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ABSTRACT

Climatic Sensitivity and Growth of Southern Temperate Trees in the Eastern US:
Implications for the Carbon Cycle
Neil A. Pederson
Climatic warming over the past 200 years is expected to accelerate over the next
century. Such a change will have significant impacts on forest composition, species
ranges and the terrestrial carbon pool. Forecasts of the impact of future climate on
temperate, eastern North America forests, however, vary widely. The range of forecasts is
primarily related to the paucity of data on the climate sensitivity of most tree species.
Tree-ring analysis gives the opportunity to explore the long-term relationship between
climate and tree growth as well as long-term growth trends. Three tree-ring based
networks comprised of seven southern-temperate tree species covering over more than
400,000 km? in the eastern U.S. were created to study the response of radial growth to
climate and growth rates of these species. Winter temperatures were found to be a
significant factor limiting growth of most species, with Atlantic white-cedar
(Chameacyparis thyoides) being the most limited. Individual species’ temperature
response differed the most during the dormant seasons, which could be biologically
important. Geography plays an important role in the climatic response of species. Growth
rates of the northern red oak (Quercus rubra) in the forest surrounding the Harvard Forest
eddy-flux tower are among the lowest of 20 populations studied across the northeastern
U.S., which suggests other northern red oak-dominated forests may be sequestering

significantly more atmospheric CO; than previously thought. Tree age does not appear to



limit individual-tree growth rates of white oak (Q. alba), chestnut oak (Q. alba), yellow-
poplar (Liriodendron tulipifera) and northern red oak. In fact, growth rates for these
species and Atlantic white-cedar have accelerated over the last 50-150 years. Although
accelerated tree growth rates are not proportional to increased productivity at the stand or
ecosystem level, these results suggest that old trees and forests can be an important
element of the carbon cycle. Results here on a small number of the tree species in the
eastern U.S. suggest that there is much to learn on the impact of climate on tree growth
and climate response and that there are still large uncertainties on how forested

ecosystems will respond to future climate change.
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Chapter 1: Rationale for Dissertation Research and Dissertation Layout

Rationale for Dissertation Research:

An increase in atmospheric greenhouse gas concentrations is forecast to induce a
rapid climate change over the next 100 years. Associated with predicted warming of
annual global temperatures from 1.4 to 5.8°C are an increase in total precipitation,
increased annual variability of precipitation and more frequent extreme weather events
(IPCC, 2001). The uncertainty in the amount of future warming, however, has been
reduced. In fact, it seems highly likely that future warming is expected to be greater than
what has occurred over that last 100 years (Meehl et al., 2005). A change in climate such
as this will alter the competition between species, which would lead to changes in
ecosystem productivity and composition in eastern U.S. forests.

Forecasts of the impact of climate change on eastern U.S. forests ranges from a
negligible change in species composition to a rapid shift in species distributions to a
significant dieback and mortality of certain species (e.g. Solomon, 1986; Pastor and Post,
1988; Overpeck et al., 1991; Iverson and Prasad, 1998; Loehle, 2000; Bachelet et al.,
2001; IPCC 2001). One reason for the wide range of forecasts is the limited amount of
data on climate response of most species (Loehle and LeBlanc, 1996; Schenk, 1996). The
data that exist is based on: 1) seedling or saplings, 2) short-term in length or 3) limited in
understanding decadal scale changes in climate or climate variability. Most information
on mature tree sensitivity to climate is limited to classic dendroclimatological sites (xeric
locations, grassland ecotones or treelines) or a few number of species. (e.g. Botkin et al.,

1972; Shugart, 1984; Bartlein et al., 1986; Solomon, 1986; Cook and Cole, 1991;



Prentice et al., 1991; Pacala and Hurtt, 1993; Loehle and LeBlanc, 1996; Schenk, 1996;
Bugman, 2001). In regions with high species diversity or threatened ecosystems like the
eastern U.S. (Braun, 1950; Laderman, 1989; Noss, 1989), it is critical to understand the
influence of climate on species and ecosystems to better anticipate the impact of future
climate change.

Paleoecological studies in the eastern U.S. have shown how climate and rapid
climate change alter tree distributions and forest composition (Whitehead, 1979; Davis et
al., 1980; Gajewski, 1987; Peteet, et al., 1990; Jackson and Whitehead, 1991; Spear et al.,
1994, Peteet, 1995; Maenza-Gmelch, 1997; Gajewski, 1998; Kneller and Peteet, 1999;
Schauffler and Jacobson, 2002; Shuman et al., 2002). This type of evidence, however,
has a limited ability to reveal the mechanisms that alter forest composition. For example,
macrofossil evidence indicates that a rise in temperatures of 3 - 4'C in less than 100 years
during the Younger Dryas was associated with a dieback of several boreal taxa (e.g.
Picea, Abies, Larix, paper birch (Betula papyrifera)) and replacement by temperate taxa
(Quercus and Pinus strobus) in the lower Hudson Valley and southern New England
(Peteet at al., 1990; Peteet, 1995). In contrast to this macrofossil evidence, low levels of
boreal tree pollen, perhaps as a result of long-distance wind transport of pollen, suggest
that mature trees may have persisted following the Younger-Dryas warming event.
Regardless, it is unclear whether rapid warming induced tree mortality or if it intensified
drought (i.e., Webb et al., 1993). Therefore, it is important to determine the climatic
response of species at annual to centennial time-scales to help improve vegetation models

and gain further insight of changes in past vegetation.



Climate has changed significantly over the last 200 years. The 20™ century was
one of the warmest centuries of the last 500-1000 years while the 19™ century was one of
the coldest (Mann et al., 1998; Villalba et al., 2003; Cook et al., 2004; Moberg et al.,
2005). Changes in the biological systems of the Arctic and high latitudes have been well
documented in association with this reversal of global temperatures (e.g., ACIA, 2005).
Likewise, changes have been documented in the phenology of species and animal
migrations in the mid-latitudes (Bradley et al., 1999; Inouye et al., 2000; Schwartz and
Reiter, 2000; Gibbs and Breisch, 2001; Fitter and Fitter, 2002; Primack et al, 2004).
Thus, changes in biological systems have been connected to warming over the last
century.

Research on the importance of temperature as a factor of tree growth has been
focused mostly on high latitude and elevational forests (e.g., Jacoby and D'Arrigo 1989;
Briffa, 1992; Becker et al., 1995; Jacoby et al., 1996; Rolland et al, 1998; Briffa et al.
2001; Buckley et al. 1997; Esper et al., 2001; Kullman 2001; McKenzie et al., 2001;
Wilmking et al., 2004; Frank and Esper, 2005). In contrast, there have been far fewer
studies examining the importance of temperature on tree growth of low-elevation
temperate trees, especially in the eastern U.S. (but see Cook and Johnson, 1989; Webb et
al., 1993). In fact, the climatic response to temperature change of most trees in the eastern
U.S. is unknown (Loehle and LeBlanc. 1996; Schennk, 1996), with three exceptions:
eastern hemlock (Tsuga Canadensis (L.) Carr.), red spruce (Picea rubens Sarg.), and
loblolly pine (Pinus taeda L.) (Conkey, 1986; Cook et al., 1987; Cook and Cole, 1991;
Cook et al., 1998). The lack of temperature studies in this region may be directly due to

the fact that drought stress has repeatedly been shown to be a dominant factor of tree



growth and forest dynamics (e.g., Douglass, 1920; Schumacher and Day, 1939; Cook and
Jacoby, 1977; Currie and Paquin, 1987; Cook, 1991; Stahle and Cleaveland, 1992;
Graumlich, 1993; Orwig and Abrams 1997, Pedersen, 1998; Stephenson, 1998; LeBlanc
and Terrell, 2001; Cook et al., 1999, 2001). Therefore, it is imperative that the
temperature response of eastern U.S. tree species be studied, especially considering that
future changes in temperature appear to be better understood than changes in
-precipitation (IPCC, 2001).

Climate change and it associated effects on tree growth rates have important
ramifications for the global carbon cycle (i.e., Myneni et al., 1997; Nemani et al., 2003;
Mathews et al., 2005). Temperate regions have some of the largest global aboveground
terrestrial carbon pools (Myneni et al. 2001), show the largest increase in forest
productivity of global forest types as they age (Pregitzer and Euskirchen, 2004), and have
been implicated as an important part of the so-called ‘missing carbon sink’ of
atmospheric CO; (e.g., Tans et al., 1990; Keeling et al., 1996; Myneni et al., 1997; Battle
et al., 2000). Understanding the factors that govern carbon sequestration in these forests
is vital because changes in atmospheric CO; concentrations are expected to influence
futures changes in climate.

The region of study for my dissertation ranges from Alabama to Michigan to
southern Maine (Figure 1). Most of the research is focused around the vegetational
ecotone in southern New England and eastern New York State (NE/NY) (Bray, 1915;
Braun, 1950; Eyre, 1980; Bailey, 1995). This ecotone coincides with the northern-range-
margin of many southern temperate tree species and fauna (Little, 1971; Stewart and

Rossi, 1981) as well as a peak in biodiversity in eastern New Your State (NY-GAP,



Figure 1 - Spatial Distribution of Dissertation Research and Collection Networks in the
Eastern United States. A - Chapter 2: ‘The Influence of Winter Temperatures on the
Annual Radial Growth of Six Northern Range Margin Tree Species’, B - Chapter 3:
‘Growth and Climatic Sensitivity of Northern Red Oak in the Northeastern U.S.: Placing
Carbon Uptake at the Harvard Forest in a Regional Perspective’, C - Chapter 4:‘Evidence
of Accelerated Growth in Old Trees’. a - Appendix A: ‘Climate Sensitivity of Atlantic
White Cedar at Its Northern Range Limit’, and d - Appendix D: ‘Table of Tree Species
Collections from Georgia to Maine’. Five states in the eastern U.S. bound the geographic
distribution of the research carried out during this dissertation. Starting in the west and
moving clockwise, these states are: IL - Illinois, MI - Michigan, ME - Maine, FL -
Florida and AL - Alabama. Image courtesy of NASA’s Visible Earth program
(http://visibleearth.nasa.gov/).



2001) (Figure 2). A southern temperate species here is defined as a species that is more
commonly found between 32° and 40° north latitude in the eastern U.S., but rarely north

of 45° north latitude. The NE/NY ecotone is one of the few places in eastern North

Figure 2 - Distributions of Tree and Faunal Species Where a Northern Range
Limit 1s Found in the Hudson River Valley. a) pignut hickory (Carya glabra), b)
black oak (Quercus velutina), c) yellow-poplar (Liriodendron tulipifera), d)
pitch pine (Pinus rigida), e) black birch (Betlua lenta), ) chestnut oak (Q.
prinus), g) white oak (Q. alba), h) northern red oak (Q. rubra), 1) Atlantic white
cedar (Chameacyparis thyoides), j) stinkpot (Sternotherus odoratus), spotted
tuttle (Clemmys guttata), and box turtle (Terrapine carolina), k) five-lined skink
(Eumeces fasciatus), Fowler’s toad (Bufo woodhousei fowleri), eastern spadefoot
(Scaphiopus holbrooki), and 1) racer (Coluber constrictor), rat snake (Elaphe
obsoleta), eastern hognose snake (Heterodon platyrhinos) and worm snake
(Carphophis amoenus). a) - 1) adapted from Little (1971). j) - 1) adapted from
Stewart and Rossi (1981).



Figure 3: Distribution of White Spruce and Black Tupelo Across North America.
The distributions of white spruce (blue) and black tupelo (orange) best represent
the New York-New England ecotone (represented by the dashed black line).
Figure adapted from Little (1971).

America where distributions of boreal and southern temperate species overlap, as
symbolized by the distributions of black tupelo (Nyssa sylvatica Marsh.) and white
spruce (Picea glauca (Moench) Voss) (Figure 3).

This region is ideal for climate change studies for several reasons. First, areas
with regional ecotones or a mix of boreal and temperate species are prime areas for

understanding the influence of climate change on forested ecosystems because species



sensitivity to climate is thought to be strongest in these areas (Solomon, 1986, Neilson,
1993; Risser, 1995; Loehle, 2000; Peteet, 2000). The similarity between the temperature
gradient and NE/NY ecotone emphasizes the region’s potential sensitivity to temperature
(Figure 4). Second, there have been significant changes in hydrological cycles and
temperatures over the last century in this region (Karl et al., 1998; DeGaetano and Allen,
2002; Groisman et al., 2004) making it possible to detect the impact of climate change on
tree growth, Finally, the northeastern U.S. will potentially have the largest change in
temperature within the coterminous US (Currie, 2001), so the need for understanding the

temperature sensitivity of tree species is most critical in this region.

SUMMER TEMPERATURE
(°c}

-
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2077

Figure 4 - Similarities Between the Spatial Pattern of a) Annual and b) Summer
Temperatures and c¢) Forest Types. a) adapted from Owenby et al. (2001). b)
adapted from Gajewski (1988). ¢) adapted from Braun (1950). Red in c)
represents the spatial distribution of the northern hardwood forest type, which is
typified by beech-birch-maple. Yellow in ¢) represents the spatial distribution of
the maple-basswood forest type. Green in c) represents the spatial distribution of
the oak-hickory forest type, formerly known as chestnut-oak-hickory.

Dissertation Layout
My dissertation research focuses on three primary questions: 1) “Is temperature

an important factor of southern temperate tree species growth rates?”, 2) “What are the



biotic and abiotic factors influencing tree growth rates/carbon uptake?” and 3) “Have
tree growth rates changed significantly over the past two centuries?”

The mmportance of temperature as a growth factor is the focus of Chapter 2: ‘The
Influence of Winter Temperatures on the Annual Radial Growth of Six Northern-Range-
Margin Tree Species’ (Pederson et al., 2004) and Appendix — A: ‘Climate Sensitivity of
Atlantic White Cedar at Its Northern Range Limit’ (Hopton and Pederson, in press). Its
role is also addressed in Chapter 3: ‘Growth and Climatic Sensitivity of Northern Red
Oak in the Northeastern U.S.: Placing Carbon Uptake at the Harvard Forest in a
Regional Perspective’.

U.S. Forest Service Inventory Data has been the primary data source for studying
carbon uptake and sequestration in the eastern U.S. (e.g. Caspersen et al., 2000; Goodale
et al., 2002; Joos et al., 2002). While this type of data may be adequate for large-scale
stand level biomass measurements, the frequent replacement of lost ‘permanent plots’
and long time intervals between measurements limit the understanding of annual tree
growth rates. Annual measurements of carbon sequestration in a northern red oak
dominated, mixed hardwood and conifer forest at the Harvard Forest, MA has added
roughly 2 tons of carbon ha yr'! between 1993 and 2000 (Goulden et al., 1996; Barford
et al. 2001), suggesting that eastern U.S. temperate forests are an important component of
the terrestrial global carbon cycle. Chapter 3 is the primary chapter focused on the biotic
and abiotic factors influencing tree growth rates/carbon uptake, although all chapters and
Appendix A address this question.

Changes in tree growth rates over the last two centuries in the eastern U.S. forests

have not been studied as intensely as in high latitude or altitude forests (although see
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Smith et al., 1990; Cook, 1991; Abrams and Orwig, 1995). Changes in tree growth rates
are the focus of Chapter 4: ‘Evidence Of Accelerated Growth in Old Trees’ and also
addressed in Chapter 3 and Appendix — A. An outgrowth of this question is the analysis
of growth rates of old trees. A prevailing assumption is that tree growth rates decline as
they age. Analysis of tree growth rates suggest this assumption may not be correct.

This dissertation is laid out in seven sections. Following this chapter, the order is
Chapter 2: ‘The Influence of Winter Temperatures on the Annual Radial Growth of Six
Northern-Range-Margin Tree Species’, Chapter 3: ‘Growth and Climatic Sensitivity of
Northern Red Oak in the Northeastern U.S.: Placing Carbon Uptake at the Harvard
Forest in a Regional Perspective’, Chapter 4: ‘Evidence Of Accelerated Growth in Old
Trees’, Chapter 5: ‘Climatic Sensitivity and Growth of Southern Temperate Species in
the Eastern U.S.’, Appendix A - ‘Climate Sensitivity of Atlantic White Cedar at Its
Northern Range Limit’ and Appendix B - ‘Gypsy Moth Impacts on Tree Growth’, and
Appendix C - ‘Table of Tree-Ring Collections Between 1999 and 2004°. Chapter 2 is
published as Pederson et al. (2004). Appendix A has been accepted for publication
(Hopton and Pederson, in press). Appendices B is a short discussion derived from
research conducted for Chapter 3. Appendix C is a list of tree-ring collections made

during this dissertation independently and with colleagues.
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Absiraci

This study explores the inflience of temperiture onihe growth of si¥ porthern ragpe mardin INR M) vee species in
the Hndson River Valley (MBRYE The JIRY bas excellont geographic and Surisie qualities 10 study the influence of
climate change on forested seosymgms.: Indives of radinl growily Tor three popnlations per species arg developed and
corsglsted agsinst aversge minimim and maximig wionthly emiperibines a7 to 1994 Daly positive
sorrslations 1o tempeeahire ave wobsidered For this analysis: Prscipal component analysis (PCA) is performed on
chronvlogies over the entire HRY and o four subregions, POA reveals s sirong vonpaon Sgial amony populations sy
subregional and regional scales. Janiaty emperatines most Bant growih at the goosystem level, supperting the
hypothesis 1har winter temperatnfds. sy Bontio] vepeiational ecotones Surprisingly, geowih of the vak bickers
ecosysient imiost lmited by Tanuary tempamtires only in the somibiers ball of the study region, Chestnut and white
vak are the priffiary species driving 1he piopdaphic patiers, Agavinter sl embolism isa constant fctor Tor ringe
pareus spedies, snbw cover-and its interaction on fine oot worutlity may be the leading Thdtons of the pattern of
temperative sensitivity, Spediesgpecilic differences In fuperstuce sensitivity’ gre apparent. Atlantic whitescedar
(AW and pitel pine are more sensitive W the éntire Wimer season (Decontber March while onk and hickory are
mps sensitive 1o Junuary domiperatives. AW §s trost seasitive species to lemperature. Chestout and white oak inthe
HRY g wivrg sénsifive 1o wintir tempersture than rsd -oaks Pigowt lickory Hay the most unigoe response with
significant relations to lale growing sedson feruperatives. Interestingly, AWC and pileh pine are soositive 1o winier
temperatuses a1 their NRMowhile oak and Bekory are ot Oy vesilts supedst that temperaturs limitations of prowth
mmay be species and phvlogenetion by specilic, They alve indiente that the inlluence of lemperature on ondial growih s
species and seogystam levels soby operate differently s wirving geographic suales. I these results apply brondly
other temperate eglons, winter tempersiures may pley an tuporiat ol in the werrestrial carbon ovcle.
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Introduction

1t has Deenr forgomst that vapid wariiing peer the next
100 vears: will substantivlly alter forested ecosystems
(Bolomion, 1986 Ovarpetk ot sk, 199 erson and
Pragad, 19980 Bachslet @ 4l ..(){!i% IPCC, 200ty
Haoweverthe impack of such Warming on eosystons
s uncaitin beoinse existing inforination describing the
influence of temiparature on growth Tor mest tres species
A8 Jucking (Lochlé and L.68king, 19963 Whik tempotns
ture- as besn shows 10 be g importaat Tactor of Tree
growih and Booest ecosystem dynpmios ut trodling (g
Jncoby and IArrige, 1959 Villafba, 1994: Briffe et al,
2001 Rukley st s, 1997 Kullman, 200103 s not as
well uiderstand in tempirate forests. Bacaise netthers
Tange wiarging (INBMY represent 2 “species teosling”
NEM are optimuen logations 16 determing i emperys
tore Timits dree growth in wmpenate repions, Témperate
iggibns postess somp of e lurgest global aboveground
iervestyial carbon pools-(Mynend ef al, 2001} while:alsy
dirgetly providing society with goads and servives
Therefore, ity evitioal to onderstand the inflagnce of
chisto chimge on {ste ariiwih in fomperats reghonis

Radinl growth studies of MRM popilations indivate
that  temperature may Influence dndividial spedies
differently, Forexample, in the southenstorn US loblolly
pine {Plaus ropda 1) growih s positively correlated 1o

winter temperaturosonly atits NRM lscatpns (Cook
€t al, 19981 However, castarn hemlock (Thngle cing
densis L3 Bopositivaly gorrelated to March vamperdiures
throughont s tasee inosaxtern North American (Cook
apd Cole, 1991% Two mosntain hemlock {Twuga
meriensiong {Bong.) Uarry ) populations at high elevition
in Alaska arg mist stronpivand positivelvoarsiated fo
Murth July tempersiires (Wiles et al 1998 In
contmast, a pearby motintain hendork ;mpuiaiwn ut
fower elevation has the strongest positive torrelation w
Japupry March temperatures (Frank, 1998, An Amuere
Honn beech (Fagus grondifolia Ehh) population nens its
NRM in eastern Canada s positively covrelated o Apri
{emperatues (ardif et al,, 2001} These studies show
that each speties smimy have a specitic  teimperitive
seaponst, ind therelure, o full understanding of pidtin:
tinlchianges in forested coosvetents as-» rexil of climane
warniing may-require the study of many treo speclés.

We chase sivspecios 1o ibvestigate the inffuénde of
termperature on the radial prowih of NRM species in the
Hudson River Valley (HRV) (Fig. 15 Atlantie white-
cedar (AWCY (Chmmoenyparly tyeidsy (LY BRI,
pitch ploe (Pl rlgide Mill), chestaur ouk (Quereny
primgy 1), whiltonk (@ affis L) sorthern red ouk {0
adra Laoand pleaut hiskowy (Corva glifne ML I8
gensrals these species reprssent the mnge of disteibutions
forthe 3+ NRM spedies inthe HRY (Litte 19713 For

Fig L {oy Tapographie map ceptered Diepsemn New York State andohie Fudsan Villey, The darher sheades nepresions monsiahumg
arany andang ennfied by ablweviations: ADK = Adiromiiiel Momitnns: GIRN= Green Mountains: TAS = Taconie Mounuins;
CAT» Qotihitl Momnmalng. The two maln valleye nee désignnted by RV - Hndson River Valley st TOV » Take Chomplain
Walley. Distribution maps. of (b pilch pine and ) chestruy oak., (Y Map of population site sl meieorclogicil sttions, Tren
fpediss are repreaenied by symbols {#LAWD, o) g:uix(h pioe, {5} chestimy oak, (4) white gk, () red oak, and (I} pignut
Bickory. Site lopstons are reprosented by 'sbbreviaions, Those populativns are worth-sontit: PMs » Prospect Moumaln, GF » Glen
Lake Fen, BH»Roover Hill, OF«Guooswe Bog Ridge SFoBtort Fam, LEK«Lishs Kill, PB=Albagy Plne Bush,
MPs=Montgomiry Place, SM =Schumnemunk - Monntaln, BY =Bellvale Monnisin, ST=Soding Fores, and U= Uertawn
Hog: Mgtorological stations are in bold italicand rprsented by (1, The {-~<J sepresents the aversge position of the average
tosdrdion of the voe of winter Arctie anid Pavific Frontal Zones (adapted from Bryson o1 al, 1970), (2t Adapied from Ray
Stetnets Colorbadform Addaz of the Usiusd States: Bl fstel Bunpladuistatonsaies himb (0 Adopted Bow Litle (1930,
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examiple, AWE disiribation 1 Hojhed 1o the southorn
HRY. Distrihotions of .pirch ping, shesinin oak and
pigiur Kivkory ave primarily tonfined 1o the HRV with
outlier populations exténding into the Lake Champlain
Valley (Figs, 1hand <) Northern sed and ‘white oali iz
distributed northward through the: Champlain Valley
and fot 1he St Lawrenoe River valley. However, boll
spedies have rangd rmargins wlose the edues ol the
Adirondwik nad Ciresn Mountaing

Geographie, climstic and foristic qualities of the
HRYV andd surrotinding monntaing make it an exeellent
ragion to stiady dimate chinge and forested coosystems.
Despite varying ohiectives. and “méthads, dilferent
geppraphic shudics of vegctation consisiently show 2
distinet ‘Doundary b the nonhern ead of the HRV
Bray, 115 Brann 19500 Bere, 1980 Builey, 1995
Lugoo ot aal, 1999% Two meent reconstructions of
northenstern US. vepetition pattems wsing different
wethods indicate that this &otons has heen prossnt
since Paropean setilement (Rassell and Davig, 20013
Coghill st 3l 2000 Further, diiladty boween the
spatial distribution of wen speeiss (Lhde, 1971 sl
wnperntine {Fig, 2 in Gojowsky, TUESY suggeny the
rogional eootone may be selated o bomporatire
graddicnt, Regional soolones ard prime aress of study
for understanding ‘the Tafluence of chmate change on
forested. coosvitens (Solomen, 1988 Neilon, 1993
Rivser, 1995 Loehle, 2000, Peroor, 2600),

The purpose of thisstiudy s 1w explors the Timitation
of wemperature bn radial growth of NRM tege popula-
Hons in the HRY. We aie focnsing on fomperature
because it may be the Bestdorecas variable of future
cliliate change (PO, 20013 and vet way be the least
understood factorof tree growihs Waler stress is-a-well
established and well-onderstood Hictor in bee grdwih
and forested eoosystems (o, Dovglass, 1920: Schugsa-
vher and Doy, 193% Fols 19683, Cook and Jactby,
1977, Currie and Paguin, 1987 Cook, 1991 Stahle and
Cleaveland, 1992 Graumlich, 1993 Orwiz and Abzams,
1997, Pedersen, FOUR! Stephenmeon, 1098 Allen and
Bregheses, 1998 LoBlane and Terrell, 2001 Covk st
af, 1999, 2001 Specifisally, we address the fullowing
questions: “Boes temperatiure linil the aniual adial
grawth of NRM speeies?” and *Dowingr teimpeniares
lanit growth more than growing sedson temperituces™

‘We-will foons only-on g positive relativnship between
femperstire and growth becauss a aegative correhition
- emperatiure ® ofién related o water stress (Frits,
76, Kramer and Kozowski, 19791 We will compare
species 1o discem iF there 18 9 spesies-spocific tempany
ture mesponse. Prinvijal component analysis (PCAY will
offer insights intey an geosvsteni-hvel fomperatiire
wsponse. While the study speeies do ot represent a
specific ecosysiam, 1hey represent the northers range
limit of o southern weniperate forest ot the regional sesle,
Previous suadies have shown that the teinpesatin

respanse of differsmt specios have Wistinet geopraphic
patteras (Caok and Cole 1991 Coadk &t al, 995
Hofgmrd 2t ul, 1999 Gedalol and Smith, 2601
Potorson and Pelorson, 20013, Therslore, we will
exaniing lemperaturg responves W the spesiss and
eoosysteny. levels to détermine i o geographic patienn
axists e the RV,

AMlethods
Regiop ol study

The reglonrnf sty tader dhyestipation. i centersd o
e HRY, exiending from morthorn New Jersy o the
soffhers Adirondack Motntaing, northwestirs - Taconic
Mountaing andispnthern Champlain Valley, ‘The Uaiskill
Muountaing hovnd the HR Y on the west while the Thaeonic
Mountaios boungd 3 vin the sast, The valley s 3 half-
graben foimed during the rifting of the Nunh American
and African contingnts prior to formation of the Atlantic
Oreean roughly 220 millon years ago. The HRY ka dlassie
Hord becansie s soythern tnd % below sea kvel B alio
weptesents a northom extension of the Valley and Ridge
Provenaned {Brouillel and Whenstone, 1993 Thewailin’s
structire and comnettion % 1he cogan allows sorthward
pepetmtion. of warm, muirdtime ai oresting 3 naitly
miform limale, However, o tampermtuse gmdient
produced By the puaaposition of the low sk, Brosd
valley and mountain formaations fo the northe Also, the
wverage winter convgrgence -of the winmter Arcde and
Pagific Frontal Zones ulncdes with the northern end of
the HRY (Brysen o al, 19900 Tovethier, geography and
circalatiog patterns hely 1 criate the hoimndary Betvesna
permanently hrad climate with wirm sinimers w0 the
singth aad 2 cool temperate, subcontinental climate Yo the
north (Brouillet and Whetsione, 1993),

HRY flora and funna distribitions miay b sdlated 10
s geapraphicand chimutiopatterns: Many soithern tree
and- herpetologioal speciss distritutions generally con-
form to the lowelying portion of the HRY (Little, 1971
Stowart. nnd Rossi, 1981; Smith o al, 2001, Conver-
genee of biotle and ablotie factors has Bhely made 1 dich
in eeosyitem and blologiod diversity (Lyon and Karlin,
155 Carrleand Pagnin, 1987 Thoine, 199% Smith o
al, 20013 The HRY was hypothesized 1o be o corridor
tor free migration. hato- the Adwondack Mounaiss
{Whitchead and Jaukson, 1990). Thiy van be inforred
by the prescuce of Nightr percentages of polien of
southern species fuvther morth In the HRY region than
sirrounding: reglons ‘throsghont the Holocone (G-
dreaw and Webb, 1885, Gundrean, 1986). Should
spnificant funere warming occur, high HRY diversity
may make it a primarysouies of species migmtion jo the
Adirondack, Catskal], Taconie and Lireen Mountins,
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The number of days when the alr teiiperatiiie is
ahove Tresping Mages from 120 10140 daysin the nonth
- 160 180: sdayve an, the South i -one Stedy romion
(Modaboand Avers, 1994), This Iy reflented in the Brgte
feaf phenology ol lac (Swings chiersis WHlda: Fust

leaf for Hloe i tearly 20 days Jater io the Adirondack

Modniaibs than i northera Mew Jersey (Basiorn North
American Phenolozy Newwork, 20035 Totsl apound

pregipitation tanges from $65mmo in 1hE narth ta

{350 mm inthe south (IOAA, 19941

Kite seiceflon and deseriptions

Thiee popilations per specier were sampled throughs

out the RV (Flg, 12 Table 1% Sites went selectedl toar

least cover the northernball of the reglon, suvéps fo¢
AW, Fordsts were chosen on the potntial fir
individual’ trees to be ab least B6.120 veurs old
Sesondary vonsiderations of forest seledtion were frees
growing on relatively prodective sites with fitle stand-
seale disturbanes, Mo farest mct all site ‘proférences,
Land-use patterns inthe HRV often result in bider trees
being Tt on shallower, less productive soily (Glitzens
swin b uh, 1990) Loss of the Amerisan shestnu
{Covfompg dewegty L) in the early 20k century und the
eurrent dedlipe of sastern Bémlock severely - inipatied
sevoral Sites;

The presence of Borgl wnd sodibiecn: temperale
spedios in o fow stondy diempliies the unusual foristics
of the vegion (Tahle 1) For edomple, Sterling Poront
AW grows with sprice (Fhea sopJ Black spruce €8
supiane OMILY BS.P ) ned castérn larch (Lorix bufeine
Dy Rol) K. Kook grow alongside AWC a1 Uttertown
Bog {Lyan wad Karlis, 19855 Northern redeak on
Roosier Hill grows with twoboreal species, red sywiice
{P. rubeny Sargd and paper biech {Betls papirifers
Mursh g Nearly one-haif of the basal area on the upper,
sorthern shope was reid sprioe (4, Pedeison anpubliched
dain). The canopy of Mohonk Preserve plgnnt hickory
stand b onoeptionslly diverss considering ity nantherly
afitnde, Spedes composition I evenly distribured
among 11 species making it Bk s mledmesophytic
forest. However, It Is est placed in the Appalachisn
Oak caregory sines it Jcks dévinhy sppe (Kuehler,
1964),

Field moethods

Healthy appedring, dominant and so-dominant trees
waerg selepted for soring to mintmize the influence of
compatition and distiwbanoe o growth. Ces ware
egtravied using a 8 13 diameter Inorement borer
Dista presented here afe i part ofa lurgerscale sixdy in
which tradeoffs were made between spatial and sample
rephication whire spatial stahd replication. Was consids

fogia 13 {2002 0

gred mere valuable thas ssmple: replication. Tarbet
replication wag 16 20 tress per speties, A scéopd cors
was taken fiomoat Jeast one-thivd of oordd fteds.
Sampling sdditions] freed seduces the standand brooe
of the fnal chvonslogy more elliciently than indreusing
the wiimbor of coss por tree (Fritls, 19763, The Hest core
was reintved parpandionlar 10 the lean of each tree The
seopnd vore Way Takdn belween W0° and 180% from the
first. Areas-od the Stetn with defetts, burdsi or potential
For rot were pvolded. More trees and sorgs wetesampled
ity old Sorents 1o inereass chronalogy lengthoand bolster
enrly chronplogy replication. Only single vores Tront 20
AW trees wete collécted at Ultertown Bog as this
wollstion way 8 part of 8 AW shudy sanging from
northwestern M to southern Malne whers sample
replication was searificed fo inoreast spalial covdrane
and yeb reduce Inboratory time Gloplon and Pederson,
inpress). Despiie collecting only » single core from 18
fress perspecios por site ineast Texas, 2 robust dlimate
vesponee was Ientified among 17 species ook v al,
2040 Though srealles than normal, prievions stpecence
sugpedts that wig replication should be adegisaie,

Tree-ring analysis

Core samples were prepared. find analyzed: dsing
slandard dendrochsonolopioal techakquds (Stokes ang
Srailey, 1968 Frittg, 1976 Cook and Kairiukss, 19903,
Cores wiere visually crosdated by mplching the Pattern
o mavrow and wide ringy between sl Samples in gach
population (uoghiss, 1920; Siwkes and Smiley, 1968).
Annusl rings weee meisneed 1o at lost S 0.002 mnm.
Crossdating was then statstically verified using the
progemm COFECUHA (Holmes, 1983) Using these
duting methods, aonial time serigs of radial growth
wire created with deting errors of dozero years. Cores
that corrglated. poorly in COFECHA wore removed
froam the population prior to chronvlogy development.
These cores had low vearaosvenr variability in growith
or unaseal growih trends gompured o the sampled
popalation.

