
vi 

 

TABLE OF CONTENTS 

 
CHAPTER 1 ............................................................................................................................. 1 

INTRODUCTION .......................................................................................................................... 1 

1.1 Background ................................................................................................................ 1 

1.2 Climate Change Studies from Tree-ring Data ............................................................ 4 

1.3 Research Questions and Objectives ......................................................................... 10 

1.4 Justification .............................................................................................................. 12 

 

CHAPTER 2 ........................................................................................................................... 15 

CLIMATE PATTERNS THAT MAY AFFECT THE SOUTHEASTERN U.S. ........................................ 15 

2.1 North Atlantic Oscillation (NAO) ............................................................................ 15 

2.2 Atlantic Multidecadal Oscillation (AMO) ............................................................... 17 

2.3 Pacific Decadal Oscillation (PDO) .......................................................................... 19 

2.4 El Niño-Southern Oscillation (ENSO) ..................................................................... 21 

 

CHAPTER 3 ........................................................................................................................... 24 

STUDY SITE DESCRIPTION ........................................................................................................ 24 

3.1 Southern Appalachian Mountains ............................................................................ 24 

3.1.1 Great Smoky Mountains National Park (GSMNP) ........................................... 27 

3.1.1.1 Geology .................................................................................................................... 27 

3.1.1.2 Climate ..................................................................................................................... 28 

3.1.1.3 Vegetation................................................................................................................. 29 

3.1.1.4 Land-use History ...................................................................................................... 31 

3.1.2 The Pisgah National Forest ............................................................................... 32 

3.1.2.1 Geology .................................................................................................................... 32 

3.1.2.2 Climate ..................................................................................................................... 33 

3.1.2.3 Vegetation................................................................................................................. 34 

3.1.2.4 Land-use History ...................................................................................................... 35 

3.2 The Coastal Plain Region in North Carolina ............................................................ 36 

3.2.1 Geology ............................................................................................................. 36 

3.2.2 Climate .............................................................................................................. 37 

3.2.3 Vegetation ......................................................................................................... 38 

3.2.4 Land-use History ............................................................................................... 39 

3.3 Study Sites ................................................................................................................ 40 

3.3.1 Hope Mills Crib Dam, North Carolina ............................................................. 40 

3.3.2 Linville Mountain in Pisgah National Forest, North Carolina .......................... 41 

3.3.3 Gold Mine Trail in Great Smoky Mountains National Park, Tennessee .......... 42 

 

CHAPTER 4 ........................................................................................................................... 44 

METHODS ................................................................................................................................ 44 

4.1 Field Methods ........................................................................................................... 44 

4.1.1 Site Selection .................................................................................................... 44 

4.1.2 Collecting Samples ........................................................................................... 45 











xi 

 

Figure 33. Moving interval analysis of precipitation at the Gold Mine Trail site. ................. 90 

Figure 34. Moving interval analysis of PDSI at the Gold Mine Trail site. ............................. 91 

Figure 35. Moving interval analysis of NAO index at the Gold Mine Trail site. ................... 92 

Figure 36. Moving interval analysis of AMO index at the Gold Mine Trail site. .................. 93 

Figure 37. Moving interval analysis of PDO index at the Gold Mine Trail site..................... 94 

Figure 38. Moving interval analysis of SOI at the Gold Mine Trail site. ............................... 95 

Figure 39. Correlation and response function analyses of the NAO using the composite 

chronology .............................................................................................................................. 97 

Figure 40. Correlation and response function analyses of the AMO using the composite 

chronology .............................................................................................................................. 97 

Figure 41. Correlation and response function analyses of the PDO using the composite 

chronology .............................................................................................................................. 98 

Figure 42. Correlation and response function analyses of the ENSO using the composite 

chronology. ............................................................................................................................. 98 

Figure 43. The Palmer Hydrological Drought Index map of 1934 ....................................... 103 

Figure 44. Changes of the world average temperature from 1861-1992 .............................. 105 

Figure 45. Maps of drought frequencies associated with the PDO and the AMO................ 112 

Figure 46. General air circulation pattern in the North America .......................................... 121 

 



1 

 

CHAPTER 1 

INTRODUCTION 

 

1.1 Background 

Climate change at any time scale results in feedbacks among the oceans, atmosphere, 

cyrosphere, and biosphere. Elements existing in these systems of the Earth, such as air 

masses, vegetation, and human, respond to or further trigger climate change over time with 

numerous interactions among themselves (Alverson et al. 2003). One of the manifestations of 

global climate change is the strong fluctuation of oceanic-atmospheric oscillations over large 

spatial scales, discovered in recent centuries. Impacts from either local climate variation or 

such large-scale climate oscillations can be imprinted on ecosystems. To understand long-

term effects of climate change both in the past and in the future, it is necessary first to go 

beyond the time limit of instrumental records of climate. Exploration of the past is the key to 

understanding the future. Functioning as a linkage between the climate system and biosystem, 

environmental proxies are valuable for long-term and broad spatial scale studies of 

paleoclimate. Proxies of the past climate are natural archives that have, in some way, 

incorporated strong climatic information into their structure, such as coral, lake sediment, 

and tree rings (Bradley 1999). 

Tree rings are an exceptionally valuable proxy for paleoenvironmental study because 

they provide continuous records with annual to seasonal resolution (Fritts 1976). Sources of 

tree rings for climate analysis vary, including living trees, historical structures or cabins, or 

even dead trees such as stumps, logs, and snags. Trees periodically start growth with 

photosynthesis during the growing season and shut down the mechanism whenever the 
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environment is harsh enough to close its growth. The temperate climate causes annual 

formation of tree rings, which is the basis for tree-ring studies. Tree-ring variability, in terms 

of width, density, or other properties, is an essential anatomical characteristic of trees. It 

provides the possibility for absolute dating of each ring, and the variation found in tree-ring 

patterns records climate variation. The association between climate and tree-ring growth can 

be expressed and measured quantitatively. For example, dendrochronological studies 

revealed that up to 70% of the variance in indices of treeline ring-width variation is related to 

summer temperature changes (LaMarche et al. 1974, Hughes et al. 1987, Briffa et al. 1990, 

Jacoby et al. 2000, Briffa et al. 2008). However, unexpected or multiple environmental 

information could also be included in tree growth trends, such as competition, frost, insect 

outbreaks, landslides, and volcanic eruptions (Banks 1991).  

Under most circumstances, tree growth is a function of climate variables such as 

temperature and precipitation. When it comes to long-term warming or cooling trends and 

low-frequency climate oscillations, tree rings may be a particularly good source. Because 

high-quality instrumental climate records are limited to less than 200 years, tree-ring 

chronologies extended back hundreds to thousands of years have distinct advantages. 

Reconstruction of climate over centennial to millennial time scales becomes possible with 

proxy data. The climatic variables most commonly reconstructed with tree-ring records are 

temperature, precipitation, Palmer Drought Severity Index (PDSI), sea surface temperature, 

El Nino/Southern Oscillation (ENSO), and the Pacific Decadal Oscillation (PDO) (Stahle and 

Cleaveland 1992, Grissino-Mayer 1996, Stahle et al. 1998, Biondi et al. 2001, Bard 2002, 

Cook et al. 2004). Long-term climate reconstructed for the past is typically helpful to 

understanding the dynamics of climatic circulations. The reconstruction of spring rainfall for 
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the past 1000 years from bald cypress (Taxodium distichum (L.) Rich.) by Stahle and 

Cleaveland (1992) showed its association with a large-scale circulatory control of the North 

Atlantic subtropical high pressure. The millennia-long tree-ring chronologies from samples 

collected in undisturbed forests in North Carolina, South Carolina, and Georgia were most 

responsive to spring and early summer rainfall (Stahle and Cleaveland 1992). The 

reconstruction illustrated a high interannual variability as well as decadal or multidecadal 

fluctuations of spring drought and wetness, and such phenomena may be caused by the 

change of the average position of the Bermuda High during the spring. Stahle and Cleaveland 

found that the western periphery of the Bermuda High moved westward into the southeastern 

U.S. during dry springs, but was located well offshore during wet springs. 

Tree-ring networks use tree-ring data within a geographical range to study spatial 

characteristics of climate responses by trees or large-scale (regional, continental, or global) 

climate variations. For example, Speer et al. (2009) used samples from 664 trees in 17 sites 

broadly distributed in northern Georgia, eastern Tennessee, and western North Carolina to 

study the climate response of five oak species in the region of the southern Appalachian 

Mountains. Their results showed that, despite different species, regional chronologies had 

similar significant correlations with climatic variables including growing-season PDSI, 

summer and current September temperature, and growing-season and previous August 

precipitation. Carefully selected long tree-ring chronologies distributed over larger areas 

(continental or global) can provide a means to study low-frequency climate variability over 

time. Esper et al. (2002) used 1,205 radial tree-ring series from 14 high-elevation and 

middle-to-high latitude sites in the Northern Hemisphere extratropics to analyze the 

multicentennial temperature variability over the past 1000 years. The reconstructed 
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temperature showed that the Medieval Warm Period was a large-scale occurrence in the 

Northern Hemisphere and appeared to have approached the magnitude of 20
th

-century 

warming (Esper et al. 2002). Previous research using tree-ring networks also revealed that 

global changes in temperature have large-scale spatial coherence, while precipitation changes 

are more local or regional, but often reflect circulation changes (Alverson et al. 2003). 

 

1.2 Climate Change Studies from Tree-ring Data 

Dendrochronology, the study of tree rings, is the highly specialized science of 

assigning calendar dates to the growth rings of trees (Stokes and Smiley 1996).  Developed 

by A.E. Douglass in the early 20th century, this discipline uses terrestrial, long-term, tree-

ring proxy data, and was initially used for finding evidence of sunspot cycles. Later, it 

opened up a broad array of applications in climatology, forest ecology, geomorphology, and 

archaeology (Nash 1999).  

Although the issue of climate change has only been highlighted in recent decades, 

dendroclimatology, which studies the climate-tree growth relationship and past climate 

change using tree-ring data, has been widely and successfully applied. Dendroclimatic 

analysis is built upon related principles and assumptions and explores how trees respond to 

climate changes (Cook 1997). In general, a wide ring indicates that the year‟s climate was 

moist and cool, while a narrow ring indicates that it was dry and warm. A ring-width 

chronology contains the common characteristics of rings‟ variation from sufficient samples, 

and it may reflect climate change for that particular region. For example, Fritts (1965) 

statistically evaluated the relationships between climatic factors and fluctuations abstracted 

from dated tree-ring widths in locations in semiarid western North America. Multiple 
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correlation results showed that ring-width variation was generally more related to 

precipitation than temperature, but that the two factors together strengthened the results 

markedly in the western U.S. (Fritts 1965).  

The spatial consistency of climate patterns or extremes can be examined by 

investigating sensitive tree-ring patterns at different locations. Similar ring variations may 

occur over large geographic regions, but growth patterns in different locations may also 

reflect local environmental conditions. Fritts (1965) found that trees from low elevations or 

the lower forest border were controlled largely by moisture during the autumn, winter, and 

spring, while trees in high elevation or arid sites may be more influenced by precipitation 

during spring, summer, and autumn. And he concluded that the limiting factors for trees vary 

among different ecotones.  

Fritts et al. (1965) then introduced the idea of investigating tree growth along 

ecological gradients, which was further studied by LaMarche (1974a, 1974b), Norton (1983), 

Kienast (1987), and additional researchers. Effects of climate on tree growth along an 

altitudinal gradient have been studied worldwide. It is commonly found that the upper forest 

limit is controlled primarily by air temperatures, whereas the lower forest limit is controlled 

primarily by precipitation (Fritts et al. 1965, LaMarche 1974a, Fritts 1976, Kienast et al. 

1987, Block and Treter 2001, Wang et al. 2005). Focusing on a geographical gradient in the 

region of northern Arizona, Fritts et al. (1965) observed different strengths of the climate-

tree growth relationship along the gradient. Samples of Douglas-fir (Pseudotsuga menziesii 

(Mirb.) Franco), ponderosa pine (Pinus ponderosa Douglas ex C. Lawson var. scopulorum 

Engelm.), and pinyon pine (Pinus edulis Engelm.) were collected along a gradient ranging 

from forest interior to semiarid lower forest border. The results showed that tree rings from 
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three chronologies near the lower forest borders had low mean ring-width, a high percentage 

of locally absent rings, and the highest year-to-year width variation compared to rings from 

interior stands. Multiple correlation and correlation analyses revealed that the limiting power 

of winter and spring precipitation on trees increased from the forest interior to the lower 

forest border sites. Fritts et al. also graphically depicted such tree-ring characteristics in 

association with site differences along a vegetational and precipitation gradient (Figure 1). In 

addition, Fritts et al. suggested the importance of site selection in producing reliable tree-ring 

records of climatic fluctuations. In northern Arizona, the best chronologies are from marginal 

semiarid sites near the lower forest border. But, the quality of tree-ring chronologies can also 

be affected by different species, different regions, and other factors. 

