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contrasts were made at ages 3 and 4 years among the three taxa, while genetic parameters
were estimated from 16 loblolly pine and 32 slash pine open-pollinated familiesto enhance

the understanding of genetic architecture of the two species.
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Loblolly pine trees had more branches, wider crowns, higher amounts of foliage
biomass and leaf area, and overall growth than slash pine at both ages, but produced less
volume per unit leaf area (804 cm®wood/m? leaf area) thanimproved slash pine(1,106) and
unimproved slashpine(1,173). Differencesin growth wereassociated with crown structural
and nutritional attributes among taxa. Loblolly pine consistently had higher foliage N and
P concentrations over the life cycle of a needle cohort, higher N, K, Mg, and Ca use
efficiency for leaf area production, higher crown (foliage) nutrient content, and higher
nutrient retranslocation efficiency for N, P, and K than slash pine.

Narrow-sense heritability estimates for most attributesfor the two specieswere low
to moderate. Both species had moderate heritabilities in leaf area (n* = 0.25 and 0.28,
respectively). Loblolly pine had higher heritability (maximum h? =0.83) for foliar N
concentration, but lower heritabilities for foliar Ca and Mg concentrations than slash pine
throughout an entire leaf life cycle. Loblolly pine aso had higher heritabilitiesin N and P
use efficiency (loblolly pine h? = 0.41 and 0.27, respectively), but waslower for Caand Mg
use efficiency than slash pine (slash pine h? = 0.32 and 0.26, respectively). Genotype x
environment interactionswere not important for most traits except thosefor crown structure
in loblolly pine. Genetic and environmental correlations between growth and crown
structural attributes in loblolly pine and between growth and nutritional attributes in slash
pine were all positive and low to moderate. Results from this study have provided a
comparison of growth strategies that can be used to select species suitable for plantation
establishment at different locations and management intensities and to evaluate potential

traits for tree improvement programs.
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CHAPTER 1
INTRODUCTION

Background

With increasing societal demandsfor timber products and decreasing accessto older
timber, modern forestry has begun shifting its harvest to short-rotation plantations. To
improve the efficiency of management systems, a better understanding of genetic
characteristics and growth strategies of forest trees is necessary. Such information will
prove useful in the development of advanced protocols for improving yield and timber
quality. Selection of genetically superior trees, efficient utilization of fertilizers, and
reduction of competing understory and pests have significantly contributed to the
improvement of forest yields. Nevertheless, like many related fields in agriculture, the
practical success in forestry far exceeds the theoretical progress. Therefore, an
understanding of the mechanisms controlling tree growth and its adaptation to the
environmental complexity iscritical not only for the future advancement of forestry, but also
for the conservation of forest resources and the protection of environmental quality.

Forests are primarily composed of woody plants that vary in size. To increase the
productivity of forest standssteadily, the mechanismsinvolved in stand growth must befully
examined. A better understanding of stand growth as influenced by biological factors and
the surrounding environment is essential for continued improvement in growth rates. Many

studies have been conducted to address the various issues related to growth, in which close
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attention haslong been paid to the growth characteristics of forest treesand their interaction
with the environment for (1) improving the yield and quality of timber and bettering the
resistance of treesto pathogens and insects (Ross and Berisford 1990; Ross et al. 1990); (2)
increasing the knowledge on general linkages between biological processes and
environmental influences (Gholz et al. 1994); and (3) clarifying the growth dynamics of
stands by examining the performance of single trees, especialy during the seedling and
sapling growth stage (Kinerson et al. 1974; Madgwick 1983; Ceulemanset al. 1990; Gower
et al. 1993).

In comparison with studiesconducted on growth at thestand level, few attemptshave
been made to comprehensively investigate relationships among growth, nutritional
physiology, and genetics in individual trees of a species. In some studies, although
individual trees were sampled, analyzed, and scaled to the stand level to estimate overall
productivity, the characteristics of the sampled individualsand their rel ationsto one another
were mostly unknown (Forrest and Ovington 1971; Kira 1975). One of the difficultiesin
conducting research at the single tree level is related to selecting representative trees from
a spectrum of well-recognized good and poor families of a species and to implement them

experimentally in the field while maintaining the uniqueness of family structures.

Interspecific and Intraspecific Differences in Crown Attributes

Canopy structure is one of the most important factors affecting stand growth. A
well-developed canopy can efficiently intercept solar energy. Consequently, crown
architecture is closely related to forest productivity (Cannell et al. 1987; Wang and Jarvis

1990; Dalla-Tea and Jokela 1991; McCrady and Jokela 1996). For many annual crops,
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certain morphological traits have been successfully incorporated into breeding programs
sincetheideotype concept wasfirst proposed by Donald (1968). For example, new and high
yield cultivars of wheat (Triticum aestivum), barley (Hordeumvulgare), maize (Zea mays),
bean (Phaseolusvulgaris) and the others have been bred using ideotype sel ection techniques
(Donald 1968; Mock and Pearce 1975; Adamset al. 1986; Rasmusson 1987). Thebreeding
of crop ideotypes usually assumes significant genetic relationships between crop yield and
morphological or physiological traitsused asindirect selection criteria (Fakorede and Mock
1978).

Three kinds of ideotypes have been proposed: isolation ideotypes, competition
ideotypes, and crop ideotypes (Donald and Hamblin 1976), which could also be applied to
forest trees. Isolation ideotypes are expressed in free standing trees that can exploit their
surroundings to amost the fullest extent. Such trees have tall, dense and well-devel oped
crowns that spread foliage over a broad area both horizontally and vertically. They grow
best when spacing is wide, and will be nonetheless strong competitors if they appear in a
forest. Competition ideotypes tend to exceed neighboring trees in height growth and
intercept more light at their neighbors’ expense. Stands comprised of this ideotype soon
differentiatein crown and stem diameter classes (e.g., dominant, codominant, intermediate,
and suppressed trees). Although the dry-matter production of individual treesis higher, the
mortality rate of stands is also high, thus making the stand biomass production rates low.
Crop ideotypes are individuals that are not strong competitors, and can make efficient use
of the limited site resources to which they have access. Such trees have dense and narrow

crowns, and produce standswith aminimal differentiation in stem diameters. The biomass
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production rates are potentially high. Clearly, crop ideotypes are ideal for intensively
managed production systems (Donald and Hamblin 1976; Dickmann 1985).

Tree crowns are much more complicated than canopies of annual crops; therefore,
itismuch moredifficult to establishaccuraterel ationsbetween stand productivity and crown
structures (Dickmann 1985). Tree canopies not only include structural traits, but also
involve phenological characters that can shift between years. Some studies have
demonstrated that treeshaving long narrow crowns(i.e., ahigher crown length/crown width
ratio) with high leaf area, and relatively few but thin, short branchesthat are borne at acute
angles, will produce higher yields and have higher stem wood allocation percentages. For
example, agenotype of Pinus sylvestriswith anarrow-crowned habit had higher production
efficiency, and was likely determined by a single, dominant gene, as shown by the
segregation in F; and F, progenies (Kérki and Tigerstedt 1985).

Some crown traits, such as crown width, branch angle and numbers of branches per
whorl, were found to have high heritabilities and significant genetic correlations in Pinus
sylvestris and Populus clones (Kérki and Tigerstedt 1985; Ceulemans et al. 1990). These
crown traits may be greatly influenced by environmental factors such as density and
competition, and the relations become less useful as the stands age. Structural
characteristics, such asnumber of branches, number of clusters, and branch basal areas, were
highly correlated with tree height and diameter at breast height (Forrest and Ovington 1971,
Madgwick 1983).

In a series of studies on Douglas-fir (Pseudotsuga menziesii var. menzesii), it was

found that equations predicting component biomass and leaf area differed among open-
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pollinated families (St. Clair 1993). Narrow-sense heritability estimates were high for
biomass components, several biomass partitioning ratios, and stem growth increment. These
estimates could be used to select families with favorable partitioning to the stem wood
component and, thus, improve stand productivity (St. Clair 1994a). Further, substantial
genetic variation was detected for some crown traits such as relative crown size, branch
diameter and length, needle size and |eaf area.

All of these studies have suggested that it is promising to select crop ideotypeswith
high yield traitswhich have high heritabilitiesthat favor more biomassaccumulationin pure
and closed stands. Moreover, the ideal crown structure may change with environmental
conditions and management intensities, or even stages of stand development. Therefore, an
understanding of ideotype and environment interactionsis a prerequisite for combining the
ideotype concept into tree breeding programs. With this knowledge, we can recognize
whether crown structureis an adaptive strategy to environments and cultural treatments, or
originates from genetic or physiological controls, or aternatively, from genotypex
environment interaction.

Sail nutrient supply is aso important in determining biomass allocation patterns
among different tissue components. More biomass was significantly allocated to roots at
highirradiances and low nitrate supplies, causing alower |leaf arearatio and leaf massratio
in Mycelis muralis (Clabby and Osborne 1997). The regulation of canopy nutrientsin the
production efficiency (stem wood production / unit leaf area) was al so determined for some
hardwood forest communities (Jose and Gillespie 1996). Canopy nutrient contents showed

a strong correlation with production efficiency on a unit leaf area basis rather than on unit
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leaf massbasis. Further, the authorsfound that specific leaf areawas negatively correlated
with the canopy nutrient content per unit leaf area, in contrast to some other studiesreported
above. Becausethe study was conducted along amoisture gradient, water wasalso involved
in the relations between nutrient content and specific leaf area. Although all of the above
studies have demonstrated that |eaf area and nutrients were closely related to growth, few
studies have considered theimportance of genetics and the interaction between geneticsand
nutrition on these traits for improving overall growth performance of trees at the

intraspecific level.

Nutrient Dynamics and Genetic Variation of Forest Trees

Nutrition of forest trees has been extensively studied in relation to the physiological,
ecological and silvicultural aspects influencing the enhancement of growth. Most studies
pertinent to the genetic aspects of tree nutrition have only a recent origin, however. In
contrast, genetic screening to detect nutritional deficiencies and factors related to abiotic
stress, and practices to breed low input cultivars and nutrient use efficient cultivars, have
achieved great success in many agronomic plants (SariE 1981; 1983; Gabelman and
Loughman 1987; Bassam et al. 1990). At the intraspecific level, the objective is often to
characterize theinfluence of ancestry on the nutritional status of progeny plants (Rosen and
Luby 1987), with the superior parental materials being utilized in the breeding program.
However, tree improvement programs have generally paid less attention to genetic
differences in nutritional attributes, and have concentrated more on factors relevant to
growth, form and pest resistance (Zobel and Talbert 1984). The research in this area has

lacked direction, depth and specific goals (Nambiar 1984), although certain outcomes can
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be found in the genus Pinus or Populus for intensively managed plantations (Forrest and
Ovington 1971; Ceulemanset al. 1990; Li et al. 1991a). To meet the potential needs of tree
improvement programs in the future, the amount, cause, and nature of the variation in
nutritional traits must be better understood.

About 50% of the yield increasein agriculture in the last few decades has been due
to the utilization of fertilizers (SariE 1987) and, thus, the response functions of different
cropsto nutrients have received widespread attention. Extensive studies have revealed that
N, K, and Caare under strong genetic control; however, exceptions can also befound. For
example, P was only genetically controlled in some crop species (SariE 1987). In severa
whest cultivars, P accumulation, translocation and utilization efficiency were contingent on
the genotype in relation to environmental conditions (Papakosta 1994). Differences were
also detected for sorghum (Sorghum bicolor) hybrids in response to P levels, with largest
differences appearing at low soil Plevels (Furlani et al. 1987). Other crops, which included
barley and oats (Avena sativa), have also varied among cultivarsin their grain accumulation
of N, P, Ca, Zn, Mn, and Co (Nambiar 1976). These findings suggested that genetic
improvement of nutritional traits could lead to the more efficient use of nutrients by crops,
which may decrease investments in fertilizer application.

With forest trees, several studies have previously quantified genetic variation in
nutritional traits. Full-sib and half-sib families, open-pollinated families from seed origin,
and clonesfrom vegetative propagation have been the most common experimental materials
used inthisresearch. For example, variability among and within aseries of full-sib loblolly

pine seedlings from intra-provenance and inter-provenance crosses was found to differ by
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genotypein nutrient content (P, K, Ca, Mg) of aboveground components, especially intheir
ability to absorb Caand Mg (Woessner et al. 1975). Under threelevelsof nitrogen fertility,
genotype x environment interaction was examined in 40 full-sib black spruce (Picea
mariana) families in greenhouse conditions (Mullin 1985; Mullin and Park 1994).
Significant family x nitrogen interactions were found. For other nutrient characteristics,
such asnutrient use efficiency, significant variation was detected among 23 open-pol linated
loblolly pine families grown under two levels of nitrogen treatment (Li et al. 1991b).
Narrow-sense heritability estimates for nutrient use efficiency were 0.84 and 0.69,
respectively, under the low and high N levels, suggesting that this trait was under strong
genetic control.

Several studies, using clones as experimental materials, have also shown that some
nutritional traits are under strong genetic control. Forrest and Ovington (1971) reported
large differences in foliar nutrient levels (P, Ca, K, Mg, Mn, and Zn) among six clones of
radiatapine (Pinusradiata). Broad-sense heritabilities among radiata pine clonesfor foliar
nutrients were higher for K, Mg and Cathan thosefor N, P, B, Mn, Zn, and Cu (Beets and
Jokela 1994). The authors inferred that foliar nutrient levels were controlled by genetic
factors, and that nutritional differences were genotype specific. Raupach and Nicholls
(1982) observed that few nutrients(N, K, Mg, Zn) weresignificantly different among radiata
pine clonesin their study. For nutrient use efficiency (amount of dry weight produced per
unit weight of nutrientsabsorbed), Sheppard and Cannell (1985) found 10 - 30% differences
among 8-year-old clones of Picea sitchensis and Pinus contorta. These differences were

closely related to the nutrient concentration of foliage, and an ideotype for high nutrient use



9
efficiency was proposed astreeshaving aninherently low nutrient concentrationsin needles.
Such trees might be well-suited to grow on nutrient poor sites.

Genotype (e.g., species, clones or families) x environment interactions will occur
whenever genotypes do not achieve consistent performance acrossarange of environmental
conditions. Although many studies have detected significant genotype x environment
interactionsinthegrowth characteristicsof trees(Sato 1994; Ronnbergwastljung et al. 1994;
Isik et al. 1995; Khasaet al. 1995; Johnsen and M gjor 1995), opposite results have also been
reported (Danjon 1995). However, nearly all studiesthat have detected significant genotype
x environment interactions have provided little further information on the underlying
environmental factors causing these interactions. Such information is critical for
maximizing gains from genetic selection trials (Jackson et al. 1995).

Saulescu and Kronstad (1995) designed asimple approach to describe the specificity
of each genotype'sresponseto environmental factors. Environmental variables (e.g., water
deficit, minimum temperature of the winter) were directly computed or derived from a
simulationmodel. Simplecorrelation coefficientsbetween deviationsof each genotypefrom
acheck (actual yield or simulated yield) and environmental indices were then calculated to
describe relations between environments and the performance of each genotype. When
genotype x nutrition interactions were found, their patterns often differed from genotype x
environment interactionsfor growth characteristicsbecausesignificant variation in nutrient
traits occurred within a year. New and efficient approaches to deal with nutritional
specificity of genotypes under different environmental conditions have not yet been well

developed.
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Silvicultural treatments can significantly influence growth performance of forest
trees, primarily by improving the nutrient conditions for growth. Colbert et al. (1990)
reported that fertilizer treatments produced almost the same effects on aboveground biomass
production as weed control treatments in juvenile loblolly pine (Pinustaeda L.) and slash
pine (P. elliottii Engelm. var. elliottii) plantations. In astudy of radiata pine from age 6 to
11 years, Fife and Nambiar (1995) reported that nitrogen fertilization increased foliar
nitrogen concentration and significantly affected two physiological indices, predawnfoliage
water potential and water stress integral (an index of cumulative water stress over time).
However, the two indices were not significantly influenced by family or family x nitrogen
interactions. Schmidtling (1995) found that when fertilizer rates increased, foliar Mn and
B concentrations also increased, while those of Mg and Zn decreased, and other foliar
macro- or micro-nutrients were almost not affected in loblolly pine ramets. The effects of
genotypeareincomparableamong most of these studiesbecause of different plantation ages.
More important, the impact of silvicultural treatments on nutritional characteristics and
nutrient interactions of different families within a species is still unknown, let aone the
response features of familiesin growth to the treatments. If nutrient traits are to be utilized
as selection criteriain tree breeding programs, genetic heritabilities of each mineral nutrient
must first beidentified. Genotype x nutrition effects and genotype x fertilizer interactions
should also be taken into consideration and clearly understood for those nutrients with high
heritabilities under field conditions.
This dissertation concentrates on the genetics, nutrition and production ecology of

loblolly and slash pine, two commercially important and widely planted pine speciesin the
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southeastern United States. The focus is on (1) evaluating the relations among growth
strategies, crown structure, and nutrient characteristics; (2) examining patterns of genetic
interaction of each taxon with growth, crown structure, foliar chemistry and the extent to
which they are subjected to genetic control and environmental influence; and (3) comparing
growth strategies of individual treesonthebasisof familiesor species. Expected resultswill
positively impact future tree growth modeling and in refining of management prescriptions
that involve genotype deployment and silvicultural treatments. The resultswill also aid in
examining genetic and environmental controls on several biological characteristics of trees
asabasisfor understanding growth strategies and the nutritional physiology of genetically

improved loblolly, improved and unimproved slash pine.



CHAPTER 2
EARLY GROWTH PERFORMANCE, CROWN STRUCTURE, AND THEIR
RELATIONSHIPS IN JUVENILE LOBLOLLY AND SLASH PINE
Introduction
Crown structure represents an important factor affecting individual tree and stand
level growth (Forrest and Ovington 1971; Madgwick 1983; Cannell et al. 1987; Dalla-Tea
and Jokela1991). Many factors, such asinclination and orientation of leaves and geometric
properties of twigs and branches, can contribute to variation in crown characteristics and
growth performance (Dickmann 1985; Wang and Jarvis 1990). Previous research has
suggested that one of the most important factors influencing growth is the amount and
distribution of leaf area, asit affects the interception of photosynthetically active radiation
(Stenberg et al. 1994; Vose et al. 1994; McCrady and Jokela 1996, 1998). Trees that have
long narrow crowns (i.e., ahigher crown length/crown width ratio) with high leaf area, and
relatively few but thin, short branches borne at acute angles have been reported to produce
both high yields and stem wood allocation percentages (Karki and Tigerstedt 1985). The
growth “efficiency” (stem wood production/leaf area) of these trees may be high because
they maintain alarge crown surface area per unit of growing space (Ford 1985). It follows
that as crown width increases, stem wood growth efficiency may decline because the central

portion of the crown becomes dominated by supporting branches that produce little

photosynthate relative to growth and maintenance respiration demands.

12
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In the southeastern United States, the two most important and widely planted
commercia species are loblolly (Pinus taeda L.) and slash pine (P. dliottii Engelm. var.
elliottii). Both speciesin this region are commonly managed under a regime of intensive
silvicultural practices that include mechanical and chemical site preparation (Shiver et al.
1990), woody and herbaceous competition control (Miller et al. 1991), genetic tree
improvement and fertilization (Neary et al. 1990; Jokelaet al. 2000). From a management
perspective, species deployment decisions are most often based on estimates of potentia site
productivity and value accrued at the end of the rotation.

Few comparative studies exist with southern pines that examine speciesvariationin
crown structurein relation to growth performancefor arange of silvicultural treatmentsand
sitetypes. In one study, loblolly pine demonstrated greater sensitivity than slash pine to
fertilizer applications, especially in allocating more carbon to branches and foliage (Jokela
and Martin 2000). The crown structure of loblolly pine facilitated greater retention of |eaf
area than dash pine on those plots receiving fertilizer additions. Establishing a more
thorough understanding of the relationships between crown structure and growth efficiency,
especially at the interspecific level, will be essential for improving our understanding of
growth strategies, development of crop ideotypes and species-site deployment decisions.

The current study utilized two genetics experimentsto (1) determine the magnitude
of the effectsof silvicultural treatments, locations, taxa (genetically improved loblolly pine,
improved slash pine, and unimproved slash pine) and their interactions on crown structural
characteristicsand overall growth performance; (2) ascertain whether significant differences

in crown attributes, especially the vertical distribution of leaf area, existed among pine taxa
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when managed under different silvicultural treatments and site locations; and (3) clarify
whether the general relationship between stem wood production and leaf area (growth

efficiency) varied among pine taxa and silvicultural treatments.

Materials and M ethods

Study Sites

Two locations in north central Florida (Dunnellon in Levy County, and Palatkain
Putnam County) were chosen asthe experiment sites (Table 2-1). Thetwo sites are part of
a larger series of eleven experiments being conducted by the University of Florida's
Cooperative Forest Genetics Research Program for genetically testing severa pinetaxaand
their hybrids (Lopez-Upton 1999). Genetically improved loblolly pine, unimproved slash
pine, and improved slash pine were selected as experimental materials. Sixteen open-
pollinated half-sib families for each of the three taxa were planted across the two sites.
Climatic conditions between |ocationswere similar, but the soil typesdid differ (Table 2-1).
The soilsat Dunnellon were classified as the Smyrna series (sandy, siliceous, hyperthermic
Aeric Alaguods), while the Adamsville series (hyperthermic, uncoated Aquic

Quartzipsamments) was dominant at Palatka (Soil Survey Staff 1998).

Experimental Design and Treatments

Within each field site, the experimental design was a randomized complete block
split-split plot design, with three compl ete bl ocks within each of two silvicultural treatments
(intensively-managed treatment, including fertilizer, insecticide, and herbicide utilization;

and non- intensively-managed treatment). Each taxonwasrandomly assigned in each block,
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and sixteen families were nested within each taxon plot, with five seedlings being planted

per family in arow plot.

Table 2-1. Geographic locations, climatic and site conditions of the two experimental sites
in north central Florida.

Yearly Y early
Site Location County average average _S|tea Soil series
temperature  precipitation  index
(°C) (mm)
29°20' N
Dunnellon 82°50' W Levy 21 1332 21 Smyrna
29°40' N :
Palatka 81°42' W Putnam 22 1368 22 Adamsville

a Siteindex is expressed as tree height in meters at age 25 years.

All trees were grown in greenhouses before being transplanted to field sites in
December, 1994. Site preparation for both locationsincluded bedding and chopping. The
seedlings were planted at a 1.5 m x 3.4 m spacing at Palatka, and a 1.8 m x 3.0 m spacing
at Dunnéllon. Fertilizers, herbicides, and insecticides were applied in the intensively-

managed treatment blocks only (Table 2-2).

Sampling Procedures and Inventory

For each location, two sample trees within a family from each five-tree plot were
randomly chosen by a SA S procedure (SAS Institute 1990), and then asystematic sampling
method was applied to all other families and taxa. All sampletreeswere healthy and free of

disease, and 192 sampletrees (2 treatments x 3 blocks x 16 families x 2 trees) were sel ected
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for each of thethreetaxaat each site. Overall, 1,152 trees (2 sites x 2 treatments x 3 blocks
x 3taxa x 16 families x 2 trees) were sampled across the two experimental locations.

In August 1997, an inventory of all 1,152 trees was made. Measurements included
DBH, total height, crown height, and crown width. In addition, branch position, branch
diameter, and branch angle were measured along the entire stem of each tree. Other factors
derived from these records included total branch number per tree, crown shape ratio (CSR

= crown height/ crown width), and branch-free stem height (McCrady and Jokela 1996).

Table2-2. Treatment regimesfor intensivel y-managed and non-intensivel y-managed blocks
at the two research locations.

Culture Non-intensive management  Intensive management
Bedding Double (Dunnellon) Double (Dunnellon)
Single (Palatka) Single (Palatka)
Fertilization None 280 kg/ha DAP + 224 kg/ha KCl
600 kg/ha 10-10-10 + Micronutrients
Herbicide None Year 1: Roundup and Atrazine
Insecticide None Year 1: Asana, Diomethorate or Pyridine

3 x standard (Dunnellon)
4 x standard (Palatka)
Note: 280 DAP + 224 KCl kg/ha=50 N, 56 P, 112 K kg/ha, respectively.
macronutrient and micronutrient application rates-
N =60, P=24,K =50, Ca= 20, Mg =10, S= 13, Fe=0.5, Zn = 0.06, Mn = 0.5,
Cu=0.06, B =0.06 (kg/ha)

Similar measurements were made during the fourth growing season in 1998.
However, in contrast to sampling 16 families within a taxon, six families were selected
based onthefirst year growth dataand long-term breeding values. Within each taxon, three

good and three bel ow average families were selected to contrast differences between crown
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structure and growth performance. A subset of eighteen families totaling 432 trees was

measured in 1998.

Biomass and Leaf Area Estimation

In July 1997 and 1998 (ages 3 and 4 years), 1,080 branches (2 locations x 2
treatments x 3 blocks x 3 taxa x 3 crown positions x 5 trees x 2 years) were destructively
harvested to devel op biomass prediction equations. Individual branches, randomly selected
from each of three equally-divided crown positions (upper, middle, and lower), were cut
after insertion angle on the stem was measured. All needles from a branch were removed
separately by age class (current-year, and one-year-old), and both the needles and branches
were weighed after being oven-dried at 70 °C for at least 48 hours.

In August 1997 and 1998, foliage sampleswere collected to determine specific | eaf
areafor use in estimating total leaf area per tree. About 20 fasciclesin each of the samples
by age classand crown position were randomly chosen from one tagged sampletreein each
five-tree row plot. Because many trees did not have old foliage in the upper crown, only
two positions for old foliage (upper-middle and lower) were sampled. A total of 5,760
foliage samples (2 locations x 2 treatments x 3 blocks x 3 taxa x 16 familiesx 2 ages x 1
trees x 3 positions [current year foliage] + 2 locations x 2 treatments x 3 blocks x 3 taxa x
16 families x 2 ages x 1 trees x 2 positions [old foliage]) were collected from the treesin
1997, and 2,160 samples were collected from 6 families of each taxa (18 familiesin total)
by the same procedure in 1998.

Fifteen samples from each of the three taxawere collected by location and age class

to determine specific leaf area. All-sided leaf surface area was measured in the laboratory
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using avolume displacement method (Johnson 1984), in which wefound ahigh correlation
between fresh foliage weight (g) and volume (cm®) of the needle samples. Regression
methods were used to estimate the volume from fresh needle weight, and then the formula
developed by Johnson (1984) was used to estimate leaf surface area of the needle samples.
Needle volume estimation equations were combined for taxa, location or age class where
statistical resultsindicated non-significant differencesamong these effectsat ** = 0.10. The
final equations for the two growing seasons were as follows:

Needle volume (cm®) = 0.067 + 1.093 * Weight (g)
(r*=0.99, n = 180) —Year 1997
Needle volume (cm®) = 0.111 + 1.129 * Weight ()
(r*=0.99, n = 180) — Year 1998
Leaf areaat each crown position was calculated as the product of |eaf biomass and
specific leaf area at that position. Total leaf area per tree was a summation of leaf area at

the three different crown positions.

Statistical Analyses

According to the nature and the amount of data collected in this study, biomass
eguation construction, growth performance evaluation, and crown attribute analyses were
divided into two major phases: (1) a priori estimation and hypothesis formulation; and (2)
a posteriori testing and interpretation. In phase 1, main effects and the interactions that
could potentially influence tree growth and crown structure were taken into consideration,
and afull model was established for each variable (e.g, height, total branch number per tree,

total leaf area per tree). At this phase, the likely behavior of the variable was also
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hypothesized. Inphase 2, full modelsweretested, and main effect and interaction termsthat
were not significant (5% level by Ftest) wereremoved from the models. Final modelswere
developed for each variable that (1) were parsimonious in number of main effects and their
interactions; (2) contained only effectsthat were biologically meaningful and interpretable;
and (3) accounted for at least 60% (R? $0.60) of the variation. Predicted results were
subsequently justified against the hypothesized outcomes for each variable and al models
were checked graphically. If discrepancies existed, the final models were re-analyzed to
detect which effect or aset of effects caused unusual behaviors. In such cases, we either re-
formulated theory or decomposed the reduced model to develop a new set of functionally

efficient models that offered stronger biological interpretations.

Biomass estimation

Biomass prediction equationsweredevel oped to estimate branch and foliage biomass
using datacollected from destructively harvesting 1,080 branches. The prediction equations
were applied to the inventory data (branch diameter by crown position) to estimate branch
and foliage biomass at the tree level. A full model was formulated for each biomass
component (model 2-1). All main effects except branch diameter were discrete variablesin
the model.

Yijam= 2 + i+ $j + G+ i+ ., thD+ ("$)ij + (" Qu+ )it (TN + ($()jk+ ($-)jm
+(()m+ D"+ D$j +D(+D* +D.,+ ("$()ijk + ("$*)ijl + () s ijiim

(2-1)
where Y, isthe estimates of leaf or branch biomass per branch at position m of taxal

in the treatment k and location j in year i,
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Z isthe overall mean of the model,

" isthe effects of year (Y97 or Y 98),

$, is the effects of location (Dunnellon or Palatka),

(. isthe effects of treatment (non-intensive or intensive),

-m IS the effects of taxa (improved loblolly, improved slash, or unimproved slash
pine),

*, isthe effects of crown position (lower, middle, or upper),

D isthe branch base diameter (mm),

(""$); isthe year x location interaction,

("" Qi isthe year x treatment interaction,

("".), isthe year x taxainteraction,

(""*), isthe year x position interaction,

($()jk isthe location x treatment interaction,

($-)n isthelocation x taxainteraction,

((-)im IS the treatment x taxainteraction,

D", D$,, D(,, D*, D., are Diameter x year, diameter x location, diameter x
treatment, diameter x taxa, and diameter x positioninteractions, respectively,

(""$()y isthe year x location x treatment interaction,

(""$*); isthe year x |ocation x taxa interaction,

((-*)m isthe treatment x taxa x position interaction,

»ijkim 1S the error term.
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wherei =1, 2 for years; j = 1, 2 for locations; k = 1, 2 for treatments; | = 1, 2, 3 for crown

positions; m =1, 2, 3 for taxa.

The above model was further tested for the homogeneity of error variances and
where necessary logarithmic transformations were performed. After testing, a simplified

final model was determined (model 2-2).

log( Wik ) = 2 + "+ &+ (+ (" Qu + bylog(D) (2-2)
where Wik isthe estimated leaf or branch biomass at crown position k of taxaj in year i,

Z isthe overall mean of the model,

" isthe effect of year (Y97 or Y98),

$J- is the effect of taxa (improved loblolly, improved slash, or unimproved slash
pine),

( isthe effect of crown position (lower, middle, or upper),

("" Qi isthe year x position interaction,

D is the branch base diameter (mm).

Analyses of mensurational and crown structural attributes

Analysis of variance (ANOVA) was used as the primary method for analyzing the
mensurational and crown structure data. Characteristicsincluded diameter at breast height
(DBH), total tree height, total branch number per tree, live crown length, crown width,
crown shape ratio, and branch-free stem length. All of these attributes were measured on

asampleof 1,152 treesat age 3 yearsand 432 treesat age 4 years. Analyseswere conducted
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separately by year because of sample size differences. A full model with main effects and

thelr interactions was used to test each attribute within a year:

Yikm=

where

DTS Gt it bng + (U8 + CTOu iy + (SOt 18549 + b + b
+ ("$()ijk + f("$)ijkl * sijkim (2-3)
Y iium 1S the mean of two sample trees at family | of taxak in block m of treatment

j of location i,
= isthe population mean,
", isthe random variable of location — NID (0, F2.),
$J- isthe fixed effect of treatment (non-intensive or intensive),
(. is the fixed effect of taxa (improved loblolly, improved slash, or unimproved
dlash pine),
fii 1S the random variable for family nested within taxa — NID (0, F?),
by is the random variable for block nested within treatment — NID (0, F?,),
("'$); isthe random variable for location x treatment interaction — NID (0, F?.g),
("" Qi isthe random variable for location x taxa interaction — NID (0, F?(),
f** ISthe random variable for location x family(taxa) interaction — NID (0, F%.),
($()jk isthe fixed effect for treatment x taxa interaction,
f$, . istherandom variablefor treatment x family(taxa) interaction — NID (0, F%g),
b(jxmistherandom variablefor taxax block (treatment) interaction — NID (0, F?,),

bfm IS the random variable for family(taxa) x block(treatment ) interaction — NID

(0, F%y),
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(""$ () istherandom variablefor location x treatment x taxainteraction — NID (0,
F250),
f(*"$); istherandom variable for location x treatment x family(taxa) interaction —
NID (0, FZ.g),
,ijum 1S the error term — NID (0, F?).
wherei =1, 2 for locations; | = 1, 2 for treatments; k = 1, 2, 3fortaxa; | = 1, 2, ..., 16 for

families per taxa; and m = 1, 2, 3 for blocks.