Raw ring-widih measurements were provessed into
tree-ring chranatopy form using the ARSTAN muethod
Cook, 8% Cuok and Kairhukstis, 1998 Before
standardisstion conld begin, shovt perlods.of distorted
racia) growih in 2 few cores were muodelod and replaced,
Digtorted radinl growth often sgcarred #iter a stem
injury or as 1 branch sear heals, 1t was visuslly demifisd
4% reaction wood, Ring wilihs for these periods wore
fled using dummy varables. A new wrocedony in
ARSTAN racognizes the dammy variables and Bier-
polates Towdreguency growth using a 2venr spline,
Next, a highepass - lter ouloubues Righ-frequency ins
formation frof, the sras chronology. Low-frequency
datis Trom dhe 2evedr spline & midliiplied by the
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highepass Blter data 1o eathinre ring widsh i plsce of
the distoried prowth; “This method créales réalistic
estinutes of growth aad snnnal varibility for missing
reut data (Fig, 2a) Alter distorted rulind prowth was
modeled and varinnge wiw stabilieed 1ging an aduptive
power transformativn of the faw dald (Cook ¢t al,
1992 €oik and Paters, 19973, standurdization conld
provewh

“The goal of sandardizstion was (o Temove gromeiric
and geottiioul growih tromds While pregerving varitions
that arve Jikedy relaed to climate. Beological griwih
trends w5 defined here' result from trec-todtres competie
ton and stand dynamics that caise’ shortefived, stope
change increses In growih (Corinier, 1945; Lovimer and
Fratich, 1989). Removing mﬁwﬁml growih drends in
closed canopied forests Is fficult 1o achicve as
disturbanceand competition sirongly influenoss growih

{Fig. 283 Our standardimtion wosd wis achioved by

donubls detrending cach padinl growth seiles: Glomenie
growih trehds were Brst temoved from all series wsing
ftted pepsiive exponential or linear growill .cupves
{Fig. 2c) Second devending of thive soriey with seps
chinge Inereaséd 0 growth was achievid :misg, flexible
gubic smopthine splines(Cook and Pelers, I8 (Figs,
Ib¥ or, oteastonally, Hugersholl~for swve {Brllfa @
al, 2001% The Hugersbol-form vurve eifectively e~
duces the inBuencs of Short perieds of suppressed
growih g1 the beginning of time serics while simuhae
neoushy preserving longatenm trends Sovoe sefiot Rad no
inerease fn prowth typical of cagopydistrbance affer
ihe first detrending {Fig. 21 Growth trends ke Fig, 24
are resent tn several populatiting regfin Widle The Jack
of ebvlonsdistirbines in the vog patterns and presence
of Yngterm trends in Jorests with different histories
{Table 1) sogpests that these frendd may he sxogeinius
und.not relsted 1o stand dynamics Therelore, there was
ner sompeliing rexson toorsmove tese tretds Accord-
ingly, # horizontal line 'of he aftthmelic wean 8 was
used 1o the seodnd detreading of these sevies,

After detronding, individual time series. aréaveraged
using a biwgight robust mean Tunclion qo oree the
mean vihie funetion of yeardoyear growily for each
population (Cook, 19831, Autoregression wndeling was
tsed: o femove much of the suoregressivVe properties in
the detrended series W orente (he: residual chirgnoloey,
The resitual chroneology tvpe containg the Bastamount
of disturbance-related growih, as oneof the cleanest
expressinns of chmate, and lacks amoconidiation that
can make statisfics) hypothesis testing diflicult (Cook,
1985).

Chronvlogy guality was estimated using shar (Beiffh,
1995} angd expressad. population signalstatistios {Wigley
ot al, 19843 BPS and vhar arg the primary tools in
N azitlgtmg preewring chronelogy quallly (Cook and
Kairinkstis, 19903, Rbar is the mean porceltion of o]l
growth séoes within o population. Rbar s indépindent

sittfogie 24 L0272

of sample sive and unbiased, though caution s noeded
when intérpreting vhar st viry lowsample sizes, FPS s a
function of sharand sample sl wnd deseribes bowavell
- finite-sample dive eatimates the tafinite, hypothetical
Popuistion.

Climate data

The: US Historal Climatolopy Mawwork dats set
{Hasterking b ab, 19961 was wsed 1o s¥idy Jongderm
temperahive sensiiity, 1135 one 61108 Jongds, high-
geality weteorolopical data available. Whik growth
dods not geowe 31 4 menthiy lime step, only monthly
chimate date offers 8 debse network of meteorplosical
it hefare 1930, The following stationd in New York
State were nseds Adbany, Gloversville, Mohonk Pres
serve, Post Jeriis and West Pomt (Fig. 1b) The
sommon petdod for the meteorological data. was fram
1886 1o 19 One vear ol deta was lost die to the 20+
month dlimate window, Therefore, femperature anilysis
wiig performed over a 98-voar period Frome 1597 10 1994
All mpteorological station data were combined using a
méan pad Vgrissde corredted avithmetic aversge o
create s minimun and makimem monthly tme sesies
1oy the entive HRV,

Temperature response ausiyvsis

The ieimperature response of gich poprlation wis
determined. by correlating “the fesidual chivaelogy
Againse & Zemonth cliinte wihidow fram piior March
o Ouctober of the enrrent grisvth vear., Ulimate durag
the prind growing scason and Inlervening 5ehson cay
mffuence 2 wree’s derrent growth (Fritts, 1976 Komer
and Kodlowski, 1979 Cook amd Katrinkstis, 1990%
Seversl phivsiologivd factors are responsitle for thi lug
between -2 priorvear’s climate and growih. Finst pine,
ook, and hickory specise exhibit determinate. growih,
Specles with.determinate growth typically ush once 4
wroing seuson. Similar to this physidlogy, sume spogies
have preformed 'shomts in which the auwmbes of leives
and amount af growih for the first fash i set during
bud-foomation of the pror yeur (Kramer and Kezlows-
ki, 19793, For example, shoot clongation i some paks
may ocenr by less than # mionth exdy in the growing
season and i5a function of the fixed growih in. their
praformed wintér Bods (Bozlowski, 19641 Therefore, a
gobd proportion of wrowily in these species is related
conditions prior o & cument year's. Second, non-
sirnetural carbon, an buportant composent of bad
constyuetion and early leaf develapment, hes n residence
e up 1o 3 ¥ years in oak (Trambore o al, 2002)
Finally, the sedson of fdot growth 1 longer than shoot
growth in some spedies 1 Kramer and Koglowski, 19781
Considering growing sesson length in the HRY, free
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s¥pieal vadial growih sesponse to nrsdietion i compatition. The incrense in growt following Wisturbincs it derrended vy wuoubie
amonibiig sdine (Cook and Peters, 19511 () detrending of 1o ting widil datawith a fried segarive srponentind growiboonrve sad

{8} the retuliing indioes following dotiending of the Sme serldsinicy Sor tent for moie detailts,
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phendlozy, the importagee ol siored fomstnidiaral
cathop on gréiwith-and ' niean sesidence thite,a 20+
mioath climatie window 1% biologically meaninigil, The
residual chronology was correluted againgt prowhitened
climate shely shine Hine Sried-of Yempesatire dats van
alzo have significant autocorrdlution.

Hach chronology Wis correlated against The nenrest
midorslogioal sttion. Becatss thore are me fong, Joed
mgisirologival stations In: the northern HRY, Glaves-
Wil was wved in Bl subreglon. Coversvilie's relatively
high elevation e Albany, O47m ve Sm o MSL,
respeatively) und location inthe Adironduck Mountaing
fonthills. better matehes the witings of ‘must northern
HRY populations: Albany was used for snalysis of the
nonth-sontred HRV popuilations. The Molwnk Preserve
meteordlogionl sthtion wis used for analysis oF mid-
HRY populations: Most sites In the southers end of the
tratwedt are on the western-side of the Hindson High-
Lands. Prelimioaty amslysls ndieated thit Port Jerds
statton daw produced more constent resulis v mbst
sonthern popilaiions that the West Point statioh. The
Rehisnnemunk Mountain white auk population. on the
efstern stife 80 the Fladson Highlands, was thrslated 1o
West Pong duta: )

A one-taifad teftowad used Tor corrglalion anilvaix
strce only posive nedistions belween lemipuratine aad
geowth are consideied, Telipeiithre was Congidéred 4
stgnifioant factor ol grawihoa) the p£ 005 vl During
prefiminery anabvds, i wis Dhserved that winter months
were: an important dhater of grewihe Derrelation
analysis was then Performed 08 o commion winter
season Tor gach spedies.

Principal component apalysis

A rotated  POA was performwd. an e resitdoad
chronologies 1o objectively identify common mpdes of
variation thiongh Ume aniong species 1o ateale 3 time
seriss-of pripoipdl Component stofes. Yafiniak fomtion
is- thie ortheponsl rotstion -of axes ol g subset of
wipatnted priscipal components The nonmabived vare
impx mothed of rotiing daenvectors presérves orthoe
gonality of thé Gamer loadings and lincrdanes
interpretability (Richmun, 1986, Tt ensey interprotution
becanse priginal variables often load onte ong o, at
most, a few faclors and) cack factor epleally s
représented By o Smill namber of vaviables 'Wé wn
the werm “rotated Balom™ 1o sisiingaidy the Yadnus
rotation of digenvectors from the uarofated pringipal
eomponmts, The suniber of clgenvectory retiingd was
determined by the Mante Carlo “RaleNT miethod
(Prefsondorfey ot al, 19813 The pertad of anabyvsis wis
1897 1994, POA poabled us o investigate'the twomperss
e sensitivity of the southern temperste geogysteni at
repional and sobregions] soales. Preliminany PUA raos

Al 2 famn T

indiated. & speciic. pak hickery gronpiag Conse
spuently, woséparite POA was performed ‘on-1he ak
and Bickory populitions s both-the geographic studes.

The sobrogions ansheeed were ‘the - () -ferdbern
HERV voomposed of. Prospect Mountuin wihilte ealy
Roostey HiLeed sak, Glen. Like FPen pitch pibe, Govse
Frog Ridge chestrns onk anid Sioty Farm pizntithickory:
{33 noriaaninl HRY - gompoied of Lishe Kill Pree
seive white aak and pignut Bckory and the Albauy Pine
Bush pitch piney (3 i HRY' compond . of ‘Mog-
gomery Pluce red pak wnd Mohonk Preserve chesinnt
vak, pigatt ickory snd plich pine; and () southeen
HRY “composed of Schingembak. Mountain white
ik, Sterling Forest AWE, and Yiteriown chestout and
sed oak. Onlythe Sterfing Forest AW population was
wiesd for the sonthern MRV sabusgion sd the southemn
HRY POA was not blased towards: AWC, Sterling
Forest waschosan s priod becsise of itsvenirsl lpcation
amengthe AWC popuilations.

The retained princigal component sconesTorthe HRV
were corfreliied dgainat the aversged fve stalida
semperanine serdes. Bach sibreglon’s soores way vorres
fated bEaind the locel mitteomlogical stativn: Glovers
sille ve. northern HRV Albany vs northsoenta] HRY;
Mohonk Frowrvess, siul-HRY Poft Jerviv s, sonthisrn
HRY, Corrdlation snalysis was pecformed i (he saie
dnner s With the woering feetrds.

Results
Tree-ring shronology chafacteristics

Al elronalopies met the minbinn e roquivement of
the sody and had snosversgs EPS0.83 degpite
Freguent forest distorbance and conservative detrending
methally {Tuble 2} Chestout onk had the highest
average BPS avross popaistions while pigmut hickury
Bad the towest. Rbar vilnes dndicatsd g fibsly strong
werall. chronglogy slpnal for each populadon. Plich
pine had the highest average rhar acioss populations
while. pignnt hickory had the Jowests - Chrooolopy
statistics-tadicate 2 strong. comml sighal n. anevens
aped populaiions.

Princips] comporent analysis

PCA madicated 3 signilicant smouny of common
growth varviation seross all populations in the HRV
{Table 3% Onlv iwe rotated factors wire vemined,
Rotated fator one 4RF1) sceouniad for 27.3% ofithe
commpn growth variatdon while rotated factor dwe
(RF2) aovunted 1 19.9%. Loadings anto REL were
dumingted by oxk, primarily by chestn and whihe osk,
while Joadings oste RF2 were doptinsled by AWC,
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Table 2. Finaldhronology soiinls depth indervid, age stmetite and slpwal strsipth statisiios o wich populstiog

Site name Nooof teees (- “Chronology Median Averaie BPSY . Average b AR modelt
of ciired). tnterval midhnnm sge
fin i)’

Athnrtic White: Cedor

Beltvalic Mogsain 204313 1848000 123 4426 Gan 3
. {7261y
Sterking Forest 2Ly 1888200 e 4.054 $.433 &
: AR
I itoriwn Hog 20.{4) 1T64-2002 123 4877 L3 4
Hligr258s
Pach Pine
Eilen Luke Fen o PR -2 12 (583 AR [
w95
Albiny Piog Hush iy EE el o] 132 1906 8,303 2
(6T
Mobonk Froserve 22853 1618+ 988 24 #3908 G458 %
a2
Cheston Lk
Lo Bgo Ridee 19431 16662012 VI H34 1AM 3
[FRL Y]
Mohook Preserye AN 1A552002 5 3 .54 0,363 2
F1O8ARE
itertvwn 29195 [ Eaieing 238 D42 3,281 %
f24is
Whire Chk
Prospecs Mauntain Thiany 16520 142 {1,966 [ L z
(1130
Lisha Kl Proserve 152y 1816-2000 167 Hay 3327 %
[RERG LI
Schusnemmud 36 {385, 16382000 234 L3935 .503 2
Mouniain (1380350
Nesthern Bed ok
Roostier Tl QA 17752012 b B9 0232 ¥
BHINY
Memsomary Place 32 ] 1787302 1335 1050 0.413 |
AN
Uittustona 04478 RS ) 184 TS 0,36 1
(e pd ]
Frannr Hiskiey
Statr Farm B F787-2680 Log {1903 403 I
sy
Listy Kilf Presetve AT FAER i 13 ¥ 888 151 2
1532803
Mobenk Praservd 19 30y 13402002 158 DA 9,186 Z
{16265

*T e wgen TR BHSCTT

3

e theBirsl g dueo? the <t covs Do anolt Los died in'ths Buad direnoiogy Mininun

e dons nat eciuds v sty bt wof,

lietwinn bred than,

“Exprossd populstion slaval,

“rrdarad ponted sitorepressive model wesd for standandization,

Varimax rotationdelingsied betweeh fwi forest types.of
thi southern’ species sampléd!in the TIRY, vk, ckory
and AW, Howewer, all populaticos inthe HRY Juaded
positively onto the first pniolaied principal component

(PO Bocmze PO provides & {ime series expresion of
the best-weighted haear dombination of varlibles thay
collectively explain the most Lommion varianve, i
wmpdratare responst was wipldred 1o inteérpret dhe
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Table 3, Priveipal sonvponsnt duatvds fondiug fovtors butt pereett s Virtancs for off seidunt and valyonk.and hickory
shronoligio

Popudationg Fuetir fonding

All populations Oaledrickiory

Unrotated: clgsn. 1 Rowted facton] Rotaped facsor 20 Untosiedisgen, 1
Baibvaly Mongmia, AWC fi%el GiGs 15874 i
Sterling Forst AWC e 1} 1% HE Y e
Lilertown AW 3360 D73 GHR7 i
Gilen Lake Fon: phtoh plue 9142 o3 a9 *
Albony Fiue Busty pitch pine HEL 004 §:351 —
Mohonk Preserve pleh pine LA 32 6323
Uivose Bpg Ridee chesitnt ogk 282 Q812 ine $A3H
Motionk Paishv chaint aak ik b G747 DY R
Etertown cliexiut onk et | 542 Baan 3.301
Frospest Mol whit oal files s Fhe i x4 1029 L3154
Lisha Bl Proveree while vak [ e o8 8145 307
Selmanennmk Mo, whitc ok 30y 568 0423 0253
Hoostsr Il morthen redionl 1208 4.847 G107 4.250
Muontgoimery Place morthend red sk #23 4518 B30t 4260
Litertow wortheny ved osk 4272 G:A4%4 51 b .30
Bront Faven pigant hickory 252 Ry L1949 13,25
Laba Kl Preserve plgons hickory 2% {1581 sk 280
Motonk Priserve pignit bickory Q134 2313 D208 a2
Commion widoe 1251 360 213 19y 4y
Table £, Pricopdl componeis anafbsis loading factors foraige Famd g ; For il rasddual and only
sk hiekony chronotoges
Subreidon Albpopalations Crik-hdckory

Faetor topding Varianee (%) Factor loading Varianes (%)

Norrhers Hudtion Volloy 328 828
sy Bag Kidee chuginn oak 545 1,363
Prospess Mountam. white sak 1494 {.516
Roaster B northem red val 1447 1459
Rty Farnypagatit bickory 043 {1451
$ien Lake Feo pitch pine wxe e
Northcentral Hudwer Vallie 542 Ri%-4
Tashis Kalb Prosprve planul Mokory G558
Easha Rill Preservewhits ouk oadr
Adbany Pise Bush piwch piny G3ET
Mk B valley 554 %]
Molionk: Prassrve pigaag bighoey 383
Motionk Brewsve chestaut oak { 0.5%1
Muwdgomery Phice northers red odk HA82 347
Mohouk Praverve piteh pine {1,398 :
Sowthers Hudvon waley 9.2 .3
Lirertowimor ot rod sk #3580 847
Trrvariow chesinus ook 1578 LR
Sehungeitek Movhtoln white tok :

Sterting Porest Adhantc white-cider
Mian e s e a9l
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witveie of temperatire Tor the sowheary tomperate
aoogystens, BOL sgeonnted for 36% of the: commion
growih viidation wmong il populstions, POA anilusis
af dak hickory populations sevialad oaly one sgnif-
cat prindipal componunt which actounted for 44.9%
of the commeon growih varistion, Chestaut and White
ok ad the highest foadings on thisnmrotared piincipal
wumponenl (PO O,

Within sach subregion only POU was signlficant,
Menn vomman growth virlstion smong sobtegional
populytionywas 335% (8D = 8% {Tubled) Oak amd
hickety spectes Jonded nsanly eyually, onto the first
pringipal component i sich subregion whily conifers
consistently londed ihe lowest, PCA of oak o and
hickory popidations fn sech subregion reveated # higher
ameunt of conmmon growth varbion (mean o B90%,
513 5,5%) Loading order did not.change sinificantly
feomethe PCA of all apoecies dndadd subregion, The
aorth-central vesuite nrest be Camtloasly Iterpreted as
only two pupulitions wers available foranslysis

Kpgeies response 1o femperature

AW growih ds significantly correlalad 1o winter and
growing season Rmpersture (Figs 3o ok Winter e
peratures (Noveniber Marchi had the stsdngest coriela-
Hon 1o mrawth and were signifioantly comelnted @t the
2B Jevel (Table 51 The most consistent cormtlhs
tons during the growing deason were minlnnm e
persires o hily and Aueush

Northern and north-conil HRY plich ping popalas
Hons weresignilicanily coreelated 1o winter (November -
March) temperatures {Figs. 3 and o Table 51 Prive
Moverober amd enrrent Febringy  iémperahiies were
sigmificint factirs A0 growth iy the northém HRY
population, North-centsl HRV growthowas sigoificontly
sorrelaied to. minimum: March and April tomperatures,
The mid-HEY piich pise population war slesificantly
sorralntad o prior minitim May and July temperataee
prior maximum July and August, bt not winter (Flg 30,

Chestint olik growtly was gnifiointly sorehted 10
winter {Decontber Januardd tempreratures in the ‘mids
and southerns HRV {Table 3% Nofthérn HRV prowih
wis dgaificantly correlated Yo privy maximem April,
May and June and prior aniimimn: Botober tempenss
bures {Fige dad, MIdHRY growth was signifieantly
correlated too prive Falv, Sherent January and curreat
mindinun Seplember tempenitures (Fig 4b) Southern
HRY growth wae denificantly correlated to prior Apill
tesperatures prior maximum Becember and ‘current
Hintiary tomperatures (Fig. 4ok

Wiite oak erowih was slgnifioantly corelaigd 1o
Jwomary tenoperatives i the northeoentral and sonthern
HRY (Figs 34 £ Table 3). The northin HRY popala-
fion. shawad very Jow Sensitivity 10 wmipdrinie (Fig $d3

gl S0y Ty H

The nvrib-comeal population. was ‘only slgnificantly
correlnied to maximum Jabnarv agiipetstires Sonthoon
HREV growih wis sipmbBeantly cordelited 1o carram
Jantiary and Oelbber mmaiminn deniperatiing,

Nosthern fed bak did not beve o srony relation ta
January lemperatures {Figs, Su & Table 31 Nosthern
HRY growth wis. Sienibedetly  correlited 0 e
muximnn March, minitoy Outober, eierent maximng
Junudry, September and Oulober lempertis,

Piamat nickary wis hest vormelated to winler tempirss
res only in the miB IRV (Figs 54 Table 53 Notthern
HRY growth was signiicanly corselnted % prioy ms,
i May and Jone and cubent siininuun Suly
temperatares. Noth-central HEY rowil was signih-
cantly eorrelated o prior anl airrent makinsim Sepeie
ey and prior Novenrber lemperatices. MERHRY bowth
veas only cofrelated 1o enrrent September enpebatines,

Foosystem mmperature response

Heosvsiom temperiture esponse 161 the HRV &
shown in Fig 6 RFL was only significantly eorrelntad
to prormidmi October mperalires, RE2 wasmoy
strongly corielated to winter (Devember. Febroaryt and
April témperatores, REY way aleo. signtfiosntly wdric.
tated'to 2 wonths during the growing soason, minimmn
Jily and maximuwm Odober omperatires, PCT was
sgnifesntly  corelnted W Jaumary  temperstures,
PO was significantly sorrelated 10 prior mininm
Octuber and surrent Janiary 1empesitues;

Subregional eoosvstens feiiperatiud fasponse rovealed 8
propraphic paftem of incaging winter mmprture sesi
tivitymining sonih (Fig T 4 Nogthern HRY srowihwis
significantly conelated ¥ prior Apal and June saximum
and Girrent July minkrsm fenperiaes, Nostheeanteal
HRY growih was spnificantly corrdited to privs makinmm
November wnd curreat mainum Seplober Hanperatums,
MiId-HRY. prowth was: significantly sotielated’ o pripe
sxbnnm Joly and cuent minbuam September fomprerse
tures, Sontthern HRV growthwas soniilsantly corralsted 1o
prioy e December, gt Jinniey and serienl
mnssmian October tempenstutis, Tempermtiine reipanse of
vak hickory POCA soores anly slightly altered the pdttem
tFig. Te B) Pechaps the miog -bnportint changs was 3
significant corddation of growth to-Jamuiry tempersnies in
the b HRY.

Discussion

Maonthly and sessonal winter 1oiperatares are more
Hmiting than. growing seasen. tlemperatures 0. annuzl
radial growth of NRM species 15 the HRY (Figs 1 4
apd & 71 Tahle 81 As the southiern femperale scosysiem
fevel Juobiry temiperatires had fhe strongest inflocnoe
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Fig. 3 Correladon between Bverage mionthly miimony lompersinres folid barsi and aversge monthly muxinmm semperinses
fopen barst and residual chiondlegies of AWC drranged noeth-south: 43 Belivale Meonatain, MY (b Storling Forest, NY: naditel
{atertawn Bog, NI and pltch pine asranged ddrth-southy (4 Gled Lake Fan, WY (0 Albsay Pine Bash, NY:sad iy Mobonk
Proserve; NY. Thin, horboni] e indicatss & dipiificant corndlation 83 the 93% coufidence nit or & dueiled e,

witgrowrh (Fig. sal-Althongh an unroted dgenvector cotnmin variano: among all populitions, Much of the
may minindze the coniplexity of A mubivariste dystom sonmen varisace in PO s related o growing season
(Domoenget - and Lail, 2082% U does dsolide the drought (N, Pederson, uapublished dato) which hélps
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Table 8. Reladons't and radial growih

Wity femy

Site pamge

Resdusl chrondlogy torafation {pvalie)

'?‘:@&ﬁ I’zﬂi%
Athmie Wit Ledy®
Bilivale Mowsin 4,337 4377
Sterling Fores nasy g™
Liftettownn Bog U e 433177
Piich P .
Glen Lake Fen E),NQ: G}ii‘
Albugy Pine Tish 3252 200
Molionk Presrve i o] ~{ 13
Chestuut (k™
Gloose Bgx Ridee gy Hi2a
Mohuipk Praserve 157" a7
ttariown iz (.108"
Whire L3k®
Prospedt Monatain nins 40
Lasho Kill Preserve 0,154 L7
Sutompvmnnlh Monnisin o168 42147
Nentiern Red Lok .
Resmmter Hill (AL [ b
Montgonery Pl 1T Ling
Litertann mily Rt ]
Pigont Hickors®
Rroty, P <42 REIR] 31
Lisha Bill Preserve 8050 s 4
Mationk Prgservs 0159 8326
T S vEsakE SRind wthly Lmpienn Pl FUNGTSRE 7 ¢ " ropretete g DB Mg mEiLB
“fepreshins pEDO3E '

“Simatnes Novemdog Ml

“Sison s Diember- Jannary.
“Heason o Tannniy.

