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3. EXECUTIVE SUMMARY

Since April 1978, the "Energy and Chemicals from Woody Species in
Florida" project has:

1. Evaluated 15 species of Eucalyptus, Pinus, Casuarina, Melaleuca,
Alnus, and Taxodium, in 33 field studies throughout the state for
biomass quantity and quality,

2. Monitored performance of these species in 16 ongoing studies
totalling more than 32 ha and 58,000 trees,

3. Conducted environmental analyses for four species grown under inten
sive culture, and

4. Assessed the economic and energetic potential of three species under
various management regimes.

Major conclusions, many of which are of a preliminary nature, are:

1. As much as 224,000 ha could be planted to woody biomass species
annually and up to 4.1 mill!ion ha is suited for woody biomass
production,

2. Large forest landowners as the most likely growers of woody biomass,

3. Phosphorus fertilization and bedding are essential for growth of JE.
grandis on "palmetto prairie" soils, and nitrogen fertilization or
sludge can further improve yield,

4. Planting densities as high as 43,300 trees/ha can dramatically in
crease early yields of _E. grandis and shorten rotations,

5. Productivity of _E. grandis on drained muck soils is approximately 23
dry mt/ha/year at a planting density of 10,000 trees/ha, approxi
mately three times that on "palmetto prairie,"

6. Adequate coppicing of _E. grandis in intensive culture can be achieved
only during the winter months,

7. Appreciable genetic variation exists within E. grandis for many
traits but no interaction with planting densTty or location occurs,

8. Genetic gains for _E. grandis biomass properties are as great as 27%,

9. Wood properties of _E. grandis coppicing are roughly comparable to
those of seedlings,

10. _E. robusta has less growth potential, about 13 dry mt/ha/yr on drained
muck soils, but greater coppicing ability than _E. grandis,

11. Higher planting densities may increase JE. grandis and JE. robusta wood
and bark moisture contents and decrease wood specific gravity,
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12. E. viminalis and _E. amplifolia have potential for north Florida,

13. Slash pine may be planted in biomass plantations using conventional
methods including phosphorus and nitrogen or sludge fertilization but
requires high planting density,

14. Genetic gain for both slash pine biomass quantity and quality traits
is possible, with most of a possible doubling of productivity being
achieved primarily through emphasis on quantity traits,

15. Slash pine wood in short rotation plantation will be less dense,
have more moisture, and be lower in heat value,

16. Choctawhatchee sand pine can produce acceptable biomass yields under
conventional methods of site preparation but high planting densities
are needed,

17. Genetic gains in productivity of sand pine may be as much as 55%
with most increment due to selection for biomass quantity traits and
less due to emphasis of quality traits,

18. C_. glauca performs best in biomass plantations in south Florida,
achieving rates of productivity slightly less than _E. robusta,

19. Casuarina and Melaleuca have limited potential in biomass planta
tions due to difficulties of establishment but Casuarina and
Melaleuca in natural stands have excellent growth and biomass pro
perties,

20. Five Alnus glutinosa sources may have potential in north Florida,

21. T. distichum produces much less biomass than Eucalyptus and
Casuarina on drained muck soils,

22. The break-even price for £. grandis whole tree chips on drained muck
soil varies between $10 and $17 per dry tonne equivalent at the
conversion site depending on management systems and rates of return,

23. Break-even prices for slash pine and slash pine whole tree chips may
be as low as $12 and $21 per dry tonne equivalent, respectively,
after 15 or more years,

24. Delivered ouput/input energy ratios are favorable for E. grandis,
slash pine, and sand pine, reaching maximums of 22, 28, and 26,
respectively, in one rotation,

25. _E. grandis produces the greatest amount of energy per unit of time
and achieves output/input ratios as high as 25 after three coppice
rotations,

26. Harvesting and transportation inputs have major impact on output/
input ratios,
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27. Of the over 33 million dry tonnes of woody biomass that could be
produced annually in Florida, 87% would be derived from slash pine and
sand pine,

28. Intensive culture does not significantly increase water consumption,

29. Intensive culture has minimal effect on water quality,

30. Substantial future research is needed to define biomass plantation
management systems.
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4. INTRODUCTION

4.1. Objectives

The Energy and Chemicals from Woody Species in Florida project has
objectives of:

1. Evaluate performance of selected tree species on certain site
types and under various management strategies.

2. Identify the best management strategies and expected producti
vity rates for these species.

3. Make economic/energetic assessments for sand pine, slash pine,
and Eucalyptus grandis and recommend the most desirable manage
ment strategies.

4. Estimate increases in biomass productivity possible through
genetic selection.

5. Assess Florida's land resource in combination with possible
production levels to estimate statewide woody biomass produc
tion potential.

6. Examine potential for increasing productivity by modifying wood
properties.

7. Evaluate implications of intensive culture for nutrient, water,
and other environmental factors.

8. Define major challenges and research needs for short rotation
woody crops in Florida.

4.2. Land base

Development of silvicultural biomass farming in Florida depends as
much on land availability and commitment of this land to production as
it does on establishing management systems. Recent intensive surveys of
the state by the U.S.D.A. Forest Service have classified land use and
ownership and provide an excellent basis for estimating the magnitude to
which biomass farming could be practiced within the current definitions
of commercial forest land. Independent surveys conducted by our project
permit broader estimation of area potential for some promising biomass
species and speculation as to the likelihood that owners of these lands
will grow biomass.

4.3 Species under study

The 15 species evaluated in our project (Table 4-1) were those that
were perceived to have the greatest production potential in the
near-term based on present commercial utilization or, in the case of
non-commercial or exotic species, on observation of performance in
naturalized stands and experiments both in and outside of Florida. Four
species - sand pine, slash pine, JE. grandis, and E. robusta - have been
widely grown for pulpwood production, and associated management systems
were well established. While the management practices for these species
under intensive culture needed development, the likely similarity to
conventional practices and the general utility of working with the four
made rapid progress toward operational-level silvicultural biomass
farming with these species possible within five years.
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Table 4-1. Listing of species evaluated in ORNL Project 9050.

Common Name

European black alder
Australian pine
(Cunninghamiana)
Australian pine
(Equisetifolia)
Australian pine
(Glauca)
Amp!ifolia
Grandis

Macarthurii

Nitens

Robusta

Tereticornis

Viminalis

Melaleuca

Sand pine
Slash pine

Cypress

Scientific Name

Alnus glutinosa (L.) Gaertn.
Casuarina cunninghamiana Miq.

Casuarina equisetifolia
L. ex J. R. & G. Forst.

Casuarina glauca Sieb. ex Spreng.

Eucalyptus amplifolia Naudin.
Eucalyptus grandis Hill ex. Maid.
Eucalyptus macarthurii Deane & Maid.
Eucalyptus nitens (Deane & Maid.)

Maid.

Eucalyptus robusta Sm.
Eucalyptus tereticornis Sm.
Eucalyptus viminalis Labi 11.
Melaleuca quinquenervia (Cav.) Blake
Pinus clausa var. immuginata Ward
Pinus elliottii var. elliottii

Engelm.
Taxodium distichum (L.) Rich.

Status in

Florida

Exotic

Naturalized

Naturalized

Naturalized

Exotic

Exotic

Exotic

Exotic

Exotic

Exotic

Exotic

Naturalized

Native

Native

Native

The remaining eleven species evaluated possess many of the traits
needed for intensive culture. Melaleuca occurs naturally on some
186,000 ha in southern Florida, often in \/ery dense stands, and was
reputed to be a fast growing tree that coppiced. The Australian pines
(Casuarina spp.), naturalized in the southern and coastal portions of
tTTe state, are nitrogen-fixers with high wood density and varying
tendency for vegetative propagation. Three Eucalyptus species
(Macarthurii, Nitens, and Viminalis) had performed" well outside of
Florida and were potentially fast-growing trees for certain sites in
frost-frequent portions of northern Florida. European black alder had
similarly performed well elsewhere in the Southeast and has
nitrogen-fixing ability. Cypress was relatively untried but is
well-matched to wet growing conditions.

4.4. Management practices

A comprehensive set of factors have been examined in order to
identify necessary management practices for intensive culture. For the
more promising species - sand pine, slash pine, _E. grandis, Casuarina,
and Melaleuca - site amendment, planting density, and genetic variation
were included for analysis in major field trials. Site amendments
typically consisted of combinations of commercially available
fertilizers and often various levels of sewage sludge. Planting
densities examined ranged from as dense as 43,300 treees/ha to lesser
densities that were still greater than those used for pulpwood
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production. Genetic variation was usually sampled by including the best
genetic stocks that were available; in the case of commercial species,
genetically tested progenies were selected. Spacing x genotype
interactions were also evaluated.

A number of less comprehensive trials were also installed.
Individual tests typically involved one or two of the site amendment,
planting density, or genetic factors.

All of the established trials provide opportunities to assess
general site preparation requirements for each species and, over time,
to estimate rotation lengths. Some harvesting has been conducted to
evaluate coppicing potential and stand regrowth.

4.5. Environmental considerations

Intensive culture in Florida must be evaluated within the context
of impact on water availability and quality and effects on site
productivity. Stand removal interrupts the evapotranspiration (ET)
pathway, diverting more rainfall for watertable recharge and surface
runoff. Short-rotation silviculture on certain north Florida watersheds
may increase annual runoff by one-third compared to conventional
silviculture. On the other hand, the high-density canopy of
short-rotation plantations increases the interception component of the
ET pathway. In composite, intensive culture could increase the
fluctuations in water yields (Riekerk and Winter, 1982).

Intensive culture removes high levels of nutrients and reduces the
carbon supply for soil organic matter formation, particularly in the
case of the infertile, acidic, sandy soils common to Florida (Morris
and Pritchett, 1982; Riekerk, 1983b). Repeated harvesting could result
in gradually declining productivity with associated "leakage" of
sediments and nutrients and resultant water pollution.

Portions of our major studies have examined the matter of water use
resulting from intensively grown trees, and monitoring of these plots
since study initiation has provided for assessment of changes in water
chemistry. Soil analyses and nutrient determinations of tree components
over time have made possible the construction of nutrient balances.
With the nutrient balances, the prospects for long-term production on
the nutrient-poor soils common in Florida have been estimated.

4.6. Economic/Energetic assessments

Given a sufficient land base and the biological potential for woody
biomass production, the economics of silvicultural energy farming will
be crucial, and, for an energetically-feasible approach, the net
energetics must be positive. To develop net economic and energetic
balances, we have constructed "best management" scenarios for the major
species and combined inputs derived from our direct and related
observations with productivity estimates from this project and other
sources. Economic models used in the analyses were developed in house.
The energetic analysis is based on procedures used for agronomic crops.
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4.7. Future work

Conclusions made in this report are of a preliminary nature. With
the exception of Eucalyptus grown on one site in southern Florida,
productivity estimates for the species under trial, under a multitude of
conditions, are speculative because of the limited number of years of
growth to date and the small-scale size of the experiments. The
existing trials must be carried to near-rotation age, which for certain
species may be another seven years. More importantly, some experiments
over time afford the opportunity to assess coppice regenerated stands.

A number of unanswered questions remaining in the project and a
variety of related issues must be addressed by future research. For
each species, necessary directions are outlined.
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5. METHODOLOGY

5.1. Field experiments

To quantify biomass productivity, a number of field experiments
were evaluated or initiated (Table 5-1; Figure 5-1).

5.1.1. Existing stands

Existing stands, either planted or originating naturally before the
start of this project, were selected by the criteria of 1) high stand
density and 2) near presumed rotation ages of biomass plantations in
order to provide target yield estimates, to document preliminary
responses to certain management factors, and/or to determine biomass
characteristics.

Each of the major species was observed in existing stands.
Specifically, the ages of the stands and references to publications
describing methodologies are presented in Table 5-2. Frequently, each
study had several objectives (Tables 5-1, A-l, and A-2). Studies 1, 4,
and 25 provided the necessary materials for assessing genetic variation
within species for biomass quantity and quality traits.

5.1.2. New trials

New experiments were established with each species to evaluate one
or more of the following: management/site amendments,
selection/genotype variation, spacing/planting density, genotype x
spacing interactions in Nelder's plots (Nelder, 1962), biomass
productivity, and lysimeter/environmental responses. The idealized
layout in the major trials is shown in Figure 5-2, with individual tests
located in close proximity and using the same planting stock.

Management tests, and other tests within design constraints, in a
trial employed an assumed best method of site preparation for each
species/study (Table 5-3).

Site amendments evaluated in each management test represented the
range of reasonable fertilizer/sludge application levels (Tables 5-4 and
5-5). In Studies 6, 7, and 16, coppicing response to factors such as
time and manner of harvest was another study objective. All management
tests were also designed to estimate lengths of rotation. Plots in
management tests were 100-tree square plots at 1 x 1 m spacing.

Selection tests and other tests, as possible, involved selected
planting stock (Tables A-l, A-2, and A-3). All progenies/sources, with
the exception of those of Casuarina glauca and Taxodium distichum, were
selected based on previous genetic evaluation, phenotypic superiority,
or similarity of source area to the Florida situation. A maximum of 40
sand pine progenies, 38 slash pine progenies, 35 _E. grandis progenies,
38 Melaleuca progenies, 6 _E. robusta progenies, 43 C. cunninghamiana
progenies, 30 _E. viminalis progenies, 21 A. glutinosa and 8 _C.
eguisetifolia sources (Table A-3) were included in the trials. Subsets
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Table 5-1. Woody biomass production studies established under project ORNL 9050.

Study Type

No. Date

Manage- Selec- Spac- Neld- Bio- Lysi-
Location Species ment tion ing ers mass meter

0. 5/78 Dade and

Lee Co._/ ,,
Alachua Co.y/
Calhoun Co.-'
Dade Co.- ,,

Alachua,Co.—

Lee Co.-{,
Dade Co.-'

Melaleuca X

1. 7/78 Sand pine X X

2. 8/78 Sand pine X

3. 9/78 Casuarina X

4. 9/78 Slash pine X X

5. 3/79 Melaleuca X X

6. 3/79 Melaleuca X X

7. 7/79 Glades Co. 2 Casuarina
E. grandis X X X X X X

8. 7/79 Glades Co. Melaleuca X X X X X X

9. 8/79 Alachua Co. E. viminalis X X X

10. 1/80 Alachua Co. Slash pine X X X X X X

11. 1/80 Gilchrist Co. Slash pine X X X ' X X

12. 1/80 Taylor Co. Slash pine X X

13. 1/80 Calhoun Co. Sand pine X X X X X X

14. 1/80 Taylor Co. Sand pine X X X X X

15. 1/80 Marion Co. Sand pine X

16. 5/80 Palm Beach Co. 3 Casuarina
Cypress
2 Eucalyptus
Melaleuca

X X X

17. 7/80 Taylor Co.?/
Glades Co.f.
Glades Co.-.,

Pinellas Co.-'

A. glutinosa X

18. 8/80 Melaleuca X X X

19. 8/80 Casuarina X X X X

20. 8/80 Casuarina X

21. 9/80 Taylor Co. 2 Casuarina X X

22. 10/80 Taylor Co. 2 Eucalyptus X

23. 10/80 Alachua Co.

Glades Co .4/
Glades Co.-i',
Glades Co.-'

Casuarina
Eucalyptus

X

24. 11/80 2 Eucalyptus X X

25. 1/81 E. grandis X X

26. 7/81 2 Casuarina X X X X

27. 7/81 Nassau Co. E. viminalis X

28. 8/81 Alachua Co. C. glauca
E. viminalis

X X

29. 8/81 Bradford Co.

Taylor Co.-j/
Taylor Co.--/
Nassau Co.—

E. tereticornis
E. viminalis X X

30. 12/81 Slash pine X X

31. 2/82 A. glutinosa X X

32. 5/82 E. viminalis X

-^natural or existing stands
— reestablished trial



5-3

Figure 5-1. Location of woody biomass production studies established
under project ORNL 9050.

1 1 1
•Spacin

Test

1
R3

-Selection Test -
Lys Lys

1 1 1

• • • •
Fe r t i I i z e r

• • • •
and Sludge

• a a a
Test

nana

oo

Nelder Plots

Figure 5-2. Idealized layout of major field Studies 7, 8, 10, 11, 13
and 14.
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Table 5-2. Ages and methodologies for studies conducted in existing
stands.

Species Study No.-7 Ages References for Methodology
(yrs)

Melaleuca 0 3, 4, 6 Conde, Rockwood, and Fisher.
1981.

Sand pine 2 6.5, 12.5, 17.5 Rockwood, Conde, and Bren-
demuehl. 1980a.

Sand pine 1 4, 5, 6 Frampton. 1981.

Slash pine 4 8, 9, 10, 11 Frampton. 1981.

Slash pine 30 6, 10 Campbell. 1983.

Grandis 24 11 Roeder. 1981

Grandis 25 7 Roeder. 1981.

Melaleuca 5, 6 0, 1, 2 Conde, Rockwood, and Fisher.
1981.

Casuarina 3 5 Rockwood, Huffman, and Conde
1980c.

Equisetifol ia 20 7.5 Rockwood, Huffman, and Conde
1980c.

-/Refer to Table 5-1.

of these materials were used for particular tests within trials (Tables
A-l, A-2, and A-3). The selection plots were 25-tree square plots at 1
x 1 m spacing.

Spacing tests in each main study consisted of three replications of
100-tree plots of three spacings. Planting densities of 6,667 trees/ha
(1 x 1.5 m), 10,000 trees/ha (1 x 1 m), and 20,000 trees/ha (1 x 0.5 m)
were established.

Nelder's plots were used to evaluate spacing, progeny, and spacing
by progeny interactions. The seven concentric rings in the design
(Figure 5-3) permitted the assessment, from the second interior ring
through the sixth ring, of planting densities equal to 43,300, 25,100,
14,600, 8,400, and 4,800 trees/ha, respectively. An individual progeny
was assigned to the seven planting positions along a spoke. Border
spokes were planted if the 40 spokes were not occupied completely by
progenies.
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Table 5-3. Site preparation methods employed for different studies.

Study Method

burning, double chopping

KG-ing, windrowing, burning; bedding
for Study 12, micro-bedding for
Studies 9 and 10

burning, rotovating, micro-bedding

burning, rotovating

burning, disking

burning, double chopping, bedding

burning, double chopping, bedding

13 and 14

9, 10, and 12

7

8

16

27, 29,, and 32

17 and 31

Table 5-4. Fertilizer application rates tested in Studies 7, 8, 10, 11,
13, and 14.

Study Fertilizer and Sludge Rates-/
(kg/ha)

7A 0; 100 N; 300 N; 50 P; 100 N/50 P; 300 N/50 P; S(400
N/175 P); S(800 N/350 P)

7B 0; 50 P; 50 N/50 P; S(565 N/330 P); S(l,130 N/660 P)

8 0; 50 P; 50 N/50 P

10 0; 50 N/50 P; 150 N/50 P; 200 N/100 P; S(470 N/165 P);
S(945 N/335 P)

11 0; 50 N/50 P; 150 N/50 P; 200 N/100 P

13 0; 50 N/50 P; 150 N/50 P; S(175 N/135 P); S(340 N/265 P)

14 0; 50 N/50 P; 150 N/50 P

-N = Nitrogen; P = Phosphorus; S = Dry sewage sludge
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Table 5-5. Nutrient concentration (%) of applied sewage sludge.

Study Ca

1.88

N K

0.17

P Mg

7A 3.80 1.66 0.21

7B 2.30 3.86 0.17 2.26 0.24

10 0.81 2.94 0.18 1.04 0.24

13 1.24 1.72 0.02 1.34 0.08

20 21

ICm) 40 39

Figure 5-3. Nelder's design employed in Studies 7, 8, 10, 11, 13,
14, and 21.

Biomass plots were planted for use in developing tree volume
predictive equations through destructive sampling. One destructive
100-tree plot sampling for each of the 6,667, 10,000, and 20,000
trees/ha densities was included in the spacing tests.
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Environmental impacts for four species were measured at three
sites: sand pine (Study 13), slash pine (Study 10), E. viminalis (Study
9), and E. grandis (Study 7). A simple weather station at each site
monitored air temperature and precipitation. The water regime at each
site was monitored by periodic soil moisture measurements complemented
with drainage data at Study 13 and water table recordings at Studies 7,
9, and 10 (Figure 5-4). Additional short-term measurements of plant and
soil water potential were made at Studies 9 and 10.

