results suggested a potential
aspect effect only for responses to minimum temperature; namely,
only northern aspect plots in the northern and southern latitudinal

Fig. 5. Projected red spruce growth by landscape cluster using temperature variables. Error bars indicate a 95% confidence interval of the
base growth rate for the reference period of 1980–2000. All changes in growth that lie outside of the error bars indicate significant
departures in future growth. Growth projections were created with future climate data that was estimated using climate change scenario
data from Representative Concentration Pathway (RCP) 4.5.
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regions experienced negative growth relationships with increasing
summerminimum temperatures (t – 1). This is partly expected, since
red spruce experiencing northern aspectmicroclimates are generally
expected to be more acclimated to cooler conditions (Fekedulegn
et al. 2003).
Radial growth–climate relationships of red spruce in the central

Appalachian region also suggest the potential impact of the length
of the growing season. This was reflected in the positive association
between radial growth of all regions combined to fall and early win-
ter minimum, mean and maximum temperature conditions in the
prior year (t – 1) (October, November, and December) as well as with

maximum temperature in spring and early summer (t – 1) (April,
May, and June). Increases in minimum, mean, and maximum tem-
peratures during these seasonal periods further increase the num-
ber of suitable days within the growing season to photosynthesize
(Kosiba et al. 2018). Furthermore, the extended growing season of
the prior year potentially allows trees to store more carbohydrates
and establish better buds for next year’s growth (Kozlowski et al.
1991). Increasing minimum, mean, and maximum temperatures,
especially in the early winter growing season, also result in milder
winters. Milder winters will result in less xylem cavitation, which
allows better productivity by not impairing stem hydraulic

Fig. 6. Projected red spruce growth by landscape cluster using moisture variables. Error bars indicate a 95% confidence interval of the
base growth rate for the reference period of 1980–2000. All changes in growth that lie outside of the error bars indicate significant
departures in future growth. Growth projections were created with future climate data that was estimated using climate change scenario
data from Representative Concentration Pathway (RCP) 4.5.
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conductivity (Holst et al. 2008). Other studies have confirmed that
red spruce responded favorably to an extended growing season into
the fall (Gunderson et al. 2012; Kosiba et al. 2018). In particular,
Mathias and Thomas (2018) found that warming temperatures at
the beginning or end of the growing season extremes result in
increased growth in central Appalachian red spruce. Furthermore,
Butnor et al. (2019) found that warmer spring temperatures allowed
red spruce bud break to occur earlier in the growing season and
resulted in a positive growth response. The results suggested a lati-
tudinal effect since only red spruce from the northern latitudinal
regions of the study (NLNA and NLSA) showed a positive relation-
ship with mean and maximum spring and early summer tempera-
tures and reinforces the importance of warm conditions at the
beginning of the growing season to foster growth for more north-
ern populations of red spruce.
The negative association between fall precipitation and the cli-

matic moisture index and radial growth current growing season
(t) is unusual but could be due to crown damage from heavy fall
snowfall or high wind events associated with precipitation events
(Peterson 2000; Griscom et al. 2014). White et al. (2014) also found
that precipitation events could have negative impacts on red spruce
growth but only in the spring. Another explanation for the inverse
relationship between radial growth and precipitation and moisture
index is that excessive moisture, especially within the soil, could
potentially lead to unfavorable anoxic conditions, as five of the
18 plots have soils which are poorly drained (White et al. 2014). North
latitude, south aspect red spruce did not respond negatively to
increased precipitation and moisture; it is speculated that plots in
this regional group are not affected by excess precipitation because
their soils are well drained or because the south-facing aspect facili-
tates evaporation (Parker 1982).

4.2. Growth projections
Future growth projections provide some insight on how spruce

will perform with future climate predictions. Our future growth
projections using either precipitation or climate moisture index
indicate that there will be no significant change in future growth.
In contrast, growth projections using future mean and maxi-
mum temperatures suggest that future climate conditions will
not favor red spruce growth. These results support predictions
that red spruce habitat will decrease with future climate change
(Rentch et al. 2007; Walter et al. 2017). Growth declines related to
mean and maximum temperature in the future could be caused
by increased respiration in summer months (Ribbons 2014). Koo
et al. (2014) found that increasing temperatures will also lead to
growth declines in southern Appalachian spruce, and these pre-
dictions align with our growth projections. However, our results
using future minimum temperatures show conflicting changes.
Growth increases are predicted due to increasing minimum tem-
peratures. These future increases will be the result of an extended
growing season which will allow spruce to put on more radial
growth, provided that maximum temperatures do not have a
larger negative effect on growth (Gunderson et al. 2012; Kosiba
et al. 2018; Mathias and Thomas 2018).
NLSA and CLNA landscape clusters show the least overall growth

declines when considering future maximum and mean tempera-
tures.These two landscape clusters showed either growth increases
or no change with minimum temperature, precipitation, and cli-
mate moisture index. These results may indicate that locations ei-
ther in central latitudes on north aspects or northern latitudes on
south aspects will be the best for red spruce growth in the future.
An important fact to note is that the large significant declines in
growth associated with mean and maximum temperature or pre-
cipitation do not occur until the third time period of 2061–2080. If
greenhouse emissions are further reduced, less severe growth
declines could be observed.

5. Conclusion
Radial growth of central Appalachian red spruce was negatively

associated with increased mean and maximum summer tempera-
tures. High temperatures in the fall showed positive effects on red
spruce growth across all regions, likely due to an extended growing
season. Fall precipitation events have negative growth impacts on
red spruce. Growth declines from increasing summer tempera-
tures may be mitigated by the positive growth impacts resulting
froman expanded growing season in the future. Radial growth pro-
jections indicate that red spruce in the northern latitude portion
on south-facing aspects as well as central latitudes on north aspects
of the central Appalachians are expected to be resilient to future
climate change. Restoration efforts in the future may benefit from
considering future growth projections for central Appalachian red
sprucewhen planning future restoration activities.
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