“Seasonst Japlcy- Bl

axpluin the rather sqnilabie loadings on PO {Talde 33,
However, growth. of popelstipns with the highest
foadings “on PO alsd tends 1o be mom Strongly
coprelated W winter emperstures or are lovsted i the
sonthern Wl of the HRY, Therefore; Spedics and
geopraphy Soem to bBe most responsible e the Targes
sealy, scuthern lempirste coosystom respomse fo-winter
wemperstures. The high scoasitivity of conifers at the
sorthern: and sonthein end of the 1RV (Fig. 3
stréngthened Sonthern temperate oddsusieny Tesponss
The January response o the-tak hickory ecosyitom
adross the HRV (Fig. ad) i weaker than the southern
wemparate peosysiom response (Pig. 6H2), 'Winter tém-
peratiites have been found 1o constraity padinl growih in
different temperate species and eopsystens (Brabuker,
FIRO: Conkey, 1982 Counk ot abl, 1987, 2001 ¥ Arrige
e sk, 1997, 2000 Pan @ al 19T Rubino wd
MoCarthy, 2000 Tardif of wl, 2891 Only Bobaker

{1980} demonstrated the importance of wister tempets-
mives. for avultiple species. Winter temperstures s
hypothesized 1o be ong of e dombaant coptrols on
scotone postion (Meibson, 1993, The HRY s w porth-
witrd extension ofsouthiorn deddvous forest tepes (Bray,
1915 Beaun, 1950; Bufley, 1995 and it posiion
vorrelnivs o the sverage lowtion of e convergence ol
winter Arctic and Pacilic Frootal Zones (Brvson st al,
DL Our results support the bypothesis that seplone
pomition may be rélatad to Winter fenperahng seagtivity,

Curiously, there & geogmuphic pattern of winter
empdrature fesponseat thy subregionsl scale (Fig. 7).
January temperstures most sirongly Hmit vadisl growth
in the lowpr half of the HRV. Although lanussy
temperaiures Bindt oak and Bickory growth (PC O
acress the entirg IRV {Fig, &4, the geographit paticrn
b dviven primadly by the tappenstire tespiinse. of
vhestant snd white oak which ofien loadad the highest
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frsts pribicipal component in esch subrgion. The
Janvary rsponse dnothe wouthern: hall of 1he HRY
(Figh. Mg and b)) sirongly rosombles the patrerns of
chestnnt and whitleonk (Pl 4: Tuble T3 Morthero red

oak and piegani bickory conirdbute io the geopraphic
pariemn, though i a lower dopree (Flgs, 3o and
Tables 3731 The cause of the peographic pattera ¥ nint
cnvim,
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Hypothetically, the geographic tempergiure response
could resilt from ‘the potential negative inflience of
winter- xylett eobolisms v growih (Zimmermann,
HRSy Cochard and Tyrde, 1990; Sporry and Suflivan,

199% Sperry ov ab, 1994 Pleld and Brodribb, 2001).
Wiater embolisms disrupt the conductaas of water
within & tred’s stom, Oaks ofien have high lowls. of
xylem amboliser by wistets end, evén In warm
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Flg, 6 Corrcdaden betwesn avepgs mionthly  minlong
tempenitires (ol ey and avermge monthly sradmimg
tesperotures (opeit et againsy RN . PCA suores of 4}
naiotated: aigenventor 15 (hy romd dgnvector Hictor 1) 19
roied eipenvector fietar 2; and (d) eigbuvestor Lscoms 10r
ol ok sl hickory spedies. Thin, Borizontal e dndivates g
sgnificant correbytion o e 3% cunfidence Sk for 4 ong
ited test,

temperate and Mediterranean climates. (Cochand amd
Tyree, 1990 Sperry and Sullivan,. 1992 Sperry o1 ak]
19 Tyree and Cochard, 1996; Tugneui o sk, 1995
Cavender-Bares and. Holbreok, 20813 Recovery of

fogie 12 (2000 0

wter condvitance inoaks 4y made through  the
grotueton of fafivivood {or pore vessels) belbyr Tonlt
ol Sparey ot sl T994% Bnergy that vonld be wied for
groveth would BRely be dsed for wintér enibolisn
revovery. Bodause winter wobulism is & physiological
Lniitation -of ook and highory trees 1 ought 10 be'n
vonsinnt. fagton adrol the HRYV. Conséguently, there
ntit by other fitors. By 1he dhterved pedpraphic
Variation in fanuary Temperatite sensitiviry,

Aninteraction ‘Betwegn snow cover amd Haw roby
martality are adiditonal fagtors that sould acteint fie
the siroiger winter temperatine respionse dn the southern
HRV. A deep snow pack i Tute winter has heen showa
ta effectively roduce radial growth rates by nintaining
Iovwso temmeratures and delaving iitiation of canmbial
wspansion (Craumiich and Brabsker, 1986 Cedalol and
Saith, 2000 Peterson and ‘Polerson, 2001 Pelerson of
al, 2002). At treeling s lack of snow cover canalso have
a defrimentaloffect through increased winter desicoation
and eromion-bf camtbinm and foliage from wind-Bown
soiwiind foeorystalsis: g, Pavetie ot al, 1998 Kallmato
¢e1ak, 20A2) We hypothesize that seduged saow cover in
thi sonthern hall of the HRV sedutes growih through
the ncrease of fine oot mortality,

From December March average soow cover mngds
from 5% 40°25% in the southorn HRY 0 > 75% in ihs
Adivondack Mountaing (Grolsman ot al, 1994 ‘Grols
wan and Davids, 20003 Effwtive frosrethaw davs,
which fire frecze-thaye dave with Jess s 7.56m of
W ooy dwice A% often 1o the loover HRY thapthe
Adirgndack Mountains (Schiidiin gt al, 19871 Soow
cover T5cm deep can veduce the dally lemipersture
eange by soughly 0% {Geiger, 1937, Dilfewences in
smow cover fiom northto sowh i the HRY may crente
#sigatlicant gradient s winley soil temperaturg,

Rapts are the least cokl hardy part of a plants When
sAow cover was tmoved ioa hetad forest setiing, B
oot mortality douBled oven though mild winler
gonditions: only occasivnaliy drdve upper sotl emperar
res down to —4 "0 (Hupdy ¢4 al, 2000 Feeaey gt 5k
20813, Root damage combined with stem embolism is
e, highty vorrelated 1o reduced xyvlem conductinge
and inereased shoot dicback then stom damage alonyin
vellow (B alleghaniensts Brittony and paper bireh {Cox
and Madeoln, 1997 Cox sad Zha, 20033 Therelore, the
potentinl impact of sabual stiow odver on w19y robts
miay e the mosl Jogioal explandtion of the geveraphic
selatinn between winter temperabires and mdial growth
inthe HRY, Further investisation reguires compgrisan
o snow depths with temperture data i assessment of
radisl growth.

Winter fenipomres are (he sironpest temperaiie
factor of NRM growih in the HRV. Increased winter
temparatures in areas of indonsistent snow pack anay
wean less winter danpage 1o roots, which may mesn
fese of a growth Bmitation Although feture ¢llinate
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Fig. 7. Swness Fe S oot e BOA mardtatod sizenvector | stores at (o) dorshem Hndson Vallews (bY nosthoegrnd Hndsow

Valtey: o3 mid-Hudson Vatlzy ond 181 southierm Wadson Valley, {o-h Forthe somg subrgions, bul do aot fudede conlfer
poplations, Thilg hodasnsd e indivates o sigaifioans corvelatidn at the 959% cordidence it for ¢ oneaaibad s

warming mdy reduie preductivity and carbon upiake in fewer HRY may ovperionce herensed iree growth and
ragions that sursntly have 2 consistent wuimml sabw cathon uptaks
prck (Giroffmun ¢t al, 2000, ¥ conld Be that warmer The mast vonsistent response of dhe oxk hickery

winters in régions withont o ofpular snow pack like the ecosyatem i the sigaificdnt corndlaiion 1o prior Oatober
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minimum femperatiees (Figs, oh and 4} Alhough
rotted and norolated datavector analysis can detedt
Toeal and global problses difforemiy (Dommedize dad
Latif, 2002), both REL and PO OH find prior October
temperatires v be tmportant for aak Kickery growil,
Ssveral physiclogieal processes: petiie early In the fall
seasie {Kogmer and. Kovlowski, 1979% For sxample,
between 1883 and 191240 wri}wm Ohiy, at rbughly the
ssifmne Tatitnde 6 the Tower MRV, leaf color change was
completed:in pigant hickory snd White vak around
October 6 aml Colober 17, sespestivély (Fig. 4 i
Lechowier, 19843, Deciduous trees translocute mistrients
from leavés fute Branches “and buds ‘before Jeaf
seassosnos (Chabotand Hicks, 1982), Warmer lempera-
s pay allow anextemled ;}m‘m ﬁmmrxem ey
or apit rates ol sseovery prior to Jeat Bl Consitering
that many ok and hickory have determiinate shoot
growth, completion of these physinlogical proceses 3
HHely fmiporiant the following velr,

Differences- In.owinter  temperihure  responss are
apparent batween species, AW aml pitehy ping are
more sensilive. 1o Cwinley temperatices and 2 Joaper
winter séason thin ok or hickowy (Fige. 3 5 Table 5)
Piney arg also muote sensithve 10 dewperalure - than
herdwonds 0 the upper Great Lakes (Groenlich,
9 Ditferonces i wisler tompératuce sénsitivity
between conifers and hroad-leaved trees Sould sosult
from g eouple of mechinisms, Tempémte contfers tun
have a positive varbon sitin on wanm wisiter deys when
thair leavey are not froggn (Chabot and Hidks, 1982,
Havranek and Tranguiling, 1995), Ta fact, nonesteuction
af carbon i wylem, aesdles and bark varies  amonn
and quality due to wetabolie adidly dp warm winler
days (Haveanek and Tranguillinl, 1993), However,
mainienaade of follage thioughout winter makes sone
ifites miorg Sustepnblé to daimagd rom Freering, suow
and doe aceumalantion or wintor desiobation. Differing
winiter temiperatire. seasitivities of conifers and bread-
Jeaved species afe Bikaly o repult of contrasting phygios
logeal traits,

Winter sensifivity.of AWC and pireh pineinthe HRY
15 similar 1o Toblolly pine @ i northern range Hmit
fCaok ot ak, 2000} Research st sonthorn latiwles i
seedied o determing i the winier lempentare senghiivity
exists only at NEM for AWC and pich pine ke
Toblally ping,

Oak aad hickorvare nob strongly Himited by winier
temparatiies at HRM locations ke AW and pitch
piag (Figs, 3, Jund 783, Ourresolls sugpest that conifirs
and gak snd hickory may have significantly different
wympersiore sensitivities st NRMs amd perhaps, con-
trasting palerns of Willer RMperature responss across
intiudes,

Temperatuse sensitivity fo oaks muy be defepmined at
the subgenus level Chestont and white dak iy more
seastiive ta Jahuary temperatores in the sotithern half of

the HRY than sorthern red oak. Our resulls sippont
physiologically based fesearch that foiad whire oiks 1o
b moie susceprible b Tredding than réd aiks in
wortbern. Flovide  (Chvender-Bares and - Holbiook,
20013 White and red-ouk subzeniis groups alo heve
&:zstmgt climatic response across a drought §mdmnt in
sast Toxas (Cook et aly 2901 % More ressarch’is noaded
o verife whther thie dTerences in temparatin response
betsvaen red umi v»hiw vaks are consistent for n Taiger
anber 6F

AWC gmwih xs oS sensitve o temperatine
followed: somewhal closely by pitek pine and, distantly
by ehestout onk, plgnut h:cimm white and nosihierh red
aak (Figs. 3 5y Only AWC is correlated to sunamer
fomperatures, AWE's strang tompersture response
aveounts Tor the seudnd Folated digeavedtor fichor of
the HRY {Tables. 3 a0d 5. ‘The high sensitivity of AW
agress with n stuily of veven separate AWC populations
from New Jersey to Maing Where temperapire was the
most important climatie fctor of growih along s
nerthesn: oage. Tl (Hopton, Paderson, dn press), OF
shiecles studied In temperate eastern North America,
AWCS sensidity o wWaperaturg s goeptional Red
e s as lempersligssenditive a5 AWC dn the
nortlicastorn US, eepécially ot high elevations (Conkigy,
1986 Cookopt al., 1987) However, rod spruce’s growing
season sensitivity was elated 10 wiood density, not riﬂg
width (Conkey, 1952 198681 0F the speciey. “studied in
rempérate cagiorn North Americs, AWC appRRIy 40
have the best potential Tor seconsiruction of higtorio]
femperatuie varslions,

Chestrnt oakids the most sensitive oak (Fias. 4 and 5
Table 83 Itx higher sepsithvilly {o spring empearaturés
wray help eaplaly s more southerly distdbution and
fsckof oouirende In the Adirondack Mouatains of New
York State A T spring and a shorter growing seagon
iy put chostond sak al w competitive disadvantagein
aoriheérdy lncations.

Pigout hickory's Iate growing sasen femperatire
response if the most different of the species sindied
{Figs, 3e wod % B4 dlimate response has rurely been
stotied {Hﬁi i}‘« L and Maller, 1993 Orwigiind
Abrams, 1997, Abrams ¢ al, 1998). Why pignut
hickory i most - sonditive to late growing season
temperniures 35 nobclear, TU seemy Bike the latescason
tempiratire response woukl be related to phisinlogical
activitiss: and deferntinate shoot growih as disbussed
abve;

Muogt differenves in tempensiure: fesponse beiween
species were found at the marging of the growing seasen
and may be related to phenolugy, Phenplogy of the
temperate forest Is thobght 1o be tomperature driven
(Kramer et al, 20080 1 s alsy thought o Be an
important dontribuiar to spesies. distribution (Chuine
and Beanbien, 2000% and growth response 1o cimale
change (Keamer ot 3, 20003 However, much morg
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work: 5 heatded to detepmine 3 differetices i yadiale
srawih teniPeraiure sonsitiviny in the TIRY contribute to
spesies distribiition,

Lol site vonditions fmay play. s idiporiant role In
lemperisiate soasitivity, For txatnple) the absence of o
winter response fo the mid-HRY plich pine is-conspic:
tousand sinyconiitée st of our fndings (Fig, 1),
This populution grows enan oaldronof conglomene
bedrook white the other, pitih pine populations grow in
deeper soll, Sundy soils, with » higher aount of poge
space, dremore sonducive fo cold e seepage (Kramee
and Koglowskl: 1979). 1t is possible hat badrockatis s
anansilater of trée ool

Conclusion

Winter {amperatitres ate the steoniest and most
consistent temperature Saclors. of mdisl growth of
NEM speciey in the TRV Differences between speties
ipgest that pmpergtne sensitivity niay be related 1o
phenalopy and Bl listory traiss, AOWC and pitch piie
are gonsithed to the entire winter season while bak aad
hickory wre prinsnly sensitive to Janinry mperalures.
These diffirencey may have important woological i
phicitions.. For ptample: o shortening of the Winter
geason wonll favir AWC and piteh pine mors than vuk
and fidkory, 1tis sotolens that dor resslibare apnlinable
1o the' sanme species in other riions of spedes fivm
differeat Blomes In owrstady seplon, 10 thete ristlts ane
indizative of the subtle influence of fompemisge on
growth, they sopgest that more bioadegtale resdarch is
necded ot the species fevel,

POA indicated 9 sirosy commion sigunl of radial
grovvthoat logl and reglonal seales sovoss multiple species
in the HRVY, Provions malti=ile totwork stedies using
maltiple speties show a strong <limite signal atross 5§
drought and temperstire gradiest in sastern . Nogth
Agtericn {(Graumlich, 199% Cook ot al. 2001 Our
vesultyvonfirm hese prionstudies, They wlso Indicate that
ehmiate has o strong infingoce on teee growth in Torssts
with different bund-use Histories ranging Teom those in an
did-growthy copdivion to thoss rupentedly et

Thy varying influence of tonpersture ab the species
and wdosysteny fevel at different gengraphic scales s

imporiant iplications in forecasiing. the bmpact of

alimate ohange on forested sotsystoms. As hins héa
shiown for eagtern hembouk (e Cookund Cole, 1991Y,
it ds unlikely that simulstion model capiore these
differences aoross ihe fandsoape. Tnorporstion of these
fosulis Into Simulstion models misy praiucd important
differences from cureent Rorecasts of cliimale change
tmipacis on foresls,

Finally, Jund-use history, elevara! nitrdgen deposic
fon, glevated drbon dioxide and change In griviay

sonson . climate have been dmplicited as. significant
factors alladiine the werresrvdal Garbbh cyele, Our resulls
Buggest thuy winter remperatures may huve s maninglil
rolein the ferrestrial varbon oyele of femiperuie regiony
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Chapter 3: Growth and Climatic Sensitivity of Northern Red Oak in the
Northeastern U.S.: Placing Carbon Uptake at the Harvard Forest in a Regional

Perspective

Abstract:

Carbon sequestration by oceans and terrestrial ecosystems play a significant role
in atmospheric CO; concentrations. Eddy-flux measurements in a northern red oak
dominated forest at the Harvard Forest (HF) show that it added an average of 2 tons of
carbon ha™ yr! from 1990-2001. Growth rates and trends of northern red oak at Harvard
Forest were compared to 19 other forests dominated by northern red oak across the
northeastern U.S. to understand environmental factors influencing tree growth rates. The
main goal of this study is to place the growth rates of HF northern red oak in a long-term
regional context. Northern red oak trees were cored, cross-dated and analyzed using
standard dendrochronological techniques. Also, a new tree-ring method was developed to
estimate potential site-level productivity.

In two HF plots, northern red oak growth rates over the last 50 years have been
relatively steady. Gypsy moth defoliation events in 1945-1946 and1981 had a stronger
impact than climate on growth rates of surviving northern red oak at annual to multi-
annual time-scales. As there is no significant difference in growth rates between plots for
either species after 1961, the plot adjacent to the eddy-flux tower can be considered to be
representative of similar stands at the Harvard Forest over the last 40 years. There are,

however, contrasting trajectories in growth rates between northern red oak and red maple
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since 1992 within these stands, which suggest shifting demographics and stand
composition.

The regional network shows that most northern red oak populations have
increased growth rates since the 1950s with the highest growth rates occurred in the late-
1970s and late-1990s to early-2001. Like at the HF, gypsy moth defoliation has the most
significant impact on northern red oak growth rates and limits recovery more than climate
or other non-gypsy moth disturbance events. As early-summer drought, gypsy moth and
winter temperatures are the primary constraints on northern red oak growth, it follows
then that regional growth rates peaked during periods of less defoliation, reduced drought
and increased winter temperatures.

Harvard Forest northern red oak were among the least productive populations
over the 20" century. Older northern red oak populations tend to have higher average
growth rates. For example, the oldest known population, Wachusett Mountain, has a
significantly higher average growth rate between 1990 and 2001 than the HF northern red
oak populations. From 1977-2001 the strongest non-climatic factors correlated to
northern red oak growth are average population DBH and standard deviation (SD) of
population DBH. Latitude has a strong influence on the trend in growth rates between
1977 and 2001, especially after differences in site quality are removed. Old age does not
apparently limit northern red oak growth rates of the 20 populations sampled. Results
here suggest that old forests can be productive. The new tree-ring based index of
potential productivity places the HF sites directly on the regional mean. If this new index
is a good indicator of potential site productivity, the site upon which the forest around the

HF eddy-flux tower plot is growing upon is typical of the northern red oak forests
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sampled for this study. These results suggest that the low growth rates of the HF tower
plot trees are related to age and stand development. Finally, if individual tree growth
rates are related to stand-level productivity, northern red oak-dominated forests in the
northeastern U.S. could be sequestering significantly more atmospheric CO; than the

forest surrounding the Harvard forest eddy-flux tower.

Introduction:

Variation in atmospheric CO, concentrations depends on carbon sequestration by
oceans and terrestrial ecosystems (Houghton et al., 2001). Many studies suggest that mid-
latitude forests are an important sink for atmospheric CO,, possibly removing a
significant amount of the global fossil fuel input (e.g., Tans et al., 1990; Keeling et al.,
1996, Myneni et al., 1997; Battle et al., 2000). The locations, mechanisms, and longevity
of this ecosystem function, however, remain uncertain. Therefore, understanding the
factors that control CO; uptake by forests is critical to making predictions of future
atmospheric CO; concentrations and the potential feedbacks into climate change.

Eddy-flux measurements at Harvard Forest (HF) are the longest continuous record
of carbon exchange in a forest environment, showing an average of 2 tons of C ha™ yr’!
added to the ecosystem (Goulden et al., 1996; Barford et al. 2001). Much of this added
carbon goes directly into aboveground woody biomass of the forest, which accounts for
70% of 8-yr mean ecosystem net uptake, a typical amount for northern hardwoods
(Whittaker et al. 1974). Northern red oak (NRO) (Quercus rubra L.) accounts for over
50% of the aboveground woody increment and is the most important contributor of

carbon accumulation in live biomass. Because of its high stem density, red maple is
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another key species, accounting for 12-16% of the aboveground woody increment
annually at the HF.

A study was initiated to understand the influence of climate and gypsy moth
defoliations on NRO growth rates at the Harvard Forest and across a range of
northeastern U.S. forests (Figure 1) to provide a temporal and regional context for the
study of carbon sequestration as well as the factors constraining NRO growth rates at HF.
A temporal and regional context will help address the following questions: “Are growth
rates of northern red oak and red maple at the Harvard Forest increasing, decreasing or
relatively constant?”’; “Are Harvard Forest NRO growth rates and trends typical for the
northeastern U.S.?”; and “What are the important abiotic and biotic factors of tree
growth rates across the region?”

To answer these questions, growth rates of NRO and red maple at the Harvard
Forest tower plot (TP) are first compared against growth rates of NRO and red maple
from a nearby plot with a similar species composition, basal area and stem density
(Lyford plot - LP) to determine if TP growth rates are representative of HF. Red maple is
also used to characterize age structure and stand history, which will give insight to the
interaction between stand dynamics and tree growth rates. The influence of gypsy moth
defoliation events, a comparison of growth trajectories and the importance of climatic
factors for both species are also explored at HF.

After the HF analysis, the Harvard Forest NRO populations will be compared
against NRO populations across the northeastern U.S. (Table 1). A question concerning
the forest around the HF eddy-flux tower is whether the responses to environmental

variables are representative of northern biomes (Goulden et al., 1996). A network of 18



Figure 1 - Northern red oak network locations - White ovals represent locations
with one population sampled. The yellow oval represents the two populations
sampled at Harvard Forest (HF). The blue oval represents the two populations
sampled at Black Rock Forest. From west to east populations sampled are: a)
Deer Lick Preserve, Zoar Valley, Gowanda, NY; b) Singer Farm, Appleton,
NY; ¢) Whispering Creek, Naples, NY; d) Arnot Forest, Van Etten, NY; e)
Curtiss-Gale Wildlife Wildlife Management Area, Fulton, NY; f) Pine Lake
Forest, Hartwick, NY; g) Uttertown, NJ; h) Rooster Hill, Caroga, NY; 1) Black
Rock Forest, NY; j) Goodnow Mountain, Newcomb, NY; k) Prospect
Mountain, Lake George, NY; 1) Montgomery Place, Annandale-On-Hudson,
NY; m) Goose Egg Ridge, Cambridge, NY; n) Mohawk Trail State forest,
Charlemont, MA; o) Harvard Forest, Petersham, MA; p) Sheridan Mountain,
Guildhall, VT, q) Wachusett Mountain, Princeton, MA; and r) Aquidneck
Island, RI. The orange ovals represent several of the physiographic provinces:
AP = Alleghany Plateau, ADK = Adirondack Mountains, CHV = Champlain
Valley and WM = White Mountains. The Green and Taconic Mountains and
Connecticut Valley lie between the WM and CHV. The Harvard Forest lies at
the northeastern edge of the broad, lower portion of the Connecticut Valley and
the Berkshire Mountains lies just west this part portion of the Connecticut
Valley. The Hudson Valley lies between the Berkshire Mountains and
Alleghany Plateau. The Singer Farm and Curtiss-Gale populations lie within
the Erie-Ontario Lowland province. Yellow to red colors represent
mountainous areas while greens represent lowlands. Topographic map adapted
from Ray Steiner's Colorlandform Atlas of the United States:
http://fermi.jhuapl.edu/states/states.html.
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additional populations outside of the HF spanning a range of climatic settings, site
productivities land-use/disturbance histories is needed to provide the regional context to
address this question. If the HF population is determined to be atypical of the forests
sampled, then estimates of terrestrial carbon sequestration may need to be reconsidered.
The regional analysis will include a study of annual carbon increment, the factors
influencing NRO growth rates, the impact of gypsy moth defoliation on tree growth rates
and a tree-ring based index of potential site productivity. These analyses will provide a
temporal and regional context for carbon sequestration at the Harvard Forest during the
1990s and will also provide insight as to how tree growth rates in the northeastern U.S.

may change in the future.

Methods:
a. Regional Geography

The region of study is geologically and geographically diverse (Figure 1).
Glaciers covered the entire study region during the last glacial maximum, roughly
18,000-25,000 years ago. The eastern end of the study region is dominated by the
Appalachian Highlands, which are composed primarily of the north to south running
Taconic, Berkshire, Green and White Mountain formations. These mountains range up to
1910 meters in height and are composed of many different rock types including schist,
marble, gneiss and granites. The Appalachian Highlands of New England are much lower
in height and less rugged along the coast. Although southern New England is relatively
low and flat, it is not a part of the Coastal Plain province. Other prominent north-south

features in the eastern end of the study region are the broad, low-lying Hudson River,
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Champlain and Connecticut Valleys. The Hudson and Connecticut Valleys are rift valleys
created when the North American and African continents moved away from each other
220 million years ago. Together, the Hudson and Champlain Valleys divide the study
region almost in half.

The western end of the study region is dominated by three prominent features; the
Alleghany Plateau, Adirondack Mountains and Erie-Ontario Lowlands. The Alleghany
Plateau (AP) runs east to west along the southern end of New York State (NYS). The
western end of AP is a hilly region dissected by deep, glacial valleys. The eastern end of
the plateau is dominated by the Catskill Mountains, ranging up to nearly 1300 meters,
which are more rugged than the hills to the west. Sandstone, limestone and shale laid
down as sea sediment during the Devonian era make up most of the bedrock west of the
Hudson Valley. The Mohawk Valley, an east-west river valley, separates the Adirondack
Mountains from the Catskill Mountains. The Adirondack Mountains are distinct from the
Appalachian Highlands in that the Adirondacks are a southern extension of the one
billion year old metamorphic and plutonic rock that forms the Canadian Shield. The
Adirondacks Mountains range up to more than 1600 meters in height. The Erie-Ontario
Lowlands region is relatively flat, although glacial features such as eskers, potholes and
drumlins make up its topography. The region has glacial till deposited over sandstone,

shale and limestone bedrock.

b. Regional Climate
The climatology of the study region is nearly as diverse as the geology. Climate in

the eastern end of the study region has been called “one of the most varied in the world”
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(Keim, 1998; Keim and Rock, 2002). The region’s climatic variability is related to its
mix of mountains, low-lying large river valleys, location in the mid-latitudes and
proximity to the Great Lakes and Atlantic Ocean. An interaction between the geography
of North American and the region’s latitude places it at the average convergence of the
winter Arctic and Pacific Frontal Zones (Bryson et al. 1970) and in the path of many
major North American storm tracks (Rock, 2002). Similarly, cold North Atlantic and
warm Gulf Stream ocean currents meet east of Rhode Island and Massachusetts. As a
result, cold, dry air masses from the north and west and warm, humid air masses from
the south and east continually move across the region. These geographic and circulation
patterns interact to form two distinct regional climates: a permanently humid climate
with warm summers in the south and a cool temperate, subcontinental climate in the
north (Brouillet and Whetstone 1993).

East of the Adirondack Mountains and eastern Catskill Mountains, winter and
summer temperature and annual precipitation increases from north to south (Gajewski,
1988; SCAS 2005). Between 1971 and 2000 coastal regions received on average 1200 to
1500 mm of precipitation annually while lowlands in the north average 700-1200 mm
annually (SCAS, 2005). Mountain ranges disrupt the precipitation gradient and receive
between 1200 and 2400 mm of annual precipitation. Average minimum January
temperatures along coastal New England range from —8.3" up to -6.1" C while in the
Adirondack Mountains and northern Vermont and New Hampshire they range from
239" to-21.7 C. Average maximum July temperatures along coastal New England
range from 26.7 up to 28.9° C while in the Adirondack Mountains and northern Vermont

and New Hampshire they range from 23.3" to 26.1° C (SCAS, 2005). Running counter to
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the gradient of temperature and precipitation, the mean number of days with snow depth
increases moving north. The number of days with snow depth greater than 10 cm
between 1971 and 2000 ranged from 8-14 days along the coast and in the lower Hudson
Valley to more than 84 days in the Adirondack Mountains and northern Vermont and
New Hampshire (NCDC, 2005).

Climate is strongly modified by Lake Erie and Lake Ontario west of the
Adirondack Mountains and eastern Catskill Mountains, especially in the Erie-Ontario
Lowlands (EOL). Lake temperatures reduce maximum daily air temperatures throughout
the year as well as cloud cover from spring through mid-summer. A less well-known
feature of a lake-modified climate is the occurrence of a rainy season from the end of July
though September. This season is characterized by rain events that can produce fairly
large amounts of precipitation (NWS, 2005). The more famous aspect of a lake-modified
climate is the production of severe snow events and high seasonal snowfall. For example,
the highest one-year total of 1184 cm occurred in 1976-77 off the eastern end of Lake
Ontario in the town of Hooker. Annual snowfall on the eastern end of each lake ranges
from 250 to 510 cm/yr.

Perhaps as a result of the orientation of Lakes Erie and Ontario and in
combination with the prevailing wind and storm patterns, the climate across the AP has
an east-to-west concave pattern of annual precipitation and convex pattern of minimum
January and maximum July temperatures. Generally, cooler temperatures and higher total
precipitation occur at either end of the AP while warmer temperatures and less annual
precipitation occurs between the two ends. The Arnot Forest NRO population, in the

Finger Lakes region (FLR), is located in the center of this pattern (Figure 1). Climate of
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the EOL region is similar to the central FLR, Between 1971 and 2000 the eastern and
western ends of the AP received on average 1010 to 1270 mm of precipitation annually
while the FLR averages 810 to 1010 mm (SCAS, 2005). Average minimum January
temperatures at the eastern and western ends of the AP range from —12.8" to -10.6" C
while in the FLR and EOL these temperatures range from —10.6" to —8.3" C. Average
minimum July temperatures at the eastern and western ends of the AP range from 23.3°
up to 26.7° C while in the FLR and EOL they range from 26.7 to 28.9° C (SCAS, 2005).
The spatial distribution of the mean number of days with snow depth greater than 10 cm
between 1971 and 2000 in the western end of the study area is more variable than
temperature and precipitation patterns. Generally, however, the FLR and western EOL
average 21-42 days of 10 cm snow cover while the rest of the region averages 42-84 days

(NCDC, 2005).

c. Harvard Forest Field Sampling

Prior to sampling at the HF, 35 previously tagged red maple and NRO trees per
species in the eddy-flux tower footprint (TP) were randomly selected for coring. A
bootstrapping experiment showed that 35 trees accurately captured biomass variability
within 15% of the plot mean, which would help balance capturing the amount of tree
variability to logistical constraints of this study, such as lab preparation and analysis.
Dead trees encountered in the field were replaced with trees from an additional pool of
trees randomly selected prior to coring. A second stand at the HF was selected for
sampling to determine whether the TP trees were a good representation of the HF. The

second plot (Lyford Plot; LP) was chosen based on having forest composition and stand
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density similar to TP (Tables 1, 2). The NRO were cored in late-winter 2002 while the
red maple were cored in summer 2003.

Because lower boles of hardwoods are rarely a perfect circle, three cores per tree
were removed with each radii 120 degrees apart. The first core was taken from what
looked like the short side of each tree (Figure 2). The second and third cores were taken
120 degrees angles from the first core. Cores were taken at roughly 1.2 meters about the

ground. Diameter at breast height (DBH) was recorded for each tree cored.

Figure 2 - Radius sampling for trees at the Harvard Forest and Black Rock
Forest. Radius ‘a’ represents the short side of the lower stem. Radii ‘b’ and ‘c’
are set 120 degrees from ‘a’ to try to capture the variability in growth around
the base of the tree.
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d. New York-New England Network Field Sampling

Sites chosen for comparison to the HF NRO were based on a two primary
characteristics: at least 100 yrs old and little visible stand-scale canopy disturbance over
the last 50 years, such as the presence of cut stumps. After these requirements were met,
sites were selected to represent a range of productivity, land-use histories and tree ages
while achieving a rather even spatial distribution across southern New York State to
central New England. NRO northern-range-margin populations in the Adirondack
Mountains and northeastern Vermont were also targeted.