Pre-planting soil samples were collected from the water-use plots
at each site. Soils and trees were sampled during and at the end of the
study period, and the samples were processed and analyzed for nutrient
contents using standard laboratory procedures.

5.2. Laboratory procedures

All biomass test samples used were stem discs taken from selected
trees according to the experiment design of the study. These fresh cut
discs were stored in plastic bags and kept frozen before their densities
and moisture contents (MC) were measured. To prevent the loss of
moisture, duration of sample storage was minimized.

5.2.1. Calorimetry

Materials used for calorimetric testing for heat of combustion were
air-dried and ground in a Wiley mill fitted with 40-mesh screen. Heats
of combustion were determined with an adiabatic oxygen bomb calorimeter
(Parr 1241) with automatic jacket controls, following the general
procedures of Howard (1973). The calorimeter was standardized using
benzoic acid pellets and the standard criteria were met (Amer. Soc. for
Testing and Materials, 1982). Approximately 0.5 g of ground sample was
placed in a capsule and combusted in the oxygen bomb. The heat produced
after the combustion was recorded and converted into calories per gram
on a moisture-free basis.

5.2.2. Density measurement

The densities were measured on the basis of oven-dry weight per
green volume of sample. The volumes of the green wood and green bark
samples were determined by a water-displacement method (for wood) or by
a mathematical measurement (for bark). The procedures used to obtain
wood volume by water displacement were similar to those described by
Browning (1967). The method used to obtain bark volume was based on the
following mathematical calculation of stem disk sample:

Bark volume = volume of whole disk (wood + bark)

- volume of debarked disk (wood only)

f?dob\2 fdibVl Tavg. disc"!
\\2j - V/ J IthicknessJ

with dob = diameter outside bark and dib = diameter inside bark.
Oven-dry weights of test samples were measured following general
procedures (Browning, 1967).
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A.

RAINFALL
EVAPOTRANSPIRATION

DRAINAGE

B.

C.

Figure 5-4. Design of lysimeter plots used in Study 13(A), Studies 9
and 10(B), and Study 7(C).
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5.2.3. Moisture measurement

The green MCs were measured by general procedures (Browning, 1967)
and calculated on an oven-dry weight basis. Fresh samples were weighted
and then placed in an oven at 103°C until they reached constant weights.
Moisture contents were measured by weight loss.

5.2.4. Nutrient analysis

Filtered water samples were analyzed within a few days after
collection. Acidity was measured with a Corning Model 7 pH meter.
Labile and Kjeldahl-digested nitrogen and phosphorus species were
determined colorimetrically with a Technicon Auto-Analyzer at the School
of Forest Resources and Conservation (SFRC) water laboratory using
recommended procedures (Technicon, Inc., 1980). Cation nutrients were
determined by the University of Florida Soil Testing Laboratory.

Soil samples were sieved to pass a 2 mm screen and dried at 105°C.
Macro-Kjeldahl digestion provided extracts for nitrogen determinations.
Soil samples collected in 1982 were treated by standard procedures for
micro-Kjelkahl digestion and titration methods (Bremner and Edwards,
1965) for nitrogen determinations. Double-acid extractions provided
samples for extractable phosphorus and cation nutrient determinations by
the UF Soil Testing Laboratory. Determinations were made with a
Perkin-Elmer 5000 Atomic Absorption Spectrophotometer, potassium by
emission, and calcium and magnesium by absorption.

Plant tissue samples were oven dried at 70°C and ground in a Wiley
mill to pass a one mm screen. Micro-Kjeldahl digestion of 0.25 g
samples (0.5 g for woody tissue) provided extracts for nitrogen
determinations on a Technicon Auto-Analyzer in the SFRC Forest Soils
Laboratory. Material for cation determinations was ashed in 0.5 g
samples at 500°C and extracted with hydrochloric acid. Aqueous
solutions were then sent to the University of Florida Soil Testing
Laboratory for analysis. Phosphorus was determined on a Technicon
Auto-Analyzer II; and potassium, calcium, and magnesium on a
Perkin-Elmer 5000 Atomic Absorption Spectrophotometer.

5.3. Statistical analyses

The most common experimental layout used for the studies
established in the project was a randomized complete block design with
three replications. Some fertilizer and spacing tests were completely
randomized designs with three repetitions. Many genetic analyses
involved the assumption of half-sib relationship and the corresponding
derivation of variance components. Least squares analyses were
conducted for derivation of tree and stand predictive models. Nearly
all analyses were performed by use of the Statistical Analyses System
(Freund and Littell, 1981). Statistical tests were most often at the
five percent and one percent levels of significance. Details on
particular analyses can be found in the project publications.



5-10

5.4. Economic/Energetic analyses

The economic/energetic analyses evaluated the production of woody
biomass for three species: Eucalyptus grandis, slash pine, and sand
pine. Plantation management strategies were evaluated in terms of
planting density, rotation length, and the resulting growth rates.
Desirable management strategies and their sensitivity to assumptions of
the economic/energetic costs of inputs were developed. Although the
analysis consisted of both economics and energetics, the methodology
consisted of separate steps which were combined in the sensitivity
analysis.

5.4.1. Economic analysis

The analysis assumed that the entrepreneur owned sufficient acreage
in Florida to sustain an operational woody biomass plantation and
required a satisfactory return over costs in order to continue the
enterprise. Expected costs included woody fiber production costs, along
with harvesting and conversion costs. We assumed that the entrepreneur
was not involved in the actual conversion process, but was concerned
with the price he receives for his unprocessed wood1 chips.

The optimal rotation length/planting density combination for each
species was determined through present net-worth analysis. Optimality
was defined as the combination of management decisions which maximized
the positive difference between value of harvest and the compounded
costs of investments. The revenue estimate was expressed on a per
hectare basis. Both the current values for wood chips fo~ pulp
production and the hypothetical value of the biomass for energy
production were included. The total per hectare value of woody biomass
was extremely sensitive to the growth functions estimated for each
species.

The per hectare costs were calculated assuming that the plantations
were large enough to enjoy the economies of scale that the pulp and
paper industry has already achieved in Florida. The entrepeneur had the
forestry operations performed via contracts with firms which specialized
in forestry services. This is a common practice among the forest
products industry because of cost and taxation benefits. The per
hectare production costs varied according to the specific silvicultural
operations performed.

The per hectare harvesting and transportation costs varied
depending upon several factors. Obviously, larger individual trees and
greater volume per hectare affected the scale of efficient
harvesting/transportation systems. Since this technology is only now
being examined, this study drew upon current analysis of harvest and
transport equipment. General assumptions were employed to analyze the
sensitivity of financially efficient single rotations to changes in
costs of final harvest and transportation to distant conversion
facilities.

Silvicultural production cost data were obtained via questionnaire
distribution to foresters knowledgeable of contracted prices of forestry
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operations in the State of Florida. Harvesting and transportation costs
and woody biomass value were estimated from other sources which have
analyzed these in greater detail. An outline on the relevant economic
and energetic cost data required to perform the financial analysis' is
shown:

Date of Activity

Operation or Input
Site Preparation:

Burn

Rollerchop
Disc
Bed

Harrow

Root Rake

Purchase Seedlings
Plant

Fertilizer

Application
Sequestered

Herbicide Application
Harvest

Transportation
Equipment

Sequestered
Maintenance

Supervision

Cost Per Hectare

5.4.2. Energetic analysis

To perform the energetic analysis, all the energy inputs into the
biomass system were measured. These inputs included site preparation,
site establishment, management, harvesting, and transportation to the
processing plant. These energy inputs were subtracted from the
recoverable energy sequestered in the biomass. The recoverable energy
in the chips was calculated as:

Gross Energy Of Oven Dry Wood - (Energy Cost of Drying Wood
+ Non-usuable Energy + Conversion Losses) = Recoverable Energy.

Subtracting the total energy inputs from the recoverable energy yields
net energy.

5.4.3. Energy inputs

Total energy inputs included the energy required for the inputs
previously listed and were expressed on a per hectare basis.

The energy required for seedling production, site preparation,
planting, and fertilizer varied for each species, silvicultural system,
and type of site. The energy inputs required for these activities were
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calculated separately for each species based upon data collected from
experimental plantations in Florida. The methodology used to calculate
these energy inputs was not generalized because of the unique nature of
each specific biomass system being considered.

5.4.4. Recoverable energy

The inputs, combined in the proper fashion, produced an output of
wood chips at the end of the production process. Dry wood chips had a
gross energy value of approximately 20,000 mj/tonne. Thus, the amount
of gross energy produced by our biomass system was: Gross Energy =
20,000 mj/mt x (number of dry tonnes produced on one hectare)/rotation.

The gross energy of 20,000 mj/mt was not, however, all recoverable.
This energy value was only an approximation of the energy stored in a
ton of dry wood chips. The real energy value of the chips accounted for
the energy cost of drying these chips (2,790 mj/mt). This energy cost
was deducted from the 20,000 mj/mt to give a relevant gross energy value
of the dry wood chips. Conversion processes involved a loss of energy
in several ways. There is a loss of non-usable energy of approximately
3,200 mj/mt (1.56 mj/kg hydrogen combustion and 1.64 mj/kg fuel gases).
Conversion to steam causes an additional 10% loss and conversion to
electricity involves a 55% loss (Blakenhorn, et al., 1978). After
accounting for these losses, the recoverable energy value associated
with a ton of dry wood chips was 5,674 mj/mt. The recoverable energy
value of the wood chips produced by our biomass system, therefore,
depended upon the number of dry tonnes produced on an hectare per
rotation. This total recoverable energy was balanced against total
energy inputs to be able to evaluate the favorabil ity of the energetic
analysis.
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LAND RESOURCES

6.1. Land base

Over 6.3 million ha of commercial forest land, nearly 45% of
Florida's land base, provides a stable base for timber production (Table
6-1). Nearly 0.6 million ha in the state is considered unproductive
forest land or withdrawn from commercial timber use. More than 7.1

million ha is non-forest land, ranging in classification from cropland
to water.

Commercial forest land is not equally distributed throughout the
state. The proportion of forest land is high in northwest and northeast
Florida, as more than 70% of these areas are forested. Forest land
accounts for 25% of the central Florida area and about 10% of the south

Florida region. In accordance with this distribution are the present,
and presumably future, levels of forestry activity, with the bulk of
timber production and utilization occurring in north Florida.

Relatively little of Florida's commercial forest land is considered
to be highly productive, based on the trees currently on the site (Table
6-2). For the state, 0.849 million ha is rated as good (capable of
producing more than 6.0 m3/ha/year), whereas the majority is classified
as medium, i.e., produces between 3.5 and 6.0 m3/ha/year. Thirty
percent of the commercial forest land is considered poor (grows between
1.4 and 3.5 m3/ha/year).

Ownership of commercial forest land is another important element of
the land base (Table 6-1). Eighty-six percent of the total is privately
owned, but forest industries own only 30% statewide. Most of the
industrial ownership is in north Florida; no land in south Florida is
industrially owned. Farmer, private corporation, and private individual
ownerships predominate in central and south Florida.

6.2. Evaluation of Florida's land resource for woody biomass production

A number of factors influence the extent to which woody biomass
production could be practiced in Florida. The area available by species
and productive capability of these areas will limit the utilization of
particular species. Availability of land on an annual basis will set
the maximum for expansion of woody biomass production. Ownership
inclinations to grow woody biomass, in response to a myriad of
conditions, will define the commitment of land. Various economic,
legal, institutional, and technological factors will further restrict
the scale of activity.

6.2.1. Area available by species

The 1980 statewide survey conducted by the U.S.D.A. Forest Service
provides estimates on the frequency of broad species groups (Table 6-1).
Pine forests (pine plantations and natural pine combined) account for
50% of the state's commercial forests and are especially prevalent in
north Florida. Pine plantations, largely slash pine, are common also to
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Table 6-1. Classification of Florida land base by broad land use, forest
type, and ownership categories within and across regions.—

Region
Northwest Northeast

I mi

Central

11 ion ha)

South Total

Land Classification

Total 2.958 3.933 4.070 3.205 14.165

Non-forest 0.706 1.134 3.015 2.376 7.159

Non-commercial forest 0.021 0.028 0.054 0.491 0.595

Commercial forest 2.231 2.770 1.001 0.338 6.339

Commercial Forest Types
Pine plantation 0.474 0.786 0.053 0.015 1.328

Natural pine 0.762 0.713 0.233 0.108 1.816

Oak-pine 0.237 0.225 0.100 0.014 0.576

Upland hardwood 0.295 0.386 0.174 0.008 0.863

Lowland hardwood 0.463 0.659 0.441 0.192 1.755

Commercial Forest Ownership
National forest 0.209 0.172 0.026 0.000 0.407

Misc. federal 0.193 0.015 0.028 0.002 0.239

State 0.093 0.043 0.083 0.000 0.219

County and municipal 0.003 0.007 0.005 0.002 0.019

Forest industry 0.789 1.095 0.017 0.000 1.901

Farmer 0.263 0.270 0.165 0.092 0.791

Private corporation 0.262 0.425 0.400 0.118 1.562

Private individual 0.419 0.743 0.277 0.123 1.204

-/Adapted from Cost and McClure, 1982 a and b; Sheffield, 1980 a, b, and c;
and Sheffield and Bechtold, 1981.

north Florida. Oak-pine forests, often on dry sites
northern part of the state that are \/ery suitable for
additional areas on which pines may be managed.

common to

sand pine,
the

are

Hardwood forests, not likely to be good sites for pine production,
are more common in central and south Florida. Upland hardwood forests
are generally less frequent than lowland hardwoods. Lowland hardwood
forests are the major forest type in both central and south Florida.

Four of the five major commercial forest types are largely medium
in productivity potential (Table 6-2). Lowland hardwood forests fall
mainly into the medium range. Upland hardwood forest is the only type
that has the largest portion of lands producing from 1.4 to 3.5
m3/ha/year.
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Table 6-2. Classification by existing site productivity of Florida's
commercial forest land for forest types and regions of the
state.

Site Productivity

Forest Type

Good Medium

(million ha)
Poor

Pine plantations
Natural pine
Oak-pine
Upland hardwood
Lowland hardwood

0.226

0.288

0.100

0.077

0.157

0.890

0.951

0.274

0.364

1.116

0.212

0.576

0.202

0.422

0.482

Total 0.849 3.596 1.895

Region

Northwest

Northeast

Central

South

0.274

0.519

0.054

0.002

1.172

1.731

0.562

0.132

0.785

0.520

0.385

0.204

Total 0.849 3.596 1.984

-/Adapted from Sheffield, 1980 a, b, and c; and Sheffield and Bechtold,
1981.

We conducted a statewide assessment of area potential of four
candidate species in conjunction with productivity potential as
estimated by soil type (Table 6-3). Approximately 25% of the townships
in the state were inventoried (Arvanitis and Newton, 1980). For the
4.731 million ha judged as presently forested in north Florida, over
four million ha were estimated as suitable for slash pine and 0.5
million ha for sand pine. In south Florida, 0.173 and 0.050 million ha
were available for eucalypts and Melaleuca, respectively. Along
Florida's southeastern coast, some 1,675 ha, or 3% of a 650,000 ha area,
were occupied by Casuarina.

Tentative site classifications suggested that productivity would be
classifications were relative within
lands had good potential. Sand pine
in potential. Eucalypt lands in south
medium potential, as were Melaleuca

mainly intermediate, but these
species. Some 41% of slash pine
lands were rated as mostly medium
Florida were also primarily of
sites.

Some area and productivity assessments based on other inventory
sources are at variance with the above figures (Table 6-3). Utilizing
forest and land type classifications made in the 1980 survey conducted
by the Forest Service, slash pine and sand pine estimates differ by
nearly two-fold. Out of the area presently occupied by pine or suited
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Table 6-3. Estimates of land availability for candidate biomass species
by site production potential and inventory sources.

Sourcijy
Production Potential

Species Good Medium

(million
Low

ha)
Total

North Florida:

Slash pine 1

2

1.635

0.473

1.096

1.534

1.306

0.434

4.037

2.441

Sand pine 1

2

0.045

0.036

0.476

0.318

0.000

0.691

0.521

1.045

South Florida:

Eucalyptus 1

2

0.006

0.002

0.050

0.092

0.117

0.107

0.173

0.201

Melaleuca 1

3

0.000 0.039 0.011 0.050

0.186

Casuarina 1 - - - 0.002

1/1 = Arvanitis and Newton, 1980; 2 = 1980 U.S.D.A. Forest Service
Florida forest inventory; 3 = Cost and Craver, 1981

to pine, over 2.4 million ha is available for slash pine (40% less than
the earlier estimate) and more than 1 million ha for sand pine (101%
more). The estimate of Eucalyptus area derived from the Forest Service
land classification is, however, similar to the earlier estimate. A
very intensive survey conducted in south Florida by the Forest Service
indicated that Melaleuca occurs on 0.186 million ha with 0.016 million
ha of pure stands (Cost and Craver, 1981). Due to the more complete and
more recent sampling of the Forest Service inventories, these data
should better reflect actual land availability for these species.

Partitioning of these lands into productivity classes as based on
Forest Service data also gave results different from our earlier
estimates. For slash pine, most of the 2.441 million ha would fall in
the medium productivity class with only 19% of the land base classified
as good. Of the 1.045 million ha for sand pine, 66% of the land was
estimated as having low growth potential. Even though most of the
Eucalyptus lands are subjectively and relatively judged to be low in
production potential, the actual potential of these lands to produce
biomass exceeds that of good slash pine sites. Causes for the divergent
site potential estimates of the two surveys rest with the information
used; our estimates were based on soil types whereas the Forest Service
data reflected productivity of vegetation actually on the site.
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6.2.2. Land availability

The extent of woody biomass plantings will be somewhat determined
by the amount of commercial forest land that is available each year. Of
the 212,000 ha estimated by the U.S.D.A. Forest Service, 104,000 ha are
generated by commercial harvest (Table 6-4). Some 108,000 ha could be
utilized each year by treating under-managed forest lands over a 20 year
time frame. Use of these undermanaged lands is especially challenging,
however, as previous history suggests that owners of such property are
not strongly inclined to practice intensive forestry. .

Table 6-4. Potential •,land available for woody biomass production
annually.—

Thousand Hectares
Commercial Forest Land

2/
1. Regeneration of poorly stocked land^
2. Commercial harvest

3. Stand conversion—'2/
4. Salvage operations-

Other Lands 9/
5. Idle farmland^

104.8

104.0

1.9

1.6

Subtotal 212.3

12.0

Total 224.3

—'Adapted from Cost and McClure, 1982 a and b, and Bechtold and Knight,
2/1982.
—Based on conversion to productive forest over a 20 year period.

Other lands may afford opportunities for woody biomass plantings.
Our survey suggested that one million hectares of rangeland would be
suitable for biomass production, as well as other wetlands and marginal
pasture and crop land. U.S.D.A. Forest Service estimates identify 0.33
million ha of idle and other farmland and 2.83 million ha of improved
pasture and rangeland in the state (Table 6-5).

About 224,000 ha could conceivably be planted to woody biomass
species each year, when non-commercial forest land is included (Table
6-4). Assuming that idle farmland is the most likely non-forest
classification to be dedicated to such use, 12,000 ha each year could be
available. Use of suitable, otherwise marginally productive, rangeland
and cropland could increase the 224,000 ha figure appreciably.
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Table 6-5. Summary of non-forest land use in Florida.-

Cropland
Idle farmland
Other farmland
Improved pasture
Rangeland •
Urban and other

-/Adapted from Cost and McClure, 1982a.

Million Hectares

1.,291

0.,240

0.,090

1.,760

1..070

2..589

Total 7.041

Our estimate for total area for biomass production in Florida is a
minimum of 4.1 million ha. This figure includes 3.9 million ha of land
suitable for present biomass species plus idle farmland. Other land
types could conceivably increase this total.