Since then, investigating tree growth along geographical gradients has been well 

applied around the world, including in the southeastern U.S. Kienast et al. (1987) analyzed 

the relationship between climate and maximum latewood density and total ring width of 

conifer species along altitudinal gradients in the Rhone Valley and Jura of Switzerland, 

Troodos Mountain of Cyprus, and the Front Range of Colorado. Response to summer 

temperature was significant at upper treelines and showed an altitudinal gradient trend which 

traded-off with the precipitation signal as elevation decreased. In the southeastern U.S, 

Jacobi and Tainter (1988) studied the effect of climate on radial growth of white oak along a 

gradient from xeric upland flats and upper slopes to mesic lower slopes in the South Carolina 

Piedmont. In general, the more xeric the community type, the greater the mean sensitivity 

and the interseries correlation, as well as the lower the first-order autocorrelation. They also 

statistically tested the difference in the length of the recovery period after drought events 

along the gradient. The hypothesis was rejected and no significant difference existed (Jacobi 
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and Tainer 1988). In agreement with previous studies, Wilson and Hopfmueller (2001) also 

found that the low elevation chronologies had a stronger response to precipitation than higher 

sites at the Bavarian Forest in Germany. They suggested that ring patterns obtained from low 

sites could not be used to date tree rings from high sites. 

However, gradient characteristics of climate-tree growth relationship were not always 

apparent or easily tested. Even if all sites are geographically located in a gradient, other 

environmental factors may be greatly influential on a local scale. For example, in northern 

Fennoscandia, a west-to-east sampling area was chosen to examine the spatiotemporal 

variability in tree-ring chronologies. From the Atlantic coast to the Scandes interior side, no 

clear gradient features of the climate-tree growth relationship was observed (Macias et al. 

 

Figure 1. Diagram of changes in tree-ring characteristics along a transect from the 

forest interior to the semiarid forest border (Fritts et al. 1965). 



8 

 

2004). But a principal component that represented the west and east separation along the 

gradient of the Scandes showed a strengthening oceanic-continental climatic gradient in the 

analysis period of 1961–1991 (Macias et al. 2004). The Scandes Mountains played an 

important role in this tree-ring network to determine the climate response pattern of trees.  

Examining temporal characteristics can improve the formulation of hypotheses on the 

effects of climate change on tree growth over time (Mäkinen 2002). Climatic shifts over time 

can be deciphered from tree-growth responses. Hofgaard et al. (1999) identified a shift 

around 1875, which was abrupt and characterized by a turbulent climatic period. Tree-ring 

data from black spruce (Picea mariana (Mill.) BSP) and jack pine (Pinus baksiana Lamb.) 

along a latitudinal transect in eastern Canada were used to examine spatial and temporal tree-

growth responses to climate change. The researchers noticed that a long and gradual climatic 

gradient shifted to a short gradient with clear segregation between the southern and northern 

parts of the transect around 1875, and they discussed that this observed pattern was likely 

related to a large-scale shift in the mean position of the Arctic Front that occurred at the end 

of the 1800s (Hofgaard et al. 1999). The position of the arctic air mass changed gradually 

during their study period of 1825–1993, and the growth of the forests was controlled by 

accordingly different climates. During the Little Ice Age, cold and dry climate primarily 

affected the forests due to the arctic air‟s mean position south of 48°N; around 1875, the 

gradient was in a transition zone between dry arctic air and moist air of southern origin; 

during the mid-20
th

 century, moist and warm air masses dominated the gradient because the 

mean position of the arctic air moved to north of 50°N (Hofgaard et al. 1999). 

Many temperature reconstructions have revealed characteristics of climate variability 

for the last millennium, which, in general, include a long-term cooling trend from A.D. 1000 
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to 1900 and a marked warming trend in the 20
th

 century, with short-term and multidecadal 

fluctuations superimposed over time (Mann et al. 1999, Briffa 2000, Jones et al. 2001, 

Alverson et al. 2003). However, the response of trees to climate variations is not always 

consistent among studies, and sometimes it challenges widely accepted ideas. Briffa et al. 

(1990) reconstructed the mean summer (April-August) temperature of northern Fennoscandia 

since A.D. 500 using tree-ring width and density data, but their results challenged the 

existence of two widely established climatic periods, the Medieval Warm Epoch (A.D. 1000–

1300) and the Little Ice Age (A.D. 1550–1850). Absence or offset of these two major climate 

excursions demonstrated that climate information abstracted from tree growth might not 

agree with common climatic features, but in another way, it probably can help to reexamine 

the popular ideas on climate history. 

To study climate change, it is necessary to understand more than just temperature 

changes. The behavior of other internal factors in the climate system, such as oceanic-

atmospheric oscillations, can trigger significant responses in trees as well (Mann and Park 

1996). In recent decades, dendroclimatological research has began focusing on the climatic 

information about major modes of general circulation dynamics linked to the North Atlantic 

Oscillation (NAO), Atlantic Multidecadal Oscillation (AMO), Pacific Decadal Oscillation 

(PDO), and El Niño-Southern Oscillation (Cook et al. 1998, Briffa 2000, D‟Arrigo et al. 

2001). Such large-scale climate oscillations and their revelations in dendroclimatic analyses 

will be addressed in the next chapter.  
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1.3 Research Questions and Objectives 

Over the past few decades, many studies have investigated climatic oscillations 

shown in tree-ring records (Viau et al. 2002, Li et al. 2007). Such dendroclimatic studies on 

large spatial and temporal scales are promising in the southeastern United States (Hawley 

1938, Stahle and Cleaveland 1992). Dynamics of climatic fluctuation patterns primarily 

regulate temperature, precipitation, and natural disturbances on vegetation in this region; thus, 

regional tree growth can be expected to respond both to fundamental climatic variables and 

to large-scale climate oscillations. My research examined the gradient characteristics of 

climate-tree growth relationship along a longitudinal transect across the southeastern U.S.   

The United States Environmental Protection Agency (U.S. EPA) (Omernik 1987) 

delineated the mid-Atlantic and the southeast as five ecoregions: Middle Atlantic Coastal 

Plain, Southeastern Plains, Piedmont, Northern Piedmont, and Blue Ridge Mountain (Figure 

2; Griffith et al. 2003). This classification depicted a gradient of geography and landscape 

mosaic types from the Atlantic Coast to the highest elevations in the eastern United States. A 

common characteristic of these five ecoregions is the temperate climate and the dominance 

of mixed deciduous/coniferous forests (Loveland et al. 2002, Griffith et al. 2003). My study 

area concentrates on a longitudinal transect, which crosses through the Coastal Plain in North 

Carolina into the western Great Smoky Mountains, and lies across four of the ecoregions, 

except for the North Piedmont. The landscape can greatly influence tree growth and create 

local and regional differences in climate. In other words, climatic controls in trees may 

respond differently to ecosystem processes that operate in the more diverse landscapes of the 

southeastern U.S. Therefore, it is important to consider the effects of topographic and 

ecological influences on vegetation (Mermoz et al. 2005). 
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Figure 2. The five ecoregions in the mid-Atlantic and southeastern United States, delineated by U.S. 

EPA (Omernik 1987). 

 

Air circulations that mainly affect the study region move from the subtropical ocean 

areas, including the Gulf of Mexico and west-central Atlantic Ocean, upward and westward 

into the southeastern United States with high moisture and heat. Trees that grow in this area 

were thought to form closed canopies and not to have a high sensitivity to climatic factors. 

However, as air masses move from the ocean to the land, the strength and effects of these 

oceanic-atmospheric circulations may decrease along the way from coast to interior. In 

addition, the southern Appalachian Mountains may block the air masses. The effects of 

climate forcing factors on tree growth may vary depending on the distance from the ocean 

and the tree location. Accordingly, the major questions for this study are whether a difference 

exists among climate influences on trees between various sites from coastal plain to inland 
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mountains, and, if so, does the climatic variable(s) have a gradient characteristic of climate 

responses along the transect?  

Research questions addressed the spatial variations in the relationship between 

climate and tree growth. Temporal characteristics of the responses are also of importance to 

understanding the impacts of climate change on temperate forests. The three main objectives 

of this research are:  

1) Characterize the response of a network of tree-ring chronologies in the 

southeastern U.S. to past climate, especially to some large-scale oceanic-atmospheric 

oscillations, such as the North Atlantic Oscillation (NAO) and Atlantic Multidecadal 

Oscillation (AMO);  

2) Examine the gradient change of climatic factors from the coastal to inland 

locations in the Southeast, and discuss possible reasons;  

3) Examine temporal changes of the climate-tree growth relationship, and conduct a 

preliminarily test of the possibility of reconstructing some climate variable for the 

region. 

 

1.4 Justification 

Vegetation in the southeastern United States consists mainly of closed canopy forests, 

which have been mostly avoided for dendroclimatic reconstructions because competition for 

light and episodic disturbances may affect tree growth and mask tree response to climatic 

variations (Fritts 1976, Speer et al. 2009). In recent decades, several dendroclimatic analyses 

have been conducted in the southeastern United States and have successfully demonstrated 

the potential for using southeastern tree species to investigate past climate (Tryon and True 
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1958, Lanasa 1971, Schwegler 1983, Stahle and Cleaveland 1992, Pan et al. 1997, Speer et 

al. 2009). For example, in the 1980s, reduction in radial growth of southern pines in the 

Piedmont region of the southeastern United States was documented in several studies 

(Sheffield et al. 1985, Sheffield and Cost 1987), and Zahner et al. (1989) investigated and 

explained possible reasons for the growth decline using dendrochronological techniques. 

Undisturbed even-aged loblolly pines from the Piedmont region of Georgia, South Carolina, 

and North Carolina were selected to build a short chronology, spanning 1949–1984. Using 

simulation models, Zahner et al. (1989) analyzed the annual variation and the multiple-year, 

lagged cumulative effect of climate on trees. They found that the significant decline in radial 

growth was primarily associated with changes in stand density, distinct climatic intervals, 

and the passage of time. Furthermore, Speer et al. (2009) compared the strength and clarity 

of climate response among five oak species in the southern Appalachian Mountains. 

Chronology statistics showed the site-species chronologies had an average interseries 

correlation of 0.56 and average mean sensitivity of 0.20, while the regional-species 

chronologies had values of 0.43 and 0.19, respectively. Their research provides evidence that 

hardwood species are a valuable resource for dendrochronological studies in the Southeast. 

However, it is still insufficient for our understanding of the climatic response by trees in the 

region. A much better understanding is needed on how ring width variations can be used to 

make inferences of past climate in this particular region, especially across a large spatial 

scale.  

Impacts of environmental factors are known to gradually change across altitudinal, 

latitudinal, or longitudinal gradients. Effects of changing climate cause different responses by 

trees along these gradients. Studying a network of tree-ring chronologies is a useful method 
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in dendroclimatology to reveal environmental gradient features. Many studies have shown 

the validity of examining different climatic responses or shifts of dominant limiting factors 

along environmental transects (Fritts et al. 1965, Hopfmueller 2001, Mäkinen et al. 2002, 

Helama et al. 2005, Wilson and Filippo et al. 2007). However, little research has examined 

responses to climatic variables in tree-ring records across a coastal-inland gradient. This 

thesis examined a small network of tree-ring data from the Coastal Plain to the interior 

montane area, and discussed related influences of biotic and abiotic components.  

Besides the impacts of oceanic-atmospheric oscillation, other abiotic factors also play 

an important role in tree growth. Compared to the highly studied Southwest of the U.S, the 

situation for the Southeast is more complex because of the many variables to which the trees 

are possibly responding, such as topography, microenvironment, and various natural and 

human disturbances. Also, I was curious about whether temperature or precipitation signals 

were related to variations of climate oscillations, and whether temporal shifts of climatic 

variables reflected by tree growth would coincide with the phase change of climate 

oscillations. All facts and considerations above indicated that the dendroclimatic analysis for 

the southeastern U.S. was worthy, and the spatial variation of climate responses by trees 

along a coastal-inland transect was interesting to study. 
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CHAPTER 2 

CLIMATE PATTERNS THAT MAY AFFECT THE SOUTHEASTERN U.S. 

