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B o t h  genetic and environmental influences on tree growth 
are expressed through physiological processes. This central, 
integrating role of physiology has made the field of forest 
ecophysiology a major area of biological research for the 
past several decades. Specifically, forest ecophysiology is 
the study of how plants interact with their abiotic and biotic 
environment to acquire the resources (sunlight, CO,. water, 
and nutrients) needed to produce assimilates neceisary for 
growth, reproduction, competition with other plants. -and 
defense against insects and disease. Because of their com- 
mercial and ecological importance, southern pines, espe- 
cially Ioblolly pine (Pinus taedo L.) have been intensively 
studied by ecophysiologists. Although an exhaustive review 
of the ecophysiological literature is not possible here. ex- 
amples of the physiological and morphological determi- 
nants of growth that have been studied in southern pines 
include the following: leaf area development (Gresham 
1982, Martin and Jokela 20041, crown and canopy structure 
(Kinerson et al. 1974, Gillespie et al. 1994). light intercep- 
tion (Dalla-Tea and Jokela 1991, Will et al. 2001). carbon 
fixation (Bormann 1956, Teskey et al. 1987, Ellsworth 
2000, Yang et al. 20021, respiration (Brix 1962, Kinerson et 
al. 1977, Maier et al. 1998), carbon allocation (Kuhns and 
Gjerstad 1988, Retzlaff et al. 2001b). tree water relations 
and stand water balance (Knauf and Bilan 1974, Seiler and 
Johnson 1985, Fites and Teskey 1988. Phillips and Oren 
2001), root structure and function (Sword et al. 1996, Topa 
and Sisak 1997, Wu et al. 2000), and nutrient uptake and 
utilization dynamics (Switzer et al. 1966, Birk and Vitousek 
1986, Dalla-Tea and Jokela 1994, Barron-Gafford et af. 
2003). Impot-tant areas of emphasis have included genetic 
variation in physiology and morphology (Tharnes 1963, 
Ledig and Perry 1967, Bilan et a]. 1977, Bongarten et al. 
1987, McCarvey et al. 2004), physiological responses to 
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silvicultural treatments (Johnson 1990, Murthy et al. 1997, 
Samuelson et al. 2001), and the potential effects of pollution 
and climate change on physiology (Sasek et al. 1991, Tissue 
et al. 1993, Teskey 1997, Oren et al. 2001). Taken together, 
the broad and deep coverage of ecophysiological investiga- 
tions with southern pines (in particular, loblolly pine) have 
enabled a level of biological understanding that is rivaled in 
onIy a few other forest tree species, such as Douglas-fir 
(P.reudatsugu menziesii), Scots pine (Pinus s~lve.rtris), and 
radiata pine (Pirzus mdiata). 

Our detailed physiological knowledge of important com- 
mercial tree species has laid the groundwork for our modem 
approach to forest management. Most university forest 
management curriculums require a formal course in forest 
ecophysiology, and imparting a mental model of how the 
various biotic and abiotic components of a forest commu- 
nity interact is the composite goal of all university forestry 
programs. This goal is established on the realization that to 
anticipate the long-term consequences of forest manage- 
ment decisions, land managers must understand the mech- 
anisms by which trees interact with their environment. The 
discipline of ecophysiology is expected to play an even 
bigger role in forest management in the near future because 
of the rapid changes that are occurring in our environment 
(carbon dioxide. ozone, atmospheric nitrogen inputs. tem- 
perature, and rainfall): in the forest genetic base being 
applied to managed forest systems; and in forest composi- 
tion due to the application of increasingly intensive forest 
management practices. These rapid changes in forest envi- 
ronments and movement toward n~anagement scenarios that 
differ greatly from the past somewhat lessen the utility of 
empirical growth and yield models and make it imperative 
that we develop process-driven growth models capable of 
simulating forest growth under d~verse situations (Lands- 
berg 2003). 

Over the past two decades, considerable progress has 
been made in bringing the frurts of forest ecophysiological 
research to bear on applied forest management problems. 
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One avenue for this application has been through the devel- 
opment of process-based models with potential utility for 
forest managers. The nutrient models NUTREM (Ducey 
and Aflen 2001) and SSAND (N. Cometford, University of 
Forida, unpublished data) have incorporated our under- 
standing of stand nutrient demand, soil nutrient supply, and 
tree nutrient uptake into a framework that provides infor- 
mation useful for estimating fertilizer requirements of 
southern pine plantations. The voluminous southern pine 
ecophysiological research underpinned the development of 
a number of process-based models that are being used to 
enhance yield predictions for southern pines under different 
envil-onmental conditions. Such models include Pipestem 
(valentine et al. 1997)' RAEDA-Maestro (Baldwin et al. 
1998), 3-PG (Landsberg et al. 200I), TREGRO (Weinstem 
et al. 19911, PNET (McNulty et al. 1998), and BIOMASS 
(Sampson and Allen 1999). The utility of these process- 
based models is that they can simulate forest productivity 
under environmental or ~nanagement scenarios that have not 
occut-red in the recent past. For example, Pipestem (Valen- 
tine et al. 1998) and PTAEDA-Maestro (Baldwin et al. 
1998) have provided our first estimates of the effects of 
changing atmospheric carbon dioxide concentrations on the 
loblolly pine site index. Pipestem also has the ability to 
predict stem taper, branch size, and branch distribution 
(Makela 2002). Sampson and Allen's (1999) loblolly pine 
version of BIOMASS (McMurtrie and Landsberg 1992) is a 
powei-fuI tool for evaluating how climatic variations across 
the range of loblolly pine affect potential productivity. Such 
evaluations can influence decisions ranging from fertilizer 
prescriptions to genetic deployment strategies to timberland 
acquisi tions. 

While ecophysiology has made numerous contr~butions 
to forest management, it is more difficult to find examples 
of direct contributions to southern pine tree improvement 
(TI) programs. The possibility of shortening selection time 
by using instantaneous measures of physiological processes 
and inferring long-term productivity potentlal from these 
measures has been considered for several decades (Cannell 
1979, Burdon 1982, Dickmann 1991 ). Reducing the time 
I-equired to evaluate progeny or clones would be of great 
benefit, especially for southern pine clone programs where 
tissue maturation makes it difficult to vegetatively propa- 
gate any particular genotype for more than a few years. 
Thus, if rapid, early ecophysiology measures could be iden- 
tified to factlitate selection of winners or elimination of 
losers this would be of great value. In this art~cle, we will 
( 1 )  identify possible obstacles to the development of pro- 
ductive linkages between ecophysiology and TI programs, 
(2) describe some ongoing ecophysiological research effort\ 
in three areas (family selection, clone select~on, and iden- 
tifying root system genetic differences) that are attempting 
to gain information to improve TI programs; and (3) suggest 
ecophysiological research approaches that have promise for 
assisting TI programs in selecting desirable genotypes. This 
dlscusston will center on ecophysiology and breeding In 
southern pines, especially loblolly pine. 