Variancehomogeneity for each variable wasexamined to ensure appropriateanal yses
and data transformations (logarithmic transformation) were performed where necessary. If
either location x taxa or treatment x taxa interaction was not significant in the full model
(i.e.,variationinlocation environmentsand treatment level sdid not transl ateinto significant
differences among taxa), but evidence suggested that differences among taxa should exist
in these attributes (Nemeth 1973; Vose and Allen 1988; Colbert et al. 1990; Dalla-Teaand
Jokela1991; Zhang et a. 1997; Albaugh et al. 1998; Samuelson 1998; L opez-Upton 1999),
then probable causing effects were examined. To make meaningful biological
interpretations, the full model was decomposed into separate model s by location, treatment,
or both. If the analysis was done within alocation but across treatments, the corresponding
final model was of the following form for each location:

Yin= =+ "+ § + B + oy + ("8)y + 15+ BBy + 5 (2-4)
where Y ., is the mean of two sample trees at family k of taxaj in block m of treatment i,
= isthe population mean,

" isthe fixed effect of treatment (non-intensive or intensive),
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$, is the fixed effect of taxa (improved loblolly, improved slash, or unimproved
dlash pine),

fi) 1S the random variable for family nested within taxa — NID (0, F?),
by is the random variable for block nested within treatment — NID (0, F?,),
("'$); isthe fixed effect for treatment x taxainteraction,
f**« isthe random variable for treastment x family(taxa) interaction — NID (0, F%g),
b$ijm isthe random variable for taxa x block (treatment) interaction — NID (0, F%g),

. ijm IS the error term = NID (0, F?).

When the analysis was performed within acombination of locations and treatments,
the same principles were used to obtain the final model (i.e., eliminate al terms related to
subscript i and keep other terms). The resultant model could be viewed asthe full model for
analyses by location and treatment.

For pooled or separateanalyses, PROC GLM inthe SAS® System was utilized to test
for significance of random effects, while PROC MIXED was used to test the fixed effects
and to perform linear single-degree-of freedom contrasts among taxa (Littell et al. 1996;
SAS Institute 1996). The two linear contrasts used to separate taxa differences were (1)
loblolly vs. improved slash pine (PTA vs. PEE); and (2) improved slash vs. unimproved
slash pine (PEE vs. PEU). A default level of "* = 0.05 was used to declare significance

unless otherwise specified.
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Analyses of crown biomass and |leaf area attributes

Analytical procedures for crown biomass and leaf area attributes were identical to
those described above for mensurational and crown structural variables. The attributes
examined included current-year specific leaf area (SLA), one-year-old SLA, current-year
leaf biomass, one-year-old leaf biomass, total leaf biomass, branch biomass, total crown
biomass, current-year leaf area, one-year-old leaf area, and total leaf area per tree. All
attributes were based on measurements from individual trees.

Additional analyseswere performedtotest for differencesin thevertical distribution
patterns of leaf area within the crown. Means among the three crown positions were
compared to describe vertical crown structure. Similarly, linear contrasts were performed

to compare crown position means at ** = 0.05.

Rel ationships between volume increment and leaf area (growth efficiency)

Growth efficiency at the individual tree level was expressed as volume increment
(D?H, age 4 minus age 3 years) per unit leaf area. A similar scheme as employed for the
development of biomass estimation equations was al so adopted here: afull model including
maineffects, leaf area, stem volumeincrement, and their interactionswasfirst proposed, and
then tested for variance homogeneity and the significance of each effect. Certain
modifications of the model were performed where necessary.

A subset of data at age 3 years corresponding to those families (18 in total for all
threetaxa) selected for age 4 yearswere used to calculate volumeincrement. Leaf areadata
at age 3were used as one of theindependent variables. A total of 432 sampletreeswas used

inthe analysis. Each effect that remained in the final model was significant at ** = 0.05.
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Results

Biomass Estimation Equations

Separate equationswere devel oped for estimating current-year foliage, one-year-old
foliage, total foliage, and branch biomass of individual branches(Table2-3). Treatment and
location effects were not significant and were excluded from all models. Crown position
and year x position had a larger influence on leaf biomass than year and taxa, while taxa
explained moreof thevariationin branch biomassthan other factors. Significant differences
in prediction equationswerefound among taxafor all variablesexcept one-year-old foliage;
however, differences only existed in the intercept, and not in the slope (Appendix A --
Figure A-1). Crown position had the most significant influence on foliage biomass among
the discrete variables (Table 2-3). Although only total foliage biomass per branch for
loblolly and improved slash pine were reported in Appendix A -- Figure A-1, similar results
were found for unimproved slash pine and other biomass components. In general, biomass

differences between improved and unimproved slash pine were minor (Table 2-3).

Selection of Models for ANOVA

Thefull model (2-3) that combined all main effects produced irregular behavior and
contradictory results, thus making it necessary to conduct separate analyses by location and
treatment. Results also indicated that differences among locations rather than treatments
were the main contributor to variation in growth patternsamong taxa (Appendix A -- Figure
A-2). Two typesof differenceswerefound in all attributes acrosslocations: (1) significant
treatment X taxa interactions in one location, but not in the other (e.g., crown width); and

(2) significant differences in absolute values of taxa (e.g., branch biomass) between
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Table 2-3. Model parameter estimates and summary statistics for estimating foliage and
branch biomassin loblolly and slash pine.

Model form: log(biomass (g) ) = - + (year + taxa + position + year X position) +
b,(log(diameter) (cm) )
Factors | Parameters Cufr(r)?gg)éear On%ﬁgjd fgl?ge Branch
R? 0.65 0.70 0.72 0.91
: -1.714 -2.161 -0.862 -3.735
97 -0.082 -0.844 -0.172 -0.203
Y ear
98 0 0 0 0
PTA® 0.260 b 0.140 0.418
Taxa PEU -0.032 -0.002 -0.016
PEE 0 0 0
L ower -2.160 1.720 -0.429 0.213
g(;;‘f{gn Middle -0.840 1.776 0.030 0.189
Upper 0 0 0 0
97 Lower 1.027 1.169 0.693 c
97 Middle 0.789 0.130 0.214
Y earx 97 Upper 0 0 0
Position | 98| ower 0 0 0
98 Middle 0 0 0
98 Upper 0 0 0
b, Diameter 2.175 1.500 1911 2.708

a PTA =improved lablolly pine
PEE = improved slash pine
PEU = unimproved slash pine
taxa was not statistically significant and, therefore, was not included in the model.

C yearxposition was not statistically significant and, therefore, wasnot included in the
model.
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locations. Hence, all ANOV A analyses were separately conducted by location using model
(2-4) to investigate treatment effects and their interactions with taxa and families.

Genetic effects on most variables were better expressed under the intensive
treatment for all taxa at both locations (Appendix A -- Figure A-2). Differences between
improved and unimproved slash pine for most variables were not statistically significant
under the non-intensivetreatment (p $ 0.05), but significant differenceswere detected under
theintensive treatment (p # 0.05). Lopez-Upton (1999) showed similar results for volume

when making comparisons among the three taxa.

Mensurational and Crown Structural Characteristics

Interspecific differences existed in some mensurational and crown structural
characteristics (Table 2-4). Loblolly pine was more responsive than the two slash pine taxa
tothesilvicultural treatments at Dunnellon, with DBH responses averaging 103% and 73%
at age 3 and age 4 years, respectively. Slash pine also showed a similar trend, but at a
diminished level, i.e., the increase in DBH at age 3 and age 4 years was 63% and 44% for
improved slash pine, and 47% and 30% for unimproved slash pine, respectively. At Palatka,
the same trend followed at age 3 years, but the most noticeable difference was observed in
DBH growth at age 4 years. Treatment effects only increased DBH about 17%, 23%, and
28% for loblolly, improved slash, and unimproved slash pine, respectively. Therefore,
treatment x taxainteractions for DBH were significant at Dunnellon, but not at Palatka for
the years examined (Appendix B).

Height growth was consistently greatest in loblolly pine, but not significantly

different from slash pine under the same treatments (Table 2-4). Differencesin tree height
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did not exist between improved and unimproved slash pine. Treatment x taxainteractions
were significant at Dunnellon for both ages, but not at Palatka (Appendix B). Loblolly and
improved slash pineweremost responsiveto theintensivetreatment at Dunnellon, especially
at age 4 years, with height growth responses averaging 48% and 37%, respectively.
Corresponding height growth responses at Palatka were 17% and 27%. Height growth
responses to the intensive treatment were smaller at age 4 years at Palatka. For example,
loblolly pine gained only 17% in height at age 4 years, compared to 41% at age 3 years.

Loblolly pine maintained about 44 and 39 branches per tree at age 3 and 4 years,
respectively. Slash pine retained about 10 and 8 branches fewer than loblolly pine (Table
2-4). All three taxa showed decreases in total branch numbers between ages 3 to 4 years
under the intensive treatment at both locations, while trees grown under the non-intensive
treatment maintained the same number of branches between years.

Live crown length and branch-free stem length showed similar responses to the
treatmentsin all taxa (Appendix B). At this stage of development, amost 90% of the stem
contained branches and, therefore, live crown length reflected the same trend astree height
for the respective treatments. An almost constant live crown length between ages 3 and 4
years was observed under the intensive treatment at Palatka, implying that crown closure
occurred there at age 4 years.

Crown width followed the same trend as live crown length between ages 3 and 4

yearsunder theintensivetreatment at Pal atka, presumably dueto crown closure (Table 2-4).



Table 2-4. Individual tree growth and crown characteristics for 3- and 4-year-old loblolly and slash pine planted at two locations
in north central Florida’.

Location Dunnellon Palatka
Treatment Non-intensively Intensively managed Non-intensively Intensively managed
managed managed
Taxa PTA®* PEE PEU PTA PEE PEU | PTA PEE PEU PTA PEE PEU
Variables:
DBH (cm) Year 3 | 3.0a 3.8b 3.8b 6.1a 6.2a 5.6a |4.9a 5.1a 4.8a 8.la 8.la 7.2a
Year 4 | 5.2a 6.1b 6.4b 9.0a 88a 83a |92a 83ab 7.6b 10.8a 10.3a 9.6a
Height (m) Year 3 | 2.9a 2.8a 2.9a 4.3a 39ab 3.7b | 34a 3.1b 3.0b 48a 4.4b 4.2c
Year 4 | 4.0a 3.8a 4.2a 5.9a 52a 51a |52a 4.4b 4.3b 6.la 5.7a 5.5a
Branchno. Year 3 | 36a 31b 30b 46a 37b  36b |4la 31b 29b 5la 39 39b
per tree
Year 4 | 35a 29a 29a 38a 28b  34ab | 42a 34b 32b 39a 30b 31b
Livecrown Year 3 | 2.6a 2.5a 2.6a 4.0a 35ab 34b | 31la 2.8b 2.7b 45a 4.0ab 39b
length (m)
Year 4 | 3.5a 3.2a 3.6a 4.9a 40b 4.1b | 4.4a 3.7b 3.4b 4.7a 3.9b 4.1ab

(0



Table 2-4--Continued.

Location Dunnellon Palatka

Treatment Non-intensively Intensively managed | Non-intensively Intensively managed
managed managed

Taxa PTA® PEE PEU PTA PEE PEU | PTA PEE PEU PTA PEE PEU

Variables:

Crown Year3 | 1l4a 1.2b 1.3b 22a 18b 16b |18a 1.4b 1.3b 26a 22b 1.9b

width (m)

Year4 | 1.7a 1l.6a 1.6a 2.2a 19a 20a | 2.2a 1.9b 1.7b 22a 2.3a 2.2a

Crown Year3|19a 2.1b 2.1b 19a 20a 22a |18a 20ab 2.1b 18a 19a 2.1b

shaperatio Year4 |21a 23b 2.3b 23a 22a 2la |2la 2.0a 2.0a 22a 1.7b 1.9ab

Branch- Year3 | 02a 03b  0.3b 03a 04b 04b |03a 03a 03a |03a 03a 03a
free stem
length(m) Year4 |05a 06a  0.6a 09a 12a 10a |07a 08a 0% |1l4a 19a 1lda

a Taxa means were tested by year, location and treatment separately for each age group. Means among the three taxafor agiven variable
and year followed by the same letter within a treatment are not statistically significant at the 95% confidence level using linear
contrasts of the MIXED procedure.

b PTA =improved lablolly pine
PEE = improved slash pine
PEU = unimproved slash pine

1€



32

Trees at Dunnellon had smaller crowns (crown length and width) than those at Palatka.
Loblolly pine consistently had greater crown width than slash pine, and wasmoreresponsive
and unimproved slash pine (33% vs. 46%). A similar trend was observed at age 4 years, but
it was not as significant as at age 3 years, and likely reflected the advent of crown closure.

Crown shape potentially influences the light distribution patterns within the crown
and can be viewed as an inherent species’ characteristic that reflects adaptation to the
prevailing environment. Silvicultural treatments had no significant effects on crown shape
ratio (=crown length/crown width), but taxa differences were significant at both ages and
locations (Appendix B). At Dunnellon, crown shaperatio steadily increased between years
under both silvicultural treatments, except for unimproved slash pine in the intensive
treatment. Trees at Palatka exhibited areverse trend in crown shape ratio between loblolly
and slash pine; crown shape ratio for loblolly pine increased from ages 3 to 4 years under

both treatments, while this ratio declined in slash pine.

Biomass and L eaf Area Characteristics of Tree Crowns

Treecrowns are most dynamic during early stages of development. Environmental
effects (including treatments) can exert significant influence on crown characteristics. As
revealed inthisstudy, theintensive treatment significantly affected al crown characteristics
at both sites (Appendix C). Significant interspecific (taxa) and intraspecific (families)
differences (p # 0.01) were observed in amost all crown characteristics, except at age 4

yearsat Dunnellon, where significant differencesin many crown characteristicsdiminished.
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Specific leaf area

Inconsi stent treatment effectswere observed acrosslocationsfor current-year specific
leaf area (SLA). At Palatka, current-year SLA increased significantly (p # 0.0004 at age
3, and p # 0.0046 at age 4) in response to the intensive silvicultural treatment. In contrast,
current-year SLA decreased at Dunnellon on theintensive plots at age 3 years (p # 0.0161)
but increased significantly at age 4 years (p # 0.0295) (Table 2-5). Overall, loblolly pine
appeared to have higher current-year SLA (176.6 cm?/g) than slash pine (146.4 cm?/g).
Improved slash pine consistently had higher current year SLA than unimproved slash pine
(147.8 c?/g vs. 144.9 cm?/g).

Among all taxa, one-year-old needles generally had lower SLA than current-year
needles (Table 2-5). Loblolly pine had higher SLA (135.6 cm?/g) in one-year-old needles
than slash pine (117.7 cm?g).Treatment effects on SLA for older needles were non-
significant. For example, treatment effects on this variabl e across the three taxa diminished
at Dunnellon (p# 0.2438 at age 3 years, and p # 0.2000 at age 4 years). Further, treatment
x taxa interactions were not significant for SLA at either age (p > 0.10), indicating that all

taxa responded similarly to the silvicultural treatments.



Table 2-5. Specific leaf area(SLA), leaf biomass, branch biomass, and leaf areafor 3- and 4-year-old loblolly and slash pine planted at
two locations in north central Florida’.

Location Dunnellon Palatka

Treatment Non-intensively Intensively managed Non-intensively Intensively managed
managed managed

Taxa PTA®  PEE PEU PTA PEE PEU PTA PEE PEU PTA PEE PEU

Variables:

Current-year Year3 | 181.1a 148.1b 1478b | 1725a 143.3b 140.8b | 1714a 1342b 130.0c | 179.4a 149.2b 147.8b

SLA (cm?/g) Year4 | 173.2a 15150 145.7b | 183.3a 158.4b 152.3b | 170.0a 145.4b 147.1b | 181.6a 152.2b 148.0b

Oneyear-old Year3 | 135.7a 1219b 1194b | 139.2a 122.6b 119.9b | 143.6a 117.3b 114.5b | 1449a 1286b 125.6b

SLA (cm?/g) Year4 | 131.5a 115.7b 114.7b | 127.3a 117.4b 109.9b | 127.0a 111.7b 110.6b | 135.7a 120.90 113.2b

Current year

leaf biomass Year 3 | 0.93a 0.81a 0.80a 2.38a 1.69b 1.39b 1.74a 1.26b 1.07b 3.87a 2.92b 2.15b

(kgtree) Year 4 | 1.61a 1.35a 1.50a 3.46a 2.45b 2.40b 4.04a 2.68b 2.16b 4.52a 3.44b 3.11b

One-year-old

leaf biomass Year 3 | 0.05a 0.04a 0.04a 0.10a 0.08ab 0.07b 0.07a 0.06ab 0.04b 0.15a 0.13a 0.10ab

(kgtreo) Year4 | 0.15a 0.14a 0.15a 0.27a 0.22a 0.23a 0.29a 0.25b 0.21b 0.33a 0.29a 0.27a

Total leaf

biomass Year 3 | 0.98a 0.85a 0.84a 2.48a 1.77ab  1.46b 1.81a 1.32b 1.13b 4.02a 3.05b 2.25b

(kgtree) Year4 | 1.76a 1.49a 1.65a 3.73a 2.67b 2.63b 4.35a 2.93b 2.37b 4.85a 3.73ab 3.38b




Table 2-5--Continued.

Location Dunnellon Palatka

Treatment Non-intensively managed | Intensively managed Non-intensively managed | Intensively managed

taxa PTAP PEE PEU PTA PEE PEU PTA PEE PEU PTA PEE PEU

Variables:

Egarg‘;g Year3|0.48a 0330 033b |162a 085b 065b [114a 063b 051b |317a 1.87b 1.22b

(kg/tree) Year4 | 1.04a 0.70b 0.81ab |29 162b 1.44b |358a 1.73b 128b |4.26a 261b 2.25b

gi%trﬁago""” Year 3| 1.45a 117a 1.17a |410a 2.62b 2.11b [294a 1.95b 1.65b |7.18a 4.91b 3.46b

(kg/tree) Year 4 | 279a 218a 245a | 6.72a 4.30b 4.06b | 793a 4.66b 3.64b | 9.11a 6.34b 5.63b

I%‘;r;”;ayear Year3|152a 11.0b 10.8b |382a 226b 18.1b | 27.4a 159 132b |645a 41.2b 29.6b

(nP/tree) Year 4 | 251a 18.1b 19.7b |541a 33.8b 31.7b |605a 348b 283b | 71.0a 46.4b 40.8b

ggel“g’afea;ea Year3|06a 05a 05a |14a 10b 10b |1la O07b 06b |22a 16ab 1.3b
Year 4 | 1.9a 1.6a 1.7a 34a 2b5a 25a |39a 2.7b 2.3b 44a 34b 3.0b

(mé/tree)

Total leaf

area Year3|158a 115b 11.3b | 39.6a 23.6b 19.1b |285a 16.6b 13.8b |66.7a 4280 30.9b

(rr12/tree) Year 4 | 27.0a 197b 214b |575a 36.3b 34.2b |644a 375b 306b | 754a 49.8b 43.8b

a Taxa means were tested by year, location and treatment separately for each age group. Means among the three taxa for a given

variable and year followed by the same letter within a treatment were not statistically significant at the 95% confidence level by linear
contrasts using the MIXED procedure.

b PTA = improved loblolly pine

PEE = improved slash pine

PEU = unimproved slash pine

513
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Leaf biomass, branch biomass, and total crown biomass

Leaf biomassis amajor component of crown biomass at early growth stages. The
intensive silvicultural treatment significantly influenced leaf biomass accumulation
(Appendix C). At age 3 years, leaf biomass (current year, one-year-old, and total) under
theintensive treatment was more than doubl e that under the non-intensive treatment at both
sites, except for unimproved dash pine at Dunnellon (Table 2-5). Loblolly pine tended to
accumulate more leaf biomass than improved slash pine, regardless of treatments and
locations (e.g., 15% and 40% greater under non-intensive and intensive treatment at
Dunnellon, respectively). Unimproved slash pine generally accumulated less leaf biomass
thanimproved dash pine. Treatment x taxainteractionswere significant in current-year and
total leaf biomass, except at age 4 years at Palatka (Appendix C). Differential responses
between the three taxa to the silvicultural treatments were the primary cause for this
interaction. Further analysesreveal ed that scal e effectsrather than rank changes contributed
to the interaction (Table 2-5).

Branch biomass generally accounted for less than 50% of the total crown biomass.
When branch biomass was compared across locations for a given treatment, trees grown at
Palatka had higher amounts than at Dunnellon (Table 2-5). For example, branch biomass
at age 3 years under the non-intensive treatment at Palatka was 138% greater than at
Dunnellon. In general, the order of branch biomass accumul ation among taxawas loblolly
pine > improved slash pine > unimproved slash pine. Treatment x taxa interactions were

inconsistent across locations and years (Appendix C).
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Crown biomass (total leaf and branch biomass) showed similar results to the
individual components across locations and treatments (Table 2-5). At age 4 years, crown
biomass for loblolly and slash pine grown under the non-intensive treatment at Palatka
exceeded that of the intensive treatment at Dunnellon. Loblolly pine increased crown
biomass by 170% under the non-intensive treatment at Palatka, but only 27% under the
intensive treatment from ages 3 to 4 years. Similar results were found for slash pine
(increases of 139% and 29% for improved slash pine, 121% and 63% for unimproved slash
pine for the corresponding treatments at ages 3 and 4 years, respectively). Increases in
crown biomass over the same period were also observed at Dunnellon, but not as markedly
as at Palatka. Interspecific differences were significant, with loblolly pine accumulating
more crown biomass than slash pine. Crown biomass for improved and unimproved slash
pine showed different trendsfor thetwo treatments acrosslocations. Unimproved slash pine
accumulated more crown biomass than improved slash pine under the non-intensive
treatment, but the reverse was true under intensive treatment at Dunnellon. At Palatka,
improved slash pine accumul ated more crown biomass than unimproved slash pinefor both
treatments (Table 2-5). Hence, treatment x taxa interactions represented a rank change at

Dunnellon, but a scale effect at Palatka.

Leaf area characteristics

Leaf areaisone of the most important variables to influence biomass accumulation
and productivity in forest stands. Significant interspecific and intraspecific differencesin

leaf area were found across locations (Appendix C). Current-year leaf area generally
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accounted for more than 90% of the total leaf area, indicating that leaf life span was not
significantly different among loblolly and slash pine.

The intensive silvicultural treatment significantly increased total |eaf area per tree
at both locations. For example, leaf area for loblolly pine at age 3 increased from 15.8
m?/tree under the non-intensive treatment to 39.6 m?/tree under the intensive treatment at
Dunnellon. Similar results were found at Palatka, where total |eaf area for loblolly pine
increased from 28.5 m?/tree to 66.7 m?/tree due to treatment. Slash pine accumulated less
leaf area than loblolly pine at both locations, but differences between unimproved and
improved slash pine were not the same across locations. Improved slash pine accumul ated
more leaf area than unimproved slash pine under both treatments at Palatka, but the
differenceswere not significant under most instancesat Dunnellon (Table 2-5). On average,
trees grown under the non-intensive treatment increased leaf area by 70% at Dunnellon
and122% at Palatka between ages 3 and 4 years. In contrast, treesgained 45 - 79% more
leaf area due to the intensive management at Dunnellon, and 13 - 42% at Palatka,
respectively. Treatment X taxa interactions for other attributes (e.g., total leaf area) were
significant (p # 0.05) in the two years at Dunnellon, but only significant (p # 0.10) at age

3 years at Palatka (Appendix C).

Vertical Distribution of Total Leaf Area

The vertical distribution of leaf area can be important in affecting the interception
of light energy by leaves within the crown. Previous research has shown that the vertical
distribution of |eaf areacan exert significant influence on light extinction patternswithin the

crown (Waring and Schlesinger 1985). Vertical differencesintotal |eaf areaper tree among
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taxa were shown in both relative distribution patterns and the absolute amount of leaf area
along crown profiles (Figure 2-1). Trees planted at both locations had the most leaf areain
the lower and middle crown positions at age 3 years. Loblolly pine tended to have 50% of
thetotal leaf areain the lower crown at Dunnellon, while at Palatkait either had the highest
amount of leaf area in the middle crown (non-intensive treatment) or an equal amount
between the middle and lower crown positions (intensive treatment). On average, loblolly
pine partitioned about 8% of its leaf areain the upper crown, while slash pine partitioned
about 13%, as reflected in the significant taxa x position interactions (p # 0.0008).
Location x treatment x position interactions were statistically significant (p #
0.0030), aswasthelocation x treatment x taxa x position interactions (p # 0.0001) for total
leaf area. Theseresultsdemonstrated the complex and significant interactionsthat occurred
among locations, treatments, taxa, and crown positions on the vertical distribution of |eaf
area. Inaddition, thevertical distribution of leaf areagenerally corresponded to the vertical

distribution of branch biomass.

Rel ationships between Volume Increment and Total Leaf Areaper Tree (Growth
Efficiency)

The rapid growth of forest stands depends on the accumulation of leaf area to
intercept light energy for photosynthesis. Thus, the amount of leaf areain a stand can be a
direct measure of potential production. A set of linear models with both quantitative and
gualitative variables was developed to examine the relationships between leaf area and
volume increment between ages 3 and 4 years (r* = 0.77, p # 0.0001). Based on predicted

results, improved and unimproved slash pine were not significantly different in volume
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Dunnellon
I ntensive management
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PEU b [ 500%]|47% | b Middle
Cc 36% | 38% C Lower
a 14%| [16% a
PEE b | 48%] 44% | b
c | 38% | 40% | b
a o% [ [10% a
b | 43% | 40% | b
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Non-intensive management
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Figure 2-1. Vertical distribution of total leaf area (right) and branch biomass
(left) by crown positions at age 3 years for loblolly and slash pine managed
under two silvicultural treatment regimes in north central Florida.
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Figure 2-1-- Continued.
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Note: PEU = unimproved slash pine, PEE = improved slash pine, PTA =improved loblolly pine
Position means for a given variable of a species followed by the same letter are not significantly

different at the 95% confidence level by linear contrasts using the MIXED procedure of SAS.
Percentage numbers around the middle of the bars are the relative partition of |eaf area or branch

biomass by crown positions.
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produced per unit leaf area (1,106 and 1,173 cm?® stemwood/m? leaf area, respectively,
averaged across locations and treatments), but differences did exist between loblolly and
dash pine (Figure 2-2). Loblolly pine consistently produced less volume per unit leaf area
(804 cm® wood/m? leaf area) than slash pine under the same locations and treatments.
Similar resultswere al so reported in astand-level comparison of growth efficiency between
4-year-old loblolly and slash pine (Colbert et al. 1990).

Theintensivesilvicultural treatment significantly increased growth efficiency of both
taxa at Dunnellon, while the opposite was true at Palatka (p # 0.0001). Additionally,
location x treatment effects were significant (p #0.0001), which indicated that the Palatka
site provided pinetreeswith more efficient growth per unit leaf areathan the Dunnellon site
for the non-intensive treatment (856 vs. 1,357 cm® stemwood/m? |eaf area, averaged across
taxa for Dunnellon and Palatka, respectively). In contrast, the Dunnellon site was more
favorable for growth efficiency than the Palatkasite when intensive silvicultural treatments
wereapplied (1,089 vs. 809 cm? stemwood/m? leaf area, averaged acrosstaxafor Dunnellon
and Palatka, respectively). Further, volume growth rates converged among taxaas|eaf area
approached 54 m?/tree under either silvicultural treatment at Dunnellon, and 40 and 55

m?/tree under the non-intensive and intensive treatments, respectively, at Palatka.
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Figure 2-2. Relationship between individual tree volume increment from ages 3 to 4 and total leaf area (all-sided)
for loblolly and slash pine managed under two silvicultural treatment regimes in north central Florida.

PEU = unimproved slash pine
PEE = improved slash pine
PTA =improved loblolly pine

low = non-intensive management
high = intensive management

19174



Discussion

Comparisons of Foliage and Branch Biomass Estimation Equations

Thefoliage-carrying capacity of branchesvaried significantly among thethreecrown
positions. Leaf biomass per branch, when expressed separately by needle age class, could
not be accurately predicted by branch diameter alone (r? = 0.20 for current year leaves, and
r> = 0.11 for one-year-old leaves). Similar results were found in western hemlock (Tsuga
heterophylla), Douglas-fir (Pseudotsuga menzesii), and grand fir (Abiesgrandis) (Kershaw
and Maguire 1995). Therefore, equations unique to different crown positions were needed
to satisfactorily predict leaf biomass and leaf area distribution within the crown (Gilmore
and Seymour 1997). However, total leaf biomass and branch biomass could be predicted
satisfactorily using only branch diameter (Table 2-6), though other factors were still
important. Model evaluation revealed that leaf biomass was significantly variable under

diverse conditions, but branch biomass was relatively independent of external conditions.

Mensurational and Crown Structural Characteristics

Significant differences were observed among taxa for the many mensurational and
crown characteristics examined. Loblolly pine generally had greater DBH and height than
dash pine. A related study showed that these taxa differences could be partly attributed to
lower fusiform rust incidence in loblolly pine (Lopez-Upton 1999). However, studies
conducted in rust-free loblolly and slash pine stands suggested that other factors such as
canopy structure and growth habit may be more responsible for interspecific differences

(Nemeth 1973; McCrady and Jokela 1998). Asreveaed in this study, branch numbers per
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tree, crown length and width, and crown shaperatio all showed interspecific variation at this

stage of development.

Table 2-6. A comparison (r?) between estimation models for foliage and branch biomass
based on branch diameter alone and multi-factor variables.

Biomass components Diameter based model® Multiple factor model®
Total foliage 0.62 0.72
Current year foliage 0.20 0.65
One-year-old foliage 0.11 0.70
Branch 0.82 0.91
a model constructed using only branch base diameter,

i.e., log(biomass) = b, + b,(log(diameter)).
b model form was identical to that in Table 2-3.

Crown structure was difficult to model since much variation occurred among
individual trees (Doruska and Burkhart 1994). Asfound in Scots pine (Pinus sylvestris),
structural attributes related to higher biomass accumulation include higher branch numbers
per whorl and longer crowns (Kuuluvainen et al. 1988). Total branch number accounted for
42% of the variation in volumeaccumulation among Douglas-fir families(King et al. 1992).
In the current study, differencesin branch numbers could also be related to the superiority
of loblolly pine growth relative to slash pine. When both total branch number per tree and
crown length were significantly greater than slash pine, loblolly pine generally had greater
height growth (Table2-4). However, whenloblolly pinehad higher branch numbers per tree
but shorter crown length (e.g., under the non-intensive treatment at Dunnellon), its DBH or

height growth was |ess than sash pine.
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The distribution of foliage and branches within a crown can influence light
penetration and, ultimately, growth potential. Crowns that have a tight branching pattern
could reduce light penetration, especialy to the lower foliage elements. Sparser crowns
could be an important adaptive mechanism that allow treesto optimize growth performance
in varying environments (Makela and Vanninen 1998). A simulation study demonstrated
that asymmetrical crown development, an expression of phenotypic plasticity of crowns, was
advantageous to productivity (Sorrensen et al. 1993). In contrast, Kellomaki et al. (1985)
reported that crown shape had little influence on light interception, and that narrower,
symmetrical crownswere most efficient in affecting growth potential. Other theories have
also been proposed relative to the importance of crown structure on adaptation to harsh
environments (Sprugel 1989; Smith and Brewer 1994). In the current study, narrower
crownsdid not facilitate more rapid growth, asloblolly pine was more productive than slash
pine and it also had wider crowns.

Crown dimensional differences have been shown to significantly influence stem
biomass partitioning in Picea abies and Picea abies f. pendula (Pulkkinen 1991),
aboveground biomassin Scotspine (K uuluvainen and Kanninen 1992), and height increment
inloblolly pine (McCrady and Jokela1996). Although CSR combined two important crown
parameters and was statistically significant among taxa, it appeared to havelittle ecological
significance in this study because the ratio tended to stabilize around 2 (Table 2-4). Ina
similar study, McCrady (1993) observed significant intraspecific variation in crown shape
ratio in young loblolly pine plantations, but did not find an advantage of narrower crowns

over wider crowns in height growth. Crown shape ratio may be more of an indication of
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environment-induced adaptation rather than a significant characteristic that can be used to
differentiate functional groups. Although long-term breeding programs have selected
progenies of Norway spruce and Scots pine with high crown shape ratios in the cold
temperate region (Kellomaki et al. 1985), rapid crown development at early growth stages
isone characteristic that distinguishes subtropical pinetaxafrom other coniferoustaxainthe
north, temperate regions. Asshown in this study and arelated stand level study inloblolly
pine plantations (McCrady 1993), higher crown shape ratio did not translate into growth
advantages at early stages of stand development (r =-0.17, p# 0.0005 between crown shape

ratio at age 3 and volume increment).

