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HIGHLIGHTS

* We present a new, spatially extensive red spruce tree-ring network from across southeastern
US spruce refugia.

» High-elevation red spruce are largely unique and individualistic in growth patterns and climate
response.

* Increased growth rates, growth synchrony, and climate response post-1990 indicate recovery
following the CAAA.

* A region-wide shift towards synchrony and increased sensitivity highlights the potential for
region-wide management strategies.

* Results provide a temporal perspective that can inform management under reduced air pollu-

tion and climate change.

ABSTRACT: In a complex system of natural and human-caused disturbance, shifting climate, and
documented, widespread decline and recovery of red spruce populations prior to and following the
United States (US) Clean Air Act and amendments (CAAA) — all within the last century — a better
understanding of the potential influence of these disturbances on the climate sensitivity and resiliency
of red spruce under projected future conditions is needed. We investigated the potential recovery of an-
nual growth in southeastern US red spruce populations following the CAAA and the influence of this
recovery vs. ongoing climate change. Using a recently collected network of red spruce tree-ring data
from across the southern Appalachian range, we examined temporal trends in stand-level growth and
climate sensitivity in the context of acidic (acid) deposition and recovery and modern climate change.
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We demonstrated that in recent decades, spruce growth is becoming synchronous and climate sensi-
tive in conjunction with a reduction in acid deposition coupled with changes in climate conditions. The
emergence of synchronous growth across sites is a new phenomenon that highlights the potential of and
the need for region-wide management. Our results provide a temporal perspective that can aid future
management strategies in an era of reduced air pollution and a changing climate.

KEYWORDS: Dendrochronology, Protected areas, Clean Air Act, Appalachia

INTRODUCTION

In temperate forests of the eastern United States (US), the red spruce (Picea rubens
Sarg.) faces a complex combination of threats including air pollution and acidic dep-
osition, insect outbreaks, and anthropogenically driven climate and land use change,
prompting widespread concern for the future of the species (McLaughlin et al. 1987,
White et al. 2014). These threats are even more pressing in the southeastern US, where
the species naturally exists in disjunct populations across the southern Appalachian
highlands (Figure 1). At its southernmost extent, red spruce, in combination with the
endangered Fraser fir (Abies fraseri [Pursh] Poir.) comprise the isolated spruce-fir forest
community, as climate refugia left over from the last glacial cycle (White and Cogbill
1992, Keppel et al. 2012, Heeter et al. 2019). In southern Appalachia, spruce-fir ecosys-
tems possess unique ecological, economic, and recreational value and thus represent en-
vironmental legacies and heritage threatened by human-caused disturbances including
climate change (Soulé 2011, White et al. 2014). Long-lived, high-elevation red spruce are
also valuable sources of proxy climate information that are critical for contextualizing
modern temperature change (Heeter et al. 2019). Future conservation and management
of red spruce and spruce-fir ecosystems in the southern Appalachian region, including
those on state, federal, and privately protected lands, therefore require a better under-
standing of the potential influence of these disturbances on the climate sensitivity and
resiliency of red spruce under projected future conditions.

Widespread declines of spruce forests following the mid-1960s are attributed to in-
creased rates of acidic deposition prior to the US Clean Air Act and Amendments (CAAA)
in 1970 and 1990 (Greaver et al. 2012). The “last stand of the red spruce” (Mello 1987)
prompted intense study through the 1990s and early 2000s, as extended impacts of
acidic deposition on growth were documented as late as 2003 (Adams and Eagar 1992,
Cook and Zedaker 1992, Lazarus et al. 2004). Red spruce decline has been attributed to
acidic deposition-induced nutrient disruption, such as the loss of calcium, which leads
to leaf defoliation and susceptibility to further ecosystem degradation (DeHayes et al.
1999, Schaberg et al. 2000, Driscoll et al. 2001). However, later studies assessing radial
growth patterns discovered that red spruce had recovered in the more continuous areas
of the species range in the US northeast and into the central Appalachian highlands
(Kosiba et al. 2013, 2017, 2018, Engel et al. 2016, Wason and Dovciak 2017, Mathias
and Thomas 2018, Yetter et al. 2021). To date, relatively few studies have examined
growth recovery for the southern Appalachian highlands, although the limited research



80 ROCHNER ET AL.

80"wW B?:'W 84!'W # !'W ?S"'W
Figure 1. Southeast US P. rubens tree-ring network. Map showing names and locations
of the seven tree-ring study sites at the southern geographic range extent for P. rubens
along the southern Appalachian Mountains.

indicates growth decline may not have been as universal across the southern extent of
the species’ range (Cook and Zedaker 1992, Schuler and Collins 2002, Koo et al. 2011,
Soulé 2011, White et al. 2014).