Potential Obstacles to Ecophysiological 
Contributions to Tree Improvement 
Programs 

Historically, TI programs have selected and bred trees on 
the basis of growth rate, stem straightness, stem form, 
disease resistance, and branch characteristics (e.g., White et 
a]. 1993, Li et al. 2000). In contrast, screening for genetic 
differences in ecophysiological traits such as net photosyn- 
thesis rates (Ledig and Perry 1969, Boltz et al. 1986), 
respiration rates (Ledig and Perry 1967, Anekonda et a]. 
19941, and nutritional attributes (Xiao et al. 2003) have been 
attempted but never successfully integrated into conven- 
tional TI programs. In general, measurement of individual 
physiological processes or morphological traits has not been 
helpful in identifying high performing taxa. However, the 
lack of success in this area may be attributable to the 
following problems: selecting the wrong physiological pa- 
rameters for screening, making physiological measurements 
at inappropriate spatial and temporal scales, and attempting 
to use seedlings to predict field performance of older trees. 
Growth is a function of many integrated physiological pro- 
cesses. These processes change with plant development and 
acclimate in response to an environment that changes dra- 
matically over a rotation as stands develop and stand stature 
changec wtth age. Consequently, traditional ecophysiologi- 
cal approaches, which use instantaneous measurements of 
physiological processes at a single point in time on a small 
amount of tissue, may be expected to be poor predictors of 
long-tel-m yield potential (Hinckley et a]. 1998, McGarvey 
et a]. 2004). Fortunately, new measurement technologies 
have been developed that enable ecophysiological measure- 
ments to integrate morphology and physiology over time, 
and that can be applied to larger trees. In addition, integrat- 
ing phys~ological measurements with physiologically based 
models may be an important screening tool for identifying 
potential ecophysiological traits that significantly alter pro- 
duction (Martin et a]. 2001 ). Coupling the more integrated 
measurement technology that can be applied to larger trees 
with emerging process models gives us hope that useful 
ecophysiological rneasures can be made and scaled to assess 
var~at~on In \outhem pine genotype growth potential. This 
at-t~cle will provide a number of examples of the utilization 
of this new generation of ecophysiological measurement 
tools and challenges that we face in assessing above- and 
below-ground structure and function. 

Moving Forward: Assessing Variation in 
Belowground Ecophysiology and Morphology 

Ecophysiological investigations in southern pines sug- 
gest that the rate of tree growth from out-planting to crown 
closure is highly dependent on the amount and quality of the 
soil environment that is created or modified through site 
preparation (Colbert et aI. 1990, Will et al. 2002). Many 
soils in the southeastern United States that are used for 
southern pine production are highly eroded and depleted of 
their original organic matter and nutrient content (Richter et 
aI. 2000). With increased demands for shorter sotations and 
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faster growing trees, proactive land management is neces- 
sary to ensure continued and possibly increased production 
and revenue through the management and recovery of the 
soil resource (Johnston and Crossfey 2002). In particular, a 
greater emphasis on topsoiI recovery would not only in- 
crease soil fertility over time but would also minimize 
disturbance of beneficial soil microorganisms. Rhizosphere 
micmorganisms such as mycorrhizas, Rhizobium, rhizobac- 
teria (Nehl et a]. 19961, and mycorrhizal helper bacteria 
(Garbaye 1994) can stimulate tree growth through enhanced 
mineralization and nutrient acquisition, biological control of 
pathogens, lengthening of fine root lifespan, and production 
of plant growth regulators (Marks and Kozlowski 1973, 
Enebak et al. 1998, King et al. 2002, Topa et al. in review). 
Although soil N often greatly exceeds plant N, many south- 
em forested ecosystems are N limited because only a small 
fraction of total N is available to plants. Ectomycorrhizas 
allow woody plants to compete with soil microorganisms 
for both nitrogen and phosphorus (Marschner and Dell 
1994, Chalot and Brun 1998). Because nitrogen, phospho- 
rus, and water are the major limiting factors to stand pro- 
ductivity throughout a rotation, it should be expected that 
acquisition and uptake of these soil resources are paramount 
to ~narntain hrgh productivity throughout a rotation. If so, 
improving the uptake efficiency of southern pine root sys- 
tems (roots + associated biota) should provide good returns 
in terms of yield increases. Yet, we know lrttle about genetic 
variation in root uptake efficiencies in populations of field- 
grown trees. Since much of the natural range of southern 
pines includes soils that are nitrogen and/or phosphorous 
deficient, southern pines have coevolved a high dependency 
on ectomycorrhizal associations for acquiring nitrogen and 
phosphorous from the soil (Marks and Ko~lowski 1973, 
Marx et al. 1977). A recent study with several loblolly pine 
families from Texas and the Atlantic Coastal Plain suggests 
that the mycorrhizal network may play a crittcal role in 
maintaining water uptake during the dry summer months 
(Retzlaffet al. 2001 a). Clearly, because the factors that limit 
productivity are soil borne resources (nutrients and water) 
that must be taken up through the root system, this compo- 
nent deserves more research effort than has been applied in 
the past. 

Because of the technological difficulty in monitoring 
root system growth and function in the tield on large trees, 
much of our understanding of tree root function is based on 
seedling greenhouse studies (Kozlowski and Pallardy 
1997). Unfortunately, juvenile-mature correlations for root 
traits affecting uptake efficiency are most likely weak be- 
cause of rnherent differences In root system developn~ent, 
arch~recture, mycorrhizal community, physiological trans- 
port characteristics, soil environmental conditions, whole- 
tree nutrlent dynamics, and whole-tree carbon dynamics. 
Consequently. the biggest challenge faclng tree root biolo- 
gists IS to find new technologies that will allow us to 
examine tn situ root system growth, development, and func- 
tion in trees of variable slze in the field. In sttu measure- 
ments of tine root demography (root growth and turnover) 
and function, and how rhizosphere microbes may alter func- 

tion, will allow tree root biologists to better ascertain what 
root traits are most closely associated with enhanced 
aboveground growth under different soil environments (Ta- 
ble 1). 

One of the most promising technologies for assessing 
genotypic differences in root system function is stable iso- 
tope technology, utilizing both natural abundance and en- 
richment studies. For example, Retzlaff et a]. (2001a) used 
stable hydrogen composition of soil water, rain, and plant 
tissues to determine whether loblolly pine families from 
drought-hardy Texas and Atlantic Coastal Plain sources 
obtained water from different soil horizons (i.e., deep versus 
surface soil water) throughout the growing season. Interest- 
ingly, all families planted on this North Carolina sandhill 
site obtained water from the upper soil horizons during the 
dry summer months, whereas family differences were most 
pronounced during the wetter winter months. The results 
suggest that the mycorrhizal network may ,play a critical 
role in maintaining tree water relations in dry sandy soils of 
the Atlantic Coastal Plain. Carbon isotopic analysis of fo- 
liage is a powerful tool for providing time-integrated esti- 
mates of water use efficiency (WUE, the ratio of carbon 
fixed to water lost), integrating shoot and root morpholog- 
ical traits and physiological processes over an entire grow- 
ing season (Farquhar et a]. 1989). Some recent studies with 
conifers, including lobtolly pine, show a stronger correla- 
tion between WUE and growth than between more instan- 
taneous'measurements of photosynthesis and growth (Major 
and Johnsen 1996, Johnsen et al. 1999, Yang et al. 2002). 
This suggests that carbon isotopic analysis of foliage could 
be a convenient screening tool for field assessments of 
genotype x environmental effects on productivity. I5N en- 
richment studies are being used more frequently in the field 
to obtain better estimates of uptake efficiencies of root 
systems (Gebauer and Ehleringer 2000, Persson et al. 2003), 
whereas natural abundance studies may provide information 
on n~trogen sources of uptake in the soil and contribut~ons 
of mycorrhizas to the uptake process in roots (Hobbie et al. 
2001). Preliminary results of a '% enrichment study with 
fast- and slow-growing families of loblolly pine indicate 
that uptake rates are correlated with growth, but that pro- 
portional N distribution among the various tissues is similar 
(M.A. Topa, unpublished data). 