These goals were met with good success. The network includes the tallest known
NRO in New England (~ 35-40 m) and a site containing the tallest known population of
hardwoods in the northeastern U.S. (Mohawk Trail State Forest, MA and Zoar Valley,
NY, respectively (ENTS, 2005a)), the oldest known NRO (Wachusett Mtn., MA; Orwig
et al., 2001), two old-growth forests (Wachusett Mountain and Goose Egg State Forest,
NY), seven old, second-growth forests (Curtiss-Gale Wildlife Management Area, NY;
Montgomery Place, NY; Prospect Mountain, NY; Rooster Hill, NY; Singer Farm, NY;
Whispering Creek, NY; and Uttertown, NJ), three northern-range-margin sites (Rooster
Hill; Goodnow Mountain, NY; and Sheridan Mountain, VT) and three sites with climates
directly moderated by large water bodies (Singer Farm; Curtiss-Gale Wildlife
Management Area; Aquidneck Island, RI) (Figure 1; Table 1). Dr. David Orwig of the
Harvard Forest and Dr. Ed Cook and Paul Krusic of the Tree-Ring Lab at Lamont-
Doherty Earth Observatory cored the Wachusett Mountain NRO prior to this study and

graciously shared their data.
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Except for Black Rock Forest and Wachusett Mountain populations, trees from
sites outside of HF were sampled using more standard dendrochronological methods: at
least 20 overstory trees were selected for coring with two cores removed per tree. Like
the HF, cores were taken at roughly 1.2 meters about the ground. At Wachusett
Mountain, one core per tree was typically removed from each NRO (Orwig et al., 2001).
At Black Rock Forest (BRF), 30 trees each from a high and low productivity stand each
were randomly selected in the field and cored to compare long-term carbon uptake
estimates from repeated measure and tree-ring data. Like the HF collection, three cores
per tree were collected from BRF. When comparing HF and BRF data with the regional
NRO network, 10 (BRF) and 15 (HF) understory trees were removed and one core per
tree was randomly removed so that sample sizes of these populations were more similar
to those from the network populations. Although not ideal, thirty-nine trees from the
Wachusett Mountain population were used in this study because only one core per tree
was taken. It seems important to make this exception so that the oldest population of
NRO can be included in this study.

In each population forest composition and density was characterized using a
forest cruise prism. The Amot, Harvard and Black Rock Forests and Wachusett Mountain
data were previously collected. At least four measurements of basal area (BA) were taken
and averaged to characterize the forest. BA measurements were made at every fifth tree

cored. DBH of all trees cored for this study were recorded.
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e. Tree-Ring Analysis Methods

Cores were processed according to standard dendrochronological techniques
(Stokes and Smiley, 1968; Fritts, 1976; Cook and Kariustis, 1990). All samples were
visually cross-dated by identifying pointer years common to most trees in each
population (Schweingruber et al., 1990; Yamaguchi, 1991). Cross-dating was statistically
verified using the program COFECHA (Holmes, 1983). Annual ring widths were
measured to the nearest 0.001 mm after cross-dating.

Because interest was in tree-level growth rates, multiple cores were averaged to
create an average radius per tree. These average radii were combined into time-series of
annual average ring width for each population. These time-series were used to reconstruct
the annual inner-bark diameter. The reconstructed diameter represents the average stem
diameter for each population. Average annual diameter was then placed into an
allometric equation for northern red oak and red maple to calculate annual aboveground
biomass (Ter-Mikaelian and Korzukhin, 1997). The Brenneman et al. (1978) allometric
equation for aboveground biomass in Ter-Mikaelian and Korzukhin was used for both
species. Average aboveground carbon increment (ACL kg yr'') was calculated by
multiplying the annual aboveground biomass by 0.498, which represents the percent of
carbon per unit of biomass (Birdsey, 1992). An increment of zero was used for years

when rings were missing.

f- Tree-Ring Based Site Productivity: Realigned Aboveground Carbon Increment

i. Rational for Methodology
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Preliminary ACI analysis indicated that older populations tended to have higher
growth rates. Therefore, a new method of estimating potential site productivity, akin to
the tree-height based site index used in forestry, was developed based on radial
increments. The new index is then used to determine the relative rankings of site
productivity regardless of tree ages. The method is partially based on the principals of
regional curve standardization (RCS) (Briffa et al., 1992). RCS re-aligns time series of
radial increment by cambial age to estimate a mean, stand-level biological growth curve.
In closed canopy forests, changes in tree-to-tree competition strongly influences growth
rates, especially in trees that have not ascended to the canopy layer (i.e. seedlings,
saplings, suppressed and intermediate trees). The main goal of the methodology below is
to remove the potential time-related factors of growth (i.e., age, climate) to determine
potential site productivity.

Because potential site productivity is of interest, it was necessary to reduce the
influence of growth prior to canopy accession. An estimate of potential site productivity
in a closed-canopied forest was achieved by examining each time series for a step change
increase in growth, which is evidence of a release from canopy suppression. A traditional
methodology of determining release from canopy suppression involves the identification
of average rings widths over a 15-year period at least 50% and 100% larger than the prior
15 years (Lorimer and Frelich, 1989). The 50% and 100% increase in average ring widths
are thought to represent minor and major growth releases, respectively. A modification of
Nowacki and Abrams (1997) method by Dr. Ed Cook was used for this study. The new
method, available in the latest version of the ARSTAN standarization program, allows

researchers to use the time window and threshold triggers of the traditional method
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together with the calculation of a local standard error in ring width so that canopy

disturbance events can be determined more objectively.

ii. Detecting Disturbance in Northern Red Oak

While cross-dating the Curtiss-Gale NRO it became obvious that most trees in the
forest experienced a significant increase in radial growth between 1923 and 1928 (Figure
3). The presence of American chestnut (Castanea dentate Marsh.) sprouts in the forest
and a discussion with a historian for the city of Fulton, NY led to the conclusion that
American chestnut was an important component of the stand and likely salvaged (Sean
Faban, personal communication). As the Curtiss-Gale population had strong evidence of
a significant canopy disturbance event, it was used to determine the best thresholds for
detecting disturbance in NRO with the Cook-modified method. A 75% increase in
average ring width over a 12-year period with a 3 standard error limit threshold was
chosen as an indication of canopy accession for this study. Disturbance detection was

performed on the averaged radius for each tree.

iii. Development of Realigned Aboveground Carbon Increment (RACI)

To first develop RACI, growth prior to each identified disturbance event is removed
from each time-series. In the few cases where more than one disturbance was detected,
growth prior to the last disturbance event was removed. In a few rare cases this left only
20-30 years of radial growth on 80 to 120 year old trees. Radial increments for all trees
were realigned so that the first year post-disturbance is year one even though the tree may

be more than 100 years old (Figure 3). The realigned ring widths were averaged to create
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Figure 3 - Radial Growth Release Event Resulting from Canopy Disturbance:
Raw radial increments of tree CGR-05 from the Curtiss-Gale Wildlife
Management Area are shown above. Growth prior to 1925 is on average less
than 2.0 mm/yr. Field evidence and historical account suggest that American

chestnut was likely logged in this stand in the early-1920s. A significant increase

in radial increment was detected by the Cook-modified disturbance detection
method beginning in 1925. To estimate site productivity based on radial
increments in the absence of canopy suppression, growth prior to 1925 is

removed with the subsequent rings realigned to be cambial year one. Therefore,
1925 A.D becomes year one for this tree.

a time-series of post-canopy accession ring widths for each population. Ninety-five
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percent confidence limits of the realigned radial increments were also calculated for each

population (Cook, 1990). The realigned raw ring width time-series was then placed in the

NRO allometric equation described above to calculate average aboveground carbon

increment. The realigned aboveground carbon increment time-series (RACI) represents

maximum potential growth rates of post-canopy accession trees for each site.
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Although this methodology does not likely remove all competitive effects, it does
reduce, if not eliminate the influence of overstory competition prior to canopy accession.
This method does not remove the influence of changes in the competitive environment
once a tree has gained canopy status. Detecting these types of changes, however, is
difficult in detecting (Nowacki and Abrams, 1997). Realignment of radial growth also
reduces the influence of climate change through the averaging of climate-related growth
from different eras so that the resulting growth curve may be more of a pure site
productivity index. An exception to the reduction of climatic influence on RACI would
be a site where most trees experienced a disturbance within a year or two of each other,
such as the Curtiss-Gale population. The BRF Lucky Streak Red and HF Lyford Plot
populations became more even-aged after removal of suppressed growth, but not as much
as Curtiss-Gale. The impact of climate on growth rates of Curtiss-Gale trees over the last
80 years is still likely to be in its RACI time-series. Similarly, old populations with less
significant disturbance events like Curtiss-Gale, such as Goose Egg, Wachusett Mountain
or Uttertown, will have growth in the earliest part of the RACI index more influenced by
pre-20™ century climate. While the RACI index may not be a perfect index of site
productivity, the removal of suppressed growth reduces the influence of overstory
competition, tree age and climate.

In the development of RACI it became clear that an index represented by fewer
than 10 trees is less stable. Therefore, only the first 70 years of post-canopy accession
growth is discussed. Growth rates through 80 years are presented because many of the
conclusions for the first 70 years hold true although sample replication becomes quite

low for several populations, such as the HF populations.
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g. Climate Sensitivity Analysis

Climatic sensitivity analysis was conducted on the combined HF NRO oak and
red maple populations and then again on all NRO populations. HF populations were
combined to improve sample replication, reduce potentially spurious relations or relations
related to differences in stand density/competition (Cescatti and Piutti,1998). There were
some differences between populations at HF, although these differences were not
substantial.

NRO populations were correlated to the nearest meteorological station available
from U.S. Historical Climatology Network data set (Easterling et al., 1996) (Table 3).
The last year of corrected data from this network is 1994. Because 1) more than half of
the Tower Plot NRO were recruited into the forest between 1920 and the early 1930s, 2)
there was a significant canopy disturbance at Curtiss-Gale in the 1920s and 3) Great
Barrington, MA meteorological data begins in 1929, the period of correlation between
climate and tree growth is 1930-1994. An exception to this period is made for the Curtiss-
Gale NRO population. This population is within 15 miles of Lake Ontario and a strong
band of lake-moderated climate. The nearest station within this band is the Oswego, NY,
which has data available up to 1989. A meteorological station with a longer time-series of
data is available from Syracuse, NY, but correlations between it and the Curtiss-Gale
population are poor. Therefore, the period of climatic analysis for the Curtis-Gale
populations is 1930-1989.

Residual ring index chronologies were correlated versus pre-whitened

meteorological data. It is necessary to remove autocorrelation as it can make statistical
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modeling, hypothesis testing and data interpretation difficult (Cook, 1985). Pre-whitening

is the statistical removal of autocorrelation. The meteorological data was pre-whitened

from 1929 to 1994. The residual ring index chronology has the lowest amount of

autocorrelation of the common tree-ring indices. Tree ring indices were correlated against

average monthly minimum and maximum temperatures and total monthly precipitation

over a 19-month window (prior-March through current growing season September). Tree

physiology can produce a lag between the influence climate and radial growth increments

(Fritts, 1976; Kramer and Kozlowski, 1979; Cook and Kairiukstis 1990).

Table 3 — List of NRO populations and the meteorological station used for climatic

analysis.

Approximate Distance
Site Meteorological Station  Between Site & Station

—km --

Aquidneck Island, RI Providence, RI 36
Arnot For., NY Ithaca, NY 28
Black Rock For. Blue, NY West Point, NY 9
Black Rock For. Lucky, NY West Point, NY 9
Curtiss-Gale WMA, NY Oswego, NY 17
Goodnow Mtn, NY Indian Lake, NY 22
Goose Egg Ridge, NY Gloversville, NY* 79
Harvard For. Lyford Plot, MA Ambherst, MA 30
Harvard For. Tower Plot, MA Ambherst, MA 30
Mohawk Trail State For., MA  Great Barrington, MA® 63
Montgomery Place, NY Mohonk, NY 34
Pine Lake For., NY Cooperstown, NY 29
Prospect Mountain, NY Gloversville, NY* 66
Rooster Hill, NY Gloversville, NY* 15
Sheridan Mtn., VT St. Johnsbury, VT 39
Singer Farm, NY Brockport, NY® 59
Uttertown, NJ Port Jervis, NJ 36
Wachusett Mountain, MA Clinton, MA 16
Whispering Creek, NY Geneva, NY® 44
Deer Lick Preserve, Zoar Fredonia, NY® 33

Valley, NY
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* — The Gloversville station is the best station suited for climatic analysis based of
distance to nearest meteorological station and elevation (also see Pederson et al., 2004). °
—the closest station with the fewest missing data.

Results/Discussion:
Comparison of Tower and Lyford Plot Northern Red Oak and Red Maple at the
Harvard Forest:

a. Cross-dating:

All cores needed to be cross-dated before age structure and disturbance history
could be accurately produced. Cross-dating proved to be most difficult and most
necessary for red maple. A large gypsy moth outbreak in 1981 in central and southern
New England (USFS, 2003) resulted in narrow latewood widths in NRO and “white
rings” in red maple (Figure 4a). The narrow rings and white rings acted as pointer years
for both species. Formation of white rings in aspen, a diffuse-porous species like red
maple, is the result of early growing-season defoliation, which produces xylem with
significantly lower density in defoliated trees than non-defoliated trees (Hogg et al.,
2002b). Given that red maple is palatable to gypsy moth (Liebhold, 1995), the intensity
of the 1981 event, the presence of white rings in HF red maple and the relation between
white ring formation and defoliation in aspen, it is safe to conclude that the HF red maple
were defoliated in 1981. Despite the utility of white rings in red maple for cross-dating, it
was necessary to use traditional cross-dating methods because defoliation does not appear
to have been consistent between plots. Only 17% of the TP red maple cores had a white
ring versus 76% of the LP cores. Important narrow pointers rings for red maple at HF
were: 1938, 1945, 1959, 1966, 1968, 1970, 1973, 1981, 1988, 1996 and 1999. The

combination of white rings and pointer years were especially useful because many red
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maple trees had extremely narrow rings or 1-12 missing rings over the last 15 years
(Figure 4b; Table 4). Although correlations were low between NRO and red maple
(combined species chronologies interseries correlation = 0.325, p <0.001), COFECHA

statistically verified the cross-dating of red maple.

Figure 4 - White and Locally Absent Rings in Red Maple at the Harvard Forest: a)
Close up of a white ring caused by the 1981 gypsy moth defoliation event. b)
Radial increment growth of red maple B3204 from the Tower Plot in the 1990s.
There are only four growth bands apparent between 1990 and the inner bark. This
tree was alive at the time of sampling, which was in July 2003. Therefore, there
ought to be 12 bands of growth between 1990 and the inner bark.
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Table 4 - Locally absent ring (LAR) frequency in red maple at the Lyford and Tower
Plots at the Havard Forest, MA.

Cores with Average Number of Maximum Number of

LAR .LAR LARs
--number-- --per core-- --per core (SD)--
Lyford Plot 31 2.6 9(24)
Tower Plot 49 4.7 12 (3.2)

b. Age Structure:

The Tower Plot NRO has three age cohorts: the mid-1890s, early-1930s and late-
1930s to early-1940s (Figure 5). The presence of pith in nearly half of the trees from each
cohort indicates that age at coring height is distinct from the previous cohort. It is
possible that trees from the youngest cohorts recruited at the same time as the first cohort,
but were delayed in reaching coring height as a result of local competition or local
productivity differences. The Lyford Plot NRO has two cohorts, one dating to the early-
1900s and a second dating to the early-1920s. The early-1900s cohort dominates the age
structure. There might be a third cohort as many NRO with pith dates were recruited into
LP between the two cohorts. Splitting out this group as a third cohort may not be correct.
The disturbance that triggered recruitment of the first cohort could have been the trigger
for the trees with pith dates late in the1900 decade. Differences in the time to reach
coring height following the disturbance may reflect differences in local growth rates. LP
population has a higher average and median population age and a lower standard
deviation (SD) of tree ages than the TP population (Table 1).

Red maple in each plot generally reflects the same recruitment pattern as NRO
(Figure 6). The TP has two age cohorts and a single old tree. The oldest tree dates to 1872

at coring height. The first cohort dates to the late-1890s and early-1900s. The last cohort
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Figure 5 - Age structure of northern red oak in the Tower Plot (upper plot, red bars)
and Lyford Plot (lower plot, purple bars). Each bar represents a sampled tree. The left
side of each bar represents the date each tree reached coring height (~1.2 m) while the
right side of the bar represents the date of coring. ‘pith’ indicates that at least one core
per tree has the pith present. ‘near pith’ indicates one core that is within 1-2 years of
the pith.
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Figure 6 - Age Structure of Red Maple in the Tower Plot (upper plot, red bars) and
Lyford Plot (lower plot, purple bars). The left side of each bar represents the date each
tree reached coring height while the right side of the bar represents the date of coring.
‘pith’ indicates that at leas one core per tree has the pith present. ‘near pith’ indicates a
core that is estimated to be within 1-2 years of the pith. ‘rotten’ indicates a hollow tree.
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dates firmly to the mid-1920s and early-1930s. Red maple in the LP has three age
cohorts. There is nearly continuous recruitment at coring height between the early-1890s
and late-1900s during which 62.8% of all trees sampled reached coring height. A second
cohort recruited between the late-1910s and mid-1920s. Two trees were recruited in the
late-1930s. LP red maple population has a higher average and median tree age than TP

population (Table 2).

Tower Plot Stand History/Age Structure Discussion:

Tower Plot age structure and standardized ring widths of NRO and red maple
corroborate its known land-use history while simultaneously illustrating the interaction
between land-use and forest dynamics (Figure 7). Most of the TP forest regenerated
following agricultural abandonment (Harvard Forest Archives). One section, nearly a
third of the plot in area, was used as a woodlot. The last date of agricultural abandonment
is 1908. There was considerable cutting between 1890 and 1895 (Harvard Forest
Archives). This cutting led to an initial pulse of tree recruitment in both species. The
presence of tree pith within a few years of each other during this decade reveals that
canopy density was abruptly reduced and the advance regeneration of both species
responded simultaneously. The oldest red maple tree also shows a step-change increase
in ring indices just prior to this pulse of recruitment, as would be expected of a tree
experiencing reduced canopy competition.

Records show considerable forest management, called ‘weeding’ in historical
documents (Harvard Forest Archives), from 1925-1934 in the TP area. Continuous

recruitment during this period in the TP reflects the forest management. There is an
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Figure 7 - Timeline of Stand History at the Harvard Forest Tower Plot: Events
on this time scale are derived from tree-rings and recorded in HF Archives.
The gold line is the standardized northern red oak ring index. The red line is
the traditional standardized red maple ring index. Black arrows indicate
unknown disturbance events in the first half of the record and the 1981 gypsy
moth defoliation event. The 1938 Hurricane is noted with the orange arrow.
The green arrows show cutting events. The red arrow indicates the red maple
growth decline.

increase in radial growth of NRO and red maple in 1918 that is not easily explained as it
pre-dates the 1920-1930 era of stand management. Age structure supports historical
documents showing that most of the TP experienced only ‘very slight damage’ (<10%
canopy damage) as a result of the 1938 hurricane. Roughly 20% experienced ‘severe’
damage (76-100% canopy damage) following the 1938 hurricane with a smaller amount
experiencing ‘moderate’ damage (25-50% canopy damage). Only a minority of trees in a
small portion of the stand grew to coring height following ‘weeding’ in 1938 and salvage

logging in 1941. The small number of trees recruited after the hurricane suggests that a
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high stem density in the advanced regeneration or sapling layers did not allow the
recruitment of new trees. A forest type map from 1923 shows a dominance of grey birch,
suggesting that the stand was in a successional state prior to the hurricane. This evidence
supports records indicating the Tower Plot is pre-1938 Hurricane forest.

Heavier forest management, like ‘thinning’, ‘salvaging’ and ‘improvement’,
occurred in 1948 throughout the stand. Growth rates of TP trees reflect this disturbance.
The only other notable events in the TP are the red maple growth decline in the late-
1960s and gypsy moth defoliation events in 1945-46 and 1981. The combination of tree-
ring data and historical documents show how alterations of the forest canopy triggers

changes in growth and recruitment of trees into the stand at coring height.

Tower Plot Versus Lyford Plot NRO and Red Maple Growth Rates

Average aboveground carbon increment of NRO has been relatively steady in
both Harvard Forest plots since the 1950s, although TP growth rates have a non-
significant upward trend and LP growth rates have a non-significant downward trend
(Figure 8a). TP ACI peaked in 1988 while LP peaked in 1975. There is no significant
difference in growth rates between the two stands. Wider bootstrap confidence limits
around the Tower Plot NRO ACI curve shows that tree growth rates are more variable in
TP than for LP rates.

Red maple ACI increased in both plots in the first half of the 20" century. Growth
rates of the TP population peaked in the late-1940s while the LP trees peak and in 1970s

(Figure 8b). There are significant differences in growth rates between TP and LP red
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maple. TP growth rates are higher than LP rates from 1931-1961 (except for 1938, 1947,

and 1959), after which there is no significant difference.

Average Aboveground Carbon Increment (kg yr-")

Figure 8 - Comparison of Growth Rates Between Lyford and Tower Plots at
the Harvard Forest: a) northern red oak, b) red maple. Red lines represent
Tower Plot in both graphs while blue lines represent the Lyford Plot. Dashed

lineq renrecent 05% canfidence limite far hnth noannlatinne
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a. Species-level Differences in Growth Rates at the Harvard Forest

Although there are no significant differences in growth rates since 1920 between
NRO and red maple in both plots (Figure 9), there are differences in productivity and
trends in growth rates. NRO is 26.65% and 43.96% more productive than red maple in
the Tower Plot from 1977-2001 and 1992-2001, respectively (Table 5). In the Lyford
Plot, NRO is 32.08% and 57.53% more productive for the same periods, respectively.
Red maple has been slower to recover following the 1981 gypsy moth defoliation event
than NRO. Most importantly, there are contrasting trajectories in growth rates between
species, especially from 1992-2001 (Table 5). Growth rates of NRO in both plots from
1992-2001 and 1977-2001 have a weak, but non-significant upward trend in annual
growth rates. In contrast, red maple has significantly negative trends from 1992-2001.
Northern red oak is more productive on a per tree basis than red maple and is not
experiencing the decline in growth rates since 1992 like red maple.

Differences in growth rate trends between species are most dramatic in the TP.
NRO has the strongest positive trend for both periods of analysis while red maple shows
the strongest negative trends (Table 3). Underscoring this difference is that six red maple
trees, 17.1% of the sample, added less than 0.20 cm inner bark DBH (iDBH) at coring
height between 1992 and 2002. Fifteen red maples, 42.8% of the sample, added less than
0.50 cm of iDBH over the same time period while 24, 68.6% of the sample, added less
than 1.0 cm of iDBH. In contrast, all but one NRO added more than 0.20 cm of iDBH at
coring height since 1992. Only one NRO, 2.8% of the sample, added less than 0.50 cm
1iDBH over the same time period while 4, 11.4% of the sample, added less than 1.0 cm of

iDBH.
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Figure 9 - Comparison of Stand-Level Northern Red Oak and Red Maple Growth Rates
at the Harvard Forest: a) Tower Plot, b) Lyford Plot. Red lines in both graphs represent
northern red oak growth while blue lines represent red maple. Dashed lines represent
95% confidence limits for both species.
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Table 5 - Average and trend in growth rates for northern red oak and red maple from
1977-2001 and 1992-2001 at the Harvard Forest, MA. Significant trends in growth are in
bold and indicated by: * p < 0.05; ** p <0.01; *** p <0.001. Numbers in parentheses
equals the correlation in trend.

1992-2001 1977-2001 1992-2001 1977-2001
-- Average kg carbon/year --
-- Northern Red Oak -- -- Red Maple --
Lyford Plot 5.86 5.64 3.72 4.27
Tower Plot 8.09 8.03 5.62 6.34

-- Trend in kg carbon/year (correlation) --
Lyford Plot  0.035(0.162)  0.021 (0.159) -0.168 (0.689)* -0.084 (0.626)***
Tower Plot  0.093 (0.326)  0.021 (0.113) -0.373 (0.734)**  -0.116 (0.582)**

b. The Influence of Gypsy Moth on Growth Rates

The 1981 gypsy moth defoliation event caused a significant downward spike in
ACI in NRO and red maple. Since 1940 only the gypsy moth defoliation events of 1945-
1946 produced significantly lower growth rates in surviving NRO than the 1981 event
(Figure 10a, b). Growth rates were significantly higher than the 1981 event by 1987 in
the LP and 1988 in the TP. Combining the growth rates of both plots indicates that
growth over much of the last 50 years was significantly greater than the 1981 event
(Figure 10c).

The 1981 defoliation event also had a strong impact on red maple growth rates
(Figure 11a, b). TP red maple growth rates were significantly greater than the 1981 event
for most of the period between 1946 and 1965. Growth rates of the LP red maple prior to
1981 were not significantly different than the 1981 event. Growth rates in both stands
increased after 1981 until 1992. The average 1999 ACI value of both plots was
significantly lower than the 1981 event, which further attests to the considerable decline

of red maple growth rates since 1992 (Figure 11c).
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Figure 10 - Impact of Gypsy Moth Defoliation on Northern Red Oak Growth Rates at the
Harvard Forest: a) Tower Plot, b) Lyford Plot and c) average of both HF plots. The blue
line represents the value of the upper 95% confidence limit for the 1981 gypsy moth
defoliation event for each population. Dashed lines represent 95% confidence limits.
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Figure 11 - Impact of Gypsy Moth Defoliation on Red Maple Growth Rates at the
Harvard Forest: a) Tower Plot, b) Lyford Plot and c) average of both HF plots. The blue
line represents the value of the upper 95% confidence limit for the 1981 gypsy moth
defoliation event for each population. Dashed lines represent 95% confidence limits.



c. The Influence of Climate on Radial Increment
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Precipitation has mostly a non-significant relation to the radial growth of Harvard

Forest NRO and red maple between 1930 and 1994 (Figure 12a, b). NRO has a very

Correlation Coefficient

Figure 12 - Climate Correlations Between Harvard Forest Northern Red Oak (a,

04
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Month

¢, ¢) and Red Maple (b, d, f). Tree-ring indices are correlated versus total

monthly precipitation (a, b), average monthly minimum temperatures (c, d) and
average monthly maximum temperatures (e, f). Dashed gray lines indicate
significant correlations at the p = 0.05 level.



82

unusual negative correlation to total February precipitation prior to the current growing
season. Both species are more sensitive to variations in monthly temperatures (i.e.,
having more annual variance explained by temperature than precipitation), with red
maple more sensitive than NRO (Figure 12¢-f). Cool prior October minimum
temperatures and cool January maximum temperatures significantly limit red maple
radial growth. Average maximum temperatures from prior October through January
account for more variation in red maple increment than January alone (r* = 15.2% vs.
9.0%, respectively). There is little difference in explained variance of prior October
minimum temperatures versus average prior October and November minimum
temperatures (r* = 15.0% vs. 11.9%). Cool July maximum temperatures limit NRO
growth the most across the NY/NE study area, which is different than the findings in a

study limited to the Hudson River Valley (Pederson et al., 2004; Chapter 2).

Synthesis of Tree Growth at the Harvard Forest

TP and LP NRO had relatively steady growth rates over the last 50 years,
although TP rates have been increasing slightly over this period. Many red maple trees in
both stands have nearly ceased radial growth increment from 1992-2002. Contrasting
trends of growth rate trends suggest red maple may become less important in the future,
which is a trend noted from permanent plot data at the Harvard Forest (Rockwell, 2004).
Because there is no significant difference in growth rates between plots for either species
after 1961, however, it can be concluded that growth rates of the northern red oak and red
maple in the footprint of the eddy-flux tower appear to be representative of similar stands

at the Harvard Forest over the last 40 years.
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Although there is no statistical difference in growth rates since 1961 between the
two plots and both plots have similar stand composition and density, tree-ring analysis
reveals important differences over the 20™ century. First, the Tower Plot is slightly
younger and more uneven aged than the LP. Second, age structure data and differences
in short-term growth rates reflect different disturbance histories. Third, differences in
growth rates between species are larger in the TP than in the LP. Given that the LP 1s
older and more even-aged than TP, weaker LP red maple may have already succumbed to
competition (Oliver and Larson, 1996). The Tower Plot may still be in an earlier phase of
stand development. Fourth, although the impact of the 1981 gypsy moth defoliation event
is similar between the TP and LP, growth rates of LP NRO following the event do not
seem to be as robust as in the TP trees. If the number of white rings is an indicator of the
defoliation intensity as it is in aspen (Hogg et al., 2002a), then perhaps differences in
growth rates over the last two decades between TP and LP may be related to the severity
of gypsy moth defoliation. It is not clear if these differences between TP and LP will
become greater in the future.

Surprisingly, precipitation does not play a major role in the growth rates of NRO
or red maple at the HF. In contrast, precipitation and drought has long been recognized as
an important factor of growth in eastern North America (e.g., Schumacher and Day,
1939; Cook and Jacoby, 1977; Stahle and Cleaveland, 1992; Orwig and Abrams, 1997;
Cook et al., 1999). Analysis of NRO growth rates versus the Palmer Drought Severity
Index, which better captures the water balance or evaporative demand on plants than
precipitation (Palmer, 1965), may reveal a stronger role for drought. HF red maple

growth is primarily limited by cool season temperature, which accounts for 15% of
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following season’s growth. NRO growth is mostly limited by late, growing season
temperatures. In general, these findings at HF support earlier research in the Hudson
Valley in NYS (Pederson et al., 2004; Chapter 2): NRO has a weaker climatic response
than many species and like several other temperate species, the radial growth of red
maple is mostly limited by winter temperatures.

It is unusual to find that both species are more sensitive to temperature than
drought. Only red spruce (Conkey, 1986; Cook et al., 1987) and Atlantic white-cedar
(Pederson et al, 2004; Chapter 2; Hopton and Pederson, in press; Appendix A) are known
to be more temperature sensitive than drought sensitive in the temperate forests of eastern
North America. The Atlantic white-cedar and red spruce populations were studied in
New York and New England, which brings up the possibility that there may be a unique
climatic response of trees in this region compared to much of the eastern U.S. For
example, Atlantic white-cedar (Hopton and Pederson, in press) and loblolly pine (Cook et
al., 1998) are found to be more sensitive to temperature at a northern-range-margin than
elsewhere in their distribution. Perhaps HF northern red oak and red maple are growing
in a similar type of geographic setting?

Gypsy moth defoliation has a stronger impact on growth rates at annual to multi-
annual time-scales than climate. This finding could be confounded by the tendency of
gypsy moth defoliations events to be associated with drought (Naidoo and Lechowicz,
2001). NRO are, however, more significantly impacted by gypsy moth defoliation the
year after an event than most species examined in the eastern U.S. (Muzika and Liebhold,
1999). Nonetheless, NRO recovered to significantly above the 1981 ACI value by 1988.

Red maple recovered during that time, but at a much slower rate. In contrast, a decline in
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growth rates of sugar maple following gypsy moth defoliation was not observed (Naidoo
and Lechowicz, 2001). Beyond potential species differences, other differences could
contribute to these somewhat disparate findings. First, sugar maple cores that were
difficult to cross-date or had many missing rings were discarded prior to growth anaylsis
(Naidoo and Lechowicz, 2001). Analysis at the Harvard Forest shows that red maple
trees are capable of living for several years without producing radial growth rings. The
same appears to be true of sugar maple (Brendan Buckley, personal communication). It is
not known if missing rings in red maple are related to defoliation, but discarding the more
difficult samples removes the trees that might be more susceptible to decline following
defoliation (Gansner et al., 1993). Second, it is not known if the severity of defoliation of
the HF red maple is comparable to the severity of the sugar maple. Severity of defoliation
likely plays an important role in the recovery of growth rates. Finally, mature sugar
maple trees are typically larger than red maple (Burns and Honkala, 1990). These size
differences should usually translate to differences in canopy position: dominant and co-
dominant for sugar maple, co-dominant or intermediate for red maple. Differences in
canopy position should translate into differences in competition, which may also account
for the disparity growth recovery of these maples following gypsy moth. Ultimately,
gypsy moth defoliation events produced significant reductions in growth rates of NRO

and red maple at the HF.
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Regional Northern Red Oak Growth and Climate Sensitivity Results
a. Regional Northern Red Oak Growth

Between 1750 and 2001 NRO growth increments and trends were highly variable
across the study region (Figures 13, 14). Average regional growth rates peaked between
1975-1980 and 1998-2001. Reduced growth rates are evident in association with gypsy
moth defoliation events, most notably in 1981 (Figure 14). Since the 1950's, all
populations have relatively constant or increased growth rates. Goodnow Mountain, HF
Lyford Plot, Prospect Mountain, Rooster Hill, Sheridan Mountain and Whispering Creek
experienced declining in growth rates in the last two decades.