6.2.3. Landowner attitudes

More important than the theoretical land base for woody biomass
production is the actual commitment of the land resources. In this
regard, owner inclinations toward growing woody biomass as opposed to a
wide variety of other land uses provide guidelines as to the actual
level of operations possible. A 1979 survey of 100 landowners in
Alachua County (in northcentral Florida) suggested that 35% would grow
trees on their land. Of these landowners, 46% considered woody biomass
plantations to be a viable land use. Long-term (20 or more years of
ownership) landowners with more than 2,000 ha were most inclined to grow
biomass.

These results identify the thrust needed for successful development
of woody biomass production. Large landowners, including forest
industries, appear to be the most likely growers. The same landowners
are more inclined to practice intensive forestry on a large-scale basis.
Involvement of other kinds of owners will be strongly dependent on
economic and technological factors.

6.2.4. Economic and other factors

Short rotation woody biomass plantations will only occur on a wide
scale if entrepreneurs perceive them as profitable enterprises. This
may seem a ^/ery simple generalization but consider those factors which
cause investors to allocate their scarce capital resources into new
ventures. First, demand must exist for woody biomass. A market must be
active currently or expected to be established within a specified time
frame. Entrepreneurs usually attempt to provide goods and services when
and where they can be marketed.
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Secondly, knowledge must exist detailing the technology and costs
of short rotation woody biomass operations. Production functions which
estimate levels of output due to alternative management decisions are
necessary to assist in calculations of the economic attractiveness of
the investment. Finally, the perceived profitability of the investment
of land, labor, and capital should exceed the returns that are feasible
through the production of other goods and services.

Uses for Florida's land and water resources will continue to become
more intense as rapid population growth continues. Those lands which
have the least appeal for urban or agricultural development should be
examined as the future site of short rotation woody biomass plantations.
Since the pulp and paper industry already exists in northern Florida,
the basic technology relating to woody biomass regeneration, growth
management, and harvest already exists. This technology can be adapted
to plantations with substantially greater tree densities, shorter
rotations, and smaller/more numerous trees at harvest.

The transportation network currently is capable of moving woody
biomass more than one hundred miles to pulp production facilities. A
labor pool is also present which is composed of experienced woods
workers. Current laws also serve to encourage responsible forest
management practices, and tax laws actually encourage woody biomass
production through the Florida Green Belt Property Tax and the Federal
Income Tax Capital Gains Exclusion Rule.

Florida imports nearly all of its energy. The land, labor and
biological management skills exist for woody biomass production. The
primary institutional question which remains to be resolved is whether
sufficient capital and managerial expertise can be collected to
initialize a market for woody biomass for the generation of energy. If
the perceived profitability of the venture is sufficiently attractive,
then short rotation woody biomass plantations could soon serve as
renewable energy resource.
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7. SPECIES PERFORMANCE AND RECOMMENDATIONS

7.1. Eucalyptus grandis

7.1.1. Cultural practices

Eucalyptus grandis grown on wet sites in south Florida requires
bedding and site amendment for good survival and growth. The site
preparation practiced at Study 7 differed from conventional practice
(Geary et al., 1983) in that the micro-bedding done following rotovating
created ^ery low beds. Further, moisture regimes during the early years
of the study were much below normal. Under typical conditions and
spacing, bedding is necessary to provide adequate survival.

Phosphorus addition prior to planting significantly increased
survival and growth (Table 7-1), whereas nitrogen alone and sewage
sludge were much less effective. Optimal biomass accumulation is likely
to be achieved by applying 50 kg/ha P prior to planting with 160 kg/ha N
or 20-30 mt/ha of sludge added after planting. Extra levels of N may
not be economically efficient.

Early response to spacing (Table 7-2; Figure 7-1) indicates an edge
to the closest spacings. Through 2.4 years on a "palmetto prairie"
site, the 43,300 trees/ha density gave the highest annual increments,
but lower densities were increasing in yield rates. Given the cost
associated with bedding, a compromise between achieving highest biomass
productivity and keeping establishment costs to a workable level may be
reached by using beds spaced on two-meter centers. Varying within-bed
planting density from 0.5 m (10,000 trees/ha) to 1 m (5,000 trees/ha) to
obtain highest yield for a specified rotation length should constitute
operational scale practices.

Productivity at high planting densities permits shortened
rotations. The 70 m3/ha of stem biomass obtained in 33 months at 43,300
trees/ha would be produced in 54 months at the 1,300 trees/ha used in
commercial pulpwood plantations, assuming the 16 m3/ha/year increments
noted by Geary et al. (1983). As discussed by Meskimen and Franklin
(1978), planting densities will influence the proportion of stand volume
in different tree size classes. These factors in combination with use
of the wood (energy, pulpwood, etc.) and associated production and
harvesting costs will determine operational planting density and
rotation length.

Planting density had obvious influence on the growth of jE. grandis
in Study 16 (Tables 7-3 and 7-4). DBHs of trees at 1,600 trees/ha were
typically 50% greater than at 10,000 trees/ha. Tree heights were
similar at both densities through 24 months. Survival was similar at
the two densities through one year, but survival at 10,000 trees/ha was
less after two years. Basal area and volume growth (Figure 7-1) and
increments were considerably greater at the higher density, and, in
fact, appeared to peak in less than two years at 10,000 trees/ha. Peak
productivity at 1,600 trees/ha will presumably be achieved by age four
years.



Table 7-1.

7-2

Response of Eucalyptus grandis to nitrogen (N) and phosphorus (P)
fertilizers and sewage sludge (S) in Study 7.

1.4 Yecir Height

Vs.

1.4 Yeair Survival

Vs.

1.4 Year Weight

Vs.

Treatment Mean Control Mean Control Mean Control

(kg/ha) (m) (*) (%) (%) (mt/ha) (%)

0 .. 1.59 45 0.4

100 Ny, 2.91 +83 53 +18 2.0 +500

300 n4'. 4.00 +152 50 +11 4.9 +1225

50 ?a -. 5.50 +246 71 +58 13.2 +3300

100 N/50 P4',
300 N/50 P^' ,,
S(400 N/175 ?W.
S(800 N/350 P)-'

6.69 +321 67 +49 23.3 +5825

7.28 +358 67 +49 31.6 +7900

3.88 +144 37 -18 3.6 +900

5.65 +255 36 -20 9.6 +2400

-/Pelletized urea (45-0-0) and fritted trace elements applied six months after
?/planting.
^'.Ground rock phosphate (0-9-0) applied prior to planting.
-'Ground rock phosphate (0-9-0) applied prior to planting; pelletized urea
4/(45-0-0) and fritted trace elements applied six months after planting.
— Applied nine months after planting.

Table 7-2. Influence of spacing on volume of 33 Eucalyptus grandis
progenies over time in Study 7.—

Test

-Trees/Ha

0.7 Years 1.4\ Years 2.4 Years

Total Per Year Total Per Year Total Per Year

</ha)-

Nelder

-43,300 21.6 30..9 43.,3 30.,9 74.8 31.2

-25,100 15.3 21..9 35.,8 24.,6 74.3 31.0

-14,600 8.9 12..7 22..9 16.,4 52.5 21.9

- 8,400 6.1 8,.7 17.,7 12.,6 48.1 20.0

- 4,800 3.7 5,.3 14,.0 10.,0 40.4 16.8

Spacing
-20,000 - 33.,7 24..1 - -

-10,000 - 22,.9 16.,4 - -

- 6,667 - 16,.2 11.,6 - -

Selection

-10,000 - 21,.4 15..3 77.2 32.2

1/-Volume equations made using Eq. 2.2, Appendix A-9.
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Growth in Study 16, among the highest yet reported for tree
species, indicates the importance of site quality in culture of E.
grandis. Individual trees in Study 7 required 33 months to achieve th~e
size of one-year-old trees in Study 16. Volume in Study 7 was about 35
m3/ha at 10,000 trees/ha after 33 months while after 24 months at the
same density in Study 16, stand volume was approximately 100 m3/ha.
Growth on the organic soils in Study 16 was some three times greater
than on the sandy soils of Study 7. One reason for this can be seen by
comparing the soil nutrient concentrations of the two sites (Tables
9-10, A-18, and A-19). The Study 16 soils contain about 300 times more
nitrogen and 3.5 times more phosphorus than those in Study 7. This
difference is also reflected in the foliar concentrations of N and P at

sites (Tables A-14 and A-15). Use of economical site
the sandy soils which constitute the bulk of the area in
where _E. grandis can be grown appears yery desirable to

the same two

amendments on

south Florida

move toward the maximum productivities documented in Study 16.

The number of coppice stems per stool was influenced by spacing
(Table 7-5), which also affected coppice stem DBH. Low densities
increased both the number of stems and stem DBH. In contrast, after 12
months neither the percent of stools coppicing nor coppice stem height
varied with planting density. Experience at both Study 7 and Study 16
supports the common contention that good coppice performance can only be
expected when trees are harvested during the winter months.
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Table 7-3. Response of Eucal'.yptus grcmdis and Euc'alyptus rob>usta to

planting density through 36 months in Study 16.

Age

(mos)

E. grandis E. robusta

Trait Trees/Hectare

10,000 1,600

Tree

10,000

is/Hectare

1,600

DBH 6 2.5 2.9 2.0 1.8

(cm) 12 4.2 6.7 3.7 4.8

18 5.6 9.3 5.1 7.5

24 6.2 10.6 5.9 8.9

30 6.8 12.3 6.7 10.5

34 - - 6.6 11.4

Height 6 4.2 3.7 3.6 2.7

(m) 12 6.8 6.4 5.7 4.6

18 10.0 9.8 7.8 8.0

24 9.6 10.2 8.6 7.9

30 10.7 13.6 10.1 11.1

34 10.8 14.2 - -

Survival

(%) 6 97 93 94 96

12 93 92 92 94

18 83 88 78 93

24 80 86 65 83

30 - 83 - 81

Basal Area

Per Year

(m2/ha/yr) 6 10.2 2.6 6.8 1.0

12 15.0 5.5 11.4 3.1

18 15.3 6.7 12.2 4.9

24 13.1 6.4 9.3 4.4

Volume Per

Year

(m3/ha/yr) 18 56.6 - 40.1 -

24 50.6 — 31.9 —

7.1.2. Genetic variation

Variation among the progenies in Study 7 was evident at an early
age (Table 7-6), despite the fact that the 33 progenies had been
selected as the best previously evaluated in other studies. A few
progenies had reduced survival, although most survived well. Through
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Table 7-4. Response of Eucalyptus grandis and Eucalyptus robusta coppice
in Study 16.

T .. . g. grandis E. robusta
Trait A9J_ Irees/Hectare Irees/Hectare

(mos) 10,000 1,600 10,000 1,600

Coppicing
(%) 15 (Aug.) 0 - i

21 (Feb.) 47 - 64

Coppice
Height
(m) 3 i.o - 1.5

1.4 years, differentials for growth traits remained among the 33
progenies in the Nelder's portion of the study, and relative progeny
performances were consistent over this period. The subset of 20
progenies included in the selection trial also had differences of some
magnitude for growth. Wood and bark properties of these 20 proqenies
were somewhat variable.

Spacing influenced performance, as noted earlier, but had no impact
on relative progeny rankings. For no age through 1.4 years, or any of
the height, DBH, stem volume, or per unit area volume traits observed in
the Nelder's, was any spacing x progeny interaction detected.
Apparently, over the 4,800 to 43,300 trees/ha range of planting

Table 7-5. Coppicing of Eucalyptus grandis in response to planting den
sity after one year in Study 7.

Percent No. of Stems Coppice Coppice
Tre<?s/Ha Coppicing Pe r Stool DBH Heiqht

(cm) On)

43,,300 83 2.0 1.3 3.4
2b,,100 83 2.0 1.4 3.2
14,,600 83 2.6 1.5 3.4
8,,400 87 3.1 1.5 3.2
4.,800 80 4.2 1.7 3.3
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Table 7-6. Summary of differences among Eucalyptus grandis progenies in
Study 7.

Test- No. of

Trait Age
(yrs)

Prog. Mean CV Range

Selection-

Survival (%) 0.4 20 91 7.0 73 - 99**

Height (dm) 0.4 20 16.3 8.0 14.6 - 19.1**

Wood Density (g/cm3) 1.4 20 0.38 - 0.35 - 0.39**

Bark Density (g/cm3) 1.4 20 0.26 - 0.22 - 0.30**

Wood MC (%) 1.4 20 154 - 141 - 167**

Bark MC (%) 1.4 20 276 8.1 226 - 341**

Height (dm) 1.4 19 47.0 15.6 40.5 - 54.1

Stem Volume (dm3) 1.4 19 2.37 19.6 1.72 - 3.15

Volume (m3/ha) 1.4 19 21.4 - 15.3 - 30.6

Volume (m3/ha) 2.4 19 77.2 - 35.2 - 144.5

Nelder-

Height (dm) 0.4 33 14.8 8.8 10.5 - 17.4**

Height (dm) 0.7 33 18.1 8.8 12.5 - 21.3**

Stem Volume (dm3) 0.7 33 0.67 21.3 0.27 - 1.03**

Height (dm) 1.4 33 42.4 9.7 25.0 - 45.9**

Stem Volume (dm3) 1.4 33 1.88 26.1 0.41 - 2.73**

Coppice (%) 1.0 15 83 - 80 - 87

Coppice (No. stems) 1.0 15 2.8 - 2.0 - 4.2

* and ** = Significant at the 5% and 1% levels, respectively.

densities examined, _E. grandis genotypes can be expected to perform
consistently. In other words, the better performing progenies will do
well at any spacing.

The E. grandis progenies that were superior through 1.4 years
continued to perform well through 33 months in the Nelder's plots and
selection plots (Tables 7-7 and 7-8). While the top 15 families in the
Nelder's plots had above average growth, survival, and coppicing, the
subset of these families in the progeny plots demonstrated even better
performance. After 33 months, the seedling survival at the 10,000
trees/ha planting density averaged 94%. At nearly 57 m3/ha, the volume
produced by the best progenies was approximately equal to the amount
achieved in the Nelder's plots by the top 15 progenies at 25,100
trees/ha. Yields from the 25-tree progeny plots may be somewhat
exaggerated due to the small plot size and the representation of each
progeny in this data by only one plot, but the plots were well buffered
by surrounding progeny plots.

The coppicing performance of the better _E. grandis progenies
indicates that certain progenies do combine good growth and coppicing
ability. Geary et al. (1983) noted in a large _E. grandis population
that coppicing tended to be negatively correlated with growth. The 33
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Table 7-7. Summary of performance of 15 Eucalyptus grandis
progenies in two Nelder's plots in Study 7.

Trait Age
(mos)

Trees/Hectare

25,100 14,600 8.40043,300 4,800
DBH

(cm)
8

17

33

2.2

2.3

2.9

2.2

2.5

3.3

2.3 2.5
2.5 2.8
3.6 4.3

2.5

3.8

6.0

Height
(m)

6

8

17

33

1.7
2.1

4.5
5.8

1.5

1.9

4.5

5.9

1.4 1.3
1.6 1.5
4.3 4.2
6.1 6.4

1.3

1.5

4.8
7.5

Volume Rate
(m3/ha/yr) 8

17

33

18.5

20.8
25.0

11.1

15.3

21.1

6.0 3.8
10.2 6.9
17.6 11.2

2.1

6.8

13.9

progenies in Study 7 were initially chosen because they were good in
ihTlLtnLC°mC^nl' -and success1ve selection based on performance in
tht IIia > r%su]ted in even more improvement. The top 15 progenies in
the Nelder's plots averaged about 83% coppicing as compared to 75% for
better asr°q97?nefS'the T iPrT!!ieS in the selectl'°n plots were stillbJ*\-er> as lv° of tne stools had coppice. The inheritance of coppicing
ability in E. grandis appears to be as strong as observed in intensively
grown sycamore (Webb'and Belanger, 1979). mtenbiveiy

. Coppice productivity may be greater than seedling growth. Coppice
height of the top 15 families, 3.2 m at 12 months (Table 7-7)
approximated that of 12-month-old seedlings and was uniform across
planting densities. However, density did influence the number of stems

Table 7-8. Summary of performance of four Eucalyptus grandis
progenies in selection plots at 10,000 trees per
hectare in Study 7.

Trait Ag_e Value
(mos)

Survival (%) 33 94.0
Volume (m3/ha) 33 56.9
Coppice Survival (%) 12 97*0
Coppice Height (m) 12 28
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per stool and stem DBH as these values increased from 2.0 to 4.2
stems/stool and 1.3 to 1.7 cm in DBH over the 43,300 to 4,800 trees/ha
range. In the selection plots, coppice stems of four progenies averaged
2.8 m in height and 1.3 cm in DBH (Table 7-8), a finding that supports
the observation of Geary et al. (1983) noted above.

Differences among the six progenies in Study 16 were insignificant
for DBH at 6 months but these differences became highly significant by
24 months (Table 7-9). In contrast, basal area differences were
significant among progenies at 6 months, but by 18 months they were not
significant. Differences in survival among progenies, and the
development of a progeny x density interaction for BA at 24 months,
might account for the opposing trends in statistically significant
differences between DBH and BA. The six progenies did not differ in
height at 6 months.

Progeny x density interactions were not observed at Study 16 until
month 24 and only then for BA (Table 7-9). Relative performance of the
six progenies was consistent across the 1,600 and 10,000 trees/ha
densities for DBH at all ages and for the one height measurement taken
on all trees. This lack of progeny x density interaction is consistent
with the results in Study 7.

Comparison of growth in Studies 7 and 16 using common progenies,
the same initial density, and approximately the same growth period
indicated the difference in quality of the two sites (Table 7-10). Tree
DBHs for the progenies were typically 50% greater at Study 16. Survival
at the two sites was similar.

A marked difference in growth rate of seedlings was observed at
Studies 7 and 16 (Table 7-10). For four progenies common to the two
studies, DBH was always greater at Study 16 than at Study 7, six-month
height of trees at Study 16 nearly equalled that of 17-month-old trees
at Study 7, and basal area at Study 16 was three times that at Study 7.
The considerable growth rate differences between Studies 7 and 16 did
not affect relative performance of the four common progenies. Three of
the families maintained the same positions relative to each other for
DBH. No progeny x location interaction was observed for height,
survival, or basal area. The lack of effect of site quality on the
relative performance of progenies suggests that evaluations of progenies
for a variety of conditions may be accomplished at one site.

Coppicing was high in Study 7 but much lower in Study 16 (Table
7-10). Coppicing rate following a December cut at Study 7 averaged 92%
after 12 months for the 20 progenies in the selection trial. In Study
16, coppicing of JE. grandis was completely nil after an August harvest,
which typically results in poor coppicing (Geary et al. 1983), and
reached only 31% with a February harvest, which is an optimum month for
coppice. The better coppicing families at Study 7 - 1002, 1003, and
1012 - did not provide a necessary improvement in coppicing at Study 16.
In contrast, E. robusta planted and harvested at the same time at Study
16 had 64% coppicing. Should each _E. grandis stool with coppice at
Study 16 have the number of stems suggested by the Study 7 results,
however, the resulting density of coppice will approximate the number of
trees originally planted.
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Table 7-9. Summary of Eucalyptus grandis progeny performance in
Study 16.

Overall and Pre)geny Meai

Age
(mos)

ns:
-rrees Per Hectare

1,600 10,000

Trait Mean Range Mean Range

DBH

(cm)
6

121/
24£/

2.9

6.7

9.3

10.6

2.6

6.3

8.5

9.8

- 3.2

- 7.2

- 10.3

- 11.6

2.5

4.4

5.6

6.2

2.3 - 2.7

4.1 - 5.0
5.2 - 6.5

5.7 - 7.4

Height
On)

6

12

18

24

3.7

6.4

9.8

10.2

3.5

6.3

8.9

8.9

- 3.9

- 7.2

- 10.5

- 11.3

4.2

6.8

10.0

9.6

4.1 - 4.4

5.9 - 7.5

8.9 - 11.2

8.5 - 11.1

Survival

(%)
6

12

18

24

93

92

88

86

89

86

80

73

- 98

- 98

- 98

- 95

97

93

81

79

88 - 100

83 - 97

73 - 91

60 - 89

Basal Area

(m2/ha)
6

2

8

24

1.1

5.5

10.4

13.2

0.9

4.8

8.6

11.0

- 1.3

- 6.3

- 11.6

- 14.2

5.1

15.0

23.0

27.9

3.7 - 6.1

10.8 - 18.1

15.7 - 27.6

16.5 - 41.0

Analysis of variance:

Mos:

DBH TH

6

Basal Area

Source 6 12 18 24 6 12 18 24

Densities (D)
Reps(R)/Densities
Progenies (P)
P x D

P x R/D

* **

NS NS

NS *

NS NS

NS NS

**

NS

NS

NS

**

NS
**

NS

NS

**

NS

NS

NS
*

**

*

*

NS
**

** ** **

NS NS NS

* NS NS

NS NS *
** ** **

—10,000 tree spacing based on four reps for all 18 mo. data.
2/
-10,000 tree spacing based on three reps for all 24 mo. data.