 

2.1 North Atlantic Oscillation (NAO) 

The North Atlantic Oscillation is a large-scale fluctuation in atmospheric mass that 

was discovered by Gilbert Walker in the 1920s (Rogers 1984). The NAO index was 

originally and simply designated as the pressure difference between the Azores High and 

Icelandic Low (Walker 1924, Walker and Bliss 1932). Currently, the NAO index is 

calculated from the normalized sea level pressure (SLP) difference between the Azores 

region and Icelandic region for the 4-month winter (December–March) season (Hurrell 1995). 

Therefore, the NAO is an important indicator of climate variability between the subtropical 

high and the polar low, especially during wintertime in the Northern Hemisphere.  

The NAO can be measured and classified into two phases, positive and negative, each 

with an inconsistent duration. The NAO was studied as a 1.7–7.5 year climate teleconnection 

(Walker 1924, Lamb and Peppler 1987). However, the existence of 7-year, 25-year, 70-year, 

and other spectral peaks was noted in later studies (Rogers 1984, Cook et al. 1998, Cook et al. 

2002). Cook et al. (2002) pointed out that the NAO during the twentieth century has been 

anomalously strong, with persistent periods of positive and negative phases, while no such 

features were found prior to 1900. They suggested that the frequency variability of the NAO 

was associated with the relative length of climate record being studied compared with the 

NAO series.  

Dynamics of the NAO influence air temperature, circulation of winds, ocean currents, 

and precipitation patterns over the region in the North Atlantic. According to the dynamics of 
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The relationship between the NAO and tree growth at the Hope Mills site was not 

stable over time (Figure 15). The significant negative association, suggesting that tree growth 

tends to be reduced during the warm phase of the NAO, shifted in the 1910s from the 

previous summer to current spring months, but the relationship ended during the mid-1980s. 

In addition, previous October NAO was negatively correlated with the growth from 1900 to 

1950. For the positive relationships, beginning ca. 1940, winter (January and February) and 

August NAO were significantly correlated with tree growth. The October NAO, both in the 

previous and current year, showed a positive relationship during certain periods. The 

previous and current May were positively significant from 1930–1980s (Figure 15). The 

negative and positive correlations in different months sometimes grouped together to 

influence tree growth.  

 The moving correlations between AMO indices and the Hope Mills chronology 

showed two major patterns of significant relationships between 1856 and 2003. From the 

previous late summer to the end of the current growing season, the AMO index values 

showed statistically significant positive correlations with tree growth from the 1880s to 1920 

(Figure 16). Since the late 1930s, the many significant negative correlations between AMO 

and tree growth across all months indicated more an annual influence on tree growth rather 

than a monthly or seasonal influence. But this negative association weakened around the 

1980s, except that the relationship with the March and April AMO values lasted to the end of 

study period (Figure 16). Basically, cool phases of the AMO correspond with increased 

precipitation over much of the U.S, which cause faster tree growth, while warm phases of the 

AMO bring abnormally less precipitation in North America, producing lower-than-average 

tree growth.   
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Figure 15. Moving correlation analysis between the NAO index and the Hope Mills chronology using 

40-year moving intervals, from 1874 to 2003. Monthly NAO index is listed on the y-axis, beginning 

with previous May (bottom) and ending with current December (top). Last years of moving intervals 

are listed on the x-axis. For example, a grid square marked 1914 represents the period from 1874 to 

1914. Different colors in the grid represent different levels of the correlation coefficient. 
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Figure 16. Moving correlation analysis between the AMO index and the Hope Mills chronology using 

40-year moving intervals, from 1856 to 2003. Monthly AMO index is listed on the y-axis, beginning 

with previous May (bottom) and ending with current December (top). Last years of moving intervals 

are listed on the x-axis. For example, a grid square marked 1896 represents the period from 1856 to 

1896. Different colors in the grid represent different levels of the correlation coefficient. 
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Few statistically significant correlations between the PDO index and the chronology 

were found before the mid-1930s, but I observed significant negative correlations in some 

decades afterward (Figure 17). The PDO index values of previous May through July and 

current March through June were significantly negatively correlated with tree growth in years 

around 1935–1980. During 1950–2000, the negative relationship shifted to February, early 

summers, and early winters. Positive PDO values in these seasons coincided with below-

average ring growth (Figure 17). But overall, the strength of the association between growth 

and the PDO index was the weakest compared to the three other oscillations. 

Although the SOI had the shortest period of analysis, it showed strong positive 

correlations with tree growth in months of previous August to current April, and current 

September and October (Figure 18). Since the late 1990s, significant correlations were 

generally weakened and significant months were reduced to previous September, November, 

and December. The positive relationship with current fall SOI was also weakened since the 

mid-1990s. In general, higher SOI values favored tree growth at Hope Mills. 

 

5.3 Linville Mountain 

5.3.1 Monthly Temperature, Precipitation, and PDSI Responses 

 Correlations showed that of 20 climatic variables analyzed, summer temperature, 

PDSI, and early summer precipitation exhibited the strongest seasonal relationships with 

radial growth (Figure 19). Temperatures from June through September of the current year 

were significantly negatively correlated with tree growth, while the association with March 

temperature was significantly positive. Precipitation in June and July were significantly 

positively correlated with growth (both r=0.21, P<0.05). High summer temperatures 
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Figure 17. Moving correlation analysis between the PDO index and the Hope Mills chronology using 

40-year moving intervals, from 1900 to 2003. Monthly PDO index is listed on the y-axis, beginning 

with previous May (bottom) and ending with current December (top). Last years of moving intervals 

are listed on the x-axis. For example, a grid square marked 1940 represents the period from 1900 to 

1940. Different colors in the grid represent different levels of the correlation coefficient. 
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Figure 18. Moving correlation analysis between the Southern Oscillation Index (SOI) and the Hope 

Mills chronology using 40-year moving intervals, from 1951 to 2003. Monthly SOI is listed on the y-

axis, beginning with previous May (bottom) and ending with current December (top). Last years of 

moving intervals are listed on the x-axis. For example, a grid square marked 1991 represents the 

period from 1951 to 1991. Different colors in the grid represent different levels of the correlation 

coefficient. 
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combined with low early summer precipitation induce drought conditions, which can be 

indicated by low values of PDSI. A positive relationship between PDSI and tree growth was 

found from June through September of the current growing season. Consequently, low values 

of PDSI in summer would coincide with below-average growth. 

Results of the response function analysis did not show similarly high coefficients 

during summer of the current year for temperature and PDSI (Figure 20). Only July 

precipitation had a weak positive association with tree growth (r=0.17, P<0.05). A significant 

positive relationship between March temperature and radial growth was again detected, and 

is the only significant temperature variable (r=0.19, P<0.05). For PDSI, response function 

analysis revealed a weakly negative relationship between previous July PDSI and ring 

growth (r= –0.12, P<0.05) (Figure 20). 

 

5.3.2 Monthly NAO, AMO, PDO, and ENSO Responses 

Correlation analysis between four climate oscillation indices and the Linville 

Mountain chronology indicated different characteristics from that of the Coastal Plain site. At 

this site, ENSO exhibited the strongest relationship with tree growth (Figure 21). The 

significant positive correlations were evident from previous May until current February, but 

after winter, no significant relationships with SOI were found. The highest coefficients 

occurred in July and October of the previous year (rP Jul.=0.53, rP Oct.=0.44, P<0.01). The 

relationship between PDO and tree growth was the second strongest among these four. 

Unlike the Coastal Plain site, the coefficients of 20 PDO variables and the growth 

correlations were all negative. Significant negative values were found in September and 

December of the previous year, and February and April of the current year. The Linville  



73 

 

 

Figure 19. Correlations between the Linville Mountain chronology and monthly temperature (tmp), 

precipitation (pcp), and PDSI from previous May to current December (1895–2008) (*: P<0.05; **: 

P<0.01). 

 

 

Figure 20. Response function coefficients for the Linville Mountain site (1895–2008) (*: P<0.05). 
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Figure 21. Correlation coefficients between monthly oscillation index values and the Linville 

Mountain chronology (*: P<0.05). 
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Mountain chronology was not strongly correlated with AMO index values. Previous May 

was the only month that showed a significant but weak positive association with tree growth, 

although other months in the previous year had similar values of coefficients. The correlation 

coefficients for months of the current year were all around zero, indicating a lack of linear 

association (Figure 21). February (r=0.25, P<0.05) and September (r=0.16, P<0.05) NAO 

indices were also found to be significant to tree growth, suggesting that the positive phases of 

the NAO coincided with increased tree growth, while negative phases tended to coincide 

with narrow rings.  

 

5.3.3 Moving Interval Analysis 

The pattern of temporal switches of climatic limiting factors on tree growth at the 

Linville Mountain site was less complex than at the Coastal Plain site, and was generally 

more easily identified. Long-term continuously significant temperature responses were found 

at Linville Mountain from 1895 to the 1970s (Figure 22). June and July temperatures were 

negatively correlated with growth from 1895 to 1975, suggesting that high temperatures in 

early summer contributed to decreased radial growth. Similar significant correlations 

between growth and September temperature appeared since ca. 1907, and lasted longer than 

the June and July signals until the last year of the analysis period. However, the correlation 

strength weakened beginning ca. 1950. Temperatures from January to March exhibited 

significantly positive correlations with tree growth since the 1950s.  

Correlations between precipitation and tree growth exhibited an abrupt weakening in 

the late 1960s (Figure 23). In the early half of the 20
th

 century, April–June and September 

precipitation showed strong positive correlations, while previous May precipitation showed 
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negative correlations. In the latter half of the century, few significant, long-term relationships 

existed any longer, and weak negative correlations between August and November 

precipitation and tree growth appeared since late 1950s. PDSI did not show the bimodal 

significant correlation patches with growth over time. The period from 1895 to the 1970s 

exhibited significant positive relationships between PDSI and tree growth (Figure 24). 

The Linville Mountain chronology did not show any consistent relationship with the 

NAO over time (Figure 25). In addition, the number of significant relationships at this site 

was much fewer than that at the Hope Mills site. The negative correlations between growth 

and NAO index values were significant in previous November and December from 1890 to 

1960 and in current June from the 1920s to the last year analyzed. Significantly positive 

correlations in winter and summer existed before the first half of the 20
th

 century and 

reappeared in a few of the most recent decades.  

The relationships between the Linville Mountain chronology and AMO shifted over 

time (Figure 26). In general, negative correlations in the current summer switched to positive 

correlations in months of the previous year during the middle of the 20
th

 century. Since the 

1960s, previous May through December and the current summer months were strengthened 

and showed statistically significant correlations with tree growth. The Linville Mountain 

chronology exhibited significant climate-growth relationships more in a seasonal form rather 

than in an annual form.  

Moving correlations between PDO index values and the Linville chronology were all 

negative (Figure 27). A winter PDO signal appeared since 1925 and strengthened in the mid-

1940s, and then the significant relationship lasted to the last year analyzed. April PDO also 

showed a long-term significant correlation with tree growth since the mid-1910s. Previous 
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May to winter SOI values were consistently and positively correlated with tree growth over 

the entire analysis period (Figure 28), except the significance of previous November and 

December began about 1960. Negative correlations between tree growth and September and 

November SOI existed from 1955 to 2000. Overall, the positive relationship were dominant, 

indicating La Niña years tended to have increased tree growth, while El Niño years coincided 

with below-average annual growth. 

 

5.4 Gold Mine Trail 

5.4.1 Monthly Temperature, Precipitation, and PDSI Responses 

 Both correlation analysis and response function analysis indicated that tree growth at 

the Gold Mine Trail site was correlated more with temperature variables than with 

precipitation or PDSI (Figures 29 and 30). The most significant variables among the 60 

analyzed were January (r=0.43, P<0.01) and February (r=0.39, P<0.01) mean temperatures. 