Between 1977 and 2001 the mean regional ACI was 28.98 kg yr' (median = 29.0;
SD = 2.0). Maximum ACI in this period occurred in 1998 (33.1 kg) while the smallest
increment occurred in 1991 (24.9 kg). From 1990-2001, the period of overlap between
Harvard Tower eddy-flux tower and tree-ring data, the mean regional ACI was 29.40 kg
yr'! (median = 29.40; SD = 2.4). Other years with a regional increment greater than 30 kg
were 2000 and 2001. Interestingly, 1998 and 2001 are the two warmest years on record
between 1960 and 2001, respectively (GISS, 2005). Yet, the year with the lowest ACI
value, 1991, is the fifth warmest between 1960 and 2001. If global temperatures play a
factor in NRO growth rates in the northeast U.S., the relationship must be tempered by

other factors such as the timing of drought or the onset of the growing season

(phenology).
The Singer Farm population has the highest ACI from 1990-2001 with an average

0f 90.26 kg yr'! (median = 86.21, SD = 13.88) (Table 6). The next five highest have an

ACI greater than 40 kg yr''. The five westernmost populations are ranked in the top ten
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Figure 14 - Regional Northern Red Oak Growth Rates from 1860-2001. Individual
ACI curves are plotted against the regional average. The highest ACI value occurred
in 1998. Regional average is the thick green line. Its 95% confidence limits are the
thin green lines. Confidence limits are not plotted for any other curves to preserve
figure clarity. Likewise, the Singer Farm is not plotted because its growth rates are
well above any other in this study. The Harvard Forest growth curves are at the
bottom: red line = Tower Plot, orange line = Lyford Plot. Other populations of note
are: purple line = Zoar Valley, which has the highest ACI value of 1998 except for the
Singer Farm; light blue with solid inverted triangles = Mohawk Trail State Forest,
which has the tallest-known NRO in the northeastern U.S.; Orange line with solid dots
= Curtis-Gale Wildlife Management Area, which experienced a significant change in
growth rates with the loss of the American chestnut in the early-1920s; Dark blue line
with solid diamonds = Wachusett Mountain, which is an old-growth population and
has the oldest-known NRO.
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Table 6 - Northern red oak populations ranked by average aboveground mean carbon
increment (kg yr'') from 1990-2001.

Standard Median

Population Mean Median Deviation Stand Age
Singer Farm 86.21 88.94 13.88 127.0
Zoar Valley 48.70 48.20 5.67 84.5
Mohawk St. Forest 46.38 45.29 545 103.0
Montgomery Place 45.52 44.38 5.75 135.5
Aquidneck Island 44.28 43.73 5.62 103.5
Curtiss-Gale 40.35 39.32 4.12 149.8
Uttertown 35.71 36.05 4.45 144.5
Arnot Forest 30.38 30.56 5.32 99.5
Regional Average 29.40 29.40 2.38 n/a
Whispering Creek 28.50 27.84 2.44 111.9
Sheridan Mountain 20.66 20.28 1.53 106.0
Wachusett Mountain 19.93 19.93 1.78 205.0
Goodnow Mountain 19.78 19.17 2.80 79.5
Rooster Hill 19.30 19.35 2.01 118.5
Pine Lake 18.52 18.56 1.38 99.5
Prospect Mountain 17.15 17.40 1.09 147.5
BRF Lucky 14.84 15.03 234 84.5
HF - Tower Plot 14.08 14.50 1.68 72.0
Goose Egg Ridge 11.48 11.53 1.46 187.5
BRF Blueberry 11.47 12.02 1.61 120.0
HF - Lyford Plot 10.83 10.76 1.45 95.0

with three of these populations ranked in the top five. Growth rates of the HF populations

are ranked towards the bottom for this time period with the HF Lyford Plot ranked last.

After 1930, the time when most trees had canopy status, annual growth rates at

Singer Farm are significantly higher than all other populations except for Zoar Valley,

although there is no difference between the two populations in 1960 and from 1990-1999

(not shown). There is no significant difference between Zoar Valley and the regional

average (Figure 14). Growth rates of the Wachusett Mountain population are not

significantly different than the regional average between 1930 and 2001 despite it being a

part of an old-growth forest containing the oldest-known NRO. Black Rock Forest (BRF)
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Blueberry and Goose Egg Ridge are significantly below the regional average. BRF Lucky
is significantly below the regional mean except for the early-1950s, early-1970s and
early-1990s.

Harvard Forest NRO have some of the lowest annual rates of carbon increment
regionally (Figures 13, 14). After 1952, growth rates of the Tower Plot NRO are
significantly below the regional average from 1956-1959, 1981-1984, 1992, 1996 and
1999-2000 (Figure 15). Growth rates of the Lyford Plot are below the regional average
between 1930 and 2001.

Initial analyses suggested that age is not a limitation of NRO growth rates and that
older populations seemed to have higher growth rates. For example, the Wachusett
Mountain NRO population has significantly higher growth rates between 1990 and 2001
than the HF NRO populations (Table 6), which are among the youngest populations
sampled. Therefore, an analysis was made between non-climatic factors (age structure,
stand structure, tree size and geographic location) and average NRO growth rates and
trends from 1977 to 2001 (Table 7; Figure 15). This period was chosen for analysis as it
likely represents the longest time in which tree-ring analysis estimates of growth rates is
not compromised by changes in stand structure (Dave Hollinger, personal
communication). As it is well established that site quality controls productivity, each
time-series of ACI was standardized to test what non-climatic factors constrain tree-level
productivity in the absence of site quality. This index is termed the site standardized
average aboveground carbon increment (SACI).

The strongest relation between average ACI from 1977-2001 is average

population DBH and standard deviation (SD) of population DBH (Table 7). Populations
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with larger trees and a wider spread of tree sizes have higher growth rates. These factors
are only weakly correlated versus SACI. Standardized ACI is only weakly correlated to
average DBH, although it is significantly correlated to SD of population DBH.

SACI is significantly correlated to age. Populations with older trees and a higher
SD of ages have higher average growth rates (Figures 16a, b). Populations with older
trees also have a higher SD of ages (Table 7). SD of population ages is significantly
correlated to SD of population DBH, but only weakly correlated (p level > 0.05 and
<0.10) to average DBH.

There are significant correlations between longitude and average population
DBH, standard deviation of population DBH and average ACI. These correlations
suggest that average ACI and tree size increases moving west (Table 7). The large NRO
in the western end of the study region at the Singer Farm compromises these correlations.
Removal of the Singer Farm population makes this relation non-significant (Figure 16c¢).

The strongest influence on the trend in growth rates between 1977 and 2001 is
latitude, especially versus SACI (Table 7; Figure 16d). The trend in annual growth rates
decreases as latitude increases. There is also a significant relation between longitude and
trend in growth rates. Again, once Singer Farm is removed from the analysis, the
significant correlation is lost. There is no significant relation between longitude and trend
in growth rates, however, if site quality is standardized. These results indicate that if there
is a longitudinal trend in growth rates, it is related to site productivity. Perhaps the most
intriguing finding of this analysis is that there is no relation between age and trend of

NRO growth rates (Table 7; Figures 16e, f).
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Figure 16 - Non-Climatic Factors Versus Northern Red Oak Growth Rates. a) Median
age vs. 25-yr average of standardized ACI, b) standard deviation of population age vs.
25-yr average of standardized ACI, c) longitude vs. 25-yr average of ACI, d) latitude vs.
25-yr average of standardized ACI, e) average age vs. 25-yr trend of ACI and f) average
age vs. 25-yr trend of standardized ACI. Note in graph (c): removal of the Singer Farm
population results in a non-significant correlation between longitude and ACI. See text
for further discussion.

b. Correlation Between Annual NRO Growth and Climate
Tables 6-8 shows the significant relations between NRO growth and precipitation

(PCP), average minimum monthly temperature (Tmin) and average maximum monthly
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temperature (Tiax), respectively. Populations are presented longitudinally from west to
east because patterns emerged in this arrangement. Arrangement of populations
alphabetically and latitudinally did not reveal any similar observable patterns.

The most common climatic factor influencing NRO growth in the northeastern
U.S. is June and July precipitation (Table 8). June precipitation is more strongly and
consistently related to growth than July precipitation. Conspicuously, growth of the
Massachusetts and the Singer Farm populations are not significantly limited by growing
season drought. Growth of five populations is significantly and positively correlated with
prior December and current January precipitation. The most unusual, but consistent
relation between NRO growth and precipitation is a strong negative correlation with
February precipitation. Populations with this correlation are found east of the Catskill
Mountains in NYS and south of Mohawk Trail State Forest, MA.

Correlation between NRO growth and Ty, are less consistent and generally
weaker than the correlations with precipitation (Table 9). The most consistent and
significant relations are inverse correlations with March, April and June temperatures,
with June temperatures being the strongest and most consistent. Positive correlations to
late-growing season Tmin Were calculated at northern-range-margin and mountainous
locations.

NRO growth has a slightly different relation to Tpax than it does to Ty, (Table

10). Nine populations have weak, but positive correlations between growth and prior
winter temperatures. Two interesting patterns are found in the relation of NRO growth

and Thax. First, there is a clustering of positive correlations to July and August maximum
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temperatures in central Massachusetts and northern Vermont. The second is the absence

of relation to prior growing season temperatures in the western end of the study region.

c. Gypsy moth defoliation events and NRO growth

Gypsy moth events were identified by the presence of unusually narrow latewood
widths and confirmed with gypsy moth outbreak maps (USFS, 2003) or eyewitness
accounts (i.e., Bruce Gilman for the Whispering Creek population). Tree-ring records
show that gypsy moth defoliation events had the strongest impact on multi-annual NRO
growth over the last century. Among surviving NRO trees, these events caused an
average reduction in growth of 36.7% versus the prior five years of growth (Table 11).
Growth rates recovered to within 10% of the prior 5-year average within five years after
the gypsy moth event. In comparison, the 1960s drought caused growth rates at
Montgomery Place, NY to decline only 8.5% versus the prior 5 years. Five years after the
1960s drought, growth rates were 32.0% greater than the five years prior to the drought.
Montgomery Place was the only population with a considerable reduction in growth
similar to what has been found previously in other species (Cook and Jacoby, 1977,
Cook, 1991). Further, while dramatic one-year declines in growth rates in non-gypsy
moth areas (Adirondack Mountain region — Rick Fenton, NYS forester, personal
communication; Sheridan Mountain — Steve Slayton, Caledonia County state forester,
personal communication) declined by 34.2%, they recovered to near pre-disturbance rates
within 5 years. Gypsy moth defoliation and its impacts on growth rates are discussed in

greater depth in Appendix B.
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Table 11. Changes in growth rates S-years prior and post to a large disturbance event.
Growth rates are determined through the averaging of above ground carbon increment
(ACI). Numbers in parentheses in the average of population events section represent
standard deviation of percent change in growth.

Ave. ACI5- Event ACI  Ave. ACIS % Post
Event Type yrs Prior as a % of yrs Post to Event ACI
(Year(s)) (SD) Prior S-yrs  Event (SD) vs. Prior
ACI
Gypsy Moth
Arnot Forest 30.37 (6.8) 40.7 20.32 (4.9) 66.9
(1983)
BRF Blueberry 5.50 (0.3) 58.9 4.98 (0.4) 90.5
Fields (1981)
BRF Lucky 10.55(1.2) 54.3 7.84 (0.5) 74.3
Streak (1981)
Goose Egg 10.46 (0.7) 81.3 8.45 (0.8) 80.8
(1981)
HF Tower Plot 8.30(1.2) 65.8 9.48 (0.9) 114.2
(1945-46)
HF Tower Plot 13.72 (0.8) 46.4 11.70 (1.0) 85.3
(1981)
HF Lyford Plot 6.95 (1.3) 69.2 8.43 (0.2) 121.3
(1945-46)
HF Tower Plot 11.68 (1.1) 47.9 8.65(1.1) 74.0
(1981)
Mohawk Trail 37.42 (5.9) 65.2 34.91 (3.0) 933
State For. (1981)
Montgomery 34.81 (0.8) 67.3 34.77 (1.6) 99.9
Place (1981)
Pine Lake 18.70 (2.2) 54.2 16.90 (1.1) 90.4
(1983)
Prospect 17.66 (1.0) 75.0 17.08 (1.2) 96.7
Mountain (1981)
Wachusett Mtn. —  14.35 (0.3) 87.9 15.57 (1.3) 108.5
1945-46
Wachusett Mtn. 20.26 (1.2) 67.4 16.81 (2.0) 83.0
(1981)
Whispering Creek  32.03 (2.0) 68.7 22.57(2.7) 70.5
(1983-86)
Average (n=15) - 63.3 (13.1) - 90.0 (16.1)
1945 (n= 3) - 74.3 (11.9) - 114.7 (6.4)
1981 (n=12) - 60.6 (12.3) - 83.8 (10.7)
Drought
Montgomery 24.46 (1.8) 91.5 32.3(1.0) 132.0

Place (1964-66)
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Ave. ACI5- EventACI Ave. ACIS5 % Post
Event Type yrs Prior as a % of yrs Post to Event ACI
(Year(s)) (SD) Prior 5-yrs  Event (SD) vs. Prior
ACI
Unknown
Mohawk Trail St. 30.86 (6.1) 72.6 32.08 (1.6) 104
For. (1953)
Singer Farm 100.76 (10.8) 65.0 82.23 (8.6) 81.6
(1990-1991)
Uttertown (1969- 18.57 (4.2) 67.7 25.25 (5.8) 136.0
1971)
Unknown in Non-
Gypsy Moth Areas
Goodnow Mtn. 9.72 (1.7) 35.8 9.76 (2.3) 100.4
(1949)
Goodnow Mtn. 19.32(1.7) 79.6 2137 (2.4) 110.6
(1983)
Rooster Hill 20.78 (1.2) 73.0 18.57 (1.8) 89.4
(1983)
Rooster Hill 20.81 (1.4) 68.9 19.13 (1.5) 91.9
(1992)
Sheridan Mtn. 22.0(1.3) 71.8 23.57(2.2) 107.1
(1986)
Non-Gypsy Moth - 65.8 (17.2) - 99.9 (9.2)
Area Ave. (n=5)
All Drought & - 69.5 (14.9) - 105.9 (18.4)
Unknown Ave,
(n=9)
Ave (minus Singer - 70.5 (17.00) - 105.1 (15.2)
Farm &
Uttertown)
Ave (minus Singer - 70.3 (20.8) - 110.8 (12.4)
Farm,
Uttertown &
Rooster Hill)

d. Regional Site Productivity Indices (RACI)

The realigned average aboveground carbon increment curves shows that all

populations have increased growth rates over the first 70 years except for the HF Lyford

Plot (Figure 17). RACI curves cluster into three main groups: six populations above the
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Figure 17 - Regional Re-aligned Average Aboveground Carbon Increment (RACI).
Analysis is performed on the first 70 years (dashed light gray vertical line), after which
tree replication for some populations limit interpretation. The regional average is the
solid green curve. Dashed green lines represent the 95% confidence limits for the
regional average. Confidence limits for other curves are not shown to aid figure clarity.
Both Harvard Forest populations fall directly on the regional average (red line with solid
inverted triangles = Tower Plot; light blue line with solid inverted triangles = Lyford
Plot). Other plots of note: brown line = Mohawk Trail State Forest, MA, which has the
highest RACI at 70 years and has the tallest-known NRO in the northeastern U.S.; dark
orange line with solid inverted triangles = Singer Farm, which has the highest average
population DBH in this study; purple line with solid triangles = Zoar Valley, which may
be the tallest hardwood forest in the northeastern U.S.; pink line with solid circles =
Aquidneck, RI; light orange line with solid circles = Curtiss-Gale; uppermost gray line =
Arnot Forest; dark pink line with solid inverted triangles = Black Rock Forest Blueberry,
which is a low-productivity, permanent repeated measures plot; dark blue line =
Wachusett Mountain, which is a classic old-growth forest and has the oldest-known
NRO; and lowest gray line = Goose Egg Ridge, which is composed of primarily of trees
from an old-growth forest. Pine Lake and Warren-Cutler, within the CL of the regional
mean, and Black Rock Forest Lucky, below the lower 95% CL of the regional mean,
curves are not shown to aid figure clarity.
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upper 95% confidence limit (CL) of the regional mean, seven populations within the 95%
confidence limits of the regional mean (Pine Lake and Whispering Creek curves not
shown to aid figure clarity) and a group of seven below the lower 95% CL of the regional
mean (BRF Lucky curve not shown to aid figure clarity). All populations in the middle
group are not significantly different than the regional mean. Potential site productivity at
the Harvard Forest is virtually identical to the regional mean.

Over the entire 70-year period, only the Singer Farm population RACI is
significantly above the regional mean (not shown — see caption for Figure 17). Arnot
Forest, which has the lowest RACI curve at year 70 of populations in the upper group, is
significantly above the regional mean after year 35, as is Zoar Valley. Aquidneck Island,
R1 is significantly above the regional mean between year 10 and 60. Curtiss-Gale is
significantly above the regional mean after 50 years.

Of the lowest group of RACI curves, Wachusett Mountain and Goose Egg Ridge
are significantly below the regional mean for the entire period. BRF Blueberry is
significantly below the regional mean until year 62. RACI curves for all other

populations of the lower group are not significantly different than the regional mean.

Regional Northern Red Oak Growth Discussion:

Regional growth rates have increased since the 1950s and peaked from the late-
1970s and late-1990s to early-2001. As growth of NRO is most responsive to early-
growing season drought and less responsive, but positively correlated to winter
temperatures, climate may be playing a role in the increased growth rates. Drought has

become less frequent since the 1950s in the northeast U.S. (NRCC, 2003). Occurrence of



105

moderate, severe, or extreme drought was the lowest in the northeastern U.S. in the 1970s
and extreme droughts were infrequent between the late-1990 and 2001 (NERC, 2003).
Winter temperatures have increased nearly three-times faster than annual temperatures in
the study region since 1895 (Keim and Rock, 2002). Also, there were no comparable
defoliation events like 1981 between 1975 and 1980 and only a few small and scattered
gypsy moth defoliation events between 1993 and 2002 (USFS, 2003). Peaks in NRO
growth rates coincide with periods of no or small defoliation events, less frequent and
less severe drought events and increased winter temperatures. The trend in growth rates
coincides with positive trends in the dominant climatic factors limiting NRO.

Harvard Forest northern red oaks were among the least productive populations
over the 20" century. Part of the reason for this appears to be related to the trees being
among the youngest populations sampled. Therefore, sites dominated by northern red
oak, especially those with older trees, could be sequestering significantly more
atmospheric CO; than the forest surrounding the Harvard forest eddy-flux tower if tree-
growth rates are somewhat representative of stand-level productivity. Research on a
chronosequence of Norway spruce shows that tree growth increased more than stand
level productivity (Mund et al., 2002), which suggests that the increasing growth rates of
older NRO might not be representative of an equal increase in stand-level productivity.
Nonetheless, the spruce study does suggest that increasing stand level productivity may
be partially related to increased tree growth rates.

RACI does show that the site upon which the Harvard Forest NRO grows may be
typical for the northeastern U.S. NRO forests sampled for this study. The HF populations

fall squarely on the regional average RACI. In this sense the Harvard Forest can be
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considered a typical mid-latitude northern red oak site (Goulden et al., 1996) due to its
site qualities. Thus, it can serve as a model of carbon sequestration for NRO-dominated
forests of a similar age in the northeastern U.S.

Of the non-climatic factors available for study, the best predictor of average ACI
from 1977-2001 is average tree DBH and standard deviation of DBH. These results may
not appear to be too surprising as they are consistent with earlier studies indicating that
growth rates are positively correlated to site productivity and tree size (Ryan et al., 1997,
Schuler, 2004; Wyckoff and Clark, 2005; Chapter 4). Further, the results might appear
circular in that reconstructed inner-bark DBH is used to estimate growth rates from
allometric equations. Allometric equations predict larger aboveground biomass with
larger trees. These equations, however, do not predict how annual growth rates should
change as tree size increases. In fact, one hypothesis on the relation between tree size and
growth rates predicts that growth rates decline as trees become larger (Weiner and
Thomas, 2001). Evidence here showing a positive relation between tree size and growth
rates contradicts this hypothesis. NRO in this study include populations with some of the
largest-known individuals in terms of diameter and tree height in the northeastern U.S. It
would be instructive, however, to continue this line of NRO of research into the
southeastern U.S. where tree sizes are generally greater so that a wider range of tree sizes
could be tested. Regardless, results here show that NRO annual growth increment is
positively correlated to tree size.

Once differences in site quality are removed, average, median and standard
deviation of population tree age is the best-correlated non-climatic factor of NRO ACI in

the sampled stands across New York State and New England from 1977-2001. These
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findings support a study of white oak, chestnut oak and yellow-poplar along the
Appalachian Mountains and from Alabama to Michigan showing increasing growth rates
in older trees (Chapter 4). Temperate forests show the greatest age-related increase in
stand-level productivity globally (Pregitzer and Euskirchen, 2004). Combined, these
findings add more weight to the emerging pattern that age is not the most limiting factor
of tree growth rates (Marshall, 1927; Assman, 1970; Lamarche et al., 1984; Carey et al,
2001; Latham and Tappeiner, 2002; Knohl et al., 2003).

The interrelationships between standardized ACI, SD of population age and tree
diameter suggest that old forests can be relatively productive. Regionally, higher SD of
tree ages, which is strongly correlated to average and median tree age, is significantly
correlated to higher tree-level productivity. Older NRO populations also tended to have
larger tree diameters and a higher SD of tree DBH. Forests develop a great range of tree
diameters and ages as they approach an old-growth condition via disturbance (Oliver and
Larson, 1996). Evidence presented here leads to a hypothesis that disturbance is
important for tree productivity at the stand and forest level. A comparison of the Harvard
Forest populations provides a specific example. The Lyford Plot was chosen for
comparison to the Tower Plot because of similar static stand characteristics. Tree-ring
analysis has shown that the LP is more even-aged than the TP and tree-level productivity
of NRO and red maple is less than TP, though not significantly less productive. The
relation between SD of NRO age and diameter and tree-level productivity found here is
reminiscent of the hypothesis that increased biodiversity increases ecosystem
productivity. In this case, the increased diversity of tree age and diameter may be

accessing more of the energy niches available in the ecosystem.
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Another provocative finding is that trends in growth rates are correlated to
latitude, not age. As age is not correlated to latitude, it seems that it is solely latitude
influencing the trend in growth rates. Latitude must be a proxy for other factors as an
influence of trends in growth rates. One possible factor is that New England climate has
gotten warmer and wetter in the south than in the north (Baron and Smith, 1996;
Hodgkins et al., 2002; Keim and Rock, 2002). New York State has been less well studied,
especially at a high spatial resolution. An overview of the few analyses in NYS, however,
would suggest similar climatic change trends in New York (Keim and Rock, 2002; Stager
and Martin, 2002). These results indicate that environmental factors, such as patterns of
geographic climate change, may constrain trends in NRO growth rates.

Measurements at the Harvard Forest since 1990 indicate that 10% was added to
standing biomass, while atmospheric deposition has added over 64 kg N ha™, and average
CO; concentrations have increased by over 10 ppm. Such consistent uptake suggests that
decadal-scale uptake is driven by intrinsic ecosystem properties like NRO succession and
land-use (Barford et al., 2001). A recent study of eastern U.S. forest inventory data
supports the land-use/age structure hypothesis by concluding that carbon sequestration
over the past century was the result of agricultural land afforestation and the young age of
the forests (Caspersen et al., 2000). Other studies suggest that fertilization by nitrogen
deposition and enhanced growth due to increasing CO; could be stimulating CO, uptake
(e.g., Friedlingstein et al, 1995; Kicklighter et al., 1999; Houghton, 2002). Results here
suggest that stand development is an important factor of increased NRO growth rates.
The results, however, do not suggest that forest age will limit carbon sequestration.

Research suggests increased carbon sequestration in old forests (e.g. Mund et al., 2002;
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Bascietto et al., 2003). Further, changes in environmental factors and warming have been
shown to increase site productivity (e.g. Boyer, 2001; Nigh et al., 2004). Therefore,
carbon sequestration in the northeastern U.S. might not dramatically slow as NRO forests
continue to develop. Favorable changes in climate and increased nitrogen deposition and
atmospheric CO; could offset potential stand-level limitation in standing biomass and

productivity.

Is RACI a Valid Index of Site Productivity?

Unfortunately, it is not yet a simple yes or no as to whether RACI reflects
potential site productivity. Initial results are promising based on several lines of evidence.
First, two of the three highest ranked populations, Mohawk Trail State Forest (MTSF)
and Zoar Valley, are from forests with the tallest NRO or hardwood trees in the
northeastern U.S. (Table 12). The Mohawk Trail State Forest population is the tallest
NRO measured to date in the northeast (Bob Leverett, personal communication). Zoar
Valley has the highest average height for a multi-species site index in the northeast U.S.
(ENTS, 2005a, b).

Conversely, Goose Egg Ridge and Wachusett Mountain are ranked last according
to RACI. Wachusett Mountain fits the classic definition of eastern old-growth forests -
there is little to no evidence of logging or significant human-induced disturbance (Orwig
et al., 2001). Seventy-five percent of the trees at Goose Egg Ridge come from a newly
discovered old-growth forest. Chestnut oaks up to 350 years old (Pederson et al., 2004;
Chapter 2) and white oaks 200-300 years old (N. Pederson, unpublished data) grow on a

steep and relatively inaccessible ridge with little sign of human disturbance. Stahle and
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Chaney (1994) showed that old-growth forests are typically found on unproductive sites.
The fact that two old-growth forests are ranked at the bottom of an index of potential site
productivity and some of the tallest forests are ranked near at the top suggests that RACI
may be useful. Further comparison of RACI to site indices and measurements of stand

biomass will help determine the utility of RACI.

Table 12. Ranking of NRO sites by highest RACI from post-disturbance cambial year
51-70.

Population Mean Median Std Deviation
Mohawk Trail St. Forest 18.07 18.29 1.49
Singer Farm 17.84 17.97 0.48
Zoar Valley 15.38 15.36 1.63
Aquidneck 15.14 15.45 0.57
Curtiss-Gale 13.70 13.98 1.12
Arnot Forest 12.91 12.95 1.31
Montgomery Place 8.05 7.99 0.96
Whispering Creek 7.24 7.36 0.53
Regional Average 6.92 6.99 0.59
HF Lyford Lyford Plot 6.90 6.82 0.28
HF Tower Plot 6.82 6.90 0.55
Sheridan Mountain 6.30 6.32 0.61
Goodnow Mountain 6.18 6.31 0.46
Pine Lake 5.53 5.61 0.52
BRF Lucky 4.12 4.34 0.38
Uttertown 3.88 3.85 0.72
Prospect Mountain 3.55 3.57 0.21
Roost Hill 3.23 3.19 0.37
BRF Blueberry 2.73 2.85 0.40
Wachusett Mountain 1.36 1.37 0.11
Goose Egg Ridge 1.08 1.04 0.13

There is conflicting evidence as to whether the western end of the study region is
more productive and thus, capable of sequestering more atmospheric CO,. RACI

indicates that sites in western New York State (WNY) have highest level of site
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productivity with all five WNY sites in the top eight, The lowest ranked WNY
population, Whispering Creek (ranked #8), is the closest to an old-growth condition
(Bruce Gilman and N. Pederson, unpublished data). Analysis between non-climatic
factors and NRO growth rates suggested that a relationship of higher productivity moving
from east to west is true. This relationship became non-significant with the removal of
the Singer Farm. Given the EOL’s and the Alleghany Plateau’s lake-modified climate
and bedrock geology, there is some reason to think, however, that it could be a region
with higher potential productivity than the eastern end of the study region. Anecdotal
evidence exists supporting this hypothesis: completion of the Erie Canal in 1825
decimated the New England farming industry. More productive soils in the Great Plains
and the rising costs of farming in the eastern U.S., however, did not substantially
diminish the health of the agricultural industry in the EOL and the Alleghany Plateau
until the latter half of the 20" century. It could also be that there was a tendency to
choose high quality sites in the western end of the NRO study region. Analysis of U.S.
Forest Service Inventory and Analysis data may help sort out the conflicting evidence in
this chapter. Much of the evidence presented here would suggest that the western end of
the study region is more productive.

Evidence presented here suggests that RACI may be a good tree-ring based proxy
of site index. Indices based on reduction of canopy competition and the 'smearing' of
averaging of climate within a population holds the potential to reveal site level
productivity. The best way to determine this would be to compare ranks of traditional site
indices (tree heights) and measured aboveground biomass to RACI chronologies. Given

the difficulty in accurately measuring tree heights, precisely dated chronologies of ring
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widths measured to the nearest 0.001 mm might turn out to be a good supplement to

traditional site indices.

Conclusion:

Data from this study indicates that NRO at the Harvard Forest may be undergoing
succession and outcompeting red maple. Growth rates of northern red oak at the Harvard
Forest are among the lowest of 20 populations across the northeastern U.S. As the HF
populations are among the youngest and smallest trees sampled, their rankings reflect the
findings that tree size and age are positively correlated to growth rates. If individual-tree
growth rates are representative of stand-level growth rates, it suggests that carbon uptake
rates in the region based on rates at the Harvard Forest may be conservative.

It is difficult to predict how growth rates will change in the future. If early
summer precipitation increases and winter temperatures continue to warm, NRO growth
rates in the northeastern U.S. would be expected to increase. Increased June maximum
temperatures, however, could exacerbate drought stress and counteract predicted winter
and late-summer warming,.

Even though gypsy moth defoliation events have the most significant impact on
annual to multi-annual growth rates for northern red oak, ecosystems may be adapting to
these events (Campbell and Sloan, 1977; Swain, 1983; Muzika and Liehbold, 1999). For
example, evidence from the Pocono Mountains of Pennsylvania shows that the presence
of gypsy moth over a 20-year period did not diminish growth rates of most oak species
(Gansner et al., et al., 1993). Thus, future growth rates might not be as severely impacted

by defoliation as in the past barring interactions with significant negative climatic events.



113

Age does not seem to be a primary limitation of individual-tree growth rates.
Future changes in individual-tree growth rates would most likely be related to
environmental factors such as a poor climatic environment for NRO growth or the
influence of new invasive species. As this study has shown, the fate of individual-tree
growth rates and potential carbon uptake are not tied to one factor.