Crown Biomass, Leaf Area, and Their Vertical Distribution

Crown (branch and leaf) biomass, total leaf area, and their vertical distribution
patterns have been closely associated with stand structure, forest productivity, and
microclimate of the habitat (Maguire and Bennett 1996). Total |eaf areaat thetreelevel and
leaf areaindex at the stand level were both positively associated with theannual productivity
of many species (Waring and Schlesinger 1985). Silvicultural treatmentsincreased total
leaf area per tree by primarily augmenting leaf biomass rather than changesin specific | eaf
area(Table 2-5). For example, specific leaf area consistently decreased in all taxa at age 3
years a Dunnellon, while leaf area doubled due to the intensive silvicultural treatment.
Similar resultswere previously reported inloblolly pine (M cCrady and Jokela1996). These
results contrast those reported for sweetgum (Liquidambar styraciflua), where leaf area
increases due to fertilization were largely attributable to leaf size increases (Kuers and

Steinbeck 1998).
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Biomassall ocation between leaves and branches varied markedly among taxaacross
locations and treatments (Table 2-7). Slash pine alocated more crown biomass to foliage
thanloblolly pine. Treesat Dunnellon had ahigher leaf:branch biomassratio than at Palatka
for all taxaand treatments. Loblolly pine allocated more biomass to branches, which may
offer growth advantages by building larger crowns during the early stages of stand
development. Consequently, itscrown carrying capacity could increase (more leaf areaper
tree was attained), and mutual shading of leaves could also be avoided. The advantage of
this biomass all ocation pattern was more pronounced when leaf areawas large, suggesting
that growth efficiency of loblolly pine, although lower than slash pine at low levels of |eaf
area, could eventually exceed that of dlash pine after crown closure (Figure 2-2). Intensive
management tended to favor relative biomass all ocation to branchesin devel oping spacious

crowns at early growth stages (Table 2-7).

Table 2-7. Variation of leaf:branch biomass ratio asinfluenced by location, treatment, and
tree age in loblolly and slash pine in north central Florida.

Non-intensive management Intensive Management
Location Age
PTA? PEE PEU PTA PEE PEU
3 2.04 2.58 2.55 1.53 2.08 2.25
Dunnellon
4 1.69 213 2.04 1.25 1.65 1.83
3 1.60 2.09 2.22 1.27 1.63 1.84
Palatka
4 1.22 1.69 1.85 1.14 1.43 1.50

a PTA = improved loblolly pine
PEE = improved slash pine
PEU = unimproved slash pine
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Treatment effectsimproved growth performance by increasing crown size (Table 2-

4), but the vertical distribution of branches and leaves were not significantly affected. For
example, intensive management significantly increased total leaf area, foliage and branch
biomass, but their relativevertical distributionwithinthe crownlargely remained unchanged
(Figure 2-1). Gillespie et al. (1994) reported similar results in young loblolly pine, and
further indicated that for agiven branch size, fertilized plots could carry more leaf biomass
than untreated plots. In the current study, treatment effects on leaf carrying capacity of
branches were not statistically significant (Table 2-3). Joggi et al. (1983) argued that the
vertical distribution of leaf area was lessimportant in determining net photosynthetic rate
than LAI and position of leaf agein canopies of red clover (Trifolium pratense). However,
forest trees are much larger than herbaceous plants and should have developed optimum

vertical distribution patterns that could intercept more light energy.

Leaf Area and Growth Efficiency

Variation in leaf area is probably one of the most prominent and dynamic
characteristics of forest stands in corresponding to seasonal or yearly changes in
environmental conditions. Positiverelationships can befound between leaf areaand growth
rates or total biomass accumulation in many species (Gholz et al. 1991; Gower et al. 1993;
McCrady and Jokela 1998). Although annual wood formation per unit leaf area has been
reportedindependent of cultural treatmentsand speciesin somestudies(Norby 1996), highly
significant differences in growth efficiency were detected in relation to silvicultural
treatments between loblolly and slash pine (Colbert et al. 1990). Relationships between |eaf

area and growth efficiency (basal area growth per unit leaf area) also varied in jack pine
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(Pinus banksiana) and red pine (P. resinosa) with different stand origins (Penner and
Deblonde 1996). Variability in aboveground net primary production (ANPP) could be
largely explained by specific leaf area and leaf area index in some conifer and hardwood
stands (Fassnacht and Gower 1997). As shown in this study, growth efficiency differed
significantly in relation to slvicultural treatments, taxa, and locations (Figure 2-2),
suggesting that growth efficiency is highly variable and it reflects the growing conditions
of forest stands.

During the juvenile stages of stand development, slash pine was more efficient in
dry-matter production per unit leaf areathan loblolly pine (Colbert et a. 1990). However,
following peak |eaf areaaccretion, stemwood growth efficienciesof loblolly pine can match
that of dash pine (Jokelaand Martin 2000). Theissuethat remainsunanswered isthereason
behind the changes in growth efficiency between loblolly and slash pine. Because of the
enhanced growth impacts caused by intensive management, crown closure was accel erated,
especialy at Palatka. Under the non-intensive treatment at both Palatka and Dunnellon,
crown closure would not be achieved for at least two or more years. These findings, along
with similar results from other studies, suggests that crown closure is the period when
loblolly pine meets or exceeds slash pine in growth efficiency. Under similar conditions,
loblolly pine, having more branches, higher SLA, and larger crown biomassthan slash pine,
may have more efficient light penetration and interception by foliage after crown closure.
However, before crown closure, when light is not a limiting factor, these crown
characteristics could not fully provide loblolly pine with higher light use efficiency.

Although slash pine had fewer branches, lower SLA, and smaller leaf areain comparison
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toloblolly pine, its sparser crowns could alow more efficient light penetration in the crown
and, therefore, could offset any disadvantage associated with lower leaf amount to gain a
more efficient level of stemwood growth. Ford (1985) came to the same conclusion by
presenting differencesinfoliagedisplay schemesand branching patternsamong contrasting
conifer species.

Biomass all ocation to various tree components between loblolly and slash pinetrees
may also contribute to differences in stemwood growth efficiency for the two species. At
early growth stages, loblolly pine preferably all ocated more photosynthateto crown (foliage
and branch) development than slash pine. On the contrary, slash pine allocated more
photosynthate to the stem for storage. For example, slash pine allocated more biomass to
the bole (stem + bark) at age 4 yearsthan [oblolly pine (58% vs. 44%, respectively) (Colbert
et al. 1990). Therefore, slash pine showed more efficient stemwood growth than loblolly
pine. After crown closure, loblolly pine started to allocate more photosynthate to stemwood
because foliage devel opment peaked, which led to the convergence of growth efficiency for
the two species (Figure 2-2). For example, Jokelaand Martin (2000) found non-significant
differencesin stemwood growth efficiency for the two species at age 14 years. Stemwood
allocation (percentage of total aboveground biomass) averaged 65.3% for loblolly pine and
62.8% for slash pine. However, more detailed studies should include physiological
responses of needles to environment or treatment induced changes to better understand

growth strategies for the two speciesin the future.
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Summary

Comparisons and contrasts were made on juvenile growth performance and crown
structural characteristics among genetically improved loblolly, unimproved and improved
dlash pine planted at two locations and managed under two levels of silvicultural intensity
in north central Florida. Loblolly pine accumulated more volume and crown biomass than
dash pine at both ages 3 and 4 years. Improved slash pine generaly grew faster than
unimproved slash pine, but a significant treatment x taxa interaction was detected as
unimproved slash pine outperformed improved slash pine when the silvicultural treatment
intensity waslow. Significant differencesin growth were associated with variationin crown
structure or biomass characteristics among the taxa.

Crown position and branch diameter were the most significant factors influencing
foliage biomass per branch. However, location and treatment effects were not statistically
significant (p $ 0.10) in determining the foliage biomass carrying capacity of branches.
Significant differencesin crown structural traits (total branch number per tree, crown width
and length) were related to the growth performance between loblolly and slash pine. At
early growth stages, loblolly pine had more branches per tree and allocated more biomass
to branchesthan dash pinefor crown development. Branch:leaf biomassratioswereclosely
related to the growth performance among taxa. A greater branch:leaf biomass ratio could
represent a growth strategy important for devel oping spacious crowns that facilitate faster
growth due to increased leaf area carrying capacity within the crown.

Treatmentssignificantly increased total |eaf areaaccumulation, but had littleimpact

on the relative distribution of leaf area along the crown profile. Corresponding crown



53

structural changes and biomass accumulation patterns under the intensive treatment led to
significant differencesin overall growth performance. Specific leaf area (SLA) was one of
the adaptation variables sensitive to location, treatment, taxa, crown position, and leaf age.
Evidence from this study showed that leaf area increases associated with the intensive
silvicultural treatment were primarily attributed to increases in leaf biomass, rather than
large changes in SLA. However, the importance of SLA in differentiating interspecific
characteristics should not be neglected.

Significant differencesin growth efficiency (volume produced per unit leaf area per
year), mediated by location and treatment, were detected between loblolly and slash pine.
Loblolly pinegenerally had lower growth efficiency than slash pine, although aconvergence
among taxa was achieved when leaf area levels became large, and possibly resulted from

crown structural changes that facilitated more effective light interception by loblolly pine.



CHAPTER 3
SEASONAL DYNAMICS OF FOLIAR NUTRIENTS, NUTRIENT USE
EFFICIENCY, AND RETRANSLOCATION IN JUVENILE LOBLOLLY AND
SLASH PINE
Introduction
Nutrient levels in the soil and plant are primary determinants of biological
productivity in forest stands. Differences in nutritional physiology (i.e., efficiencies of
nutrient uptake, nutrient utilization, and nutrient retranslocation) contribute to the
contrasting relative growth rates among species and their ecological responses to
environments (Boerner 1984; McGraw and Chapin 1989). A better understanding of
nutritional characteristics and their relations is central to the improvement of forest
productivity and awareness of ecosystem functioning (Baruah and Ramakrishnan 1988;
Knops et a. 1997). In practice, recognition of nutrientsin relation to growth performance
among species or cultivars can help design conceptual ideotype models for different
objectivesin breeding programs (Forrest and Ovington 1971; Mehall et a. 1983; Nambiar
1984).
Nutrient levels vary temporally in response to growth requirements and annual
physiological cycles(Drossopouloset a. 1996; Santaet al. 1997). They also vary spatially
inadaptation to environmental conditions(e.g., soil fertility, weather) (Miller 1966; Boerner

1985; 1986). Our knowledge of nutrient dynamics for species having multiple cohorts of

leaves primarily comes from nutrient comparisonsamong different leaf age groups sampled

54
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inthe sameyear. However, patterns of major leaf nutrients (N and P) are not always closely
related in different years (Insley et al. 1981), suggesting that non-standardized sampling
procedures may provide inaccurate information or varying interpretations of nutrient
dynamics. Therefore, more attention should be paid to the dynamic patterns of nutrients
throughout a complete life cycle of the same cohort of leaves.

Nutrient-use efficiency has been most commonly defined in terms of biomass
production per unit of nutrient uptake (Gholz et al. 1985; Day 1987; Elliott and White 1993),
litterfall production per unit of litterfall nutrient content (Vitousek 1982; Knopset al. 1997;
Fassnacht and Gower 1999), or litter produced per unit of nutrient uptake (Garkoti and
Singh 1995). The primary consideration in the above definitionsis to evaluate ecosystem
functioning. Other definitions of nutrient use efficiency encompass physiological aspects
of individual tree growth (Kost and Boerner 1985; Reich and Schoettle 1988; Li et al.
1991b). From the standpoint of nutritional and production physiology, absorbed nutrients
should meet the demand for foliage development, which in turn affectsinterception of light
energy and overall growth. Therefore, nutrient use efficiency can be defined as the
cumulativenutrient useefficiency of dry-matter production, i.e., biomass production per unit
of incorporated (uptake + retranslocation) nutrient content (Larcher 1995). Nutrient-use
efficiency interms of leaf area production per unit of nutrient content can serve asthe basis
for evaluating both nutrient utilization and production efficiency. At present, little
information is available about genetic controls on nutrient use efficiency in relation to

strategies used by trees to achieve site dominance in growth.
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Nutrient retransl ocation hasbeeninterpreted asmechanismsranging fromincreasing
plant adaptation to environmentsto more efficient utilization of nutrients (Nambiar and Fife
1991). Many studies have reported nutrient withdrawals from senescing leaves to young
tissues; however, retranslocation efficiency is not related to soil fertility in many species
(Chapinand Kedrowski 1983). Nutrient retranslocation not only occursin senescing leaves,
but substantial amounts can also be retranslocated from young leaves throughout the year
for meeting growth requirements within the plant (Nambiar 1990). For example, foliar N
and P content retransl ocated above 40% prior to senescence in many woody species (Reich
et al. 1995; Zhang and Allen 1996). Retranslocation of nutrients among growing leavesis
probably driven by growth requirements, i.e., nutrient retranslocation from young foliage
is closely associated with foliage production (Fife and Nambiar 1984). Strong evidence
indicated that N retranslocation was significant in the spring when active shoot €l ongation
was occurring. However, N, P, and K retranslocation was not significant in thefall in Acer
freemanii (Rose and Biernacka 1999). On the other hand, nutrient retranslocation during
senescence is a characteristic of many woody plants, and is controlled by many factors
(Nambiar and Fife 1991). Therefore, nutrient retranslocation efficiency and amount could
contribute to differencesin overall growth performance of trees.

In this study, we consider nutrient issues related to growth strategies of individual
trees. Our objectivesare to (1) determine patterns of leaf macronutrient (N, P, K, Mg, and
Ca) concentrations and content throughout a complete leaf life cycle as influenced by
locations and silvicultural treatments; (2) evaluate nutrient use efficiency of leaf area

production among several pinetaxa; and (3) ascertain variation and significance of nutrient
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retranslocation efficiency prior to leaf senescence with location, fertilizer treatment, and

taxa

Materials and M ethods

Plant Materias and Field Sites

Loblolly pine (Pinus taeda L.) and dash pine (P. dliottii Engelm. var. elliottii)
represent two of the most important commercial timber species in the southeastern United
States. Long-term studies of the two species have established clear interspecific relations
and intraspecific family structures. Three pine taxa (genetically improved loblaolly,
improved and unimproved slash pine) were chosen for this study.

This study was part of an existing larger series of experiments designed by the
University of Florida's Cooperative Forest Genetics Research Program to test growth
performance of several pine taxa and their hybrids in relation to location and intensity of
slvicultural treatments (Lopez-Upton 1999). The two field sites utilized were in north
central Florida(Dunnellon, Levy County, 29°20' N, 82°50' W and Pal atka, Putnam County,
29°40' N, 81°42' W). Theclimate for each location ishumid, temperate with amean annual
temperature of 21°C. Annual precipitation averages 1,332 mm at Dunnellon and 1,368 mm
at Palatka. The nearly level landscape is underlain by soils classified as sandy, siliceous,
hyperthermic Aeric Alaquods (somewhat poorly drained, Smyrna series) at Dunnellon and
hyperthermic, uncoated Aquic Quartzipsamments (moderately well drained, Adamsville
series) at Palatka (Soil Survey Staff 1998). Thesiteindicesfor the Smyrnaand Adamsville

serieswere 19 m and 20 m (base age 25 years), respectively.
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Experimental Layout

Sixteen open-pollinated familiesfrom each of three pine taxa (genetically improved
loblolly pine, and improved and unimproved slash pine) were planted at both sitesin afive-
tree row plot in each of three complete blocks using a split-split plot experimental design.
Two levels of silvicultural treatments (intensive vs. non-intensive) were applied. Prior to
study establishment, each site was chopped and bedded. Understory vegetation in the
intensivesilvicultural treatment blockswas controlled during thefirst growing season using
a combination of mechanical and pre- and post-plant directed spot spray applications of
glyphosateapplied at |abeled rates. Containerized seedlingswere planted in December 1994
atal.5mx 3.4 mspacing at Palatka, and a1.8 m x 3.0 m spacing at Dunnellon. Fertilizers
were broadcast appliedinthe high intensity treatment during years 1 and 3 asabal anced mix
of macro- and micronutrients. Total elemental application ratesfor plotsreceiving fertilizer
additions at both locations were approximately (kg ha'): N (110), P (80), K (162), Ca (20),
Mg (10), S(13), Fe(0.5), Zn (0.06), Mn (0.5), Cu (0.06), and B (0.06). Insecticides (Asana,
Diomethorate or Pyridine) were applied 3-4 timesduring thefirst growing season to control
tip moth (Rhyacionia spp.) on the high intensity treatment. The low intensity treatment did
not receive herbicide, fertilizer or insecticide applications. An untreated buffer of at least

21 m separated the high and low intensity treatment.

Sampling Procedures

Two sample trees within a 5-tree row-plot in each family from each block were

randomly chosen by a SAS procedure, and then a systematic sampling method was applied
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to al other familiesand taxaat thetwo sites. Sampletreeswere heathy and free of disease.
In total, 192 sample trees (2 treatments x 3 blocks x 16 families x 2 trees) were chosen for
each taxaand site. Overall, 1,152 trees (2 locations x 2 treatments x 3 blocks x 3 taxa x 16
families x 2 trees) were sampled across the two sites.

The specific tissues sampled in this study and the timing of collections were
consistent among sample trees to avoid likely variation in nutrient concentrations (Bates
1971). Recommended tissue sampling procedures entailed collection of full-length and
complete fascicles from the upper third of the crown from representative sample trees
(Madgwick and Mead 1990). Because foliage at different ages can vary in nutrient
concentration, sample tissues should be age specific (Hom and Oechel 1983; Ernst 1995;
Zhang and Allen 1996). Generally, current-year foliage has higher nutrient concentration
and lower tree-to-tree variability than older needles and, therefore, it iswidely accepted as
being most useful for diagnostic purposes (Mead 1984).

Previous research with loblolly and slash pine has shown that foliage nutrients
exhibit distinct temporal patterns over the course of ayear (CRIFF 1987). To overcome
problems with leaf age and season of year, needle samples were collected eight times over
atwo year period from the same branch of every sample tree through the life cycle of the
same needle cohort. Specifically, needle samples were collected from both sites in: June
(the first month current year foliage attains full length), September (when needle N
concentration is generally lowest during the year), November (a critical stage in
retranslocation of some mineral nutrients) in 1997, and February (when needle N

concentration isgenerally at the highest level of ayear), April (initial new growth may affect
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nutrient status of 1-year-old needles), June, September, and December (last month for 1-
year-old needlesto stay on thetree) in 1998. At each sampling interval, about 50 fascicles
were collected from each sample tree. Sample branches were randomly selected from the
upper third of the crown in 1997 (the crown position for needle samples became the middle
crown in 1998) from auniform aspect (south). Approximately 9,216 total leaf samples (2
locations x 2 treatment x 3 blocks x 3 taxax 16 families x 2 trees x 8 times) were processed
for chemical analyses.

All tissues were oven-dried at 70 °C for 48 hours or until dry. About 20 complete
and full-length fascicles were randomly chosen from each sample to determine total dry
weight and the number of needles per fascicle. All dried tissuesweregroundinaWiley mill
to passa2 mm stainless steel screen. The ground dry samples were stored in sealed plastic

vials until nutrient analyses were performed.

Nutrient Analyses

Selection of an efficient nutrient digestion method from the many established
procedures depends upon the nutrient status of plant materials, which iscritical with respect
to N. Conifers naturally grow on acid soils where ammonification is the dominant N
conversion process (Sarigumba et a. 1977; Pritchett and Smith 1970), and NH," can be as
high as90% inthemineral soil N pool (Carlyle 1995). Pinetreesprefer NH," asthe primary
N sourcefrom soils(Durzan and Steward 1967; M cFee and Stone 1968), largely dueto their
long-term adaptation to acidic soil environments. Two methods for determining total N in

pine foliage were analyzed and compared on a sample subset to determine accuracy and N
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recovery. A total of 200 samples that included improved loblolly, improved slash and
unimproved slash pine that were equally and randomly chosen from the sampling periods

were used in the analysis.

Method |: Kjeldahl digestion

To determine foliar N concentrations, a 200 mg sample was weighed into a 50 ml
Pyrex test tube, and then 3.2 g of salt catalyst (9:1 K,SO,: CuSQO,), 2 glass beads, and 5 ml
of concentrated H,SO, were vortexed in the tube under ahood. Two ml of 30% H,O, was
added to reduce frothing. Tubeswere digested in an aluminum block digester at 380 °C for
240 minutes (Bremner 1965; Gallaher et al., 1975; Jones et a. 1991). The tubes were
capped with small Pyrex funnels which allowed for evolving gases to escape while
preserving refluxing action. Cool digested solutions were vortexed with approximately 20
ml of deionized water and alowed to cool to room temperature. Sampleswerethen brought
to a 50 ml volume, transferred to 20 ml square Nalgene storage bottles (glass beads were
filtered out), sealed, mixed, and stored. Nitrogen that was trapped as (NH,), SO, was
analyzed. Eight standard pine materials with known N concentration values from National

Standard Institute (NSI) were subjected to the same procedures and used as checks.

Method I1: wet acid digestion

Needle N concentrations were measured using the method as outlined in Thomas et
al. (1967) and Jones et al. (1991), which was similar to the Kjeldahl procedure except that
acatalyst was not added. In brief, 100 mg of homogenous tissue was weighed and placed

in a50 ml Pyrex test tube, and then 2 ml of concentrated H,SO, was added. The samples
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were placed in adigestion block at 380 °C for 30 minutes. All tubes were then removed
from the block and allowed to cool. Small amount of 30% H,O, was added into the tubes.
Repeated heating and cooling was conducted several times until the solution became clear.
In this method, H,SO, was added to raise the temperature of the mixture, while H,O, was
used to speed and complete the digestion procedure (Jones et a. 1991). The other
macronutrients (P, K, Mg, and Ca) were analyzed using the same digestion procedure.
Nutrient concentrations were determined using an inductively-coupled plasma emission
spectrometer (ICP or ICAP).

Pairwise samplecomparisonsfor N concentrationsindicated that M ethod | wasabout
7% lower than Method 11 in estimating total N concentration, but no significant differences
were found between the two methods. To process samples more efficiently, Method |1 was
selected for analyzing all plant tissues. A detailled discussion on advantages and

disadvantages of both methods was given by Jones et al. (1991).

Nutritional Variables

Concentrations and fascicle content of N, P, K, Mg, and Ca, and fascicledry weight
over the eight sample periods were included in the statistical analysis. Fascicle nutrient
content was cal culated as the product of nutrient concentration and average fascicle weight.
Nutrient use efficiency of leaf area production (LA, c) was defined as peak leaf area
production per unit nutrient accumulated in current-year foliage and expressed as leaf area
(cm?) / nutrient (mmol). LA,e Was determined using foliar nutrient concentration and

specific leaf area estimates from September,1997, with a sample size of 1,152 for that
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period. Because only current-year needles were analyzed for nutrient concentrations in
1997, LA e Was computed for current-year foliage only. This index measures peak |eaf
areaproduction (generally from late August to early September) in terms of total amount of
nutrients incorporated in current-year foliage that are available for metabolism.

Nutrient retransl ocation efficiency (NRE) wascal cul ated using thefollowing formula

(Saur et a. 2000):

NRE (%) = =" <% 169
0 = —— =
FC:
where FC, was the maximum fascicle nutrient content during the needle cohort life cycle,
and FC,is nutrient content of green fasciclesin early December, 1998, prior to abscission.

The term (FC, - FC,) represented the amount of nutrients that were retranslocated. The

sample size used in the analyses for nutrient retranslocation totaled 1,152.

Statistical Analyses

All analyses of variance and comparisons of meanswere conducted using individual
treedata. Model selection proceduresand criteriawere similar to those described in Chapter
2 for growth analyses. Main effects under investigation included location, treatment, taxa,
and family, inwhich all effects except family were regarded asfixed effects. In brief, afull
model including all main effects and their interactions (significant at *'=0.25) was chosen
for preliminary analysis. Non-significant effectsand interactionswere deleted from the full
model, and a final model was then developed. Interaction effects involving family were

aways kept in the model for appropriate selection of error termsin ANOVA tests, even
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though they were not significant. SAS procedures GLM and MIXED were used for
ANOVA (SAS Institute 1996). Where variance homogeneity was not satisfied, ANOVA
was separately performed by locations or treatments. For fascicle nutrient concentrations
and content, ANOV A was performed separately by sampling periods.

Means for the various nutrient characteristics (i.e., concentration, content, LA g,
and nutrient retranslocation efficiency) among the three taxa were compared using the
LSMEANS statement in PROC MIXED. A default level of ' = 0.05 was used to test
significance among the means unless otherwise specified. In presenting the data , means
were combined across locations or treatments if scale effects (i.e., no rank changes among

the taxa) were detected.

Results

Variation of Leaf Nutrient Concentrations and Fascicle Weight

Nitrogen, P, and K concentrationsgenerally decreased over acompleteleaf lifecycle
among the three pine taxa (Figures 3-1 to Figure 3-3). The decrease was |less pronounced
for P at the Dunnellon site, while consistent decreases occurred in N and K for both
locations and treatments. In contrast, concentrations of 1ess mobile elements, Caand Mg,
generaly increased from the beginning to the end of the leaf life cycle (Figure 3-4 and
Figure 3-5).

Differencesin N and P concentrations were consistent among taxa across locations
andtreatments, withloblolly pine having significantly higher concentrationsthan slash pine.
For example, loblolly pine had significantly higher N concentrations than either slash pine

taxain 7 out of 8 sampling periods at Palatka, regardless of silvicultural treatment (Figure
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Figure 3-1. Variation in needle N concentration for improved loblolly, improved slash

and unimproved slash pine throughout a life cycle of a needle cohort managed under

two silvicultural treatment and two locations in north central Florida.

PTA = improved loblolly pine, PEE = improved slash pine, PEU = unimproved slash pine.
Integers listed below locations and treatments indicate the number of sampling periods out
of eight where significant taxa differences were detected at the 95% confidence level using
LSMEANS test of the MIXED procedure.
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Figure 3-2. Variation in needle P concentration for improved loblolly, improved slash

and unimproved slash pine throughout alife cycle of a needle cohort managed under

two silvicultural treatment and two locations in north central Florida.

PTA =improved loblolly pine, PEE = improved slash pine, PEU = unimproved slash pine.
Integers listed below locations and treatments indicate the number of sampling periods out
of eight where significant taxa differences were detected at the 95% confidence level using
LSMEANS test of the MIXED procedure.
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Figure 3-3. Variation in needle K concentration for improved loblolly, improved slash

and unimproved slash pine throughout alife cycle of a needle cohort managed under

two silvicultural treatment and two locations in north central Florida.

PTA =improved loblolly pine, PEE = improved slash pine, PEU = unimproved slash pine.
Integers listed bel ow locations and treatments indicate the number of sampling periods out

of eight where significant taxa differences were detected at the 95% confidence level using
LSMEANS test of the MIXED procedure.
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Figure 3-4. Variation in needle Ca concentration for improved loblolly, improved slash
and unimproved slash pine throughout alife cycle of a needle cohort managed under

two silvicultural treatment and two locations in north central Florida

PTA =improved loblolly pine, PEE = improved slash pine, PEU = unimproved slash pine.
Integers listed below locations and treatments indicate the number of sampling periods out
of eight where significant taxa differences were detected at the 95% confidence level using

LSMEANS test of the MIXE

D procedure.
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Figure 3-5. Variation in needle Mg concentration for improved loblolly, improved slash
and unimproved slash pine throughout alife cycle of a needle cohort managed under
two silvicultural treatment and two locations in north central Florida.

PTA = improved loblolly pine, PEE = improved slash pine, PEU = unimproved slash pine.
Integers listed below locations and treatments indicate the number of sampling periods out
of eight where significant taxa differences were detected at the 95% confidence level using

LSMEANS test of the MIXED procedure.
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3-1). Differencesin nutrient concentrationsfor N and P between improved and unimproved
dlash pineweregenerally non-significant (Appendix D). Lesssignificant differencesamong
the three taxa occurred in K concentrations, except for the non-intensive treatment at the
Palatka site (Figure 3-3). Differences among the three taxa and within a taxon were also
highly variable for Ca and Mg concentrations. Each taxon had high concentrations in Ca
and Mg at some period over the course of the experiment (Appendix E), although loblolly
pine tended to have consistently lower Ca concentrations than slash pine at Dunnellon for
both the intensive and non-intensive silvicultural treatments.

Both treatment and location generally affected the foliar concentrations of all the
macronutrients except for P, where only minor treatment differenceswerefound in 2 out of
8 sampling periods (Appendix D). Location x treatment interactions for foliar
concentrationsweresi gnificant under most sampling periods, showing differential responses
among taxa to treatments across locations. Treatments generaly did not significantly
influence nutrient concentration differences between loblolly and slash pine. Thesignificant
treatment x taxa interactions were caused by differential treatment responses between
improved and unimproved slash pine, with improved slash pine having lower nutrient
concentrations under the non-intensive treatment, but higher concentrations under the
intensive treatment compared to unimproved slash pine (Appendix E).

Differencesinenvironmental factorsat thetwolocationsal so significantly influenced
nutrient concentrations in al taxa. Loblolly pine had consistently higher N and P
concentrations than slash pine; thus, the significant location x taxainteractionsfor N and P

were primarily caused by rank changes between improved and unimproved slash pine.
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However, significant location x taxainteractionsin K, Ca, and Mg were involved with rank
changes among all three taxa. Loblolly pine had lower concentrations than slash pine for
these nutrients during certain sampling periods, and was especially pronounced for Ca
(Figure 3-3 to Figure 3-5).

A noticeable change in nutrient concentrations occurred during the final stage of the
leaf life cycle, where concentrations of each element among the three taxa tended to
converge within a location and treatment. ANOVA aso showed that location x taxa
interactions and treatment x taxa interactions for all elements (except in Mg) generally
became non-significant during the later portion of the leaf life cycle among the three taxa
(Appendix D and E).

Fascicle weight of loblolly pine was significantly lower than slash pine, regardless
of locations and treatments; an exception occurred during the second sampling period for
the intensive treatment at Dunnellon (Figure 3-6). Differences between improved and
unimproved slash pine in fascicle weight were not significant (Appendix E). Theintensive
treatment significantly increased fascicle weight in al taxa, but did not change the rank
between loblolly and dlash pine. The significant treatment x taxa interactions found for
some sampling periodswere caused by interactionsbetweenimproved and unimproved slash
pine. Locationsalso exerted significant influence on fascicle weight, with 7 out of 8 periods
showing statistically significant differences between the two experimental locations
(Appendix D). Variationinlocal environments between locationsal so significantly induced
significant location x taxa interactions in 5 out of 8 sampling periods. Additionally,

treatment effects on fascicle growth were significantly different across locations in 7
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sampling periods (location x treatment interactions were significant). Another noticeable
and irregular change over the course of fascicle development occurred in the non-intensive
treatment at the Palatka site, where fascicle weight decreased markedly in June 1998, more
or less corresponding to the decrease in Ca and Mg concentrations during the same time
period (Figures 3-4 to Figure 3-6). Severe drought conditions at Palatka from March to
June, 1998 could have contributed to decreased fascicle growth under the non-intensive
treatment where the crowns had not yet closed. Total rainfall during that period was only
2.5 mm, or about 6% of the precipitation typically received in anormal year. Treesgrown
under the intensive treatment may have avoided declines in fascicle growth by shedding
lower branches (shaded) to compensate for low soil water availability.

Nutrient dilution can occur in plantswhen nutrient supply rates cannot match overall
biomass accumulation rates. The lowest levels of foliar Mg and Ca concentrations were
detected in the intensive treatment in September, following the end of the major portion of
the growing season. Especially apparent were large differences in Mg concentrations
between the intensive and non-intensive treatments for loblolly pine (Figure 3-7).
Treatmentsobviously decreased needle Mg concentrationsfor all taxa, but weremore severe
inloblolly pinethanin slash pine. For example, Mg concentrationsfor loblolly pinefor the
intensivetreatment werewell below theminimum critical level (0.07%) (Jokelaet al. 1991),
while Mg concentrations for slash pine were above the minimum levels. Loblolly and
improved slash pine had lower Mg concentrations under both treatments at Pal atka than at
Dunnellon, whilethe reverse was true for unimproved slash pine. The dynamicsof fascicle

nutrient content over the leaf life cycle showed mixed patterns (Appendix F). Loblolly pine
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Figure 3-6. Variation in average fascicle weight for improved loblolly, improved slash
and unimproved slash pine throughout alife cycle of a needle cohort managed under
two silvicultural treatment and two locations in north central Florida.

