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Climate response of five oak species in the
eastern deciduous forest of the southern
Appalachian Mountains, USA

James H. Speer, Henri D. Grissino-Mayer, Kenneth H. Orvis, and
Cathryn H. Greenberyg

Abstract: The climatic response of wrees that occupy closed canopy forests in the eastern United States (US}) is important
to understanding the possible trajectory these forests may take in response to a warming climate. Our study examined tree
rings of 664 trees from five oak species {white {Quercus alba L.}, black (Quercus veluting Lam.), chestnut (Quercus pri-
nus L), northern red (Quercies ribra L), scarlet (Quercns coccinea Miinchh.)y from 17 stands in easters Tennessee, west-
ern North Carolina, and northers Georgia to determine their climatic response. We dated the samples using skeleton plots,
measured the cores, and compared the site- and regional-level trec-ring chronologics of each separate species with divisio-
nal chimate data. The oldest trees in each chronology dated back to 203 years for black oak, 299 years for chestmut onk,
171 years for northern red oak, 135 years for scarlet oak, and 291 years for white oak. We successfully developed climate
models via muldtiple regression analyses with statistically significant (P < 0.03) variables representing the Palmer Drought
Severity Index and average monthly temperature for most of the site-species chronologies {average 82 = 0.15). All regional
climate response models included the Patmer Drought Severity Index from either June or July as the most significant vari-
able in the climate response, sugpgesting that growing-season drought is the most important factor limiling oak growlh in
the southeastern US. An increase in temperature and reduction in moisture is likely 1o reduce their competitiveness in their
carrent Tocations and force these species to migrate to cocler climates, thereby greatly changing ccosystern health and
stability in the southem Appalachians.

Résumé : La réponse chmatigee des arbres présents dans les foréts A couvert fermé dans Pest des Elats-Unis est impor-
tante pour comprendre F'évolution potentielle de ces fordts cn réaction au réchauffement climatique. Nous avons dunlié les
cernes annuels de 664 arbres appartenant & cing espéces de chénes (chénes des blanc (Quercus alba L.}, de noir (Quercus
veluting Lam.), chiitaignier {Quercus prinus L.}, rouge (Quercus rubra L.), écarlate (Quercus coceinea Miinchh,})) prove-
nant de 17 peuplements dans P'est du Tennessee, 'ouest de Iz Caroline du Nord et le nord de ka Georgic dans le but de dé-
terminer leur réponse climatique. Nous avons daté les échantillons & Paide de relevés des caractéristiques des cernes,
mesuré les carottes et comparé les séries dendrochronologiques de chaque espece séparément anx données climatigues di-
visionnaires, & I’échelle de ka station et de Ja région. Les plus vicux arbres dans ehague chronologic avaient 203 ans ponr
Ie chéne des teinturiers, 299 ans pour le chéne de montagne, 171 ans pour le chéne rouge, 135 ans pour le chéne Ecarlate
ct 291 ans pour le chéne blanc. A Paide d’analyses de régression mwltiple, nous avons réussi & dévefopper des modéles cli-
matiques qui comportaicnt des variables statistiquement significatives (P < 0,05) powr la plupart des chronologies des dif-
férentes combinaisons d’espéces ct de stations (R? moyen = 0,15). Ces varinbles représentaient Vindice de sévérité de
sécheresse de Palmer et la température mensuelle moyenne. Dans tous les modeles de réponse climatique régionale,
Pindice de sévérité de sécheresse de Palmer des mois de juin ou juillet éait la variable la plus significative dans la vé-
ponse climatique, indiquant que la sécheresse durant la saison de croissance est le facteur limitant le plus important pour
Ia croissance du chéne dans le sud-est des Etats-Unis. Une augmentation de la température et une diminution de ¥ humidit
rédutira prebablement lear compétitivité et feur occupation actuelle du territoire et forcera ces espiees a migrer vers des
climats plus frais, ce qui par conséquent affectera séricusement la sansé et la stabilité des écosysiemes dans le sud des Ap-
palaches.

[ Traduit par la Rédaction]
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ntroduction

Global temperatures are predicted o warm from 2.4 to
5.5 °C if atmospheric CO; tevels reach 650 ppm, according
to the 2007 report tfrom the Intergoveramental Panel on Ch-
mate Change (TPCC) (Solomon et al. 2007). This warming is
likely to be associated with some increase in precipitation,
but increased evapotranspiration may counteract that to yield
a net decrease in runoff in the southeastern US (Mulholland
et al. 1997). Vegetation response 1o these climatic forcing
factors is important in the management of southeastern for-
ests because these forests have some of the highest levels of
biodiversity anywhere in the United States (US) (White and
Miller 1988). Predictions of vegetation response to moderate
climate change suggest a regional expansion of foresis,
while severe climate change may cause more fires in south-
eastern forests, resulting In a rapid conversion (o savanma
grasslands (Bachelet et al. 2004}, An understanding ol indi-
vidual species’ response fo climate is necessary to better
understand vegetation dynamics in the face of a warming
clinwate (Graumbich 1993).