NS, *, and ** = Nonsignificant and significant at the 5% and 1%
levels, respectively.
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Table 7-10. Means summary of performance of four Eucalyptus
grandis progenies planted at 10,000 trees/ha in
Studies 7 and 16.

Progeny Test
Trait Age Study 847 1002 i003 1012 ^

(mos)

DBH 15 16 5.3 4.9 5.6 4.4 5.0
(cm) 17 7 3.3 3.0 3.4 3.6 3.3

Total Height 6 16 4.3 4.0 4.1 4.0 4.2
(m) 17 7 4.5 4.7 4.9 5.2 4.7

Survival 15 16 92 86 84 93 87
(%) 17 7 88 93 95 93 91

Basal Area 15 16 21.7 17.8 23.9 15.6 19.7
(m2/ha) 17 7 6.3 6.4 7.0 5.6 6.3

Coppicing £ 1& 33 25 40 33 31
(%) 12 7 89 96 98 97 92

Coppice Height 3 16 1.1 1.1 1.0 1.0 1.0
(m) 12 7 2.2 2.0 3.2 2.9 2.4

Wood Specific 30 16 0.40 0.33 0.32 0.34 0.34
Gravity (g/cm3) 17 7 0.37 0.39 0.39 0.38 0.38

Wood Moisture 30 16 168 171 188 188 171
Content (%) 17 7 158 154 155 167 154

Bark Specific 30 16 0.27 0.25 0.24 0.29 0.27
Gravity (g/cm3) 17 7 0.27 0.27 0.22 0.25 0.26

Bark Moisture 30 16 303 315 306 357 306
Content (%) 17 7 251 264 339 295 276

Analysis of variance:

Source DBH TH Survival B.A.

Location (L) ** * NS
Reps/Location (R/L) NS NS NS NS
Progenies (P) NS NS NS NS
p x L NS NS NS NS

-''Time after harvest at age 21 months in Study 16, age 17
?/months in Study 7.
-'Numbers of stools observed per progeny in the one cut repli

cation were 6, 8, 5, 3, for progenies 847, 1002, 1003, 1012,
respectively.

NS, *, and ** = Nonsignificant and significant at the 5% and
1% levels, respectively.
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Progress in coppice rotations is possible by selection of progenies
with good coppicing success in terms of percent of stools with coppice
and number of stems per stool. During certain seasons and on some
sites, E. grandis coppicing may not be adequate, and the use of E.
robusta or Eucalyptus hybrids (Geary et al., 1983) may be necessary If
coppice crops are wanted.

In conclusion, based on Studies 7 and 16, several of the _E. grandis
progenies evaluated thus far appear to be suited to intensive culture
for biomass production because they have good survival and growth under
competition. By further selection, additional gain can be realized.

Genetic variation for _E. grandis wood and bark properties was
evident in four different studies. Tree-to-tree variation for wood and
bark moisture content, specific gravity, heat value, and energy content
of 11-year-old trees was observed in Study 24 (Figures 7-2 and 7-3;
Table 7-11). The seven-year-old _E. grandis in Study 25 suggested
moderate family heritability for wood moisture content, specific
gravity, and energy content, with a low heritability for wood heat value
(Table 7-12). Under modest levels of selection of one in five parent
trees, derived gains were estimated at between four and five percent for
all except wood heat value. The very low gain associated with selection
based on heat value alone indicates the merit of selecting parent trees
based on energy content, a trait that combines the very important
characteristic of wood specific gravity with heat value. Gain could be
realized by selecting for specific gravity alone, as it has a strong
positive genetic correlation with energy content as well as a negative
genetic correlation with moisture content.

Comparison of wood and bark properties of six progenies at Study 16
at 2.5 years of age indicated variation similar to that of Studies 7,
24, and 25 (Table 7-13). An effect of planting density was evident as
every progeny had higher wood and bark moisture content and bark
specific gravity, and five of six progenies had appreciably less dense
wood, at 10,000 trees/hectare than at 1,600 trees/hectare. In terms of
typically desirable biomass properties, such relationships would favor
lower planting densities for biomass plantations of _E. grandis.

Wood and bark properties of four progenies common to Studies 7 and
16 differed due to age and/or site factors (Table 7-10). Wood and bark
moisture contents were generally higher for the rapidly growing older
trees in Study 16, and wood specific gravity was lower for three of the
progenies. Interestingly, the wood and bark properties of the progenies
at the 1,600 trees/ha density in Study 16 were virtually similar to
those of the 17-month-old progenies in Study 7.

All 20 progenies sampled in Study 7 differed significantly for wood
and bark specific gravity and moisture content at 1.4 years (Table 7-6).
Differences among trees within progenies were also observed. These
observations are similar to those reported in Australia (Bamber and
Humphreys, 1963). Since site and environmental factors usually have
little effect on wood quality but do influence bark properties, the
variation in wood density and moisture content is assumed to reflect
actual genetic differences, while genetic variation for bark
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Figure 7-2. Moisture content and specific gravity variation of Eucalyptus
grandis and Eucalyptus robusta wood and bark between species,
within species (vertical lines), and within tree (horizontal
lines).
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lines).
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Table 7-11. Summary of significance of species, tree, diameter,
and height factors in properties of 11-year-old
Eucalyptus grandis and Eucalyptus robusta wood and
bark.

Moisture Specific Heat Energy
Source of Variation Content Gravity Value Content

Wood:

Species (S) ** ** ** **

Diameter (D) NS NS NS NS

S x D NS * NS *

Tree(T)/S x D ** ** •* **

Height (H) ** ** ** **

H x S NS ** ** **

H x D NS NS NS *

H x S x D NS NS NS NS

H x T/S x D ** NS ** **

Bark:

S ** ** ** **

'D NS NS NS NS

S x D NS NS NS NS

T/S x D ** ** ** NS

H ** NS ** **

H x S ** ** •* **

H x D ** NS NS NS

H x S x D NS NS NS NS

H x T/S x D NS NS ** **

NS, *, and ** = Nonsignificant and significant at the 5% and 1%
levels, respectively.

Table 7-12. Estimates of genetic gain for wood properties of
Eucalyptus grandis.

Study
-Trait Age

(yrs)

2

hF Percent Gain

Study 25

-Wood

-Wood

-Wood

-Wood

Moisture Content

Specific Gravity
Heat Value

Energy Content

7

7

,7
7

.56

.56

.33

.67

4.9

4.3

0.5

4.8

Study 7

-Wood

-Wood

Specific Gravity
Moisture Content

1.4

1.4

.83

.67

3.7

7.0
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Table 7-13. Summary of means for wood and bark properties of
Eucalyptus grandis progenies in Study 16 at 2.5 years,

Progeny

847

1002

1003

1012

1067

1070

1,600 Trees/Hectare

•,, Moisture

n- Content

9

10

10

7

10

10

Bark Wood
7717%)—

252

260

255

282

260

255

154

147

149

155

155

133

Specific
Gravity

Bark Wood

—(g/cm3)-

0.25

0.24

0.22

0.25

0.28

0.27

0.38

0.40

0.41

0.39

0.39

0.39

1/n = Number of sample trees,

10

9

10

10

10

10

10,000 Trees/Hectare

Moisture
Content

Bark Wood

303

315

306

357

272

282

168

171

188

188

157

142

Specific
Gravity

Bark Wood

—(g/cm3)-

0.27

0.25

0.24

0.29

0.31

0.24

0.40

0.33

0.32

0.34

0.32

0.33

characteristics may change when _E. grandis progenies are grown over a
wider area than sampled in this study.

Individual and family heritabilities for wood density and wood MC
were high in Study 7 (Table 7-12). Genetic gain in wood density from
family selection using the top 5% of parent trees is estimated to be
+0.014 g/cm3, or 3.7% over the mean, and the gain in wood MC from the
top 5% is -10.83%, or a 7.0% reduction compared to the mean. Gains in
wood density and wood MC from single tree selection through vegetative
propagation techniques using the best individual tree are +0.090 g/cm3
(23.9% over the average) and -40.80% (26.5% reduction), respectively.
These heritability and gain estimates should be regarded merely as
indicative and apply strictly only to the conditions of this particular
experiment.

The correlation coefficient obtained between progeny means for wood
specific gravity and moisture content indicated that there is no
significant relationship between wood density and moisture content. The
absence of such relationship is encouraging for greater improvement of
wood quality for this species because simultaneous selection of wood for
high density and low moisture content may be possible.

Wood qualities of 12-month-old _E. grandis coppice (Table 7-14) were
comparable to those of seedlings. A limited sample of 50 coppice stems
taken from 16 progenies across a range of planting densities in the
Study 7 Nelder's plots averaged 0.35 g/cm3 for specific gravity and 120%
for moisture content for basal wood sections. Specific gravity was
extremely consistent for the coppice stems on a given stool and across
stools of the same progeny. Moisture contents, in contrast, fluctuated
widely even among coppice stems on the same stool, perhaps a reflection
of differences in vigor.
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Table 7-14. Wood properties of 12-month-old Eucalyptus grandis coppice
in Study 7.

Progeny
No. of
Stools Copp

No.

ice

of

Stems

Specific
Gravity
(g/cm3)

Moisture

Content

(%)

1002 2 3 0.36 173

1003 1 6 0.40 100

1012 1 1 0.40 162

16 progenies 29 50 0.35 120

A comparison of coppice and seedling properties is presented by
three progenies sampled as 17-month-old seedlings in Study 7 (Table
7-10) and as 12-month-old coppice (Table 7-14), although sample sizes in
both cases were small. Wood specific gravities were similar for the
different materials, but moisture contents of the coppice fluctuated
above and below the moisture levels in the seedlings.

In conclusion, these studies suggest that genetic variation in
density and moisture content of Eucalyptus grandis wood is significant,
and selection to increase density and to lower moisture content of wood
is possible.

7.1.3. Biomass properties

The general wood properties of the genus Eucalyptus have been
described (Hillis and Brown, 1978) with the density about 0.6 g/cm3,
green moisture content ranging from 107-126%, and the heat of combustion
of 19,800 kj/kg. The fuel qualities of _E. grandis and _E. robusta were
evaluated using samples collected from an 11-year-oTd puTpwood
plantation (Table 7-15). The bark of _E. grandis has a relatively low
heat value; this is probably due to the presence of a great amount of
inorganic noncombustibles in the bark which diminishes the heat of
combustion. The average ash content of stembark is 10.1% (Wang and
Huffman, 1982).

The results of Study 24 indicate that wood properties of older _E.
grandis and _E. robusta may be assessed by means of increment cores as
well as from stem disks. While core values for moisture content were
higher and specific gravity were lower than those determined for disks,
basic relationships within a trait were consistent.

Variation patterns within E. grandis trees differed depending on
the trait (Figures 7-2 and 7-3; Table 7-11). Wood moisture content
decreased gradually with height, while bark moisture content increased
abruptly between stump and breast height before dropping slightly.
Nearly the opposite was true for specific gravity as wood specific



Table 7-15.

7-17

Properties of biomass components of Eucalyptus grandis,
Eucalyptus robusta, sand pine, slash pine, Casuarina, and
Melaleuca.

Species Heat of Moisture Ash

-Component Combustion Density Content Content

(kj/kg) (g/cm3) (%)
i

(%)

E. grandis
-stemwood 19,213 0.48 108 1.5

-stembark 14,683 0.35 186 10.1

E. robusta
-stemwood 19,628 0.53 107 -

-stembark 18,074 0.22 157 -

Sand Pine

-stemwood 19,900 0.38 179 0.34

-stembark 20,930 0.32 126 2.06

-branch 19,628 - - -

-foliage 21,478 - 153 2.18

Slash Pine

-stemwood 19,749 0.51 99 0.3

-stembark 20,875 0.27 74 0.7

-branch 19,691 0.41 169 -

-foliage 20,478 - 153 1.9

-resin soaked stem:

Bolt 1 22,952 - 29 -

Bolt 2 21,227 - 52 -

Bolt 3 19,921 - 91 -

C. equisetifo'iHa

/C. cunninghamiana
-stemwood 19,025 0.72 69 0.64

-stembark 18,330 0.43 124 -

-branches & foliage - - 125 -

-branch 18,985 - - -

-foliage 20,419 - - -

C. glauca
-stemwood 18,464 0.61 89 -

-stembark 17,225 0.56 113 -

-branches & foliage - - 120 -

-branch 18,841 - - -

-foliage 20,239 - - -

Melaleuca
-stemwood 18,422 0.51 90 0.7

-stembark 25,791 0.19 150 2.7

-branches 19,301 - - -

-foliage 20,139 - - -
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gravity decreased significantly from stump to breast height before
stabilizing and bark specific gravity was nearly uniform with height.
Wood heat values tended to decrease slightly with increasing height.
Bark heat values, on the other hand, rose rapidly with stem height after
an initial drop between low stem positions. In terms of energy yield
per volume of wood, rapid initial decreases followed by gradual
decreases were observed with greater height, and bark energy content was
higher with increasing stem height, after a decrease at lesser heights.

The properties of wood produced from high-density and intensively
cultured plantations were also evaluated. Data shown in Table 7-16
suggest that this type of wood production system may decrease wood

Table 7-16. Selected properties of Eucalyptus biomass,

Wood Bark

Study/Species
Age

Heat of

Combustion

(kj/kg)

Density

(g/cm3)

Moisture

Content

(%)

Heat of

Combustion

(kj/kg)

Moisture

Density Content

(yrs) (g/cm3) (%)

7/Grandis

2

3

18,941 0.38

0.37

155

150

16,462 0.26 276

16/Grandis

1.2

1.8 19,368
0.32

0.34

191

175 - -

16/Robusta

1.2

1.8 19,468
0.33

0.39

220

173 -

-

density and increase wood moisture content.

7.1.4. Productivity

Growth rates on the organic soils of Study 16 indicate that growth
of _E. grandis at the 1 x 1 m spacing has peaked. Maximum basal area
increment was 15.7 m2/ha/year at age 15 months, with maximum volume
accumulation obtained three months later due to continued height growth
and low mortality.

Growth trends at the 1,600 trees/ha density at Study 16 are less
certain. Basal area increments, which were less than half of those at



7-19

10,000 trees/ha at every measurement date, were highest at 21 months.

Volume growth at Study 7 increased through 33 months even at the
highest densities (Table 7-17). The 43,300 trees/ha density achieved 25
m3/ha/year and would be expected to peak soon after 33 months, based on
decreasing vigor due to the extreme competition.

The 25,000 trees/ha density appeared headed for the highest
productivity of the five densities during the fourth growing season. A
noticeable border effect due to only one border row on the outside of
the Nelders plots inflated the 33-month growth at 4,800 trees/ha.

The biomass equations in Table A-5 appear similar across locations
and species. Study 16 _E. grandis trees, which were 8 months younger
than the Study 7 trees but were about 25% larger at the time of
sampling, were nevertheless like the Study 7 trees in the relationships
of dry weight and stem volume inside bark to DBH2'TH and DBH2.

A dominant influence of DBH was evident in the biomass equations.
Models involving DBH2 only were often excellent predictors of dry weight
or volume, and the use of DBH2*TH usually resulted in very little
improvement in yield estimation. The stem volume equations were
considerably different from one developed for _E. grandis grown at the
lower densities characteristic of pulpwood production systems (J.
Saucier and T. Lloyd, pers. com.). That equation for outside bark
volume:

m3 = .00008333 (D2H)0,9525 - .000000055 (D2H)L2535

frequently overestimated stem volume of the Study 7 and 16 trees by as
much as 80%.

Per hectare productivity as expressed in basal area and volume
showed large differences between Studies 7 and 16 (Figure 7-1).
Eucalyptus grandis at Study 7 achieved about 70 m3/ha after 33 months at
the 43,300 trees/ha density, but at a density of 10,000 trees/ha, the
volume production was about 35 m3/ha in that time span. At Study 16,
within 24 months, the 10,000 trees/ha density exceeded 100 m3/ha in
volume and 26 m2/ha in basal area. Growth on organic soils appears to
be some three times greater than that on the sandy soils that comprise
most of the land base available for growing eucalypts in Florida.

7.1.5. Recommendations

Eucalyptus grandis is without peer among presently evaluated
species for productivity on drained muck soils in south Florida. Growth
rates and survival achieved there indicate that the species is ideally
suited to short rotation, intensive culture systems. For the
frost-frequent areas of south Florida, JE. grandis offers higher
productivity than other species but at the risk of frost damage and
resulting growth loss.

Cultural practices to be employed for maximizing JE. grandis biomass
production are similar to, but more intensive than, the methods used for
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Table 7-17. Volume productivity per year of 15 Eucalyptus
grandis progenies,at Study 7 as influenced by
density and age.-'

Trees Per Hectare

43,300

18.5

20.8

25.0

25,100

11.1

15.3

21.1

14,600 8,400 4,800

Age

(mos)

8

17

33

6.0

10.2

17.6

3.8

6.9

11.2

2.1

6.8

13.9

-^Volume calculations according to Rockwood et al., 1982.

conventional Eucalyptus culture. Site preparation of "palmetto prairie"
lands should be as practiced for pulpwood plantations, and bedding must
be employed. Beds should be spaced as closely as possible; two meters
appears to be the limit due to available equipment. Phosphorous (50
kg/ha) must be applied before bedding if ground rock phosphate is
available, or prior to planting if triple-superphosphate is used.
Nitrogen or sewage sludge may be applied for greater growth rates;
however, economics and logistics will dictate the suitability of this
amendment. Spacing of trees along a bed should also be as close as
possible, but an achievable distance is approximately one meter due to
the limitations of present tree planters. Given average rainfall
patterns, the summer rainy season continues to be the preferred planting
time.

On drained organic soils, use of conventional agricultural
practices for site preparation is sufficient. No site amendment is
necessary, although phosphorus application may be beneficial, and no
bedding is required on drained sites. Planting density should be as
great as permitted by the planting equipment, with a 1 x 1 m spacing
viewed as a desirable goal. A wider range of planting times may be
possible in south Florida as long as some rain at planting time is
likely to occur.

Planting stock should be composed of the very best genotypes. At
present, 15 out of 33 progenies in a base population of 529 genotypes
have been selected for best growth under intensive culture, and enough
seed is in storage for these mother trees to meet at least interim
demands. Some of these 15 progenies have shown good performance over
both organic and sandy soils.

Rotation lengths will differ depending on the site and growing
conditions. On organic soils and with high planting densities, less
than two years may be needed for harvest, and coppice rotations may be
even shorter. Time to harvest on "palmetto prairie" should be about
four years at the planting densities achievable within the bedding
constraint.
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A summary of the estimated best management systems for E. grandis
is presented in Section 8 of this report. Practices for organic soils
are more certain due to greater yield data availability. Management for
palmetto prairie may need to be modified as more experience and data are
accumulated.

Genetic improvement of JE. grandis should be continued. The base
population is ready for conversion to a seed orchard, and emphasis
should be placed on selection for performance under intensive culture,
as biomass production is one of the more feasible uses of eucalypts.
New genetic material should be added to the population in order to avoid
relatedness in future generations. Development of more frost-hardy
stock is a requirement.

Coppicing needs a greater research effort. Coppice success with E.
grandis is now limited by harvest schedule considerations and
availability of good coppicing trees. Emphasis should be placed on
developing trees for multiple coppices. Productivity of coppice
rotation also must be evaluated. The prospect for improving coppicing
by use of E. grandis hybrids should be explored.