PTA = improved loblolly pine, PEE = improved slash pine, PEU = unimproved slash pine.
Integers listed below locations and treatments indicate the number of sampling periods out
of eight where significant taxa differences were detected at the 95% confidence level using
LSMEANS test of the MIXED procedure.
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Figure 3-7. Relationships between total leaf area at age 3 years and September

Mg concentration for genetically improved loblolly pine (PTA), improved slash (PEE)
and unimproved sash pine (PEU) when managed under two silvicultural treatments
at two locationsin north central Florida. Symbols with higher Mg concentrations (i.e.,
lower leaf area) were from the non-intensively managed treatment, while those with
lower Mg concentrations (i.e., higher leaf area) were from the intensively-managed
treatment. The horizontal dashed lines represent critical (minimum) foliar Mg
concentrations for loblolly pine (0.07%) and slash pine (0.05%). P = Palatka site,

D = Dunnellon site.
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generally had significantly lower fascicle nutrient content than slash pine for all elements
at different sampling stages. Fasciclecontent for N, P, and K generally increased over time,
peaked, and then decreased (N) or was maintained (P, K) at a steady state in all taxa
Magnesium content showed a similar pattern but peaked much later (after April of second
growing season). On the contrary, Ca steadily increased in the fascicles, with the content
reaching a maximum before leaf abscission (Appendix E). Analysis of variance was also
performed on fascicle nutrient content, and resultswere similar to thosereveal ed for nutrient

concentrations and fascicle weight (Appendix D).

Crown (Leaf) Nutrient Content

Crown nutrient content depends on the accumulation of foliage biomass and |eaf
nutrient concentration. The amount of nutrients stored in the crown can affect crown
development and growth performance. Significant effects of locations and treatments on
crown nutrient content were found for all elementsamong thethreetaxa(Table 3-1). Trees
grown at Palatka tended to accumulate significantly greater amounts of nutrients in the
crown than those at Dunnellon when managed under the samesilvicultural treatment (Table
3-2).

Differencesamong taxain crown nutrient content were statistically significant under
most circumstances (Table3-2). Loblolly pineaccumulated significantly greater quantities
of all nutrients than dlash pine, except under the non-intensive treatment at Dunnellon.
Although differences in crown nutrient content between improved and unimproved slash
pine were not significant, improved slash pine consistently had higher absolute amounts

compared to unimproved slash pine.



76

Table 3-1. ANOVA for crown nutrient content (g/tree) of loblolly and slash pine at age 3
years. Experimental trees were subjected to two levels of silvicultural treatments and
planted at two locations in north central Florida’.

Source of Variation N P K Mg Ca
L ocation *okk ok k ok k ok k ok ok
Treatment ok k ok k ok k ok ok ok ok
Taxa™ ok ok ok ok ok ok ok k ok k
PTA vs. PEE ok ok ok ok ok k ok k ok
PEE vs. PEU ok ok ok ok k ok
L ocation* treatment ok k ok k ok k ok k ok k
L ocation*taxa FHK FHK FHK NS NS
Treatment*taxa. ok ok k ok ok ok ok
Family(taxa) NS NS NS NS NS
Block(treatment) NS NS NS NS **
L ocation* family(taxa) NS *x NS NS NS
Treatment* family(taxa) NS NS NS NS NS
Taxa* block(treatment) *okk *rk *Hk *Hk NS
L ocation* treatment* taxa e FHK FHK *x NS
Locgtion*treatment* NS . . . .
family(taxa)
a For a given source of variation, main effects and interactions were significant at ***

b

p# 0.01, ** p# 0.05, * p# 0.10. NS = not significant.

PTA = improved lablolly pine
PEE = improved slash pine
PEU = unimproved dlash pine



Table 3-2. Nutrient content (g/tree) in the crowns (foliage) of 3-year-old loblolly and slash pine managed under two silvicultural
treatments and planted at two locations in north central Florida’.

Location Dunnellon Palatka
Treatment | Non-intensively Intensively managed Non-intensively Intensively managed
managed managed

Taxa PTA® PEE PEU PTA PEE PEU PTA PEE PEU PTA PEE PEU

Element*:
N 7.9a 5.7a 5.7a 304a 17.1b 124b | 226a 116b 10.2b |57.0a 395b 23.0c
P l.1a 0.6b 0.5b 3.6a 1.7b 1.1b 3.4a 1.6b 1.2b 8.1a 40b 2.4b
K 2.6a 25ab 2.0b 19.6a 10.2b 7.7b 8.1a 59ab 4.1b | 353a 246b 14.7b
Mg 0.9a 0.7ab 0.5b 1.6a 1.1b 0.8b 1.4a 1.0b 0.9b 2.3a 20a 1.4b
Ca 1.6a l4a 12a 4.3a 3.7ab 28b 4.5a 4.0a 3.5a 8.2a 6.9ab 6.0b

a Taxa means were analyzed by location and treatment separately. Means among the three taxafor a given variable

followed by the same letter were not statistically significant at the 95% confidence level by comparing least square means
using the MIXED procedure (SAS Institute 1996).
b PTA = improved loblolly pine
PEE = improved slash pine
PEU = unimproved slash pine
C Estimates of crown nutrient content were made in September, 1997.

LL
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Differences among taxa in crown nutrient content tended to be smaller under the
non-intensive treatment than under the intensive treatment at both sites. Therefore, genetic
differences among taxa were better expressed under the intensive treatment than under the
non-intensive treatment, which led to the significant treatment x taxa interactions for al
nutrients (Table 3-1). For example, crown N content at Dunnellon quadrupled, tripled, and
doubled under the intensive treatment in comparison to the non-intensive treatment for
loblolly, improved and unimproved slash pine, respectively (Table 3-2). Loblolly pine
accumulated larger quantities of nutrients in the crown than slash pine under the intensive
treatment, while differences among taxa were less pronounced under the non-intensive

treatment at both sites for all elements.

Nutrient Use Efficiency of Leaf Area Production

Significant interspecific (species) and intraspecific (family) differencesin LA e
were detected among the threetaxa (Table 3-3). Thisindex was cal culated based on the leaf
area development per unit nutrient accumulated from ages 3 to 4 years. Loblolly pine was
significantly more efficient in using N, K, Mg, and Cato develop |leaf areathan slash pine,
while differences between improved and unimproved slash pine were generaly not
significant except for K use efficiency. Unimproved slash pine was most efficient in P use
efficiency (Figure 3-8).

The intensive silvicultural treatment significantly decreased LA e for N, P, and K
in all taxa, regardlessof differencesinlocations(Table 3-3). The most significant decrease
was found in K use efficiency. When averaged across locations and taxa, K use efficiency

decreased markedly from 19.2 cm?/mmol under the non-intensive treatment to 9.6
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Table 3-3. ANOVA for LA (cm? leaf area/ mmol element) for loblolly and slash pine
at age 3 years. Experimental trees were subjected to two levels of silvicultural treatments
and planted at two locations in north central Florida’.

Source of Variation N P K Mg Ca
L ocation *okk ok k *kk ok k ok k
Treatment *ok ok * ok ok ok k NS
Taxa™ ok k ok ok ok ok ok ok ok k
PTA vs. PEE ok k * ok k ok k ok k
PEE vs. PEU NS ok ok NS NS
L ocation* treatment ok ok ok ok ok ok ok k ok k
L ocation*taxa NS FHK NS FHK *Hx
Treatment* taxa NS NS FHK * NS
Family(taxa) * *x NS *x NS
Block(treatment) NS * *x NS NS
L ocation* family(taxa) NS NS NS NS NS
Treatment* family(taxa) NS NS NS NS NS
Taxa* block(treatment) ok k ok k ok ok k n—_—
L ocation* treatment* taxa FHK * FHK NS *
L ocation* treatment* x . e e e
family(taxa)
a For a given source of variation, main effects and interactions were significant at ***

p# 0.01, ** p# 0.05, * p# 0.10. NS = not significant.
b PTA = improved lablolly pine

PEE = improved slash pine

PEU = unimproved dlash pine
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cm? /mmol under the intensive treatment. However, taxa responses to the silvicultural
treatments were similar in N use efficiency, resulting in non-significant treatment x taxa
interactions. Significant treatment X taxainteractionswere detected in K use efficiency, but
further analysis showed a scale effect instead of arank change among taxa. For lessmobile
elements, theintensive silvicultural treatment significantly increased LA e in Mg, but not
in Ca.

LA\ue wassignificantly influenced by location and location % treatment interactions
(Table 3-3). The Dunnellon site had higher nutrient use efficienciesfor al elements except
Mg. For example, trees across all three taxa at Dunnellon were 30%, 47%, 45%, and 39%
higher than those at Palatka for N, P, K, and Ca use efficiency for leaf area production,
respectively. Treatments also showed varied influence on LA at different locations, as
location x treatment interactions were highly significant for all elements. Apparently,
nutrient use efficiencies for all elements among the three taxa were sendtive to
environments, as also shown by the significant location x treatment x taxa and location x

treatment x family(taxa) interactions.

Fascicle Nutrient Retransl ocation Efficiency

Significant differences occurred in N, P, and K retranslocation efficiencies prior to
senescence among taxa, while no differences were found in Mg and Ca retranslocation
efficiencies(Figure3-9). For instance, loblolly pineretrans ocated about 45% of thefascicle
N prior to abscission, while slash pine only retranslocated 28% during the same period.

Differences between improved and unimproved slash pine in nutrient retransl ocation were
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Figure 3-8. Nutrient use efficiency for leaf area development for genetically improved loblolly pine (PTA), improved slash
(PEE) and unimproved slash pine (PEU) when managed under two silvicultural treatments at two locations in north central
Florida. Means among taxafor a given nutrient followed by the same letter were not statistically significant at the 95%
confidence level using the LSMEANS test of PROC MIXED. Note the different scales between N and other elements.

18



82

and unimproved slash pine in nutrient retranslocation were not significant, except for N.
Large differences among taxa were found in K retranslocation efficiency, where loblolly
pine retranslocated 48% of K, in comparison to 21% for improved and unimproved slash
pine. Some loss of K from leaching could occur, which would lead to higher K
retranslocation estimates.

The silvicultural treatments had no significant effect on nutrient retranslocation
efficienciesfor all taxa(Table 3-4). Differencesamong taxafor retransl ocation efficiencies
were primarily affected by location. The Palatka site had higher levels of nutrient
retranslocation efficiency for N, P, K, and Cathan Dunnellon, while the opposite was true
for Mg. Significant location x treatment interactions further indicated that location effects
on nutrient retrangocation efficiencies (except K) were different across treatments. For
example, N retransocation efficiency in loblolly pine was higher under the intensive
treatment (43%) than under the non-intensive treatment (35%) at Dunnellon, while it was
higher under the non-intensive treatment (54%) than under the intensive treatment (48%)
at Palatka. Slash pine showed asimilar trend. In addition, although significant location x
taxa interactions were found in retranslocation efficiencies for N, P, and Mg, the mode of
influence was different. Scale effects were found in N retranslocation, with loblolly pine
having the highest retrangl ocation efficiency and unimproved slash pine having the lowest.
For Pretranslocation, loblolly pine consi stently had higher efficienciesthan slash pine, while
rank changes occurred between improved and unimproved slash pine. In Mg

retransl ocation, the highest efficiencieswere found in each taxon at different locations and
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Table 3-4. ANOVA for nutrient retrans ocation efficiency (%) and amount retranslocated (mg / fascicle) prior to
senescence for a single cohort of needlesin loblolly and slash pine at ages 3 to 4 years. Experimental trees were
subjected to two levels of silvicultural treatments and planted at two locations in north central Florida’.

Source of variation

Retrandlocation efficiency (%)

Retranslocation amount (mg/fascicle)

N P K Mg Ca N P K Mg Ca

Locatlon *k* *k* NS *k* ** *k* *k* *k* *k* *k*

Treatment NS NS NS NS NS *x *x i *x NS
Taxab *k* *k* *k* NS NS ** NS * ** *
PTA vs. PEE e e e NS NS NS NS NS *x *

PEE vs. PEU *x NS NS NS NS *x NS * NS NS

L ocation* treatment xRk *x NS e xRk xRk NS NS Hxx NS

Locatlon*taxa * * k% NS * k% NS * % *k*k * ** NS
Treatment* taxa NS NS NS * i NS NS NS NS *

Family(taxa) NS NS NS NS NS NS NS NS NS NS




T

able 3-4 -- Continued.

Source of variation

Retranslocation efficiency (%)

Retranslocation amount (mg/fascicle)

N P K Mg Ca N P K Mg Ca
Block(treatment) NS NS NS NS NS NS NS NS NS NS
Loc*family(taxa) NS NS NS NS NS NS NS NS NS NS
Treatment* family(taxa) NS NS NS NS NS NS NS NS NS NS
Taxa*b|OCk(tl’eaImel”lt) *k* * k% *k* *k* *k* *k* *k* ** * k% * k%
Location*treatment*taxa  *** NS NS NS NS kK * NS NS NS
Locf'ati on*treatment* o . . NS . NS . NS . NS
family(taxa)

a For a given source of variation, main effects and interactions were significant at *** p # 0.01, ** p # 0.05,

b

* p# 0.10. NS = not significant.

PTA =improved lablolly pine
PEE = improved slash pine
PEU = unimproved slash pine

a8
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treatments. Significant interspecific differences (except in P) were found in nutrient
retranslocation amount per fascicle prior to needle senescence (Table 3-4). Although
loblolly pine had much smaller fascicle weight than slash pine (Figure 3-6), it retranslocated
more N, P, and K than dash pine. For example, when averaged across locations and
treatments, loblolly pineretrans ocated 0.80 mg N/fascicle, whileimproved and unimproved
dash pine only retrandocated 0.73 and 0.58 mg N/fascicle prior to leaf abscission.
However, slash pine retranslocated more Mg and Cathan loblolly pine. Further, significant
effects of locations and treatments on nutrient retransl ocation amounts were found, with the
Palatkasite and theintensive silvicultural treatment consistently having the highest amounts

of nutrient retranglocation prior to leaf senescence.

Discussion

Dynamics of Macronutrients in the Foliage Life Cycle

Temporal and spatial variationinfasciclenutrient concentrationsand content reflects
periodically different growth demand for nutrients. Cyclic changes in weather conditions
affect growth rates and nutrient demands (Miller 1966). Consequently, growth rates of
forest standsand foliage nutrient level sare closely correl ated in some species (M ahendrappa
and Salonius 1982). Seasonal variations in foliage nutrient levels have been reported for
many woody plants, such as Quercus alba and Hamamelisvirginiana (Boerner 1984; 1985),
Juglans regia (Drossopoulos et al. 1996), loblolly pine (Miller 1966; Zhang and Allen
1996), Pinus strobus and Picea glauca (Munson et a. 1995). However, most previous
studieswith coniferous species have reported annual variationin nutrient levelsfor different

age classes of needlesrather than following acompletelife cycle of aspecific needle cohort
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over time. Such information could prove useful in understanding the dynamics of foliar
nutrient levels and the possibility of timing fertilizer applications.

Statistical analyses revealed that significant differences between treatments and
among taxa occurred in foliar nutrient levels (Appendix D and E). Fertilizer treatments
generally increased needle N and K concentrations, decreased needle Ca and Mg
concentrations, and had no significant effect on P concentrations over most sampling periods
for the three taxa. These results contradict what was found for N and K concentrations
between siteswith different levels of fertility in Quercus prinus, Q. alba, and Acer rubrum
(Boerner 1984), but were similar to thosereported for loblolly pine managed under different
fertilizer regimes (Zhang and Allen 1996). Although loblolly pine had significantly higher
concentrationsof N, P, and K than slash pine for most sampling periods, growth rates (DBH
and height) measured at this early stage of stand development showed no significant
differences between species (Chapter 2). However, differencesin crown biomass between
loblolly and slash pine were significant, suggesting that growth strategies between the two
species may be different. Loblolly pine may initially invest more nutrients in crown
development than slash pine, while dash pine may use more nutrients in direct growth of

DBH and height.

Fascicle Nutrient Content and Crown Nutrient Content

Fascicle nutrient content represents total accumulation of nutrients over aperiod of
time, and has been used as an indicator of nutrient status when assessing tree growth
responses from fertilization (Weetman and Fournier 1982). In comparison with fascicle

nutrient content at the time when needles were fully-elongated (June 1997), K wasthe only
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nutrient that showed continuous decreases in fascicle content throughout the leaf life cycle
at both locations and treatments. Other nutrients generally accumulated in fascicles
throughout the leaf life cycle, being especially apparent for Ca and Mg (Appendix E).
Fascicle weight also increased from the beginning, peaked, then slightly decreased toward
the end of the needle cohort life cycle regardliess of locations and treatments. For most
sampling periods across locations and taxa, fascicle weight was higher under the intensive
treatment than the non-intensive treatment, indicating asignificant responseto fertilization.
Valentineand Allen (1990) proposed that fascicleweight wasabetter indicator than nutrient
concentration in ng growth responses from fertilization in loblolly pine. Zhang and
Allen (1996) suggested that nutrient deficiencieswereoften associated withincreasesin both
fascicle weight and nutrient concentration following fertilization. Their argument appears
correct only if we consider the growing season within ayear. For example, in the current
study, N, P, and K fertilizers were applied in the intensively-managed blocks only. Trees
grown in the intensive treatment at Palatka had higher N and P concentrations during the
growing season, but lower concentrations at other times compared to the non-intensive
treatment.

Nutrient balance is widely viewed as an important factor affecting plant growth.
Dilution in Mg and Ca concentrations across |ocations were observed over most sampling
periods. Because of possible antagonism and interactions between K and Mg, higher K
concentrations could result in an induced Mg deficiency. The K/Mg and K/Caratios are
thus commonly used as DRIS (Diagnosis and Recommendation Integrated System) norms

when examining plant nutrient balance (Jones et a. 1991). The declines in Mg and Ca
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concentrations following fertilization were likely caused by high K concentrations. For
example, at Dunnellontheloblolly pine K:Mg ratiosin September, 1997 were 100:32 inthe
non-intensive treatment and 100:9 in theintensive treatment which included K fertilization.
Dilution in foliar Mg and Ca concentrations could lead to growth declinesif soil supply is
inadequate to meet plant demands. Interpretations based solely on nutrient concentrations,
however, canlead toincorrect diagnosesand well-designed fertilizer trial sinvolving Mg and
Ca applications would be necessary to confirm deficiencies.

Foliage nutrient content in the crown characterizes both leaf biomass accumulation
and nutrient concentrations. Silvicultural treatments can significantly increase foliage
nutrient content if leaf biomass and nutrient concentrations respond positively to
fertilization. However, species may have differential growth responses to enriched
environments. Significant differences in crown nutrient content responses to fertilization
among genetically improved loblolly, improved slash and unimproved slash pinewerefound
in this study (Table 3-3). In arelated study, slash pine was less responsive to fertilization
than loblolly pine in volume production and biomass accumulation (Colbert et al. 1990;
Jokela et al. 2000). However, improved slash pine tended to be more responsive to
fertilization in accumulating certain crown nutrients at this early growth stage compared to
loblolly pine. For example, slash pine responded to fertilization with a 3.4:2.5:4.2 times
increase in crown N:P:K content, respectively, but a 2.5:2.4:4.4 times increase in crown
N:P:K content, respectively, for loblolly pine at the Palatka site was noted. This further

indicated that slash pine was less efficient than loblolly pine in nutrient utilization since
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growth responses in DBH and tree height to fertilization at the same site did not differ

significantly between improved slash and loblolly pine (Chapter 2).

Nutrient Use Efficiency of Leaf Area Production

Nutrient use efficiency has been used in several ways to study nutrient cycling,
ecosystem functioning and site fertility (Vitousek 1982; Kost and Boerner 1985; Knops et
a. 1997). In the current study, we defined nutrient use efficiency as peak leaf area
production per unit of nutrient accumulation in current-year foliage. In this case we
assumed that the effects of nutrients on growth rateswere primarily realized viatheir direct
influence on leaf area development. Because leaf areawas closely associated with volume
growth in the three taxa (Chapter 2), LA, e as defined in this study could be a valuable
discriminator for understanding inter- and intra-specific growth strategiesin southern pines.

Higher soil fertility has generally been associated with lower nutrient use efficiency
for biomass production. For example, N and K use efficiency were higher, but P use
efficiency was lower in less fertile soils for Fagus sylvatica (Minotta and Pinzauti 1996).
Phosphorus and Ca use efficiency was higher on infertile sites for Hamamelis virginiana
(Boerner 1985) and Cornus florida (Kost and Boerner 1985), and fertilization reportedly
decreased N use efficiency for Pinus resinosa (Elliott and White 1993). Mixed results
regarding treatment effects on LAz were found for the three taxa across locations in this
study. Fertilizer treatments decreased K and Mg use efficiency at both sites. However, the
treatments decreased N, P, and Ca use efficiency at Dunnellon, but increased them at
Palatka. These results suggest that changes in LA, e across treatments may be related to

differences in growth responses due to fertilizer additions. A previous study showed that
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trees grown at Palatka were more responsive to fertilizer treatments than at Dunnellon
(Chapter 2). Additionally, examinations of LA of a single element may not fully
characterize the nature of growth responses to site fertility, since some nutrients can
compensate for functions in plant metabolism (Jones et al. 1991).

Significant differencesin LA, e between loblolly and slash pine further highlighted
different growth characteristics between these two species. Nutrient use efficiency hasbeen
suggested as the inverse of nutrient concentrations in plant tissues (Chapin 1980) or
aboveground litterfall (Vitousek 1982). Hence, nutrient use efficiency should be negatively
related to nutrient concentrations. However, the consistently higher LA e and higher
nutrient concentrations found in loblolly pine compared to slash pine suggested that these
general relationships may not always hold true. Although loblolly pine had lower P use
efficiency than slash pine, it had significantly higher nutrient use efficiencies for all other
elements. Lower P use efficiency in loblolly pine was compensated for by higher LA e in
other elements, and higher P concentrations in the needle without significantly reducing

growth rates.

Nutrient Retrans ocation Efficiency

Variousinterpretations associated with the importance of nutrient retranslocation on
plant growth have been proposed in the literature (Nambiar and Fife 1991). For example,
Johnson et al. (1982) suggested the importance of retransl ocation as anutrient conservation
mechanism on low fertility soils. However, nutrient uptake, utilization, and retransl ocation
represent threeimportant processesthat influence plant nutrient supply and growth. Nutrient

retranslocation isclosely related to nutrient uptake and utilization since interactions among
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these processes can compensate for one another to a certain degree in meeting plant growth
requirements (Baruah and Ramakrishnan 1988). For example, nutrient retransl ocation may
become an important process for meeting plant growth demands when energy expenditure
for nutrient uptake exceeds that for remobilization, or when nutrient demands are high but
uptake cannot meet requirements. Therefore, nutrient retranslocation is not only associated
with leaf senescence during the later stages of foliage development in conifers, but it can
also occur at any time during the year.

Reich et al. (1995) reported that 43% of N and 62% of P were retranslocated prior
to leaf abscission in 13 woody species in an Amazonian forest. About 47% of N was
retranslocated from fascicles of loblolly pine prior to leaf abscission in the current study,
which was less than that reported (75%) in another study with loblolly pine (Zhang and
Allen 1996). Similar to our results (Figure 3-9), Dalla-Tea and Jokela (1994) reported
higher N retranslocation in stands of young loblolly pine (62%) compared to slash pine
(57%). The current study showed that nutrient retransl ocation also varied by locations and
taxa, but at least 20% of foliage N, P, and K wereretrans ocated prior to abscission. Clearly,
nutrients can be retranslocated from foliage regardless of leaf age class, based on growth
demands and in relation to nutrient utilization and uptake.

Nutrient retranslocation represents an important physiological process affecting
growth of perennial trees, and it can beinfluenced by many factors. Significant differences
between the two silvicultural treatmentswere not found in retransl ocation efficiency for the
five nutrients in all taxa across locations. However, the intensive silvicultural treatment

increased N, P, and K retransl ocation, but decreased Mg and Caretransl ocation prior to | eaf
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abscission when averaged across locations and taxa. Such results suggest that N, P, and K
retranslocation for loblolly and slash pine may not be oriented toward nutrient conservation
because the fertility gradient imposed in this study had no significant effects on nutrient
retranslocation. Similar results of retranslocation responses to fertilization were also
reported for these nutrients in loblolly pine (Zhang and Allen 1996) and N in Ceratonia
siliqua (Correia and Loucao 1997). Related studies indicated that fascicle percent N
retransl ocated was not influenced by N availability, but total N retransl ocated from the stand
increased with soil N availability inloblolly pine (Birk and Vitousek 1986). Thesefindings
further demonstrate that growth demand for nutrients and annual physiological cycles of

growth are two important factors affecting nutrient retranslocation rates in conifers.

Summary

Fascicle macronutrient (N, P, K, Mg, Ca) concentrations, content, utilization
efficiency, and retransl ocation were assessed throughout acomplete life cycle of foliagein
3 to 4 year-old genetically improved loblolly pine, improved and unimproved slash pine
managed under two levels of silvicultural treatments at two locations in north centra
Florida. Foliage concentrations of N, P, and K decreased, while Mg and Ca concentrations
increased over the 2-year period. Laoblolly pine consistently had higher N and P
concentrations than slash pine at any time period, but mixed results were found in K, Mg,
and Ca concentrations regarding differences among the three taxa. Slash pine had higher
fascicle weight and fascicle nutrient content than loblolly pine at most sampling periods.
Loblolly pine aso had significantly higher LA (except in P), total crown (foliage)

nutrient content, and nutrient retranslocation efficiency prior to leaf abscission (except for
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Mg and Ca) than slash pine. Taxa differencesfor al nutrient characteristics were smaller
under the non-intensive treatment than under the intensive treatment at both sites, indicating
that stronger expression of genetic differences resulted in a higher fertility environment.
Silvicultural treatment (primarily fertilization) significantly increased fascicle
weight, foliage nutrient content, and amount of nutrients retranslocated, but did not
significantly affect nutrient retranslocation efficiency (percent nutrient retranslocated from
fascicles). Fertilization increased foliar N and K concentrations, decreased Mg and Ca
concentrations, but had no significant influence on P concentrations for most sampling
periodsin al taxa. The silvicultural intensive treatment significantly decreased N, P, and
K use efficiency, but increased Mg and Ca use efficiency. Dilution in Mg and Ca
concentrations following fertilization may have resulted from rapid |eaf area development

and antagonistic interactions with K.

Current - year peak leaf area production ©~ AW
Total nutrient content incorporated in current - year foliage © 1000
_ Current - year foliagebiomass © SLA ~ AW
" Current - year foliage biomass © CONC * 1000
_ SLA AW
~ CONC * 1000

LAnue (cm? / mmol) =

where SLA is specific leaf area (cm?g), AW isthe atomic weight of each element (g/moal),
and CONC is the concentration of each nutrient (%).

(back)



CHAPTER 4
GENETIC PARAMETER ESTIMATES FOR CROWN STRUCTURAL AND
GROWTH CHARACTERISTICS IN JUVENILE LOBLOLLY AND SLASH PINE
Introduction
Genetic parameters (e.g., heritability, genotype x environment interaction, genetic
correlation) have been widely used in making tree breeding and deployment decisions and
in predicting breeding values and genetic gain from selection efforts (White 1996). Traits
that are easily measured and have high heritabilities are desirable because more genetic gain
can be effectively achieved in tree improvement programs. Assessing the magnitude of
genotype x environment interactionsisalso critical to theformation of breeding populations
in that low genotype x environment interactions suggest use of asingle breeding unit, while
high genotype x environment interactions imply that multiple breeding units are needed.
In practice, atrait with high heritability and positive genetic correlation with other important
traits is desirable because it can be included in a selection program to achieve gains for
multiple traits (Hagpanen et al. 1997). Thus, for all breeding programs it is important to
understand the genetic architecture of the breeding population, which requires precise
estimates of: (1) heritabilities and genotype x environment interactionsfor al traits; and (2)
genetic correlations among traits.
Most effortsin the past have been directed at estimating genetic parameters of traits

related to volume production and timber quality (Belonger et al. 1996). While it appears

that genetic variation exists in some crown structural, morphometric or growth traits at

95
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different levels(e.g., leaf, branch, crown) in several species (El Kassaby and Park 1993; St.
Clair 1994b; Wu 1994), there is much less information about genetic architecture for the
myriad underlying morphological and physiological traits that influence growth
performance. Future progress in forest tree improvement programs reguires genetic
knowledge of these underlying component traits and their effects on volume production for
the following reasons: (1) it isimportant to understand how selection for volume growth
affects the component traits to ensure that they are changing in adesired manner; (2) future
progress in classical tree improvement programs could be enhanced by selecting for the
component traits instead of the aggregate trait of growth; and (3) future applications of
biotechnology will require a thorough understanding of the underlying mechanisms
controllingcommercially-important traitssuch asgrowth. For example, higher narrow-sense
heritability estimatesfor several biomasscomponentsin Douglas-fir (Pseudotsuga menziesii
var. menziesii) suggest that selecting families with favorable partitioning of biomassto stem
wood would improve stand productivity (St. Clair 1994a).

The ideotype concept has been proposed for some tree improvement programs
(Dickmann 1985; Karki and Tigerstedt 1985; Martin et al. 2001). Ideotype breeding is a
method to improve genetic growth potential by modifying individual morphological,
physiological, or phenological characteristics, resulting in a specification of amodel plant
for potential traits. Breeding for anideotype requires understanding the genetic architecture
of the component traits that control the aggregate traits. This allows breeders to target
certain morphological or physiological traitsthat have significant genetic rel ationshipswith

growth as indirect selection criteria (Fakorede and Mock 1978).
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At present, limited information is available on the heritability and genetic variation
of the component traits underlying growth in loblolly pine (Pinustaeda L.) and slash pine
(Pinus dlliottii Engelm. var. dlliottii), the two most important species in the southeastern
United States. Sincethe 1950'streeimprovement programs have made substantial progress
inimproving tree growth (Lowerts 1986; Hodge et al. 1989; 1990). Genetic architectureis
thus well known for aggregate growth traits such as height, DBH, and volume (Dieters et
a. 1995). However, much less work has been done to understand component traits
controlling overall growth (Bridgwater et al. 1985; Williams 1987; Bridgwater 1990). Itis
critical to understand genetic control of underlying phenological, morphological, and
physiological traits controlling growth to allow tree breeding programs and biotechnology
efforts to utilize this information.

Thisstudy was designed to determine the genetic architecture and genetic parameter
estimates of selected growth and crown structural characteristicsin loblolly and slash pine
in the southeastern United States. The specific objectives of this study wereto (1) estimate
heritabilities of growth and crown structural traits as references for loblolly and slash pine
breeding programs and to eval uate the relative genetic control vs. environmental influence
on thesetraits; (2) evaluate genotype x environment interactionsfor each growth and crown
structural trait; and (3) examinegenetic and environmental variancesand correl ationsamong
selected traitsacross|ocationsand silvicultural treatmentsto better understand rel ationships

between growth and crown characteristics.
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Materials and Methods

Experiments and Sampling Description

This study was part of an existing large series of experiments designed by the
University of Florida's Cooperative Forest Genetics Research Program to test growth
performance of several pine taxa and their hybrids in relation to location and intensity of
silvicultural treatments (Lopez-Upton 1999). The two field sites utilized were in north
central Florida (Dunnellon, Levy County, 29°20' N, 82°50' W and Palatka, Putnam County,
29°40'N, 81°42' W). Theclimatefor each location ishumid, temperate with amean annual
temperature of 21°C. Annual precipitation averages 1,332 mm at Dunnellon and 1,368 mm
at Palatka. The nearly level landscape is underlain by soils classified as sandy, siliceous,
hyperthermic Aeric Alaquods (somewhat poorly drained, Smyrna series) at Dunnellon and
hyperthermic, uncoated Aquic Quartzipsamments (moderately well drained, Adamsville
series) at Palatka (Soil Survey Staff 1998). The siteindicesfor the Smyrnaand Adamsville
serieswere 19 m and 20 m (base age 25 years), respectively.

Sixteen open-pollinated families from each of three pine taxa (genetically improved
loblolly pine, and improved and unimproved dlash pine) were planted at both sitesin afive-
tree row plot in each of three complete blocks using a split-split plot experimental design.
Two levels of silvicultural treatments (intensive vs. non-intensive) were applied. Prior to
study establishment, each site was chopped and bedded. Understory vegetation in the
intensive silvicultural treatment blocks was controlled during thefirst growing season using
a combination of mechanical and pre- and post-plant directed spot spray applications of

glyphosateapplied at |abeled rates. Containerized seedlingswere planted in December 1994
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at al5mx 3.4 mspacing at Palatka, and a1.8 m x 3.0 m spacing at Dunnellon. Fertilizers
were broadcast applied inthe high intensity treatment during years 1 and 3 as a balanced mix
of macro- and micronutrients. Total elemental application rates for plots receiving fertilizer
additions at both locations were approximately (kg ha'): N (110), P (80), K (162), Ca (20),
Mg (10), S(13), Fe(0.5), Zn (0.06), Mn (0.5), Cu (0.06), and B (0.06). Insecticides(Asana,
Diomethorate or Pyridine) were applied 3-4 times during the first growing season to control
tip moth (Rhyacionia spp.) on the high intensity treatment. The low intensity treatment did
not receive herbicide, fertilizer or insecticide applications. An untreated buffer of at least 21
m separated the high and low intensity treatment.