Compared to the core distribution of red spruce in the US northeast and Canada, the
disjunct populations of southern Appalachia remain understudied and potentially unique
from northeastern populations. In a complex system of natural and human-caused dis-
turbance, shifting climate, and documented, widespread decline and recovery of red
spruce populations prior to and following the US CAAA — all within the last century
— a better understanding of the potential influence of these disturbances on the climate
sensitivity and resiliency of red spruce under projected future conditions is needed. The
objective of this work is to use tree-ring methods to investigate potential recovery in the
growth of southeastern red spruce populations following the CAAA and the influence
of this recovery vs. ongoing climate change on climate sensitivity. Using a recently col-
lected network of red spruce tree-ring data from across the southern Appalachian range,
we examined temporal trends in stand-level growth and climate sensitivity in the con-
text of acidic deposition and recovery and modern climate change. A broader spatial
analysis of red spruce populations will highlight if regional conservation strategies may
be possible, or if the complex differences highlighted by previous studies from southern
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Appalachia (Cook and Zedaker 1992, Schuler and Collins 2002, Koo et al. 2011, Soulé
2011, White et al. 2014) will continue to present challenges to the protection of spruce-
fir ecosystems under climate change, despite ecosystem recovery from acid deposition.

METHODS

Study Sites and Tree-Ring Datasets

A new, spatially extensive, high-elevation network of red spruce tree-ring data from
across the southeastern US (Heeter et al. 2019, Harley et al. 2021) presented an opportu-
nity for tree-ring analyses of spruce recovery in southeastern Appalachia. This network
includes seven montane sites from the region (Table 1, Figure 1). Trees sampled were
mostly located on ridge tops and north-facing slopes at high elevations (> 1800 m), with
the exception of Alarka, which is located in a lower elevation (1260 m), cold-air bog.
Alarka represents the southernmost identified population of red spruce in eastern North
America (Collins et al. 2010). All seven sites are located within a protected area, includ-
ing state parks and national parks and forests (Table 1). Acid deposition data for three
collection sites (National Atmospheric Deposition Program [NADP]) from southern Ap-
palachia indicate improving conditions post-1990 (Figure 2A, B). However, historical
context for this improvement, i.e., conditions during the height of spruce decline, are not
available, limiting analyses of relationships between spruce growth and acid conditions
prior to and following the CAAA. Concurrent with acid deposition recovery, on average
all seven sites experienced cooler and wetter conditions after 1990 (Figure 2C-H).

We collected tree-ring samples using an increment borer and mounted, sanded, and
processed all samples according to standard dendrochronological techniques (Speer
2010). We measured tree-ring widths using high-resolution scanned images and the
software CooRecorder (Larsson 2014) and confirmed the dating accuracy of tree rings
using time series correlation analyses in the software COFECHA (Holmes 1983). To
standardize raw ring widths, we used a two-thirds smoothing spline and bi-weight ro-
bust mean estimation in the R dendrochronology program library (dplR) (Mosteller and
Tukey 1977, Cook 1985, Bunn 2008) and developed final tree-ring chronologies for each
of the seven sites (Table 2).