Trees that grow in closed-canopy (interior) forests have
previousty been avoided for dendroclimatic reconstructions
because competition for light and episodic disturbances may
affect wee growth and mask the tree’s response to climatic
variations (Fritts 1976). Understanding the climatic response
by trees that grow in such locations is desirable, however,
because forest management in the eastern US is largely con-
cerned with managing closed-canopy forests and only mar-
ginally involved in managing old-growth stands where the
most desirable trees for dendroclimatic studies are found.

Natural disturbances are important in the development of
the eastern deciduous forest (Pickett and While 1985). High
winds and ice storms can cause tree falls and set off a com-
plex process of gap dynamics (Lafon and Speer 2002), Sur-
face fires have burned in deciduous forests, leaving behind a
record in buried five scars on oak and pine trees and causing
changes in the successional pathways of the mixed
hardwood-pine forests (Sutherland and Swmith  2000:
DeWeese 2007). These disturbances cauvse relatively long
(5-20 years) suppressions and rcleases in tree-ring series
that may confound the low-frequency climate signal from
trees that grow in forest interiors. The climatic response of
closed forest canopy trees needs Lo be examined to cvaluate
how they respond to climate despite these confounding sig-
nals caused by disturbance processes. Understanding how
trees have responded to climatic variations during the twen-
ticth century will help improve models that predict changing
forest resources and productivity under a constantly chang-
ing climate that is lkely to be enhanced by pervasive human
alerations of the landscape and the atmosphere.

Reconstructions of past climate variations using tree-ring
data have been developed around the world and have con-
tributed strongly to our growing understanding of natural
chlimate fluctuations and, subsequently, global climate
change (Mann et al. [998; Stahle et al. 2000; Esper et al.
2002). Examination of the climate response of trees native
to the eastern US has been performed on various species, in-
cluding pines (primarily Pinns raeda L. and Pinus echinata
Mill.) (Friend and Hafley 1989; Grissino-Mayer et al. 1989;
Grissine-Mayer and Butler 1993), bald cypress (Taxodinm
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distichum (L.} Rich.) (Stahle and Cleaveland 1996), wliptree
{Liriodendron mudipifera 1) (Orwizg and Abrams 1997; Pan
et al. 1997}, and whitc oak (Quercus alba 1.} {LeBlanc
1993; Rubino and McCarthy 2000). These studics have
clearly demonstrated the potential for using southeastern
tree species to better understand past trends in climate, but
no study has compared the strenglh and clarity of the cli-
matic response among lhe mulliple oak species that domi-
nate these southcastern foresis.

This paper is the first to compare the climatic response of
five oak species in the southeastern US. We will also com-
pare the climatic response observed in these five oak species
with that observed in white oak tree-ring chronologies de-
veloped previously, which mainly show an early to mid-
swmmer Palmer Drought Severity Index (PDSI) response.
White oak is considered the most important trec species in
the southeastern US for providing information on past cli-
mate because of its wide geographic range and its proven
sensitivity to year-to-year climate tluctuations (Jacobi and
Tainter 1988; Rubino and McCarthy 2000; LeBlanc and
Terrell 2001), Our work is also valuable because it com-
pares the climatic response of multiple specics {rom the
same sites to assess whether site conditions can cnhance or
dampen the interspecific response to climate. Physiological
research has demonstraled that dilferent tree species have
different climate responses duc to the time of year that
growth occurs in various zones of the tree (i.c., root activily,
shoot elongation, stem diameter growth) (Krucger and
Trappe [967; Jenkins and Pallardy 1995; Fekedulegn et al.
2002). Dendroclimatologists should be able to use these dif-
fering responses (o extract climate records tuncd to different
parts of the year to provide a more complele climate recon-

struction for a site. Furthermore, this paper will illustrate the

potential of using tree species and sites that have historically
been avoided when conducting climate reconstructions be-
cause they were located in forest interior conditions.

Our study began with three primnary objectives: (1) lo
document the climatic response of {ive oak species in the
castern deciduous forest, {2) to compare the growth response
among species lo determine which specics are valuable lor
climate reconstruction, and {3} to compare this climatic re-
sponse with that found tn white oak, which has been the
standard for dendrochronological climate studies with oaks
in the eastern US.