Vegetative propagation should be evaluated. Present systems are
more expensive that the option of growing seedlings. Suitability of
trees for vegetative regeneration should be identified.

7.2. Eucalyptus robusta

7.2.1. Cultural practices

Cultural practices for E_. robusta are essentially the same as for
E. grandis. Moist, acid, sandy soils (palmetto prairie, acid flatwoods)
Tn south Florida are the preferred sites with E. robusta performing well
on the slightly wetter situations. Weed control is essential for the
first six months to one year. This is most easily accomplished by
bedding the site, which also provides good rooting conditions for the
young seedlings.

Fertilization is necessary for good growth on these sites. The
standard treatment is application of 1,000 - 2,000 kg/ha of ground rock
phosphate at the time of site preparation (the equivalent of 50 kg/ha
phosphorus). Eucalyptus robusta responds well also to soils high in
nitrogen as indicated at Study 16 (Table 7-3).

Growth response of E. robusta to spacing is very similar to that of
E. grandis. At Study 16, stem diameters were greater for every
measurement period at the wider spacing (1,600 trees/hectare) while
heights were greater for every measurement period at the closer spacing
(10,000 trees/hectare).

Eucalyptus robusta seedlings did not tolerate high planting density
as well as E. grandis in Study 16 (Table 7-3). Survival at 10,000
trees/ha was comparable at 1,600 trees/ha and equal to _E. grandis after
one year, but dropped sharply thereafter to 65% after two years compared
to 83% for 1,600 trees/ha. Accordingly, while E. robusta productivity
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at 10,000 trees/ha was more than twice that at 1,600 trees/ha after two
years, the basal area and volume yields of JE. robusta at 10,000 trees/ha
were much less than the standard set by _E. grandis.

Necessary culture for coppicing of JE. robusta was evidenced in
Study 16 (Table 7-4). Late summer harvesting at age 15 months resulted
in virtually no coppice regeneration, but a winter harvest at 21 months
resulted in somewhat adequate coppicing at 10,000 trees/ha. Similar
seasonal influences have been observed on other sites (Geary et al.,
1983). In line with other experiences, E. robusta coppice rate and
growth was better than that of E. grandis"^ S"h~ould these trends
continue, E. robusta could be promising for biomass production systems
involving several coppices.

7.2.2. Genetic variation

Differences among E. robusta trees for wood and bark properties
(Figures 7-2 and 7-3) suggested that genetic differences may exist for
these traits. Wood and bark moisture contents, specific gravities, heat
values, and wood energy content were characterized as having high
variability among trees of the same relative diameter (Table 7-11).

Comparison of wood and bark properties of five progenies at Study
16 at 2.5 years of age indicated essentially no consistent variation
among progenies (Table 7-18). There is, however, the same spacing
effect that was observed with _E. grandis, with every progeny having
higher wood and bark moisture content at 10,000 trees/hectare and denser
wood at 1,600 trees/hectare.

Unlike the _E. grandis progenies in Study 16, the six E. robusta
progenies exhibited variation in every trait (Table 7-19]^ Of
particular importance are the genetic differentials noted for survival
and basal area as these are especially critical for developing E.
robusta that can tolerate high planting density. While non-uniform
progeny reactions to planting density were observed more frequently than
for _E. grandis, this type of interaction may not be critical near
rotation age, since the performance of progenies for basal area at 24
months was consistent across the two densities.

The E. robusta progenies in Study 16, in spite of having been
selected "Based" on excellent performance in earlier pulpwood density
trials, were obviously not ideally suited for intensive culture. Many
other progenies in the E. robusta base population should be screened.
Given the degree of viariability shown in the six progenies evaluated to
date, expanded screening should identify more productive genotypes.

7.2.3. Biomass properties

As noted earlier for E. grandis, increment cores may be used for
estimating wood properties. Derived values will differ from those
estimated from stem disks, but the relative determinations will remain
the same.
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Table 7-18. Summary of wood and bark properties of Eucalyptus robusta at
Study 16 at 2.5 years.

1,600 Trees/Hectare 10,000 Tree:;/Hectare

ni/
Moisture Specific Moisture Specific

Progeny Content Gravity n Content Gravity

Bark Wood Bark Wood Bark Wood Bark Wood
— (%) -(g/cm3) — — (%)-— -(g/cm3) —

416 10 269 169 0.22 0.38 6 315 180 0.25 0.37
437 10 276 161 0.24 0.40 10 326 193 0.23 0.35
458 10 258 148 0.24 0.39 10 310 175 0.26 0.38

1876 9 270 172 0.24 0.39 9 330 187 0.23 0.36
2125 10 248 151 0.26 0.41 10 282 181 0.26 0.37

n = Number of sample trees,

Within tree variation for _E. robusta wood and bark properties were
often similar to those of _E. grandis (Figures 7-2 and 7-3; Table 7-11).
While wood and bark moisture contents followed the same trends, E.
robusta wood moisture content was higher, and bark moisture contents
were consistently lower than that of _E. grandis. The wood specific
gravity of _E. robusta was uniform with tree height and about 14% higher
than that of E. grandis. Conversely, bark specific gravity increased

and was lower than E. grandis bark specific gravity.
of _E. robusta was more uniform with stem height and
Bark heat value fluctuated with height and was much
content of E. robusta wood

with tree heignt
Wood heat value
somewhat higher,
greater. Energy
higher than the typical wood heat content of
content for_E. robusta tended to increase with Feight and was lower than
similar values for E. grandis (Table 7-11).

was somewhat

E. grandis.

7.2.4. Productivity

The biomass equations for E,
across both location and species.
16 were relatively minor for stem
stem dry weight, suggesting that _E. robusta has lighter stemwood than _E.
grandis at a young age.

grandis and _
Differences between

volume but of a larger magnitude for

E. robusta

uniform and

Bark energy

are similar

species at Study

Models involving DBH2 alone were often excellent predictors of dry
weight or volume and the addition of a height variable usually resulted
in minimal improvement in yield estimation. One reason for the slight
influence of height was a high uniformity of height for trees with
similar DBH.

Growth response to spacing on the rich muck soils of Study 16
indicate that E. robusta achieved its maximum basal area increment at
12.8 m2/ha/year and its maximum volume increment of 40.3 m3/ha/year at
age 15 months at 10,000 trees/ha (Figure 7-4; Table 7-20). Growth
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Table 7-19. Summary of Eucalyptus robusta progeny performance in
Study 16.

Overall and Pre)geny Mean

Age
(mos)

is:
Trees Per Hectare

-

1,600 10,000

Tra it Mean Reinge Mean Range

DBH 6 1.8 1.6 _ 1.9 2.0 1.9 - 2.1
(cm) 121/

24£'

4.8 4.6 - 4.9 3.7 3.4 - 3.9
7.5 7.4 - 7.6 5.1 4.9 - 5.7
8.9 8.7 - 9.3 5.8 5.5 - 6.6

Total Height 6 2.8 2.6 _ 2.9 3.6 3.5 - 3.9

On) 12 4.6 4.3 - 4.8 5.7 5.1 - 5.9

18 8.0 7.6 - 8.7 7.8 7.1 - 8.5

24 7.9 7.3 - 8.3 8.6 7.5 - 8.9

Survival 6 96 90 _ 100 93 76 - 100

(X) 12 95 87 - 98 90 76 - 97

18 93 87 - 98 74 52 - 87

24 83 80 - 88 55 42 - 66

Basal Area 6 0.5 0.4 _ 0.6 3.6 3.2 - 3.9

(m2/ha) 12 3.1 3.0 - 3.2 11.5 10.8 - 13.0

18 7.4 6.9 - 7.8 20.0 19.5 - 23.5

24 9.3 7.9 - :10.7 20.9 18.8 - 24.7

Analysis of variance:

Mos:

DBH TH

6

Basal Area

Source _6 JL2 li 24 _6 11 28 24

Densities (D) ** ** ** ** ** ** ** •* **

Reps(R)/Densities NS NS NS NS NS NS •NS NS NS

Progenies (P) ** ** ** NS ** ** ** ** **

P x D * NS * * NS NS * NS NS
P x R/D NS NS NS NS NS NS NS NS NS

-10,000 tree spacing based on four reps for all 18 mo. data.
2/
-10,000 tree spacing based on three reps for all 24 mo. data.

NS, *, and ** = Nonsignificant and significant at the 5% and 1%
levels, respectively.

trends at 1,600 trees/ha at Study 16 are less certain. Basal area
increments were less than half of those at 10,000 trees/ha at every
measurement period but peaked at 18 months. The decrease thereafter is
due to mortality perhaps associated with the January 1982 freeze. At
this density, basal area growth is expected to increase again, since in
other low density plantings, rates of 7.5 m2/ha/year have been
observed (Geary et al., 1983).
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Figure 7-4. Basal area ( ) and volume ( ) response to spacing
for Eucalyptus robusta at Study 16.

Table 7-20. Productivity of Eucalyptus robusta at Study 16.

Trees Per Hectare

10,000

Age Basal Area Volume

(mos) (m2/ha/yr) (m3/ha/yr)

6 6.8 _

12 11.4 -

15 12.8 40.3

18 12.2 40.1

21 11.2 37.8

24 9.3 31.9

1,600

Basal Area

(m2/ha/yr)

1 0

3 1

4 6

4 9

4 8

4 4
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7.2.5. Recommendations

Eucalyptus robusta may be the species of choice on the wetter,
relatively frost-free sites in south Florida. Initial growth is
not as great as that of _E. grandis, and the competition tolerance
of _E. robusta is less than that of _E. grandis. To a certain extent
these deficiencies may be due to the lesser degree of genetic
improvement that has been practiced with _E. robusta. Coppicing of
_E. robusta has exceeded that of E. grandis, potentially making _E.
robusta the preferred species for multi-coppice systems.

The proposed management system for _E. robusta on organic soils
is similar to those identified earlier for E. grandis. Site
preparation with agricultural equipment is sufficient on drained
lands. Spacing as close as 1 x 1 m is not advised due to the
species apparently low tolerance of competition. Of the six
progenies that have thus far been evaluated, only the best,
particularly ones that have exhibited good survival, should be
used. Planting may be conducted during the summer rainy season.
Harvesting should be done as soon as mean annual increment peaks,
because mortality appears to increase drastically thereafter.
Harvesting must be scheduled, however, only for the cooler periods
of the year. Coppice regrowth under these conditions is expected
to surpass seedling growth rates.

Research efforts with E. robusta should include continued
genetic improvement, with companion emphasis on introduction of new
material. Genetic testing of the current seed orchard should be
expanded. Evaluation of intensive cultivation of _E. robusta on
wet, sandy sites must be conducted. Coppicing should be more
thoroughly studied, particularly with regard to yield estimation
and identification of management procedures for coppice stands.

7.3. Other Eucalyptus spp.

Five other Eucalyptus species, _E. amplifolia, _E. macarthurii,
_E. nitens, _E. tereticornis, and _E. viminal is, were examined to
various extents as candidates for planting in frost-frequent areas.
Six experiments (Studies 9, 22, 23, 27, 29, and 32) and a
demonstration test established in a related project provide the
basis for conclusions on culture of these eucalypts.

7.3.1. Cultural practices

Initial site preparation for the eucalypt species studied to
date must provide moderately well drained conditions for rooting,
adequate soil moisture to prevent dessication, and good initial
weed control. Under Florida conditions the advantage, or even
necessity, for planting reputedly frost hardy eucalypts early
enough in the growing season to allow sufficient growth by the
onset of winter to withstand freezing temperatures with minimal
damage has been amply demonstrated.
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A related consideration is the production of good quality seedlings
in the nursery. Study 22, planted in October 1980 on a well-prepared
but dry site, failed quickly because the sub-standard seedlings were
unable to become established before cold weather (Table 7-21). Some of
the same E. viminalis seedlings planted at the same time in the wetter
Study 23 fared better but still were too small to withstand winter
conditions adequately; survival was good but nearly all trees received
frost damage. The seedlings used for Study 27 were large, in fact had
to be top-pruned prior to planting, and were outplanted in July,
normally the middle of the rainy season. However, the extraordinarily
dry summer of 1981 resulted in an overall survival of less than 5%. An
August planting in 1981, Study 29, established with good-sized seedlings
just before a moist fall, had adequate survival. Survival in Study 9, a
July planting in a typical rainy season, was good. Study 32 had reduced
survival due to dry conditions immediately following planting.

Table 7-21. Summary of performance of Eucalyptus viminalis.

ity

Study

9 22 23 27 29 32

Seed!ing Quali Average Poor Poor Good Good Good

Site Preparation Mini - Raked, Mowed Bedded Bedded Bedded,

beds Disked Herbicided

Planting Time July Oct. Oct. July Aug. May

Post-Planting Wet, Cold Cold Dry Cold Mod. dry

Conditions Cold

Survival 9 mo/81 5 mo/0 6 mo/71 5 mo/5 6 mo/75 8 moAl

(Age/%) 2A yr/60 1.6 yr/70

Nursery production must be coordinated with idealized planting
time. While summer planting during a suitably wet period will result in
good survival and good growth of the trees before winter, the
uncertainty of adequate rainfall immediately after planting during these
hot conditions leads us to a preference for early spring planting. A
mid-March to early April period, after the risk of frost but still
during a moderately moist, cool time, seems likely to give better
overall success.

Seedling production should be scheduled to begin about 12 weeks
before planting. This length of time is sufficient to grow an
approximately 25 cm tall tree in the greenhouse using any of a number of
types of containers. Such seedlings are of good size for planting and,
after hardening off, can withstand moderate conditions in the field.
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These eucalypts require moderately drained field conditions, which
can be produced by certain kinds of site preparation. Trees planted on
the 15 cm high mini-beds used on the flatwoods site in Study 9 grew very
poorly and were actually shorter (0.8 m) at the end of 2.4 years than at
1.5 years. By comparison, conventional bedding on the flatwoods site
planted in Study 29, created beds about 30 cm in height, a drier
environment, and trees were 1.5 m tall after 1.5 years. Soils that are
well drained, such as those in Study 23 and a related demonstration
planting, appear suitable for these species without any preparation
other than vegetation control. Inherently dry sites, such as
represented in Study 22, not only need vegetation control, but planting
must coincide with periods of adequate soil moisture.

Control of competing vegetation, both herbaceous and woody, is
imperative for all Eucalyptus species tested. This can be done either
through a very thorough site preparation regime including repeated
disking or through chemical means of weed control with a broad spectrum
herbicide.

Post-planting cultural requirements of vigorous eucalypts appear
minimal thus far. The frost-damaged trees in Study 23, although they
have resprouted, have not grown well in competition with herbaceous
vegetation. The well-established trees in Study 29 are doing well at a
2 x 1 m spacing and have begun to dominate the site after 1.5 years. No
vegetation control or fertilization after planting seems necessary if
seedings make good early growth.

Site amendments may be advantageous for long-term growth. However,
soil amendment with about 150 mt/ha coal-ash to increase pH on a small
watershed in Study 28 provided an initially harsh environment for _E.
viminalis seedlings. Leaf tip burns and shrub-like forms reduced growth
somewhat below the untreated control (1.0 m vs 1.2 m in height after six
months).

7.3.2 Genetic variation

Cursory species comparisons among the frost-hardy eucalypts suggest
that three species have potential. Neither _E. macarthurii nor _E. nitens
was as successfully germinated and propagated as E. viminalis during the
summer 1980 nursery work. The few _E. macarthurii that were outplanted
in Study 22 all failed as did the JE. viminalis. In Study 29, E.
viminalis has shown reasonable promise as a biomass species, and a smaTl
planting of 2,000 seedlings of _E. tereticornis have shown good growth
and frost tolerance, averaging one meter tall after six months. In a
demonstration-type planting, _E. amp!ifolia trees averaged 1.7 m tall
after six months, and following frost kill to the groundline, coppice
regrowth of the trees reached an average height of 2.1 m in four months
and after nine months was 4.5 m in height and 3.0 cm in DBH.

Among the nine geographic seed sources of _E. viminalis tested in
Study 9, six have shown excellent frost resistance and have tolerated
the wet growing conditions (Table 7-22). Each of the six sources had
better than 61% survival after two exceptionally cold winters with
temperatures as low as -12°C, but growth potential of these sources
cannot be accurately assessed due to the marginal site conditions.
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Table 7-22. Summary of genetic variation in Eucalyptus viminalis.

Study

9 23 27 32

No. of Genotypes 9i 17 50 31

Average Survival (%) 81/60^ 7& 4/ 4ll/

Range in Genotypic Means
for Survival (%) 56-94/31-792-7 25-100 0-25 4-71

No. of Promising Genotypes 6 9 8 11

•^•(Geographic seed sources instead of progenies.
^Survival at age 9mo./Survival at 2.4 yrs.
•j/Survival at age 6 mo.
-T/Survival at age 5 mo.
— Survival at age 8 mo.

The Brazilian seed source of _E. viminalis evaluated in Studies 22,
23, 27, 29, and 32 exhibited sufficient variation to suggest that
improved survival is possible. As a bulk seedlot from a seed production
area of more than 60 trees, the source did well in Study 29 (Table
7-20). Progenies of individual trees in the seed production area ranged
in potential as evidenced in Studies 23, 27, and 32 (Table 7-22). Nine
progenies had more than 70% survival in Study 23, while in the very
rigorous conditions of Study 27, eight progenies survived at 10% or
better. In Study 32, 11 progenies exceeded 50% survival after eight
months.

Of greater importance among the 50 _E. viminalis progenies evaluated
is the. number of progenies that excelled in two or more tests. Of the
36 progenies common to at least two tests, four progenies, 7, 30, 34, 35
(Table A-3), were rated as acceptable in two tests. A total of 24
progenies were acceptable or much above average in a minimum of one
test.

7.3.3. Recommendations

Eucalyptus viminalis, E. amplifolia, and E. tereticornis warrant
further examination as biomass species for north and central Florida.
Production of containerized seedlings is a fairly routine operation for
these species, although additional information on handling of the
seedlings in the event of rescheduling of planting due to weather
conditions would be helpful in order to insure field survival. Basic
requirements of successful field establishment are evident in terms of
necessary bedding of wet sites and early planting in order to produce
trees large enough to withstand moderate cold. Further study of the
timing of early spring planting and associated culture would be
beneficial.
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Expansion of the evaluation of _E. viminalis progenies is needed.
The 24 progenies thus far observed to survive well must be screened for
growth in Study 32, and additional progeny tests with these progenies
should be established. Study of the coppicing potential of _E. viminalis
is also needed.

Eucalyptus amplifolia appears to coppice well, but very basic
examination of variation within the species for survival and growth must
be conducted on both _E. ampli folia and E. tereticornis. Performance
over a range of sites is also required.

In summary, these frost-hardy eucalypts have potential, but
preliminary results must be extended to more extensive and longer term
investigation. At this time, operational plantings of these species
should not be attempted.

7.4. Slash pine

7.4.1. Cultural practices

Slash pine planting sites should be well prepared, and wet sites
should be bedded. The optimum fertilization rate will vary depending on
site quality, but the addition of 150 kg/ha N and 50 kg/ha P will be
necessary for most sites in north Florida. Some sites, such as our
Study 11, may have high levels of soil N and P (Tables 9-10 and A-19)
and still show a growth response to fertilizer application (Table 7-23).
In order to-economically establish slash pine at the required density on
beds, an altered configuration resulting in trees planted densely on two
meter spaced beds appears necessary. A synopsis of the suggested
cultural practices for silvicultural biomass farms in Florida is as
follows:

Site Preparation Site Amendment Spacing

Fire and chopping or 150 kg/ha N and 2 x 0.5 m
windrowing; bedding 50 kg/ha P or

25 mt/ha of
sludge

7.4.2. Genetic variation

Slash pine progeny differences within age groups were generally
greater for biomass quantity traits (Table 7-24) than for biomass
quality traits (Tables 7-25 and 7-26). Progeny differences were found
consistently in biomass quantity traits of 8- and 10-year-old trees and
percent green stem biomass of 8- and 11-year-old trees. While variation
for biomass quality traits was low, progeny differences existed for wood
specific gravity, wood moisture content, and wood heat value.