Since fine root production and maintenance costs in 
conifer forests have been estimated to be 30% to 77% of net 
primary productrvity, i t  is not unreasonable to postulate that 

Table 1. List of root and rhizosphere traits that need to 
be better understood and the potential technology for 
assessing these traits. 

Rootfrhizosphere trail Potential technology 

Phyc~ologtcal iranTport Stable carbon and hydrogen 
chdractert\t~c\ isotope analys~s 

Mpcorrhtzal and rhrioiphere DNA ftngerpr~ntjnglmnlecular 
microbe communtty \tructure tools 

Fine root prociuction/tumover Stable carbon ~sotope analy\~ci 
mtn~rhrzotr~n 

Fine root dr~hitectureidepioyrnent Gmund-penetratrng r,tdar 
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genetic variation in aboveground production is associated 
with genetic variation in belowground carbon demands 
(Harris et al. 1977, Agren et a]. 1 980, Fogel 1983, Gholz et 
al. 1986, Gower et al. 1994). Fast-growing trees may have 
more efficient root systems, and ultimately, allocate propor- 
tionally less carbon belowground than slow-growing trees. 
There is a critical need for better estimates of belowground 
carbon costs associated with fine root production, root turn- 
over, and mycorrhizal associations, and how these costs 
may change with stand age and soil environment. A corn- 
bination of stable isotope, minirhizotron, and ground-pene- 
trating radar technologies provides great hope for making 
better estimates of annual costs for fine root production and 
maintenance (see Hendridk and Pregitzer 1992, King et al. 
2002, Butnor et al. 2003 for exan~ples). In a recent study 
utilizing some of these improved technologies, Topa et al. 
(unpublished data) found-family and family x environment 
differences in fine root production and turnover in fast- and 
slow-growing families of loblolly pine; some families ex- 
hibited significant reductions in root production and longer 
lifespans with fertilization than other families. Conse- 
quently, annual carbon costs for tine root production would 
be expected to be less in these families, and more carbon 
would be available for aboveground (bole) production. 

Another area of below-ground ecophysiology research 
that has been neglected in southern pines is the costfbenefit 
of mycorrhizas and their role in enhancing production. 
Southern pines have evolved a dependency on ectomycor- 
rhizal associations that not only enhances nutrient acquisi- 
tion from nutrient-poor sites but also offers protection 
against soil pathogens (Marx 1973). A limited number of 
studies in forests suggest that mycorrhizal species diversity 
is relatively high (Perry et al. 1989, Allen et al. 1995, 
Hagerman et al. 1999), but also that community structure is 
dynamic, changing with age of stand, season, and aspects of 
site history including harvesting, site preparation, and fer- 
tilizer application (Hagerman et al. 1999, Johnston and 
Crossley 2002, Jones et al. 2003 j. After intensive site prep- 
aration, diversity may be low and most likely consists of 
opportunistic fungal species that may be less beneficial to 
the trees than on a site with less soil disturbance, although 
research is still lacking to test this hypothesis. Future re- 
search needs to be conducted to determine whether mycor- 
rhizal community structure affects the carbon cost of root 
function, and ultimately, aboveground production, i.e., are 
some mycorrhizal species more beneficial than others? If so. 
can site preparation methods be altered to encourage colo- 
nization by more beneficial communities? Loblolly pine is 
colonized by a wide range of fungal species, and some are 
known to have growth-promoting effects at the seedling 
stage (Marx and Bryan 1971, Marx et a]. 1977, Marx et al. 
I99 I ). However, whether this growth promoting effect oc- 
curs beyond the seedling stage in the field is unknown. 
Unfortunately, little field information is available on below- 
ground ~nycorrhizal diversity, and how i t  may change as a 
stand ages. Whether fast growth in southern pines may be 
associated with different mycorrhizal cotnmunities in the 
field has not been examined. 

Moving Forward: Assessing Variation in 
Southern Pine Ecophysiology and 
Morphology Using Family Block Studies 

Most genetics and physiological genetics investigations 
focus on particular taxa (familie$ or clones) growing in 
single-tree plots or in row plots of 5 to I0 trees. In this 
situation, a tree's nearest competitors may or may not be- 
long to the same taxa. In contrast, operational deployment 
generally involves planting taxa in large, homogeneous 
blocks In which all inter-tree competition is between closely 
related genotypes (or the same genotype, in the case of 
clones). The upshot of this situation is that the competitive 
relationships, and resulting structural and functional re- 
sponses of the taxa of interest, observed in traditional prog- 
eny-test type studies may or may not be representative of 
those that will take place when the taxa are deployed oper- 
ationally (Martin et al. 2001). One solution to this dilemma 
is to study taxa of interest in situations similar to which they 
will be deployed: in blocks. The vast majority of plantations 
on industry lands (80%) are established using family blocks 
(McKeand et al. 2003). By investigating structure, physiol- 
ogy, stand dynamics, and growth of half- or full-sib families 
or clones growing in blocks, direct inferences can be made 
regarding how these taxa will perform when deployed 
operationally. 

The great expense involved with block plot studies 
means that careful consideration must be given to which 
taxa are chosen for testing. Candidate taxa for block plot 
studies can be selected in a number of ways. One is simply 
to choose the best performing taxa from single-tree or row 
plot studies. Another potentially complementary approach 
is to use the results from ecophysiological and modeling 
studies performed on single-tree or row plot experiments to 
hypothesize which taxa exhibit the characteristics of a crop 
ideotype. Crop ideotypes are imaginary or model trees that 
have characteristics enabling them to grow well in inten- 
sively managed, tightly spaced plantings, without compet- 
ing aggressively with their neighbors (Donald and Hamblin 
1976, Cannell 1978). It is possible that trees with crop 
ideotype characteristics may not perform well in progeny 
test environments, where they are out competed by more 
aggressive neighbors from other taxa, but could perform 
quite well when mixed with other, less aggressively com- 
petitive neighbors from their own taxa (Martin et al. 2001). 
In addition to planting taxa that are expected to perform 
well in large blocks, it is usually helpful to also test one or 
more taxa that are poor or average performers. The presence 
of these '"dog" taxa provides a useful contrast to the high 
per-formers, providing the oppor-tunity to determine what 
mechanisms or characteristics set winning and losing taxa 
apart. 