Methods

Site description

Our sites were initially established by personnel working
with the US Department of Agriculiure Forest Service for
the study of acorn production {mast) in oak trees to monitor
food production for black bears (Ursns americana) in the
southern Appalachian Mountains (Greenberg 2000: Speer
2001). The Forest Service established 17 permanent plots
from 1991 to 1993 in the Chattahoochee National Forest in
northern Georgia, the Cherokee National Forest in castern
Tennessee, and the Pisgah National Forest in western North
Carolina (Table 1, Fig. 1). Most of the sites are distributed
broadly except for seven sites that were clustered in the
Bent Creek watershed ncar Asheville, North Carolina. The
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Table 1. Site information.
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Latitude Longitude  Elevation
Site {“N) W) {mas.t)  Oak species™
Chattahoochee National Forest, northiern Georgin
Cohutta 34.94 84.78 4441 Chesinat ({1}, scarlet (7), white (7}
TaHulah 34.92 83.40 a0o6 Chestnut (7), red (17), white (8)
Brasstown Work Center  34.93 83.92 755 White (06)

Cherokee National Forest, castern Tennessee

Burneit Gap 36.22 82.56 644
Hiawassee cluster B 35.34 34.57 270
Hiawassee cluster C 35.34 84.57 481
Tellico 35.38 84,33 587

Pisgah National Ferest, western North Carolina

Bike Trail 35.52 82.63 729
Buell Plot 35.52 82.63 695
Green's Lick 35.52 82.63 910
Hard Fimes 335.52 82.63 785
Hurricane Gap 3588 82.80 1149
Jackson Fann 3597 83297 481
Mill Ridge 3573 8297 732
Ol Gate 35.52 82.63 719
Rice Pinnacle 3552 82.63 682
South Ridge 35.52 32.63 828

Black (6}, chestnut (8/16). red (5), scarlet {1}), white (9)
White (10}

Black (9}, chestnut (10), scarlet {10)

Black (18), chestnut (17), red {18), scarlet (16), white €13)

Black (9), red (10), scariet (7}, white (8)

Chestnut (19), red (7), scarlet (9), white {8)

Black (6}, chestnut (21), red {24), white (15)

Chestnut {18}, scarlet (5). white (23)

Chestnm €183, red (17}, scarlet, white {6}

Black (12}, chestint (14}, red {12), scarlet (12), white {12)
Chestnut (11), scartet (12), white (12)

Chestnut (9), scariet (14}

Searlet {19), white (19}

Chestnus €183, red (13), scarlet (8), white {7)

*The numbers i parentheses are the number of trces sampled of each oak species on each site.

Fig. L. Locations of study sites, national forests and parks, and ch-
mate divisions in the southern Appatachians. Sample sites are
numbered 1-11 (black circles): 1, Watauga; 2, Jackson Farny; 3,
Burnett Gap; 4, Mill Ridge; 5, Hurricane Gap; 6, Bent Creek ex-
periment forest chuster containing Buell Plot, Bike Trail, Green's
Lick, Hard Times, Old Gate, Rice Pimacle, and South Ridge: 7,
TeHico; 8, Hiawassee cluster; 9, Cohutta; 10, Brasstown Work
Center; Fl, Tallulah, Nine National Oceanic and Atmospheric Ad-
ministration climate divisions cover the study area: VA 00, Virgi-
nia 6: TN 01, Tennessee 1; NC 01, North Caroling 1; NC 02, Norlh
Carolina 2; SC 01, South Carolina 1y SC 02, South Carclina 2; GA
01, Georgia |; GA 02, Georgia 2; and GA 03, Georgia 3. The gray
regions designate national forest land and the gray region labeled
GSMNP is the Great Smoky Mountaing National Park,
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majority of sites are between 400 and 800 m as.l. in eleva-
tion, with the lowest site at 270 m and the highest a1 1149 m.
Vegetation at all sites is classified as Eastern DPeciduous
Forest Province, Appalachian Oak Forest Scction (Bailey
1980). American chestowt (Castanea dentata  {(Marsh.)
Borkh.) once dominated this province, but the inroduced
chestnut blight {Cryphonectrin parasitica (Murill} Barr)
decimated the population. Today, chestnut has been replaced
mainly by chestnut oak (Quercus prinus L.}, northern red
oak (Quercus rubra L), ved maple {Acer rubriim 1.1, and
tuliptree (Nelson 1935; Woods and Shanks 1959; Young
1996). Oak has become the dominant component of the de-
ciduous forest canopy in the southern Appalachian region.
in the southern Appalachian Mountains, European settle-
ment affected the landscape through farming, logging, and
livestock grazing as carly as AD 1795 (SAMAB 19906).
Varying intensities of logging in the 1800s mind 19005 Ieft
the study area largely covered with second-growth forest
(SAMAB 1996). This relatively recent removal of mature
trees through logging and the subsequent repeneration of
carfy-successtonal forest limits tie temporal extent of the
dendrochronological record in most arcas.