Two sample trees from each five-tree row plot of sixteen families per taxon were
randomly chosen in July 1997. Overdl, across the two sites, 1,152 trees (2 sites x 2
treatments x 3 blocks x 3 taxa x 16 families x 2 trees) were measured for DBH, total height,
crown height, and crown width. Additionally, branch position, branch diameter, and branch
angle for each branch were recorded along the entire stem of each tree. Outside-bark volume
was calculated using the following formula (Hodge et a. 1996; Sierra-Lucero 1999):

VOL (mP/tree) = 0.25 x 3.14 x (DBH)? x (1.37 + 0.33 x (HT - 1.37))
where VOL, DBH, and HT were estimated volume, diameter at breast height, and total tree
height, respectively.

Inlate July 1997 (ages 3 years), 540 branches (2 locations x 2 treatments x 3 blocks
x 3taxa x 5trees x 3 crown positions per tree) were destructively harvested from randomly
selected trees (not identified by families) to devel op biomass predictionequationsfor different

crown components. In August 1997, a total of 5,760 foliage samples (2 locations x 2
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treatments x 3 blocks x 3 taxa x 16 families x 2 ages x 1 trees x 3 positions [current year
foliage] + 2 locations x 2 treatments x 3 blocks x 3 taxa x 16 families x 2 ages x 1 trees x
2 positions [old foliage]) were collected to determine al-sided specific leaf area by age class
and crown position on 20 fascicles. Total all-sided |eaf area per tree was calculated for each

taxon as the product of August foliage biomass and specific leaf area (Chapter 2).

Statistical Analyses

To eliminate scale effects caused by heterogenous variances at different sitelocations
and silvicultural treatments (Falconer and Mackay 1996), dl variables were standardized by
dividing each observation in a location-treatment-block combination by the corresponding
square root of the phenotypic variance for that variable in that block (Visscher et al. 1991,

Hodge et a. 1996; Lopez-Upton 1999).

Estimation of variance components

Two analyses (ANOVA) were conducted separately on loblolly and slash pine for
each growth or crown structural variable. In the slash pine linear model, taxa differences
between improved and unimproved dash pine were maintained astaxa effects. Thestatistical
model for loblolly pinewasthe same asfor slash pinewith all of the taxa effects deleted (all
effects with subscript | were not present in the loblolly pine linear model). The statistical
model for dlash pine was of the following form:

Vi = 2+ 7+ $+ (M8)y + 4+ 7 + Bty + by + gy + iy + By Hofigpmy + Eomn
where Y, IS observation on tree n at family m of taxal in block k of treatment j of

location i,
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2 isthe population mean,
"' isthe fixed effect of location (Dunnellon or Palatka),
$J- isthe fixed effect of treatment (non-intensive or intensive),
("'$), isthe fixed effect of location x treatment interactions,
t, isthe fixed effect for taxa (improved or unimproved slash pine),
"'t, isthe fixed effect for location x taxa interactions,
$tjI isthe fixed effect for treatment x taxainteractions,
by i1sthe random variable for block nested within location and treatment ~ NID (0,
sz)1
fng) 1S the random variable for family nested within taxa~ NID (O, F2),
"fime 1S the random variable for location x family (taxa) interactions ~ NID (0,
FZ"f),
$fjm(|) is the random variable for treat x family (taxa) interactions ~ NID (0, F?),
bf iymey 1S the random variable for block (location x treatment) x family (taxa)
interactions ~ NID (0, F2;),
8jumn 1S the random error term ~ NID (0, F?);
wherei = 2 for locations, ] = 2 for treatment levels, k = 3 for number of blocks, | = 2 for

taxa, m = 16 for families per taxon, and n = 2 for trees per plot.

The SAS procedure PROC GLM was utilized to test the significance of random
effects using the test option of the RANDOM statement which synthesizes approximate F
testsviathe Satterthwaite method when exact F testsare not available (SAS I nstitute 1996).

PROC MIXED was used to test the fixed effectsand to estimate variance components using
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the restricted maximum likelihood method (Littell et al. 1996; SAS Institute 1996). Non-
significant effects were dropped from the original model such that only effects that were
statistically significant at ** = 0.05 were maintained in the final modelsfor both loblolly and
dash pine. A total of 18 growth and crown structural traits were analyzed for each of the

two species.

Estimation of genetic parameters

To better understand genetic structure and itsrel ationship to growth performanceand
characteristics of crown structural traits, three types of parameters were estimated:
heritability for each trait, genotype x environment interaction for each trait, and genetic and
environmental correlations among traits. Variance components were obtained for all traits
across sites and treatments using the SAS PROC MIXED procedure for heritability and
genotype x environment interactions.

Narrow-sense heritability for each trait was calculated from analyses pooling data
across sites and treatments, to correct upward bias due to the genotype x environment
interaction in estimatesfrom asingle site or within asingle treatment (Dieters 1996; Hodge
and White 1992). The variance component for the half-sib families (F?) isinterpreted as
an estimate of one quarter of the additive genetic variance (F?,). Thus, heritability for each
trait in slash pine was calculated as follows based on the ANOV A model:

2
h2= 4Sf
S +s % +S%i+S%hi+s %
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where all symbols were the same as those indicated in the ANOVA models. For loblolly
pine, one more variance component for the location x treatment x family (F?.¢) interaction
was added in the denominator when these were statistically significant. These terms were
never significant for dash pine and were thus pooled with the random error term. The
standard error for heritability estimates was calculated using a formula as described by
Dickerson (1962).

Two types of genotype x environment interaction (i.e., family x site and family x
treatment) wereinvestigated separately for thetwo speciesand all 18 traits using the method
originally developed by Y amada(1962), and widely used by othersthereafter (Burdon 1977,

Smith et al. 1993; Dieters et al. 1995):

r.B—treat

32f

r -
S % +5S %

B-site

Estimates of the above type B genetic correlations can be used to evaluate the same
trait measured in two different environments (two sites or two treatments) and to examine
the stability or consistency of family growth performance and crown structural
characteristics across these environments. It has been suggested that a value smaller than
0.67 for rgyex OF I's.gte IMplies an important level of genotype x environment interactions

(Shelbourne 1972).
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Genetic and environmental correl ations between two traits were estimated using the
Multiple Trait Derivative-Free Restricted Maximum Likelihood (MTDFREML) software
program (Boldman et al. 1995). Estimates of genetic correlation coefficientswere based on

the following formula:

_ Cov (X, Y)

e W VX xVY

where Cov(X, Y) isthe additive genetic covariance betweentwo traits X and Y, V, and V
arethe additive genetic variances of traits X and Y. Environmental correlation coefficients
were calculated similarly by substituting for the additive genetic covariance and variances
with environmental covariance and variances, respectively.

Only selected growth and crown structural traits were analyzed for genetic and
environmental correlationsbetween two traitsacrosssitesand treatments. Selection of these
traits was based on the following criteria for the two species separately: (1) moderate
heritability estimates; (2) importancein characterization of growth and crown structure; and

(3) high application potential in breeding programs.

Results and Discussion

Heritability Estimates

All heritability estimates for the 18 growth and crown structural characteristicsin
loblolly pinewerelow to medium (Table4-1). Some variables, such asvolume per tree and
branch number per unit (meter) crown length in loblolly pine, had very low genetic

variances such that the heritabilities tended to be zero. In particular, the estimates of h? =
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0.00 for volume was lower than other estimates reported for loblolly pine (Sierra-Lucero
1999; Li et al. 1996) and may be due to (1) the small number of families (16) represented
in this study; or (2) high genotype x environment interactions across sites or treatments.

Heritability estimatesfor slash pine were aso low to medium, except those for total
branch number and branch number per unit crown length (Table4-1). Comparedtoloblolly
pine, slash pine had higher heritabilitiesfor volume, branch number, and |eaf areameasures,
but lower heritabilities for crown structure and biomass components. The heritability
estimate for volume (h? = 0.12) was similar to previous estimates at 5 years (h? = 0.07) from
full-sib slash pine tests (Dieters et al. 1995), but lower than results (h? = 0.23) reported by
Dieters (1996) for the wind-pollinated progeny tests of slash pine from ages 6 to 11 years.
Generally, narrow-sense heritability estimates for growth factors including volume tend to
below (Cornelius1994). Thus, these estimatesfor slash pine arein general agreement with
heritabilities found for other species.

Crown structural traits were at least as heritable as growth traits (DBH, height) in
loblolly pine. Crown shape ratio (crown length / crown width) had a high heritability
estimate (h* = 0.49), which was very close to the heritability estimate for the same variable
(h* = 0.47) reported by Foster (1986) for loblolly pine. Such results indicated that crown
geometry in loblolly pine families showed substantial genetic variation that could be
exploited. A similar high degree of inheritance for crown shape was al so reported in Coffea
canephora (Leroy et al. 1993), short-rotation Populus clones (Wu 1994), and Pinus brutia
(Iskk and Isik 1999), suggesting that crown form can beincorporated into treeimprovement

programs in some species, if desired.
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Table 4-1. Narrow sense heritability (h? estimates and standard errors for growth and
crown structural attributesin 3-year-old loblolly and slash pine planted at two locationsin

north central Florida.

Trait Loblolly pine Slash pine
Volume 0.00+0.12 0.12+0.10
Total branch number 0.09+0.15 0.62 + 0.26
Crown length 0.15+0.16 0.06 +0.14
Crown width 0.23+0.24 0.03+ 0.08
Crown shape ratio 0.49+0.24 0.08 + 0.08
Height to base of crown 0.00 £ 0.05 0.13+0.09
Branch number per unit crown length 0.00+0.13 0.60+0.21
leaf area per unit crown length 0.22+0.24 0.18+0.12
Current-year leaf biomass 0.14+£0.20 0.07+£0.10
1-year-old leaf biomass 0.08£0.18 0.23+0.13
Total leaf biomass 0.11+0.19 012+0.11
Branch biomass 0.13+0.21 0.00 £ 0.08
Total crown biomass 0.15+0.20 0.07 £ 0.10
Current-year leaf area 0.17+£0.22 0.19+0.11
1-year-old leaf area 0.18+0.21 0.32+0.15
Total |leaf area 0.25+0.22 0.28 + 0.12
Current-year specific leaf area 0.16 £ 0.58 0.00 £ 0.48
1-year-old specific leaf area 0.00+0.78 0.00 £ 0.63

As for dash pine, less information regarding the inheritance of crown traits is

available. Our preliminary results showed that total branch number per tree (h? = 0.62) and

branch number per unit crown length (h? =0.60) were highly heritable and could be

considered asselection criteria. These heritability estimatesfor branch number were higher
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than previously reported results (h? = 0.26 to 0.40) for 1-year-old slash pine seedlings at two
levels of silvicultural treatments (Smith 1992). Slash pine also had a lower heritability
estimate (h? =0.03) for crown width than that of loblolly pine (h? = 0.23), which was
probably one of the lower estimates when compared with resultsfor Douglas-fir (h?=0.25)
(St. Clair 1993) and Albizia lebbek (h? = 0.24) (Toky et al. 1996). Crown geometry factors
(crown width (h? = 0.03) and crown length (h* = 0.06)) in slash pine appeared | ess heritable
than most growth factors (volume, DBH, and height), and are probably not promising for
Incorporation into tree improvement programs.

Total leaf area per tree and leaf area per unit crown length were heritable in both
loblolly (h? = 0.25 and 0.22, respectively) and slash pine (h? = 0.28 and 0.18, respectively).
St. Clair (1993) reported similar heritability estimatesfor leaf areameasuresin Douglas-fir
and predicted about 15% genetic gain if leaf area was included in tree improvement
programs. However, the drawback for considering leaf areain the selection criteriaisthat
alarge amount of field work must be conducted to obtain precise estimates.

Specific leaf area (SLA) has been widely used in ecology for characterizing plant
populations and for linking and scaling from individuals to stands in ecosystem studies
(Running and Gower 1991; Pierceet a. 1994). If the heritability for SLA islow, it suggests
that SLA can be averaged for a single species and compared with that of other speciesin
ecosystem studies. High heritability estimatesmay imply that the choice of families sampled
would influence the speciesaverage. Specific leaf areavaried significantly within different
crown positions of loblolly and slash pine at ages 3 and 4 years (Chapter 2); however,

heritability estimates for the two species were very low (h? = 0.00 to 0.16). Many studies



108

have examined the intraspecific variation in SLA (Cannell et al. 1983; Magnussen et al.
1986; McCrady and Jokela 1996), but no heritability estimates have been provided for this
attribute. Similar to our results, low specific leaf area inheritance (h* = 0.08) was also
reported for Douglas-fir for different crown positionsand individual treesasan average (St.
Clair 1993). These results may suggest that SLA is primarily controlled by prevailing

environmental factors.

Genotype x Environment I nteractions

Type B genetic correlation parameters for family x site and family x treatment
interactions were estimated for loblolly and slash pine (Table 4-2). Estimatesfor thefamily
x dite interaction can be used to examine consistency of family growth performance and
development of crown structural attributes across site locations, while those for the family
x treatment interaction can reveal family consistency across silvicultural treatments within
adite. Generdly, dlash pine was more stable than loblolly pinein al the traits for family
rankings across sites, indicating that family x site interactions were not important for most
traitsin slash pine (Table 4-2). For example, 13 out of 18 attributes in slash pine recorded
lewe = 1.00. Conversely, family x site interactions were important in loblolly pine, since
most traits (except crown length, width, crown shape ratio, and current- year SLA) had
estimates of rg_ . Pelow the threshold level of 0.67 (Shelbourne 1972). Thisresult suggests
that different families of loblolly pine were sensitive to site changes in developing crown
traits and partitioning biomass within the crown. Another reason for the differences
observed between species could be experimental error dueto the smaller family sample size

used to derive estimates for loblolly (n=16) compared to slash pine (n=32).
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Table 4-2. Family x site interaction (rg_q.), @and family x treatment interaction (g yey) fOr
growth and crown structural attributes in 3-year-old loblolly and slash pine planted at two
locations in north central Florida.

Loblolly pine Slash pine
Trait

Mo-site Mo-trect Mo-ste Mo-trect
Volume 0.00 0.00 0.82 0.91
Total branch number 0.36 0.50 1.00 1.00
Crown length 1.00 0.39 1.00 0.39
Crown width 0.77 0.64 1.00 1.00
Crown shape ratio 1.00 0.81 1.00 1.00
Height to base of crown 0.00 0.00 0.91 1.00
Branch number per unit crown length 0.00 0.00 1.00 1.00
leaf area per unit crown length 0.47 1.00 1.00 0.48
Current-year leaf biomass 0.29 0.53 1.00 0.42
1-year-old leaf biomass 0.21 0.32 1.00 1.00
Total leaf biomass 0.25 0.44 1.00 0.67
Branch biomass 0.38 0.72 0.00 0.00
Total crown biomass 0.31 0.57 1.00 0.41
Current-year leaf area 0.27 1.00 1.00 0.77
1-year-old leaf area 0.36 0.81 1.00 1.00
Total |leaf area 0.30 0.91 1.00 0.88
Current-year specific leaf area 0.81 1.00 0.00 0.00
1-year-old specific leaf area 0.00 0.00 0.00 0.00

Loblolly pine families ranked similarly across treatments in leaf area attributes, as
family x treatment interactions were not important for these traits. In contrast, biomass-

related attributes and crown structural traits (except crown shape ratio) had significant
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family x treatment interactions (Table 4-2). In slash pine, family x treatment interactions
were not important for most attributes such as growth (volume), crown structural traits
(except crown length), and 1-year-old leaf biomass or leaf area. Similar to these results,
Smith et a. (1993) examined 21 shoot characteristics of slash pine and reported that almost
all attributes had non-significant family x treatment interactions (type B genetic correlation
=0.56100.97) acrosstwo levelsof N treatment. In thisstudy, only two traits (current-year
leaf biomass and total crown biomass across treatments) showed high levels of interactions
(type B correlation = 0.42 and 0.41, respectively), indicating that slash pine families
responded differently to silvicultural treatmentsin developing and partitioning current-year
leaf and total crown biomass.

Environmental variation affecting genotype responses can originate from two
sources. macro- and micro-site variation (Garvilet and Hastings 1994; Li and Wu 1997),
which are generally predictable and unpredictable, respectively, in terms of genotype
sengitivities to environmental changes (Allard and Bradshaw 1964). Different family
responses to site locations and silvicultural treatments can be attributed to the unique
macroenvironments associated with thisstudy. Sometraits showed significant interactions
acrossthe different macroenvironmentswhile others did not for either species. Thus, levels

of genotype x environment interactions were trait dependent.

Genetic and Environmental Correlation Analyses

Five attributes, total branch number, crown width, leaf area per unit crown length,
branch biomass, andtotal |eaf areawereanalyzed for genetic and environmental correlations

in loblolly pine. These traits were chosen based on criteria stated in the Materials and
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Methods section. All five attributes were positively correlated (Table 4-3). Genetic
correlations between crown width and leaf area per unit crown length, and between branch

biomass and total |eaf area were very high (r = 0.97 and 0.96, respectively). Leaf area

Table 4-3. Estimates of genetic (upper triangle) and environmental (lower triangle)
correlations among growth and crown structural attributes in 3-year-old loblolly pine
planted at two locations in north central Florida.

Total branch  Crown Ll?r?iftirr%avfr?r Branch Total
number width biomass leaf area
length

Total branch number - 0.21 0.39 0.34 0.46
Crown width 0.26 - 0.97 0.81 0.66
Lesf areaper unit 0.29 0.19 - 0.84 0.72
crown length
Branch biomass 0.32 0.53 0.70 - 0.96
Total leaf area 0.55 0.54 0.74 0.96 -

generally maintained medium to high genetic correlation with other traits, whiletotal branch
number had low to medium genetic correlation with other traits. The environmental
correlations among these traits showed similar trends to the genetic correlations. Branch
biomass was significantly correlated with total leaf area (r = 0.96). Leaf area still
maintained medium to high environmental correlation with other traits. Although the
genetic correlation between crown width and leaf area per unit crown length was high (r =
0.97), their environmental correlation waslow (r = 0.19), implying that these two attributes
were genetically controlled by a similar set of genes, but microsite environments that

enhance the development of one attribute will not necessarily enhance the other attribute.
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The environmental proportion of total variance was 81%, 64%, 47%, 62%, and 49%,
respectively, for total branch number, crown width, leaf areaper unit crown length, branch
biomass, and total leaf area.

Fiveattributeswere also selected for genetic and environmental correlation analyses
in slash pine: volume per tree, total branch number, branch number per unit crown length,
leaf areaper unit crown length, and total leaf area. To make comparisons between loblolly
and slash pine, it would have been better to select the same set of variables. However,
because of the distinct inheritance patterns of the two species, it was difficult to select
common attributes that met the three criteria stated previously. For example, volume
heritability for loblolly pine was closeto zero, thusmaking it impractical to estimate genetic
correlations.

For slash pine, volume showed negative genetic correlation with unit branch number
and unit leaf area(r =-0.02 and -0.08, respectively). Generally, volumewas most correl ated
with total leaf area and total number of branches (r = 0.51 and 0.43, respectively), but even
these correlations were not high. Thus, it is likely that at least some of the genes that
controlled volume growth in slash pine were not associated with those influencing total |eaf
area or branch numbers.

Environmental correlationsbetween total |eaf areaand other traitswere much higher
than genetic correlationsin slash pine (Table 4-4). Similar resultswere also found between
volume and other selected traits. The environmental correlation between volume and total
branch number per tree was positive (r = 0.49), but volume was also negatively correlated

with branch number per unit crown length (r =-0.20), suggesting that fast-growing treesin
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dash pine were associated with more branches per tree, but fewer branches per unit tree
height. Such an outcome may suggest that tall trees with larger internode length favor
volume accumulation in dlash pine. This analysis is one example of how genetic and
environmental correlations can aid in understanding rel ationships between tree growth and

crown structure.

Table 4-4. Estimates of genetic (upper triangle) and environmental (lower triangle)
correlations among growth and crown structural attributesin 3-year-old slash pine planted
at two locations in north central Florida.

Branch
Total number per Leaf aeaper  rotal
Volume branch . unit crown
unit crown leaf area
number length

length
Volume - 0.43 -0.02 -0.08 0.51
Total branch 0.49 - 0.85 0.32 0.51
number
Branch number per 4 g5 - 0.26 0.14
unit crown length
Leaf area per unit 046 056 0.60 - 0.79
crown length
Tota leaf area 0.72 0.64 0.38 0.92 -

The proportion of total variance attributed to environmental factors for the five
attributes in slash pine was 74%, 18%, 22%, 66%, and 52%, respectively, for volume, total
branch number, branch number per unit crown length, leaf area per unit crown length, and
total leaf area. The most significant difference between loblolly and slash pine for these

attributes was genetic vs. environmental control on total branch number. Loblolly pine had
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low heritability for branch number (h? = 0.09) and a large proportion of environmental
variance (81%). In distinctive contrast, slash pine had high heritability for branch number
(h* = 0.62) and a small proportion of environmental variance (18%). Genetic vs.
environmental control on other attributes were less significantly different than that on the
total branch number between the two species.

Genetic correlations can be used to estimate the strength and direction in which two
traitsare correlated through the plel otropic action of genes. Environmental correlationsare
measures of microsite environmental fluctuation between the two traits measured from the
sameindividual tree (Falconer and Mackay 1996). Because of different inheritance patterns
and the magnitude of genetic control on various traits, genetic and environmental
correlations between the sametwo traitswere different inloblolly and slash pine (Tables 4-3
and 4-4). However, most genetic correlationswere positive and moderate to high inthetwo
species, indicating that these traits were coheritable to some extent and favorable from the
geneticist’ s point of view. Moderate to strong genetic correl ations among sel ected growth
and crown structural traits were also reported in Eucalyptus globulus (Volker et al. 1990)
and Pinus sylvestris (Haapanen et al. 1997). Therefore, tree improvement programs for
loblolly and dash pine could take advantage of these positive correlations to make
substantial genetic gains from selecting favorable trees with certain crown structural

attributes.

Summary

Geneticparameters(heritability, genotype x environment i nteraction, and geneticand

environmental correlation) were estimated for growth and crown structural characteristics
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in 3-year-old loblolly and slash pine planted at two site locations (Dunnellon and Palatka)
and managed under two levels of silvicultural intensity (low and high) in north central
Florida. Heritability estimatesfor the 18 growth and crown structural characteristicsfor the
two species were low to moderate, except for total branch number (h* = 0.62) and branch
number per unit crown length (h? = 0.60) in slash pine. Most crown and |eaf areatraits had
similar heritability values as growth traits and could be incorporated into tree improvement
programs if deemed desirable.

Type B genetic correl ations were variable among traits due to the small sample size.
Family x treatment interaction analyses indicated that loblolly pine families responded
similarly to treatments in leaf area attributes, but biomass-related attributes and crown
structural traits (except crown shape ratio) had significant family x treatment interactions.
Family x treatment interactions were not important for most attributesin slash pine. A low
degree of genetic commonality in current-year |eaf biomass and total crown biomass across
treatments (type B correlation = 0.42 and 0.41, respectively) indicated that slash pine
families responded differently to silvicultural treatments in developing and partitioning
current-year leaf and total crown biomass.

Selected growth and crown structural attributes (total branch number, crown width,
leaf area per unit crown length, branch biomass, and total leaf area in loblolly pine, and
volume, total branch number, branch number per unit crown length, leaf areaper unit crown
length, and total leaf area in slash pine) were analyzed for genetic and environmental
correlations. All five attributes had positive genetic and environmental correlations in

loblolly pine, suggesting that large trees were always associated with more branch numbers
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and biomass, wider crowns, and greater leaf area. Resultsfor slash pineindicated that large
treeswere generally associated with more branches and leaf area, but few branches per unit
tree height. Thissuggeststhat tall treeswith larger internode length favored greater volume
growth in slash pine. The most significant difference between loblolly and slash pine in
theseattributeswasgenetic vs. environmental control ontotal branch number. Loblolly pine
had a larger proportion of environmental variance (81%) than dlash pine (18%). In
conclusion, leaf area and crown traits are under certain genetic control and could be
incorporated into treeimprovement programsto enhancethegrowth potential of loblolly and

dlash pine.



CHAPTER 5
GENETIC AND ENVIRONMENTAL CONTROLS ON NUTRITIONAL
CHARACTERISTICS AND CORRELATIONS BETWEEN GROWTH AND
NUTRIENT TRAITSIN LOBLOLLY AND SLASH PINE
Introduction
Nutritional characteristics of woody species directly influence forest stand
development and growth performance. Previous studies have reveadled that substantial
variation in many nutrient attributes exist among families within a species, resulting in
differences in biomass alocation patterns (Day 1987; Li et a. 1991a) and overall growth
performance (Chapin 1980; Boerner 1985; Madgwick and Mead 1990). Knowledge
regarding the genetic architecture (i.e., heritability, genotype x environment interaction,
genetic correlation) of these nutrient attributes can enhance our understanding of therelative
importance of genetic and environmental effectsthat underlie these quantitative phenotypic
traits. Such information can aso facilitate the development of advanced breeding and
deployment strategies for maximizing growth potential and timber quality in forest tree
improvement programs.
Nutritional differencesamong genotypearegenerally specified usingfoliagenutrient
concentrations and content (SariE 1981). Temporal and spatial patternsin foliage nutrient
levels have been shown to vary dramatically in responseto internal metabolic requirements

and external environmental conditions (Boerner 1985; Drossopoul oset al. 1996; Chapter 3).

However, lessinformation is available for forest trees regarding the effects of genetic and

117
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environmental controls on nutrient levels over an entire leaf life cycle. Although several
progeny studies have indicated significant differences in nutritional characteristics among
families for various species and also reported heritability estimates (Forrest and Ovington
1971; Li et a. 1991b; Jonsson et al. 1997), the tempora stability of these estimates in
relation to time of year islargely unknown. Individual narrow-sense heritability estimates
for severa growth variables have changed with age (Balocchi et al. 1993; Dieters et al.
1995), indicating that genetic parameters for a given trait are only valid during a specific
measurement interval. Therefore, a series of genetic estimates of foliage nutrient levels at
different stages of leaf development could present a more complete picture about genetic
controls on nutrient dynamicsin trees.

I ntraspecific differencesin mineral nutrientscan al so be specified through nutritional
characteristicsin nutrient uptake, transport, distribution (SariE 1983), utilization efficiency
(Li et a. 1991b; Jonsson et al. 1997), and perhaps nutrient retranslocation (Staaf and
Stjernquist 1986). Awareness of the magnitude of genetic control of these attributes can
contribute to our understanding about physiological processesinvolving different nutrients
through certain periods of a leaf life cycle. Responses of foliage nutrients to different
environments (locations or treatments) are important because one of the reasons to specify
mineral nutrient requirements by different families within a speciesisto develop improved
or moreappropriately adapted familiesfor different soil environments(e.g., productivesoils,
acidic soils). An experiment designed to alow statistical analyses of genotype x
environment interactions could help achieve this objective. Finally, the ultimate goal for

examining the genetic basis of minera nutrients is to achieve improved productivity of
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forest stands. Thus, a better understanding of genetic and environmental correlations
between nutrient status and growth performance could aid the progress of future breeding
efforts. Unfortunately, only limitedinformationiscurrently availableonthe heritability and
genetic variation of nutrient attributes, and their underlying influence onthe growth of forest
trees.

Loblolly pine (Pinustaeda L.) and slash pine (P. lliottii Engelm. var. elliottii) are
the two most important commercial species in the southeastern United States. Tree
improvement programs since the 1950s have made considerable progress by directly
selecting for rapid growth, i.e., height, DBH, or volume (L owerts 1986; Hodge et al. 1989;
1990). Thus, genetic architectureiswell known for these growth traits (Dieterset al. 1995).
Although foliar nutrient concentrations were found to be significantly different among
families and each major element showed distinctive patterns to silvicultural treatments
(Sword et al. 1998; Chapter 3), less work has been done to estimate the heritability and
genetic variation of nutrient attributes and to evaluate genetic correlations with growth.
With advanced breeding programsfor the two species under way in the southeastern United
States (White et al. 1993; McKeand and Bridgwater 1998), an improved understanding of
genetic control on nutrient attributes is needed. This study was designed to (1) determine
whether heritability estimates of foliage nutrient attributes change during the lifespan of a
single needle cohort and whether differences exist between loblolly and slash pine; (2)
obtain heritability estimates for nutrient use efficiency of leaf area production, nutrient
retransl ocation amount and efficiency, and foliage nutrient content as references for future

tree improvement programs,; (3) evaluate the magnitude of genotype x environment



120
interactions for a variety of nutrient attributes; and (4) examine the degree of genetic and
environmental correlations between growth, leaf area development, and selected nutrient

attributes.

Materials and M ethods

Field Sites and Experimental Layout

The experiment was conducted from April 1997 to December 1998, using two field
test sites with distinctively different soil characteristics in north central Florida. At
Dunnellon (Levy County, 29°20' N, 82°50" W), the dominant soils belonged to the Smyrna
series (sandy, siliceous, hyperthermic Aeric Alaguods), while at Palatka (Putnam County,
29°40' N, 81°42' W) the soilsweremapped asthe Adamsvill e series (hyperthermic, uncoated
Aquic Quartzipsamments).

A randomized complete block split-split plot design was applied at each site, with
three complete blocks under each of two silvicultural treatments (high vs. low intensity).
Sixteen open-pollinated half-sib families from each of three taxa (genetically improved
loblolly and slash pine, and unimproved slash pine) were planted at both sitesin afive-tree
row plot withal1l.5m x 3.4 m spacing at Palatka, and a1.8 m x 3.0 m spacing at Dunnellon.
Each site was chopped and bedded prior to study establishment. Understory vegetationin
the intensive silvicultural treatment blocks was controlled during the first growing season
using acombination of mechanical and pre- and post-plant directed spot-spray applications
of glyphosate applied at labeled rates. Fertilizers were broadcast during years 1 and 3 asa
balanced mix of macro- and micronutrients in the high intensity blocks. Total elemental

application ratesfor plotsreceivingfertilizer additions at both locationswere approximately
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(kg ha'): N (110), P(80), K (162), Ca(20), Mg (10), S (13), Fe (0.5), Zn (0.06), Mn (0.5),
Cu (0.06), and B (0.06). Insecticides (Asana, Diomethorate or Pyridine) were applied 3-4
times during the first growing season to control tip moth (Rhyacionia spp.) on the high
intensity blocks. Thelow intensity blocks did not receive herbicide, fertilizer or insecticide
applications. An untreated buffer of at least 21 m separated the high and low intensity

blocks.

Sampling Procedures

Two sampletreesthat were healthy and free of disease were randomly chosen from
within a 5-tree row-plot in each block for each family by a SAS procedure (SAS Institute
1996). A total of 192 sampletrees (2 treatments x 3 blocks x 16 families x 2 trees) for each
of the three taxa were selected within each site. Overal, 1,152 trees (2 locations x 2
treatments X 3 blocks x 3 taxa x 16 families x 2 trees) were sampled between both
experimental locations.

Growth (DBH, height) and |eaf area measurements were conducted in August 1997
and 1998, respectively (Chapter 2). Recommended field sampling procedures for
determining foliage nutrient status entailed collection of full-length and compl ete fascicles
from the upper third of the crown (Madgwick and Mead 1990). Tempora and spatial
problems related to nutrient variability, due to needle age and crown position, were
addressed by collecting samples from an identical branch from the same tree through an
entire needle cohort life cycle(i.e., foliage collected over eight sampling periodsfrom 1997
to 1998). About 50 complete fascicles from each tree were collected in: June (the first

month that current-year foliageattained full length), September (needleN concentration was
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generally at thelowest level during theyear), November (critical stagein retransocation for
some mineral nutrients) 1997 and February (needle N concentration was generally at the
highest level of ayear), April (initial new growth may affect nutrient status of 1-year-old
needles), June, September, and December (last month for 1-year-old needlesto stay on the
tree) 1998. Sample branches were randomly selected among all branches within the upper
third of the crown, and a uniform aspect (south) was chosen for all foliage collections.
Approximately 9,216 total foliage samples (2 locations x 2 treatment x 3 blocks x 3 taxa x
16 families x 2 trees x 8 times) were collected for chemical analyses over the two year
period.