Warmer winters before the growing season were associated with increased radial growth, 

while colder winters tended to bring low increment growth. Winter precipitation and PDSI 

did not have strong correlations with growth. The response function coefficients 

complemented the results of the correlation analysis. Again, winter temperature (January and 

February) had the highest coefficients, suggesting that warmer winters lead to increased 

annual growth (Figure 30). No monthly precipitation or PDSI variables among these 20 

months were significantly correlated with growth at the Gold Mine Trail site. Therefore, 

winter temperature is the only driving factor for yellow pine growth at this site.  
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Figure 22. Moving correlation analysis between temperature and the Linville Mountain chronology, 

using 40-year moving intervals, from 1895 to 2008. Monthly temperature is listed on the y-axis, 

beginning with previous May (bottom) and ending with current December (top). Last years of moving 

intervals are listed on the x-axis. For example, a grid square marked 1935 represents the period from 

1895 to 1935. Different colors in the grid represent different levels of the correlation coefficient. 
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Figure 23. Moving correlation analysis between precipitation and the Linville Mountain chronology 

using 40-year moving intervals, from 1895 to 2008. Monthly precipitation is listed on the y-axis, 

beginning with previous May (bottom) and ending with current December (top). Last years of moving 

intervals are listed on the x-axis. For example, a grid square marked 1935 represents the period from 

1895 to 1935. Different colors in the grid represent different levels of the correlation coefficient. 
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Figure 24. Moving correlation analysis between PDSI and the Linville Mountain chronology using 

40-year moving intervals, from 1895 to 2008. Monthly PDSI is listed on the y-axis, beginning with 

previous May (bottom) and ending with current December (top). Last years of moving intervals are 

listed on the x-axis. For example, a grid square marked 1935 represents the period from 1895 to 1935. 

Different colors in the grid represent different levels of the correlation coefficient. 
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Figure 25. Moving correlation analysis between the NAO index and the Linville Mountain 

chronology using 40-year moving intervals, from 1874 to 2005. Monthly NAO index is listed on the 

y-axis, beginning with previous May (bottom) and ending with current December (top). Last years of 

moving intervals are listed on the x-axis. For example, a grid square marked 1914 represents the 

period from 1874 to 1914. Different colors in the grid represent different levels of the correlation 

coefficient. 
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Figure 26. Moving correlation analysis between the AMO index and the Linville Mountain 

chronology using 40-year moving intervals, from 1856 to 2008. Monthly AMO index is listed on the 

y-axis, beginning with previous May (bottom) and ending with current December (top). Last years of 

moving intervals are listed on the x-axis. For example, a grid square marked 1901 represents the 

period from 1856 to 1896. Different colors in the grid represent different levels of the correlation 

coefficient. 
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Figure 27. Moving correlation analysis between the PDO index and the Linville Mountain chronology 

using 40-year moving intervals, from 1900 to 2008. Monthly PDO index is listed on the y-axis, 

beginning with previous May (bottom) and ending with current December (top). Last years of moving 

intervals are listed on the x-axis. For example, a grid square marked 1940 represents the period from 

1900 to 1940. Different colors in the grid represent different levels of the correlation coefficient. 
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Figure 28. Moving correlation analysis between Southern Oscillation Index (SOI) and the Linville 

Mountain chronology using 40-year moving intervals, from 1951 to 2008. Monthly SOI is listed on 

the y-axis, beginning with previous May (bottom) and ending with current December (top). Last years 

of moving intervals are listed on the x-axis. For example, a grid square marked 1991 represents the 

period from 1951 to 1991. Different colors in the grid represent different levels of the correlation 

coefficient. 
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Figure 29. Correlations between the Gold Mine Trail chronology and monthly temperature (tmp), 

precipitation (pcp), and PDSI from previous May to current December (1895–2006) (*: P<0.05; **: 

P<0.01). 

 

 

Figure 30. Response function coefficients for the Gold Mine Trail site (1895–2006) (*: P<0.05). 
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Figure 31. Correlation coefficients between monthly oscillation index values and the Gold Mine Trail 

chronology (*: P<0.05). 
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previous October were positively correlated with growth (Figures 33 and 34). The 

relationship between growth and precipitation and PDSI also shifted around the mid-20
th

 

century. February precipitation turned out to be more significant after the 1960s. The positive 

relationship between growth and December precipitation also appeared after the 1950s and 

lasted into recent years (Figure 33). The relationship between growth and PDSI was 

weakened in the mid-1950s, but was back to a similar strength of significance around 1990. 

Moving interval analysis suggested a strengthening of the response to both PDSI, and May 

and December precipitation in the second half of the 20
th

 century (Figure 34). 

Moving analyses on the four climate oscillations showed relatively more consistent 

significant correlations with PDO and AMO index values compared with unpatterned 

moving interval analysis of the NAO and ENSO. The NAO was significantly correlated with 

tree growth in several different months over the study period, but winter NAO values were 

positively correlated with growth since the 1950s (Figure 35). Summer PDO had a negative 

relationship with growth between 1900 and 1960, while winter PDO significantly correlated 

with growth from 1940 to 2006 (Figure 37). Although the negative association between PDO 

and tree growth was apparent over time, the stronger relationship between AMO and tree 

growth probably indicates that the Gold Mine Trail chronology is more responsive to climate 

variability in the Atlantic Ocean than the Pacific Ocean (Figure 36). Since the 1900s, the 

AMO index values of the previous year were consistently significantly correlated with tree 

growth until the beginning of the current century. During the 1930s to ca. 1990, the summer 

and fall seasons of the current year also showed significant positive relationships between 

AMO and growth. Although the positive correlations were dominant over time, a significant 

negative relationship existed from current July to December in the period 1880–1920s. 
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Figure 32. Moving correlation analysis between temperature and the Gold Mine Trail chronology, 

using 40-year moving intervals, from 1895 to 2006. Monthly temperature is listed on the y-axis, 

beginning with previous May (bottom) and ending with current December (top). Last years of moving 

intervals are listed on the x-axis. For example, a grid square marked 1935 represents the period from 

1895 to 1935. Different colors in the grid represent different levels of the correlation coefficient. 

 

Before the 1900s, positive correlations were scattered in several months (Figure 36). For the 

ENSO, previous June, July, and October SOI values were correlated positively with growth 

from the 1950s to mid-1990s (Figure 38). The ENSO signal was weak at the Gold Mine Trail 

site, and no shifts were observed over time. 
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Figure 33. Moving correlation analysis between precipitation and the Gold Mine Trail chronology 

using 40-year moving intervals, from 1895 to 2006. Monthly precipitation is listed on the y-axis, 

beginning with previous May (bottom) and ending with current December (top). Last years of moving 

intervals are listed on the x-axis. For example, a grid square marked 1935 represents the period from 

1895 to 1935. Different colors in the grid represent different levels of the correlation coefficient. 
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Figure 34. Moving correlation analysis between PDSI and the Gold Mine Trail chronology using 40-

year moving intervals, from 1895 to 2006. Monthly PDSI is listed on the y-axis, beginning with 

previous May (bottom) and ending with current December (top). Last years of moving intervals are 

listed on the x-axis. For example, a grid square marked 1935 represents the period from 1895 to 1935. 

Different colors in the grid represent different levels of the correlation coefficient. 
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Figure 35. Moving correlation analysis between the NAO index and the Gold Mine Trail chronology 

using 40-year moving intervals, from 1874 to 2005. Monthly NAO index is listed on the y-axis, 

beginning with previous May (bottom) and ending with current December (top). Last years of moving 

intervals are listed on the x-axis. For example, a grid square marked 1914 represents the period from 

1874 to 1914. Different colors in the grid represent different levels of the correlation coefficient. 
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Figure 36. Moving correlation analysis between the AMO index and the Gold Mine Trail chronology 

using 40-year moving intervals, from 1856 to 2006. Monthly AMO index is listed on the y-axis, 

beginning with previous May (bottom) and ending with current December (top). Last years of moving 

intervals are listed on the x-axis. For example, a grid square marked 1901 represents the period from 

1856 to 1896. Different colors in the grid represent different levels of the correlation coefficient. 
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Figure 37. Moving correlation analysis between the PDO index and the Gold Mine Trail chronology 

using 40-year moving intervals, from 1900 to 2006. Monthly PDO index is listed on the y-axis, 

beginning with previous May (bottom) and ending with current December (top). Last years of moving 

intervals are listed on the x-axis. For example, a grid square marked 1940 represents the period from 

1900 to 1940. Different colors in the grid represent different levels of the correlation coefficient. 
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Figure 38. Moving correlation analysis between the Southern Oscillation Index (SOI) and the Gold 

Mine Trail chronology using 40-year moving intervals, from 1951 to 2006. Monthly SOI is listed on 

the y-axis, beginning with previous May (bottom) and ending with current December (top). Last years 

of moving intervals are listed on the x-axis. For example, a grid square marked 1991 represents the 

period from 1951 to 1991. Different colors in the grid represent different levels of the correlation 

coefficient. 
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5.5 Climate Responses in the Composite Chronology 

The relationships between four oceanic-atmospheric oscillations and regional tree 

growth were preliminarily tested using the composite chronology and monthly NAO, AMO, 

PDO, and ENSO index data from previous May to current December. Bootstrapped 

correlation analysis and response function analysis were obtained using the 

DENDROCLIM2002 program.  

Correlation results and response function results showed the same NAO variables that 

had significant relationships with tree growth. Winter (particularly January and February), 

August, and October NAO values exhibited strongly positive associations with growth 

(Figure 39). High index values of NAO in these months mostly coincided with increased tree 

growth, while low NAO values were associated with below-average growth. Significant 

relationships between AMO values and the composite chronology were found in months of 

the previous year in the correlation analysis (Figure 40). No relationships were shown in the 

response function analysis. Bootstrapped correlations between PDO variables and averaged 

ring width were negatively significant in February to May, July to August, October, and 

December of the current year (Figure 41). Response function analysis did not show a similar 

pattern. Thus, it is not convincing that higher PDO values of the current year bring decreased 

growth, while lower PDO values tend to cause increased growth. The SOI, a measure of the 

strength of ENSO, was strongly positively correlated with regional tree growth during all 

previous months in analysis and also during January, April, and July of the current year 

(Figure 42). Although the significant relationships were suggested in correlation analysis, 

still no evident associations were detected in the response function analysis between SOI 

values and growth. Basically, if the previous year is a La Niña year (high SOI value), tree 
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growth in the region tended to increase, while growth tended to decrease during an El Niño 

year.  

 
Figure 39. Correlation and response function significant coefficients between the composite 

chronology and monthly NAO index from the previous May to the current December (1874-2003). 

Coefficients with significant level higher than 5% are marked using colors, and all non-significant 

coefficients are marked equal to zero. 

 

 
Figure 40. Correlation and response function significant coefficients between the composite 

chronology and monthly AMO index from the previous May to the current December (1856-2003). 

Coefficients with significant level higher than 5% are marked using colors, and all non-significant 

coefficients are marked equal to zero. 
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Figure 41. Correlation and response function significant coefficients between the composite 

chronology and monthly PDO index from the previous May to the current December (1900-2003). 

Coefficients with significant level higher than 5% are marked using colors, and all non-significant 

coefficients are marked equal to zero. 

 

 
Figure 42. Correlation and response function significant coefficients between the composite 

chronology and monthly SOI from the previous May to the current December (1951-2003). 

Coefficients with significant level higher than 5% are marked using colors, and all non-significant 

coefficients are marked equal to zero. 
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CHAPTER 6 

DISCUSSION 

 

6.1 Chronologies and Extreme Climatic Events 

The three sites of Hope Mills, Linville Mountain, and Gold Mine Trail yielded 

individual chronologies of varying lengths but similar quality in terms of mean sensitivity 

and interseries correlation. All three had mean sensitivity values higher than 0.27, while their 

interseries correlation values were higher than 0.52, both exceeding the average levels in the 

published dendrochronological literature for the southeastern U.S. The Hope Mills longleaf 

pine chronology is remarkably longer than the other two because it was built using logs from 

historical structures. The Linville Mountain chronology is the shortest mainly because old-

growth Table Mountain pines were difficult to find in those forests. These three pine 

chronologies from the southeastern United States shared a common period of A.D. 1828–

2003. During this period, decadal climate variability was observable, especially in the form 

of extreme climatic events. Trees responded to and recorded the influence of climate factors. 

Inspecting the chronologies, indications of severe climate episodes were evident in several 

decades. To aid the identification of trends in tree growth over time, smoothed 5-year moving 

averages were calculated.  