Among the several aspects of this research that should be pursued, one stands out:
the tree-ring based site index or RACI. Initial results suggest that the index may represent
potential site productivity. Before this index is used further, however, a rigorous
comparison between traditional site indices and the new method should be undertaken.
Traditional site indices are based on tree heights. The difficulty of accurately measuring
trees height is fairly well known. The capability of tree-ring analysis in producing highly
accurate measures of growth could serve to improve quantification of site productivity

and expected trends in individual-tree growth rates.
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Chapter 4: Evidence of Accelerated Growth in Old Trees

Abstract:

Radial growth analysis of 981 mix-aged trees from 46 independent stands in the
eastern United States reveals a trend of increasing ring widths over the last 150 years,
even for the oldest age classes and oldest-known individuals. Contrary to long-held
assumptions, these results indicate that individual tree growth rate is not limited by age.
Sustained rates of carbon uptake are evident when these time-series are converted to
mean annual increment of aboveground carbon. These results suggest that old trees and

forests can remain a vital element of the terrestrial carbon cycle.

Introduction:

A common assumption of most ecophysiological, ecosystem and carbon
sequestration models informing policy decisions, such as the Kyoto Protocol, is that
growth rates decline as trees age (Watson et al., 2000). This notion of overmaturity
became rooted across disciplines following Odum’s (1969) review of ecosystem
development. Odum’s forest development model was derived from three time-series of
leaf biomass production that were only 20 to 80 years in length (Kira and Shidei, 1967),
which is short compared to the longevity of most canopy-dominant tree species. The
concept of an age-related decline in forest productivity has become an important
component of management plans, expectations of carbon sequestration and
ecophysiological research despite evidence suggesting that age may not limit growth

rates or carbon uptake (Marshall, 1927; Lamarche et al., 1984; Carey et al., 2001; Knohl
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et al., 2003). Evidence indicating that age does not limit tree growth rates would support
the idea that old-growth forests can have an important effect on the global carbon cycle
(Schulze et al., 2000).

We examine the long-term growth rates of 981 trees of three species, white oak
(Quercus alba), chestnut oak (Q. prinus) and yellow-poplar (Liriodendron tulipifera),
growing in natural broadleaf deciduous forests of the eastern United States. Our dataset
includes more than 160 trees older than 300 years and the oldest-known individuals for
each species (white oak - 464 years, chestnut oak - 427 years, and yellow-poplar - 336
years). The dataset allows us to examine growth rates of trees up to their maximum
known age (MKA). Given that radial growth rings in trees typically decline due to
geometric constraints related to stem expansion (Cook and Kairiukstis, 1990), we do not
expect ring widths and growth rates to increase as trees age. An alternative hypothesis to
the age-related decline hypothesis is that growth rates increase and then decline as tree
size increases (Weiner and Thomas, 2001). We test the size-related decline hypothesis on

a subset of our data.

Methods:

Our data network covers nearly 400,000 km?” and is composed of 837 oak and 144
yellow-poplar trees cored primarily in the late-1970s to early-1980s and late-1990s to
2003 (Figure 1, Tables 1, 2). Trees were primarily sampled in old-growth forests and, to a
lesser extent, old, previously cut forests. Most prior studies of age-related decline in
forest productivity were conducted outside of our study region and are based on

coniferous species, short-lived, early successional hardwood species or even-aged forests



123

88 °W 84°W 80 °W 76 W 72°W

44°N

40°N

38°N

36°N

34°N

32°N

Figure 1 - Site locations of the populations sampled. Stars represent: white oak [green],
chestnut oak [blue] and yellow-poplar [orange]. The red square inset delineates the study
area.
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Table 1 — Site information of chestnut oak and white oak populations used in this study.
Populations marked with an * represents data available through the International Tree-
Ring Data Bank: http://www.ngdc.noaa.gov/paleo/treering.html. Species abbreviations
are: QUAL = white oak; QUPR = chestnut oak. Collectors were made by: LDEO = Tree-
Ring Lab of Lamont-Doherty Earth Observatory of Columbia University; Wooster = Dr.
Greg Wiles of the Tree-Ring Lab of the College of Wooster; McCarthy = Dr. Brian
McCarthy of Ohio University; Baker = Dr. Patrick Baker of Monash University,
Australia; and Duvick = Dr. Daniel Duvick of Iowa State University. Populations with® =
includes trees cored in 1967 by Eugene Estes.

Lat. (N)/ #of  Chronology
Site Population Specie  Long. (W)  Trees Interval Collector
S

1 Cranbrook QUAL 42.40/ 13 1581-1983 LDEO
Institute, MI* -83.25

2 Pulaski Woods, = QUAL 41.03/ 11 1692-1985 LDEO
IN* -86.42

3 Andrew Johnson QUAL 40.53/ 35 1605-2000  LDEO/
Woods, OH* -81.45 Wooster

4 Dysart Woods, QUAL 39.59/ 10 1625-1988  McCarth
OH* -81.00 y

5 Sigrist Woods, QUAL 40.90/ 11 1663-2002  Wooster
OH -81.60

6 Stebbins Gulch, QUPR 41.33/ 16 1609-1983 LDEO
OH* -81.16

7 Cook Forest, QUAL  4121.207/ 18 1660-1981 LDEO
PA* -79 14.677

8 Prospect QUAL 43 25.300/ 18 1659-2001 LDEO
Mountain, NY -73 34.200

9 Schunnemunk QUAL  41.23.692/ 25 1648-2001 LDEO
Mountain, NY* -74.6.674

10 Goose Egg QUAL 43 04.100/ 20 1704-2002 LDEO
Ridge, NY =73 17.400

11 Goose Egg QUPR 43 03.760/ 21 1666-2002 LDEO
Ridge, NY =73 17.890

12 Middleburgh QUPR  4236.515/ 23 1674-2002 LDEO
Talus, NY -74 19.089

13 Montgomery QUPR 42 00.682/ 20 1727-2002 LDEO
Place, NY -73 55.244

14  Mohonk QUPR 41 45.828/ 50 1655-2002 LDEO
Preserve, NY* -74 07.479

15  Hutchinson QUAL 40.30/ 23 1620-1982 LDEO
Forest, NJ* -74.34

16  Uttertown Bog, QUPR 41 06.942/ 29 1577-2002 LDEO
NJ -74 25.004

17  Otter Creek, PA* QUPR 39 52.690/ 40 1578-2003 LDEO

=76 23.274
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Lat. (N)Y/ #of  Chronology
Site Population Specie  Long. (W)  Trees Interval Collector
s
18  Otter Creek, PA QUAL 39 53.000/ 19 1755-2003 LDEO
-76 23.385
19 Savage QUPR 39 30.801/ 33 1646-2003 LDEO
Mountain, MD -79 06.955
20  Savage QUAL  3931.015 19 1627-2003 LDEO
Mountain, MD -79 07.577
21 Cedar Knob, QUPR 38.39/ 22 1660-2000 LDEO
wvV -79.23
22 Potomac River,  QUPR 39 3.487/ 18 1740-2003 LDEO
VA =77 19.795
23 Blue Ridge QUPR 37 32.757/ 29 1587-2002 LDEO
Parkway, VA* =79 27.951
24 Patty’s Oaks, QUAL  3732.186/ 28 1520-2002 LDEO
VA* -79 29.693
25  Pinnacle Point, QUAL 38.30/ 17 1612-1981 LDEO
VA* -78.21
26  Watch Dog, QUPR 38.30/ 16 1642-1981 LDEO
VA* -78.21
27  TIrish Creek, VA  QUAL 37 40.528/ 15 1687-2002 LDEO
-7917.282
28  Irish Creek, VA  QUPR 37 40.492/ 15 1594-2002 LDEO
-79 17.048
29  Mountain Lake, QUAL 37.23/ 15 1552-1983 LDEO
VA* -80.30
30  Joyce Kilmer QUAL 35.13/ 23 1641-1983 LDEO
Forest, NC* -83.58
31 Linville Gorge,  QUAL 35.53/ 20 1617-1977 LDEO
NC* -81.56
32 Little Scaly QUAL 351.894/ 18 1599-2003 LDEO
Mountain, NC -83 15.476
33 Bent Creek, NC QUPR 3530/ 22 1716-1996 Baker
-8237.5
34  Bent Creek, NC QUAL 3530/ 16 1688-1996 Baker
-8237.5
35  Norris Dam QUAL 36.13/ 34 1633-1980  Duvick
State Park, TN* -84.05
36  Piney Creek QUAL 35.42/ 11 1651-1982 Duvick
Pocket -84.53
Wilderness, TN*
37  Lily Cornett QUAL 37.05/ 25 1660-1982 LDEO
Tract, KY* -83.00
38  Mammoth Cave, QUAL 37.11/ 25 1649-1985 LDEO
KY** -86.06
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Lat. (N)/ #of  Chronology
Site Population Species  Long. (W)  Trees Interval Collector
39  Sipsey QUAL 34.20/ 14 1679-1985 LDEO
Wilderness, AL* -87.27

Table 2 — Site information of yellow-poplar populations used in this study. Populations
marked with * represents data available through the International Tree-Ring Data Bank:
http://www.ngdc.noaa.gov/paleo/treering.html. Collectors were made by: LDEO = Tree-
Ring Lab of Lamont-Doherty Earth Observatory of Columbia University; AR-TRL =
Tree-Ring Laboratory of Arkansas University; and Duvick = Dr. Daniel Duvick of lowa
State University.

Sit Population Lat. (N)/Long. Trees Interval Collector
e (W)

1 Montgomery 42.01/ 17 1754-2002 LDEO
Place, NY -73.92

2 Mohonk 41.81/ 16 1865-2002 LDEO
Preserve, NY -74.10

3 Uttertown 41.11/ 18 1732-2003 LDEO
Bog, NJ -74.42

4  Greenbrook 40.92/ 13 1750-2000 LDEO
Sanctuary, NJ -73.93

5  Otter Creek, 39.88/ 9 1764-2002 LDEO
PA -76.39

6  Fiddler’s 41.39/ 20 1668-2002 LDEO
Green, VA -74.11

7  Rainbow 35.40/ 6 1796-1995 AR-TRL
Falls, TN* -83.30

8  Porter’s 35.40/ 13 1698-1997 AR-TRL
Creek, TN* -82.23

9  Boogerman 35.36/ 11 1736-1995 AR-TRL
Trail, TN* -83.05

10 Scott’s Gap, 35.36/ 14 1684-1981 Duvick
TN* -83.55

11 Joyce Kilmer, 35.21/ 7 1672-1997 AR-TRL
NC* -83.55

(Gower et al., 1996). Our data represent new data for important species of the eastern
deciduous forest (Burns and Honkala, 1990).

The smaller yellow-poplar network is included to contrast species with different
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life-history traits. Chestnut oak and white oak trees tolerate lower light conditions in the
understory better than yellow-poplar, a gap-obligate species (Burns and Honkala, 1990;
Orwig and Abrams, 1994). Yellow-poplar is also the tallest hardwood tree in the eastern
U.S. (Burns and Honkala, 1990). Because of these traits, only in rare cases would mature
yellow-poplar experience increased growth rates as the result of reduced canopy
competition.

Oaks were sampled during two time periods: from the late-1970s through the
1980s and the late-1990s through 2003 with the exception of trees sampled at Mammoth
Caves, KY in 1967. Nine of the 11 yellow-poplar populations were sampled between the
late-1990s to early-2000s, with the remaining yellow-poplar sampled in 1982. One to two
increments cores were collected per tree in all collections. Collections made for this study
(populations whose last year is 2000 A.D. or later except for A.J. Woods, OH and Cedar
Knob, WV) were more ecologically oriented than standard dendroclimatological
collections: canopy trees across a range of size and age classes were selected for coring
and diameter at breast-height (DBH) was recorded for each tree cored. The sampling
strategy for the other collections focused primarily on coring the oldest trees to create
long records of past climate. Core processing followed standard dendrochronological
techniques (Cook and Kairiukstis, 1990). Multiple cores were averaged to create average
radial increment per tree.

Oak species were combined and individual trees were grouped into six 50-year
periods (innermost ring dating to pre-1651 A.D., innermost ring between 1651 and 1700
A.D., ...1851-1900 A.D.) to isolate the long-term growth trends of old trees. Average

tree age of the oldest class is 375 years (min. = 319, max. = 464). Yellow-poplar was
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grouped into three 70-year periods (innermost ring dating to pre-1781 A.D., 1781-1850
A.D. and 1851-1920 A.D.) to have sufficient number of trees per class. Average age of
the oldest yellow-poplar age class is 263 years (min. = 205, max. = 336). These
groupings represent age classes, although some trees are older than their classification
because ages represent age at coring height and the tree’s center was located only in a
minority of the cores.

Using average raw ring-width chronologies in this study would be misleading
because of potential differences in tree and stand-level productivity at low sample depths.
Such differences could lead to false conclusions of actual growth rates. To avoid this
potential pitfall, differences in tree-scale productivity are removed using a horizontal
straight-line curve fit through the mean of each time-series. The resulting time-series are
standardized to a mean value of 1 following standard dendrochronological methods
(Cook and Kairiukstis, 1990) and averaged to calculate the mean annual chronology for
each age class. Multiplying the mean annual chronology by the average ring width of its
corresponding raw ring-width chronology produced time-series of average radial
increment (mm) (Esper et al., 2001). Two-tailed 95% bootstrap confidence limits were
estimated from the average radial growth chronology for each age class (Cook, 1990). All
time-series were smoothed with a 10-yr spline to emphasize decadal-scale variations and

centennial-scale trends. These methods did not alter the long-term trend in ring width.

Results/Discussion:
Average ring widths of the two oldest oak age classes are significantly above the

long-term mean throughout most of the 20™ century (Figure 2a, b). The oldest age class
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Figure 2 - Average raw ring widths for the two oldest oak classes (a = pre-1651 A.D.,n=48;b =
1651-1700 A.D., n = 162) and oldest yellow-poplar class (¢ = pre-1781 A.D., n = 34). The trend
of increasing ring widths began in the late-1840s when trees in the oldest oak class averaged 261
years of age (201/346, min./max., respectively), which is 56% of their maximum known age
(MKA). The large jump in yellow-poplar ring-widths in the late-1880s occurred when average
tree age was 145 years old, which is 43% MKA. Average ring widths in the oldest oak and
yellow-poplar age classes are significantly larger than modeled ring widths (see below) just prior
to the trend of increased ring widths. The solid red line represents population mean. Dashed red
lines represent the upper and lower 95% confidence limit. The horizontal dashed line represents
the long-term mean. A blue line represents modeled ring widths based on decelerated growth
rates beginning at 1/2 MKA while an orange line represents modeled ring widths based on
decelerated growth rates at 1/3 MKA. Bootstrap confidence limits were calculated for modeled
ring widths, but are not shown to improve figure clarity. All time-series are smoothed with a 10-
yr spline to emphasize decadal-scale variations and centennial-scale trends. Note: the Y-axis for
yellow-poplar has a different scale.
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has a trend of increasing ring widths beginning in the late-1840s that becomes
significantly above the mean starting in the 1880s. On average these trees were more than
one-half MKA in the 1880s. A trend of increasing ring widths is present in the next oldest
age class over a 180-year period and raw ring widths are significantly above the mean
after 1875. All oaks, except for the 1851-1900 class, exhibit a similar pattern of ring
width variation: initially large rings followed by ring widths less than or equal to the
mean, followed by an upward trend beginning in the mid-1800s. Oaks with inner ring
dates after 1801 have ring-width trends that are different than the oldest oaks. However,
these variations should be interpreted cautiously because most of these trees are
distributed primarily in the northeastern end of the study area. The trend of increasing
ring widths since the mid-1800s of the four oldest oak age classes best represents the
entire study area (Figure 3a-d). These trends also hold true at the population level (Figure
4).

The oldest yellow-poplar age class has the often-expected trend of declining ring
widths after recruitment for shade-intolerant species (Figure 2c). The trend is reversed
after 1885 and ring widths are significantly above the long-term mean in the late-1940s to
carly 1950s, early 1970s and after 1992. Significantly below average ring-widths in the
1960’s are most likely associated with drought, which reduced tree growth throughout the
eastern United States (Cook, 1991). The 1781-1850 A.D. class of yellow-poplar has a
strikingly similar pattern in ring width variation (Figure 3e, ).

Increasing ring widths around an expanding stem diameter implies a substantial
increase in growth rates. To quantify the trend in terms of growth rates and carbon

uptake, allometric equations were used to convert ring-width series to biomass. Time-
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Figure 3 - Raw ring width chronologies of oak age classes with inner ring dates after
1700 (a-d) and the youngest yellow-poplar age classes (e, f). The three oldest oak age
classes in this figure show increasing raw ring-widths since the mid-1800s (a = 1701-
1750 AD.,n=187;b=1751-1800 A.D.,n=183; ¢ = 1801-1850 A.D.,n=171). The
1781-1850 A.D., yellow-poplar age class has the same trend (e; n = 44). Only the
youngest oak (d = 1851-1900 A.D., n = 86) and yellow-poplar (f = 1851-1920, n = 66)
classes do not show the same long-term trend in ring width. They do, however, have
periods of above-average ring widths in the 1900s. The dashed line represents the long-
term mean. Orange line represents population mean. Blue lines represent the upper and
lower 95% confidence limit. All time-series are smoothed with a 10-yr spline to



emphasize decadal-scale variations and centennial trends. Note: the y-axis for yellow-

poplar has a different scale.

Ring Width [mm]

Figure 4 - Comparison of average ring-widths for all oak classes at the individual-tree

0.8

0.8 ;

0.4

0.8

0.4 .
1600 1650 1700 1750 1800 1850 1900 1950

YEAR

~ s - ‘. - © e
2000 1600 1650 1700 1750 (800 1850 1900 1950 2000

132

(orange line) and population level (blue line): This figure compares average ring-width
trends of all oaks across the entire study area versus average of each oak population for
each age class. There is no significant difference between tree-level and population-level
radial ring widths. To calculate the time-series of average ring widths at the population
level, radial growth of all trees from a population (i.e. Cranbrook Institute, Table 1) were
first averaged for each age class. The population-level raw ring width chronologies were
then averaged across the study region. All time-series are smoothed with a 10-yr spline to
emphasize decadal-scale variations and centennial-scale trends. (age classes are: A = pre-
1651 A.D.; B=1651-1700 A.D.; C=1701-1750 A.D.; D =1751-1800 A.D.; E = 1801-
1850 A.D.; F=1851-1900 A.D.).



133

series of average raw ring width for each age class were used to reconstruct the annual
inner-bark diameter at breast height. The reconstructed diameter represents the average
stem diameter for each age class. The average annual diameter for each age class was
placed into an allometric equation for white oak (to represent white oak and chestnut oak)
or yellow-poplar to calculate annual aboveground biomass (Ter-Mikaelian and
Korzukhin. 1997). MIC was calculated by multiplying the aboveground biomass
chronology by 0.498 (Birdsey, 1992).

Growth rates are expressed as the mean annual increment of aboveground carbon
per tree (MIC) for each age class. MIC increased through time for all species and age
classes, except for the 1701-1750 age class of oaks (Figures 5, 6). This age class,
however, had the same trend of carbon uptake until a recent period of relatively constant
growth. Nonetheless, the remaining trees of all species, including the oldest, attained their
highest growth rates in the most recent decades.

Age is not the primary factor limiting individual tree growth in this study.
Separating trees into age classes did not diminish long-term growth trends. In fact, the
opposite is observed: average growth rates in the oldest age classes accelerated at more
than 300 and even 400 years of age. Most trees experienced increased growth rates at
over 150 years of age. Even the oldest-known individuals of each species have a trend of
increasing ring widths since the mid-1800s and have some of their widest rings at more

than 95% MKA (Figure 7).
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Figure 5 - Mean annual increment of aboveground carbon per tree (MIC) by size class
(diameter at breast height) for (a) oak and (b) yellow-poplar. All oaks show increasing
productivity with the largest trees showing the greatest increase in growth rates over the
last 150 years (size classes are: dark red = <39 cm, n = 36; red = 40-49 cm, n = 66,
orange with inverted hollow triangles = 50-59 cm, n = 84; purple with dotted circles =
60-69 cm, n = 62; purple = 70-79 cm, n = 47, blue with inverted hollow triangles = 80-89
cm, n = 17; light blue = 90+ cm, n = 9). Yellow-poplars experienced increasing
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productivity across all size classes as well, with the largest classes having the increase in
growth rates in the last 100 years (size classes are: dark red = <59 cm, n = 24; green = 60-
79 cm, n = 37; blue = 80+ cm, n = 25).
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Figure 6 - Mean annual increment of aboveground carbon per tree of the two youngest
oak age classes. Both age classes show accelerated growth over the last 150 years. The
orange line represents oaks with an inner ring between 1801-1850 A.D. The blue line
with inverted triangles represents oaks with an inner ring between 1851 and 1900 A.D.
Both curves were smoothed as described in Figure S2.
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Figure 7— Time-series of raw ring widths of the oldest-known white oak (a), one of the
two oldest-known chestnut oaks (b) and oldest-known yellow-poplar (c). Each tree has
some of their largest rings in the decade immediately prior to sampling. The horizontal
dashed line represents the mean ring width for each tree. Note: the X and Y-axes for each
tree are different.
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To emphasize the unexpected increase of ring widths at old ages, hypothetical
models of ring width were built based on the assumption of declining growth rates as
trees age (Clark, 1990; Wykoff, 1990) We wanted to compare the trend of increasing ring
widths of the oldest oak and yellow-poplar age classes to ring widths of modeled trees
under the assumption that growth rates decline as trees age (following Clark (1990)
Figure 8; and Figure 1 in Wykoff (1990)). The common assumption of individual tree
growth may be best summarized in Wykoff (1990), p. 1079:

“Diameter increment increases to a maximum early in the life of a tree and then
slowly decreases, approaching zero as the tree matures.”

Based on these concepts of individual-tree growth, allometric equations were used
to ‘hind cast’ ring widths based on annual increments of biomass production. Average
growth rates of the two oldest oak age classes and the oldest yellow-poplar age class were
decelerated beginning at one-third and one-half maximum known age (Figure 8). The
first model decelerates growth rates beginning at one-third MKA (LOWER). Goals of the
LOWER model were to have growth rates peak around 50% of MKA, stay constant until
75-90% of MKA, begin a decline at 90% MKA and have rates fall to near zero at MKA.
The second model (UPPER) decelerates growth rates beginning at one-half MKA. Goals
of this model were to have growth rates that peak around 75% MKA and then hold
relatively steady until a decline beginning at 90% MKA. The LOWER model represents a
lower expectation of growth rates while the UPPER model represents an upper limit.
Given the prevailing assumptions of individual-tree growth rates, both models could be

considered conservative models.
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Figure 8 — Two models representing an upper and lower expectation of annual
growth for oak (a) and yellow-poplar (b). Annual growth rates of the LOWER oak
model increase and peak at 277 years (57% of MKA) (orange line in a) and were
essentially constant for at least 150 years. Annual growth rates of the UPPER oak
model accelerate until reaching a peak at 431 years (89% MKA) (blue line in a).
Annual growth increments of the LOWER yellow-poplar model increase and peak at
240 years (71% of MKA) (orange line in b). Annual growth rates for this curve,
however, are nearly constant between 110 and 230 years (33 and 68% MKA). The
steep decline in growth rates around 290 (86% MKA) years is partly caused by their
strong response to the 1960s drought (see the main text for details). Annual growth
rates of the UPPER yellow-poplar model accelerate and peak at 283 years (84%
MKA) (blue line in b). Growth rates are relatively constant between 240 and 300
years (71 and 89% MKA). All time-series are smoothed with a 10-yr spline to
emphasize decadal-scale variations and centennial trends. Note: the scale of the
yellow-poplar X-axis is shorter than for oak.

Actual growth rates were, on average, reduced annually for the LOWER model by

0.25% for oak (range = 0.1%-0.5%/year) and 0.41% for yellow-poplar (range = 0.2%-
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0.6%/year) prior to declining at 90% MKA. After 90% MKA, growth rates were
decelerated by 0.5% for oak and 0.64% for yellow-poplar annual. For the UPPER model
actual growth rates were reduced annually by 0.35% for oak and 0.44% for yellow-poplar
prior to declining at 90% MKA. Growth rates of the UPPER models were also
decelerated by 0.5% for oak and 0.64% for yellow-poplar after 90% MKA. This method
of modeling preserves decadal-scale variation and only alters long-term trends.

The peak of annual growth rates in the model trees, however, does not match our
stated goals. Annual growth rates of the LOWER oak model increase and peak at 277
years (57% of MKA) (orange line in Figure 8a) and were essentially constant for at least
150 years. Annual growth rates of the UPPER oak model accelerate until reaching a peak
at 431 years (89% MKA) (blue line in Figure 8a). Goals of the hypothetical growth rates
for yellow-poplar were more difficult to attain. Annual growth increments of the
LOWER model increase and peak at 240 years (71% of MKA) (orange line in Figure 8b).
Annual growth rates for this curve, however, are nearly constant between 110 and 230
years (33 and 68% MKA). The steep decline in growth rates around 290 (86% MKA)
years is partly caused by their strong response to the 1960s drought (see the main text for
details). Annual growth rates of the UPPER yellow-poplar model accelerate and peak at
283 years (84% MKA) (blue line in Figure 8b).

Growth rates are relatively constant between 240 and 300 years (71 and 89%
MKA). (Figure 8). Annual growth rates of the oldest oak and yellow-poplar age classes
were slightly reduced (0.1% - 0.64%/yr) beginning at one-third (LOWER) and one-half
(Upper) MKA to model lower and upper expectations of growth over the lifespan of a

tree. Ring widths of the LOWER oak model are significantly smaller than the oldest oak
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class after 1805 (59% MKA), even though MIC peaked at 57% MKA and was held
relatively constant until 90% MKA. Ring widths of the more conservative UPPER oak
model are significantly narrower than the oldest oaks after 1836 (65% MKA), despite
increasing MIC that peaked at 89% MKA. Hypothetical ring widths of the UPPER model
for the second oldest oak age class were significantly smaller than the real ring widths
from 1937-1986. Ring widths of the conservative UPPER yellow-poplar model, whose
MIC peaked at 84% MKA, are significantly narrower than the oldest yellow-poplar after
1916. Remarkably, modeled ring widths were smaller than actual ring widths despite
being formed around smaller stem diameters. If modeled trees were allowed to reach the
final size of the actual trees through faster initial growth rates, modeled ring widths at old
ages would be even narrower than the models used in our analysis. This experiment
suggests that ring width is a sensitive indicator of changes in aboveground biomass
production.

Early tree physiology models considered cambial growth as secondary growth. A
more contemporary carbon allocation model suggests that allocation to cambial growth
follows allocation to new foliage, buds, roots and non-structural storage (Waring and
Pitman, 1985). If these physiological requirements are to be met prior to full cambial
expansion, the oldest oak and yellow-poplar trees could be considered as growing
vigorously. This inference is in line with a study demonstrating that there is no statistical
difference in the physiological activity of bristlecone pine meristem in trees ranging from
23-4713 years (Lanner and Conner, 2001). The increase in ring widths of the old trees
also supports a controlled study indicating that old trees can respond to an improved

growth environment (Latham and Tappeiner, 2002). Together, these results suggest that
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trees can persist in the landscape while maintaining the ability to respond vigorously to
improved growth conditions at old ages, which could be evolutionarily advantageous.

Because old trees are survivors of multi-centennial competition, they may
represent a survivorship bias. Likewise, old trees sampled for dendrochronological
research may represent a modern bias. For example, old trees may have grown slower
initially than cohorts that have since died out of the landscape. Older boreal conifers were
generally found to have narrower average ring-widths of the first 100 years than younger
trees (Melvin, 2004). The same relationship is found in our oak data. Like Melvin
(2004), a significant relationship is found between the average ring-width of the first 100
years and age of the each oak tree (n = 147) at coring height at the time of sampling (y =
367.9 - 111.1x; r = 0.629). This relationship indicates that the oldest (youngest) trees at
the time of coring had the narrower (wider) average ring-widths in the first 100 years
after reaching coring height. Only oaks with the pith present in at least one core were
used for this analysis because the presence of a tree’s pith is the only reliable way to
determine the true age of each tree at coring height in closed-canopied forests. Even if the
oldest trees sampled represent a biased population, however, increased growth rates in
these trees contradict most expectations of tree growth and has important implications for
carbon sequestration.

Recently sampled oak and yellow-poplar were divided into size classes to test the
hypothesis of a size-related decline of growth rates. The size-related decline hypothesis
was tested on trees sampled by the first author. We were unable to locate DBH data from
trees collected during the earlier sampling period. DBH data from earlier collections does

not exist in most cases. Oaks were divided into 10 cm diameter at breast height (DBH)
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Figure 9 - Mean annual increment of aboveground carbon per tree (MIC) for the (a)
four-oldest oak age classes (an inner ring prior to 1801) and (b) all yellow-poplar
age classes. Each oak class has increasing productivity except for the 1701-1750
A.D. group, which is relatively constant over the last 40 years (orange line = pre-
1651 A.D.; blue line with inverted triangles = 1651-1700 A.D.; red line = 1701-1750
A.D.,n=187; green line with hollow triangles = 1751-1800 A.D., n = 183). All
yellow-poplar age classes experience increasing productivity, including a sharp
increase prior to 1900 (orange line = pre-1781 A.D., blue line with inverted
triangles = 1781-1850 A.D., n = 44; red line = 1851-1920 A.D., n=66). MCI was
calculated using published allometric equations for white oak (for both oaks) and
yellow-poplar. All time-series are smoothed as in Figure 2. Note: the Y-axis for
yellow-poplar has a different scale.
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classes while yellow-poplar was divided into 20 cm classes to maintain higher sample
replication per size class. Time-series of MIC were calculated using the same method for
the age class analysis.

Unexpectedly, growth rates increased in the largest trees and increased more
rapidly in larger trees than smaller trees (Figure 9). Differences in growth rates between
oaks >90 cm DBH and <39 cm are not related to age structure. The oldest trees in these
size classes date to the early 1700s and ~ 90% of the trees are present in each chronology
by 1840. While this database is limited, these results contradict predictions of the size-
related growth decline hypothesis.

Our data shows increased individual-tree growth rates over nearly 400,000 km? in
temperate eastern North America, a region with a large and dynamic aboveground carbon
pool (Myneni et al., 2001). The increased growth rates of all 981 trees coincide
temporally with increased tree growth rates in many regions globally (e.g., Briffa, K.R.
1992; Becker et al., 1995; Rolland et al., 1998; Esper et al., 2001; McKenzie et al., 2001;
Villalba et al., 2003). Most of these trees grew at high latitude or elevation where
increased tree growth rates have been associated with warming. New research, however,
suggests that there may be more long-term trends in precipitation over the last two
centuries than previously recognized (Wilson et al., 2005). As drought is the primary
limiting growth factor in most of our oak populations (Cook, 1991), accelerated growth
rates could be readily explained if a similar trend in drought exists in our study region.