Site Comparisons and Temporal Trends in Growth

We first compared the chronologies across sites for similarities and differences in
growth patterns over the common period (1889-2008 CE) using Pearson’s r correlations
and principal component analysis (PCA). We also examined broader spatial synchrony
in growth patterns by calculating moving (30-year moving window) cross-correlations
(Pearson’s r) between pairs of sites from 1895 to the year of most recent growth. We ex-
amined the chronologies for statistical shifts in mean annual growth using regime shift
detection software version SRDS 6.2.1 (Rodionov 2004). We maintained regime shift
program defaults across all analyses (target significance = 0.05, 20-year cut-off length,
Huber’s tuning constant = 2). Individual site histories were unknown and could influ-
ence the magnitude of each regime shift; therefore, we did not make comparisons in the
size of each regime shift but rather we recorded each shift as present/absent.
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Figure 2. Average acid and climate conditions across the P. rubens network. (A.) Average annual
wet deposition concentration of nitrates (unshaded) and sulfates (shaded) and (B.) soil acidity (pH)
for three atmospheric stations combined (Mount Mitchell, Great Smoky Mountains National Park,
Coweeta Research Lab), 1979-2020, downloaded from https://nadp.slh.wisc.edu/maps-data
/ntn-interactive-map/. (C-H.) Instrumental climate data, PRISM 4x4 km grid cell for each
study site (dashed lines) and the average for all sites (black line and loess smoother)
with calculated average z-scores (10-year running average) for combined June,
July, and August (JJA) (C-D.) TMAX, (E-F.) PPT, and (G-H.) VPDmax.

Table 1. Site attributes of the southeast US P. rubens tree-ring network.

Site Site Code  State Elevation  Latitude/Longitude  Site Management
(m)
Alarka ACS NC 1260 35.34, -83.35 Nantahala National Forest
Clingman’s CDS TN/NC 2022 35.56, -83.49 Great Smoky Mountains
Dome National Park
Grandfather GFM NC 1812 36.11, -81.81 Grandfather Mountain
Mountain Stewardship Founda-

tion and State Park

Mount Collins MCS TN/NC 1883 35.59,-83.47 Great Smoky Mountains
National Park

Mount Le Conte MLC TN 2010 35.65,-83.43 Great Smoky Mountains
National Park

Mount Mitchell MMS NC 1976 35.77,-82.26 Mount Mitchell State Park

Roan Mountain RMS TN/NC 1916 36.11, -82.04 Roan Mountain State Park
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Table 2. Chronology statistics for the southeast US P. rubens tree-ring network. The EPS, or
expressed population signal, is a calculation of the representative power, or common signal, in the
chronology, based primarily on sample depth and interseries correlation (Wigley et al. 1987).

Site # series  # trees Years Interseries Mean EPS EPS Cutoff
Correlation Sensitivity Year (< 0.80)
ACS 30 18 1889-2018 0.46 0.20 0.88 1944
CDS 21 12 1788-2018 0.48 0.23 0.81 1894
GFM 45 24 1826-2020 0.50 0.22 0.91 1871
MCS 25 14 1681-2018 0.57 0.21 0.83 1844
MLC 52 30 1767-2014  0.50 0.21 0.91 1864
MMS 26 16 1819-2018 0.43 0.24 0.78 1944
RMS 80 71 1874-2008 0.54 0.23 0.91 1934

Climate-Growth Response and Temporal Stability

To investigate the climate-growth relationships of red spruce and temporal stability of
these relationships over the instrumental period, we used static and moving correlation
analyses in the R package treeclim (Zang and Biondi 2015). We evaluated relationships
between tree growth and monthly average temperature (TMEAN), monthly average
maximum temperature (TMAX), monthly average minimum temperature (TMIN), total
monthly precipitation (PPT), and monthly average maximum vapor pressure deficit
(VPDmax) downloaded for each site from the 4x4 km resolution Partial Regression on
Independent Slopes Model dataset (PRISM 2022). We considered climate-growth rela-
tionships to be temporally stable when they remained consistently positive or negative
and statistically significant over the instrumental period or common period of overlap
between the instrumental climate data and chronologies. Analyses of temporal stability
allowed for investigation of potential correspondence between environmental changes,
especially the CAAA, and nonstationarity of climate sensitivity, or the fading or shifting
of climate-growth response over time.