 

6.1.1 The 1830s–1840s 

Although chronologies in this study were too short to examine the centennial climate 

variability, the ending period of the Little Ice Age (A.D. 1400 to 1850) still acted as a 

negative effect on tree growth, as seen in the below-average ring growth for the years from 
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ca. 1820 to 1850 (Figure 7). At the coastal Hope Mills site, constrained growth can be seen 

clearly during this period (Figure 7c). At the Linville Mountain site, one notable growth 

suppression occurred in the 1840s and lasted nearly a decade (Figure 7a). At the Gold Mine 

Trail site, however, the 1830s–1840s period did not show significant anomalies in radial tree 

growth (Figure 7b). Climate variations apparently influenced the growth. The climate of the 

period from the 1830s to the 1840s in the United States was previously investigated by Wahl 

(1968), and the results showed that climate was colder and wetter in some regions over the 

eastern and central parts of the country than it was in the time from 1930 to 1940. 

Furthermore, Wahl (1968) interpreted that the Appalachian Mountains acted as a distinct 

influence to the pattern of climate in this period, as shown by the decreased growth patterns 

within my three chronologies over the 1830s to 1840s. In my study, the reduced tree growth 

in the Atlantic coastal site was distinct from the growth pattern observed in the western 

Appalachians. Further studies in recent decades suggested that the reduced growth during the 

1830s might be also tied to decadal fluctuations in North Atlantic climate (Jacoby and 

D‟Arrigo 1992, D‟Arrigo et al. 1996, Ruffner and Abrams 1998). 

 

6.1.2 The 1890s 

The period A.D. 1890–1900 is a notable phase with obvious decreased tree growth in 

all three chronologies. In the Coastal Plain site and the western southern Appalachians site, 

this long-term (7–10 years) below-average growth was more significant than at the eastern 

southern Appalachians site, for which the growth was just slightly constrained over the 1890s 

(Figure 7). It is also noteworthy that, although a difference in the 5-year smoothing average 

existed between the Linville Mountain site and the other two, the pattern of ring widths of 
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individual years within the 1890s was very similar. For example, 1891/1892, 1895, and 1899 

were years of anomalously low growth likely associated with climate anomalies. On a 

regional scale, the years 1894 and 1895 were reported as having widespread, severe droughts; 

and 1899 was the year with an influential drought in the late 1890s (Warrick 1980, Ruffner 

and Abrams 1998). Ruffner and Abrams (1998) provided evidence of reduced growth of 

chestnut oaks in central Pennsylvania consistent with the drought. On a larger spatial scale, 

the Northern Hemisphere temperature series over 1851–1984 from meteorological data 

suggested that the intervening decades of the 1880s and 1890s were the coldest of that period 

(Jones et al. 1986). Within the reconstructed Northern Hemisphere temperature series, 

decreased temperatures occurred before the 20
th

 century‟s increasing temperature trend 

(Overpeck et al. 1997, Jones et al. 1998, Mann and Jones 2003). Overall, the 1890s reduced 

ring-growth in my chronologies could have been caused by severe short-term drought events 

and from the globally colder-than-normal temperatures, separately or together.  

 

6.1.3 The Dust Bowl of the 1930s 

The 1930s was a difficult time in American history in terms of both the severe 

climate conditions and the economic Great Depression. Beginning in 1932, extensive dirt 

blew from the Great Plains to the east coast and was eventually deposited in the Atlantic 

Ocean. From 1934 to 1936, three record drought years occurred. In 1936, a more severe 

storm spread out of the plains and across most of the nation (Bonnifield 1979). This long-

term event of drought-induced dust storms in 1930s was named the “Dust Bowl.” 

Technically, the Dust Bowl originally referred to the driest states of the southern Great Plains 

at that time, and many dust storms started there, but the entire region, and eventually the 
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entire country, was affected (Worster 1979). Evidence of the dry conditions of the Dust Bowl 

was not clearly shown in these chronologies, where reduced ring growth would have been 

expected under such unfavorable conditions (Figure 7). The study areas might not be 

severely influenced by such conditions, however, and thus environmental conditions for tree 

growth were not changed greatly during this event. The Palmer Hydrological Drought Index 

map of 1934 (Figure 43), provided by the National Climatic Data Center, illustrated the mid-

range or moderate drought levels in the study areas. Therefore, tree growth reflected the 

regional effects of this national event. Furthermore, this suggests that trees have the potential 

to be used to help identify the geographic range of a severe climate event.   

 

6.1.4 Severe Drought in the 1950s 

 Low rainfall amounts and excessively high temperatures caused severe drought in the 

1950s mainly over the Great Plains and the southwestern U.S. It was a five-year drought 

(1952–1956), and in three of these years, drought conditions stretched coast to coast. In the 

three tree-ring chronologies, the 1950s drought was illustrated at different magnitudes based 

on the tree-growth conditions. For the coastal Hope Mills site, values of ring indices for the 

entire chronology were lowest in the 1940s (Figure 7c). Radial growth of Table Mountain 

pines at Linville Mountain decreased in the beginning years of the 1950s, but, by 1955, 

growth had recovered back to an above-average level (Figure 7a). At the inland Gold Mine 

Trail site, ring-growth was not reduced in the 1950s, as had been expected (Figure 7b), 

except for the ring indices of 1953 and 1954, which were much lower than those of 

neighboring years. This severe drought event coincided with relatively cool surface 

temperatures (SSTs) in the tropical Pacific, and concurrently with relatively warm SSTs in 
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Figure 43. The Palmer Hydrological Drought Index map of 1934. As the most severe year during the 

Dust Bowl of 1930s, this map shows the areas with different levels of drought across the U.S. (from 

National Climatic Data Center, NOAA) 

 

the North Atlantic (Diaz and Gutzler 2000). The southwestern U.S. was more affected by this 

severe drought than the southeastern U.S.  

 

6.1.5 Post-1990 

The trend of tree growth in the most recent two decades was interesting and 

consistent among three sites: tree growth was rapid in 1989–1990, followed by decreased 
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growth in 1992/1993. A gradually increasing growth trend followed until the last year of 

each chronology. This pattern in these three chronologies coincided well with changes in 

global average temperature.  The 1994 IPCC report reported global average temperature 

changes from 1861 to 1992 (Figure 44; IPCC 1994). Lamb (1995) interpreted the 

temperature pattern:  

“... After truly exceptional warmth in years 1989–91, there has been some 

fall of temperature world-wide, which has been attributed by many to the 

effects of the great volcanic eruption of Mount Pinatubo in the Philippines 

in June 1991.”  

 

Since the 1990s, the global warming phenomenon is apparently present in most of the 

climate change research (Mann et al. 1999, Cook et al. 2004, Wahl and Ammann 2007, 

D‟Arrigo et al. 2008), but the “divergence” problem, which is about the inconsistency 

between some tree-ring variables and temperature, was also broadly observed in the late 20
th

 

century (Jacoby and D‟Arrigo 1995, Briffa et al. 1998, Cook et al. 2004, D‟Arrigo et al. 

2008).  

 

6.2 Tree-Growth Responses to Climate 

Values for mean sensitivity and interseries correlations for the chronologies were 

similarly high at the three sites, which indicated that necessary variability existed in the tree-

ring patterns caused by climate factors. Although the standard chronology type was used, low 

values of first-order autocorrelation at all sites suggested that the influence of the previous 

year‟s growth on the current year‟s growth was not dominant. Correlation and response 

function analyses for these three sites showed different responses to climate variables. No 

dominant factor among temperature, precipitation, and PDSI exhibited a limiting effect on 

trees throughout the study areas with any certainty. Instead, different sites had various 
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Figure 44. Changes of the world average temperature from 1861–1992. (from Supplementary Report, 

IPCC 1994) 

 

climate variables that were significantly associated with tree growth. Due to climate 

variations in the 20
th

 century, tree growth at all sites rarely exhibited stable long-term 

responses to a certain climate factor. The climate analyses between tree growth and oceanic-

atmospheric oscillations data indicated some strong associations but still complex patterns. 

However, I detected similar patterns of moving correlation analyses for climate oscillations, 

suggesting the possibility of reconstructing climate.  

 

6.2.1 Temperature, Precipitation, and PDSI 

 The three pine chronologies from the Southeast showed different responses to 20
th

 

century climate, but in general, tree growth in this area more closely reflects changes in 

temperature and PDSI than precipitation. The amount of precipitation in November was the 

only primary factor among all precipitation variables, especially controlling growth of 

longleaf pine at the Coastal Plain site. Previous dendroclimatological research on longleaf 
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pine in the Southeast Coastal Plain has not found this November precipitation signal 

(Meldahl et al. 1999, Foster and Brooks 2001, Henderson and Grissino-Mayer 2009). At the 

Hope Mills site, the strongest climate-tree growth relationships were found using PDSI, 

which integrates temperature, precipitation, and soil moisture. My study demonstrated that 

longleaf pines respond positively to overall favorable conditions in the growing season and 

summer, but do not depend solely on either temperature or precipitation. Devall (1991), 

Grissino-Mayer and Butler (1993), Bhuta et al. (2009), and Henderson and Grissino-Mayer 

(2009) also identified this interactive function of temperature and precipitation signals in 

southern yellow pine growth for the Southeast. Summer (June–September) climate 

conditions on the eastern side of the southern Appalachians appear to control growth of Table 

Mountain pines.  

Radial growth responds positively to summer precipitation and PDSI, but negatively 

to summer temperature. This result can be explained biologically. High temperatures and low 

rainfall in summer induce drought conditions with low values of PDSI, and thus cause 

growth reduction and a tree ring narrower than average. As expected with a winter 

temperature signal in the mixed pine-hardwood forests of the southeastern U.S, the shortleaf 

pine chronology from the Gold Mine Trail site indeed responded positively and significantly 

to winter (particularly January and February) temperature. This result is consistent with a few 

earlier studies in nearby areas (Stambaugh and Guyette 2004, Grissino-Mayer et al. 2007, 

Bhuta et al. 2009). However, this winter temperature signal does not prevail throughout the 

southeastern U.S. More primary factors that limit tree growth were identified during the 

growing season (Grissino-Mayer et al. 1989, Grissino-Mayer and Butler 1993, Pan et al. 

1997; Speer et al. 2009). The disparity is probably because the western side of the Great 
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Smoky Mountains is drier than other southeastern regions, suggesting that the presence of a 

warmer winter is more important and beneficial to tree growth. Biologically, warmer winters 

help trees break dormancy earlier and produce wood earlier, which consequently adds more 

wood to an annual ring (Fritts 1976).  

 

6.2.2 Temporal Stationarity of Responses to Temperature, Precipitation, and 

PDSI 

The moving interval correlation analysis between the tree-ring index and individual 

monthly climate variables showed changes in the strength of the climate signal. The temporal 

non-stationarity of the climate-tree growth relationship frequently occurred over time among 

all sites. However, a geographical feature still can be discerned: the pattern of non-

stationarity for the Coastal Plain site was very different from the other two, while the eastern 

and western sides of the southern Appalachians shared some similar trends.  

At the Hope Mills site, precipitation did not show any long-term significant 

associations with longleaf pine growth, while temperature, which appeared more related to 

growth, shifted during the period of analysis. The Atlantic Coastal Plain has abundant rainfall 

during a year, so that trees are less sensitive to precipitation fluctuations. The correlation 

between tree growth and early summer temperature strengthened in the 1920s, but the shift 

from June to July in the 1980s might be related to the global warming trend, because it 

possibly determines and prolongs the growing season. Similar environmental conditions at 

the Linville Mountain and Gold Mine Trail sites contributed to the shared characteristics of 

temporal non-stationarity in climate responses. One common characteristic is the shift in the 

1960s from a precipitation to a temperature signal, but the temperature signal is more 
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significant at the Gold Mine Trail site during the second half of the 20
th

 century. Another 

common pattern is the trend of the increasingly significant winter temperature signal since 

the mid-20
th

 century. At Linville Mountain, summer (June–July and September) temperature, 

which once was the dominant factor, became insignificant beginning in the 1970s, while 

winter temperature became more important to tree growth. Precipitation during the growing 

season (April–June) positively influenced tree growth before the 1960s, but the relationship 

ceased and instead temperature became increasingly important toward the end of the 20
th

 

century. Around the first half of the 20
th

 century, the high correlation between the tree-ring 

index and PDSI was apparent at both southern Appalachians sites. Stambaugh and Guyette‟s 

(2004) research found a similar phenomenon in the response to PDSI by shortleaf pine at 

their Missouri Ozark forest.  