A research study by McCrady and Jokela ( 1996, 1998) 
provides an excellent example of the use of family block 
plots to understand the biological bases of perfomance 
differences. This study examined five open-pollinated 
loblolly pine families growing in family block plots at two 
relatively tight spacings (0.92 and 1.83 m). The researchers 
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quantified a number of canopy structural and functional 
characteristics, including leaf area index, vertical leaf area 
distribution, duration of leaf area display, radiation inter- 
ception, and radiation use efficiency (biomass production! 
radiation interception), all of which were related to the 
genetic growth differences exhibited by the different fami- 
lies, This study underlined the overwhelming importance of 
canopy structure for determining growth performance of 
southern pines. A number of other experiments in the region 
have used half- and full-sib family block plots to study 
stand-level growth and canopy dynamics. The study de- 
scribed by McKeand et al. (2000) contrasts five half-sib 
families within each of two loblolly pine provenances (East 
Texas "Lost Pines" and Atlantic Coastal Plain), with control 
and high fertility levels of fertilization. This experiment 
provides the opportunity to determine what mechanisms ase 
responsible for the drarnatic provenance growth differences 
observed in these two seed sources and to determine 
whether these differences are consistent across widely vary- 
ing soil nutrient availability (e.g., to determine whether 
there is a genotype x environment interaction). Within- 
provenance family variation can also be examined with this 
experimental design. 

More recently, a series of eight studies has been installed 
from southeastern Georgia, across the Gulf Coastal plain to 
western Louisiana and East Texas (Roth et al. 2002). This 
experimental series is designed to quantify and determine 
the mechanisms underlying variation in growth pe~tbr- 
mance of different full-sib families growing under factorial 
combinations of wide (2.8 X 2.8 m) and narrow (1.4 X 

2.8 m) planting spacing and high and low silvicultural 
intensity (composed of contrasting levels of weed control 
and fertilization). A comprehensive set of baseline measure- 
ments are collected at each location, including annual above 
and belowground biomass increment and nutrient concen- 
tration, leaf area index from litterfall, and understory veg- 
etation quantity and nutrient content. Detailed site meteo- 
rological and soil water data are also collected continuously 
with automated dataloggers. This suite of measurements is 
intended to facilitate the design and testing of family-spe- 
cific process models across the range of soil and climate 
conditions represented by the ex pen ment. This research 
philosophy will undoubtedly become more common and 
more powerful as the fields of ecophysiology, production 
ecology, and process modeling continue their current trend 
of increasing collaboration (Martin et a1. 2001). 

Moving Forward: Assessing Variation in 
Southern Pine Ecophysiology and 
Morphology Using Clonal Studies 

Studies on half- or full-sib families contribute valuable 
information regarding both the basic ecophysiology and 
morphology of specific genotypes, as well as applied issues 
relating to deployment of genetic material. However, the 
changing face of both basic biological research and opera- 
tional genetic deployment dictates that research on clonal 
material moves to the forefront. There are a number of 
characteristics of clones that confer considerable advantages 

for both applied and ecophysiological research. First, be- 
cause clonal material is generated from a single genotype, 
there is no genetic variation from ptant to plant. This has 
huge implications for ecophysiological research, because 
the environmental and genetic effects on any process (e.g., 
growth, photosynthesis rate, nutrient uptake) can be com- 
pletely separated experimentally, allowing direct inferences 
to be made about the relative role of each in any particular 
situation. Consequently, a stronger correlation may be 
found between growth and specific ecophysioiogical pro- 
cesses. Operationally, the elimination of genetic variation in 
desired traits (such as stem form, wood properties, or even 
tree size) will allow the streamlining of forest operations 
from propagation through harvest and secondary process- 
ing. The lack of genetic variation also allows breeders to 
select the very best performing clones from the best fami- 
lies. Clonal selection can potentially produce realized gains 
in stem volume as high as 50%, compared with 30% for 
controlled cross selections and 10% per generation for open 
pollinated selection (D.A. Huber, personal communication). 
It should be noted that the desire to deploy clones is not only 
because of the possibility for increased volume production, 
but also because clonal selection may enable great improve- 
rnent in stem properties such as specific gravity, lignin 
content or stem straightness that result in raw material with 
higher value. 

Second, vegetative reproduction of trees, in combination 
with genetic transformation (the introduction of genes from 
one individual into another) allows the rapid production of 
genotypes that would be difficult or impossible to produce 
with traditional tree improvement approaches. Biological 
researchers take advantage of this attribute by using cus- 
tom-made genotypes to better understand how genetic 
changes impact ecophysiological processes or tree structure. 
Applications frorn transformation are potentially large, and 
may include development of clones with any of a number of 
desirable attributes, such as wood quality characteristics, 
growth rate, disease resistance, nutrient use efficiency or 
others, alone or in combination within a single plant. A 
number of I-esearch programs in the Southeastern United 
States are currently carrying out experiments to better un- 
derstand both the biological and applied attributes of clones. 

The clone screening program at MeadWestvaco (MWV) 
is an example of an industry-based effort to use ecophysi- 
ological and morphological measurements to identify traits 
or genotypes with potential commercial value. This pro- 
gram is designed to ( 1 )  identify unique ideotypes with 
respect to physiology and morphology; (2) gain insight into 
how to deploy and cultuse the selected clones; (3) identify 
processes or traits that if altered through biotechnology 
would likely increase productivity or stem value; and (4) 
identify genotypes that may be useful in a trait-based breed- 
ing program. Several traits (Table 2) were examined in 
MWV's first clonal screening trial and were found to be 
associated with variation in growth rate. Some of the trait 
groups that proved informative in this trial included crown 
structure, resource use efficiency, and long-term integrated 
carbon gain. 
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Table 2. Example of traits examined in a MeadWest- 
vaco loblolly pine clone screening trial. A "NO" indicates 
no relationship found between clone stem wood pro- 
duction and a trait, and "'YES" shows that the measured 
trait did correlate with stem wood production. 

Ecophystotogrcal traits 
Leaf-level net photosynthesis rate 
Annual whole tree carbon gain 
Phenology 
Fol~age  nutnent concentration 
Biomasc allwatton (root vs shoot) 
Growth efficiency 

Bromacdcrown plan area 
B~omassileaf area 
B~omasdcanopy N content 

Morphologrcal traits 
Crown plan area 
Branch ctze and frequency 
Internode length 

Below ground trait\ 
No direct work done 
Nutrient accun~ulat~ctn after teft11~7atron-4ongoingf 

NO 
YES 
NO 
YES 
YES 

YES 
YES 
YES 

YES 
YES 
YES 

Crown architecture or sti-ucture is a potentially important 
trait that has bearing on an individual tree's potential to 
capture light but also on how well groups of trees perfonit 
together as a stand. These concepts are considered explicitly 
in the design of tree ideotypes, in which trees with wide, 
spreading crowns that aggressively compete with neighbor- 
ing trees are characterized as "isolation ideotypes" or "com- 
petition ideotypes," whereas "CI-op ideotypes" generally 
have more compact crowns which effectively intercept light 
without interfering with neighboring trees (Cannell 19781. 
Crop ideotypes are generally considered desirable for 
growth in closely spaced, intensively managed forest stands. 
The 120 clones included in MWV's first clonal screening 
trial demonstrated a wide range of crown sizes. Trees with 
narrow crowns often had small branches as well. Several 
clones were identified that had both narrow crowns and high 
growth rates; these clones probably meet the definition of a 
crop ideotype, and may be highly efficient and suitable both 
for high-density pulpwood plantings and high quality saw- 
timber trees. Several clones had wide crowns associated 
with rapid growth rate, a trait co~nbination that might be 
desirable for accelerating crown closure and reducing the 
need to apply extended vegetation management treatments. 