Tield methods

Trees and sites were chosen to represent a wide range of
tree ages, topographic posilions, and site conditions {o pro-
vide a more comprehensive set of analyses to investigate
the spatiotemporal climatic response of trees within the re-
gion. For the original study on mast production, USDA For-
est Service employecs tagged. the trees and mapped site
locations, enabling the relocation of the 664 trees sampled
for this study (Greenberg 2000; Speer 2001). At cach of the
17 sites, we took two cores per tree from up to {five oak spe-
cies (black ovak (Quercus velnting Lam.), chestnut oak.

Published by NRC Research Press



510

northern red oak, scarlet oak (Quercis coccinea Nuenchi.),
and white oak). The cores were stored in plastic straws and
the straws were labeled with the sile name and tree number.
Using the site name and tree number, a database maintained
by the USDA Forest Service could be accessed to retrieve
species information, diameter at breast height (DBH), crown
class (dominam, codominant, intermediate, or understory),
crown size, aspect, slope angle, terrain shape index, and
landform index.

Chronology development

We dried all cores at 65 °C for 24 h, mounted them on
wooden core mounts, and swrfaced them with a belt sander
using progressively liner grits of sandpaper from ANSI 120
arit (105-125 pum) through ANSI 400 grit (20.6-23.6 jumn)
(Orvis and Grissino-Mayer 2002). For each site, we created
skeleton plots from 10 cores o develop a master tree-ring
chronology for crossdating purposes (Slokes and Smiley
1968). Crossdating refers o the assignment of the precise
calendar year to each tree ring based on recognizable pat-
terns of wide and narrow rings from within a site (Douglass
1941). Skeleton plots facilitate the crossdating process by
emphasizing the narrow rings that contribute to the unique
pattern of rings (Stokes and Swmiley 1968). All tree rings
from the remaining cores were crossdated using the patterns
from the master skeleton plot.

We then measured the widths of all crossdated tree rings
on all cores to 0.01 mm precision using a Velmex measuring
system, then uwsed the computer program COFECHA 1o
check our crossdating and measurement accuracy {Holmes
1983; Grissino-Mayer 2002). The primary function of
COFECHA is to ensure correct crossdating, and it does so
using segmented time series correlation analyses. Shorter
segmeits of each measurement series being tested are com-
pared with the same segment from a chronology computed
from ai remaining series. If each tested segment is correctly
crossdated, the correlation will be statistically significant
(usually P < (.G0OD) and positive. Segments that correlate
poorty arc flagged by the software and must be reinspected
for crossdating and measurement accuracy.

We entered the measurement series into the program
ARSTAN to standardize cach series to a mean of 1.0 and
stabilize the variance, thus ensuring that the majority of the
undesirable age-related (i.e., nonclimatic) growth trend was
removed (Cook 1985). The fexibility of the cubic smiooth-
ing sphine nscd by ARSTAN to standardize the series deter-
mines the frequencies of events that can or cannot be
analyzed in the final detrended chronolegy. We determined
the best spline to use for our climate response study by try-
ing different cubic smoothing splines (100 year, 60 year,
40 year, 35 year, 30 year, 25 year, 20 year, 5 year,
10 year, and 5 year), then determined which resulting chro-
nology showed maximum correlations with climate varia-
bles.

Tree-ring series from individual trees growing within the
same stand oflen vary owing 1o differential responses caused
by competition for light, water, and nutrients, and owing to
other more localized disturbances such as individual gap dy-
namics, Since we sampled 604 trees from five different oak
species growing at 17 separate siles, we were able to de-
velop chronologies at two distinet spatial scales. We First de-
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veloped site-species chronologies that incorporated all of the
trees of one oak species on a site. To develop robust
chronologies with litle intertree variability, we limited site-
species chronologices (o stands that included five or more
trees of a given species. We constructed S5 site-species
chronologics: 15 white oak, 13 chestnut cak, 12 scarlet oak,
9 northern red oak, and 6 black oak. The mumber of individ-
uals per chironology varied from 5 to 24 trees, with 664 irces
included in the finad 35-chronology dataset. We also devel-
oped five regional-species chronologies by combining all
series from each of the five oak species. using the same
methods as for the site-speeies chronologies. These proce-
dures resulted in a set of tree-ring index chronologies for
each species that retain the common variance at the site and
regional levels throughout our study area in the southern
Appalachian Mountains.