Decreased drought frequency and an increased global warming trend could be two 

explanations for the observations above. Drought during the years 1911–1912, 1920s, 1930s, 

and 1950s occurred in the early half of the 20
th

 century, which explains how growing season 

precipitation and PDSI appear as limiting factors to tree growth in large areas of southern 

Appalachians forests during that period. Since the 1960s, however, climate conditions 

became relatively wet, so trees were no longer limited by moisture. In Ozark forests of 

Missouri, Stambaugh and Guyette (2004) attributed similar phenomena also to fewer 

droughts from 1960 to 1990. The apparent winter temperature signal after the mid-20
th

 

century might be related to a warming climate. Studies of plant physiology reported that 

winter photosynthesis has been observed in southeastern U.S. pines if needles are not frozen 

(Chabot and Hicks 1982, Havranek and Tranquillini 1995). Therefore, under a global 

warming scenario, conifers become more sensitive to winter temperature. When the winter is 
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warmer than normal, a gain of photosynthates adds more wood to a ring. When the winter is 

cooler than normal, trees stop gaining carbohydrates in winter and start growing later than if 

the other situation holds. However, if future winter temperatures keep increasing, their 

association with tree growth should be expected to change from positive to negative because 

mild winters might induce potential drought stress during the growing season to limit radial 

growth of trees (Bhuta et al. 2009).  

 

6.2.3 The NAO, AMO, PDO, and ENSO 

The North Atlantic Oscillation (NAO), Atlantic Multidecadal Oscillation (AMO), 

Pacific Decadal Oscillation (PDO), and El Niño-Southern Oscillation (ENSO) are some of 

the hemispheric- to global-scale circulation patterns that have been found to affect regional 

climates around the world. Tree growth is related to these oceanic-atmospheric oscillations, 

but the situation also depends on geographical location. A study of the impact of these 

climate oscillations on trees provides a better understanding of large spatial scale and low 

frequency long-term climate variability in the region. However, the three chronologies in this 

study did not respond similarly to the four climate oscillation indices, although they are all 

located within the southeastern region of the U.S.  

The Gold Mine Trail and Linville Mountain chronologies were positively related to 

winter (January and/or February) NAO, while the Hope Mills chronology did not show this 

association. Growth at all three sites exhibited a strong to weak positive relationship with 

summer (August, or September, or October) NAO. The winter signal of NAO was expected 

to be present at all sites because NAO affects winter climate in the eastern United States. 

Dynamics of the NAO also explained the appearance of the response to winter temperature 
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by trees at the two more inland sites. During positive phases of the NAO, increased sea level 

pressure (SLP) difference between the Icelandic Low and the Azores High causes the flow of 

warm, moist air over the southeastern U.S, and thus warmer than normal temperatures induce 

above average tree growth (Rogers 1984, Hurrell and van Loon 1997, Woodhouse 1997). 

During the negative phases of the NAO, below average tree growth can be expected. The 

absence of a winter NAO signal at the Coastal Plain site may be due to oceanic effects that 

tend to moderate coastal temperatures and also the possible effects of human disturbances on 

logs extracted from the crib dam (van de Gevel et al. 2009). 

Tree growth at Gold Mine Trail was positively related with the AMO, while growth 

at Hope Mills had a negative relationship. At the Linville Mountain site, tree growth had 

nearly no significant responses to AMO impacts. AMO indices are calculated from Atlantic 

sea surface temperature anomalies (SSTA) north of the equator. It is a multidecadal climatic 

teleconnection, and each phase can last 20 to 30 years. During the analysis period, warm 

phases of AMO occurred around 1860–1880 and 1930–1960, and cool phases included 

1905–1925 and 1970–1990. Since the mid-1990s, the AMO shifted into a warm phase (Gray 

et al. 2004). A warm phase of AMO (featuring a warm North Atlantic) brings less 

precipitation and more droughts to the southeastern U.S, while a cool phase brings wet and 

mild conditions. Therefore, theoretically, above-average growth of trees should be expected 

during negative AMOs, and reduced tree growth would tend to happen during positive 

AMOs. This negative association between ring width and AMO was indeed shown at the 

coastal Hope Mills site, but for inland sites, either lack of association or a significantly 

positive relationship was found. One explanation could still come from geographical location. 

Because AMO is a measure of SSTA in North Atlantic, the Atlantic Coastal Plain could be 
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the region that is most sensitive to the variation of AMO, or at least more sensitive than the 

inland area. The different responses to drought conditions at the three sites could also explain 

the disparity in the AMO response. The coastal site exhibited the strongest association with 

current year‟s PDSI, while the other two sites showed relatively weaker or no sensitivity at 

all. In such cases, warm phases of the AMO may actually favor growth, with higher 

temperatures at inland sites. 

PDO index values were not strongly related to pine growth in the southeastern U.S, 

but PDO tended to show a negative relationship, without any positive tendency. In fact, PDO 

itself does not have a strong influence on the climate of the Southeast, but when it couples 

with other climate teleconnections, like AMO, the impact is significant. A great proportion of 

large-scale droughts in the U.S. can be associated with concurrence of different modes of the 

AMO and PDO (McCabe et al. 2004). For the southern Appalachian region, a negative or 

positive AMO coupled with a warm phase PDO coincides with high drought frequency with 

higher than 25% probability, while a cool phase of PDO with either mode of AMO tends to 

produce wet and mild climate conditions in this region (Figure 45). Therefore, in the more 

inland sites, warm phases of PDO cause high drought frequency and below-average tree 

growth, while cool phases of PDO induce wet and mild climate which brings above-average 

growth. This probably explains the tendency of the negative relationship between PDO and 

tree growth. At the Coastal Plain area, however, no such behavior of PDO existed, and 

correspondently no negative PDO-growth relationship was detected. 

ENSO has spatially similar climate effects as the PDO, but is characterized by 

interannual behavior rather than decadal. Tree growth in the southeastern U.S. tended to be 

positively associated with the previous year‟s ENSO condition. La Niña events (positive 
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Figure 45. Areas of high (red >25%) and low (blue<25%) drought frequencies associated with 

complimentary modes of the PDO and AMO (McCabe et al. 2004). 

 

values of the SOI, cold phases of ENSO) of the previous year lead to increased growth for 

pine trees in the current year, and vice versa. ENSO originates in the tropical Pacific Ocean, 

and contributes to the unusually wet and cold climate in the Southeast, while La Niña brings 

relatively drier conditions (Goddard et al. 2006, Seager et al. 2009). This is probably because 

the impacts on the southeastern U.S. are indirect. Research has shown that ENSO-associated 

wet and cold conditions in the previous year prolong the dormancy of trees, so that a 

previous El Niño would constrain the current year‟s growth. Conversely, a previously drier 

climate provided by La Niña would facilitate trees to break dormancy and grow faster. 

However, the ENSO signal is often vague in the southeastern U.S. and hard to detect (Mo et 

al. 2009).  
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In summary, the climate-tree growth relationship is relatively stronger between tree 

growth and the Atlantic Ocean-related oscillations such as NAO and AMO, than the Pacific 

Ocean-related oscillations such as PDO and ENSO. The major reason is the geographical 

location of the Southeast, where air masses from the Gulf of Mexico and the Atlantic Ocean 

are the primary influences on the regional climate and vegetation. Additionally, it is also 

necessary to consider the coupled effect of climate teleconnections on tree growth. For 

example, the drought frequency pattern of the U.S. is largely determined by a combination of 

AMO and PDO (McCabe et al. 2004). In addition, the impact of one climate oscillation on 

tree growth may be masked or weakened by the influence of another oscillation, which might 

cause a misinterpretation of tree growth responses. However, in my opinion, these 

uncertainties are inevitable. For example, studies suggest that AMO could regulate the 

strength of El Niño/La Niña effects on weather year round (Enfield et al. 2001), while 

accumulated ENSO effects could be the direct forcing of PDO (Newman et al. 2003). 

Although effects of these climate oscillations are broadly observed, the mechanisms behind 

the phenomena are still not fully understood.  

 

6.2.4 Temporal Stationarity of Responses to NAO, AMO, PDO, and ENSO 

Results showed that the relationship between large-scale climate fluctuations and 

tree growth also changes over time. Temporal shifts of NAO, AMO, PDO, and ENSO have 

different patterns from those of temperature, precipitation, and PDSI. Climate oscillations are 

defined with different time scales of phases and have different geographical ranges of 

influences, and thus they may not share common major response shifts over time. Although 
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these four climate indices had different analysis periods, they all demonstrated the 

complexity and uncertainty of their relationships with tree growth.  

In my study, NAO has the most uncertain pattern of climate-tree growth relationship. 

Negative and positive associations occurred irregularly in any month of the year along the 

timeline. The winter temperature signal strengthened in the latter half of the 20
th

 century, 

while positive correlations between winter NAO (January and February) and growth also 

occurred since ca. 1950. This phenomenon is most likely related to the winter feature of the 

NAO. Although they are present throughout the year, fluctuations in the NAO are most 

pronounced during winter months (Rogers 1984, Hurrell and van Loon 1997). Therefore, due 

to the greatest amplitude of NAO phases in this season, tree growth in the southeastern U.S. 

responds accordingly, along with increased sensitivity to winter temperature in the mountain 

sites.  

Results of the moving interval analysis between growth and AMO indices showed 

well-patterned temporal characteristics. An appearance of significant association with AMO 

indices was shown since the 1930s, but moving correlations were negative at Hope Mills, 

while positive at Gold Mine Trail. Also, at these two sites, the strong association was more 

interannual rather than across individual months. Gray et al. (2004) pointed that the AMO 

shifted from a cool phase to a warm phase during the 1930s through the 1960s. Warm phases 

bring decreased precipitation to the southeastern U.S, which probably cause decreased 

growth of trees. Thus, a negative relationship would be expected. During the warm phase of 

AMO in 1930–1960, the tree growth was negatively related to summer AMO at Linville 

Mountain. During the cool phase of the AMO in 1900–1925, yellow pine growth at Gold 

Mine Trail was negatively correlated with summer and fall AMO indices. But the significant 
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correlations between the Linville Mountain chronology and previous May–December AMO 

were positive since the 1960s, the beginning of a cool AMO phase. Therefore, the 

relationship between AMO and growth is not consistently positive or negative over time, but 

the coincidence of significant response to different AMO phases and the intra-annual 

consistency of the significance were still noteworthy for the southeastern region.  

The PDO typically refers to the wintertime climate fluctuation over the North Pacific 

on inter-decadal time-scales (Mantua et al. 1997). It was not expected to have strong 

associations with trees from the southeastern U.S. It holds true in the Coastal Plain site, but 

results of the moving interval analysis in the mountain sites suggested that PDO indices were 

more or less significantly negatively correlated with tree growth. Current summer and 

November PDO indices were significant to growth at the western southern Appalachian 

Mountains. The negative association with wintertime PDO indices from the 1940s to 1990s 

existed at both mountain sites, and may be related to striking winter features (e.g. SST, SLP, 

surface wind stress, and others) of the PDO. Decades with negative relationships, however, 

did not coincide with either a warm or cool phase of the PDO, probably because PDO 

impacts are indirect in the Southeast and not independent of other climate fluctuations.  

ENSO is also a climate phenomenon centered in the Pacific, but it links worldwide 

with the anomalous climate pattern (Kiladis and Mo 1998). Except for the Gold Mine Trail 

site, moving correlation analysis showed consistently positive relationships over the analysis 

period (1951–2003) at Hope Mills and Linville Mountain. Despite the shortest study period, 

the ENSO-tree growth relationship has the highest level of temporal stationarity among these 

four climate oscillations. 
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Several points on the temporal non-stationarity of tree growth responses to climate 

oscillations may help elucidate this complexity. First, large-scale climate oscillations operate 

on local ecological systems in a different manner from local climate patterns. Climate 

oscillation indices are always derived from various calculations of SST, SLP, or principal 

components of several factors on the oceans, while divisional climate variables such as 

temperature, precipitation, or PDSI are assembled from local weather stations. Trees are 

more likely responsive to local climate variations rather than large-scale fluctuations. In other 

words, impacts of climate oscillations on trees operate through local climate features. 

Therefore, the relationship between climate oscillations and growth is not that 

straightforward compared to relationships between local climate variables and growth. 