Heritability estimates were inconsistent (Table 7-27). In test
0-36, stem and total biomass had family heritability above .5, while in
theOlustee test branch biomass and stem biomass percent had the highest
heritabilities. Wood and bark biomass qualities showed low levels of
genetic control.



Table 7-23. Response of slash pine to nitrogen (N) and phosphorus (P) fertilizers and sewage sludge (S).

Heiight Survival Dry

1

Weight

1 Year 3 Years 1 Year 3 Years Year

Vs. Vs. Vs. Vs. Vs.
Study Treatment Mean Control Mean Control Mean Control Mean Control Mean Control

(kg/ha) (m) [%) (m) (X) (m) (%) (%) (%) (mj (%)
11 0 1/50 N/50 P-47,

150 N/50 pi'.
200 N/100 ?-'

.46 _ 97 _ 0.2

.65 +40 - - 98 + 1 _ _ 0.4 +200

.72 +55 - - 89 -8 _ _ 0.4 +200

.66 +42 - - 94 -3 - - 0.4 +200

10 0 1/50 N/50 pi'
150 N/50 pi'.

200 N/100 P^7
S(470 N/165 P)4/
S(945 N/335 P)-'

.38 1.31 99 97 0.06

.39 +3 1.34 +2 96 -3 94 -3 0.06 0

.62 +61 2.09 +60 99 0 97 0 0.5 +833

.68 +78 2.38 +82 95 -4 93 -4 0.8 +1333

.50 +32 2.08 +59 98 -1 97 0 0.3 +500

.67 +75 2.91 +123 93 -5 92 -5 0.8 +1333

1/

Applied two months after planting

2/Diammonium phosphate (21-21-0) applied six months after planting.
^Diammonium phosphate (21-21-0) and pelletized urea (45-0-0) applied six months after planting.

CO
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Table 7-24. Overall means, coefficients of variation, and significance
of progeny differences for biomass quantity traits of slash
pine in Study 4.

Test

0-36 ,,
Mean CV-'

6.6 -

0-29 Olustee

Mean CV

11.0 -

0-18 0- 14

Trait Mean

7.0

CV Mean CV

8.4 -

Mean

8.6

CV

Total Ht. (m) -

DBH (cm) 5.8 - 5.8 - 8.6 - 6.6 - 6.9 -

Green Stem

Biomass (kg) 10.8 22* 13.1 19 34.6 14* 19.3 58 18.6 27

Green Branch

Biomass (kg) 4.9 12* 5.5 12 8.0 26* 5.0 91 5.4 26

Green Total

Biomass (kg) 15.7 18* 18.6 17 42.6 16* 24.3 64 24.0 27

Percent Green

Stem Biomass 65 6* 68 4 82 2 84 3 76 4

-Coefficients of variation are in percents.
* = Significant at the 5% level.

Calculated gains, assuming use of selected parent trees in existing
or rogued seed orchards, suggested that emphasis on biomass quantity
traits would be more productive than on biomass quality traits. Major
impetus should apparently be given to stem green biomass with additional
gain to be expected from selecting for wood specific gravity.
Improvement in other traits may arise indirectly due to correlations
such as the .52 between wood specific gravity and heat value.

Slash pine biomass yields may increase by as much as 85% through
use of improved trees. More competition-tolerant progenies will result
in much higher survival under close spacing, and. increments from
increased biomass quantity per tree and higher wood specific gravity
will augment this increase'.

Preliminary data for slash pine progenies in the selection studies
planted in 1980 show that many of these highly selected progenies are
performing well (Table 7-28). The 38 progenies chosen (out of more than
1,000 available) for inclusion were the best performers in the five high
density progeny tests reported earlier as well as in numerous tests
employing conventional pulpwood spacing. Through three years, suvival
has been excellent in all tests, as only a few progenies had less than
90% survival. Progeny differences for height have been detected at both
the average quality Study 10 and the high quality Study 11 sites.
Diameter differences, similar in magnitude at age 3 for several tests,
were significant in Studies 10, 11, and 12.
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Table 7-25. Overall means, coefficients of variation, and significance of

progeny differences for stem biomass quality traits of slash pine

in Study 4.

Test
0-36 0-29 Olustee 0-18 0-14

Trait Mean CV^ Mean CV

Basal Wood

Moisture

Content (%) 102 3 96 5

Basal Wood

Specific

Gravity 0.470 2 0.470 4

(g/cc)

Basal Wood

Heat Value

(kj/kg) 19,624 1* 19,704 1

Basal Bark

Moisture

Content

(%) 70 5 82 5

Basal Bark

Specific

Gravity 0.264 6* 0.271 3

(g/cc)

Basal Bark

Heat Value

(kjVkg) - - - -

Mean CV Mean CV Mean CV

113 8* 99 7* 85

0.447 6* 0.517 3* 534

19,444 1* 19,666 1 20,315

78 6 73 10 73

0.287 5 0.268 4 0.269

20,839

- Tests 0-36, 0-29, Olustee, 0-18, and 0-14 contained 118-139, 31-38, 8-72,

.49-52, and 51-61 trees, respectively.

- Coefficients of variation are in percents.

* = Significant at the 5% level.

Differences in tree height, DBH, and the yield parameter D2H due to
planting densities and progenies were observed (Table 7-29). Effect of
planting density on tree height was not consistent across the Nelder and
spacing plots in the two studies, but an inverse relationship between
DBH and density was common. While lesser densities had larger
individual trees, the higher densities carried greater quantities of
biomass because of the high survival rates maintained through three
years.

Progeny differences were evident in the Nelders, but progeny
performance was uniform across planting density (Table 7-29). The
progenies in both studies differed for age 3 height, DBH, and D2H,
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Table 7-26. Overall means and ranges for foliage and branch biomass
quality traits of slash pine in Study 4.

Trait Mean Range

Foliage Moisture Content (%)

Foliage Heat Value (kj/kg)

Branch Moisture Content (%)

Branch Specific Gravity (g/cm3)

Branch Heat Value (kj/kg)

153 126 - 177

20,479 19,993 - 21,186

169 142 - 203

0.414 0.350 - 0.448

19,691 19,449 - 20,139

Table 7-27. Individual tree and family heritabilities and (parental
+ family) gain estimates for biomass traits of slash pine
in Study 4.

0--36/Age! 8 Olustee/Aqe 9

*? ±
.54

Gain "?

.08

Gain

Stem Biomass .30 + .281/ 45% .03 + .28 5%

Branch Biomass .20 + .24 .42 17% .44 + .44 .69 86%

Total Biomass .38 + .30 .65 46% .12 + .32 .28 18%

Stem Biomass Percent .08 + .22 .20 5% .54 + .47 .75 8%

Wood Moisture Content - - - .03 + .29 .08 2%

Wood Specific Gravity .11 + .24 .23 28% .23 + .37 .45 9%

Wood Heat Value .14 + .26 .29 1% - - -

Bark Moisture Content - - - .19 + .35 .39 12%

Bark Specific Gravity .04 + .27 .08 2% .07 + .38 .15 3%

—Standard error of heritability.
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Table 7-28. Summary of slash pine progeny performance in Studies 10, 11, and 12.

Study No. of Survival Height DBH

-Test Prog. Age Mean Range Mean Range Mean Range

(yrs) (%) (m) (cm)

10

- Nelders 33 3 98.5 96.4-99.6 1.80 1.54-2.08* 1.71 1.48-2.03*

- Selection 22 2 96.5 86.7-100.0 1.31 1.11-1.45 1.47 1.30-1.71

- Spacing 4 2 99.2 97.8-100.0* 1.28 1.04-1.45* 1.60 1.56-1.68

11

- Nelders 25 3 98.6 92.9-100.0 2.67 2.27-2.95* 2.85 2.00-3.30*

- Selection 17 3 96.7 90.7-100.0 2.83 2.65-2.99* 3.31 2.93-3.66

- Spacing 3 3 98.9 92.0-99.6* 2.93 2.35-3.02 3.69 3.06-3.80

12

- Selection 4 3 89.5 80.0-97.3* 1.60 1.53-1.67 1.84 1.64-1.93*

* = Significant at the 5% level.

Table 7-29. Summary of significance of treatment factors for
slash pine third-year performance in Nelder's
plots in Studies 10 and 11.

Study 10 Study 11

Source of

Variation d.f. HT. DBH D2H d.f. HT. DBH D2H

Reps (R) 7 ** ** ** 7 ** NS **

Density (D) 4 NS ** ** 4 ** ** NS

Progenies (P) 32 ** * * 24 ** ** **

R x D 28 ** ** ** 28 NS NS NS

R x P 224 ** ** ** 168 ** ** **

D x P 128 NS NS NS 96 NS NS NS

Error 896 672

NS, *, and ** = Nonsignificant and significant at the 5% and
1% levels, respectively.
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suggesting that of the 38 total progenies under study, some are not
suited to intensive culture. The consistent lack of density by progeny
interaction in both studies for all traits further suggests that good
progenies will perform well over the range of densities to be considered
for intensive culture. Should the currently best performing progenies
maintain good growth through the periods of intense competition ahead,
yield increases of the magnitude predicted earlier appear possible.

7.4.3. Biomass properties

The fundamental properties of southern pine materials have been
described in the literature. The average specific gravity of slash pine
wood was reported to be in the range of 0.53 - 0.58 (Bendtsen and
Ethington, 1972; Clark and Taras, 1970). Many studies of southern pine
have shown a positive correlation between specific gravity and the
percent of latewood which is influenced by the environment and
silvicultural practices. According to the discussion reported by Koch
(1972), other factors that also affect the specific gravity of southern
pine wood include age, growth rate, and geographic location.

The water content of wood in southern pine trees varies among
species, within species, and within trees. The estimated tree-average
value for the moisture content of slash pine wood in stems of
30-year-old trees is 90% (Koch, 1972). The moisture content varies
depending upon the tree age, wood density, genotype, geographic
location, and stem position.

The average specific gravity of slash pine bark (outer bark), as
reported by Martin (1969), is 0.474. According to Martin's study, there
is great variability within species and within trees. Much of this
variation is probably attributable to the degree of expansion of old
phloem cells and to varying proportions of phellem stone cells which
have thick, heavily lignified walls and narrow lumens (Koch, 1972). The
moisture content of slash pine bark also varies substantially within and
between trees. Ranges of 223 - 233% and 25 - 59% have been reported for
slash pine inner and outer barks (Martin, 1963).

Howard (1973) measured the heat values of several southern pine
materials including liquid resin (34,018 - 37,798 kj/kg), resinous
stumpwood (23,842 - 29,633 kj/kg), decay resistant knots (23,586 -
26,726 kj/kg), stemwood (19,329 - 21,753 kj/kg), bark (18,701 - 21,178
kj/kg), root wood (19,911 - 20,190 kj/kg), terminal branches (18,643 -
20,341 kj/kg), and cones (18,806 - 19,050 kj/kg). Hough (1969) reported
the heat value of southern pine needles to be 21,795 kj/kg. The average
heat values commonly used for southern pine wood and bark are 20,004
kj/kg and 20,701 kj/kg, respectively. The heat values of stumpwood,
decay resistant knots, and needles are positively correlated with their
resin contents (Koch, 1972).

The fuel quality of slash pine components was evaluated using the
materials collected from 8- to 11-year-old trees grown in test plots
located in northcentral Florida (Study 4). Data obtained from this
investigation are summarized in Table 7-30. These data suggest that the
wood produced from the short-rotation intensively cultured plantation
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Table 7-30. Average values of properties of slash pine biomass compo
nents collected from Study 4.

Property Location/Age(.yrs)

Gainesville Olustee

8 9 10 11

Wood density (g/cm3) 0.47 0.47 0.52 0.53 0.45

Wood moisture (%) 102 96 99 85 113

Wood heat value (kj/kg) 19,624 19,703 19,665 20,314 19,439

Bark density (g/cm3) 0.26 0.27 0.27 0.27 0.29

Bark moisture (%) 70.0 82.0 68.0 72.5 77.8

Bark heat value (kj/kg) 20,875

Branch wood density (g/cm3) 0.41

Branch wood moisture (%) 169.4

Branch wood heat value (kj/kg) 19,691

Foliage moisture (%) 152.5

Foliage heat value (kj/kg) 20,478

tends to be less dense, contain more moisture, and have a lower heat
value.

Within-tree variation of slash pine wood and bark properties in
young trees was similar to that of sand pine. From the base to the top
of the stem of 8- to 11-year old trees, wood moisture content increased,
wood specific gravity decreased and bark moisture content increased, but
bark density changed little.

Pine resins, containing a group of highly reduced chemicals,
produce a great amount of heat when combustion reaction takes place.
The contribution of resin to the heat value of southern pine has been
shown (Howard 1973). Since resin in wood of Pinus spp. can be induced
by chemical treatments (Roberts, 1973), the fueT~value of slash pine
could be increased to some extent by the formation of resin-soaked wood.
The energy value of such resin-soaked slash pine was also determined in
this investigation. The data presented in Table 7-31 show the fuel
quality of such resin-soaked wood.
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Table 7-31. Selected properties of resin-soaked wood collected from
20-year-old slash pine treated with 2% paraquat.

Location of Wood Sample

First 152 cm above treatment site

Second 152 cm above treatment site

Remaining bole above treatment site

Heat of
Combustion

(kj/kg)

22,952

21,227

19,921

Moisture

Content

~T%)

29.0

51.9

91.1

7.4.4. Productivity

In the spring of 1981, experimental plots of 100 square meters were
established and inventoried in highly stocked aerially seeded stands of
slash pine in Taylor and Lafayette Counties, Florida (Campbell, 1983).
The plots were located on poorly drained, nutrient poor organic soils
(histosols). Nine plots were placed in six-year-old stands with
stocking from 6,400 to 36,100 stems per hectare. Eight plots were
installed in ten-year-old stands with stocking ranging from 6,200 to
12,200 stems per hectare. Ten or eleven trees per plot were
destructively sampled to obtain bole, branch, and foliage weights.
Predictive equations for individual component tree weights were
constructed using regression techniques. These equations (Table A-6)
were used to estimate plot weights which were than .expanded to a per
hectare basis (Table 7-32). Stem biomass yield appears to peak at about
10 mt/ha/yr around 10,000 stems per hectare in the six-year-old stands
although it is difficult to tell due to the gap in stocking between
10,000 and 23,000 stems per hectare. Stem yields at age 10 peaked at
7.5 m3/ha/yr at the lowest stocking examined (6,200 stems per hectare)
indicating that higher yields might be realized at still lower stockings
at this age.

The effects of both stocking and site were derived from the data
shown in Table 7-33. At every density, stem yields are from 25 to 35
percent higher at Study 11 than at Study 10 due to the higher levels of
phosphorus at Study 11 (Table A-12). Moreover, as stocking at Study 11
triples (from 4,000 to 14,600; 8,400 to 25,100; or 14,600 to 43,300) the
stem yields very nearly triple as well, while tripling the stocking at
Study 10 only results in a yield tripling at the lower stocking
densities.

7.4.5. Recommendations

Slash pine, the most
potential for short rotation
to the northern part of the

widely planted species in Florida, has
management on the "flatwoods" sites common
state. High intensity cultural practices

need not differ from conventional pulpwood plantation management other
than in thoroughness of site preparation, spacing of beds on wet sites,



7-39

Table 7-32. Total tree and component mean annual dry weight increments
of slash pine in Study 30.

Density/Age 6(trees/ha)

MOO 7,100 9,800 23,600 26,100 27,000 29,000 33,400 36^100

— - (mt/ha/yr)

Total tree 12.3 12.5 13.3 9.0 3.9 7.0 4.8 3.2 6.7
Bole 9.3 9.5 10.1 6.8 2.8 5.2 3.5 2.3 5.0
Branch 1.4 1.4 1.5 0.9 0.4 0.7 0.5 0.3 0.6
Foliage 1.6 1.8 1.7 1.2 0.7 1.1 0.8 0.6 1.1

Density/Age 10(trees/ha)
6,200 6,700 8,400 10,000 10,100 11,900 12,000 12,200

— (mt/ha/yr)

Total tree . 9.8 9.2 9.6 9.4 8.0 6.8 7.7 7.7
Bole 7.5 7.1 7.4 7.2 6.1 5.2 5.9 5.8
Branch 1.1 1.0 1.0 1.0 0.8 0.7 0.7 0.8
Foliage 1.2 1.1 1.2 1.2 1.0 1.0 1.1 1.1

Table 7-33. Influence of spacing and location on
slash pine third-year tree height and
DBH.

Study

ioi/ 11

Planting Density Height DBH Height DBH

(trees/ha) (m) (cm) (m) (cm)

Nelders:

43,300 1.79 1.41 2.72 2.44
25,100 1.79 1.63 2.78 2.72
14,600 1.81 1.78 2.75 2.98
8,400 1.89 2.00 2.71 3.15
4,800 1.86 2.00 2.55 3.07

Spacing:
20,000 1.14 1.45 3.11 3.58
10,000 1.28 1.61 2.76 3.78
6,667 1.43 1.65 2.94 3.68

— Study 10 spacing data at age two years,
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and level of fertilization on nutrient-poor sites. On wet sites, more
closely-spaced beds will automatically create a thoroughly cleaned site.
Use of typical tree planting equipment is possible on closely-spaced
beds when the pulling tractor is appropriately down-sized. Conventional
planting stock, i.e., genetically improved trees for pulpwood
production, can apparently be utilized for high density plantings,
although progenies specifically selected for competition tolerance will
perform somewhat better.

Productivity of intensively-cultured slash pine must be examined
more carefully. The yield observations made to date have been from
stands much short of, at, or beyond presumed best rotation age for
densely-planted trees. Studies that have been established will provide
excellent growth data during the next five years for the determination
of combinations of planting density and rotation length necessary for
maximizing productivity. The management scenario presented in Section 8
reflects current knowledge of productivity potential.

Similarly, the studies dealing with site amendment, genetic
selection, and environmental impacts will become more meaningful when
measured for a longer period. With respect to making recommendations on
complete management systems, such derived data will have most importance
when the studies are near rotation age.

Operational level studies of economics and energetics must also be
continued. Harvesting options in particular need to be considered and
monitored. The reestablishment of high density stands must be addressed
as these practices may be considerably different from current practices.
One area of research of potential operational scale is the use of
herbicides to direct growth only to the crop trees, a possible
alternative or companion to fertilization.

7.5. Sand pine

7.5.1. Cultural practices

Sand pine, a species adapted to the excessively dry, sandy sites
common to much of western and central Florida, does well at close
spacings (Rockwood et al., 1980a). Higher planting densities are
carried for longer rotations than for E. grandis or slash pine in order
to achieve maximum productivity (Table 7-34). Mortality due to high
competition levels appears to be minor. In three-year-old trials,
planting density has thus far had no influence on height growth (Table
7-35), nor has survival been influenced. As competition increases in
these trials, diameter responses to planting density are likely to be
the major factors in determining the planting density most appropriate
for achieving maximum yields.

The vegetation on a sand pine site must be reduced. Sufficient
site preparation consists of burning followed by chopping or windrowing.
Properly timed single chopping is adequate on sites with low amounts of
vegetation. Double chopping, again with proper timing, may be necessary
on heavily vegetated sites. Weed control after the initial site
preparation is not required.
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Table 7-34. Yield response of sand pine to planting density and age.

Plantation Trees/Ha Age Stem Biomass

(yrs) (dry mt/ha/yr)

A 7,136 6.5 2.96

B 6,610 6.5 1.64

6,610 12.5 3.18

C 12,375 6.5 3.99

12,375 12.5 5.00

12,375 17.5 7.98

Table 7-35. Influence (Df spacing and site on sand pine
third-year tree height.