All samples were oven-dried at 70 °C for 48 hours or until dry. About twenty
complete and full-length fascicles from each sample were randomly chosen to determine
total dry weight, and needles per fascicle. All dried tissues were ground in aWiley mill to
pass a2 mm stainless steel screen. The ground and dry needle tissues were stored in sealed

plastic vials until nutrient determinations were performed.

Nutrient Analyses and Variables

Foliage samples were analyzed for five macronutrients (N, P, K, Mg, and Ca) using
the methods as described by Thomaset al. (1967) and Jones et al. (1991). For each sample,
100 mg of homogenous tissue was weighed and placed in a 50 ml Pyrex test tube, and then
2 ml of concentrated H,SO, was added prior to placing the sample into an aluminum block
digester at 380 °C for 30 minutes. All tubes were removed from the block and allowed to
cool. A small amount of 30% H,O, was added to the tubes until the solution cleared.

Concentrated H,SO, was added to rai se the temperature of the mixture, while H,O, wasused
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to speed and complete the digestion process (Jones et al. 1991). Nutrient concentrations
weredetermined using aninductively-coupled plasmaemission spectrometer (ICPor ICAP).

Fascicle nutrient content was cal cul ated as the product of nutrient concentration and
average fascicle weight. Nutrient use efficiency of leaf area production was defined asthe
peak amount of leaf area devel oped per unit nutrient accumulation (leaf areacm? / nutrient
mmol) and was calculated using the following formula, based on foliage samples collected

in September, 1997:

Current - year peak leaf area production ©~ AW
Total nutrient content incorporated in current - year foliage © 1000
_ Current - year foliagebiomass © SLA ~ AW
" Current - year foliage biomass © CONC * 1000
_ SLA AW
~ CONC * 1000

LAnue (cm? / mmol) =

where SLA is specific leaf area(cm?g), AW isthe atomic weight of each element (g/mol),
and CONC is the concentration of each nutrient (%).

Nutrient retranslocation efficiency (NRE) was calculated for each sample using the
following formula (Zhang and Allen 1996):

FC. - FCz,
NRE (%) = BN 100
1

where FC, was the maximum fascicle nutrient content during the needle cohort life cycle,
and FC,is nutrient content of green fasciclesin early December, 1998, prior to abscission.
The term (FC, - FC,) represented the amount of nutrients retranslocated over time. All

calculations were based on a sample size of n=1,152.
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Statistical Analyses

Data standardization and statistical model

All analysis of variance procedures were conducted based on individual tree data.
To remove scale effects caused by heterogenous variances in different site locations and
silvicultural treatments (Falconer and Mackay 1996), all variables were standardized prior
to analysis by dividing each observation within alocation-treatment-block combination by
the corresponding square root of the phenotypic variance for that variable in that block
(Chapter 4).

Analyses of variance for a given nutrient attribute were conducted separately for
loblolly and dash pine using different models. Differences between improved and
unimproved slash pine were maintained in the model for dlash pine, while taxa effectswere
eliminated in the loblolly pine model. The statistical model for slash pine was of the
following form:

Vi = 2+ 7+ 4 () + 4+ + Bty + by + gy + iy + By iy + B
where Y., is observation on tree n at family m of taxal in block k of treatment j of
location i,
= isthe population mean,
" isthe fixed effect of location (Dunnellon or Palatka),
$J- isthe fixed effect of treatment (non-intensive or intensive),
("'$); isthe fixed effect of location x treatment interactions,

t, isthe fixed effect for taxa (improved or unimproved slash pine),

"'t, is the random variable for location x taxa interactions ~ NID (0, F%.),
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$t; is the random variable for treatment x taxa interactions ~ NID (0, F%,)

by istherandom variablefor block nested within location and treatment ~ NID (O,

sz)1

fng) 1S the random variable for family nested within taxa~ NID (O, F2),

"fime 1S the random variable for location x family (taxa) interactions ~ NID (0,

Fz"f)1

$fjm(|) is the random variable for treat x family (taxa) interactions ~ NID (0, F?),

bfiymy 1S the random variable for block (location x treatment) x family (taxa)

interactions ~ NID (0, F2;),

8jumn 1S the random error term ~ NID (0, F?);
wherei = 2 for locations, j = 2 for treatment levels, k = 3 for number of blocks, | = 2 for
taxa, m = 16 for families per taxon, and n = 2 for trees per plot. A similar linear model as
above, but without terms related to taxa effects (i.e., deleting all effects with subscript 1),
was used for loblolly pine.

The SAS procedure PROC MIXED was used to test thefixed effects and to estimate
variance components using REML (restricted maximum likelihood method), while PROC
GLM was utilizedto test thesignificanceof random effects(Littell et al. 1996; SASInstitute
1996). Those effects that were statistically significant at ** = 0.05 were maintained in the
final models for the two species. A total of 20 nutrient variables (LA g, crown nutrient
content, nutrient retranslocation amount, and nutrient retranslocation efficiency for five
elements), plus fascicle dry weight, nutrient concentrations and fascicle nutrient content at

eight sampling periods, were analyzed for both species.
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Estimation of genetic parameters

To better understand the genetic architecture of nutrient attributes and their
relationships to growth and leaf area development, three types of genetic parameters were
estimated: heritability, genotype x environment interaction, and genetic and environmental
correlations. Variance components were obtained for all nutrient variables across sites and
treatments using the SAS MIXED procedure.

Narrow-sense heritability was cal culated across sites and treatments, which corrects
for upward bias dueto the genotype x environment interaction when estimated fromasingle
siteor within atreatment (Dieters 1996; Hodge and White 1992). The variance component
for the half-sib families (F?) is generally interpreted as an estimate of one quarter of the
additivegenetic variance (F?,). Heritability estimatesfor each nutrient variablein slash pine
were calculated as follows based on the ANOVA mode!:

> _ 4s 2f
S%+s % +S i +s % +s %

where all symbolsrepresenting variance componentswerethe same asthoseindicated inthe
linear model. For loblolly pine, one more variance component corresponding to thelocation
x treatment x family (F.¢) interaction was added in the denominator when statistically
significant. These terms were not significant for any variables for slash pine and were
pooled with therandom error term. Standard errorsfor heritability estimateswere cal cul ated
using the formula described by Dickerson (1962).

Family x siteand family x treatment interactionswereinvestigated separately for the

two species and all variables using the method developed by Yamada (1962), and widely
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used by other researchers (Burdon 1977; Smith et al. 1993; Dieters et al. 1995):

Szf

S % +s s
82f

S % +5s %

rB—treat -

r

B-site —

Estimates of the above type B genetic correlation can be used to evaluate the same trait
measured between two sites or two treatments, and to examine consistency of nutrient
variables across site locations or silvicultural treatments. It has been suggested that avalue
smaller than 0.67 in g OF I'g.4.e May imply important genotype x environment interaction
(Shelbourne 1972).

Genetic and environmental correlations between two variables using data pooled
across sites and treatments were estimated using MTDFREML (Boldman et al. 1995).
Estimates of genetic correlation coefficients were based on the formula below:

_Cov(X, Y)

e JV, XV,

where Cov(X, Y) isthe additive genetic covariance between two traitsX and Y, V, and V
arethe additive genetic variances of traits X and Y. Environmental correlation coefficients
were calculated similarly by substituting additive genetic covariance and variances with
environmental covariance and variances, respectively, in the above formula.

Selected growth and nutrient variableswere analyzed for genetic and environmental
correlations across sites and treatments. Growth attributes included in the analysis were
volume and total |leaf areaper tree. Nutrient variablesthat were selected for inclusioninthis

analysis satisfied the following minimum criteria for the two species. (1) moderate
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heritability estimates; (2) likely significant effects on growth; and (3) higher potential for

inclusion in breeding programs.

Results

Variation of Heritability Estimates over An Entire Leaf Life Cycle

Narrow-sense heritabilities were estimated separately for each sampling period for
fascicle weight, nutrient concentrations and fascicle nutrient content for all five
macronutrients. In general, heritability estimates for fascicle weight were low in both
species. Loblolly and slash pine both displayed asimilar decreasing trend of genetic control
on fascicle weight from the beginning to the end of the foliage life cycle (Figure 5-1). For
example, during thefirst growing season the heritability for both speciesapproached 0.2 and
then declined to less than 0.1 as the needle cohort matured.

Distinctive differenceswerefoundin heritabilitiesfor fascicle N concentrationsand
N content between the two species (Figure 5-2). For N concentration, loblolly pine showed
avery high heritability (0.8) during the early stage of fascicle development, while dlash pine
indicated little additive genetic variance for this attribute. However, the relative genetic
control over N concentration increased beforefoliage abscissionin both species. Heritability
estimates for fascicle N content were low to moderate (h? = 0.15 to 0.20 for loblolly pine,
and h?=0.00to 0.28 for sash pine), but the two species also showed an opposite trend over
the entire leaf lifespan; slash pine had higher heritabilitiesthan loblolly pine during thefirst
growing season, while the reverse was true beginning in February 1998 of the second

growing season.
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Figure 5-1. Narrow sense heritability for average fascicle weight over an entire
lifespan of a needle cohort in loblolly and slash pine planted at two locations
in north central Florida.
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Figure 5-2. Narrow sense heritabilities for macronutrient concentrations and fascicle
nutrient content over an entire lifespan of a needle cohort in loblolly and slash
planted at two locations in north central Florida
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Figure 5-2 -- Continued.



Narrow-sense heritability

0.5

0.4 -

0.3 1

0.2 -

0.1 -

0.0 1

Ca concentration

132

Fascicle Cacontent

’/\«H+/

Jdun SepNov Feb Apr JunSepD Jun SepN

1997 1998
Time

Figure 5-2 -- Continued.

1997

—@— Loblally pine
—0— SYashpine

Feb Apr JunSepD
1998
Time



133

No clear patterns or consistent differences in heritability estimates for P
concentrations and fascicle P content were found over timefor the two species (Figure 5-2).
These estimates were generally low to moderate, with large fluctuation among the different
sampling periods (e.g., h* = 0.10 to 0.40 for loblolly pine, and h? = 0.10 to 0.60 for slash
pinefor Pconcentration). Similar resultswere also detected for variationin K concentration
heritability estimates. However, slash pine consistently showed higher heritabilities than
loblolly pinein fascicle K content (Figure 5-2) over the entire leaf lifespan. Additionally,
an appreciable increase in heritability estimates for the concentration of all elements were
generally observed at the final measurement period, just prior to needle abscission.

Slash pinehad moderate heritability estimatesfor concentrationsand fascicle content
of Mg and Ca. For example, narrow-sense heritabilities for both foliage Ca and Mg
concentrations in slash pine exceeded 0.20 in 6 out of 8 sampling periods. In contrast,
loblolly pine had a very low level of genetic control for these two elements, with

heritabilities close to zero for about one-half of the sampling periods.

Heritability Estimates for Other Selected Nutrient Attributes

Inheritance patterns of LAz between loblolly and dlash pine showed significant
differences (Table 5-1). Nitrogen and P use efficiency was more heritable in loblolly pine
(h* = 0.41 and 0.27, respectively, for N and P use efficiency) than in slash pine (h? = 0.00
and 0.11, respectively, for N and P use efficiency), while Mg and Ca use efficiency was
more heritablein slash pine (h? = 0.26 and 0.32, respectively, for Mg and Cause efficiency)
thaninloblolly pine (h* = 0.12 and 0.00, respectively, for Mg and Cause efficiency). Slash

pine had lower heritability estimates for K use efficiency than loblolly pine (h* = 0.08 and
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0.13, respectively, for slash and loblolly pine). Most noticeably, heritability estimates for
N use efficiency for dlash pine and Ca use efficiency for loblolly pine were both close to
zero. In contrast, the highest heritability estimateswerefor N use efficiency inloblolly pine
(h* = 0.41) and Cause efficiency in slash pine (h* = 0.32).

Heritability estimatesfor crown (foliage) nutrient content for all five macronutrients
were generally low for both species; however, Mg and Ca crown content were more highly
heritablein slash pinethaninloblolly pine (Table5-1). Because crown nutrient content was
calculated as the product of foliage nutrient concentrations and foliage biomass, and
differences between loblolly and slash pine heritability estimates for foliage biomass were
small (Chapter 4), nutrient concentrations may contribute more to differences between the
two species in the heritability estimates for crown nutrient content than foliage biomass
(Figure 5-2).

Nutrient retranslocation amount and efficiency were predominantly controlled by
environmental rather than genetic effects for the two species. Genetic variation among
familiesfor these nutrient attributes was generally small, thusleading to the low heritability
estimates (Table 5-1). For example, nutrient retransl ocation amount and efficiency for al
five elements were not heritablein loblolly pine (h* = 0.00 to 0.05), and were only weakly

heritable in slash pine (h? = 0.02 to 0.16).
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Table 5-1. Narrow sense heritability (h?) estimates and standard errors for crown nutrient
attributes in 3-year-old loblolly and slash pine planted at two locations in north central

Florida®.

Trait Loblolly pine Slash pine
LAE
N 0.41+0.26 0.00+0.14
0.27+0.19 0.11+0.36
K 0.13+0.12 0.08 = 0.12
Mg 0.12 + 0.07 0.26+ 0.20
Ca 0.00+0.13 0.32+0.25
Crown nutrient content:
N 0.08 + 0.19 0.08 = 0.09
P 0.10+0.21 012+0.11
K 0.15+0.15 0.14 + 0.09
Mg 0.00+0.15 0.24+0.11
Ca 0.06 + 0.16 0.15+0.12
Nutrient retransl ocation amount:
N 0.00 + 0.06 0.08 = 0.10
P 0.00 = 0.47 0.10+1.02
K 0.00+ 0.15 0.05+0.13
Mg 0.00+0.41 0.09+0.32
Ca 0.00+ 0.82 0.08+1.19
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Table 5-1 — Continued.

Trait Loblolly pine Slash pine
Nutrient retranslocation efficiency:

N 0.00 = 0.07 0.10+0.11

P 0.01+ 0.08 0.02 + 0.05

K 0.05+ 0.08 0.16 + 0.08

Mg 0.00 = 0.07 0.08 = 0.07

Ca 0.00 = 0.07 0.11+ 0.09

a LA\ue and foliage nutrient content were calculated from growth and nutrient

measurements conducted in September 1997. Nutrient retrans ocation amount and
efficiency were computed based on fascicle nutrient content in 1997 (maximum
values were used), and December 1998 prior to needle abscission.

Genotype x Environment I nteractions

Two types of genotype x environment interaction, family x site and family x
treatment, were generally not important for fascicleweight (Appendix G). Family x siteand
family x treatment interactions were also not important over most sampling periods for
nutrient concentrations and fascicle nutrient content, indicating that foliage nutrient levels
among familiesfor the two specieswere not significantly influenced by site environment or
silvicultural treatments (Table 5-2). Slash pine was more consistent than loblolly pinein
demonstrating constancy in fascicle nutrient concentrations and content among families
throughout the entire leaf life cycle across sites and silvicultural treatments.

Family x site and family x treatment interactions were not important in LA e for
any of the five macronutrients, suggesting a stability among families for the two speciesin
nutrient utilization across sitesand treatments (Table5-2). For total foliage nutrient content,

family x site interactions for all elements were very important for loblolly pine, but
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Table 5-2. Family x site interaction (rg_q.), @and family x treatment interaction (g yey) fOr
crown nutrient attributes in 3-year-old loblolly and slash pine planted at two locations in
north central Florida.

Loblolly pine Slash pine
Trait
Mo-ste I g-treat Mo-ste M o-treat
LANUE
1.00 1.00 0.00 0.00
1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00
Mg 1.00 1.00 1.00 1.00
Ca 0.00 0.00 1.00 1.00
Crown nutrient content:
N 0.18 0.38 1.00 0.80
P 0.19 0.55 1.00 0.39
K 0.43 1.00 1.00 0.65
Mg 0.00 0.00 1.00 1.00
Ca 0.17 1.00 1.00 0.47
Nutrient retransl ocation amount:
N 0.00 0.00 1.00 1.00
P 0.00 0.00 1.00 1.00
K 0.00 0.00 1.00 1.00
Mg 0.00 0.00 1.00 1.00
Ca 0.00 0.00 1.00 1.00
Nutrient retransl ocation efficiency:
N 0.00 0.00 1.00 1.00
P 1.00 1.00 0.41 1.00
K 1.00 1.00 1.00 1.00
Mg 0.00 0.00 1.00 0.36

Ca 1.00 1.00 1.00 1.00
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unimportant for slash pine (rg.4 = 1). However, family x treatment interactions were
important for loblolly pineintotal crown N (rg_ex = 0.38) and P (rg . = 0.55) content, and
for dash pineintotal crown P (rg ey = 0.39) and Ca (I x = 0.47) content. Because of low
genetic variation in nutrient retranslocation amount among families of loblolly pine,
meaningful resultsfor genotype x environment interactionswere not obtained. Both family
x site and family x treatment interactions were unimportant for nutrient retranslocation in
dash pine (Table 5-2). Similarly, genotype x environment interactions were also
unimportant for the two species in nutrient retranslocation efficiency, except for P
retransl ocation efficiency acrosssites(rg 4. = 0.41) and Mg retransl ocation efficiency across

treatments (rg_,eq = 0.36) in slash pine (Table 5-2).

Genetic and Environmental Correlations

Loblolly pine

Genetic correlations are generally used to predict correl ated responses of two traits
to selection, while environmental correlations refer to associations between the proportion
of the variance attributed to environmental factors. Total |eaf area estimated for September
1997 was the only growth variable for loblolly pine used in this analysis because the
heritability for volume was zero (Chapter 4). Foliage macronutrient concentrations for the
sameperiod (September 1997) wereincludedintheanalysis. Overall, leaf areadevel opment
inloblolly pine showed variable, low to moderate, but positive genetic correlationswith al
foliage macronutrients (Table 5-3). Calcium concentrations were genetically the most
closely associated with leaf area (r = 0.61), followed by K concentrations (r = 0.42). Leaf

areawas not genetically correlated with N and Mg concentrations, suggesting that separate
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genes may control leaf area development and foliar N or Mg concentrations. Among the
five nutrients, Ca concentrations were the least genetically associated with any other
element. The negative genetic correlation between Ca and K (r = -0.19) was probably the
result of an antagonistic effect between these two cations (Jones et al. 1991). Phosphorus
concentrations were the most highly genetically correlated with all other nutrients, except
for Ca. Genetic correlations between N and P, between P and K, and between P and Mg

concentrations were all highly and positively associated (r = 0.75, 0.68, and 0.56,

respectively).

Table 5-3. Estimates of genetic (upper triangle) and environmental (lower triangle)
correlations among growth and foliage macronutrient concentrationsin 3-year-old loblolly
pine planted at two locations in north central Florida.

Total leaf N p K Mg Ca
area

Togleilieaf - 0.04 0.25 0.42 0.02 0.61
N 0.10 - 0.75 0.43 0.22 0.10
0.03 0.34 - 0.68 0.56 0.01
K 0.07 0.14 0.42 - 0.44 -0.19
Mg -0.31 0.02 0.01 0.01 - 0.15

Ca -0.33 0.17 0.07 0.04 0.68 —

Environmental effects on foliar N concentrations in loblolly pine were lower than
genetic effects, as the environmental proportion of total variance accounted for only 40%
in comparison to the proportion of additive genetic variance (h? = 0.56; Figure 5-2).

However, the environmental proportion of total variance for P, K, Mg and Ca foliage
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concentrations was 70%, 77%, 82%, and 73%, respectively. In general, leaf area was not
highly correlated environmentally with any macronutrient inloblolly pine, and most notably
even negatively associated with Mg and Caconcentrations(r =-0.31 and -0.33, respectively)
(Table 5-3), which was probably related to the dilution effects observed for these two
nutrients (Chapter 3). Environmental correlations among the five nutrients were generally
low, but the correlations between N and P, between P and K, and between Mg and Ca

concentrations were moderate (r = 0.34, 0.42, and 0.68, respectively).

Slash pine

Foliar nutrient concentrationswerenot selectedinthisanalysisfor slash pine because
heritability estimatesfor many nutrients were close to zero (Table 5-1). Instead, P, Ca, and
Mg use efficiency, and N and K retranslocation efficiency were chosen based on the
selection criteria noted previously. Both volume and leaf area per tree had moderate
heritabilities (Chapter 4), and werethusincluded inthe analyses. Theresultsfor the genetic
and environmental correlations in slash pine showed positive associations among all the
nutrient attributes examined (Table 5-4).

V olumehad amoderate genetic correl ation with Cause efficiency (r = 0.45), but low
correlations with other nutrient attributes. Leaf area was also most genetically associated
with Ca use efficiency (r = 0.66), indicating that at least some genes controlling volume
growth, leaf areadevel opment, and Ca use efficiency may beidentical in dash pine. Asfor
thefive nutrient attributes, genetic correl ations between Caand Mg use efficiency (r = 0.90),
between N and K retrans ocation efficiency (r = 0.78), and between P and Mg use efficiency

(r = 0.57) were among the most noteworthy associations.
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Table 5-4. Estimates of genetic (upper triangle) and environmental (lower triangle)
correlations among growth and nutrient attributes in 3-year-old slash pine planted at two
locations in north central Florida.

V, V, Vs V, Vs Vi V,
V, - 0.50 0.11 0.45 0.16 0.25 0.34
V, 0.77 - 0.27 0.66 0.44 0.54 0.49
Vs 0.02 0.05 - 0.36 0.57 0.09 0.11
V, 0.12 0.09 0.14 - 0.90 0.34 0.27
Vs 0.27 0.30 0.12 0.50 - 0.36 0.20
Vs 0.21 0.17 0.03 0.09 0.12 - 0.78
V, 0.26 0.25 0.01 0.18 0.18 0.81 -

Note: V, =Volume

V, =Total leaf area

V, = P use efficiency

V, = Cause efficiency

V. = Mg use efficiency

V¢ = N retranslocation efficiency

V, = K retranglocation efficiency

Environmental correlationsbetween volume or leaf areaand nutrient attributeswere
low but also positive (Table 5-4). Volume was highly environmentally associated with | eaf
area(r =0.77). Similar to high genetic correlations, environmental correlations between N
and K retranglocation efficiency (r = 0.81), and between Caand Mg use efficiency (r = 0.50)
were also significant (p # 0.001). The environmental proportions of total variance for
LA\ue wererelatively low, accounting for only 27%, 39%, and 36% for P, Ca, and Mg use
efficiency, respectively. In contrast, the environmental proportions of total variance for N
and K retranslocation efficiency were high, accounting for 82% and 77%, respectively.

Environmental proportions of total variance for volume and leaf area fell in between,

accounting for 68% and 57%, respectively.
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Discussion

Variation of Genetic Control on Mineral Nutrients over A Complete Foliage Life Cycle

Although numerous studies have reveaed the dynamic nature of mineral nutrient
levelsfor various stages of foliage devel opment, |ess attention has been paid to quantifying
sources of variation (genetic vs. environmental control) for different nutrients within a
species. Similar to other studies, our resultswith loblolly and slash pine have confirmed the
dynamic nature of macronutrients through an entire life cycle of a foliage cohort;
concentrations of N, P, and K decreased from the beginning to the end of the foliage life
cycle, whileMg and Caconcentrationsincreased over the same period (Chapter 3). Clearly,
the dynamics of each nutrient depend upon its mobility. However, phenotypic analyses of
nutrient concentrations and content had little power in revealing the underlying forces
shaping different growth characteristics in the two species.

It appears that changes in heritability estimates for N concentrations were more
uniform over time than for the other elements. Whether this originated from the genetic
nature of each nutrient or differential environmental effectsisunknown. However, N exists
inthefoliage primarily in the organic form, with 70-80% of N being located in chloroplasts
(Morita and Kono 1974; Makino and Osmond 1991). This may have contributed to the
regular pattern of heritability estimates observed throughout the foliage life cycle because
leaching losses of N are relatively uniform and less influenced by precipitation. On the
contrary, about 50% or more of P in foliage in some tree speciesis in the inorganic form
(Chapin and Kedrowski 1983; Carlyle and Malcolm 1986). Polglase et al. (1992) reported

that inorganic P was about 75% of total P in freshly fallen needles after fertilization in
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loblolly and dash pine stands, and was thus readily leachable. In comparison, only 20% of
total N in the Oi horizon needles of the forest floor was labile. To a certain extent, the
degree of variation in heritability estimates correspondsto the order of nutrient lossesfrom
leaching: K > P> N > Ca(Waring and Schlesinger 1985). Magnesium could be positioned
in front of or behind N (Waring and Running 1998). Therefore, variation in heritability
estimates for the nutrients may be partly related to leaching intensities before each of the
eight sampling periods. For example, the total rainfall at Palatka in 1998 was only about
68% of precipitationin anormal year, while therainfall at Dunnellon over the same period
was about 14% above normal.

Interspecific differences between loblolly and slash pine were clearly evident in the
heritability estimates for the five macronutrients throughout the foliage life cycle. Foliage
N concentrations were more heritable in [oblolly than in slash pine, while the reverse was
truefor foliage Mg and Caconcentrations. No obviousdifferencesor patternswere detected
in P and K concentrations between the two species (Figure 5-2). A review of heritability
estimates from previous studies have generaly indicated that traits more important to
survival and fitness (e.g., height, DBH) have lower heritabilities than others (e.g., wood
specific gravity) (Zobel and Talbert 1984; Cornelius 1994). It istoo early to conclude that
Caand Mg are moreimportant than N in nutrient metabolisminloblolly pine, or to conclude
that the opposite is true for slash pine based on only one study. Because of the lack of
related information, it is not clear why the two species are more genetically variable for
different foliage nutrients. However, this could be one of the significant differences in

genetic control on the nutritional physiology between the two species. Future experiments
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should be designed to investigate mechanisms of selective utilization of different nutrients
between the two species.

Theimplicationsof our findingsinthechanging nature of foliagenutrient heritability
estimates suggest that different nutrient attributes should be considered for the two species
during the early stages of fascicle development (maturation) if desired in treeimprovement
programs. It appearsthat heritability estimatesof all macronutrientsarevariableat different
sampling periods and, therefore, family screening based on nutrient characteristics for a

species should be conducted at the time when heritability is high.

Heritabilities of Nutrient Attributes

LAy has been shown to be under stronger genetic control than nutrient
retranslocation in both species (Table 5-1). Significant interspecific differences were very
clear in N use efficiency (h? = 0.41 and 0.00 for loblolly and slash pine, respectively). Li
et al. (1991b) reported a high heritability estimate (h? = 0.84) for nutrient use efficiency
(defined as stem biomass produced per unit N applied per plant) in loblolly pine seedlings.
The heritability for N productivity (defined as the slope of the linear regression between
foliage N concentration and relative biomass increase rate) was estimated to be
approximately 0.20 in Scots pine (Pinus sylvestris) seedlings (Jonsson et a. 1997).
Although all these heritability estimates regarding N utilization have different definitions,
it seemsthat N utilization ishighly heritablein loblolly pine, moderately heritable in Scots
pine, and less so if at al in slash pine.

Loblolly pine wasassociated with higher heritabilitiesfor N and P use efficiency for

leaf area production, while dlash pine had higher heritabilities for Mg and Ca utilization
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efficiency. Such outcomes are in general agreement with differences found for foliage
nutrient concentration heritabilities between the two species. Our previousresultsindicated
that loblolly pine was significantly higher than dash pine in N, K, Mg, and Ca use
efficiency, but lower in P use efficiency (Chapter 3). These findings suggest that loblolly
pine may have higher Caand Mg use efficiency than slash pine, but the variation in the two
attributes was low among familiesin loblolly pine. On the contrary, slash pine had lower
N and K use efficiency than loblolly pine, and also had lower variation among familiesfor
the two attributes.

One implication of our results relates to the selection of different LA, e attributes
for tree improvement programs for the two species. Loblolly pine had lower P use
efficiency and higher heritability than dash pine, which may provide opportunities for
further improvement inloblolly pine breeding programs. Similarly, N use efficiency could
be an important selection trait for increasing loblolly pine productivity because most pine
plantations in Florida are deficient in N and P, but not in Ca and Mg (Jokela et al. 1988).
For slash pine, the potentia traits may only include Mg and Ca use efficiency. The other
three attributes do not appear promising because of low heritabilities. From the perspective
of LA g, more genetic gainscould probably be obtained from loblolly pinethan from slash
pinein that tree growth generally requireslarger quantities of N, P, and K than Mg and Ca.
It may also prove beneficial to improve LA for N and P inloblolly pine. However, itis
still important for further studies to determine if higher nutrient use efficiencies lead to

higher growth rates for the two species. Additionally, studieswith more families should be
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conducted to confirm the differencesin LA, between loblolly and slash pine as only 32
families for dlash pine and 16 families for loblolly pine were involved in the current study.

Heritability estimates for foliage nutrient content, nutrient retranslocation amount
and retranglocation efficiency prior to needle senescence were low for loblolly pine.
Therefore, these attributes may offer little potential for tree improvement programs. In
contrast, the heritability of these same attributes for slash pine were generally as high as
thosefor growth (e.g., foliage Mg content h? = 0.24, K retrans ocation efficiency h*=0.16)

and, therefore, they may warrant further consideration in future breeding efforts.

Genotype x Environment Interactions in Nutritional Attributes

The objective of genotype x environment interaction analyses is to explore
performance patterns produced by genotypes across sites or treatments. Most studies on
genotype x environment interaction have focused on the production stability of various
species at different locations, while less information is known about consistency of the
foliage nutritional status across environments, which could be related to growth stability at
different environments. It appeared that foliar macronutrient concentrations had significant
family x site and family x treatment interactions over some sampling periods in both
loblolly and slash pine. However, it was difficult to conclude that the nutritional stability
of familieswas associated with their growth stability without finding a consistent pattern of
nutrient levels at the different life cycle across sites or treatments (Appendix G). In
comparisonwithloblolly pine, slash pinefamiliesmaintained more consistent nutrient levels
across sites or treatments.  Given the significant family x site and family x treatment

interactions in some growth and biomass attributes (Chapter 4), further studies should be
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conducted to examine interspecific differences between loblolly and slash pine in genotype
x environment interactions and the stability of the relationships between growth and
nutritional attributes across environments.

Littleinformationisavailableto explain thebiological nature and causes of genotype
x environmental interactions. Genotype x environmental interaction studies require the
experimental control of various environmental components (Federer and Scully 1993),
which implies that resultant genotype x environment interactions are useful only after we
know what factors cause the genotype differentiation. Lin and Binns (1994) suggested that
genotype x environment interaction studiesareincompl ete unlessresearchers determinethe
underlying biological factors. For example, temperatureduring thecritical growth stagewas
concluded to cause much of the genotype x environmental interaction in perennial ryegrass
(LoliumperennelL.) (Eeuwijk and Elgersma 1993). Recognition of the underlying genetics
in genotype x environmental interactions is difficult because environmental factors are
complex and several genes may be involved in the response of an attribute to a specific
environmental factor (Perez 1996). However, information about the biological nature and
environmental components causing significant genotype x environment interactions is
important since more potential gains could be realized if superior families were deployed
based on their responses to different environments. In this study, the cause of genotype x
environmental interactionsin some nutritional traits might beattributed to differencesin soil
environments (Spodosol vs. Entisol and their features), as climatic conditions at the two

locations were similar. Therefore, soil characteristics, especially those influencing
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nutritional status, should be further investigated to explore the cause of genotype X

environment interactions for both species.

Genetic and Environmental Correlations between Growth and Nutrient Traits

Understanding the relationships between plant growth and foliage nutrient
characteristics has been one of the contemporary research questionsin production ecology.
Most studies have only reported results of phenotypic correlations between the two traits.
However, trait associations can result from both environmental factors and genesthat affect
both traits simultaneously. Environmental correlations can provide information about
environmental factors (including treatment measures) that influence both traits similarly.
Genetic correlations represent associations between the breeding values of two traits and
indicate the strength of the genetic relationship between thetwo traits. Genetic correlations
are also of great importance because they can result in changes across generations in traits
that are not originally targeted by selection.

All environmental correlations between growth and nutritional attributes were
positive for both species, except for the correlations between leaf areaand foliar Caor Mg
concentrationsinloblolly pine(Table5-3). Sword et a. (1998) reported different responses
infoliar Caand Mg concentrations of loblolly pinefamiliesto treatments, and our previous
results (Chapter 3) also revealed statistically significant interspecific differences in the
dilution effects of Mg due to rapid leaf area development, especially under the intensive
treatment. We primarily attributed the dilution effects to the antagonistic interactions
between K and Mg. The current study showed that |eaf area and Ca or Mg concentrations

were environmentally negatively associated (r = -0.33 and -0.31 for leaf areawith Caand



149

Mg, respectively), suggesting that the negative relationships between leaf area and Mg
concentrations could be induced by silvicultural treatments. Presumably, fertilization
increased leaf area development but did not supplement sufficient Mg to meet further
requirements. It remains to be seen if the trees will outgrow this apparent induced
deficiency, as the root systems occupy greater soil volume and access higher levels of Mg
supply.