Climate~free growth analyses

The PDSI (Palmer 1965) can better model trec growth
than can precipitation or temperature alone because the
PDSI seirves as a proxy for water avaitability, which is what
often drives tree growth (Cook-et al. 1992; Grissino-Mayer
and Butler 1993; Rubino and McCarthy 2000). For our cli-
mate models, we cxamined monthly PDSI, precipitation,
and {emperature data for the nine National Oceanic and At-
mospheric Adminisiration climate divisions that cover our
study arca (Fig. 1). We used divisional chmate data because
the climate divisions represenl a broader level of climate
variability, whereas individual weather stations may be
more sensilive to microctimatic phenomena that affect the
individual mecicorelogical stations, Climate divisions in this
region are bounded by topographic barriers that affect air
mass movement and orographic cffects (Konrvad 1996).
Thus, divisional data provide a more homogeneous climate
variable that has a better potential for meaningful extrapola-
tion beyond the specific sile being studied,

To determine the best climatic calibration data set, we
compared our five regional-species chronologies against
maonthly PDSI values for all nine climate divisions. We also
defined (wo aggregate regions: the first by averaging the
PDST values for all nine climate divisions by month, and
the second by averaging the monthly PDSI values for Ten-
nessce climate division 1 and North Carolina climate divi-
sion b oonly, These two divisions cover most of the study
area and incorporale the mountainous portion of the south-
ern Appalachian Mountains (Fig. 1). The appropriate climate
calibration data sct was chosen through correlation of the re-
gional tree-ring chronelogies with all of the division and ag-
gregate division data,

We used correlation analysis (o test lor significant associ-
ations between trec growth (as indicated by the uee-ring
chronologies) and climate, using monthly PDSI, mean
monthly temperature, and total monthly precipitation from
January through December for the year in which the tree
ring was formed and from the cight lagged months, May
through December, of the previous year. The climaic data
ranged rom AD 1893 o 2000, The climate conditions of
the months prior to ring formation can alfect tree growth
through preconditioning of the s0il and through formation
or depletion of carbohydrate reserves stored in the tree from
the previous year (Fritts 1976). The earlywood pores in oak
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Table 2. Duting quality of the regional-species chronologies,
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Regional-species Number Number bierserics Mean
chironology of trees of cores Years correhation sensitivity
Black oak &7 129 203 0.49 0.19
Chestnut oak 182 35t 299 0442 0.19
Northern red oak 49 %8 171 0.37 0.19
Scarlet oak 132 257 135 (.44 013
White ouk 169 332 291 .44 .21
Minimum 49 73 135 0.37 0.18
Average 120 229 220 0.43 0.19
Maximum 182 351 299 0.4% 0.21
Sum 599 1847

trees arve formed coincident with leaf out; and therelore,
their growth must draw from the previous ycar's stored pho-
tosynthates. We developed a summer (May through August)
agaregale varinble for the climate variables, for both current

051
and previous summers. In all, we correlated 20 single
months and two summer seasonal values ol PDSL, tempera-
ture, and precipitation (66 variables) against our site-species 051
chronologices.
We next used stepwise lincar vegression in SPSS (version 0.4
10) (Norusis 1999) to develop a climate model for cach of
the five repional-species chronologies. We examined the re- oa

gression models to determine which significant variables
were justified based on climatic and physiological mecha-
nisms and to ensure that we kept our models parsimonious
while maximizing the variance explained by climate. To
test the climate response of the five oak species in this

Tig, 2. Correlation of regional-species chronologies with climate
(two-division mean PDSI: see fext) as 4 lunction of spline length,
by species,

Pearson'sr

N //”_,

< , B 13 e 01 7

study, we develf)i}cci atl models using the same climate vari- x e Whiteosk 4. Chesteatost - Horthern

ables, representing the same two climate divisions that were Blackosk —#- Searlet oak red o3k

chosen for the regional-species models. We recognize that at o . . . . . . . . . .

the site-species level, trees are likely to be responding in
part to microclimatic cffects, but we wished to measure the
response to broad-level climate phenomena and, therefore,
restricted our analyses to the divisional climate data. The
Durbin—Watson (ID-W) statistic was used to test for an ac-
ceptable level of autocorrelation in our time series {(Ostrom
1978), with a range of 1.6 -2.4 considered as acceptable.

Results

Dating quality of the site-species and regional-species
chronologies

The 55 site-species chronologies had an average inter-
series correlation of 0.56 (rimges from 045 to 0.70) and an
average meanh sensitivity {year-to-year variability) of 0.20
(ranges from 0.14 to (.27). Black oak cxhibited the highest
interseries cotrclations among the five species analyzed,
while northern red oak had the lowest. Northern red oak
vielded significantly lower interseries correlations than scar-
let oak (1 = 2.665, P < 0.05) and black oak {r = 2.698, P <
0.05). Black oak yielded significantly higher interseries cor-
relations than chestnut oak {f = 2.083, P < 0.05). White oak
had the highest mean sensitivity (0.22), while the other four
species clustered around .19, Chesinut oak and white oak
lived the longest (299 and 291 years, respectively), while
the other three species lived long enough to extend beyond
the modern climate record based o maximum sample age
for each species (Table 2),