Ratios of biomass or biomass production relative to 
crown size are sometimes good indicators of the efficiency 
of resource capture and conversion. This trial examined 
several indices of growth efficiency, including stemwood 
volume per unit crown projected area and stemwood tol- 
ume per unit leaf area. The latter index successfully pre- 
dicted clonal rankings for growth. An index of the amount 
of stemwood produced annually relative to the amount of 
nitrogen stored in crown foliage at the beginning of the year 
was also closely correlated to clone performance. 

Although long-term integrated measures such as g r o ~ t h  
efficiency or morphological proper-ties such as crown width, 
leaf area, and crown nutrient content were very useful, 
measurements of net photosynthesis of foliage showed no 
difference between slowly and rapidly growing clones. 

When leaf-level photosynthetic rates were combined with a 
knowledge of leaf area amount and distribution and scaled 
across the year to the whole tree level using a process 
model, Maestro (Wang and Jarvis, 1990), the resulting 
index of annual carbon gain was much more closely corre- 
lated with growth. 

The results from NWV's first screening trial indicate 
that morphology (inferred allocation) is more important 
than physiological differences (net photosynthesis) in de- 
veloping indices of clone growth potential. This initial work 
has also indicated that integrated measures or derived indi- 
ces of clone performance such as annual whole tree carbon 
gain are useful for identifying promising clones. In addition 
to identifying high- performing clones, ecophysiological 
measures have also provided insight into how clones nt ight 
need to be deployed. For example, for clone #93 that does 
not develop a broad crown but has rapid height growth, 
mixing broad-crowned "competition ideotype" clones with 
narrow-crowned "crop ideotype" clones would not Iikely be 
desirable. The range of nutrient utilization eftlciency levels 
identified in this trial may have implications for the nutrient 
regimes (dose and frequency of fertilizer) that would be 
required for pure stands of high performing cfones with high 
or low nutrient use efficiency. The initial results of this 
screening trial have generated considerable excitement 
about the role that ecophysiological screening can play in 
identifying useful ideotypes, developing deployment guide- 
lines, and guiding trait based breeding or biotech programs 
designed to enhance select wood or timber properties. De- 
signing better test environments to facilitate ecophysiologi- 
cal screening, using integrated measures of tree functioning 
and morphology and combining these measures in a process 
model format should permit even more useful results from 
ecophysiological screening to be derived. 

Researchers at the University of Florida are also begin- 
ning to conduct ecophysiology screening of clones. They 
have two clonal research experiments in place that are 
designed to increase understanding of the genetic structure 
and biology of southern pine clones. The flrst study inves- 
tigates the biology of 300 clones from five different full-sib 
loblolly and slash pine families. This'study utilizes mea- 
surements that Integrate biological information over space 
or time. For example, detailed crown structural information 
for each clone is used to parameterize the process model 
MAESTRA, which can then be used to estimate the total 
amount of radration Intercepted by each clone over large 
\pans of time (months - seasons). Additional measurements 
in this study include whole-tree sap flow (integrates leaf 
physiology over the tree crown over long periods of time, 
see Martin 2000) and leaf carbon isotope discrimination 
(integrates leaf physiology over long periods of time, see 
Mortazavi and Chanton 2002). Thts research approach is 
based on the propos~t~on that biological measurements that 
match the spatial and temporal ccales at which growth is 
observed re g., whole trees over seasons to years) are more 
likely to be informative than ~neasurements made over 
temporal and spatial scales much smaller than growth ob- 
servations (Hinckley et al. 1998, Martin et at. 2001). This 
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proposition appears to be paying off in this study, where 
integrated whole-crown radiation interception explains over 
70% of the variation in single-tree growth in some families, 
compared with Ieaf area alone, which only accounts for 
about 50% of the variation in growth (V.1. Emhart and T.A. 
Martin, unpublished data). 

The second U F  clonal study is installed on 13 sites across 
the Atlantic and Gulf Coastal Plains (Forest Biology Re- 
search Cooperative 2000). Each study site contains 900 
loblolly or slash pine clones (derived from 60 full-sib 
crosses between elite parents) planted in single-tree plots 
under both high- and low-intensity silvicultural treatments. 
The design of this study, similar to traditional progeny tests 
used by tree breeders, is intended to enable the quantitative 
investigation of  the genetic mechanisms controlling tree- 
level growth strategies,'pest resistance, wood quality, and 
other characteristics. Recurring measurements planned for 
the study include the following: artificial inoculation 
screening of all loblolly and slash pine clones for both pitch 
canker and fusiform rust; annual field inventory of height, 
diameter and crown characteristics; field measurement of 
water relations parameters including predawn water poten- 
tial, leaf relative water content, and Ieaf stable carbon iso- 
tope discrimination; and growth, morphology, phenology, 
and wood characteristics. 

As industrial and University researchers gain experience 
with clonal material, experimental approaches are likely to 
become more sophisticated, which will lead to the ability to 
answer more sophisticated questions. For example, incor- 
porating transgenic approaches into biological research with 
southern pines could eventually reap huge benefits. Al- 
though genetic transformation of conifers has been achieved 
(Walter et al. 1 998, Wenck et al. 1999), routine transforma- 
tion of southern pines remains problematic. Once this hur- 
dle is cleared, however. substantial and rapid progress in 
understanding the molecular genetic basis of many physio- 
Iogical and biological processes is likely, considering the 
strides in understanding that have been achieved with more 
easily transformed species (Somerville and Somerville, 
1999). Without this level of understanding, the production 
of field-ready, "custom-made" tree genotypes will remain 
theoretical. 

Moving Forward: Strategies for 
Ecophysiological Screening 

Ecophysiology screening in the future can be made more 
efficient by designing test environments in which soil re- 
sources can be easily and rapidly manipulated. Under such 
contl-oiled test conditions, genotypic response to the quan- 
tity or timing of soil resource availability could be used to 
make inferences about root system distribution, root system 
functioning, and internal carbon assimilation lirnitationc 
relative to nutrient uptake limitations. This approach will be 
very useful if ecophysiology measurements and measure- 
ments of gene activation that occur in response to rapid 
changes in a particular site resource can be coupled. 

Futttse screening efforts will need to take full advantage 
of integrated measurements such as sap flow or isotope 

discrimination. Equipment and integrated measurements 
like sap flow systems wilt need to be developed and de- 
ployed in a manner that allows rapid measurements of 
greater numbers of individuals, whereas stable isotope tech- 
nology allows more integrated measures of water use effi- 
ciency. The close linkage between carbon uptake and water 
use implies that estimates of water loss derived from sap 
flow measurements should reflect canopy carbon gain, and 
therefore productivity potential. Sap flow measurements 
also have the potential for making rapid estimates of leaf 
area in individual trees. Under conditions where stomata1 
conductance is expected to be fairly uniform among trees 
(high soil water content, low vapor pressure deficits), dif- 
ferences in water loss rates between trees should be directly 
proportional to differences in leaf area. Exploitation of this 
or similarly rapid methods for estimating individual tree 
(clone) leaf area would open the avenue for calculation of 
other indices to help identify unique ideotypes and potential 
high producers. For example, once leaf area is known, then 
simple measures of nutrient concentration and annual 
growth measurements make it possible to estimate nutrient 
use efficiency and growth efficiency on a leaf area basis. 