LA\ue andretransl ocation ratesin treesrepresent important nutritional physiological
characteristics that have been intensively studied. Their relationships to stand production
capacity in different forest ecosystems have led to the development of several theories
regarding their biological mechanisms (Vitousek 1982; Chapin and Kedrowski 1983; Birk
and Vitousek 1986; Nambiar and Fife 1991; Knops et al. 1997). However, most studies
have focused on the functional ecology of these nutrient attributes, and less attention has
been given to genetically correlated responses of growth and nutrient use efficiency or
retranslocation rates in different environments, which would be more useful for selection
activities used in tree improvement programs. Albrektson et al. (1995) reported high
phenotypic correl ations between volumeyield capacity and mineral nutrient efficiency, but
low correlations between yield capacity and N retranslocation rates in Scots pine (Pinus
sylvestris) and lodgepol e pine (P. contorta) stands; genetic correlationswere unknown. Our
results from loblolly pine (Table 5-3) and slash pine (Table 5-4) indicate that genetic
correlations between growth (volume or leaf area) and all nutrient attributes were low to

moderate and positive, suggesting that selection for growth factors will not cause
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correspondent decreasesin atree’ scapacity to utilizeor retrans ocate nutrients(i.e., negative
selection pressure).

Because of the distinctly different inheritance patterns between loblolly and slash
pine for most growth and nutritional attributes, direct species comparisons based on a
common set of variables was not possible in the current study. Additional studies are
required to better understand the underlying mechanisms of correlated genetic or

environmental control on growth and nutritional traits for each of these species.

Summary

Genetic parameters (heritability, genotype x environment interactions, and genetic
and environmental correlations) for fasciclemacronutrient (N, P, K, Mg, Ca) concentrations,
fascicle nutrient content, nutrient utilization efficiency of leaf area production, and
retransl ocation were estimated throughout an entire foliage cohort life cyclein 3- to 4-year-
old loblolly and slash pine stands managed under two levelsof silvicultural treatment at two
locations in north central Florida. Narrow-sense heritability estimates for all nutrient
attributes were low to moderate. Loblolly pine showed a higher but decreasing trend in
foliar N concentration heritabilities over time than slash pine, which had little additive
genetic variance for N concentration. Conversely, slash pine showed higher heritabilities
in Ca and Mg concentrations than loblolly pine throughout the entire foliage life cycle.
Nitrogen and P use efficiency was more heritable in loblolly pine than in slash pine, while
Mg and Ca use efficiency was more heritable in slash pine than in loblolly pine. Further,
nutrient retrans ocation amountsand efficiencieswereprimarily controlled by environmental

effectsin both species. Some nutritional attributes (e.g., N and P use efficiency for loblolly
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pine, and Mg and Ca use efficiency for slash pine) have the potential to beincluded in tree
improvement programs.

Family x site and family x treatment interactions were not significant in most
sampling periodsfor macronutrient concentrationsand fasciclecontent. Similarly, genotype
x environment interactions were not important for LA e, suggesting that for both species,
families were consistent in nutrient utilization across sites and treatments. Genotype x
environment interactions observed for most nutrients in retranslocation amount and
efficiency were unimportant.

Genetic and environmental correlations among total |eaf area and concentrations of
N, P, K, Ca, and Mg in loblolly pine, and among volume, total leaf area, P, Caand Mg use
efficiency, and N and K retrandocation efficiency in dash pine, were estimated and
analyzed. Leaf areainloblolly pine showed variable, low to moderate but positive genetic
correlations with all macronutrients (r = 0.02 to 0.61). Leaf area was not highly
environmentally correlated with any macronutrient in loblolly pine, and even negatively
associated with foliar Mg (r =-0.31) and Ca(r =-0.33) concentrations. In slash pine, volume
and leaf area were highly genetically associated with Ca use efficiency (r = 0.45 and 0.66,
respectively), suggesting that at least some of the genes controlling volumegrowth, leaf area

development, and Ca use efficiency may be identical.



CHAPTER 6
SUMMARY AND CONCLUSIONS

Crown structural and nutritional characteristics of forest trees are closely associated
with growth performance. Genetic and environmental effects both play important rolesin
shaping characteristics of crown structure, foliage nutrition physiology and, ultimately,
distinctive growth patterns among species or within a species. An understanding of these
characteristics and their relationshipsis essential to improve our knowledge of mechanisms
of tree growth. Additionally, an awareness of the effects of silvicultural treatments and
locations are critical to the appropriate selection of superior and adaptive genotype for
different treatment regimes and locations. This dissertation has focused on the genetics,
nutrition and production ecology of two important and widely planted commercial timber
species in the southeastern United States, loblolly pine and slash pine.

Thisstudy was overlaid on alarger progeny test consisting of seven pine species or
hybrids conducted by the Cooperative Forest Genetics Research Program at the University
of Florida. Sixteen families each from genetically improved loblolly and slash pine, and
unimproved slash pine were selected as experimental materials. Two experimental sites,
located at Dunnellon and Palatka, Florida, and consisting of acommon study design, were
chosen for this research project. Two levels of silvicultural treatments (high and low

intensity) were applied at both sites. A total of 1,152 trees were repeatedly measured and

152
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sampled for the determination of crown structural, nutritional and growth characteristics
from 1997 to 1998 when the trees were 3 and 4 years old, respectively.

This dissertation consists of five chapters. Chapter 1 reviewed relevant research
findings and presented a broad overview on current issues pertinent to the growth and
nutrition of forest trees. Based on the objectivesof thisstudy, interspecific and intraspecific
differences in crown structure and nutrient dynamics were addressed. At the interspecific
level, individual investigationsdealt with (1) growth performance, crown structure, and their
relationships in juvenile loblolly and dlash pine; and (2) seasonal dynamics of foliar
nutrients, nutrient use efficiency of leaf area production, and retranslocation in juvenile
loblolly and dlash pine. At the intraspecific level, the research focused on (1) genetic
parameter estimates and correlations between crown structure and growth performance in
loblolly and dash pine; and (2) genetic and environmental controls on nutritional
characteristicsand their correlations with growth in juvenileloblolly and slash pine. These

topics corresponded to the main subjects reported in Chapters 2 to 5.

Interspecific Level Conclusions

Atthetaxalevel, DBH and height growth were consistently greater inloblolly pine,
but not significantly different from slash pine when averaged across study locations and
treatments. Loblolly pine maintained about 44 and 39 branches per tree at age 3 and 4 years,
respectively, about 10 and 8 branches more for each year than slash pine. Loblolly pine at
Dunnellon had greater crown size (57%) than at Palatka (44%) at age 3 years, while the
reverse was true for improved slash (50% vs. 57%) and unimproved slash pine (33% vs.

46%).
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Loblolly pine had higher current-year needle SLA (176.6 cm?/g) than improved
slash pine (147.8 cm?/g) and unimproved slash pine (144.9 cm?/g). In addition, loblolly pine
tended to accumulate more leaf biomass than either of the slash pine taxa, regardiess of
treatments and locations. Similar trends followed for branch biomass and total crown
biomass (branches plus foliage): loblolly pine > improved slash pine > unimproved slash
pine. Current-year leaf area generally accounted for more than 90% of the total leaf area
among all taxa, but slash pine accumulated lessleaf areathan loblolly pineat bothlocations;
however, differences between unimproved and improved dash pine were not significant.
Vertical differences among taxain total leaf area per tree were shown in both the relative
distribution patterns and the absolute amount of leaf area along crown profiles. Most
notably, loblolly pine partitioned 8% of the total leaf areain the upper crown, while ash
pine partitioned about13% and, thereby, contributed to a significant taxa x position
interaction (p # 0.0008).

Similar to other published reports, loblolly pineat thisjuvenilestage of development
consistently produced less volume per unit leaf area (804 cm® wood/m? leaf area) than
improved slash pine (1,106 cm® wood/m? leaf area) and unimproved slash pine (1,173 cm?
wood/m? leaf area), within agiven location and treatment. However, volumeincrements of
individual trees converged among taxa as |eaf area approached 54 m?/tree(both treatments)
at Dunnellon, and 40 and 55 m?/tree for the non-intensive and intensive silvicultural
treatments, respectively, at Palatka.

Nutritional characteristicsalso showed both similaritiesand differencesamong taxa.

For example, foliar N, P, and K concentrations generally decreased, while Ca and Mg
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concentrations increased over an entire leaf life cycle for all the three taxa. However, the
magnitude of changein foliar nutrient concentrations, fascicle nutrient content, and fascicle
weight was different in terms of taxa, location, and treatment. Loblolly pine consistently
and significantly had higher N and P concentrations than slash pine, regardless of locations
and treatments. Differences among the three taxain K concentrations was not significant,
while Ca and Mg concentrations were highly variable among taxa and dependent upon
experimental location (Mg) and treatment (Ca).

Significant differences in LA,z were found among taxa and within a taxon.
Loblolly pinehad significantly higher N, K, Mg, and Cautilization efficiency for devel oping
leaf area than dlash pine, while differences between improved and unimproved slash pine
were not significant except for K use efficiency. Loblolly pineaso had significantly higher
crown nutrient content for all five elements compared to slash pine. Although differences
between improved and unimproved slash pinein crown nutrient content werenot significant,
improved slash pine consistently had higher absol ute amounts than unimproved slash pine.
Additionally, loblolly pinedisplayed significantly higher nutrient retransl ocation efficiency
for N, P, and K than either slash pine taxa, while no differences were found in Mg and Ca
retrangl ocation efficiency amongtaxa. Differencesbetweenimproved and unimproved slash
pinein nutrient retrans ocation efficiencies were not significant except for N (32% vs. 25%
for improved and unimproved slash pine, respectively).

Theintensive silvicultural treatment significantly increased fascicleweight, foliage
nutrient content, and nutrient retranslocation amount, but did not affect nutrient

retranglocation efficiency (percent nutrient retranslocated from fascicles). The intensive
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silvicultural treatment increased foliar N and K concentrations and decreased Mg and Ca
concentrations, but had no significant influence on P concentrations at most sampling
periodsamong thethreetaxa. Theintensivetreatment also significantly decreased N, P, and

K use efficiency, but increased Mg and Ca use efficiency.

Intraspecific Level Conclusions

Intraspecific studiesin thisdissertation concentrated on examining genetic variation
and related characteristics of crown structure, growth, and nutritional attributes. Genetic
parameter estimates (e.g., heritability, genotype X environment interaction, genetic
correlation) were determined to achieve these objectives. A total of 18 growth and crown
structural characteristics(i.e., volume, total branch number, crown length and width, crown
shaperatio, height to base of crown, branch number per unit crown length, leaf areaper unit
crown length, current-year and 1-year-old |eaf biomass, total |eaf biomass, branch biomass,
crown biomass, current-year and 1-year-old leaf area, total leaf area, and current-year and
1-year-old specific leaf area) were analyzed.

Heritability estimates for the above attributes were generally low to moderate for
both species (h? = 0.00 to 0.49). Two noteworthy exceptions with slash pine were for total
branch number (h? = 0.62) and branch number per unit crown length (h? = 0.60). Most
crown and leaf area traits were under certain genetic control and had similar heritability
values as growth traits and, therefore, could be incorporated into tree improvement
programs.

Genotype x environment interactionsfor most attributes(type B genetic correl ations)

were variable, primarily due to the small sasmple size. Family x site or family x treatment
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interaction results for these crown structural and growth traits indicated differential family
responsesto sitesor treatmentsin loblolly and slash pine. Withlaoblolly pine, morethan half
of the total traits had significant family x site interaction, while only biomass-related
attributes and crown structural traits (except crown shape ratio) had significant family x
treatment interactions. Family x treatment interactions were not significant for most
attributes in dash pine. Significant family x treatment interactions in current-year leaf
biomass and total crown biomass across treatments (type B correlation = 0.42 and 0.41,
respectively) showed that dlash pinefamiliesdiffered in devel oping and partitioning current-
year leaf and total crown biomass across treatments.

Selected growth and crown structural attributes for loblolly pine (total branch
number, crown width, leaf area per unit crown length, branch biomass, and total |eaf area)
and dlash pine (volume, total branch number, branch number per unit crown length, leaf area
per unit crown length, and total leaf area in slash pine) were analyzed for genetic and
environmental correlationsto further understand rel ationships among these traits. Genetic
and environmental correlationswere all positivein loblolly pine, revealing that larger trees
were more associated with wider crowns, more branch numbers, and higher amounts of
branch biomass and leaf areathan small trees. Results for slash pine indicated that large
trees were associated with more branches and leaf area, but few branches per unit tree
height. Thissuggeststhat tall treeswithlarger internodelength favor greater volume growth
in slash pine. Loblolly pine differed most significantly from slash pine in total branch
number. Loblolly pine had alarger proportion of environmental variance (81%) than slash

pine (18%) for branch number.
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Nutritional attributes that were investigated in relation to intraspecific variation
included concentrations and fascicle content of N, P, K, Ca, and Mg at eight sampling
periods throughout an entire foliage life cycle, total foliage nutrient content in the crown,
LA\ue. and nutrient retranslocation amount and efficiency for all five macronutrients.
Heritability estimates for most nutrient attributes were low to moderate (h? = 0.00 to 0.41).
Loblolly pine showed a higher but decreasing trend of heritabilities in foliage N
concentrationsthrough thefoliagelife cyclethan slash pine, which had little additive genetic
variancein N concentration. Conversely, slash pine showed higher heritabilitiesin Caand
Mg concentrations than loblolly pine through the foliage life cycle. Nitrogen and P use
efficiency was more heritablein loblolly pine (h? = 0.41 and 0.27 for N and P, respectively)
than in slash pine (h? = 0.00 and 0.11 for N and P, respectively), while Mg and Ca use
efficiency was more heritablein slash pine (h? = 0.26 and 0.32 for Mg and Ca, respectively)
thanin loblolly pine (h?=0.12 and 0.00, respectively). It appeared that nutritional attributes
related to N and P were more heritable in loblolly pine, while nutritional attributes related
to Caand Mgwere more heritablein slash pine. The magnitude of heritability estimatesfor
some nutritional attributes (i.e., LAy,g) was similar to that of crown structural traits and
could be considered in tree improvement programs.
Family x site and family x treatment interactions were not important in most
sampling periods for nutrient concentrations and fascicle nutrient content of the five
elementsin both species. Similarly, genotype x environment i nteractionswerenot important

inLAyug, retransl ocation amount and efficiency of all five elements, indicating that families
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in each species were stable in the expression of these nutrient traits across sites and
treatments.

Genetic and environmental correlations among leaf areaand concentrationsof N, P,
K, Ca, and Mg inloblolly pine, and among volume, leaf area, P, Caand Mg use efficiency,
and N and K retranslocation efficiency in dash pine, were estimated and analyzed. Leaf area
in loblolly pine showed variable, low to moderate, but positive genetic correlationswith al
macronutrients (r = 0.02 to 0.61). However, leaf area was negatively associated with Mg
and Caconcentrations (r =-0.31 and -0.33, respectively). Inslash pine, volumeand |leaf area
were highly genetically associated with Cause efficiency (r = 0.45 and 0.66, respectively),
suggesting that at | east some of the genes controlling volume growth, leaf areadevelopment,
and Ca use efficiency may be identical.

Major results regarding the differencesin crown structure, nutritional attributes, and
their genetic architecture were summarized across locations and treatments for the two
gpecies (Table 6-1). Results from these investigations highlight potentially important
differencesin growth performance, crown structural development, and nutritional processes
amongimproved |oblolly pine, andimproved and unimproved sl ash pinethat may contribute
to long-term growth differentials. At the current development stage (3 to 4 years old),
loblolly pine tended to be the most productive taxon, especially on theintensively-managed
plots. Genetic variation at theintraspecific level also indicate significant differencesamong
familiesingrowth, crown structure, and nutritional attributes, suggesting that theseattributes

could be considered in tree improvement programs for the two species.



160

Table 6-1. A comparison of growth characteristics in crown structure and nutritional
attributes for loblolly and slash pine at ages 3 and 4 years old.

Characteristics Loblolly pine Slash pine
Crown Structure
Total branch number per tree greater (35 to 51) fewer (28 to 39)

Live crown length
Crown width
Specific leaf area (cm?/g)

Branch biomass (kg/tree)

L eaf:branch biomass ratio
Total |leaf area per tree
(m?/tree)

Vertical distribution of |eaf
area

Stemwood growth efficiency

(cm® wood/m? |eaf area)
Dry weight per fascicle (g)

greater (> 4.0 m)
greater (> 2.0 m)
current-year (> 170)
one-year-old (> 130)
greater (> 2.5)

smaller (< 2.0)

age 3years> 35

age 4 years > 50
greater in middle and
lower positions, smaller
in upper crown (c. 8%)
smaller (c. 800)

smaller (< 140)

smaller (< 4.0 m)
smaller (< 2.0 m)
current-year (< 160)
one-year-old (< 130)
smaller (< 2.0)

greater (> 2.0)

age 3years< 20

age 4 years< 35
greater in upper crown
(c. 13%)

greater (> 1100)

greater (> 180)

Nutritional attributes

Nutrient concentrations

Nutrient content (g/tree) of
crowns

Nutrient use efficiency for
leaf area development (cm?
leaf area/mmol nutrient)
Nutrient retransl ocation
efficiency (%)

higher in N and P, lower
in Ca

higher for all 5
macronutrients

higher in N, K, Mg, and
Ca lowerinP

higher in N, P, and K

higher in Ca, lower in N
and P

lower for all 5
macronutrients

higher in P, lower in N,
K, Mg, and Ca

lower in N, P, and K




Table 6-1- Continued.
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Genetic architecture in crown
structure and nutrients

Heritabilities for crown
structure

Heritabilities for nutritiona

attributes

Genotype x environment

interaction

Genetic and environmental
correlation

moderate in crown
length, width, crown
shape ratio, total |eaf
area, and leaf area per
unit crown length
moderate to high in N
concentrations, low in Ca
and Mg concentrations,
moderatein N and P use
efficiency for leaf area
development, low in Ca
and Mg use efficiency

important for crown
structure, crown
biomass, and leaf areg;
not important for
nutritional attributes
large trees associated
with wider crowns, more
branch numbers, and
large amount of branch
biomass and leaf area;
leaf area had low to
moderate, but positive
genetic correlations with
all macronutrients

moderate to high in
total branch number per
tree, branch number per
unit crown length, and
total leaf area per tree
moderate in Caand Mg
concentrations, low in N
concentrations,
moderate in Caand Mg
use efficiency for leaf
area development, low
inN and P use
efficiency

not important for almost
all crown structure and
nutritional attributes

large trees associated
with more branch
numbers, large amount
of leaf area, and few
branches per unit crown
height; volume and | eaf
areawere highly
associated with Ca use
efficiency for leaf area
devel opment

Note: For heritability estimates, only levels of the values are given: low (h? < 0.20),
moderate (0.20 # h? # 0.40), high (h* > 0.40).



APPENDIX A
RELATIONSHIPS BETWEEN BRANCH DIAMETER AND PREDICTED FOLIAGE
BIOMASS, AND RESPONSES OF SELECTED CROWN ATTRIBUTES TO
SILVICULTURAL TREATMENTS FOR IMPROVED LOBLOLLY, IMPROVED
SLASH AND UNIMPROVED SLASH PINE AT TWO LOCATIONS IN NORTH
CENTRAL FLORIDA
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Figure A-1. Relationships between branch diameter and predicted total foliage biomass at
different crown positionsin loblloly and slash pine at ages 3 and 4 years.
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Figure A-2. Responses among taxa at age 3 years in crown width (aand b) and

total crown biomass (c and d) to silvicultural treatments at two locations in north

central Florida

Note: PTA = improved loblolly pine low = non-intensive treatment
PEE = improved slash pine high = intensive treatment
PEU = unimproved slash pine



APPENDIX B
ANOVA FOR MENSURATIONAL AND CROWN STRUCTURAL ATTRIBUTES FOR 3- AND
4-YEAR-OLD LOBLOLLY AND SLASH PINE PLANTED AT TWO LOCATIONS IN NORTH CENTRAL FLORIDA®

QT

Branch Live Crown Crown Branch-
Source of variation Age DBH Heght no. per crown width shape free stem
tree length ratio length
Location = Dunnellon
Treatment Year 3 * k% * k% * k% * k% * k% NS * k%
Year4 * k% * k% * * k% * NS * k%
Taxab Year 3 NS * * k% * * k% **k* * k%
Year 4 NS NS * *x NS NS NS
P‘rA VS PEE Year3 * * * k% ** * k% * k% * k%
Year 4 NS NS *x *xk * NS NS
PEU vs. PEE Year 3 NS NS NS NS NS *x NS
Year 4 NS NS NS NS NS NS NS
Treatment* Taxa Year 3 * * NS * FHK NS NS
Year 4 * *x NS *x NS *x NS
Family(Taxa) Year 3 NS * *xk * *x * NS
Year 4 * ** **k* * NS * *
Treatment* Family(Taxa) Year 3 NS NS NS NS NS NS NS
Year 4 NS *x NS NS NS NS *
Block(Treatment) Year 3 NS NS NS NS * * NS
Year 4 NS NS NS NS *x *xk NS
Taxa* Block(Treatment) Year 3 *Hx FHK FHK FHK NS * *x

Year 4 e * NS NS NS NS NS




APPENDIX B--Continued.

Branch Live Crown Crown Branch-

Source of variation Age DBH Heght no. per crown width shape free stem

tree length ratio length

Location = Palatka

Treatment Year 3 **k* **k* **k* **k* **k* NS NS
Year4 **k* **k* * ** ** NS * k%
Taxab Year 3 NS ** *k* ** *k* ** NS
Year 4 * ** *k* *k* * ** NS
PTA vs. PEE Year 3 NS o *xk *x *xk *x NS
Year 4 NS ** *k* *k* NS ** *
PEU vs. PEE Year 3 * NS NS NS * NS NS
Year 4 NS NS NS NS NS NS NS
Treatment* Taxa Year 3 NS NS NS NS NS NS NS
Year 4 NS NS NS NS *xk NS NS
Family(Taxa) Year 3 NS *x *xk NS NS * *xk
Year4 * k% * k% * k% * k% * k% NS NS
Treatment* Family(Taxa) Year 3 *x *x NS *x *x * NS
Year 4 NS NS NS NS NS NS NS
Block(Treatment) Year 3 NS NS *x NS NS NS NS
Year 4 NS NS NS NS * NS NS
Taxa* Block(Treatment) Year 3 *xk *xk NS *xk *xk *xk *xk
Year4 * k% * k% NS * k% NS *%* *%*

a Analyses were conducted separately by year and location. For a given source of variation, main effects and interactions

were significant at *** p# 0.01, ** p# 0.05, * p# 0.10. NS = not significant.
b PTA = improved loblolly pine

PEE = improved slash pine

PEU = unimproved slash pine
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APPENDIX C
ANOVA FOR CROWN BIOMASS AND LEAF AREA ATTRIBUTES FOR 3- AND 4-YEAR-OLD LOBLOLLY AND SLASH
PINE PLANTED AT TWO LOCATIONS IN NORTH CENTRAL FLORIDA?®.

L9T

One- One- Current/
Source of Age C;;rrlegéf year-old ITe;TaI Branch Ir%tv?/ln C;;rrlegéf year- ITe;TaI total
variation 9 )l:/)iomass biomass biomass biomass )a/rea old leaf area ratioin
biomass area leaf area
Location = Dunnellon
Year3 * %% * %% * %% * %% * %% * %% * %% * %% *
Treatment Year4 * %% * %% * %% * %% * %% * %% * %% * %% * %%
b Year3 * %% * * % * %% * %% * %% * %% * %% * %%
Taxa Year 4 * %% NS * % * k% * %% * %% * * Kk * % %
Year3 * %% NS * % * %% * %% * %% * % * %% * %%
P-rA VS PEE Year 4 * %% NS * % * %% * %% * %% * % * %% * %
Year 3 NS NS NS NS NS NS NS NS **
PEUVS PEE  vexrs4 Ns NS NS NS NS NS NS NS *
Year3 * % * * % * %% * % * %% * % * % * %
Treatment*Taxa Year4 * % NS * % * %% * % * % NS * % * %
* % * % * % * % * % * %% * %% * %% * %%
Family(Taxa) Year3

Year 4 NS * NS NS NS NS * NS NS




APPENDIX C--Continued.

One- One- Current/
Source of Age C;rrlegéf year-old E;al Branch Ir%tv?/ln C;rrlegéf ear- Itgal total
variation 9 {)i et bomass DIOMESS om0 erea oldlesf = ratioin

biomass area leaf area

Location = Dunnellon
Treatment*Family  Year 3 NS NS NS NS NS NS NS NS NS
(Taxa) Year 4 NS * NS NS NS NS NS NS NS
Year 3 NS NS NS NS NS NS NS NS *

Block(Treatment) o0y * * NS * NS NS NS NS
Taxa*BIOCk Year3 * %% * %% * %% * %% * %% * %% * %% * %% NS
(Treatment) Year 4 NS NS NS NS NS * NS NS *x
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APPENDIX C--Continued.

One- One- Current/
Source of Current year-old Total Branch Total Current ear- Total total
L Age year |eaf leaf - crown year |eaf leaf A
variation biomass | ecf biomass biomass biomass area old leaf area ratioin
biomass area leaf area
Location = Palatka
* %% * %% * %% * %% * %% * %% * %% * %% * %%
Treatment ¥gi * % * % * % * % * % * %% * % * %% *
* %% * %% * %% * %% * %% * %% * %% * %% * %%
Taxab ¥g2 * % % * k% * k% * k% * %% * Kk * Kk * Kk * Kk
* %% * % * %% * %% * %% * %% * %% * %% * %
P-rA VS PEE ¥gi * %% * % * %% * %% * %% * %% * %% * %% NS
Yearg * % * % * % * * % * * % * * %%
PEUVS PEE  vexra NS NS NS NS NS NS NS NS **
Year3 * % NS * * % * % * % NS * * %
Treament*Taxa v NS NS NS NS NS NS NS NS *
. * * * * * % * % * % NS
Famlly(Taxa) ¥g2 * % * % * %% * % * * * % NS
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APPENDIX C--Continued.

One- One- Current/
Source of Current year-old Total Branch  'o@ Current year- Total )
L Age year |eaf leaf - crown year |eaf leaf A
variation biomass leaf biomass biomass biomass area old |eaf area ratioin
biomass area leaf area
Location = Palatka
Treatment*Family  Year 3 NS NS NS NS NS NS *x * *Hx
(Taxa) Year 4 NS NS NS NS NS NS NS NS NS
Year 3 NS NS NS NS NS NS NS NS NS
Block(Treament)  vear 4 NS NS NS NS NS NS NS NS NS
Taxa*BIOCk Year 3 * k% * k% * k% * k% **k* **k* **k* *k* NS
(Treatment) Year 4 NS NS NS NS NS NS NS NS NS
a Analyses were conducted separately by year and location. For a given source of variation, main effects and interactions

were significant at *** p# 0.01, ** p# 0.05, * p# 0.10. NS = not significant.
b PTA = improved loblolly pine

PEE = improved slash pine

PEU = unimproved slash pine
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APPENDIX D
ANOVA FOR NUTRIENT CONCENTRATION, NUTRIENT CONTENT PER

FASCICLE, AND AVERAGE FASCICLE WEIGHT IN LOBLOLLY AND SLASH
PINE AT AGE 3AND 4 YEARS. EIGHT SAMPLING PERIODS CORRESPONDED
TO THE LIFE CYCLE OF THE SAME NEEDLE COHORT. ALL EXPERIMENTAL

TREES WERE SUBJECTED TO TWO LEVELS OF SILVICULTURAL
TREATMENTS AND PLANTED AT TWO LOCATIONS IN NORTH CENTRAL
FLORIDA®.

Superscript notations in this appendix indicate:

a Analyses were conducted separately by location, treatment and sampling period.
For a given source of variation, main effects and interactions were significant at
*** n#0.01, ** p#0.05, * p# 0.10. NS = not significant.

b sampling periods:

pl = June 1997

p2 = September 1997
p3 = November 1997
p4 = February 1998
p5 = April 1998

p6 = June 1998

p7 = September 1998
p8 = December 1998.

C PTA = improved loblolly pine
PEE = improved slash pine
PEU = unimproved slash pine.



Table D-1. N concentration (%).