100 year €0vyear A0 yzar 35year 30year 2Syear 2Cyear 1Syear llyear Syear

Spline length

The live regional-species chronologics had moderate in-
terseries correfations {(average = (.43) and mean sensitivitics
(average = 0.19) (Table 2). Higher values at the stand level
are expecled because all trees in any given stand are grow-
ing under similar circumstances and have similar controlling
factors, including competition and exposure to site-specific
climate history,

Spline choice and chronology development

By analyzing the correlation of each regional-specics
chronotogy with climate (specifically July PDSI as ex-
plained below), we determined that a 5 year cubic smooth-
ing spline performed the hest (Fig. 2). For all five species,
the correlation with July PDSI gradually increased as the
spling length was shortened. Correlations deteriorated with
the 1) and 5 year splines, which suggested the 15 year
spline was optimal for all standardization calculations in
this study. The 15 year cubic smoothing sphoc removed
low frequency nonclimatic variation and enhanced interan-
nual variation, thus increasing the correlations with ¢limate,
The 15 year spline retained 50% of the variance at 15 yeuars
and 99% of the variance at § years and below. Therefore,
noise from confounding factors with a 5 year or longer trend
was dampened or removed from the chronology.
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Table 3. Statistics for the climate models developed for the regional-species chronologies,

Species r ? D-W  Pvaluc Climate modcel

Black cak 0e6f 037 147 <0.061 ¥ = 0.0239PDjun + 0.00847 50 — 0.00757, -+ 0.961
Chestnut oak 061 037 210 <0.001 ¥ == 0.0220PDyy — 0.0118PDynyy, — 0.0077T, + 1515
Northern ved oak 048 023 157 <0.001 ¥ = 0.0121PDy,, + 0.00767 5, —~ 0.0077T, + 1027
Scarlet oak 051 020 199 <0.001 ¥ = 0.0176PDy + 000627y — 0.00587, -+ 0,987
White oak 060 036 197 <0.601 ¥ = 0.0219PDy — 000837, + 0.0058 o0y, + LIB4

Note: For the climate models, ¥ is the tree-ring index value, PD,, is PDSI June, PD,,, is PDSI July, PD,

7

vy

ap 18 PEXST prior May,

is tempersture from the prior May, and 7, is {emperature for (he curreat September. We used these regional-species chron-

ology responses to determine the moathly climate variables to include in the clinste models for the site-species clinmie analysis.

Qur five regional-species chronologies ranged from 134 to
298 years in length (based on the oldest individual in the
chronology). The regional white oak chronology was the
fongest (1701-1999). Of the 55 site-species chronologies we
developed, our fongest exlends back to 1701 while the short-
est started in 1958. Most cores were relatively short in
fength, with the average year of establishment for all trees
being 1912,

Analysis of climate response across the landscape

Climate parameters

PDSI, temperature, and precipitation averaged beiween
Tennessce division 1 and North Carolina division 1 cofre-
lated the highest with our regional tree-ring index chronolo-
gies compared with the other divisional climate data. We
averaged the data from these two divisions together to create
a combined region that represented climate across the study
arca. We thereafter used the monthly PDSI, temperature,
and precipitation values from this aggregate climate division
{or the whole of the study. Our chronologies responded most
strongly to PDSI, especially growing-season PDST (Fig. 3).
Qur oak chronologies showed a negative response to tem-
perature in the summer and current September (Fig. 4} The
precipitation response was similar to but weaker than the
PDS1 responsc and correlated significantly with the growing
scason and Lhe previous August (Fig. 5). Because of the sim-
ilar responses to PDSI and precipitation, we excluded pre-
cipitation from the multiple regression analyses to avoid
colinearity. We developed statistically significant climate
models for all five regional-species chronologies using three
monthly PDSI or temperature variables (Table 3), June PDSI
or July PDSI were always the first variables chosen for the
modeis, followed by temperature from May of the previous
year and September of the carrent year, Our climate models
explained from 23% (northern red oak) to 37% (black and
chestnut oak} of the variance in our regional-species chro-
nologies (Table 3). Al regional-species chronologies had
low awtocorrelation {average D-W = 1.821) (Table 3). Sig-
nificant climate models (P < 0.05) were developed for 71%
of the site-specics chronologies and the climate variables ex-
plained 8.3% to 39.0% of the variance.

Species compared

White oak has been the most commonly used castern
North American oak species for climate reconstruction. We
examined our resulis to see whether our while oak chronolo-
gies were particilarly suited for climate reconstruction using

PDST and temperature variables. In our 55 site-species chiro-
nologics, white oak chronologies did not yield significantly
higher interseries correlations than the other four oak species
studied (P < 0.005). However, the white oak chronologics
did have a significantly higher mean sensitivity (P < 0.005).
Asscssing all sitc-species chronologics, we found that chest-
nut oak correlated best with elimate and had more chronolo-
gies with relatively high proportions of variance explained
by climate (average R? = (.18, max R? = 0.33). Other spe-
cies ranked, in order of average variance explained, as fol-
lows: white oak (average R? = (.17, max R? = 0.35), black
onk (average B2 = 0.15, max R? = 0.39), scarlet oak {average
R2 = 0.14, max R? = 0.32), and northern red oak (average
R? = (0,10, max R? = 0.25) (Fig. 6.