RESULTS

Site Comparisons and Analyses of Growth

All chronologies are correlated with one another during the common period of
analysis from 1889 to 2008, and similar growth patterns can be seen across the seven
sites (Figure 3A, B). The strength of site-to-site correlations is not strong and only one
pairing (CDS and MLC) exceeds r > 0.50 (p < 0.001). That said, nine pairings have
modest, positive correlations of r > 0.40 (four pairs, p < 0.001) and r > 0.30 (five pairs,
p < 0.001) (Figure 3E), which are not outside the typical range for regional tree-ring
networks from the eastern US (e.g., Speer et al. 2009, George 2014, Copenheaver et al.
2020). While the highest correlated pair (CDS and MLC) are geographically clustered,
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Figure 3. Site comparisons and growth synchrony. (A.) Average raw ring-width chronologies for
all seven sites, (B.) Standardized index chronologies for all seven sites, (C.) Moving 30-year
correlations (Pearson’s r) between all chronology pairings (n = 21) starting in 1895 through
the year of final growth. Date on the x-axis indicates the final year of the 30-year window.
The lines are solid when the 30-year correlation is significant (p < 0.05) and positive and
dashed when not statistically significant (p > 0.05). The bold black line is the average
value of all pairings. (D.) Results from PCA, and (E.) Correlation matrix for all 21 site
pairings over the period 1889-2008, p < 0.001***, p < 0.01**, p < 0.05*.

this pattern did not persist for all correlated pairs, indicating common signals, although
weak, in the seven chronologies across the broader geographic range of the study sites.
A lack of geographic clustering in common signals is also indicated by PCA, as sites are
not clustered in ordination space according to spatial proximity (Figure 1, 3D). Sites also
are not clustered by elevation, e.g., MMS (1976 m) and ACS (1260 m). The chronologies
for sites ACS and MMS contain a higher number of younger trees and both have an ex-
pressed population signal (EPS) — a metric that measures the shared, common signal
amongst records — cutoff of 1944. The chronology for site RMS also contains a higher
number of young trees but also the highest sample size of the seven chronologies, per-
haps explaining its separation from ACS and MMS in the PCA.

Growth synchrony between the seven site chronologies increased after 1990
(Figure 3C). Moving correlation analyses of all possible pairings (n = 21) revealed that
only 39 percent of the chronologies experience positive correlations for all of the 30-
year windows prior to 1990; however, this percentage nearly doubles to 78 percent for
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Table 3. Pre- and post-1990 correlations for site pairings, p < 0.001***, p < 0.01**, p < 0.05*.

Pairing Pre-1990 (1889-1989) 1990-2008
ACS-CDS -0.08 0.48*
ACS-RMS 0.09 0.22
ACS-MMS 0.28** 0.52%
ACS-MLC 0.24* 0.88%%*
ACS-MCS 0.25* 0.81%%*
ACS-GFM 0.15 -0.03
CDS-RMS 0.36%%* 0.61%*
CDS-MMS -0.15 0.80%**
CDS-MLC 0.66%** 0.76%%*
CDS-MCS 0.31%* 0.62%*
CDS-GFM 0.45%** 0.22
RMS-MMS 0.14 0.58%*
RMS-MLC 0.37%%* 0.39
RMS-MCS 0.30%* 0.40
RMS-GFM 0.30%* 0.20
MMS-MLC -0.01 0.63**
MMS-MCS 0.17 0.62%*
MMS-GFM 0.13 0.55*
MLC-MCS 0.44%%% 0.77%%*
MLC-GFM 0.26%* .0.08
MCS-GFM 0.14 0.12

all windows that include dates post-1990. A comparison of pre- and post-1990 correla-
tions (Pearson’s ) also displays improvement in correlations between pairings (Table 3),
except for in pairs that include GFM, which in some cases show decreasing synchrony,
perhaps due to changes unique to GFM post-1990. Overall, these findings indicate that
only modest agreement among the chronologies persisted prior to the CAAA, and after-
ward spatial agreement across the network has greatly improved.

All chronologies contain regime shifts in mean annual growth (Figure 4A). Prior to
ca. 1940, all chronologies experienced two regime shifts in growth, yet the direction of
the shifts was inconsistent. The only congruent pattern early in the time series is a collec-
tive regime shift for six out of the seven chronologies to narrower ring width during the
period of 1913-1924. After this early period of volatility, each chronology experienced
one to two regime shifts in mean growth, but the direction and time of shift were incon-
sistent. That said, a collective shift to prolonged, reduced growth occurred ca. 1960-
1990 before returning to normal post-CAAA. Considering lower-frequency changes to
mean annual growth, we examined average growth across all seven sites for five-year
increments (hereafter “pentads”) and found results that reflected the regime shifts (Fig-
ure 4B). The growth decline of the late 1910s—early 1920s persisted through the 1940s
when some of the lowest growth was recorded. Average growth stabilized until ca. 1960
when a second decline occurred that persisted until the 1990-1995 pentad. During the
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Figure 4. Temporal trends in growth. (A.) Regime shifts in mean growth for the seven spruce chro-
nologies (thin lines) with the overall average value of all seven sites (bold line with standard-error
stippling). (B.) Pentad growth changes for mean annual growth averaged across all seven sites
(with standard deviation bars). Year on the x-axis signifies the final year of the 5-year pentad.