Life history traits of yellow-poplar dictate that nearly all of the oldest yellow-
poplar were canopy dominants by 1850. Therefore, the trend in growth rates is most

likely caused by an exogenous factor, not stand dynamics. If increased growth rates are
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caused by stand dynamics, it suggests models of tree and stand development in closed
canopied forests need to be reconsidered. Our data indicates that growth rates of old trees
in natural forests do not peak in annual growth rates until they are more than 75% MKA.
Because many factors (such as elevated CO,, elevated nitrogen deposition, climate
change, competition, etc.) could be contributing to increased growth in the eastern United
States, it is beyond the scope of this study in determining what is driving increased
growth ratés. It should be noted, however, that the trend of increased growth begins well
before the loss of the American chestnut (Castanea dentata) and substantially increased

levels of atmospheric CO, and nitrogen deposition.

Conclusion:

We found increased growth rates in trees of the oldest age classes and the oldest-
known individuals of three species over the last 150 years. Combined with evidence from
other studies, these results suggest that tree-level productivity does not always decline
with age. Results of our age-related and size-related analysis suggest that if old forests do
experience age-related declines in growth rates, factors other than individual-tree growth
must be the cause (Binkley et al., 2002).

Because these results are in opposition to the long-held tenet that growth rates
decline as trees age, it suggests that old-growth forests could be active carbon sinks
(Schulze et al., 2000; Carey et al., 2001). Furthermore, our data extends previous findings
into new, widespread and important forested ecosystems and can serve as a model for the
increasingly common 100-180+ year old forests in temperate eastern North America.

Temperate forests have been shown to have the strongest age-related increase in living
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biomass and total ecosystem carbon (Pregitzer and Euskirchen, 2004). Our data extends
this finding with a similar age-related increase in tree growth rates. At the very least, our
data shows that old trees can be a vital element of the terrestrial carbon cycle. The
potential for old trees to respond to improved growth conditions has implications for
carbon sequestration, tree and forest modeling, tree-ring analysis of trees in closed-

canopied forests, ecosystem management and evolution.
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Climatic Sensitivity and Growth of Southern Temperate Species in the
Eastern U.S.

My dissertation research focused on three primary questions: 1) “Is temperature
an important factor of the growth rates of southern temperate tree species?”, 2) “What
are the biotic and abiotic factors influencing tree growth rates/carbon uptake?” and 3)
“Have tree growth rates changed significantly over the past two centuries?”’ Each
dissertation chapter and appendix addressed at least one of these questions and often,
more than one.

Winter temperatures are consistently the most important temperature factor of
southern tree growth (Pederson et al., 2004; Chapter 2; Hopton and Pederson, in press;
Chapter Three; Appendix A). The common winter temperature response along the
NE/NY ecotone is consistent with the hypothesis that winter temperatures control
ecotone position (Neilson, 1993). Further, winter temperatures appear to be a significant
factor of tree growth across much of temperate North American (Brubaker, 1980;
Conkey, 1982; Tainter et al., 1984; Cook et al., 1987, 2001; Pan et al., 1997; Rubino and
McCarthy, 2000; Naidoo and Lechowicz, 2001; D’ Arrigo et al., 2001; Tardif et al.,
2001). Results presented here together with prior studies reveal an emerging of a
significant relation between winter temperatures and tree growth in temperate North
America.

Atlantic white-cedar (AWC) is the most temperature sensitive species studied
here (Pederson et al., 2004; Chapter 2; Hopton and Pederson, in press; Appendix A). Its
temperature sensitivity compares well to red spruce (Picea rubens Sarg.), the speéies

used for the only temperature reconstruction in the northeastern U.S. (Conkey, 1982).
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The red spruce reconstruction was based on wood density, however. AWC currently
holds the greatest potential for a reconstruction of annual temperatures for the Boston,
MA and New York City, NY region from ring widths because of the loss of temperature
response in red spruce during the last half of the 20® century (Cook and Johnson, 1989).
As many AWC forests in the northeast U.S. were logged in the late-1800s, recovery of
subfossil AWC wood from wetlands or material from old buildings is necessary to
produce a reconstruction of temperature longer than regional meteorological records.
Potentially important differences in the temperature growth response were
revealed between: 1) Atlantic white-cedar, 2) pitch pine, 3) white oak, 4) chestnut oak, 5)
northern red oak and 6) pignut hickory. Atlantic white-cedar and pitch pine are more
sensitive to winter temperatures than white oak, chestnut oak, northern red oak and
pignut hickory in the Hudson River Valley of New York State (HRV). This finding is in
agreement with a study in the upper Great Lakes of Michigan, which showed pines to be
more sensitive to temperature than hardwood trees (Graumlich, 1993). Also, pitch pine
and AWC growth in the HRV correlates to a longer season of winter temperatures than
the hardwood species, which should benefit these coniferous species more than the
hardwoods as winters become shorter. Differences in temperature sensitivity also exist at
the subgenus level. Leucobalanus (white oak group as represented by white oak and
chestnut oak) are more sensitive to temperature than Erythrobalanus (black oak group as
represented by northern red oak) (Pederson et al., 2004; Chapters 2, 3). Similar
differences were found between these subgenera in an ecophysiological study in northern
Florida (Cavender-Bares and Holbrook 2001) and a dendrochronological study across a

drought gradient in the southeastern U.S. (Cook et al., 2001). Many of the differences in



151

temperature response of tree growth found as a part of this dissertation research occur at
the margins of the growing season or during the non-growing season. For example,
growth of pignut hickory is significantly correlated to late growing-season temperatures,
which is unique for the six species studied in the HRV (Pederson et al., 2004; Chapter
Two). Also, tree growth at the oak-hickory ecosystem level is significantly related to
prior-October temperatures. Temperature is thought to be an important factor in the
phenology of the temperate forest (Kramer et al., 2000). Differing temperature responses
between species likely reflect their differing phenologies.

Climatic sensitivities were also shown to change across geographic scales. For
example, northern populations of the AWC are more temperature sensitive than southern
populations (Hopton and Pederson, in press; Appendix A). In contrast, January
temperatures most significantly constrain tree growth of the oak-hickory ecosystem and
the Leucobalanus subgenus in the southern half of the HRV. Finally, NRO has a tendency
to be limited by late-summer temperatures at northern-range-margins and in central New
England (Chapter 3). These findings are consistent with prior research showing that a
species’ climatic response changes with geographic location (Cook and Cole, 1991; Cook
et al., 1998; LeBlanc and Terrell, 2001). Geographic locations, therefore, has an
importance role in the temperature response of tree species.

Despite research showing that the climate response of multiple species can be
statistically condensed to a few phenotypes (i.e., Graumlich, 1993; Cook et al., 2001), the
minor differences in temperature sensitivity between species may be biologically
significant. Phenology is thought to be an important contributor to species distribution

(Chuine and Beaubien, 2001). Phenology is also hypothesized to be an important
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contributor to a species’ response to climate change (Kramer et al., 2000), which could
result in important differences in ecosystem productivity. Given the large number of
canopy tree species in the southern Appalachians that are forecast to benefit from
climatic warming (Iverson and Prasad, 1998), it seems important to continue species-
level studies so that the impact of future climate change can be better anticipated.
Drought has also previously been shown to be a dominant growth factor of tree
growth in the eastern U.S. (Cook et al., 1999), including for half of the oak populations
studied in Chapter Three (Cook, 1991). Drought typically accounts 20-50% of the annual
variance in ring width (Cook et al., 1999) while temperature explained <10% of the
annual growth for white oak, chestnut oak, northern red oak and pignut hickory
(Pederson et al., 2004; Chapters 2, 3) and 20-30% for AWC (Pederson et al., 2004;
Chapter 2; Hopton and Pederson, in press; Appendix A). Drought is the most dominant
and consistent climatic limitation of northern red oak growth (Chapter Three). NRO’s
positive correlations to June and July precipitation and negative correlations to
temperatures during the same months reflect its evapotranspirational demand during early
summer in the northeastern U.S. The growth response of yellow-poplar to the mid-1960s
drought was greater than for white oak and chestnut oak (Chapter 4). As white oak and
chestnut oak are some of the most commonly used species of drought reconstruction in
the eastern U.S. (Cook et al 1999), the stronger growth response of yellow-poplar
suggests that it may be one of the more sensitive species to drought. These results
highlight the need for more studies on the drought response at the tree species level.
Gypsy moth defoliation events had a significant impact on multi-annual growth of

several species. Northern red oak, the focus of the gypsy moth defoliation analysis,
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showed a strong negative impact to defoliation (Chapter 3). Its strong negative response
is related to the fact that it is more significantly impacted by gypsy moth defoliation the
year after an event than most other species studied to date (Muzika and Liebhold, 1999).
Red maple at the HF was also negatively impacted by the 1981 defoliation event. In fact,
trend in growth rates of NRO and red maple since 1981 suggest the defoliation may have
accelerated compositional changes in the HF. Ring characteristics and growth declines
strongly suggest similar gypsy moth defoliation events in other species, most notably in
the chestnut oak at Montgomery Place, Uttertown and the Mohonk Preserve and white
oak population on Schunnemunk Mountain (N. Pederson, unpublished data). Evidence
suggests, however, that forested ecosystems are adapting to gypsy moth (Campbell and
Sloan, 1977; Muzika and Liehbold, 1999). If this is true, gypsy moth may become less of
a factor unless synergy with climate change or other insects and pathogens increase its
virulence.

Individual-tree growth rates of five species studied here increased over a
significant portion of the eastern U.S. during the last 50-150 years. Increased ring widths
since the mid-l8.00s occurred in chestnut oak, white oak and yellow-poplar over an area
covering nearly 400,000 km” in the eastern U.S. (Chapter 4). When the ring widths of
these trees are converted to aboveground carbon increment, it is clear that growth rates
have accelerated over that time. Similarly, Atlantic white-cedar shows a substantial
increase in the ring width index since the 1920s (Hopton and Pederson, in press;
Appendix A), which also translates to increased growth rates (N. Pederson, unpublished
data). Most of the 20 northern red oak populations sampled have increased growth rates

over the last 50 years in the northeastern U.S. (Chapter 3). The consistency of these
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results over a wide range of site types, climatic regions and land-use histories suggests
that increased tree growth rates must be an important factor to the terrestrial carbon sink
in the eastern U.S.

The cause behind the increased growth rates is not clear for all species.
Simulation models suggest that global primary productivity has increased as a result of
improved climatic conditions (Nemani et al., 2003). Increased growth rates of AWC are
strongly tied to winter and minimum spring and summer temperatures (Hopton and
Pederson, in press; Appendix A). The changes in growth rates of chestnut oak, white oak
and yellow-poplar occur temporally with increased tree growth rates at high latitudinal
and elevational sites globally (e.g. Briffa, 1992; Becker et al., 1995; Jacoby et al., 1996;
Rolland et al., 1998; Esper et al., 2001; McKenzie et al., 2001; Villalba et al., 2003).
Many of the changes at high latitude and elevation are associated with warming. Because
tree growth in the eastern U.S. is significantly correlated to winter temperatures, winter
temperatures must be considered an important factor of increased growth rates, especially
as they have steadily warmed since the late-1800s (Jones and Moberg 2003; Lugina et al.,
2003). Recent work, however, also suggests that there may be more low-frequency
variations in precipitation/drought than previously assumed (Wilson et al., 2005). If
climate change in eastern New York State and central New England between 1835 and
1984 is representative of changes in the eastern U.S. (Figure 1), reduced frequency and
intensity of drought along with warming could account for a considerable proportion of
the increased growth rates. Teasing out the many factors contributing to the increase in
growth rates, however, will be difficult considering the potentially interrelated nature of

increased warming, precipitation, elevated atmospheric CO,, and nitrogen deposition.
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Figure 1 - Standardized a) Annual and b) Seasonal Climate in Northern New England:
1835-1984. a) Total annual precipitation (blue line) and mean annual temperature (red
line). b) total summer (Jun., Jul., Aug.) precipitation (gold line) and mean winter
(previous Dec., Jan., Feb.) temperatures (blue line). Horizontal dashed lines show mean
for each time series (color corresponds to climate variable). Average annual temperature
and precipitation has increased between 1835 and 1984. Seasonal climate has had a
relatively const and trend for the entire record, although both summer precipitation and
winter temperatures have increased since the early-1900s.
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Perhaps the most interesting aspect of the results presented here is that age does
not limit tree growth rates. This evidence comes from several independent sources. First,
most chestnut oak, white oak and yellow-poplar trees greater than 150 years old had
accelerated growth rates since the mid-1850s (Chapter 4). Even the oldest-known
individuals of each of these species had some of their widest rings at more than 95% their
maximum known age. Second, older NRO populations have higher individual growth
rates after the influence of site quality is removed (Chapter 3). Third, there is no
correlation between age and trend in growth rates of NRO between 1977 and 2001.
Finally, the repeated defoliation of old-growth NRO by gypsy moth in 1945-1946
provides another piece of evidence indicating that age is not a primary limiter of tree
growth rates. Growth rates of NRO at Wachusett Mountain in the five years following
defoliation were greater than the preceding five years (Appendix B) even though average
tree age during the recovery was one-half maximum known age. The Wachusett
Mountain findings are in agreement with other findings that suggest that other factors
influence the recovery following defoliation (Hogg et al., 2002). Combined with results
presented here, the emergent pattern from a variety of tree growth and stand level
productivity studies is that age is not the limiting factor of tree growth rates (i.e.,
Marshall, 1927; Assman, 1970; Lamarche et al., 1984; Carey et al, 2001; Latham and
Tappeiner, 2002; Mund et al., 2002; Bascietto et al., 2003; Knohl et al., 2003).

Although increased tree growth rates may not translate proportionately to
increased stand or ecosystem level productivity (Mund et al., 2002), two lines of evidence
indicate that tree growth rates might be representative of increased productivity. First,

there are strong relationships among age, living biomass and total ecosystem carbon in
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temperate forests; older forests tend to have greater amounts of biomass than younger
forests (Pregitzer and Euskirchen, 2004). Second, site index, a measure of site
productivity based on tree height, has recently been shown to change as growth factors
change, especially temperature (e.g., Boyer, 2001; Hokka and Ojansuu, 2004; Nigh et al.,
2004). As climate change can increase tree growth rates, it appears it also increases site
productivity and, in turn, carbon sequestration.

Increased productivity in old-growth forests, however, has important implications
for forest conservation and management. Declining growth rates, so-called overmaturity,
is used as justification for cutting to improve tree and forest productivity and shorter
cutting rotations (e.g., Hamilton and Johnson, 1994). Results here show that tree
productivity in natural, mix-aged and mix-species forests does not necessarily decline
with age. The practical application of these results is that older forests, such as old-
growth or old second-growth, could be productive well beyond normal cutting rotations,
which would justify management plans with cutting rotations from one to two centuries
or more, depending on the species being managed. Also, as it is more difficult in the
eastern U.S. to justifying protecting previously-cut forests versus uncut forests, these
results would support the conservation of old, second- or third-growth forests for carbon
sequestration as they hold the potential for continued productivity.

Elevated CO,, nitrogen, climate change, land-use history and forest maturation
are important factors of the sequestration of atmospheric carbon (i.e., Caspersen et al.,
2000; IPCC, 2001; Joos et al., 2002; Mathews et al, 2005). Results presented also show
that winter temperatures need to be considered as an important additional factor as well

(Pederson, et al., 2004; Chapters 2, 3; Hopton and Pederson, in press; Appendix A).
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Large-scale gradients not previously studied, like snow cover, may also play an important
role in carbon sequestration (Pederson et al., 2004; Chapter 2). These results underscore
the importance to look beyond the one or two variables known to dominate tree growth
rates. For example, NRO growth rates in the northeastern U.S. peaked during periods of
reduced drought and gypsy moth defoliation and increased winter temperatures. Red
maple growth rates may be limited by a complex interaction of climate, gypsy moth
defoliation and successional trajectories (Chapter 3). In light of evidence presented here
confirming the role of geography in the climatic sensitivity of many tree species and a
large amount of evidence contradicting the long-held tenet that tree growth declines with
age, it 1s apparent that there is still much to learn about the long-term interaction between
environmental factors of tree growth and the carbon cycle, even in a heavily studied

region like the eastern U.S.
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Appendix A: Climate Sensitivity of Atlantic White Cedar at Its Northern Range
Limit

Hopton, H.M. and N. Pederson. In press. Climate sensitivity of Atlantic white cedar at Its
northern range limit. In: Burke, Marianne, K.; Sheridan, Phillip, eds. 2005. Atlantic white
cedar: ecology, restoration, and management: Proceedings of the Arlington Echo
symposium. Gen. Tech. Rep. SRS-XX. Asheville, NC: U.S. Department of Agriculture,
Forest Service, Southern Research Station: XX-XX.

Note: Paper included with permission from Louise A Wilde for the U.S. Forest Service.
Also, this galley contains two small errors:

Results- Saco Heath (pg. 25)

*2nd column, first line (9th line of paragraph) - table 3 should be table 2

*2nd column, last line (18th line of paragraph) - table 2 should be table 3
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Appiston Bag ME Knis RS WTO R 2o 860 (155
Sast Heml, ME Vork, WAL 20 WBEE 40 BEEAY
Westrhinster MA Warcasler WNARBZWTIED 50 4734028
Wonson MA Hampden  NAZORWr2o8 460 480065
Madieon, 0T Mesw Haven - RAPZPWIRNE i3 e
High Poind, M3 Slstax MA1- 38 WTAHHe 480 BA.B017 5y
Littartown, B Pastalc NATSIOWTAYRE 305 TR2UET
BA = Higsnl aws,

Atthetab the'tures were aitadried and thehbilded fo wobidern
reaints The Gotes were sendel with ircrsasingly Hner sand:
paperip o 8O0 it The corgs Were then exarmined Under &
“frisroscope and visualy cross<lated: Rings were measited
it the neatest 100 min Visua) ross-dating was verified
using the program GEIFECHA tHolmes 1053), Coneatly dated
Hme-seties of growth wens stahtanizes Gsing sdoube
detrending method with the inteni 1o presstve gs much low
Traguency information as possitile tnrelited 1o competition
{Cook an Kaiiuketis 1960), Fitsh, & negatiis axponetiial
clive or ingar regression wWas used fo renitiie Yenmisiid
GreAt Trandts canmed Uy the rarmwing oF Hings as stemdis
mgter increases. 18 step change i growth wew pbseived, ¢
soosnd detranding was done Using @ woe-thins splivid o

PENOVE INCTEaEEE I Growth related o chiangas inlscal tompe-

ttion {Lorimer and Frelich 1989), Standardized sty wilths
wars then aversged o arsatsian index of growth forsach
site,

Chronology signal strengibowas charactirived using series
intareorrelation {SNC) and the batwesn hae eépressed
population signal {EFS), BNC indicastes the srength of the
common signal wittina samhe popidilion and is detved
6 the correlalion batieah all ime-saries oF grewth ERSje
& Hinction of the mean cotstifion of 8 growth serfes wittin
@ popiilatibn and sarmpie klze (Wigisy and otherds 1084} 1t
desciibes bow well 3 tintte' saiple s selimates e inlindte,
hypolhatical populatioh, These stallslios are among 1hgmost
commonty usad indicatons o agreersent in yaar-toyeat growth
afrong Trees withit & popidation [Conk and Kainukslis 1880},

Theclirmatic sensitivity o gash poputiahion was lound by
sorrelating the standardived ting ndex chrondlogy against
maan monthly temparatute and total donthly praciphation
Trars Drioy Mareh fo Doicber of the cuprent grawihi year. We
Shuse 2 20n0Hh period:of slimata Tor correlaliovn-analyais
agclimate of the prior year aan influsnice ihg width ot the
slisnt year 1Frits 1976). Becauss longasnm metsoriogical
records of Wi and mnatimum tempetatiires are leking
in the Appleton Bog segionof ME, we thosg 1o uke gridded
matgoriogicl data Yo the Climatic Besasrh Ut ol
of te University of East Angiia, UR {Jomes 1954, Newand
others 2000} Grid poig s focated svery 0.5 degregs dnd
an interpolaled climatic daba trom the sight neareat stations,
For our purposes, dats frorn e gid point closest ta the
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sample site was used. Data s avaliable il 1907 1o 1908,
Gorrslations wers congidersd signficant at g« 5.08 uniess
ptherwise stated,

Regional Tempersture and Growth Trentds

T test i the citrate sional 1n AW is colentially regional,
we oompared & Ume-sedes of ieglonal tamperatiiies witha
timassaries of regionat growth. Uesing CRLU data, e months
of mmpsaram te roist omvinianty wottelated o growth (ivor
Wy and Jure, pricy November thoUgh cunsnt May and
current July and AUgust] werd sveraged using 8 mean dnd
varanee goreehed sithmetic average procedure, This time.
perbes covers 1802 10,1906 beviuse 1'year b jost fus ta the
sumbloaion of renths from the privr and curent veurs {e.0
May, June, Movember ang. Decernbar 1001 bmbined with
JAnuary 10 May and Juy and August 18025 A arithmetic
average was made of e standardized chronolon of gach
prpulation o cféste he redionsl Yroe-seris of growin,

RESULTS

Appleten Bog, ME

Applatan Bog s uniue o haldl s e nodherimost kiown
stand of AW [Stockesl] 10585 The forest Hour ik covered:
Wil Sphagnun inoss and tern species. AWT gominaies the
sanopy, compnising 773 percent o the basad arex {BA), with
pocasional red maple [Abeyr ruttum L. 3.8 perventl} and baeck
EpTes [Picka roarans Ml 1Y28 petoeil} présent. Maximom
free age was 187 Years with fore han pnedal of e rses
sider than 118 years feliedn The IM0 Yok s BB1S, which
i Wil above the 89 parcenteonfidence level oF 0228 {Holwes
1983}, EPS value for the Appleton Bog chionaiogy wae 0.928,
Whigh is abiove the actepted level of 045 (Wigiey ang oiliers
1654), Thie standardized viny index shiranology. showed below
avstige growth in the sarly 1620 and 1880 whils dhove
Avdrage growth ooourrd. iy the nvds 18208 Hirough thig migs
10808 and trrmthe mid- 10708 untll e sin 1 800e g B
Appleton Bog AW was posilively corsiated with t&mm«
fure during Wre pooy May June, Seplember Nowmber,
and strrentJanuaey fneiid Snot (ks 35 These months
aooounted for 29,6 percent of the ving wioH variglitns. Only
2 months show posiiive corralation with predipitation: priok
Augist clrrent Marshand July sccounted Jf 880 perent of
fhve growth variation.
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Savo Heath, ME

Bags Huath lsthe only fibwn domed-bay 1 subpon AWC
{Laderrnan 1080} Bisto Halith Is sumbosad of seattéred
auaregations of tress fiough out 2 densa shrub layer dorm-

nated by blusbeny {Varanium spp. L) In the forested areas,

AWE s the dominant trae comprising 82,8 percent of the
BA, whila white pine (Pinug strobus L.} s presant to a lesger
mxtent sl 1.7 percant, Maxithum tree age ot Saso Heath
was 129 vears with mos than one-half of the trewe oider

than 100 years {1able 35, The SNC wes 15 0.367 while the
ERS vaas 0,833, This ting inds chronology had growth frands
mitayio Appleton Bog. The saily 18205 and 19808 ware

& decade of biolow sverags growth (g 2A1L The low growh
inihs 1860s wag followad by a pericd of unprevedentad
above-average wowth that lasied to the prasent, March (e
August and Novernber to Desember mperatines of the
previous growing sesson, and Janusry to Februsry and Al
o August lemparatures of the curmend Growing season weis
posiively corrsiated with growth {lable 21 and accounted

Table B-Statistical e harsctorintics of the finat Allanté while-codar chronblogies®

Date when
Humbsr of sample
Madian samplas depth =
Sie Tigas  Oores ttarval : Fbar EPS EPS=085  O85EPS
O e ears innaY.
Appteton Beg, ME 2 8 IAE2-Z002  UIBEAM4N 0375 0698 10 1478
Bapg Hoaih, ME 20 [0 1874 #2002 100 {69129 0:883 4,833 5 1B79
Wastmingter, MA 25 28 IRES - BO0E VY (8R/P00) 3878 5922 i 1887
Mohson, WA 15 17 18852002 1VB{55M138) 53 DA & 1870
Wadison, OT 21 22 1818~ 1808 142182/774) D608 0.474 4 183
Figh Paint, NJ & 31 18022008 - 1800104M98) U383 4438 g 1830
{ittertows, N 20 24 ITER 3002 1B {FEME 0287 3863 17 1887

EFS = syprassed popiilation signat

“Risar i the sverage conmlation betwenn 3 trees. EPS i the sxpresesd population signsl. See tel for mors detulis
“Thses ngos e lkely Higher thur shuln sings sevarl Sits Had same tof, espacially Westininsted MA ard High Point. N4,

“ This polumin réldrs 1o the date when the sample depth equals the

ol opres

16 reach an EPS valus of 0.85 for suth chrpsiogy.

Hotore iz date, sampie Septh dbelines o 1t Is eipesicd that the BRS vake wesld dmp beige 0 85,
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Figura S-Standardred racial growth hronokgiss for 10 Maine (b) M

husetis {0y Connsctiont and (df New Jarsey. Ses fext

dataits bl aack site within sach Stale, Growith is standerdized about 3 o

index of ure o by tha hotizonis! st line
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Tabie S-Sigaifticant correlation between Atlanticwhite cedar growth and fnsan monthiy tomperatures
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Appleton Bog, e
cotisiation

SaguHealh ME
Waestivinster, MA
Monson, M
fdadison, OF
High Font, NJ
Hteriown, W
furnber of sites

s 00177 wgignicancs Belsen o 001,

* g wdgyrilicant wiatvy bebweer 0¥ ared 4 G05; Y = sigiilicarics Deteeti B e

for 44,46 porosnt of the annusl growih veration. Growih et
Save Heath wos also posfively corrgated i mean monthly
precipitation data tor August and Nowvembier of i pravious
rowing season, and Machio Aptiband August ol the
cyrfent growing season. These months accounied for 27.68
ol Of the growty variation:

Wastminster, MA

T Westminstes forest 18 comprtaed oF ANG (8048 parcent
By tamainck [Ladiy laficions (O Boll K Koth (38 1, peresnll],
tod maple {180 belcant) arid vt gottos [Plied ribleris Saig,
14,8 pergenhl]. Maximum freie age inthis popllation wis
200 years with more Theol ofie-half of fhe bess dhdei than 11
yaors {lable 21, The SHC was = 0565 while he EPS wis
0,822, Radial growi was generlly- balow the average value
between the 1900 and the mid- 13508 (g, 28) and above
{he average value after the 19508, Growlh of the Westminster
populaton was positively corelatod W the previous vears
My 10 Jume, September, and November temperatines, as wel
an cunenl Marck, May, Augist; dnd Seplember tomperatures
(bl 31 Growth wag' positively corfelatod with precipitation
of e currentiduly and Ssptember. Tamperdture accounted
Yo 30,64 paroent of ting wickh vatiation, whits pracighation
srcounted 1or 11,28 pargent

Monson, MA

AL Mo, AWG corprises 422 parbiantof iy BA, s 280
paroent red spriee, 25.0 parcent sasters heminok { Teuge
carngdensls LY 188 percantsaslam white ping {Phus
stobus Ly, and 18.7 percant md maple. Monsotr has ekl
widenoe ol Joguing Within the Jast 70 years. Maxirm thee age
&1 Mondon wils 1ER Years willh e than ong-hat of the
jrees pided than. 116 yeand (abhe 2) The SMG wag v+ 0.628
wiille the EPS was 0926 Badial growtl was genarally below
averagh growth feom the 18008 16 the inlo-1850s (i, 28}
The sadial growth ngex-showsd ¥ period of decreasing Hing
ettty (e the 18808 W the sarty 18208 Srowih rom 1870
ol the mid-1980x was abole averads dnd has since
decreasay conitaratly. Growth inthe Mosstn AWC popu-
lation ey positively corrsiated o the prior vears March,
Seplomber, Novermber and clrrent Febiuary temparatires
Hable 8} ind acoounded lur 18 87 parnend of the dng witth
variahions Ginly a.wel pror Novembs wae correlaied to glowih
and avcotnied for 1.02 pareant of thix annival growth variation,

North Madison Cedae Swamp, CT

The Nonnh Madisen Cadar Swamp i & issuseasyional
bog-forest dominated by AWC, with soatiered red maple
Pandrews and Slccama 18085 Marknues e sy indhe
Norin Madison Ceoar Swaimp vias 174 veary with mhore than
or-hall of the fressdider than 142 years dable 2}, The SNT
was pes (0B 16 white the EPS wels extreimely bigh & 0.574,
Fadial growth was beitw sverags from s 18408 irough
he SaHY 15208, il whish growth was above avifdus ercelt
Tof adip I the 1960% Mg, 20): Grawth i the Norh Madison
ANG poglifation was posiiely sorelated 1o poof Moy 1o July
and Deosmbar and Surent Fabruary by dgly temparaturss
{table 4y These mobihe aucountad for 1848 persant of anaual
drowtl vasiations. A wet clrent Odtober was posifively sorre-
fated o growth socsinting tor 571 peroenl variaies s ring
width



High Point State Park, B

High Point's AWC popuilation is growing attha highsst
acorded slsvstion for the specias tLadsimsn 1989) AWG
makes up 73.9 parcentof the total BA with waster hemilock
{¥3.7 percent) and rad maple [10.8 percent] as thi ekt st
dominant tess. Maximum tres sos iy thas High Point was
198 yaars with stord then sne-hall ol the drees olderthan
150 veans (table 21 Severalinf these traes wers hollow, and
this pravanied analysis of growih in slder wood, Hance, age
strugture Is. o bit sider than whet can be reperiod here The
BNC was r = 0.540 whils the EPS was 0,936, The standard
edslvanciogy shows 3 decline in ring wWidth from the 18508
il the 1950s, alter which ring width way sbove averags:
{lig. 200, This population was very sensiiveto termperature
{tabls:3). dind growth was posilively correlated to prior April,
August, Novsmber, Decembsr, and gureent January, Febroary,
Ape, duly and August, Tempersture ssoounted 107 37,584
prreentil the fing withh vasiation, Only 2 monihs, May and
Hovembar ol the prior growing vear was positively corralated
wilh pretipitation and accoufted oy 11,43 Bercem of the 1ng
widhly varigtion.