Discussion

The high interseries correlations and mean sensitivities for
the oak chronologics developed in this study suggest that
oak trees i the southeastern US respond to coherent
regional- and stand-level controls. Our resuits compare f{a-
vorably with the descriptive statistics of regional tree species
from 84 sites and 16 species throughout the southeastern
US, where the average interseries correlation is 0.49 and the
average mean sensitivity is 0.26 (Table 4). The average in-
terseries correlation from 48 published oak chronologics lo-
caled throughout the US is 0.40. while the average mean
sensitivity is 0.19. In comparison, our averages (0.56 and
0.20, respeclively) would be considered quite pood for sites
where mesic conditions and closed canopies predominate.
Furthermore, our trees were originally chosen for a study of
tree masting behavior; neither the siles nor the individual
{rees were selected specifically for climatic analyses. High
values for inlerseries correlations and mean sensHivities,
combined with the significant amount of variance explained
by PDST and temperature, suggest that climale is likely the
dominant signal that aftects tree growth in these forest inte-
rior sites, at both the stand and regional levels.

All five oak species analyzed in this study responded 1o
similar climate variables. Responses to June and July PDSI
may reflect moisture stress {or surplus) during the middle of
the growing season, amt therefore, drought during these
months reasonably has the strongest individual correlations
with regional-species chronologies. That some species re-
spond better to June PDSIE and others to July PDSI may be
due o slightly different timing ol growth in dilferent spe-
cies. The positive response to the previous year's May tem-
perature suggests that an increase in the length of the
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Fig. 3, The response of the regional-species chronologies to the Palmer Drought Severity Index (PDSH. Black bars denote variables that

correlate significantly at the 0.01 level.
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Fig. 4. The response of the regional-species chronologies to temperature. Black bars denote variables that correlate significantly at the 0.01
fevel.
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Fig. 5. The response of the regional-species chronologies to precipitation. Black bars denote variables that correlate significantby at the (L0

level.

Corelation

K

Chestnut Oak

Lorrelutlon

Climate Vurishles

Black Oak Scarfel Ouk
: i iy -4 =, © FEas D ki i
[ g

T White Oak

Climate Varahles

P s

Climate Vmiahles

© Nuniiet

Climate Yonables

Northern Red Oak
! £
g - | o
L B;uﬁi]; g _.JBHG.B?
f
e ;,

Climate Variahles

Pablished by NRC Research Press



516

Can. 4. For. Res. Vol 39, 2008

‘Fable 4, Comparison of the resuits of this study with chronology statistics from 34 sites ind 16 species developed in the southeastern US.

Number Series Average mean
Species of sites inercoreelation sensitivity Location Data source™
Lirivdendron fulipifera ] 0.65 0.37 Tennessee ITRDB 2000
Picea rubens 2 0.55 0.20 Noith Carolina ITRDB 2600
Pires echinata I 0.53 0.26 Georgia ITRDB 20600
Pinus echinata I 0.76 0.30 Tennessee I'TRDB 2600
Pinus echinata 2 0.42 0.25 North Curolink ITRDB 2000
Pinus echinata 12 048 0.20 Southeastern US Estes 1970
Pinus palustris 3 0.56 0.28 North Carolin: ITRDB 2000
Pinus taeda 3 0.47 024 North Carolina ITRDB 2000
Quercus alba 5 0.65 .23 Tennessee ITRDB 2004}
Quercus alba 3 040 .19 Southern [Hinois Raoberison 1992
Quercus alba 3 0.52 .20 North Carolina ITRDB 2000
Quercus alba 4 0.49 0.14 South Carolina Jacobi and Tainter 1988
Quercus alba I 0.32 0.19 Southeastern US Estes 1970
Quercus Iyrata 2 0.37 0.22 Southern THinois Roberison 1992
Quercus macrocarpa l 0.26 0.19 Southern [Hinois Roberison 1992
Quercus michunxii 3 .29 (.20 Southern IHinois Robertson 1592
Quercus pagedaefolia 3 0.42 0.17 Southern [Ninois Roberison 1992
Quercus pealusiris | 0.38 0.17 Southern IHinois Roberison 1692
Quercus rubra 2 0.27 015 Southern [Hinois Robertson 1992
Quercus shumardii 1 045 .19 Southern [Hinois Roberison 1992
Quereus veliting 9 0.38 .20 Southeastern S Estes 1970
Taxodium distichum l 0.63 0.50 Tennessee ITRDE 2000
Yaxoditm distichum 2 0.66 .58 North Carolina [TRDB 2000
Taxedium distichum 3 0.66 0.59 Georgia [TRDB 2000
Tsuge canadensis I 062 0.25 Tennessee ITRDB 2000
Tsuga canadensis 2 0.55 0.21 North Carolina ITRDB 2000
Tsuga careliniana 2 0.64 0.22 North Carolina ITRDB 2000
Quercus alba I5 0.57 0.22 Southern Appalachians This study
Quercus coccinea 12 0.58 0.18 Southern Appalachians This study
Quercus prinus 14 0.54 0.20 Southemn Appalachisng This study
Quercis rubra 10 0.52 0.19 Southern Appalachizns This study
Quercus veluting 7 0.61 0.19 Southern Appalachians This stady