Source of variation ~ p1° p2 p3 p4 p5 p6 p7 P8

Location *k* *k* *k* *k* *k* *k* *k* *k*

Treatment * %% * %% * %% NS * %% * % NS NS

Ta)(acj * %% * % * %% * %% * %% * %% * %% * %%
PTA vs. PEE * %% * % * %% * %% * %% * %% * %% * %%
PEE vs. PEU NS NS *x NS NS * NS NS
i *

Location * %% * * %% * %% * %% * %% * %% NS

treatment

Location * taxa * %% * * %% * %% * %% * %% * %% NS

Treatment * taxa NS * NS *x NS xRk NS NS

Fanf]lly(taxa) * %% * % * %% * %% * %% NS * % * %%
Block(treatment) NS NS NS NS NS * NS NS
o
Location* family o g NS ** NS NS NS
(taxa)
*
Treatment NS NS NS NS ** NS NS NS
family(taxa)
Taxa* * %% * %% * %% * %% * %% * %% * %% * %%
block(treatment)
Locatlon* * %% * %% * %% * %% NS * %% * % * %%
treatment * taxa
Location *
treatment * NS NS NS NS NS ** NS NS
family(taxa)
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Table D-2. P concentration (%).
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b

Source of variation pl p2 p3 p4 p5 p6 p7 p8
LOC&IIOH **k* **k* * k% * k% * k% * k% * k% * k%
Treatment *xk * NS NS NS NS NS NS
Taxa"™ *kk *kk *kk *kk *kk *kk *kk *kk
P‘I’A VS PEE * k% * k% * k% * k% * k% * k% * k% * k%
PEE vs. PEU *x *xx NS NS NS NS NS NS
Locatlon* ** *k* *k* * k% * k% * k% * k% * k%
treatment
Locatlon* taxa *k* *k* *k* * k% *k* NS NS NS
Treatment * taxa NS NS NS *x NS NS NS NS
Fam”y(taxa) ** ** *k* ** *k* ** *k* *k*
Block(treatment) NS NS NS * NS NS NS NS
Location * family NS NS - - . NS - NS
(taxa)
*
Treatment NS NS NS NS NS ** NS NS
family(taxa)
Taxa* *k* *k* * k% ** *k* *k* *k* * k%
block(treatment)
Locatlon* *k* *k* *k*
trectment * taxa NS NS NS NS NS
Location *
treatment * * * NS NS NS NS NS NS

family(taxa)
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Table D-3. K concentration (%).
 p2 p3 p4 p5 p6  p7  p8

Source of variation  pl

Location KKk KKk * kK KKk KKk KKk * kK * Kk
Treatment * kK KKk KKk KKk KKk KKk KKk * Kk
Taxa"™ *% *% KKk *% *% * Kk *% *%

PTAvs PEE  ** NS ***  *x NS NS  *t  *

PEE vs. PEU NS *x * * *x il NS NS
Location * *k ok * *k ok *k ok *k ok *k ok *kk *k ok
treatment
Location * taxa il il * il NS *kk NS NS

Treatment*taxa NS * NS NS NS NS NS NS
Family(taxa) * % NS ** NS % *e wx
Block(treatmenty ~ NS NS NS NS NS NS NS NS

Location * family

NS NS NS NS NS NS * NS
(taxa)

Treatment *

. NS NS NS NS * NS * *
family(taxa)

Taxa*
block(treatment)

* k% * k% * k% * k% * k% * k% * k% * k%

Location *

* %% * %% * * %% * %% * %%
treatment * taxa NS NS

Location *
treatment * NS * * *x NS NS NS NS
family(taxa)




Table D-4. Ca concentration (%).
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b

Source of variation pl p2 p3 p4 p5 p6 p7 p8
Locatlon *k* * k% * k% * k% * %% NS * %% * %%
Treatment NS %% %% *x  xx% NS ** NS
Taxa"™ * % * %% * %% * %% * %% * %% * % * %
P-I—A VS PEE * % * k% * %% * %% * %% * % * % *
PEEvs. PEU NS NS  * * NS ** NS NS
Locatlon * * %% * %% * k% * %% * %% * %%
treatment NS NS
Locatlon * taxa * %% * %% * %% * %% * %% * %% * %% NS
Treatment * taxa NS NS NS NS NS NS NS NS
Family(taxa) NS NS  * NS NS NS  ** *x
Block(treatment) NS NS NS NS NS NS NS NS
o
Location* family g Ns NS NS NS NS NS NS
(taxa)
*
Treatment NS NS NS NS NS NS NS NS
family(taxa)
Taxa* * %% * %% * %% * %% * %% * %% * %% * %%
block(treatment)
Locatlon * * %% * %% * %% * %% * %% * %%
treatment * taxa NS NS
Location *
treatmer't * NS * % * % * % * % * * % * %

family(taxa)
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Table D-5. Mg concentration (%).
 p2 p3 p4 p5  p6  p7  p8

Source of variation  pl

Location KKk KKk NS KKk *% KKk * kK KKk
Treatment kK * kK KKk KKk KKk KKk KKk * Kk
Taxa’ *% *% * NS NS * * Kk *kk

PTA vs. PEE *x *x * NS NS * *kx *kx

PEE vs. PEU *x NS NS NS NS NS NS NS

Locatlon * * %% * % * % * %% * %%
oo NS NS NS
Locatlon * taxa * k% * %% * %% * * %% * %% * %% * %%
Treatment * taxa ~ *** NS NS  * * NS NS NS
Family(taxa) NS ** NS  * *x * xxk ok
Block(treatment) NS NS NS NS NS * NS NS

o
Location* family g Ns NS NS NSk NS NS
(taxa)

*

Treatment NS NS  * ** NS NS NS NS
family(taxa)
Taxa* * % * %% * %% * %% * %% * % * %% * %%
block(treatment)
Locatlon * * %% * %% * %% * %% * % * %% * %% * %%
treatment * taxa
Location *
treatment * * NS NS NS NS NS NS NS

family(taxa)




Table D-6. Average fascicle weight (mg/fascicle).
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b

Source of variation pl p2 p3 p4 p5 p6 p7 p8
Locatlon *k* * k% * k% * k% NS * %% * %%k * %
Treatment * %% * %% * %% NS NS * %% * %% * %%
Taxa"™ * k% * %% * %% * %% * %% * %% * %% * %%
P-I—A VS PEE * k% * k% * %%k * %% * %% * %% * %% * %%
PEEVSPEU NS NS NS NS NS NS NS NS
Locatlon * NS * % * %% * %% * %% * %% * %% * %%
treatment
Location * taxa xxk  wkx NS x%x NS kxx NSk
Treatment * taxa ~ *** NS NS *** NS NS  ** NS
Family(taxa) S * NS NS NS
Block(treatment) NS NS NS  **x * NS NS
o
Location* family g Ns NS NS NS NS NS NS
(taxa)
*
Treatment NS NS NS NS NS NS NS NS
family(taxa)
Taxa* * % * %% * %% * %% * %%
block(treatment) NS NS NS
Locatlon * * %% * * %% * %%
treatment * taxa NS NS NS NS
Location *
treatment * NS NS NS NS NS NS NS  #*

family(taxa)
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Table D-7. N content (mg/fascicle).
 p2 p3 p4 p5  p6  p7  p8

Source of variation  pl

L ocation *kk kkk kkk kkk kkk kkk kkk kR
Treatment *ok *ok *k* NS NS ok k *ok ok *%
Taxa"™: * *okk *okk *okk *okk *okk *okk *okk
PTA vs. PEE = * *kk kkk kkk kkk kkk kkk kkk
PEEvs.PEU NS * NS * NS NS NS NS
Location * NS * % * %% * %% * %% * %% * k% * k%
treatment
Location * taxa * el NS * * bl NS  **=*
Treatment * taxa * ** NS * NS NS NS NS
Family(taxa) ** * * NS ** NS NS NS

Block(treatment) NS NS NS NS NS NS NS NS

Location * family

NS NS NS NS NS NS * NS
(taxa)

Treatment *

. NS NS NS NS NS NS NS NS
family(taxa)

Taxa*

*k* *k* * k% * k% **
block(treatment) NS NS NS

Location *
treatment * taxa

* % * k% * * % * k% * * k% * k%

Location *
treatment * NS NS NS NS NS * NS *
family(taxa)
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Table D-8. P content (mg/fascicle).
 p2 p3 p4 p5 p6  p7  p8

Source of variation  pl

Location * %% * %% * %% * %% * %% NS * % % * %%
Treatment KAx o kxk o x NS NS  **x = NS
Taxa’: * Kk * Kk NS * Kk * % * Kk * % * Kk

PTA vs. PEE *k Kk NS NS * k% * % *k % * % *k %
PEE vs. PEU *x Frx NS NS NS NS NS NS

ion *
Location NS * kK * k% *k % * k% *k % *k % *k %
treatment
Location * taxa * %k * % * * % NS *k % NS * k%

Treatment * taxa Frx NS NS xRk NS NS NS *x
Farnlly(taxa) * * % ** NS * % * * % *
Block(treatment) NS NS NS *x NS NS NS NS

Location * family

NS NS NS NS NS NS * NS

(taxa)

*
Treatment NS NS NS NS NS NS * NS
family(taxa)
Taxa* * %% * %% * %% NS * %% * %% * %% * %%
block(treatment)
Locatlon * * %% * %% * %% * % * %% * %%
treatment * taxa NS NS
Location *
treatment * *x NS NS NS NS NS NS *x

family(taxa)
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Table D-9. K content (mg/fascicle).
 p2 p3 p4 p5  p6  p7  p8

Source of variation  pl

Loca‘tlon *k* *k* *k* *k* *k* *k* *k* *k*
Treatment * k% * k% * k% * k% * k% *k* *k* *k*
Taxac *k* **k* *k* *k* *k* *k* *k* *k*

P'I'A VS. PEE *k* *k* *k* *k* *k* *k* *k* *k*

PEE vs. PEU NS Frx NS *x * xRk NS NS

Locatlon* * k% * k% * k% * k% * k% * k%
treatment NS NS

Locatlon* taxa *%* * k% * k% * k% * * k% * % * k%
Treatment * taxa * NS  * NS NS ** NS NS
Family(taxa) * * * * * * NS NS

Block(treatment) NS NS NS NS NS NS NS NS

Location * family

NS NS NS NS NS NS * NS

(taxa)

*
Trea_ltment NS NS * NS * NS * NS
family(taxa)
Taxa* *k* *k* * k% ** *k* * *k* * k%
block(treatment)
Location *

* %% * % * %% * %% * %
treatment * taxa NS NS NS
Location *
treatment * NS NS NS NS NS NS NS *
family(taxa)
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Table D-10. Ca content (mg/fascicle).
 p2 p3 p4 p5 p6  p7  p8

Source of variation  pl

Location * % % * % % * % % * % % * % % * % * % % * % %
Treatment ** NS NS ** ** ** NS NS
Taxa"™ * % % * % % * % % * % % * % % * % % * % % * % %
PTA vs. PEE * % % * % % * % % * % % * % % * % % * % % * % %
PEE vs. PEU NS NS NS * NS NS * NS
Location * NS * % % * % % * % % * % % * % % * % % * %%
treatment
Location * taxa * % % * % % * % % * % % NS * % % * * % %
Treatment * taxa * NS NS NS NS NS NS **
Family(taxa) NS ** ** * NS * NS NS

Block(treatment) NS NS NS NS NS NS NS NS

Location * family

NS NS NS NS NS NS * NS
(taxa)
*
Treatment NS NS NS NS NS NS NS NS
family(taxa)
Taxa* * %% * %% * %% * %% NS * %% * %% * %%
block(treatment)
Location *

* % * %% * %% * %% * %%
treatment * taxa NS NS NS
Location *
treatment* * %% * % * % * %% * %% NS NS * %%
family(taxa)




Table D-11. Mg content (mg/fascicle).
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b

Source of variation pl p2 p3 p4 p5 p6 p7 p8
Locatlon *k* * k% * k% * k% * %% * k% * %% * %%
Treatment NS * * %% * %% * %% NS * % * %%
Taxa"™ * k% * %% * %% * %% * %% * %% * %% * %%
P-I—A VS PEE * k% * k% * %%k * %% * %% * %% * %% * %%
PEEVsPEU *** NS NS NS NS NS NS NS
Locatlon* * %% * k% * %% * k% * %% * %% * %% * %%
treatment
Locatlon* taxa * %% * %% * %% * %% NS * %% * %% * %%
Treatment* taxa  *** NS NS NS NS NS NS  **
Fanf]lly(taxa) NS * % * %% * % NS * % * * %
Block(treatment) * NS NS  **  *x*x  *x NS NS
o
Location* family g Ns NS NS NS NS NS NS
(taxa)
*
Treatment NS NS NS NS NS NS NS NS
family(taxa)
Taxa* * % * %% * % * %% * % * %%
block(treatment) NS NS
Locatlon* * %% * % * %% * %% * %% * %%
treatment * taxa NS NS
Location *
treatment * xxx %% NS NS  *** NS NS NS

family(taxa)




APPENDIX E
TAXA MEANS BY EXPERIMENTAL LOCATION, SILVICULTURAL
TREATMENT AND SAMPLING PERIOD FOR FASCICLE NUTRIENT
CONCENTRATION, CONTENT, AND WEIGHT IN LOBLOLLY AND SLASH PINE
IN NORTH CENTRAL FLORIDA?

Superscript notations in this appendix indicate:

a Taxameans were analyzed separately by silvicultural treatment and sampling
period that corresponded to the life cycle of a needle cohort. Means among three
taxafor agiven variable followed by the same letter were not statistically
significant at the 95% confidence level by comparisons of least square means
using the LSMEANS test of the MIXED procedure.

b PTA = improved loblolly pine
PEE = improved slash pine
PEU = unimproved slash pine



v8T

Table E-1. Sampling time: June 1997.

Location Dunnellon Palatka

Treatment Non-intensively Intensively managed Non-intensively Intensively managed
managed managed

Taxa PTA® PEE PEU | PTA PEE PEU PTA PEE PEU | PTA PEE PEU

Concentration (%)

N |100a 088a 090a |1.35a 1.21ab 1.10b |155a 1.07b 1.05b |1.64a 1.28b 1.38b
0.11a 0.10ab 0.10b | 0.13a 0.12b 0.11c |0.19a 0.14b 0.14b | 0.19a 0.17b 0.15b
047a 052a 052a |0.78a 0.78a 0.72a |0.84a 067b 0.65b | 1.00a 0.89a 0.86a

Mg | 0.07a 0.08b 0.08b | 0.06a 0.07b 0.07b | 0.09a 0.09ab 0.08b | 0.08a 0.09a 0.07b
Ca 008 013b 0.16b |0.12a 0.16a 0.14a |0.18a 0.19a 0.17a |0.19a 0.20a 0.20a
Fascicle weight
(mg/fascicle) S6a 68b 77b 12a 88b 80ab 66a 102b 107b | 8la 122b  103c
Content (mg/fascicle)

N |055a 0.60a 0.69a |098a 107a 0.88a |10la 1.08a 112a |1.32a 155a 1.43a

P |006a 007a 0.07a|0.10a 0.10a 0.09p |0.12a 0.14a 0.14a |0.15a 0.20b 0.15ab

K |026a 0350 040b |057a 0.68b 057ab|054a 0.66a 0.69a |0.8la 1.06b 0.88a

Mg | 0.03a 0.05b 0.06b | 0.04a 0.06b 0.05ab | 0.06a 0.09b 0.09b | 0.07a 0.11b 0.07a
Ca | 0.05a 0.09p 0.12c |0.09a 0.14a 0.12a |0.12a 0.20b 0.19 | 0.15a 0.25b 0.21b




Table E-2. Sampling time: September 1997.

Location Dunnellon Palatka
Treatment Non-intensively Intensively managed Non-intensively Intensively managed
managed managed
Taxa PTA® PEE PEU | PTA PEE PEU PTA PEE PEU PTA PEE PEU
Concentration (%)
N |082a 0.76a 0.77a |112a 1.0la 094b |117a 094b 100b |1l22a 1.26a 1.06b
P |01l1a 008 0.07b |0.13a 0.10b 0.08c |0.17a 0.13b 0.11c |0.17a 0.13b 0.11b
K 1028 033 0.27a|0.70a 059a 057a |04la 047a 039a |0.75a 0.78ab 0.68b
Mg | 0.09a 0.09a 0.08b | 0.06a 0.07b 0.06b |0.07a 0.08ab 0.09b | 0.05a 0.06b 0.07b
Ca |017a 019 0.16a |0.16a 0.23b 0.22b |0.24a 032b 035b |0.19a 0.22a 0.29a
Fascicle weight
(mg/fascicle) 92a 123b 132b | 135a 160a 148a | 117a 155b 153b | 128a 190b 170b
Content (mg/fascicle)
N |074a 094b 101b |15]la 16la 139 |137a 145a 152a |155a 238b 1.80ab
P |010a 010a 0.10a |0.18a 0.16ab 0.12b |0.20a 0.20a 0.17a |0.22a 0.24a 0.19a
K |025a 040b 0.36b |09a 096a 0.85a |049a 0.75b 0.60ab | 0.97a 147b 1.16a
Mg | 0.08a 0.11b 0.10b | 0.08a 0.1l1a 0.09a |0.09a 0.13b 0.14b |0.07a 0.12b 0.11b
Ca |016a 024b 0.22b |022a 037b 0.32b [ 0.28a 0500 053b |024a 042a 0.48a
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Table E-3. Sampling time: November 1997.

Location Dunnellon Palatka
Treatment Non-intensively Intensively managed Non-intensively Intensively managed
managed managed
Taxa PTA® PEE PEU PTA PEE PEU | PTA PEE PEU PTA PEE PEU
Concentration (%)
N |08% 080b 0.76b |1.07a 1.0lab 0.94b | 1.25a 1.05b 093b | 1.23a 1.02b 0.97b
P |010a 008 008 |0.12a 0.090p 0.10b [ 0.18a 0.14b 0.13b | 0.15a 0.12b 0.11b
K |027a 032a 030a |054a 0.57a 053a |04la 048b 0.44ab | 0.58a 0.66a 0.62a
Mg | 0.08a 0.08a 0.07b | 0.05a 0.06b 0.06b | 0.08a 0.08a 0.09a | 0.05a 0.05a 0.06a
Ca |014a 018a 0.18a |0.12a 0.22b 0.24b | 0.28a 0.37b 0.39b | 0.20a 0.20a 0.28a
Fascicle weight
(mg/fascicle) 98a 139b  141b 135a 174b 185b | 123a 166b 163b 122a 177b 189b
Content (mg/fascicle)
N |087a 110b 106b |144a 1.74a 1.75a |154a 174a 15la |1l49a 1.78a 1.82a
P |010a 0.11a 0.11a |0.16a 0.16a 0.18a |0.22a 0.23a 0.21a | 0.18a 0.21a 0.20a
K |027a 045b 042b |072a 099 0.99 | 0.5la 0.81b 0.71b |0.71a 1.15b 1.15b
Mg | 0.08a 0.11b 0.10ab | 0.06a 0.10b 0.11b | 0.09a 0.14b 0.14b | 0.06a 0.09ab 0.11b
Ca | 014a 0250b 0.25b |0.16a 0.37b 0.44b | 0.34a 0.60b 0.64b | 0.24a 0.37ab 0.53b
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Table E-4. Sampling time: February 1998.

Location Dunnellon Palatka
Treatment Non-intensively Intensively managed Non-intensively Intensively managed
managed managed
Taxa PTA® PEE PEU PTA PEE PEU PTA  PEE PEU |PTA PEE PEU
Concentration (%)
N |092a 083 0.77c |100a 0.92b 0.92b |125a 1.03b 0.98b | 0.99a 0.86b 0.92ab
P |009% 008 007c |010a 0.080 0.08p |0.12a 0.10b 0.11b | 0.13a 0.10b  0.10b
K 1028 030a 028a |049a 05la 048a |0.38a 047b 0.44b | 054a 0.59a 0.54a
Mg | 0.10a 0.08b 0.09b | 0.05a 0.06b 0.06b | 0.09a 0.09a 0.09a | 0.05a 0.05a 0.06a
Ca | 015 020b 0.20b |0.13a 0.24b 0.27b |0.3la 0.36b 0.40b | 0.22a 0.24a 0.3la
Fascicle weight
(mg/fascicle) 121a 174b  176b 153a 199b 187b | 142a 223b 220b | 144a 192b 185b
Content (mg/fascicle)
N |11la 143b 134b |154a 1.82b 1.71ab |1.74a 229 214b |1l4l1a 1.63b 1.69b
P |01l1a 014b 0.13b |0.16a 0.16a 0.16a |0.17a 023b 0.23b |0.18a 0.18a 0.18a
K |034a 052b 050b |074a 102b 091b |054a 1.04b 097b | 0.76a 1.12b 0.99b
Mg | 0.12a 0.14b 0.15b |0.08a 0.11b 0.11b |0.12a 0.19b 0.19b | 0.07a 0.10b 0.10b
Ca | 018a 0350 036b |020a 047b 051b |043a 0.80b 0.89 | 0.30a 0.47ab 0.56b
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Table E-5. Sampling time: April 1998.

Location Dunnellon Palatka
Treatment Non-intensively Intensively managed Non-intensively Intensively managed
managed managed
Taxa PTA® PEE PEU PTA  PEE PEU PTA  PEE PEU | PTA PEE PEU
Concentration (%)
N |087a 078b 0.76b |0.89a 0.83a 088a |129% 105b 1.10b |1.04a 0.91b 0.86b
P |009% 0.07b 0.07b |0.10a 0.08a 0.09 |0.14a 0.11b 0.11b | 0.12a 0.10b  0.10b
K |022a 022a 0.20a |04la 043a 038a |038a 0.38a 0.32b |052a 0.51la 049
Mg | 0.11a 0.10b 0.10b |0.07a 0.07a 0.07a |0.1la 0.10a 0.10a | 0.06a 0.06a 0.07a
Ca [022a 030b 0290 |0.20a 0.34b 033b |045a 048a 048a |0.29a 0.28a 0.37a
Fascicle weight
(mg/fascicle) 121a 179  181b 146a 198b  206b 127a 201b 191b | 136a 188b  183b
Content (mg/fascicle)
N |105a 140b 1.37b |1.28a 1.64ab 179 |162a 211b 2.08b | 1.40a 1.70b 1.58ab
P |010a 0.13b 0.13b |0.14a 0.16a 0.18a |0.18a 0.22b 0.21b | 0.17a 0.18a 0.18a
K ]027a 039 0.36b |060a 084b 0.78ab | 0.48a 0.77b 0.61c | 0.70a 0.95b 0.91b
Mg | 0.14a 0.18b 0.18b | 0.10a 0.15b 0.14b |0.14a 0.20b 0.20b | 0.09a 0.12b 0.13b
Ca |0.27a 054b 054b | 0.29a 068b 0.67b |057a 0.96b 0.94b | 0.38a 0.54ab 0.67b
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Table E-6. Sampling time: June 1998.

Location Dunnellon Palatka
Treatment Non-intensively Intensively managed Non-intensively Intensively managed
managed managed
Taxa PTA® PEE PEU |PTA PEE PEU PTA PEE PEU | PTA PEE PEU
Concentration (%)
N |084a 072b 0.66c |0.84a 0.72b 0.71b |102a 0.75b 0.73b | 0.8l1a 0.65b 0.64b
P 009 007b 0.07b | 0.10a 0.08p 0.08b |0.12a 0.11b 0.10b | 0.12a 0.09pb 0.08b
K |1018a 0.18a 0.17a |0.33a 0.33a 0.29a |0.38a 037a 0.30b | 0.47ab 0.50a 0.39b
Mg | 0.12a 0.09b 0.09b | 0.08a 0.07a 0.07a | 0.08a 0.09ab 0.10b | 0.07a 0.06a 0.07a
Ca |028a 032a 0.35a |0.25a 0.39b 040b |0.23a 032a 047b |0.3la 0.33a 040a
Fascicle weight
(mg/fascicle) 117a 183b 181b | 146a 220b 202b | 65a 106ab 132b | 136a  230b 228b
Content (mg/fascicle)
N 098 130b 1.20b |1.22a 158b 142ab |065a 0.79a 0.93a |1.08a 149 1.46b
P |011a 013b 0.13b | 0.15a 0.17a 0.15a |0.08a 0.1l1a 0.13a |0.16a 0.20b 0.19b
K |020a 032b 0.30b |047a 0.74b 0.60c |0.24a 0.37a 0.37a |065a 1.15b 0.89c
Mg | 0.14a 0.17b 0.17b | 0.11la 0.16b 0.14b | 0.06a 0.10ab 0.14b | 0.09a 0.15b 0.15b
Ca | 033 059 0.64b |035a 0.86b 0.81b |0.16a 0.39ab 0.690 |042a 0.78a 0.92a
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Table E-7. Sampling time: September 1998.

Location Dunnellon Palatka
Treatment Non-intensively Intensively managed Non-intensively Intensively managed
managed managed
Taxa PTA* PEE PEU PTA PEE PEU |PTA PEE PEU PTA PEE PEU
Concentration (%)
N |076a 063b 0.62b |0.74a 0.65b 0.67b |0.82a 0.70b 0.66b | 0.78a 0.64b 0.64b
P |011a 008 0.08b |0.12a 0.090 0.08b |0.14a 0.12b 0.11b | 0.13a 0.08p 0.09b
K |017a 021b 0.18ab | 0.32a 0.37a 0.34a | 0.28a 0.34b 0.32ab | 0.46a 0.47a 043a
Mg | 0.10a 0.07b 0.07b | 0.07a 0.06b 0.06b | 0.11a 0.10a 0.10a | 0.07a 0.06a 0.07a
Ca |029a 035b 037b |0.28a 043b 045b | 048a 0.57a 0.58a |0.36a 0.34a 0.46a
Fascicle weight
(mg/fascicle) 110a 165b 170b 140a 218b 213b | 113a 186b 210b |138a 213b  203b
Content (mg/fascicle)
N 083 1050 1.05b |1.03a 141b 142b |091a 127b 137b |1.07a 1.36b 1.31b
P |012a 013a 0.13a |0.16a 0.19a 0.18a |0.16a 0.22b 0.22b |0.18a 0.18a 0.18a
K |018a 0350 0.31b |045a 0.80b 0.73b |0.32a 0.62b 0.66b | 0.64a 1.00b 0.86b
Mg | 0.11a 0.12a 0.13a |0.10a 0.14b 0.13b | 0.12a 0.19b 0.21b | 0.10a 0.13ab 0.14b
Ca | 032a 057b 064b |040a 0.95b 0.96b | 0.55a 1.12b 1.26b | 0.49a 0.74ab 0.92b
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Table E-8. Sampling time: December 1998.

Location Dunnellon Palatka
Treatment Non-intensively Intensively managed Non-intensively Intensively managed
managed managed
Taxa PTA* PEE PEU PTA PEE PEU | PTA PEE PEU | PTA PEE PEU
Concentration (%)
N |08la 068b 069 |0.72a 0.70a 0.74a | 082a 0.78a 0.82a | 0.83a 0.77a 0.75a
P |010a 008 0.08b |0.13a 0.09p 0.09 |0.15a 0.13ab 0.12b | 0.15a 0.11b 0.10b
K |020a 023 0.21ab |0.36a 0.38a 0.38a |03la 040b 0.37b | 0.49a 0.52a 048a
Mg | 0.10a 0.06b 0.06b | 0.08a 0.06b 0.05b | 0.11a 0.10a 0.10a | 0.09a 0.07b 0.07b
Ca |030a 034b 0.35b |0.40a 048a 046a |049a 068b 0.62b | 048a 0.39a 0.45a
Fascicle weight
(mg/fascicle) 97a 176b 181b 134a 206b 205b | 109a 205b 213b | 113a 202b  201b
Content (mg/fascicle)
N |077a 119 124b |09a 1.44b 151b |087a 159 1.74b | 0.93a 154b 149
P |010a 014b 0.14b |0.17a 0.18a 0.18a |0.17a 0.27b 0.26b | 0.17a 0.22a 0.21a
K |019 040b 0.38b |048a 0.78b 0.78b | 0.34a 0.80b 0.80b | 0.56a 1.05b 0.96b
Mg | 0.10a 0.11a 0.11a |0.10a 0.12a 0.1l1a |0.12a 0.21b 0.20b | 0.10a 0.13b 0.13b
Ca | 0.29a 0.60b 0.64b |052a 0.98b 0.93b | 0.55a 141b 1.35b | 0.53a 0.80ab 0.91b
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APPENDIX F
DYNAMICSIN FASCICLE NUTRIENT CONTENT OVER THE COURSE OF A
NEEDLE COHORT LIFE CYCLE FOR IMPROVED LOBLOLLY, IMPROVED
SLASH AND UNIMPROVED SLASH PINE FROM AGES 3 TO AGE 4 YEARS.
ALL INDIVIDUAL TREES WERE SUBJECTED TO TWO LEVELS OF
SILVICULTURAL TREATMENTS AND PLANTED AT TWO LOCATIONSIN
NORTH CENTRAL FLORIDA
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Figure F-1. Variation in fascicle N content for improved loblolly, improved slash

and unimproved slash pine throughout alife cycle of a needle cohort managed under

two silvicultural treatment and two locations in north central Florida.

PTA =improved loblolly pine, PEE = improved slash pine, PEU = unimproved slash pine.
Integers listed below locations and treatments indicate the number of sampling periods out
of eight where significant taxa differences were detected at the 95% confidence level using
LSMEANS test of the MIXED procedure.
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Figure F-2. Variation in fascicle P content for improved loblolly, improved slash

and unimproved slash pine throughout alife cycle oh a needle cohort managed under

two silvicultural treatment and two locations in north central Florida.

PTA = improved loblolly pine, PEE = improved slash pine, PEU = unimproved slash pine.
Integers listed below locations and treatments indicate the number of sampling periods out of
eight where significant taxa differences were detected at the 95% confidence level using
LSMEANS test of the MIXED procedure.
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Figure F-3. Variation in fascicle K content for improved loblolly, improved slash

and unimproved slash pine throughout alife cycle of a needle cohort managed under

two silvicultural treatment and two locations in north central Florida.

PTA =improved loblolly pine, PEE = improved slash pine, PEU = unimproved slash pine.
Integers listed below locations and treatments indicate the number of sampling periods out
of eight where significant taxa differences were detected at the 95% confidence level using
LSMEANS test of the MIXED procedure.
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Figure F-4. Variation in fascicle Ca content for improved loblolly, improved slash

and unimproved slash pine throughout alife cycle of aneedle cohort managed under

two silvicultural treatment and two locations in north central Florida.

PTA = improved loblolly pine, PEE = improved slash pine, PEU = unimproved slash pine.
Integers listed below locations and treatments indicate the number of sampling periods out
of eight where significant taxa differences were detected at the 95% confidence level using
LSMEANS test of the MIXED procedure.
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Figure F-5. Variation in fascicle Mg content for improved loblolly, improved slash

and unimproved slash pine throughout alife cycle of a needle cohort managed under

two silvicultural treatment and two locations in north central Florida.

PTA = improved loblolly pine, PEE = improved slash pine, PEU = unimproved slash pine.
Integers listed below locations and treatments indicate the number of sampling periods out
of eight where significant taxa differences were detected at the 95% confidence level using
L SMEANS testof the mixed procedure.



APPENDIX G
FAMILY x SITE (fg.q.), AND FAMILY x TREATMENT INTERACTIONS (Ig.re)
FOR AVERAGE FASCICLE WEIGHT, NUTRIENT CONCENTRATIONS AND
NUTRIENT CONTENT OVER AN ENTIRE LIFE CYCLE OF A NEEDLE COHORT
FROM AGES3TO 4 YEARS IN LOBLOLLY AND SLASH PINE PLANTED AT
TWO LOCATIONS IN NORTH CENTRAL FLORIDA.

Superscript notations for sampling periods in this appendix indicate:

a pl = June 1997
p2 = September 1997
p3 = November 1997
p4 = February 1998
p5 = April 1998
p6 = June 1998
p7 = September 1998
p8 = December 1998.



APPENDIX G — CONTINUED.

Attributes Sserrnir(;l é nsag r Loblolly pi r;e r Slash pi ner
B-site B-treat B-site B-treat
pl 1.00 1.00 0.64 1.00
p2 0.88 0.71 0.85 0.90
p3 1.00 1.00 1.00 1.00
pverage p4 053 0.95 1.00 1.00
(mé’}’gggtd 9 p5 1.00 1.00 1.00 1.00
P6 0.26 1.00 0.00 0.00
p7 0.00 0.00 1.00 1.00
P8 0.00 0.00 1.00 0.63
pl 1.00 0.98 0.00 0.00
p2 1.00 1.00 0.00 0.00
p3 0.92 1.00 1.00 1.00
N p4 1.00 0.92 1.00 1.00
concentration
(%) p5 0.50 1.00 1.00 1.00
p6 1.00 0.30 0.00 0.00
p7 0.52 0.84 0.00 0.00
P8 1.00 0.59 1.00 1.00
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Attributes Sam_pling Loblolly pine Slash pine
periods’ Mo e Mo e
pl 0.55 0.66 1.00 1.00
p2 1.00 0.80 0.68 1.00
p3 1.00 0.30 1.00 1.00
Fascicle N p4 0.73 0.36 1.00 1.00
content
(mg/fascicle) p5 0.65 1.00 1.00 1.00
p6 0.78 1.00 1.00 1.00
p7 1.00 1.00 0.40 1.00
p8 0.56 1.00 1.00 1.00
pl 0.95 0.80 1.00 1.00
p2 0.66 1.00 1.00 1.00
p3 0.68 0.99 1.00 1.00
P _ p4 0.58 1.00 0.00 0.00
concentration
(%) p5 0.38 1.00 1.00 1.00
p6 0.88 0.42 1.00 1.00
p7 1.00 0.90 0.96 1.00
p8 1.00 1.00 0.89 1.00
pl 0.00 0.00 1.00 1.00
p2 1.00 0.93 0.87 1.00
p3 1.00 0.53 1.00 1.00
Fascicle P p4 1.00 1.00 1.00 1.00
content
(mg/fascicle) p5 0.79 1.00 1.00 1.00
p6 1.00 0.68 1.00 1.00
p7 1.00 0.71 0.95 1.00
p8 1.00 1.00 0.82 1.00
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Attributes Sam_pling Loblolly pine Slash pine

periods’ Mo e Mo e

pl 0.74 1.00 1.00 1.00

p2 1.00 1.00 0.77 0.82

p3 1.00 1.00 1.00 1.00

K p4 1.00 1.00 1.00 1.00
concentration

(%) p5 1.00 0.14 1.00 1.00

p6 0.57 0.88 1.00 1.00

p7 0.39 0.23 1.00 1.00

ps 1.00 0.46 1.00 1.00

pl 0.00 0.00 1.00 1.00

p2 1.00 0.69 1.00 1.00

p3 0.00 0.00 1.00 1.00

Fascicle K p4 0.00 0.00 1.00 1.00

content

(mg/fascicle) p5 1.00 0.23 1.00 1.00

p6 1.00 1.00 1.00 1.00

p7 1.00 0.20 0.55 1.00

ps 1.00 0.88 0.93 1.00

pl 1.00 1.00 0.00 0.00

p2 1.00 1.00 1.00 1.00

p3 0.00 0.00 0.87 1.00

Ca p4 0.00 0.00 0.62 0.75
concentration

(%) p5 0.00 0.00 1.00 0.83

p6 0.00 0.00 1.00 1.00

p7 1.00 1.00 1.00 1.00

P8 1.00 1.00 1.00 1.00
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Attributes Sam_pling Loblolly pine Slash pine

periods’ Mo e Mo e

pl 0.89 0.73 1.00 1.00

p2 1.00 1.00 1.00 1.00

p3 1.00 0.00 1.00 1.00

Fascicle Ca p4 0.00 0.00 0.76 1.00

content

(mg/fascicle) p5 0.00 0.00 1.00 0.79

p6 0.00 0.00 1.00 1.00

p7 0.00 0.00 0.51 1.00

p8 0.23 1.00 1.00 1.00

pl 0.00 0.00 0.19 1.00

p2 1.00 1.00 1.00 1.00

p3 0.00 0.00 1.00 1.00

Mg _ p4 0.00 0.00 1.00 1.00
concentration

(%) p5 1.00 0.15 1.00 1.00

p6 0.00 0.00 1.00 1.00

p7 0.66 0.49 0.96 1.00

p8 1.00 1.00 0.98 1.00

pl 0.35 0.37 1.00 1.00

p2 1.00 0.47 1.00 1.00

p3 0.00 0.00 1.00 1.00

Fascicle Mg p4 0.00 0.00 1.00 1.00

content

(mg/fascicle) p5 0.00 0.00 1.00 1.00

p6 0.00 0.04 1.00 1.00

p7 0.08 1.00 0.73 1.00

p8 0.89 1.00 0.98 1.00
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