five years following the CAAA, average growth across the seven sites increased by 17.5
percent (SD 19.0 percent) and produced the largest pentad growth change across the
common period. After this pentad growth surge, average growth in all remaining pen-
tads became slightly negative, indicating a long-term decline since ca. 1960 that was
punctuated with one large growth release in the five years following the CAAA.

Climate-Growth Response
Static relationships (Pearson’s r) between ring-width indices (RWI) and monthly
temperature variables are not consistent across the seven study sites. While all but one
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Table 4. Static correlations between ring-width indices and monthly temperature variables, previous
and current May—September and February. Significant relationships (p < 0.05)
are indicated by bold font. Only those months with at least one statistically significant
relationship with at least one temperature variable are shown.

(A) Average Monthly Temperature (TMEAN)

Site pMay pJun  pJul pAug pSep Feb May Jun Aug Sep

ACS -0.12  -0.20 -0.07 -0.21 0.00 -0.17 -019 -0.20 -0.03 0.03
CDS 0.09 -0.03 -0.06 -0.17 -019 -0.07 0.09 -0.04 0.01 -0.16
GFM 0.10 -0.03 -0.05 0.02 -016 -0.14 -0.03 -0.03 0.09 -0.16
MCS -0.04 -014 -017 -016 -0.08 -0.05 -0.14 -0.10 0.07  -0.02
MLC -0.17 -0.02  -0.09 -0.11 -0.02 0.03 -016 -0.01 0.02 0.16
MMS -0.10 0.00 -0.06 -0.09 0.00 0.02 -016 -0.07 -0.06 0.15
RMS 0.12 0.06 -0.05 -0.08 -0.25 -0.09 0.08 0.09 0.18 0.02

(B) Average Monthly Maximum Temperature (TMAX)

Site pMay pJun  pJul pAug pSep Feb May Jun Aug Sep

ACS -019 -0.29 -010 -0.28 -0.08 -0.16 -0.23 -0.19 -0.08 -0.02
CDS 0.08 -0.08 -013 -0.22 -014 -0.06 013 -0.03 -0.04 -013
GFM 012 -0.04 -016 -0.02 -0.09 -0.16 0.04 -0.02 0.08 -0.07
MCS -0.06 -015 -0.17 -015 -0.08 0.00 -0.10 -0.02 0.10 0.00
MLC -0.17 -0.08 -0.15 -0.16 -0.03 0.01 -0.17 -0.05 0.00 0.14
MMS -0.08 -0.06 -0.06 -0.09 -0.05 0.04 -0.14 -0.09 -0.04 0.06
RMS 0.11 0.00 -011 -0.08 -0.21 -0.10 0.12 0.07 011 -0.04

(C) Average Monthly Minimum Temperature (TMIN)

Site pMay pJun  pJul pAug pSep Feb May Jun Aug Sep

ACS -0.03  -0.05 -0.01 -0.05 0.07 -0.17 -0.12 -0.17 0.04 0.07
CDS 0.09 0.04 0.05 -0.04 -0.19 -0.07 0.05 -0.04 0.07 -0.16
GFM 0.07  -0.03 0.08 0.06 -0.20 -0.12 -0.08 -0.05 0.08 -0.23
MCS -0.02 -012 -0.12 -011 -0.07 -010 -0.15 -0.16 0.02 -0.04
MLC -0.13 0.06 0.00 -0.02 0.00 0.05 -0.12 0.04 0.04 0.16
MMS  -0.13 0.05 -0.04 -0.06 0.07 0.00 -0.15 -0.03 -0.05 0.19
RMS 0.10 0.12 0.04 -0.04 -0.23 -0.08 0.01 0.09 0.18 0.10
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Table 5. Static correlations between ring-width indices and monthly moisture variables. Significant
relationships (p < 0.05) are indicated by bold font. Only those months with at least one statistically
significant relationship with either PPT or VPDmax are shown.