It  may be advantageous for future screening systems to 
couple continuous measurements of controlled and manip- 
ulated env~ronmental conditions, integrated and point mea- 
surement of tree function, and measures of tree form into 
process models to fully probe and calculate each clone's 
ecophysiological attributes. Table 3 outlines a potential 
roadmap for combining these elements into a coherent eco- 
physiological research strategy that can contribute to tree 
imp]-ovesnent and forest management. 

Potential Applications of Current 
Ecophysiological Research to Tree 
Irnprovernent Programs 

A number of applied benefits are likely to arise from 
ecophysiological research on southern pine families and 
clones. Family-level studies have revealed and will continue 

Table 3. Strategies for future ecophysiological clone 
screening programs (A), potential outputs (B), and po- 
tential iinplications of these types of programs (C). 

A Citrdiep~ei 
lncreaied tncu\ on ecophys~olog~ca l  measurements in clonal 

studre\ 
Grow clones rn teqt f ~ e l d s  that permtt resource mdnipulatton 
b t i l t ~ e  integrated ecophy~iologtcal  measurements to rdent~ty 

clonal difference\ tn structure dnd function asrocrated wtth 
g1owth 

Appl) procesb models to develop integrated rndrcer of clone 
itiucture and functron 

A5ierr gene cxpre\\ion to help rntctrm molecular brolopq work 
R Potentt'il outputs 

Ecttmdtes ot clonal growrh efticiency, f e r t ~ l ~ z e r  uptake efttctency, 
nutrrent uce effrcrency, annual carbon gain, bromass atlocatton 
pattern\, growth and yield, economic value 

C Potent~,~l  rmpltcatrons 
Prok~dc  a basrc for assessing growrh and y ~ e l d  tmpdcts, trmber 

\ d u e  tmprokement* 
Proside ~ncrght Into taxon-spec~tk \ ~ l ~ i c u I t u r a l  requirements and 

growth regrrnes 
Identrty cloner for trait-bawd breedtng 
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to reveal family-specific patterns of canopy development 
and stand dynamics, which will enhance our ability to select 
families that produce well at the stand level, as compared 
with performance in single-tree progeny test plots. For 
clonal experiments, the first and most direct application is 
likely to be the identification of useful clones. Due to the 
sheer numbers of genotypes that are observed and measured 
in single-tree clonal studies, there will emerge a number of 
clones with desirable growth, wood quality, and disease 
resistance characteristics. In the future, the applied benefits 
of transformation, and the ability to create "designer" trees 
with desired growth, wood quality, or disease resistance 
characteristics may overshadow all of the other benefits 
listed here. Finally, all of these research approaches will 
contribute to the development of more mechanistic growth 
and yield models. These models, likely to take the form of 
"hybrids" between biological process models and traditional 
growth and yield models (e-g., Baldwin et al. 1998), will 
have the ability to predict forest productivity under unique 
management or environmental scenarios, areas of weakness 
for traditional growth and yield models, which are based on 
past growth of forest stands. When these models are param- 
eterized with information for specific taxa (families or 
clones), the development of both site- and genotype-specific 
silvicultural prescriptions will become a reality, an advance 
that will truly move forestry into the 2 1 st century. 

Summary 
There is still much work to be done in using ecophysi- 

ological processes as screening tools rather than just tools 
for characterizing tree responses to changes in environmen- 
tal conditions. There is no doubt that ecophysiological re- 
search will continue to provide useful information for clone 
selection, clone deployment strategies, and identification of 
specific processes that could be targeted for up- or down- 
regulation. 

Although we have broadened the role of ecophysiology 
in identifying individual clone attributes that are beneticial 
to increasing production rates or stem value, we must not 
stop there. Ecophysiological researchers need to take lead- 
ership roles in guiding managers and biotechnologist in 
manipulating the entire managed community, not just the 
crop tree component. For example, we know through eco- 
physiology studies that a net immobilization of nitrogen 
occurs in loblolly pine forest floors over the entire rotation 
(Richter et al. 2000). Identifying or altering genotypes to 
have foliage chemistry that would permit rapid turnover and 
cycling of the large nitrogen pool that now accumulate\ 
over the rotation could be a better avenue for increasing 
stand productivity than using biotechnology to directly en- 
hance biochemical or physiological processes of the crop 
tree itself. Another indirect n~anipulation that may be im- 
portant is to develop clones that are better hosts for devel- 
oping more efficient mycorrhizal networks. This could be 
more important than attempting to develop trees with larger 
root systems. 

Almost twenty years ago, the emlnent tree physiologist 
Paul Kramer stated that there was a ". . . need for better 

cooperation among forest geneticists, silviculturists, and 
physiologists in identifying physiological limitations to 
growth and in finding remedies for them" (Kramer 1986). 
Although ecophysiologists so far have struggled to live up 
to this mandate and contribute to tree improvement pro- 
grams, there is no doubt that they can and must play an 
integral role in bringing to bear the power of ecophysiologi- 
cal research, biotechnology, and clonal forestry to help 
move tree improvement into the 21st century. 

Literature Cited 
AGRFY, G I .  B AXELSSOV, J G FLOWFR-ELI IS, S LINDER, H PERTSON, H 

STAAF, APWD E TROFNG 1980 Annual carhon budget for a young Scots 
prne Ecoi Butt Stockholm 32  107-313 

ALLEN B , M F A! LEh, D J HELM, J M TRAPPE, R M o L ~ ~ A ,  A N D  E 
R l h c O ~  I995 Pattern% and regulatton of mycotrhr7al plant and fungal 
dt\er\ity Plant Sort 170( 1) 47-62 

~ N E ~ O N D A ,  T S , R S CRIDDLE, W J LIBBY, R W BRFIDFNBACH, A N D  L D 
I-IAYSEN 1994 Respzntton rates predict differences In growth of coast 
redwood Pldnt Cell Envtron 17Q) 197-201 

BALDUIIL, V C . P M DOUGHERTY, A N D  H E BLRKHART 3998 A l ~ n k e d  
model for s in~ulat tng stand development and growth processes of 
inblolly ptne P 105-326 In I h e  productivrty and \ustatndbrlity of 
Southein forett ecosy.;ten>s in a ~ h d n g t n g  enltronment Mtckler R A , 
m d  S A Fox ( e d s )  Sprtnger-Verlag, New York, N Y  

BARROY-GAFFORD, G A . R E WILL, E C B U R ~ C S ,  B SHIVER, A N D  R 0 
F F \ ~ E Y  3,001 Nutrient concentrations and content\, and their relatlon 

to \ten1 gsowth. ot  intenstvely managed Prrzus tnerfc~ and Prrzlcs c.i/rottrr 
\land\ of drfferent planttng densttree For Sci 49(2) 291-300 

BILAN, M V C r HOGAN, AND H B C A R ~ E R  1977 Stomatal openrng, 
tran>ptration, and needle nlolsture In loblolly pine seedlings from two 
lexas \eed \ourcec For Scr 23(4) 457-462 

BIRK,  I-3 M , A N D  P M VITOUC~EK I986 Nitrogen avatlablltty and nrtrogen 
u\e efttctency tn loblolly plne stands Ecology 6711) 69-79 

BOL ~7 B A . B C BONGARTEN, AND R O T E C ~ E Y  1986 Seasonal pattern.; 
ot net photo\ynthests of  loblolly plne from dtverse ortgins Can J For 
Re\ 16f5) 1063-1068 