Test Study
-Trees/Ha

13 14

Nelders
- (m)-

-43,300 1.42 0.90

-25,100 1.44 0.91

-14,600 1.39 0.93

- 8,400 1.43 0.92

- 4,800 1.38 0.91

Spacing
-20,000 1.27 0.86

-10,000 1.41 0.91

- 6,667 1.31 0.87

Fertilization has had minimal influence on sand pine growth through
three years (Table 7-36). No response was noted during the year
following fertilizer application and planting of trees in Study 14.
Subsequent growth has suggested that differential responses to the
treatments may be expected. On sites that are very low in soil
phosphorus as at Study 13 (Tables 9-10 and A-19), the application of P
fertilizer, especially in the form of sewage sludge, results in an
increased pool of soil P and a corresponding increase in foliar P (Table
A-13). Nitrogen and phosphorous fertilizers have been observed to
increase total volume yields up to 71% in 7-year-old Choctawhatchee sand
pine (Brendemuehl, 1973). The responsiveness of sand pine to high
nutrient levels is also evidenced in the excellent growth of the
6-year-old trees in Study 1. However, until meaningful responses are
seen and maximum treatments identified in the intensive conditions of
Studies 13 and 14, we recommend that fertilizer not be used.

7.5.2. Genetic variation

Within age groups, sand pine progeny differences were generally
greater for biomass quantity properties (Table 7-37) than for biomass
quality properties (Table 7-38). Progeny differences in biomass
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Table 7-36. Response of sand pine to nitrogen (N) and phosphorus (P)
fertilizers and sewage sludge (S) in Studies 13 and 14.

Age

(yrs)

3

3

1

1

Treatment (kg/ha)

Study
-Trait

0 N/

0 P

100 u
1.65c-7

90

0.21

50 N/2/

50 P

99.5

1.72bc

91

0.20

150 N/-/ S(175 N/-/
50 P 135 P)

99.8 100
1.75b 1.68c

89

0.21

S(340 N/-'
265 P)

99.5

1.97a

13

-Survival (%)
-Height (m)

14

-Survival (%)
-Height (m)

— Means not sharing the same letter within a row are significantly
2/different at the 5% level.
— Ground rock phosphate (0-9-0) applied prior to planting and pelletized
3/Urea (45-0-0) applied six months after planting.
— Applied two months after planting.

quantity properties and percent green stem biomass were found
consistently in 4- and 6-year-old trees. Differences among progenies
were observed in certain biomass quality properties, but the amount of
variation was low. Progeny differences for wood specific gravity, wood
moisture content, and wood heat value were notable.

Genetic control of biomass properties generally appears strong
(Table 7-39). Stem green biomass, total biomass, and wood specific
gravity had high heritabilities, and the heritability of stem wood dry
weight was promising.

Calculated gains, assuming use of superior clones in existing or
rogued seed orchards, identified that emphasis on biomass quantity
properties would be more productive (Table 7-39). Sand pine stem green
biomass yields may be increased by more than 30%, while further
selection for wood specific gravity could enhance dry weight
productivity. Due to strong correlations, such as the .74 between wood
specific gravity and percent stem biomass, gains may accrue indirectly
for other properties as well. The 6-year-old sand pine progenies
assessed for stem wood energy content, for example, demonstrated
accumulative differentials due to stem volume, wood specific gravity,
and wood heat value factors.

Differentials between unselected planting stock and improved sand
pine were estimated. At the 2,400 trees/ha density observed in Study 1,
the yield of improved sand pine was 55% greater than for unselected
trees. This increase was partitioned to 1) some 20% due to a higher
survival rate of selected progenies and 2) about 35% accruing from
greater biomass quantity and better biomass quality of the improved
trees.
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Table 7-37. Overall means, coefficients of variation, and significance
of progeny differences for biomass quantity properties of
sand pine in Study 1.

Age (yrs)

4 5 6

Properties Mean cvi/ Mean CV Mean CV

Total Ht. (m) 1.9 - 2.8 - 4.7 -

DBH (cm) 1.3 - 2.5 - 8.1 -

Green Stem

Biomass (kg) 0.8 29* 2.8 33 15.5 13

Dry Stem
Biomass (kg) - - - - 4.4 16

Green Branch

Biomass (kg) 2.0 27* 5.8 31 26.4 17*

Green Total

Biomass (kg) 2.8 27* 8.6 32* 41.9 14*

Green Stem

Biomass (%) 28 9* 31 10 38 8*

Stem Wood •

Volume (m3) - - - - 0.012 14

Stem Wood Energy
Content (kj/kg) - - - - 20,690 35

— Coefficients of variation are in percent.
* = Significant at the 5% level.

Intra-specific variation was observed in the plantings established
in the project (Table 7-40). In Study 15, survival of both
Choctawhatchee sources (unimproved and mixed lot of four selected
progenies) greatly exceeded that of an unimproved Oca!a source after one
growing season, and the differential was maintained through three years
(99%, 96%, and 66%, respectively). Heights of the three sources were
similar. Since survival is so critical to increased biomass production
in this species, the Choctawhatchee variety is the obvious choice for
use in short rotation systems.

Differences among the progenies in the 3-year-old selection studies
(Table 7-40) were observed. Since these progenies had not been
previously evaluated as completely as the slash pine and _E. grandis
progenies included in the new studies, greater variation may b~e
expected, particularly in terms of survival, a trait that is critical to
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Table 7-38. Overall means, coefficients of variation, and significance
of progeny differences for biomass quality properties of
sand pine in Study 1.

Age (yrs )

4 5 6

Properties Mean

192

cvl/

6

Mean

184

CV

6

Mean

159

CV

Basal Wood Moisture

Content (%) 5*

Basal Wood Specific
Gravity (g/cm3) 0.362 4* 0.358 8 0.425 2*

Basal Wood Heat

Value (kj/kg) - - - - 19,905* 1

Basal Wood

Ash Content (%) - - - - 0.34 45

Basal Bark Moisture

Content (%) 143 15 130 15 104 4

Basal Bark Specific
Gravity (g/cm3) 0.312 5 0.314 14* 0.335 3

Basal Bark
Heat Value (kj/kg) - - - - 20,931 1

Basal Bark

Ash Content (%) - - - - 2.1 19

Foliage Moisture
Content (%) 214 10* 203 18 217 8*

Foliage Heat
Value (kj/kg) - - - - 21,852 1

Foliage Ash
Content (%) - - - - 2.2 22

Branch Heat

Value (kj/kg) - - - - 19,633 2

-/Age classes 4, 5, and 6 contained 43-56, 22-25, and 13-147 trees,
^-respectively.
-Coefficients of variation are in percent.
* = Significant at the 5% level.
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Table 7-39. Individual tree and family heritabilities and (parental +
family) gain estimates for biomass traits of sand pine.

Age 4 Age 6

*? "P Gain *? 4 Gain

(%) (%)

Stem Biomass .50 ± .32-/ .73 76 .55 ± .31 .80 34

Branch Biomass .09 ± .16 .32 27 .38 ± .27 .66 32

Total Biomass .63 ± .34 .88 79 .40 ± .28 .69 28

Stem Biomass Percent .07 ± .15 .23 4 .52 ± .30 .78 18

Wood Moisture Content .21 ± .45 .35 6 .58 ± .32 .80 13

Wood Specific Gravity .61 ± .55 .76 8 .38 ± .27 .66 5

Wood Heat Value - - - .22 ± .40 .37 1

Stem Wood Dry Weight - - - .53 ± .50 .68 32

— Standard error of heritability.

Table 7-40. Summary of sand pine progeny differences in Studies 13, 14,
and 15.

No. of

Prog. Age
(yrs)

Survival Height

Study-Test Mean Range
--(%)

Mean Range —
.~(m)—I—.

13 - Nelders 40 3 99.7 96.8-100.0 1.41 1.12-1.77*

- Selection 14 3 99.3 96.0-100.0 1.18 0.96-1.40

-Spacing 5 3 98.3 97.3-99.6 1.33 1.20-1.49*

14 - Nelders 37 2 95.3 85.7-100.0* 0.58 0.49-0.70*

- Selection 14 3 89.4 76.0-96.0 0.93 0.71-1.16*

-Spacing 5 3 73.9 57.8-83.1* 0.65 0.54-0.75

15 - Selection 31/ 3 87.0 66.0-99.0* 1.37 1.36-1.39

—Progeny = Geographic sources
* = Significant at the 5% level
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achieving high yields in biomass plantations. Progeny performance in
the Nelder's plots will be illustrative in regard to reaction to
planting density; at this time, due to the species relatively slow
growth, no differential responses of progenies to spacing are evident in
the Nelder's.

7.5.3. Biomass Properties •

Sand pine biomass properties differ somewhat from those of other
species (Table 7-15). Wood specific gravity is lower, and wood moisture
content is higher. Bark properties are neither better or worse than
other species on the average. Heat of combustion of wood, and bark is
comparable to other species, while that of branches and foliage is
slightly greater than others. On a whole tree volume basis, sand pine
biomass would be least desirable of the 15 species studied for energy
yield.

Within-tree variation for properties of 5- and 6-year-old sand pine
wood and bark was generally consistent (Table 7-41). Moisture content
of wood and bark increased with height, while specific gravity of wood
and bark decreased up the stem. Wood ash content was similar throughout
the stem of 6-year-old trees; wood heat value increased with stem height
after an initial drop from the basal reading (Table 7-42).

Wood density and moisture content do not appear to be influenced by
planting density. Based on the data collected from this investigation,
wood density seems to increase with age and the wood moisture tends to
decrease with age. Sand pine wood is usually low in resinous
extractives (the range of our determinations is between 0.008 to
0.034%), although a few trees with extractive-content exceeding 1% have
been observed. For this reason, the heat value of sand pine wood is not
likely to have a great change through genetical selection.

7.5.4. Productivity

Estimation of sand pine biomass productivity in high density
plantings is very tentative at this time. Observations made in this
project (the three high density stands summarized in Table 7-34, the
intermediate density stands presented in Table 7-37, and the young
stands covered in Table 7-40) provide only a few of the data points
needed to model yields. No other high density stand data were available
in the literature, and in fact few yield equations exist even for
pulpwood density plantations. However, the trends evident in our
studies and other sources permitted development of a realistic set of
equations.

Components of the model include:

1. A simplistic survival equation based on mortality observed in high
density Choctawhatchee sand pine plantings up to 17.5 years of age

Survival(%) = 100 - Age,



Table 7-41. Within-tree variation for wood and bark properties of slash pine and sand pine.

Meters Above Tree Base

0 ].2 2.4 3. 6

Wood Bark Wood Bark Wood Bark Wood Bark
Species
-Age SG MC SG MC SG MC SG MC SG MC SG MC SG MC SG MC

(g/cm3) (%) (g/cm3) (%) (g/cm3) (%) (g/cm3) (%) (g/cm3) (%) (g/cm3) (%) (g/cm3) (X) (g/cm3) (%)
-vl

Slash Pine

8 0.47 102 0.26 70 0.48 112 0.26 86 0.45 124 0.26 99 0.42 135 0.28 113
9 0.47 96 0.27 82 0.48 107 0.27 92 0.45 119 0.27 106 0.43 130 0.29 120
9 0.45 113 0.29 78 0.46 123 0.27 99 0.44 127 0.28 99 0.43 137 0.29 112

10 0.52 99 0.27 73 0.51 106 0.26 79 0.48 119 0.28 89 0.45 131 0.29 108
11 0.53 85 0.27 73 0.54 91 0.28 81 0.51 100 0.29 92 0.48 116 0.30 103

Sand pine
4 0.36 193 0.31 143 - _ _ _ _ _ _ —. „

5 0.36 184 0.31 130 0.33 213 0.25 215 0.34 223 0.24 293 — mm _

6 0.43 159 0.34 104 0.37 197 0.29 161 0.33 220 0.25 272 0.34 218 0.21 345
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2. A height predictive equation (Burns, 1972) based on age

Total height(m) = [- 0.9 + 2.791 Age - 0.0292 Age2][0.3048],
3. A DBH predictive equation (after Burns, 1972) based on age and stand

density

DBH(cm) = 2.54 [- 2.0 + 6.0 log1QAge - 0.00004 Age (Trees/Acre)],

and

4. A stem + bark dry weight equation from Taras (1980)

x x i ^ • u*/i ^ nn(- 0.97356 + 0.9872 log,nD2H)irn A„fi-,Total dry weight(kg) = [10v a10 'JL0.4536J.

Tree yield equations from our studies failed to cover the range of
DBHs and heights expected in operational sand pine biomass plantations
over a 25-year period as well as that of Taras (1980). For these
operating conditions, the equations in composite provide conservative
productivity figures of up to 8.4 metric tons/ha/year at age 20, below
that projected by Frampton (1981) for plantations using improved
genotypes.

7.5.5. Recommendations

In the short-term, Choctawhatchee sand pine is the best choice for
short-rotation biomass production on the sand hills of Florida and
elsewhere in the Southeast. No other species guarantees the survival
necessary for high productivity. Growth rates, while not as high as
those of other species on better sites, surpass what is currently
possible with others on these poor sites.

Management practices for sand pine are well-known for commercial
pulpwood production and need only slight modification, namely higher
planting density, for biomass systems. Fertilization seems unnecessary,
as indicated by results to date. Genetically improved planting stock
should be utilized in order to achieve high survival and growth.
Rotation length is uncertain but appears to be beyond 10 years.
Discussion in Section 8 outlines a proposed management scenario.

Several factors must be addressed in order to better predict and
achieve higher productivity. Studies which can provide growth data,
such as those established by this project, should be monitored over a
rotation period in order to develop yield models. Possible avenues for
increasing productivity - fertilization, planting density, and genetic
selection - all need fuller examination in order to identify the
management options which can be implemented.

7.6. Casuarina spp.

Three species of Casuarina, a genus native to the Australasian
region, have become naturalized in Florida. Naturalized stands occur
primarily in southern Florida from Lake Okeechobee southward and
northward along the two coasts to the vicinity of Titusville on the east
and Tampa on the west. Planted trees of _C. cunninghamiana occur as far
north as Perry, Gainesville, and Jacksonville.
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Table 7-42. Mean values of properties of biomass components of 4- to
6-year-old sand pine.

Property Age(yrs)
-Sample Height 4 5 6

Wood density (g/cm3) 0.36 0.36 0.43

Wood moisture (%) 194 184 159

Wood heat value (kj/kg)
- 0 m

-1.2 m

-2.4 m

-3.6 m

Wood ash content (%)

Bark density (g/cm3)

Bark moisture (%)

Bark heat value (kj/kg)

Bark ash content (%)

Foliage moisture content (%)

Foliage heat value (kj/kg)

Foliage ash content (%)

Branch heat value (kj/kg)

19,900
19,744
19,707
19,923

0.34

.31 0.31 0.33

143 130 104

20,930

2.06

214 203 217

21,847

2.18

19,628

Casuarina equisetifolia is virtually restricted to coastal areas on
well drained soils and is quite frost intolerant. Casuarina
cunninghamiana and _C. glauca occur on moister soils, can tolerate
periodic flooding, and have some degree of frost tolerance. Mature
trees are often left undamaged by severe freezes that kill seedlings
which are as much as two meters tall.

The three species differ in the degree of spontaneous root
sprouting that occurs. Casuarina equisetifolia does not appear to
sucker, although it will coppice, C. cunninghamiana suckers moderately,
and C. glauca suckers prol ificalTy, forming dense stands of sprouts
around individual trees. The latter two species can be vegetatively
propagated by stem cuttings. Casuarina equisetifolia and C.
cunninghamiana set heavy seed crops in Florida but C. glauca does not.
All three species can thus readily be propagated by either seed or
vegetatively.
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Casuarina trees normally form associations with an actinomycete,
Frankia spp., which results in the development of root nodules which are
centers for the fixation of atmospheric nitrogen. This increased supply
of available nitrogen is a decided advantage in Florida with its high
percentage of nitrogen poor soils. Although this apparently occurs
naturally, seedlings should be inoculated during the course of nursery
production to ensure nodulation prior to outplanting.

The wood of Casuarina also has favorable qualities. It is dense,
even in young trees, and the moisture content is relatively low.

7.6.1. Natural stands

Casuarina often occurs in relatively dense stands in favorable
situations in Florida. In an attempt to estimate the levels of biomass
production of unmanaged stands, plots were established and destructively
sampled in two stands, one in Dade County (Study 3) in a stand of C.
cunninghamiana, and one in Pinellas County (Study 20) in a stand oft.
equisetifolia. It was assumed that the yields on these naturalized
stands would represent baseline levels that could be exceeded through
the imposition of management techniques such as site preparation and
fertilization and through improvement of the genetic stock through
selection for superior growth and biomass characteristics.

The Study 3 stand was growing on very thin organic soil over
limestone in the eastern Everglades. Ten trees were sampled (Table A-4)
that were representative of the size trees one might expect to find in a
young biomass planting. The stocking, estimated at about 11,600 trees
per hectare, was based on distances from the sample trees to the nearest
neighbors in four quadrants. Regression equations for the three biomass
components are given in Table A-7.

The estimated age of the stand at five years is based on reports of
height increments of 1.5 m/yr as common (Fowells, 1965). Wadsworth
(1960) also reports that Casuarina in the tropics can reach a 16 m
height and 14 cm DBH after six years. Since the average tree height at
the Study 3 stand is 6.5 m, an estimate of five years seems reasonable,
resulting in a mean annual increment (MAI) of 11 mt/ha/year (Table
7-43).

The Study 20.stand of C. equisetifolia is growing on dredge spoils
that are nutrient rich (Tables 9-10 and A-19). Based on aerial photos
taken in November 1974 and May 1977, it appears that the stand was not
more than 7.5 years old when sampled in August 1980. Three 10 x 10 m
plots were established in the stand and all trees over 0.5 cm DBH were
tallied by DBH. A 10-tree stratified random sample of the combined
population was harvested and the data used to develop regression
equations for height, stem biomass, branch biomass, and foliage biomass
as a function of DBH (Table A-4). Based on the measurements and the
regressions, the stand was calculated to produce between 12.3 and 16.8
tonnes/ha/year of total dry biomass (Table 7-43). Even if the stand
were 10 years old the total dry biomass mean annual increments would
range from 9.3 to 12.6 mt/ha, an acceptable yield for a natural
unmanaged stand.
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Estimated productivity of natural Casuarina and
Melaleuca stands sampled in Studies 0, 3,. and 20.

Trees/Ha Age^

Dry Biomass

Species
-Study Bole

Branch +

Foliage Total MAI-/

(yrs) (mt/ha:)

Casuarina
-Study 3 11,600 5.0 45.3 9.8 55.0 11.0

-Study 20
Plot 1 11,400 7.5 97.8 27.5 125.3 16.7

Plot 2 11,600 7.5 77.6 15.1 92.7 12.4

Plot 3 5,400 7.5 88.4 " 37.6 126.0 16.8

Melaleuca
-Study 0/seedl •

Plot 1

ings
920,000 3.0 22.3 5.5 27.8 9.2

Plot 2 800,000 3.0 22.0 3.7 25.7 8.5

Plot 3 720,000 3.0 70.7 10.9 81.6 27.2

-Study 0/saplings
Plot 1 32,247 4.0 26.1 11.7 37.9 9.5

Plot 2 21,217 6.0 55.7 24.4 80.1 13.4

iyEstimated age.
— MAI = Mean annual increment.

7.6.2. Cultural practices

Our difficulties in establishing plantings have taught us a great
deal about the culture of Casuarina. We had assumed from the virtually
weed-free condition of many of the established stands of Casuarina that
it was a strong competitor. This is certainly not true in the seedling
stage of growth. At the Study 7 site, weed competition, particularly
from grasses and sedges, has virtually eliminated Casuarina in areas
that had been fertilized near the time of planting. Survival was better
in areas that had received no fertilizer, due primarily to the reduced
growth of the competing weeds. Weed control, whether through mechanical
or chemical means, is thus an imperative for stand establishment.

Site requirements and preparation techniques for Casuarina may vary
with species. Casuarina equisetifolia is the most frost sensitive,
prefers drier soils, and tolerates some salinity. It would therefore be
the species of choice for southern beach ridge areas that are
susceptible to salt spray. Casuarina glauca and _C. cunninghamiana both
have some degree of frost tolerance, particularly al larger trees,
existing as planted trees in northern Florida, although as seedlings up
to two meters they are easily killed by frosts. They both tolerate
fairly wet soil conditions and seem to grow quite satisfactorily on acid
or slightly alkaline soils.
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Existing planted or naturalized Casuarina trees that we have
examined usually have root nodules in abundance. Our field observations
indicate that phosphorus fertilizers may be necessary at planting for
development of root nodules. McCluskey (1982) reports that "Unless the
soil or potting media are very acid, liming to moderate pH will not
improve growth or nodulation as Casuarina grow and form effective root
nodules in media as acid as pH 4.3." Nodule formation and development
will, however, be retarded by the presence of abundant nitrogen in soils
or potting media. Thus, if nodulation is to be achieved in the nursery,
nitrogen availability must be kept low.