Second, it is important to realize the interaction between climate fluctuations. Their effects 

are not independent from each other on an ecosystem. An example is the simultaneous 

occurrence of AMO and PDO, which contributes to drought frequency in the U.S. (McCabe 

et al. 2004). Also, given their different time scales, at different phases of a certain climate 

oscillation, the accompanying fluctuation that occurred might be different, which causes the 

uncertainty and non-stationarity of large-scale effects over time. The interaction between 

climate factors is nonlinear, and tree growth also responds to climate in a nonlinear manner 

(Biondi 1997, Ni et al. 2002). Either of the two nonlinear relationships may induce 

unexpected effects, and perhaps, in most cases, it is not easy to determine the “best” climate 

index to which trees respond.  

A third explanation would be the lack of truly stationary, periodic behavior in the 

atmosphere (Stenseth et al. 2003). Non-stationarity is in the nature of the climate system, and 

the influence of climate patterns do vary over time. Trees may accordingly or selectively 



117 

 

respond to the most significant climate influence. Many dendroclimatic studies revealed this 

temporal non-stantionarity of climate-tree growth relationship in different regions around the 

world (Solberg et al. 2002, Carrer and Urbinati 2006, Hilasvuori et al. 2009, Shi et al. 2010). 

Finally, tree growth response to climate also largely depends on geographical location. 

Despite the fact that the effects of climate oscillations are geographically anchored to some 

particular regions, the oceanic-atmospheric teleconnection influence on local ecosystems is 

also based on other factors, such as high mountains and land-sea boundaries. 

   

6.3 Coastal-Inland Gradient Changes of Responses to Climate  

The three study sites were located along a longitudinal transect in the southeastern 

U.S. They represent the Coastal Plain, the eastern side, and the western side of the southern 

Appalachians respectively. I proposed to use this small tree-ring network to examine whether 

the influence of large-scale climate oscillations on tree growth has a decreasing trend of 

magnitude from coastal to interior locations. The idea started with the basic but essential 

knowledge of the dynamic unity among land, sea, and air. Spatial relationships between land 

and sea profoundly affect the operations of atmospheric, oceanic, and terrestrial processes. 

Because more than 70% of the Earth‟s surface is oceanic, the earth‟s atmosphere is directly 

influenced by the various states of the sea. This also explains why the climate oscillations are 

all dominant climate patterns in the ocean area, but affect terrestrial weather and climate 

variability. Large-scale climate fluctuations accompany abnormal exchanges of energy and 

matter among sea, air, and land. Terrestrial systems distributed between oceans interact with 

the sea and atmosphere, but how ecosystems on land respond and modulate the large-scale 

climate controls differs from region to region and also depends on other factors, such as 
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human influence. Studying tree growth responses to climate along ecological gradients is 

important for understanding spatial characteristics of climate influences. Many researchers 

have demonstrated that limiting factors for tree growth vary among different positions along 

a geographical transect.  

In the analysis of the relationship between divisional climate variables and tree 

growth, winter temperature and summer drought conditions were the most significant climate 

signals, but they showed gradient characteristics of response strength among the three sites. 

Winter temperature signal was apparent in the most inland site (Gold Mine Trail), while its 

strength was reduced in the middle site (Linville Mountains), and disappeared at the coastal 

site (Hope Mills). In contrast, the response to drought (PDSI) gradually strengthened from 

the most inland site to the coastal site. These behaviors of climate response may suggest that, 

in the Southeast, moisture is more important to trees in the Coastal Plain area than to trees 

growing west of the southern Appalachians. After ca. 1950–1960, a strengthened winter 

temperature signal became increasingly important at the two mountain sites, while the signal 

did not appear at the Coastal Plain site. Identification of limiting climate factors along such 

geographical transects may be helpful to delineate the range of a certain climate response. In 

addition, gradient response features of climate variables may help explain the gradient 

response features of large-scale climate fluctuations.  

Coinciding with the significant winter temperature signal at Gold Mine Trail, the 

winter NAO signal was also the strongest at this site, likely because NAO is most 

pronounced during winter. Considering the geographical locations of climate oscillations, the 

NAO was expected to exhibit the strongest gradient characteristics along the transect. Based 

on the pattern of significant periods in moving correlation analysis results, the coastal site 
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indeed exhibited the most signals among three sites, but no stationary NAO signal was found 

or changed in a gradient trend along the transect.  

A negative relationship between PDO and growth showed a gradient feature from 

coastal to inland locations. The 1900–1950 summer PDO and 1940–2000 winter PDO were 

two significant periods found in trees at the western southern Appalachians site, but only the 

1940–2000 winter PDO signal existed at the middle site. No strong correlations were found 

at the coastal site. Because PDO is also a wintertime climate fluctuation, the two inland sites 

reflected these winter features rather than signals at other seasons. The decreasing strength of 

PDO signal from inland to coastal can be basically explained by the North Pacific location of 

the PDO, so its impacts on the southeastern U.S. ideally decrease from west to east on the 

continent, also from inland to coastal area.  

Despite its global effects, the ENSO is a Pacific fluctuation like the PDO. However, it 

had no gradient features found in the trees at the three sites. No ENSO signal was found at 

the western southern Appalachians. The previous year‟s ENSO was consistently related to 

growth at the eastern southern Appalachians, but was inconsistent at the coastal site. I 

speculate that this spatial pattern of tree response to ENSO is attributed to the large mountain 

effect, which means the Appalachian Mountains interact with the abnormal atmospheric 

dynamics induced by the climate fluctuation and cause different influences on the two sides 

of the mountains. The eastern side of the mountains includes the Linville Mountain site and 

the Coastal Plain site, with a notable ENSO signal; the western side of the mountains has the 

Gold Mine Trail site, with no ENSO signal.  

Although all three sites revealed a temporal shift in the AMO in the 1930s, spatial 

characteristics interestingly suggested a gradient change in the AMO-tree growth relationship. 
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During the warm phase of AMO in the 1930s–1960s, the relationship was positive from 

inland sites, while it was negative at the coastal site. Given the behaviors of the AMO, warm 

phases bring dry climate conditions and limit tree growth in the southeastern U.S, as shown 

at the coastal site. The positive relationships after the 1930s until the 2000s at inland sites can 

be partly explained by their non-sensitivity to precipitation and drought. When winter 

temperature became the dominant limiting factor in the southern Appalachians, it may be 

possible that cool AMOs (negative index values) indirectly coincide with reduced tree 

growth. AMO signals found in trees were strongest in the western southern Appalachians, 

and less strong in the eastern southern Appalachians and the Coastal Plain.  

Other factors may have influenced the gradient features of climate responses. Most 

importantly, climate response by trees is greatly dependent on the geographical location, both 

at a broad spatial scale and in terms of microenvironment. In the southeastern U.S, the 

western Atlantic Ocean and the southern Appalachian Mountains are the two major physical 

features that determine the fundamental pattern of regional climate. Air masses from the 

Atlantic Ocean bring warm and moist climate to the coastal area in the Southeast, as do 

subtropical air masses from the Gulf of Mexico (Figure 46). More inland, a gradient of 

continentality is present and enhanced by the southern Appalachian Mountains, which also 

create local montane climates. As a result, climate west of the southern Appalachians is 

rather more continental. These land-sea interactions and high mountain effects modulate 

atmospheric processes, and thus influence the gradient trends in climate responses.  

The local physical environment sometimes has a more important influence on 

determining tree growth patterns. On one side, climate operates mechanistically on 

ecological systems through local weather variations (Stenseth et al. 2003). On the other side, 
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Figure 46. General air circulation pattern in North America (Eagleman, 1983). The red circle 

indicates the study region. 

 

other factors on a local scale, such as human population density, human disturbances, 

competition among trees, forest self-maintenance, and extreme weather conditions, may also 

play a role in tree growth. Furthermore, trees have their own physiological growth responses. 

For example, under drought conditions, a tree controls its annual growth by allocating more 

energy to its roots to obtain stored water from the ground, or it can reduce leaf amount to 

decrease photosynthesic activity which requires water. These biological feedback responses 

to environmentally-driven conditions are the internal mechanism of trees, and they are 

different among species. This aspect of environmental effects is hypothesized to be a linear 

relationship between climate and tree growth in most dendrochronological studies. Though it 
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is not a major problem in dendroclimatic study, disparity among tree species may still be a 

potential drawback.  

The use of a tree-ring network to study climate oscillations has advantages in terms of 

examining spatial characteristics of tree growth responses to large-scale climate patterns. 

Unlike divisional climate variables, the atmospheric-oceanic teleconnections represent broad-

scale climate conditions, and provide a “package of weather” through which climate affects 

ecosystems. Climate indices reduce complex space and time variability into simple measures, 

and they may be ecologically important by themselves (Stenseth et al. 2003). In addition, 

trees often respond to a combination of interacting climate variables, and a given large-scale 

climatic index may be a better representation of climatic effects than single variables. In 

summary, results of correlation analysis between climate indices and tree growth 

preliminarily suggested associations with large-scale climates. Spatial characteristics from 

the three sites along a transect indicated the gradient or non-gradient changes of climate 

fluctuation effects in terms of magnitude, duration and frequency. To some degree, this 

dendroclimatic application makes the influence of climate fluctuations more apparent on 

ecological patterns and processes.  

 

6.4 Regional Climate Oscillation-Growth Relationships 

Pine growth in the small tree-ring network was related to oceanic-atmospheric 

teleconnections that affect the southeastern U.S. Climate patterns in the Atlantic Ocean were 

expected to have stronger effects in the study region and trees to be more responsive to NAO 

or AMO. Averaged ring width indices from three chronologies were used to examine the 

regional relationship between tree growth and climate oscillations. Correlation results 
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showed that the AMO had no significant relationships with growth in the Southeast. Positive 

NAO values in winter (January and February) and summer (August and October) tend to 

bring above-average annual growth. The current year‟s PDO is negatively related to growth. 

El Niño events in the previous year induce below average growth, while a La Niña event in 

the previous year causes increased growth.  

However, it is cursory to conclude that tree growth in the southeastern U.S. has such 

relationships with these climate oscillations in general. The reason is that three individual 

study sites may not be adequate to make a statistically convincing regional generalization. 

Results of the correlation analysis using the composite chronology can be easily interpreted 

from the results of individual chronologies. For example, the absence of the AMO signal in 

the composite chronology is probably because the negative relationship at the coastal site 

neutralized the positive relationship at the Gold Mine Trail site, while no significant 

relationship showed at Linville Mountain. Other climate oscillation signals in the composite 

chronology may also be explained through adding, subtracting, or neutralizing responses of 

individual chronologies. The results thus resemble mathematical calculations compromising 

each other, rather than a clear composite picture of geographical indications. Therefore, in 

order to reliably study regional climate responses by trees, a larger network consisting of 

more sites would be better to represent a region or larger geographical range. 
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CHAPTER 7 

CONCLUSIONS 

 

7.1  Major Conclusions 

The main objective of this study was to explore patterns in climate-tree growth 

relationships, especially between large-scale climate oscillations and growth along a 

longitudinal transect in the southeastern U.S. A small tree-ring network consisted of sites 

from the Coastal Plain, and the eastern and western southern Appalachians. Temporal and 

spatial changes of tree growth responses to climate factors were the two themes in this 

dendroclimatological study. The examination of the temporal stationarity in climate signals is 

important for understanding the shift of tree growth responses through time and for 

evaluating the reliability of climate reconstructions. If any climate factors are found stable 

over time, that variable may be useful for climate reconstruction. Little research has been 

conducted to examine the spatial characteristics of climate responses along a longitudinal 

transect. Although tree sensitivity to climate fluctuations is low in the southeastern U.S, 

climate analyses still revealed significant patterns in climate-growth relationships along a 

longitudinal transect. This also indicated influences from regional landscapes and land-sea 

interactions on tree growth in the study area. Changes of the strength and stability of the 

relationships showed gradient features for some climate factors, depending on the 

geographical locations of the sites. This final chapter summarizes the major findings of my 

research. I also present the limitations of this study and suggest potential future 

improvements on such study, especially in the southeastern United States. 
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1. Tree-ring chronologies indicate extreme climatic events in history. 