Utertows Bog, NJ

Uttertown Bog 1 ane of Naw Jersay's fow temaining padl-
lands (Kuo 20081 AWC tepiasants 808 perent of the BA,
with' aastern hemiook representing 18,0 percant. Maximum
trae ags In Uttstiown Bog was 242 years with 8 majorly of
the e betwesn 100.and 140 yaars old {tatle 2), The SNG
wak r= 0,505 Whils the EPS wasonly D.863, Ragial growth
increasad jrom the 18808 ustll the 19705, followsd by a period
of decline untii the 1950s ifig 80, Following a shioht dig'in
the 18805, growth has increased sinca the 1970, Utiertewn
wias tnetd the [Bast climate-sensitive populations stidiad
e Prior Aptikand Decertber and cuttent January end Aprdl
TaspeEtunes wete positively and signifidasily cowslated o
climate (fabie 3) aucounting for anly 10,07 percent of the ring
vadili variation, Prior May and Decamber and curem May
and June precipitation. were significant-and pasitively'corre-
Iated to ol Precipltation accounted for 13,88 percant of
the yaiiation in Hag width

Regional Temparature and Growth Trends

There was 2 strong agreement batwaen regional terrpeia-
turh and AWC growth {r = 0.88) 5 « 0.0001) liom 180516
1288 with temparatiie accounting for 42 Srpsent of
varigtion in growth. The agresrmant s éspetislly evident 2
fecansl timeg soules ty 9

DiIBCUSSION

Usetulnoss of AWC for Dendrochionology

Qur resuiits show that AWO growah is very Bensitive 1o Bnvi-
renmantal conditions, making it useiul for tree-ring analysls,
Tha between-tiee BPS was high & 0.920) in siv ol he soven
Popilations and suggests & strong commpn signal, Though
nottha focus of this study, individug! frees from severad popo-
lations strowed possible release from compatinon that was
ltkely relatad to cannpy disturbancs, Standard disturbance
detertion methiods may be used to reconstruct stand:history
using AWC {Lovimer and Frelich 18583,
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The primary Hitation for the dendrotlimatologioal use of
AWC st thersites studied Is #s suvent age siivelure, Most
stshdssampled wers « 130 vears insge, The Utimitows sile
dppears to be esfuntialy ap even-aged 120 yearoid forest
with & faw seattared old irees, Novth Madisan, 007 and High
Point sites had the least disturbad forests of the sites studied
&t yat notrees older than 200 yoars wete found. i svailabls,
sub-dossil orvelict wond samples could b arislyzed Ingn
aitsmpt to sxtend iand disturbanice History andthronolony
length, Given AWGC's responsivensss (o stwironrmisnial varia:
tion, i kely worth the sffort and axpenss of ralict wood
recovery. Such a celleclion would graatly snharice our knowl-
adge o longterm slimate variabilty and AWE esology ina
heavily populsted tegion, wilch may be ueeful for restoration
of AWC soogystems,

Climate Response

{n. gansal, AWT fisg 8 positive conelation 16 femperature at
its noltbern Ly Sotths 45 Aoross sl sites the monthiy
températiires most Kequently soreiated with growah were
prics May snd June, prior winler thiough cilment soting
{November to Mav, and curreht.uly and Aligust tempera-
turas {lable 33, The sirongest porrelations betwsan growth
and temparaluse wore durng winter months, More tha ore-
hatt of thi sites sampled had levels of temperaiire sensilivity
simitar o the trees used for the only Eastern United States
farnperatiie reconstivction {Conkey 1982} Terparature
astounted toe 208 perdent or mors 'of shnual growh vans-
fion at four sltes msking AWC one of the most temperaturg
sensitive Irees in'the Eastern United States.

i the siies sampled, comelations were sitangest al Saco
Heath, Appleion Bog, and Waestminster Swarp, indinsting
thattamperalins is most imponant near the norhsinmast end
of AWD's range Bt More southary populations sy Norh
Madison and Uttertown had 5 lower sensitivily to tempara-
turs varistion, These results sre simitar 1o the tempersture
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Samiple Sites

Flaniig de-Sibeis are Hatad fice Tl o ighin the dder of desrassing Winpialing
Sonsiivity. The Ybis reprameris Y SEOUAt OF Pusial sty i unsation ol an
b st Tk (R e by tempa il {Bpsn et ond prisipitaticn iiek

s S e Tt Rurther e il

sarsivity forgrowth dodutnanted previously far bioly ping
{Coox and others 1908),

Hgh Faint, W isan exception o the geographic trend in
temrperatiire sensiiviy Whike Figh Foint wias tine ot the mote
southeyn sites saimpled. AW growth was ofe o the most
sensiive o Ginate. DUl this populalivr s growing 4 the han-
ast kigwn slevation for e spedies and lkaly experentes
Tower Wemperatures har slher popiations st hat \alitise.
Using thie CRU meteorologioal date, msan anial winter dnd
Sutnmer iemperatires rom 1807 10 1H35 for Figh Pl fall
nibge to thuse for Sace Hedih, ME, Avsrage surmet and
winter tempearatures 3t High Point sre 21,0698 8nd <1, 86./C,
respeetively, Al Sacy Heath sumimet and vanter tomparatuses
averaged 20050 and <3.86.70. Howeysr, thare s a signii
cant differene belwesn the sisvation of the High Point AWG
population (460 m) snd the viosest metedmindiosl station
roosd fikely 1o have been heavily welighted Inthe CHL inter
polation date (Foint Jeivis, MY, 1437, Assuming an avsrage
envitoninentsl lapse rate 51 0.6570 cooling per 100 myin
sievtion, % mean summer and winter temperalives at
gl Poinbwould actuaib b rolighily 19,00 %2 and <3724,
respeciiiely, Thus, thelamperalives i which 'tha High Peint
AW frees Hve wolild fall Withis the sange o Tempetatures

of the Maine AWO siles, possibly enplaining the axseplion in
ihe geopmathic trang,

AW res ponds Tike athee tres gpocies) the reduced tampar
atdre sensifivity of populations atimore southen sitbs fiay e
ha result o location n the' specias’ range (Cook il sthers
1998 orgraater compaition withiother plarte. Ceseat ang
Fighh 1908) The turent age struckire af the Monson site
stggeals Slands-ahe sHi 16 the st erelusinn stage dtuing
which vompstiion indures seliIhining and exciudes tres
recriitmant {Olver and Larson {008 Av diresull, stand
developrment &l Monsir may be vonidiuting to AWCs
fedused temperatirg sdnsitivity 8t this site.

The Ultertown site was the only sitel where growth was rrored
sonsites 1o procintation than Tempreaturs AR, f was e
sothermmest e samped. in addilion 10 g-wsrroer gimate
Froan exprranoed by the more nothen popaiations, increased
compettion may cause (e growin to be Mo lenited by tie-
cififation au was shuwr i another freg speties &y Cesoall
and Pt (1985}, Wiils he Ultertov sife Bas (e Nighest
estifated BA G the sites sampled, # s giilar o the BA of
Appiion Bog, near the species’ mypthern kange it Wore
work is needed: o deterting i Sland densities (3 droxy for
cotnpetition) withioone cimele region hias ar influenge oo
AW climats senativity,

s inderasting to nte aifesthad showed the highest sensi-
Bty fo terrpenature also shitwed the Binhest sensiivity to
pracisitation Ma.4) The Saoe Heath populstion showed e
greatest overall sensifviy toolmale. Singe Saco Hepth s

2 dormed-big, & unique witland type for AW {Lodernman
18989, pernaps the gites physita! Cherdptédslive slong with
its fange postion made if the most sensifive fo climate, &
dorned-bog resulls trom the bulld up of peal ovad time, which
srentualy served 1o elovate the ared from s strroundings
siihat s perched aliove the water tabie Suwisce watey
doss not dradn ino domed bogs. making precipitativn ths
primary solinss of water The ptysieal shiucture of & domed
by and the fesutting hydmilogiosl regime wiolild seem to
xplain Salo Heath'y high sensdivity do prosipitation, Sam
Heaths jow stand dersily dable 4V could 3 Have boen &
Taotor i the Bigh teninerature gsensdivity, Tollnwing the same
FOQEG I thie previous parsgraph.

Growth Trends

Wost sites showed simifar decadal viriations in growth over
g last century, aspecially tver thie Tgsd 30 years inthicating &
growth trend tor e region ffigs. ¥ snd &), The recent period
wf pomiman incieeted disl growth sugiests ge-scale
influsnbes oy growliy, such ag slimale. nittogen degosiion
or glevaled GO, Temperature sissms this most plausible



exblanation for much of the last 100 years: Axlecline i
segion gmwm frenids diiring Hhe 18608 (g Brin nonsert
with desines i redionaland gibballsmpsratives fones
ad Maobisny 20D8] suggest termperature Is comrolling radisk
growit, I tact, the CRU meleorological data tor oo sludy
fegion aed Norihern Hemisphere data shiw that winter

At Spring temparduies five besh rising over ihe recant
dacades Honss and Mobery 2048, Luting and ofhwers 2008)
sganesting Ietperalive inay be inkea 10 instegesd radlyl
Gitwih.in racen] deadss,

Miniroum ternperatures have Ingressed morg 1apidly then
imasitim lempetatires (Karl and othels 198 witoh may
e an important sRribulieg Taetor 10.4he increasihy Growth
trend AW rasesreh of populalions in tha solithern Few
Hork Statg and fofthsen New Jersey réulon sugussts Growtl
is eonsigtently conelated With i July and August
temperalutes (Pedarson and Dbers 20047y date, we dint
Toow it this lous sansitiviy Yo growing season minimum
termpatatura ouours St the Tegional soala as Welk,

“The Momsor site remained the axception i geheal regional
patterne, and had & sharp dociing in growh oust the last 15
years. Thizlack bl synchionioly i1 e Monson population may
again be AUIUEY to s disturarize history r inateguate
sampling tor dateciion of ends,

CONCLUSION

At whils ceday growdh I8 sensiive tochanges in t8enyi-
yanraent, Al populations fested shiowed sty nferesnes
sorgiation and BRS valube, Indivating that ths ek e
tesponding to & sormehot slghal in thelt snvirenment. Mors
mpartantly radisl grovdhin AWC of s norhern vange it was
positively sotrelated with monthly msah lemperature date
vy the pricrand Shimsnt veas Attantic whits cedat growth
alst wes postively correlted Wil vainialions in morihiv riedn
provigitation daté, b conrelations were not g stiong. The
sites most sensifvaio lemperature ware aisd Hund most
sensiive o pledipitatioh:

The toresast of fulling alivnatic Wartning does nob gppaar o
Pl any Irsnedighe hisat 1o grovah of this speciee along
its narthiin sshgs Tt ittgmpenatine trends prodeed as
sxpedisd incraaning 1700 4.8 7 ovéi the next celilury
(PLO 2001, Wigleyabd Raper DU01Y. growit would tkely
ingresse assiming molsture avalabiity does not become &
oo importantlmiting Yactor This eould have implications
for futyre ebosysiem managemetian sarbon seguestralion
madaing. Howsver how climate change willinfluence réla-
five cotmpatitive abily wanknown.
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Appendix B: Gypsy Moth Defoliation Discussion

Extra Gypsy Moth Defoliation Discussion

There are three unknown decline events in gypsy moth occupied areas (Chapter 4
- Table 11). Growth rates at Mohawk Trail State Forest, MA and Uttertown, NJ
recovered to rates of the 5-years prior to each event within fiver years. In contrast, growth
rates at Singer Farm did not recover to per-event rates. Latewood characteristics,
significant decline in growth rates and limited recovering following the event suggest the
occurrence of a gypsy moth event at Singer Farm. Gypsy moth was established in the
county in 1979. No one has been able to confirm a gypsy moth event, however, primarily
because of the lack of forest in the county (John Lehman, personal communication).

The large network comprised of most trees greater than 100 years old allow the
comparison of three strong gypsy moth events, 1945-46, 1981, and 1983(-86) (Chapter
Three, Table 11). While not ideal in terms of replication, it is instructive to examine the
imi)acts and recovery of each event. The 1983 event appears to have been the most severe
in terms of impact and recovery. A strong recovery occurred following the repeated
defoliation in 1945-46 compared to the other defoliations events.

The growth decline event at Uttertown is worth noting. Ring characteristics in
NRO and chestnut oak (N. Pederson, unpublished data) strongly suggest a gypsy moth
defoliation event. I have not yet confirmed an outbreak in northern NJ during that period.
If this decline is a gypsy moth event, the strong recovery following the decline appears to
be anomalous compared to previous analyses of gypsy moth defoliation (Campbell and

Garlo, 1982; Naidoo and Lechowicz, 1999; Muzika and Liehbold, 1999; Chapter Three).
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The 1983 event appears to have been the most severe in terms of impact and
recovery. This might be complicated, however, as gypsy moth was new to the western
NY region. Growth losses can be less during a second outbreak or there can be a better
growth response and faster recovery in trees surviving earlier gypsy moth defoliations
(Campbell and Garlo, 1982; Gansner et al., 1993; Naidoo and Lechowicz, 1999). If
ecosystems are adapting to gypsy moth (Swain, 1983; Muzika and Liehbold, 1999),
ecosystem resiliency in this region could have been low during the 1990-1991 events at
Singer Farm.

The strong recovery following the repeated defoliation in 1945-46 would suggest
that younger trees have a greater ability for recovery. This hypothesis is not supported,
however, by the fact that the Wachusett Mountain old-growth NRO completely recovered
five years after the defoliation event. Average tree age at Wachusett Mountain in 1945
was 172 years, which is one-half maximum known age for NRO. This evidence suggests
that other factors, such as climate, may play an important role on the impact and recovery
of defoliation events (Naidoo and Lechowicz, 1999; Hogg et al., 2002). For example,
while years of drought preceded the 1945 and 1981 defoliation events, recovery might
have been better following the 1945-46 event than the 1981 event because while 1945
and 1946 were wet years while 1981 was dry (Cook and Krusic, 2004). This evidence
suggests that age may not be an important limiter in the rate of recovery following gypsy

moth events, although this requires much more study.

Synthesis

Aboveground carbon increment rates were reduced on average 36.3% following a
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gypsy moth defoliation event, which is within the range of growth losses reported in
other studies (Baker, 1941; Campbell and Garlo, 1982; Naidoo and Lechowicz, 1999;
Muzika and Liehbold, 1999). Growth losses in this study were not corrected for climatic
response of NRO, which could be important, as gypsy moth outbreaks are often
associated with drought (Naidoo and Lechowicz, 2001). Another difference between this
study and prior studies is that prior studies often studied radial growth increments. It is
not known whether raw radial-growth increments or aboveground carbon increments best
represent growth impacts of gypsy moth defoliation events.

Evidence here shows that gypsy moth defoliation has the strongest and longest
lasting impacts on NRO growth rates across New York State and New England compared
to climate or disturbance events with a negative impact on growth rates. Average growth
rates over the five years following drought or other similar events are equal to or greater
than pre-event growth rates. In contrast, growth rates following gypsy moth events
recovered to pre-defoliation growth rates only one-third of the time. Average post-gypsy
moth growth rates over the five-year after defoliation were within 10% of pre-event
growth rates, however, and is in some agreement with previous studies (Campbell and
Garlo, 1982; Naidoo and Lechowicz, 1999; Muzika and Liehbold, 1999). Again, these
studies did not remove the influence of stem expansion on the width of radial increments.
As tree diameter gets larger, radial increments decline in width even if biomass increme‘nt
is constant. Disregarding this well-known interaction between tree geometry and radial

increment widths more than likely overestimates the impact of gypsy moth defoliation.
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Appendix C: Table of Tree-Ring Collections Between 1999 and 2004
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Table 1 — Populations Sampled between 1999 and 2004. ® - Abbreviations explained in
Table 2. - Abbreviations explained in Table 3.

# Site— # # Lat Long. Help®
Species * trees cores

1 Alb. Pine 17 38 N 42 42.092 W 73 50.345 KV, DF, FB,
Bush, NY - DY
PIRI

2 B Isle, MD - 15 30 N 38 59.074 W 77 14.539 JH
CAGL

3 B Isle, MD - 16 32 N 38 59.356 W 77 14.748 JH
QUST

4 Bellvale Mtn, 28 45 KV, KS, AK
NY CHTH

5 Bent Creek, 17 21 PB
NC QUAL

6 Bent Creek, 22 23 PB
NC QUPR

7 Black Rock, 13 27 EM, DF, LP
NY -PLOC

8 Blue Ridge, 12 24 N 37 32.186 W 79 29.693 EM, SB, AC
VA - QUAL

9 Blue Ridge, 12 24 N 37 32.757 W 79 27.951 EM, SB, AC
VA - QUPR

10 Breglia Cliffs, 23 42 N 42 36.515 W 74 19.089 FB
NY - QUPR

11 Buena Vista, 21 36 N 37 44.093 W 79 19.322 -
VA - PIRI

12 Callaway 20 34 N 32 46.347 W 84 54.392 -
Gardens, GA -
QUPR

13 Callaway 20 35 N 32 46.413 W 84 54.183 -
Gardens, GA -
QUST

14 Clintonville, 20 40 N 44 28.099 W 73 38.247 -
NY - PIRI

15 Colchester, VT 16 24 N 44 33.236 W 73 06.594 PC
- CAOV

16 Colchester, VT 18 26 N 44 33.236 W 73 06.594 PC
- QUAL

17 Colchester, VT 20 36 N 44 33.441 W 73 06.537 PC
- QUPR

18 Cool Springs, 16 27 N 3511.350 W 7705.229 -

NC - QUST



#

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

Site —

Species ®
Curtiss-Gale,
NY - LITU
Dare Co., NC -
CHTH
Dark Hollow,
NY - QUAL
Dismal
Swamp, VA -
CHTH
Fiddler’s
Green, VA -
BELE
Fiddler’s
Green, VA -
CAOV
Fiddler’s
Green, VA -
LITU
Fiddler’s
Green, VA -
MAAC
Fiddler’s
Green, VA -
QURU
Glen Lake Fen,
NY - PIRI
Goose Egg,
NY - QUAL
Goose Egg,
NY - QUPR
Greenbrook,
NJ - CAGL
Greenbrook,
NJ- LITU
Green Ridge,
MD - CAOV
G Green
Ridge, MD -
PIRI
Hague, NY -
QUVE

#
trees
20
20
16

20

21

20

21

20

20

20

20

23

11

15

20

22

20

#
cores
33
30
26

31

34

32

38

34

30

41

33

37

24

31

30

37

36

Lat

N 43 17.315

N 3544.572

N41.23.692

N 3632.198

N 37 46.252

N 37 46.243

N3746.166

N3746.121

N 3746.166

N 43.21262

N 43 04.100

N 43 03.760

N 40 55.296

N 3939.414

N 3939.791

N 43 41.064

Long.
W 7623.312
W 7555711
W 74.6.674

W 76 28.064

W 79 14.596

W 79 14.496

W 79 14.491

W79 14.543

W 79 14.491

W 7341416
W 73 17.400

W 73 17.890

W73 55.782
W 78 24.032

W 78 25.121

W 73 36.148

179

Helpb
SB
SM
PJK, EC

MH, NC

EM, SB, AC

MH
DF, MH
DF, MH
EM
KV, DF, EM,
NS
HK

HK

SB, TN



#

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

Site —

Species *
Heart’s
Content, PA -
MAAC
High Point, NJ
- CHTH
Hunter Island,
NYC - QUST
Irish Creek,
VA - QUAL
Irish Creek ,
VA - QUPR
Lil’ Scaly, NC
- QUAL
Lisha Kill, NY
- BELE
Lisha Kill, NY
- CAGL
Lisha Kill, NY
- QUAL
Mashomack
Island, NY -
QUST
Mohonk
Preserve, NY -
BELE
Mohonk
Preserve, NY -
CAGL
Mohonk
Preserve, NY -
CAOV
Mohonk
Preserve, NY -
LITU
Mohonk
Preserve, NY -
PIRI
Mohonk
Preserve, NY -
QUPR
Mohonk
Preserve, NY -
QUVE

#

trees

18

21

16

16

17

20

16

15

20

20

17

20

20

15

20

20

#
cores
32

41

29

27

30

34

27

25

25

32

27

30

36

30

34

26

Lat

N 4141414

N 41 19.898

N 40 52.347

N 37 40.528

N 37 40.492

N 3501.894

N 42 47.488

N 42 47.698

N 42 47.488

N 41 02.490

N 4147.918

N 41 48.072

N 41 48.600

N 41 44.278

N 41 45.828

N 4147.378

Long.

W79 14.818

W 74 39.474
W73 47.076
W79 17.282
W 79 17.048
W 8315476
W 73 51.513
W 73 51.603
W 73 51.513

W72 17.072

W 74 06.753

W 74 06.341

W 74 05.943

W 74 12.283

W 74 07.479

W74 07.537
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Help®

NB

MH, ND

EM, SB, AC
EM, SB, AC
MH, NC
DFu
DFu
EM

EC,NB

KV

KV

JB



#

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

Site —

Species *
Montgoemry
Place, NY -
LITU
Montgoemry
Place, NY -
QUPR
Mt. A., ME -
QUPR
Mt. Pleasant,
VA - CAGL
Mt. Pleasant,
VA - QUVE
Nanticoke, MD
- CHTH
Noblewood,
NY - BELE
Old Maids
Woods, NY -
QUVE
Otter Creek,
PA - BELE
Otter Creek,
PA - LITU
Otter Creek,
PA - QUAL
Otter Creek,
PA - QUPR
Otter Creek,
PA - QURU
Otter Creek,
PA - QUVE
Pine Barrens
upland, NJ -
PIRI
Pine Barrens
wet, NJ - PIRI
Potomac River,
VA - QUPR
Prospect Mtn.,
NY - BELE
Prospect Mtn.,
NY - CAOV

#
trees
20

21

20

20

20

20

20

20

20

20

21

29

20

20

20

18

20

15

23

#
cores
32

34

34

30

32

34

30

26

31

30

32

40

30

32

41

38

34

28

41

Lat

N 42 00.528

N 42 00.682

N 43 13.683

N 37 44.103

N 37 43.846

N 3829.103

N 44 21.122

N 39 52.642

N 39 52.708

N 39 53.000

N 39 52.690

N 39 52.708

N 39 52.862

N 3944.236

N 39 44.283

N 393.487

N 43 25.050

N 43 25.300

Long.

W 73 55.125

W 73 55.244

W 70 41.352
W 79 13.438
W79 13.433
W 75 47.465

W 73 21.693

W 76 23.237
W 76 23.182
W 76 23.385
W 76 23.274
W 7623.182
W 76 23.444

W 74 36.776

W 74 36.670
W 77 19.795
W 73 43.740

W 73 34.200

Helpb

AC, KR, DJ

AC, KR, DJ

TZ

KV

JR, EW

JR, EW
KV, DiP
EM, DF

EM, DF, BN
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# Site— # # Lat Long. Help®
Species * trees cores
72 Prospect Mtn., 28 43 N 43 25.300 W 7334200 EM, DF, BN
NY - QUAL
73 Savage Mtn., 20 34 N 39 31.015 W79 07.577 MH, BH,
MD - QUAL NC, NB
74 Savage Mtn., 18 30 N 39 30.801 W 79 06.955 MH, BH,
MD -QUPR NC, NB
trail
75 Savage Mtn., 14 25 N 39 32.078 W 79 06.855 MH, BH,
MD - QUPR NC, NB
ridge
76 Savage River, 18 31 N 39 30.307 W 79 08.580 -
MD - MAAC
77 Sterling Forest, 31 43 N4111.160 W 74 16.83 FF, ND, DF,
NY - CHTH JSK
78 Stott Farm, NY 21 25 N 43 11.280 W 73 29.930 MH
- CAGL
79 Stott Farm, NY 11 11 N 43 11.280 W 73 29.930 MH
- LITU
80 Uttertown Bog, 21 22 N 41 06.925 W 74 25.201 LL, MH
NJ - CHTH
81 Uttertown, NJ 20 27 N 41 06.850 W 74 25.199 KV, SI, JIC
- LITU
82 Uttertown, NJ 31 57 N 41 06.942 W 74 25.004 MH, EC
- QUPR
Northern Red Oak-Red Maple/Carbon Network
83  Aquidneck, RI - 20 40 N 41 34.157 W 7117.042 TZ
QURU
84  Arnot Forest, NY 20 40 N 42 16.297 W 76 37.606 EM
- QURU
85 B. Rock Forest, 30 90 TZ, ND, EM
NY I-QURU
86 B. Rock Forest, 30 90 TZ
NY II-QURU
87  Catskill Mtns., 20 40 Paul
NY A - ACRU Sheppard
88  Catskill Mtns., 20 40 Charlie
NY B- ACRU Canham
89  Curtiss-Gale, NY 21 42 N 43 17.315 W 7623312 SB
- QURU
90 Goodnow Mtn., 20 40 N 43 54.463 W 74 13.082 -

NY - QURU
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#  Site— # # Lat Long. Help®
Species * trees  cores
91 Goose Egg Ridge, 21 36 N 43 04.100 W 73 17.400 DF, MH
NY - QURU
92 Harvard Forest, 35 105 N 42 31.788 W 7210979 TZ, EHP,
MA Lyford - DB
ACRU
93  Harvard Forest, 35 105 N 42 31.788 W 72 10.979 GC, EHP,
MA Lyford - AR, DB
QURU
94  Harvard Forest, 35 105 N 42 32.202 W 72 10.440 GC, EHP,
MA Tower - AR, DB
QURU
95 Harvard Forest, 35 105 N 42 32.202 W 72 10.440 TZ, EHP,
MA Tower - DB
ACRU
96 Montgomery 20 40 N 42 00.682 W 73 55.244 AC,KR, DJ
Place, NY -
QURU
97  Mohawk Trail 20 40 N 42 03.654 W 72 18.054 BL
State Forest, MA
- QURU
98 Pine Lake, NT - 20 40 N 42 28.280 W 74 55.549 -
QURU
99  Prospect Mtn., 23 33 N 43 25.096 W 73 45.305 EM, DF,
NY - QURU MH, BN
100 Rooster Hill, NY - 22 43 N 43 13.818 W 74 31.549
QURU
101 Sheridan Mtn. VT 21 42 N 44 31.704 W 71 38.283 SB, SS
- QURU
102 Singer Farm, 20 41 N 43 20.978 W 78 39.674 EM
NNY - QURU
103 Uttertown, NJ - 20 41 N 41 07.024 W 74 25.019 EM
QURU
104 Wachusett Mtn., 39 40 DO
MA - QURU
105 Warren-Cutler 20 40 N 42 40.947 W 77 25.798 EM, BG,
Res., NY - RW
QURU
106 Zoar Valley, NY - 20 40 N 42 25.382 W 78 53.670 EM
QURU
Boreal Species
107 Bellvale Mtn., 15 31 EM

NY - PIRU
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#  Site— # # Lat Long. Help®
Species * trees  cores

108 High Point, NJ - 20 41 N 41 19.898 W 74 39.474 CF
PIRU

109 Lincoln Mtn., NY 21 44 DF
- PIRU

110 Piseco, NY - 20 35 N 43 19.632 W 74 38.748 -
BEAL

111 Piseco, NY — 20 40 N 43 19.603 W 74 38.600 -
PIRU

112 Ramshead- 20 40 N 44 47.065 W 7322.102 -
Sanctuary, NY -
THOC

113 RamsHorn- 18 39 DP, KV
Sanctuary, NY -
QUBI

114 Raquette Lake, NY 20 38 N 43 48.380 W 74 36.573 -
- PIRE

115 Shushan, NY - 60 120 N 4303.440 W 7321.110 BN, DP,
PIGL MH, DF

116 Uttertown Bog, 11 23 N 41 06.925 W 74 25.201 LL
NJ-LALA

Black Tupelo Collection

117 Bear Swmp, NJ - 21 39 N 3917.653 W 75 08.003 DA, MA
NYSY

118 Colchester Bog, 13 28 N 44 32.649 W 73 17.030
VT - NYSY

119 Fiddler’s Green, 14 30 N 37 46.143 W 79 19.340 -
VA - NYSY

120 Lincoln Mtn., NY 30 73 N 43 10.480 W 73 49.010 MH, DF
-NYSY

121 RamsHorn NYSY 12 23 DP, DF, KV




Table 2 — List of species acronyms listed in Table 1.
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Abbreviation Scientific Name Common Name
1 ACRU Acer rubrum Red maple
2 BEAL Betula alleghaniensis Yellow birch
3 BELE B. lenta Sweet birch
4 CHTH Chameacyparis thyoides Atlantic white-cedar
5 CAGL Carya glabra Pignut hickory
6 CAOV Carya ovata Shagbark hickory
7 LALA Larix larcina Eastern tamarack
8 LITU Liriodendron tulipifera Yellow-poplar
9 MAAC Magnolia accuminata cucumbertree
10 NYSY Nyssa sylvatica Black tupelo
11 PIGL Picea glauca White spruce
12 PIRE Pinus resinosa Red pine
13 PIRI P. rigida Pitch pine
14  PIRU P. rubens Red spruce
15 PLOC Platanus occidentalis American sycamore
16 QUAL Quercus alba White oak
17 QUBI Q. bicolor Swamp white oak
18  QUPR Q. prinus Chestnut oak
19  QURU Q. rubra Northern red oak
20 QUST Q. stellata Post oak
21 QUVE Q. velutina Black oak
22  THOC Thuja occidentalis Northern white-cedar

Table 3 — List of volunteers who cored trees between 1999 and 2004.

Name

abbreviations Full Name Institution
1 DA Dylan Abrams Elementary school
2 MA Marc Abrams Penn State
3 SA Susan Ask Maine TNC
4 BH Brian Avers NYU
5 NB Ned Barnard Author
6 FB Fred Breglia Landis Arboretum
7 DB David Bryant Harvard U.
8 DJ Dorji Bhutan
9 BB Brendan Buckley TRL
10 JB Jinbao TRL
11 SB Sanaa Byambasuren N. Univ. Mongolia
12 JC Julie Carson ColaU
13 EC Ed Cook TRL
14 NC Nic Cook Albany U.
15 PC Peter Cottrell IBM
16 AC Ashley Curtis TRL
17 ND Nicole Davi TRL



Name

abbreviations Full Name Institution
18 CF Christa Farmer ColaU
19 FF Francesco Fiondella Wall Street Journal
20 DF Dave Frank TRL
21 DFu Dave Furman TNC
22 BG Bruce Gilman FLCC
23 JH Jane & Bill Hill Author - Retired
24 MH Myvonwynn Hopton ColaU
25 SI Sarah Ingram LDEO
26 GJ Gordon Jacoby TRL
27 HK Harry Kahler MD DNR
28 PJK Paul Krusic TRL
29 AK Alex Kurnicki Landscaper
30 JSK John Kush Auburn U.
31 BL Bob Leverett Mathematician
32 LL Les Lynn Bergen Co. CC
33 EM Erika Mashig TRL
34 SM Shana Merry Christopher Newport U.
35 BN Baatarbileg Nachin Nat. U of Mongolia
36 ™ Tad Norton NYS DEC
37 DO Dave Orwig Harvard Forest
38 DP Dee Pederson Cola. U.
39 DiP Dick Phipps Retired
40 LP Linda Pistolesi LDEO
41 EP Elizabeth Hammond-Pyle = Harvard U.
42 KR Kevin “Kid Rock” TRL
43 JR John Romano Cola. U.
44 AR Amy Rice Harvard U.
45 KS Kirsten Sauer Cola. U.
46 SS Steve Slayton VT State Forester
47 NS Nancy Slowik Greenbrook Sanctuary
48 MV J. Morgan Varner U of Florida
49 KV Kevin Vranes Cola. U.
50 RW Rob Wink FLCC
51 EW Ed Wright LDEO/TRL
52 DY David Yarrow Activist
53 TZ Tiferet Zimmerman-Kahan Barnard
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