“The datn source shows the published articie from which these data were 1aken, or clse ITRDB 2000, which means these valoes are reported on the internet

for the holdings of the

ITRDEB.

Fip, 6. The proportion of variance explained lor cach site-species
clhironology by the Palmer Drought Severity Index (PDSE models
with variables chosen for exch species at the regional level,
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previous year’s growing scason increases the ability of trees
to store nutrients {or early spring growth in the tollowing
growing season. Repeatedly, September temperature was ne-
gatively correlated with ring width in the regional-specics
chronologies and the site-specics chronologies, This suggests
that warm temperatures during the end of the growing sea-
son stress the tree causing it to shut down growth.

White oak is frequently used for climate reconstructions
in eastern North America. Our results show that white oak
does not, on average, tccord a stronger stand- or regional-
fevel climate signal than the other [our oak species studied.
Its higher mean sensilivily may indicate that it actually has a
strong climate signal but that it may be masked by an unac-
counted-for noisc factor. The stronger chlimate response
found for the chestnut oak chronologies suggests that this
speeies should be used more often lor climate reconstruction
purposes. Scartet oak and black vak also demonstrated good
chronology statistics and high correlations with iemperature
and PDSIL. Therelore, more research should incorporate
chestnut, black, and scarlet ocak for future climate recon-
structions. Our results show that northern red oak has the
weakest chronology statistics of the five species in owr study
area and did not record chimate well on most sites, This last
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finding is supported by Fekedulegn et al. (2002) who found
that northern red oak has the lowest climate response out of
four castern tree species, including tuliptree, chestnul oak,
and red maple, growing in West Virginia.

The length of time that the different oak species live be-
fore senescence and death will affect how useful each tree
species is for long-term climate reconstructions. The oldest
individuals of all live species lived longer than the modern
climate record, making them useful for climate reconstruc-
tions. Chestnut oak and white oak, however, hived about
100 years longer than the other three oak species, and could
provide epportunities for climate reconsiructions going back
nearly 300 years based on data from forest-interior species.
It was interesting that despite the furn of the century logging
in this region, we were able to find long-lived individuals in
all five oak species.

Because this study is part of a larger project on mast re-
construction, we used a liberal standardization method {a
15 year cubic sinoothing spline) to remove signals that were
considered to be noise. We waould have used a different ap-
proach if our primary goal had been to reconstruct climate
that included low-Trequency {i.e., interdecadal) climate sig-
nals. Our approach probably enbanced interannual variability
and, thereby, increased statistical response to shori-term cli-
matic variabifity, while obscuring tree growth relationships
with long-term climate patterns. This effect on the inferred
climate response would be the same across species and
would, therefore, not alter our results regarding the abilities
of the different species when used in climate reconstraction.
For futwe studies, we reconumend that chestnut oak, scarlet
oak, and black oak be used as well as white oak for climate
reconstraction. Qur results demonstrate that siles i closed-
cimopy oak forests can be useful for climate reconstruction
and should be used when circumstances wareant,

Climate change predictions suggest a warming climate in
the southeastern US but with little increase in precipitation,
i contrast to global predictions (Solomon et al. 2007).
These trends of warmer temperature and lower precipitation
would result in greater extrenecs and {requency in drought
events that could negatively impact oak growth in the south-
eastern US. Bascd on the positive relationship with summer
PDSI and the negative relationship with September temper-
aturc for these five oak species, the increased moisture stress
that is predicted to occur with global warming is likely to
decrease the vigor of the extant oak trees in the southeastern
U8, This change in growing conditions is likely to force oak
trees to establish at higher clevations, or migrate to higher
latitudes, through seed dispersal, The resuitant stress on liv-
ing oak trees may lead to forest health decline and an in-
crease of damage from a variety of forest pathogens. Forest
managers may be lell with the circumstance of managing
forests that are no longer situated at their climatic optinun.
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