(A) Precipitation (PPT)

Site pMay pJun pJul pAug pSep pOct pNov pDec April May Jul

ACS 013 021 018 025 010 -0.06 0.8 005 -0.03 000 0.06
DS  -021 011 010 0.25 -0.03 -0.06 -0.05 0.00 -018 -0.24 0:04
GFM -022 010 010 007 000 -021 -001 -018 -002 -0.22 001
MCS 008 006 011 010 012 -001 010 002 -013 008 0°
MLC  0.08 -0.04 -0.06 010 003 -016 004 002 -0.03 008 13
MMS 006 003 003 017 006 -008 007 002 -015 -001 12
RMS -0.01 016 -0.05 000 004 -008 -013 003 -0.05 -0.17 -0.23

(B) Maximum Vapor Pressure Deficit (VPDmax)

Site pMay pJun pJul pAug pSep pOct pNov pDec Aprii May Jul

ACS -0.35 -0.34 -0.16 -0.35 -0.15 -0.16 -0.06 0.00 0.10 -0.12 0.00
CDS 0.00 -0.14 -0.18 -0.20 -0.05 0.08 0.20 -0.18 -0.07 0.4 0.05
GFM 0.09 -0.09 -0.21 -0.07 -0.01 0.06 013 -0.12 0.07 0.0 -0.10
MCs -012 -0.14 -0.18 -0.14 -0.07 0.07 0.25 -0.01 0.22 -0.06 0.08
MLC -0.19 -0.16 -0.18 -0.22 -010 0.04 0.06 0.09 0.06 -019 0.04
MMS -0.05 -0.14 -010 -0.14 -0.13 -0.01 0.0 0.07 0.14 -0.10 0.02
RMS 0.04 -0.04 -0.03 -0.04 -006 012 0.10 -0.10 -0.08 0.22 0.19

of the sites (MLC) display at least one significant (p < 0.05) relationship between RWI
and TMEAN, TMAX, or TMIN, growth responses are rarely consistent across months,
and significant correlations do not exceed +/- 0.29 (Table 4). Relationships with
temperature variables are consistently negative, except for between RWI and current
August and September TMIN for MMS and RMS. Some sites show an inverse response to
temperature variables. For example, RWI at GFM is negatively correlated with current
September TMIN, while RWI at MMS is positively correlated with the same variable. In
addition to this example of an opposing response, the only other monthly variable that
is significantly correlated with RWI at more than one site is previous September TMIN
(Table 4). The lowest elevation site, ACS, displays the most significant relationships —
all negative — between RWI and temperature variables.

Static relationships between RWI and monthly PPT and VPDmax variables are more
consistent than for temperature across the seven study sites. All seven sites display at least
one significant relationship with either PPT or VPDmax with some consistency across
months (Table 5). However, correlations are again low, no greater than +/- 0.35, and
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Figure 5. Moving climate-growth responses. (A.) Examples of shifting, fading responses to
climate from CDS and GFM: Moving correlations, 35-year windows, between ring-width
indices and monthly climate variables (all months previous May to current October).
(B.) Moving correlations between ring-width indices and previous August
TMAX (solid line), PPT (dashed line), and VPDmax (dotted line).

no relationship is consistent across all sites. Overall, previous-year PPT and VPDmax are
more dominant drivers of growth than current year conditions. VPDmax during the pre-
vious year growing season, May, June, July, or August, in particular is the most consistent
response across sites. Like with temperature, ACS displays the greatest number of signif-
icant correlations and strongest relationships with monthly PPT and VPDmax variables.

Temporal Stability of Climate-Growth Response

Across all seven sites, moving relationships (Pearson’s r) between RWI and monthly
temperature, PPT, and VPDmax variables are not temporally stable over the instru-
mental period. All sites experienced some fading, shifting, or emerging responses over
time. Even relationships that were consistently positive or negative experienced some
weakening to near zero for some portion of the instrumental period (Figure 5A). These
nonstationarities in climate-growth response likely account for the overall low static
correlations between RWI and monthly climate variables calculated over the common
period (Table 4, 5). A common pattern across most of the sites, and particularly CDS
and GFM, is a weakening or shifting of climate relationships between the 1960s/70s and
1990s, with the emergence or re-emergence of strong responses to previous-year grow-
ing season conditions post-1990 (Figure 5A). For example, across all sites, relationships
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with previous August TMAX, PPT, and VPDmax, the most consistent emerging response
across all seven sites strengthened post-1990 after weakening to near zero at some point
between the 1960s and 1990s (Figure 5B). This shift indicates increasing sensitivity to
previous summer moisture stress (i.e., positive relationships with PPT and negative re-
lationships with TMAX and VPDmax) after 1990, consistent across all seven study sites.