BONGAKTFV, B C , A N D  !? 0 T E S ~ E Y  1987 Dry ~ e t g h t  partittoning and ttc 
relatton\htp to product~vity in loblolly pine seedltng\ from seven 
\ource\ For Sc1 3%2) 255-267 

BORMANN I' H 1956 Ecolog~cal  ~mplrcattonc of changes in the 
photownthe i~c  reponce of Pu?tr~ I C I P ~ O  \eedltngs dtirtng ontogeny 
Ecology 37( 1 70-75 

BRIY,  f 1 1962 'he effect of water stresr o n  the rate\ of photocynthect\ and 
rerpiratton En tomato plants and loblolly ptne \eedlrngs Phy\iol Plant 
I5(i 10-20 

BURDON, R D 1982 Breecltng for  ptoductrvity jackpot or will o-the wtsp' 
P 15-5 I in Physiology and genetic> of tnteri\rve culture, P ~ V L  S e ~ e n t h  
Nttrth Amerrcan Forest Btology Workshop Lexington, K Y  

Bu~YOR J R , J A D ~ ~ L I T T L E ,  K H JOHN\EN. L SAMU~ISON, T STOKES, 
, z w  I> K u t s s  2003 Uttltty ot  ground penetrattng rddar as  a root 
biomarr survey tool rn forect system., Sot1 Sci Soc Amer J 
6715) ICii17-1615 

CANNFLI , bl Vf; R 1978 inlprovinp per hectare forest productr\tty P 
170- 1.15 tn Proc I'tfth North Amertcan Fore51 Biology Workchop, 
Cdnnell M G R and A E S q u ~ l l a c e  feds)  Unrv F ior~da  School of 
I'oiest Kezources and Conservattctn, Gatnecvrlle, FL 

C A N ~ E L  L, M G K 1979 Btological opportunrtiec for genetlc tmprnvement 
in fore\t proiiuctrvrty P 119-144 rn The  ecology of e.cen-aged forett 
pldntat~ons, Eard E D , D C Malcctlrn, and J Atterlon ieds ) Institute 
of Terre\trrdl Ecology, Cambrtdge, United Kingdom 

C H A ~  OT bf Abn A BRUN 1998 Phyrtotogy of organtL nttrogen by 
ectomycorrht,aI tungt and e~tomyccjrrhirra\ FEMS Mtcro Rev 
2 2 0 )  2 1-44 

Cor n r w ,  $ R , E J JOKEI A,  AND 1) G NEAR\ I990 Etfectc of annual 
fenrlitattctn <tnd sustained weed controt on dry mdtter partrtlonlng, leaf 
ared, and growth efficiency of juventie ioblolly and clash pine For Scr 
36(.11995-1014 

DXLLA 2 F , A P ~ D  E J JOVEL A 1991 Needlefall, canopj  lrght 
rnterceptron and productivity of young tntenrr\ely managed cl;t\h and 
iohlofiy pine rtandr For Set 37(5) 1298-1 '313 

SJAF 29(2) 2005 77 





MCCRADY, R.L., AND E.J. JOKELA. 1996. Growth phenology and crown 
structure of selected loblolly pine families planted at two spacings. For. 
Sci. 426 1):46-57. 

MCCRADY, R.L., AND E.J. JOKELA. 1998. Canopy dynamics, light 
interception, and radiation use efficiency of selected loblolly pine 
families. For. Sci. 4463):64-72. 

MCKEAND, S.E., J.E. GRISSOM, J.A. HANDEST, D.M. O'MALLEY, A N D  1i.L. 
ALLEN. 2000. Responsiveness of diverse provenances of loblolly pine 
to fertilization - age 4 results. J. Sust. For. 10(1):87-94. 

MCKEANI), S, T. MULLIN, T. BYRAM, AND T. WHITE. 2003. Deployment of 
genetically improved fobtolly and slash pine in the South. J. For. 
101(3):32-37. 

MCMURTRIE, R.E., AND J.J. LANDSBERG. 1992. Using a simulation model to 
evaluate the effects of water and nutrients on the growth and carbon 
partitioning ctf Pirrtrs mciintu. Forest Ecol. Manag. 52( 3 - 4):243-260 

M c N u ~ n ,  S.G., J.M. VOSE. AND W.T. SWANK. 1998. Predictions and 
projections of pine productivity and hydmlogy in response to climate 
change across the Southern United States. P. 391--406 in The 
productivity and sustainability of Southern forest ecosystems in a 
changing environment, Mickler, R.A., and S.A. Fox (eds.). 
Springer-Verlag, New York, NY. 

MORTAZAVI, B.. AND J.P. CHANTON. 2002. Carbon isotopic discrimination 
and control of nighttime canopy delta '"0-CO, in a pine forest in the 
southeastern United States. Global Biogeochemical Cycles. 
16f 1):1008. 

~ ~ U R T H Y ,  R., S.J. ZARNOCH; A N D  P.M. DOUGHERTY. 1997. Seasonal trends 
of light-saturated net photosynthesis and stomata1 conductance of 
loblolly pine trees grown in contrasting environments of nutrition, 
water and carbon dioxide. Plant Cell Environ. 20(5):558-568. 

NEHL, D.B., S.J. ALLEN, A N D  J.F. BROWN. 1996. Mycorrhizal ccllonisation, 
root browning and soil properties associated with a grosth disorder of 
cotton in Australia. Plant Soil. 179(2): 171-1 82. 

OREN, R., D.S. ELLSWORTH, K.H. JOHNSEN, N. PHILUPS, B.E. EWERS, C. 
MAIER, K.V.R. SCHAFER, M. MCC'ARTHY, G. HENDREY, S.G. MCNUI-TY, 
A N D  G.G. KKWL. 2001. Soil fertility limits carbon sequestration by forest 
ecosysferns in a C0,-enriched atmosphere. Nature. 41 1(6836):469-472. 

PERSSON, J .P. HOGBERG, A. EKBLAD, M.N. ~ ~ O G B E R C ,  A. NORDGREN, AND T. 
NASHOLM. 2 0 3 .  Nitrogen acquisition from inorganic and organic 
sources by boreal forest plants in the field. Oecologia. 137(2):252-257. 

PERRY, D.A., M.P. A~~ARANTHUS,  J.G. BORCHERS, S.L. BORCHERS, AND 

R.E. BRAINERD. 1989. Bootstrapping in ecosystems. BioScience. 
39(4i:230-237. 

Ptirr.r.r~s, N.. A N D  R. OREN. 2001. Intra- and inter-annual variation in 
transpiration of a pine forest. Ecol. Appl. 1 1 (2):385-396. 

RETLLAFF, W.A., G.K. BLAISDELL. AND M.A. TOPA. 20Ula. Seasonal 
changes in water source of four families of loblolly pine (Pinus tcreil<~ 
L.). Trees. 15(3):154-162. 

RETZLAFF, W.A.. J.A. HANDEST, D.M. O'MALLEY, S.E. MCKE~ND. auD 
M.A. TOPA. 200lb. Whole-tree biomass and carbon ajlocation of 
juvenile trees of loblolly pine (Pinus fcteckl): Influence of genetics and 
fertilization. Can. J. For. Res. 3 1(6):960-970. 