Extreme climatic events such as droughts or very cold periods normally induce 

below-average growth of trees. In the common period of the three chronologies (1828–2003), 

extreme climate episodes coincided with low values of ring-width indices, while some well-

known events do not show up in the chronologies. A colder and wetter climate in the 1830s–

1840s caused reduced ring width at all sites. Constrained growth in the 1890s can be 

attributed to a severe short-term drought, but some global-scale studies also suggested 

colder-than-normal temperature in this decade. The effects of the famous Dust Bowl were not 

found in my chronologies. Severe continental drought in the 1950s exhibited a negative 

influence on tree growth at the coastal site, but no significant influence at the other two sites. 

The ring growth pattern after the 1990s matches the global temperature trend in recent 

decades. 

 

2. Temperature, precipitation, and PDSI signals were not stable over time, and a shift 

in climate-growth relationships was notable at two sites in the mid-20
th

 century. 

Moving correlation analyses tested the temporal stationarity of climate response over 

the last century. Results showed that although some significant signals remained stable over 

decades, the climate-growth relationship still changed on a centennial time-scale. A common 

shift occurred around the 1950s at the Linville Mountain and Gold Mine Trail sites. Two 

features of this shift were: 1) previously strong precipitation signals weakened in the latter 

half of the 20
th

 century, while temperature signals strengthened at Gold Mine Trail and 

Linville Mountain; 2) a change of responses from growing season climate conditions to 

wintertime since the 1960s. This finding is consistent with the findings by Biermann (2009), 

who identified the mid-20
th

 century shift and the increasing importance of winter temperature. 
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The cause is unknown, however, and speculations include an AMO phase change, 

anthropogenic warming, and/or physiological changes of pines, among others (Biermann 

2009). 

 

3. Pine trees in the southeastern U.S. respond to multiple climatic factors. The 

strengths of winter temperature and summer drought conditions show gradient 

changes along this coastal-inland transect.  

Although pine growth at Gold Mine Trail only had a significant relationship with 

winter temperature, the Linville Mountain and Hope Mills sites showed associations with 

temperature, precipitation, and PDSI. Climate-growth relationships were not uniform across 

sites and they demonstrated gradient characteristics along the transect. The Gold Mine Trail 

chronology had the strongest relationships with winter temperature, but this signal was 

weaker in the Linville Mountain chronology. At Hope Mills, winter temperature was 

insignificant to pine growth. However, the Hope Mills chronology was the most moisture-

sensitive during the entire year. The Linville Mountain chronology showed a PDSI signal 

only during summer, while the Gold Mine Trail chronology was not sensitive to drought 

conditions. Differences in climate response along this gradient were likely related to the 

geographical locations of the sites and their surrounding environment.  

 

4. Four large-scale climate oscillations NAO, AMO, PDO, and ENSO showed 

different associations with tree growth at the three sites. 

Winter NAO was positively correlated with pine growth at the two more inland sites, 

Linville Mountain and Gold Mine Trail. Summer NAO tended to affect growth at all sites, 

but it was not as strong as the winter signal. Because NAO behavior is pronounced during 
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winter, the concurrence of winter NAO and winter temperature signals may be related. The 

AMO was negatively correlated at the coastal site of Hope Mills, positive in the western 

Great Smoky Mountains, and showed no relationship with the Linville Mountain chronology. 

These patterns between AMO and tree growth may be highly dependent on their 

geographical locations. The PDO tended to be negatively related to growth at all sites. It least 

affected tree growth in the coastal area, but showed significance during winter and/or 

summer at the two inland sites. The ENSO had no significant effect at Gold Mine Trail, 

while ENSO in the previous year was positively correlated with growth for the other sites. 

Pacific Ocean temperature and pressure patterns (PDO and ENSO) were not expected to have 

strong influence on growth in the Southeast, but the presence of these signals suggested that 

interaction between climate oscillations may cause uncertainty in the relationship. 

 

5. The strong associations between growth and NAO, AMO, PDO, and ENSO showed 

lack of stationarity over time, but in some cases the associations changed with 

phase changes of the oscillations.   

NAO responses by trees were the most unpatterned in the moving correlation results, 

and the frequent shifts did not match shifts of NAO phases. Tree responses to AMO were 

more likely in the form of annual characteristics at Hope Mills and Gold Mine Trail. 

Significant correlations starting around the 1930s appeared at all three sites, which coincided 

with the beginning of a warm phase of the AMO. During other phases of the AMO within the 

study period, such as the cool phases in 1900–1925 and 1960–1990, chronologies from 

different sites illustrated strong responses. This observation might suggest that tree growth in 

the southeastern U.S is responding to AMO along with its phases. The negative relationship 
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between growth and PDO was not stationary over the last century. The winter PDO became 

increasingly significant towards the last two decades of the century at the two mountain sites. 

The overall influence of the PDO in the Southeast, however, was not strong. The previous 

year‟s ENSO signal was consistent over the 50 years analyzed at the Linville Mountain site. 

Less consistent but still significant correlations occurred between the Hope Mills chronology 

and ENSO. The Gold Mine Trail chronology had a very weak relationship with ENSO. This 

phenomenon may suggest different ENSO influences on the two sides of the southern 

Appalachians.  

 

6. Analyzing relationships between growth and climate oscillations over moving 

intervals helped to identify possible causes of shifts in temperature, precipitation, 

and PDSI responses.  

Responses either to fundamental climatic variables or to climate oscillation indices 

were not stable over time. Similarities in shifts of these two types of climate-growth 

relationships may help us understand the mechanism of climate dynamics. Climate 

oscillations, as large-scale climate patterns, operate upon ecological systems through local, 

fundamental climate variation. Therefore, concurrent changes of climate oscillation 

responses may explain shifts in the temperature and precipitation responses. The major 1950s 

shift from a precipitation to temperature signal at the two inland sites may be related to the 

significant response to a phase change of the AMO in the 1960s. Also, the appearance of the 

winter temperature signal in the latter half of the 20
th

 century can probably be attributed to 

the strong winter NAO response which occurred around the same time.  

 



129 

 

7. Along the longitudinal transect analyzed, spatial variations of tree growth 

responses to climate oscillations were obvious. Effects from high mountains and 

land-sea boundaries may primarily explain such response patterns in the 

southeastern U.S. 

Both divisional climatic variables and climate oscillations showed gradient 

characteristics of their response strength along the coastal-inland transect. The winter 

temperature signal exhibited a decreasing trend from the most inland site to the coastal site, 

while the response to drought gradually appeared and strengthened from inland sites to the 

coast. Therefore, in the southeastern U.S, moisture conditions may be more important to tree 

growth in the Coastal Plain area than west of the southern Appalachians, while winter 

temperature is the limiting factor in the mountain area or at higher elevations, especially after 

the 1950s. Although frequent shifts existed in the relationship between growth and the NAO, 

based on the number of signals and the duration of the signals, the coastal site exhibited the 

strongest response. AMO response was the strongest at the most inland site, and weakened 

east of the mountains. The significant response to the warm phase of the AMO in the 1930s–

1960s was positive at the inland sites but negative at the coastal site. The decreasing strength 

of the PDO signal was shown from inland to coastal sites, probably due to the North Pacific 

location of the PDO. No gradient change of ENSO response was found from coastal to inland 

sites, but the disparity of its response between the eastern and western sides of the southern 

Appalachians may suggest the influence of large mountains. Factors that may contribute to 

the spatial gradient features of climate response include geographical locations of sites, 

microenvironments, dynamics of air circulations, land-sea interactions, high mountain effects, 

physiological growth responses of trees, and influence from humans.  
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8. Results of the tentative examination on the relationship between the composite 

chronology and climate oscillations were not reliable, so reconstructing any 

oscillation index in the past using this chronology may not be possible. 

The composite chronology was derived from the average indices of the three 

chronologies. Although significant relationships between this chronology and climate 

oscillations were shown, the results of the correlation analysis were not sufficient to support 

a regional generalization because of the small number of sample sites. The significant 

correlations more reflected the adding, subtracting, or neutralizing combinations of responses 

from individual chronologies. Therefore, to reconstruct the past climate oscillation index for 

the southeastern U.S, this composite chronology might not be useful.  

 

7.2 Limitations of this Study and Suggestions for Future Research 

The southeastern U.S. is in the temperate climate zone where multiple climatic 

parameters often control tree growth. The fact that climate response may vary with species 

and interactions with various climate factors could be major influences on climate-growth 

relationship analysis. These are problems that limit traditional dendroclimatic analyses. This 

study also assumed a linear relationship between tree growth and climate, but the 

nonlinearity problem and interactive relationships have to be acknowledged. In a future study, 

nonlinear methods, such as neural networks, can be applied to identify relationships between 

growth and climate and eliminate interactions among climatic variables. Also, nonlinear 

climate analysis is more suitable to determine a particularly clear climate signal for 

reconstructing past climate from tree rings. Furthermore, moving correlation analyses in this 

study suggested that none of the climate signals was stationary over time; thus, it is 
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impossible to determine a “best” climate variable to reconstruct. In my opinion, in nature it is 

impossible to find a single climate variable which maintains the same significance to tree 

growth over hundreds of years. Therefore, a nonlinear model applied to the climate-tree 

growth system would also be an improved approach for reconstructions.  

Blasing et al. (1981) pointed out that seasonal climate data usually have stronger 

relationships with tree growth than monthly data. Biologically, it would be better to use 

seasonal data to test climate responses by trees because sequential months with similar 

conditions affect the radial growth of trees significantly. In this study, all climatic variables 

were in the form of months while applying climate response analyses. Although significant 

months clustered to form a seasonal signal broadly in the results, climate analyses using 

seasonal temperature, precipitation, and PDSI might have stronger and clearer patterns of 

responses. For example, if using seasonal rather than monthly data, the degree of sensitivity 

to winter temperature at the two inland sites would be strengthened. Future analysis based on 

seasonalized data in the southeastern U.S. could be an improvement to reveal climate-tree 

growth relationships. Seasonlized data can also be used in the moving correlation and 

response function analyses to examine the shifts of seasonal climate signals over time. In 

addition, to better understand how climate oscillations affect tree growth through 

fundamental climatic factors, the seasonal characteristics of responses may be more 

important and helpful than the monthly characteristics.  

One of the purposes of this study was to examine the relationships between climate 

oscillations and tree growth, but a limitation for such analyses is the length of climate 

oscillation data. Phases of these climate fluctuations have durations lasting from several 

years to many decades. The length of the period analyzed should be long enough to cover 
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adequate phases of climate oscillations, so that findings about the relationship between tree 

growth and a particular phase of climate oscillation can be convincing. For example, tree 

growth at the three study sites turned out to be significantly associated with different phases 

of the AMO. But only a few phases were tested. If a longer sequence of the AMO index can 

be used, it would be critical to determine the relationship between AMO and tree growth in 

the southeastern U.S. 

A study on regional climate-growth relationship has drawbacks when only three sites 

are used. Even though the sites spatially cross two southeastern states, the integration of their 

chronologies cannot represent the regional tree growth trend. The large distance from each 

other and the unique environment of each site are two main reasons for the failure of 

generalization. However, studying the effects of climate oscillations in the southeastern U.S. 

is still a necessary goal. For future research focused on the southeast region, adequate 

number of sample sites and good site selections with broad distribution should be considered 

at the beginning of the study, so that the result of a regional relationship between climate 

oscillations and tree growth may have robust reliability.  

 

7.3 Concluding Remarks 

The large-scale nature of climate systems is of importance to local ecosystems, and 

tractable climate factors such as long-term, multidecadal climate oscillations provide 

advantages to explore the relationship between the two. Tree-ring networks are a useful 

technique in dendroclimatology, and contribute greatly to the study on the large-scale spatial 

coherence of climate signals (Alverson et al. 2003). Effects of some certain climate 
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oscillations are sufficiently shown in the southeastern United States. It seems promising to 

use tree-ring networks to study recurrent oceanic-atmospheric fluctuation patterns.  

Furthermore, it is important to realize that the conformity of tree species used in a 

tree-ring network can reduce the danger of spurious relations between climatic factors and 

tree growth. Pine species are valuable and the most common species used for 

dendrochronological research. Considering the dwindling number of old, living pines in the 

Southeast, the fact that the three chronologies analyzed in this study were all from pine trees 

is an advantage. As a result, they all exhibited high-quality chronology characteristics. Due to 

the significant value of this environmental proxy source to benefit further research on the 

regional characteristics of the southeastern U.S, it is crucial to preserve living pine trees as 

well as dead trees often found in old-growth forests. 
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