DISCUSSION

We found that high-elevation red spruce, even in geographic proximity to the south-
ernrange limit, are largely individualistic in growth patterns and climate response, a find-
ing that aligns with other similar studies of species networks in forests of eastern North
America, including boreal (e.g., Nicault et al. 2015, Ashiq and Anand 2016) and low-
er-elevation mesic forests (Zhang et al. 2015, Copenheaver et al. 2020). In this study, we
identified only weak common signals across the seven study sites (although > r = 0.30),
and ring widths did not display strong or consistent static relationships with any climate
variable. Further, we found climate-growth relationships to be temporally unstable.
Despite the selection of trees from high-elevation climate refugia, neither temperature
nor moisture conditions appear to be the dominant drivers of radial growth across the
network over the full instrumental period. Poor synchrony in growth, and particularly in
climate response, is not unusual in red spruce. Multiple studies have identified temporal
instability in climate-growth response of the species, often occurring during the mid-
dle of the 20th century and attributed to climate change and high rates of disturbance,
including balsam wooly adelgid infestations and acid deposition (Cook 1987, Johnson
et al. 1988, Cook and Johnson 1989, White 2010, Soulé 2011, White et al. 2014).

Across the red spruce network analyzed for this study, tree growth over the last
century has largely been driven by non-climate factors, including acid deposition,
as evidenced by weakened growth response at all sites between the 1960s and 1990s
(Figure 5). Other potential factors contributing to individualistic responses include
site-specific high rates of disturbance, histories of logging, and competition (Fraver
et al. 2009). Potentially, increased synchrony post-1990 corresponds alternatively with
reductions in competition following canopy recruitment, although this would require
synchronous canopy recruitment across the entire network. Such complexities require
the addition of plot-level demographic data. Differences in the timing of shifts and/or
weakening in climate response across sites is potentially related to local variations in
the timing (including duration) and magnitude (amount) of acid deposition, differences
in soil buffering capacities across space, and localized influences of acid deposition on
climate vulnerability, particularly to cold (Kosiba et al. 2018), and isolated weather
events, influenced by the highly variable Appalachian terrain, such that sites can expe-
rience unique conditions despite broader, regional weather patterns (Perry and Konrad
2006, Prat and Barros 2010).

Despite overall weak correspondence and individualistic climate responses over
much of the instrumental period, we found increased growth rates, growth synchrony,
and climate response across the network post-1990, indicating acid deposition recovery
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following the CAAA. Prior to 1990, and for all sites between the 1960s and 1990s, low
growth synchrony and climate sensitivity can likely be attributed to masking by the
influence of acid deposition, the influence of which would have varied in timing and
magnitude between sites. The same period corresponds with a period of relatively average
climate, highlighting the dominant influence of acid deposition but also the potential role
of climate stability and a lack of extreme variability in decreased growth sensitivity over
the same period. The 1960s-1990s is a period of stabilization after the Dust Bowl of the
1930s—40s in North America (Stahle et al. 2007), which coincides with higher TMAX,
VPDmax (Figure 2D, H), and reduced growth (Figure 4) across sites, and increased mois-
ture sensitivity at some sites (Figure 5B). After 1990, acid recovery across the sites is also
potentially compounded by climate influences, as shifts in both temperature and VPD
max, towards cooler and more humid conditions, also occur after 1990 and may have
benefitted growth (Figure 2C-H). Increased rates of growth correspond with increased
sensitivity to previous summer conditions affecting moisture stress (i.e., positive relation-
ships with PPT and negative relationships with TMAX and VPDmax) (Figure 5). Unlike
during the Dust Bowl, this response is likely due to positive growth during cooler, more
humid conditions rather than negative responses to increased moisture stress: the poten-
tial combined influence of CAAA benefits and a cooler, more humid climate.