R l c r m ~ ,  D.D.. D. M A R K E W I ~ ,  P.R. HEINE, V. JIN, J. RAIKES. K. TIAN. A N D  

C.G. W E L L ~ . ~ M ) ~ .  LRgacies of agriculture and forest regrowth in the 
nitrogen of old-field soils. For. Ecol. Manage. 13861-3):233-248 

ROTH. B.E., T.A. MARTIN, E.J. JOKELA, AND T.L. WHITE. 2002. Finding the 
keys to unlock the productivity of southern forests. Florida Forests. 
6(2 1: 1 8 -20. 

SAMPSC)N. D.A., A N D  11.L. ALLEN. 1999. Regional influences of soil 
available water and climate and leaf area index on sitnrrlated loblolly 
pine productivity. For. Ecol. Manage. 124( 1 ): 1- 12. 

SAMOELSON, L.J., T. STOKES, T.E. COOKSEY, A N D  P. MCLEMORE. Ill. 2 0 1 .  
Production efficiency of lobloliy pine and sweetgum in response 1 0  four 
years of intensive itianagement. Tree Physiol. 2 1(6):369-376. 

SASEK, T.W., C.J. RICHARDSON, E.A. FENDIC'K, S.R. BEVINGTON, A N D  L.W. 
KRESS. 1991. Carryover effects of acid rain and ozone on the 
physiolo>gy of ~nultiple flushes of loblolly pine seedlings. For. Sci. 
37(4): 1078- 1098. 

SE~LER, J.R., A N D  J.D. JOHNSON. 1985. Photosynthesis and transpiration of 
lobfolly pine seedlings as influenced by mctisture-xtress conditioning. 
For. Sci. 3 1 (3):742-749. 

SOMERVILLE, C., A N D  S. SOMERVILLE. 1999. Plant functional genornics. 
Science. 285(5426):380-383. 

SWJTLER, G.L., L.E. NELSON, AND W.H. SMITH. 1966. The characterization 
of dry matter and nitrogen accumulation by loblolly pine (Pinus raedu 
L.). Soil Sci. Soc. Amer. Proc. 30(1): 1 14-1 19. 

SWORD, M.A., D.A. G R A V A ~ ,  P.L. FAL'LKNER, AND J.L. CHAMBERS. 1996. 
Seasonal branch and fine root growth of juvenile loblolly pine five 
growing seasons after fertilization. Tree Physiol. 16(11-12):899-904. 

TESKEY, R.O. 1997. Combined effects of elevated CO, and air temperature 
on carbon assimilation of Pinus toe& trees. Plant Cell Envjron. 
20f 3]:373-380. 

TESKEY, R.O., B.C. BONGARTEN, B.M. CREGG, P.M. DOUGHERR, AND T.C. 
HENNESSEY. 1987. Physiology and genetics of tree growth response to 
moisture and temperature stress: An examination of the characteristics 
of loblolly pine (Pinits tuetlrt I,.). 'Tree Physiol. 3(1):41- 6 1. 

THAMES, J.L. 1963. Needle variation in loblolly pine seed from four 
geographic seed sources: Ecology. 44( l f :  168-1 69. 

TISSUE, D.T., R.B. THOMAS, AND B.R. STRAIN. 1993. Long-term effects of 
elevated C02  and nutrients on photosynthesis and rubisco in loblally 
pine seedlings. Plant Cell Envtron. 16(73:859-865. 

TOPA. M.A.. AND C.L. SISAK. 1997. Chancterization of phosphorus uptake 
in slow- and fast-growing southern pine seedlings grown in solution 
culture. Plant Soil. 190(2):3 17-329. 

VALENTINE, H.T., T.G. CUEGOIRE, 1i.E. BURKHART, AND D.T. HOLLINGER. 
1997. A stand-level model of ca rhn  allocation and growth, calibrated 
for loblolly pine. Can. J. For. Res. 27(6):817-830. 

VAI-ENT~NE, H.T., T.G. GREGOIRE, H.E. BLJRKHART, AND D.T. HOLLINGER. 
1998. Predicting growth of toblolly pine stands under elevated 
temperatures and carbon dioxide. P. 341-352 in The productivity and 
sustainability of Southern forest ecosystems in a changing 
environment, Mickler, R.A., and S.A. Fox (eds.). Springer-Verlag, 
New York, NY. 

WALTER, C., L.J. GRACE, A. WAGNER, D.W.R. WHITE, A.R. WALDEN, S.S. 
~ N A L D S O N ,  H. HIN~ON.  R.C. GARDNER, AND D.R. SMITH. 1998. Stable 
transformation and regeneration of transgenic plants of Pinus rudicifu 
D. Don. Plant Cell Reports. 17(6-7):460-468. 

WANG, Y.P.. AND P.G. JARVIS. 1990. Description and validation of an array 
model MAESTRO. Agr. For. Meteorol. 54(3-4):257-563. 

WEINSTEIN, D.A., R. BELOIN, A N D  R. YANAI. 1991. Modeling changes in 
red spruce carbon balance and allocation in response to interacting 
ozone and nutrient stress. Tree Physiol. 9(l-2): 127-146. 

WENCK, A.R., M. QUINN, R.S. WHETEN. G. PULLMAN, AND R.R. SEDEROFF. 
1999. High-efficiency Agmbucreri~t-mediated transfomlation of 
Norway spruce (Picpa obies) and loblolly pine (Pinus tuedo). Plant 
Molecular Biol. 39(3):407-4 16. 

W H ~ .  T.L., G.R. fionc;~, A N D  G.L. POWELL. 1993. An advanced-generation 
tree improvement plan for slash pine in the southeastern United States. 
Silvae Genetica. 42(6):359-37 2 .  

WILL. R.E., G.A. HARRON, E.C. BURKES. B. SHIVER, AND R.O. TFSKEY.. 2001. 
Relationship between intercepted radiation, net photosynthesis, respiration, 
and rate of stem volume growth of Piirus fordo and Pinus elliotfii stands 
of different densities. For. Eco. Manage. 154(1-2): 155-1 63. 

WILL, R.E., M.J. WHEELER, D. MARKEWITL, M.A. JACOBSON, A N D  A.M. 
SHIRLEY. 2002. Early loblolly pine stand response to tillage on the 
Piedmont and upper coastal plain of Georgia: Tree allometry, foliar 
nitrogen concentration, soil bulk density, soil moisture, and soil 
nitrogen status. Sout h. J. Appl. Fttr. 26( 1 1: 190- 196. 

WU, R.L.. J.E. GRISSOM, D.M. O'MAI.LEY, 4NDS.E. MCKEAND. 2000. Root 
architectural plasticity to nutrient stress in two contrasting ecotypes of 
loblolly pine. J. Sust. For. l0( 1):31)7--3 17. 

XIAO Y, E.J. JOKELA, AND T.L.. WHITE. 2003. Growth and leaf nutrient 
responses of lohlolly and stash pine families to intensive cilvicultural 
marragement. For. Ecot. Manage. IX3ll-3):28 1-295 

YANG, W.Q., K .  .MuRT!-~Y, P. KING, A N D  M.A. TOPA. 2002. Diurnal changes 
in gas exchange and carbon partitioning in needles of fast- and 
slow-growing families of loblolly pine (Pinus raccto). Tree Physiol. 
22(7):489-- 498. 

SJAF 29(2) 2005 79 