Site-specific, individualistic growth patterns and sensitivity to climate and acid dep-
osition complicate or even negate region-wide management strategies and predictions
of future response to climate. However, a region-wide shift towards synchrony and in-
creased sensitivity to previous-year moisture stress indicates potential for broader-scale
management of red spruce in southern Appalachia. In particular, increased sensitivity
to previous summer moisture stress would affect how red spruce should be managed
under projected future climate conditions. While cooler and more humid conditions
potentially benefitted red spruce growth during acid deposition recovery, a warming
and drying trend from the 2000s to present (Figure 2C-H) may lead to increased cli-
mate stress. Persistent cooler, wetter conditions in southern Appalachia after the Dust
Bowl highlight the role of the Appalachian Mountains as potential refugia from modern
climate change, but projected future changes predict overall warmer, drier conditions in
the southern portion of the range (Fernandez and Zegre 2019).

The most recent literature concerning growth changes in red spruce show a mixed
response of mean growth changes that are often attributable to climatic relationships.
For example, Kosiba et al. (2018) found a positive-growth change across the northeast-
ern US that they attribute to warmer average temperatures outside of the traditional
growing season coupled with reductions in acid deposition. Similarly, and farther south
in the species’ range, Mathias and Thomas (2018) showed an improvement in central
Appalachian red spruce growth post-CAAA that they attribute to reductions in acid dep-
osition and increased CO, but not temperature. These two studies indicate a positive
trend in growth for the near future assuming current environmental conditions persist.
That said, the future climate projections that predict warmer temperatures may lead to
reduced growth for red spruce in the southern portion of the species’ range. Studies con-
ducted within red spruce stands in West Virginia (Yetter et al. 2021) and Great Smoky
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Mountains National Park (Koo et al. 2011) show a detrimental effect of increased temper-
atures on growth that may not be offset by the growth benefit of reduced air pollution.
Our results differed from these previous studies in that we analyzed a moving-climate
relationship and found that climate did not significantly influence growth at the seven
sites until the CAAA. Conversely, our results confirm the growing consensus that climate
will have an important influence on growth in the near future as indicated by the recent
emergence of climate sensitivity across all sites and the networked synchrony of growth
post-CAAA.

The collection of a new, spatially extensive network of red spruce chronologies from
across southeastern spruce refugia presented an opportunity to analyze spruce growth
and climate response in the context of the CAAA and climate change in southern Ap-
palachia. While this work presents only a surface-level and tree-ring-focused analysis,
it highlights increased future potential for network-scale analyses. Across the southern
spruce populations analyzed for this study, we interpret the increased synchrony among
sites since the 1990s as new opportunities to examine red spruce across a broader range,
such as through the formation of a red spruce network or consortium, that could be
partnered with restoration groups such as the Southern Appalachian Spruce Restora-
tion Initiative (SASRI 2022). This consortium could focus on the collection of additional
red spruce tree-ring data, highlighted by this study to be important for assessment of
growth synchrony and climate sensitivity, but should also focus on other tree-ring met-
rics that may perform better as proxies for climate reconstruction. We found that tree-
ring widths were not significantly driven by climate variability and that climate-growth
responses were inconsistent across sites pre-1990 CAAA. Other tree-ring metrics, such
as blue intensity, may be more consistently and significantly responsive to climate than
total ring width (Heeter et al. 2019). However, we do not discount the need for increased
plot-level demographic and ecological data to assist in the disentangling of climate and
anthropogenic impacts like pollution from ecological factors such as species differences,
competition, canopy structure, and disturbance, which would better inform the com-
plexities highlighted by this study. Long-term, range-wide studies of red spruce that
combine climate, ecology, and human-environment interactions are necessary to better
predict the future of red spruce under ongoing environmental change.

CONCLUSIONS

At present, over 90 percent of spruce-fir ecosystems are managed under national or
state parks and forests (USFS 2022), and this network of management provides a unique
opportunity to consider strategies that can be implemented at a range-wide scale. We
have demonstrated in our findings that spruce growth is becoming synchronous and
climate sensitive due to what we interpret as a reduction in acid deposition coupled with
changes in climate conditions in the most recent decades. Regardless of the drivers of
change, the emergence of synchronous growth across sites is a new phenomenon that
provides a line of evidence toward the need for region-wide management. Our results
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provide a temporal perspective that can aid future management strategies in an era of
reduced air pollution and a changing climate.
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