Our seedlings, which generally have not been well nodulated, have
shown dramatic growth responses to nitrogen fertilizers, especially
sewage sludge, applied six months after planting (Table 7-44). Survival
generally was not good due to weed competition but was worst following
pre-planting application of phosphorus. Under this regime, weed growth
was very good, and most Casuarina were killed. Survivors, however, did
grow quite well, averaging one meter tall. Addition of 50/50 nitrogen
(N) and phosphorus (P) six months after planting was apparently not
enough to enable the seedlings to outgrow the weeds, and they did no
better than the unfertilized plots. Height growth response to the
addition of the nutrient rich sewage sludge (3.86% and 2.26% N and P;
Table 5-5) was dramatic. Since the effective rate of fertilization in
the sewage sludge applications is 565/330 and 1,130/660 kg/ha of N and
P, the growth response is not surprising.

The growth response of the Casuarina is also reflected in the
foliar N concentrations (Table A-iTT RTgh values for foliar N were
also seen in Studies 16 and 20 which had high levels of soil N (Tables
A-18 and A-19) or P (Tables 9-10 and A-19). Presumably when Casuarina
is established and well nodulated, as in Study 20, it supplies
sufficient nitrogen for its own growth.

For our later replantings of Casuarina, we have found that the most
convenient way to inoculate seedlings is through the use of root nodules
collected from existing stands of trees. The nodules are usually most
abundant near the surface of the soil and within two meters of the
trunks of the trees. Fresh or dried nodules can be finely ground and
mixed directly (1:100) with the medium in which the seed will be sown
(McCluskey and Fisher, 1983).

If seedlings are already containerized, finely ground nodules can
be mixed with water in a 5% weight/weight suspension. The seedling
containers should then be immersed in this mixture for at least a minute
or as long as it takes for the soil to become saturated. We used this
method two months prior to outplanting and 50% of the seedlings had
visible nodules at outplanting.

Beds of 30 cm height are required in the poorly-drained flatwoods
soils to provide well-aerated rooting space for the tree seedlings.
Accelerated water use and especially crown interception subsequently
will lower the water table sufficiently to provide for reasonable
growing conditions at later stages of development. .



Table 7-44. Response of Casuarina and Melaleuca to nitrogen (N) and phosphorus (P)
fertilizers and sewage sludge (S).

1.4 Yeair Height 1.4 Year Survival 1.4 Yeair Weight

Study
-Species Treatment Mean

(cm)

Vs.

Control

(%)

Mean

(*)

Vs.

Control

(*)
Mean

(mt/ha)

Vs.

Control
(kg/ha) (%)

Study 7
-Casuarina 0 1/50 P±'

50 N/50 P-1 -.
S(565 N/330 P)-'.
S(1,130 N/660 P)-'

57.0

98.4

60.3

90.1

163.3

+73

+6

+58

+ 186

71

33

61

61

75

-53

-14

-14

+6

_

-

Study 8
-Melaleuca 0 1/50 P-'.

50 N/50 P-7

107.5

113.7

126.3

+6

+ 17

78.6

81.6

72.2
+4

-8

0.12

0.13

0.21

+8

+75

^Ground rock phosphate (0-9-0) applied prior to planting.
-^Ground rock phosphate (0-9-0) applied prior to planting and pelletized urea (45-0-0)
— Applied nine months after planting.
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Weed control by thorough site preparation, bedding, and timed
herbicide application is a requirement for stand establishment.
Containerized seedlings averaging 30 cm height provide for a good start
when planted during late spring. Disease controls against Phytophthora
spp. and Clitocybe spp. are necessary to prevent damage occurring in
local spots.

Site amendment with 150 mt/ha coal-ash on acid flatwoods soils
brings the soil pH up to 5.5 for good growing conditions, but also
creates better conditions for root disease organisms. Growth of a small
plantation on coal-ash amended soil at the Study 28 site averaged 1.7 m
height after 18 months (maximum 3 m height) while the plantation on the
untreated control was about one meter tall. This growth response was
similar to that of the sewage sludge treatments (Table 7-44).

7.6.3. Genetic variation

Casuarina species may be compared based on performance in Studies
7, 21, 23, 28, and particularly Study 16. Meaningful differences within
each species are less easy to document due to failure of all studies
involving Casuarina except Study 16 and 28. A limited comparison may be
made based on phenotypically selected trees.

The 26 Casuarina trees selected in south Florida were similar in

size (Table 7-45). All trees were chosen based on good stem form, small
crown/branches, and apparently good vigor. General size of the trees
indicates the stature that C_. cunninghamiana and C. equisetifolia can
attain, with one specimen being 28.7 m tall and 37 cm in DBH. North
Florida trees were selected because they had survived freezing
temperatures rather than for form characteristics. All were landscape
or fenceline trees and had typically been pruned at some point. Sizes
were thus not considered relevant.

Study 16 provided comparisons of three species for cold tolerance,
growth, and possibly competitive ability (Table 7-46). After six
months •, survivals of C. cunninghamiana, C. equisetifolia, and C. glauca
were similar, with C. equisetifolia being the only species to exceed 90%
survival at both planting densities. Following the winter of 1980-81,
which was typically mild for Belle Glade in that temperatures were only
slightly below freezing for limited periods, C. equisetifolia survival
dropped to 62% at the higher density and to 1% in the lower density,
which may reflect poorer ability to compete with other vigorous invading
vegetation as well as lesser frost-hardiness. Casuarina cunninghamiana
was intermediate in cold tolerance, and _C. glauca maintained a better
than 90% survival rate in the denser planting in addition to having a
somewhat greater tree height.
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Table 7-45. Summary of average heights and DBHs of Casuarina and
Melaleuca select trees.

No. of

Trees

10

8

25

Height DBH

Mean

23.1

20.2

Range Mean

22

19

Range

C. cunninghamiana
-southeast Florida

-southwest Florida

-north Florida

-(m)

16.8 - 29.6

15.6 - 23.2

-(cm)

13 - 37

14 - 23

C. equisetifolia 8 21.5 13.9 - 31.4 19 11 - 32

M. quinquenervia
-southeast Florida
-southcentral Florida

-southwest Florida

17 8.2 5.2 - 13.4 15 6 - 27

5 23.2 15.0 - 29.3 28 22 - 44

16 11.5 6.4 - 15.9 16 8 - 25

Table 7-46. Performance of Casuarina cunninghamiana, Casuarina
equisetifolia, Casuarina glauca, and Taxodium distichum
in Study 16.

Species

C. cunninghamiana

C. equisetifolia

C. glauca

T. distichum

1,600 Trees/Ha 10,000 Trees/Ha

Age Survival Height
(m)

DBH Survival Height
(m)

DBH

(mos) (%) (cm) (%) (cm)

6 84' _ _ 89 — _

12 45 1.8 - 80 2.1 -

31 - - - 7 - -

6 94 1.6 _ 96 1.6 _

12 1* 1.8* - 62 1.7 -

24 0 - - 0 - -

6 85 _ _ 94 _ _

12 70 1.7 - 92 2.5 -

24 45 2.6 3.8 75 4.7 4.1

31 60* - 6.7* 74 5.6* 5.3

6 76 _ . 90 _ _

12 50 0.7 - 81 1.5 -

24 27 2.0 1.8 72 2.8 2.8

31 17* - 4.8* 73 - 4.4

* Mean of one replication; all otlier means based on five replications,
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The winter of 1981-82 was devastating; no C. equisetifolia trees
survived and mortality in _C. cunninghamiana was high. Survival of C.
glauca was reduced to 75% in the 10,000 trees/ha density and has
essentially remained constant through an additional winter. Coupled
with the frost susceptibility C. cunninghamiana and C. equisetifolia
exhibited in Study 7 and the relative frost tolerance of C. glauca in
Studies 21 and 28, C. glauca appears to be the most frost hardy species.

The _C. glauca seedlot in our studies, however, may not be truly
representative of the species. "Casuarina glauca" trees in Study 16
ranged considerably in traits used to classify Casuarina species, and
seed sizes in the originating bulk lot also varied. The seed supplier
subsequently confirmed the possibility of hybrid trees by indicating
that the seed had been collected from C. glauca mother trees in close
proximity to stands of C. cunninghamiana, C. equisetifolia, C_. stricta,
and C. torulosa. As we have observed in Florida, and others elsewhere
(Badran and El-Lahany, 1977), therefore, characterization of Casuarina
species performance must be done cautiously since seed purities are
uncertain due to possible hybridization.

Early survival in Study 7 indicated variation between and within
species (Table 7-47). Under the hot, dry conditions that followed
planting, C. equisetifolia surpassed C. cunninghamiana, as would be
expected given the species' preference for dry, sandy sites. Further,
the eight progenies of C. equisetifolia were more similar, as only one
progeny of eight had a survival rate below 90%. By comparison, only six
of 17 C. cunninghamiana progenies met this standard.

Table 7-47. Summary of variation observed within Casuarina species.

Study/Trait No. of
-Species Age Prog. Mean Range

(mos) ~T%T {%)

Study 7/Survival
C. equisetifolia 3 8 95 84 - 100
C. cunninghamiana 3 17 83 67-96

Study 23/Survival
C. equisetifolia 6 1 11
C. cunninghamiana 6 8 34 18-46

In Study 23, an inadvertent species comparison as well as variation
within northern selections of C_. cunninghamiana was noted (Table 7-47).
The one C. equisetifolia withstood low temperature very poorly, whereas
after six months C. cunninghamiana had three times greater survival. A
sizeable range was seen among the eight C. cunninghamiana progenies,
with four progenies exceeding 40% survival.
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7.6.4. Biomass properties

Information concerning the properties of Casuarina biomass
components is quite limited. According to early Australian literature
(Swain, 1928), _C. equisetifolia is primarily a fuel wood. It described
that the wood is heavy and dense, burns well, and gives a great heat.
Some wood and bark properties of the test materials sampled from
southwestern Florida are presented in Table 7-15. One outstanding
feature of these results is the very high value for wood density which
is comparable with that of some heavier woods such as oaks. Results of
a detailed study of the wood properties of C. equisetifolia are
presented in Table 7-48. These data suggest: 1) wood density is
greater at the lower portion of larger trees, and larger trees tend to
have higher wood density at the same stem position; 2) no within-tree
variation in wood density for smaller trees; 3) moisture contents, both
for wood and bark, increase from the base to the top of the stem, and
smaller trees contain more moisture; 3) no variation in the heat values
of woods; 5) younger bark tissues have lower density but they have
higher values for heat of combustion.

The effects of tree age and growth rate on wood and bark properties
can be seen in Table 7-49. The young C. equisetifolia of Study 20 have
lower wood densities and higher bark densities, wood moisture content,
and bark moisture content than the older, larger trees in Table 7-15.
The young, rapidly growing C. glauca of Study 16 are considerably less
dense and have a much higher wood moisture content than _C.
equisetifolia or the C. glauca of Table 7-15. We are apparently
sacrificing density to obtain rapid growth.

_C. equisetifolia and C_. cunninghamiana tend to be higher than C_.
glauca for specific gravity in stemwood and heat of combustion of
stemwood, stembark, foliage, and branches. _C. glauca stembark was
slightly higher than stembark of the other Casuarina species.

In comparison to the other species, the Casuarina spp. were denser
and had less moisture in stemwood and stembark. Compared to the
eucalypts, the magnitude of the differences was as much as 50%. Heat of
combustion of the Casuarina components was slightly less than those of
other species, but in terms of total energy value of trees of the same
size, a Casuarina tree will have appreciably higher energy content than
a Melaleuca or Eucalyptus.

7.6.5. Productivity

One opportunity to estimate the biomass productivity of Casuarina
from the time of planting was provided by C. glauca in Study 16 (Table
7-46). At the higher density, 7,400 treesTha constituted the stand at
31 months, with individual trees in the stand averaging over five meters
in height and five cm in DBH. The average tree green weights were 12.4
and 8.8 kg for stem and branches plus foliage, respectively, which using
a moisture content of 180%, corresponded to dry weights of 4.4 and 3.1
kg. Per hectare biomass developed from these data amounted to 32.6 dry
tonnes of stemwood and bark and 22.9 dry tonnes of branches and foliage.
Annual biomass accumulations were 21.5 dry tonnes/ha of total biomass
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Selected wood and bark properties of Casuarina
equisetifolia in Study 20.

1/
Stem Position—'

Property DBH

(cm)

No. of

Trees Basal BH 1/4 H 1/2 H 3/4 H

Wood Density
(g/cm3) 5

5-10

10

4

4

2

0.58

0.68

0.69

0.57

0.66

0.69

0.57

0.66

0.68

0.58

0.64

0.65

0.57

0.57

0.61

Wood Moisture

(%) 5

5-10

10

4

4

2

95

72

70

98

80

74

100

79

76

99

82

79

104

88

86

Wood Heat Value
(kj/kg) 5

5-10

10

4

4

2

18,401
18,472
18,443

18,514
18,769
18,656

18,702
18,769
18,786

18,568
18,845
18,543

18,288
18,673
18,870

Bark Density
(g/cm3) 5

5-10

10

4

4

2

0.35

0.40

0.49

0.48

0.45

0.48

0.47

0.46

0.43

0.33

0.44

0.48

0.35

0.49

0.38

Bark Moisture

(%) 5

5-10

10

4

4

2

195

132

129

190

142

137

217

149

145

213

154

149

205

167

171

Bark Heat Value
(kj/kg) 5

5-10

10

4

4

2

18,493
18,091
18,196

19,180
18,179
18,208

18,828
18,171
18,121

18,841
18,418
18,284

19,104
18,610
18,631

-^Basal = Stem base; BH = Breast height; 1/4 H = 1/4 height;
1/2 H = 1/2 height; 3/4 H = 3/4 height.

and 12.6 dry tonnes/ha of stems. This rate of stem biomass ranks _C.
glauca at the 10,000 trees/ha planting density third behind the 23
tonnes of _E. grandis and the 13 tonnes of _E. robusta at the Belle Glade
site.

7.6.6. Recommendations

The past three unusually severe winters in south Florida, including
a hard freeze in January 1982 when temperatures .dropped to -8°C for two
consecutive nights, have indicated limited potential for Casuarina.
However, an examination of weather records demonstrates the extreme
severity of the January 1982 freeze. During the period from 1890 to
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Table 7-49. Comparison of wood and bark properties of 7.5-year-old
Casuarina equisetifolia with 2.5-year-old Casuarina glauca.

C. equisetifolia C. glaucaProperty

Wood Density

Bark Density

Wood Moisture Content

Bark Moisture Content

DBH

(cm)

0-5

5-10

0-5

5-10

0-5

5-10

0-5

5-10

•(g/cm3)-

(%)•

0.57
0.66

0.48

0.45

98

80

190
142

0.42

0.37

0.36

0.36

157

183

158

179

1930, which included a number of very severe winters in the 1890's, the
lowest temperature recorded at Tampa on the Gulf Coast, 160 kilometers
northwest of Study 7, fell only to -7°C (US Weather Bureau, 1933). From
1937 to 1967 (Johnson, 1970), which includes the very severe freeze of
1962, temperatures fell below -4°C only once at Studies 7 and 8 and
never fell below -6°C. The occurrence of two consecutive nights of -8°C
at these locations can be said to be virtually unprecedented. The death
of seedlings and small saplings of Casuarina is therefore not surprising
but the continuing presence of nearly undamaged productive, unmanaged
natural stands and the desirable biomass qualities of the tree do make
it an attractive candidate species.

Two avenues of research should be followed at this time. First,
screening for frost resistance should continue within the species
already in Florida and in additional species in the genus. Second,
although the work of McCluskey (1982) has contributed a great deal to
our knowledge about the conditions necessary for good nodulation, we
still need to know more about the nursery techniques necessary to
produce effective nodulation and a vigorous seedling in an acceptable
time period. In addition, we need to know more about the interaction of
soil pH and nutrient concentrations on the functioning of nodules in the
field.

7.7. Melaleuca quinquenervia

7.7.1. Natural stands

Melaleuca quinquenervia was introduced into south Florida in the
early 1900's and since then has greatly increased in abundance,
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especially in recent years, due to its ability to invade disturbed sites
such as drained wetlands. It is currently estimated from aerial surveys
(Cost & Craver, 1981) that Melaleuca occurs on 186,000 ha in the 10
counties in south Florida. Of this total, 16,000 ha are occupied by
pure stands. Woodall (1981) states that "few of our inland natural areas
are truly immune from Melaleuca invasion."

Melaleuca establishes most readily on periodically flooded sites
and appears to achieve its best growth on these sites. Once
established, however, it is able to persist on a wide variety of sites,
from continuously flooded to quite dry, from sands to organic mucks.
The trees are prolific seed producers, fire adapted (Wade, 1981),
coppice well when cut, and are frost tolerant. During freeze, branches
of large trees are frozen back to varying degrees depending on the
severity of the freeze. Small seedlings may be killed by hard freezes
but more commonly small seedlings and saplings are frozen to the ground.
New sprouts subsequently develop from below the ground line. A seedling
of Melaleuca accidentally planted at Study 9 in north Florida in August
of 1980 has survived two winters with temperatures as low as -12°C.

Melaleuca is known as an invader species and is often reported to
be a fast grower. Various authors (Morton, 1966; Myers, 1976; Meskimen,
1962; Duever et al., 1979) report growth rates ranging from 12 cm/yr on
poor sites to 169 cm/yr on good sites. Increments of Im/yr were not
unusual. Under favorable conditions Melaleuca does form incredibly
dense stands that virtually exclude other plant growth. In order to
measure the standing crop of these stands and estimate biomass
production we initially sampled a number of natural stands in south
Florida.

In August of 1978 several small plots were located in a large stand
east of Ft. Myers in Lee Co. (Study 0). Soils are primarily sandy and
periodically flooded. In an area containing Melaleuca seedlings three
counts were made of all seedlings contained in a 0.5 x 0.5 meter
quadrat. Seedlings were measured, leaves and stems collected, dried at
70°C, and weighed. The results are shown in Table 7-42.

Even if this stand is assumed to be four years old, which is not
likely given the reported growth rates on medium to good sites, the
average annual increment of this unmanaged stand is 11 dry metric tons
per hectare.

Two plots were also established in portions of the stand containing
slightly larger trees. In each case, 12 trees were measured and the
distances to the nearest neighbors in the four quadrants taken. The dry
weights of the bole and crown components were determined for each tree
and the number of trees per hectare calculated. The results are shown
in Table 7-42. As was the case with the seedling plots, the MAIs are in
the range of 10 mt/ha or greater.

Based on the measurements from these trees and others measured in
south Florida, regression equations were developed that would allow the
estimation of dry weights of bole, and branch plus foliage components
from DBH measurements of small Melaleuca trees (Table A-7).
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In March of 1979, ten 5 x 5 m plots were established in stands of
Melaleuca, five in Study 5 and five in Study 6. From the plots we
intended to determine the standing biomass of the Melaleuca stands and
the rate of coppice regrowth after felling. Diameters breast high and
heights for all trees on each plot were recorded and the trees felled at
the ground line. Fresh and dry weights of leaves, branches, and boles
were determined for a 10-tree stratified random sample from each plot.
The stumps of the 10 sample trees on each plot were tagged in an attempt
to determine relationships between tree size and coppice production and
growth. All trees within three to five meters of each plot were felled
to reduce shading effects. Regression equations were developed for each
plot to determine the standing biomass of the plot. Biomass yields are
given in Table 7-50; regressions are given in Table A-7.

In March of 1980 the plots were revisited. For each tagged stump
that could be relocated, the number of coppice shoots and the height of
the tallest shoot was recorded. In addition, from 20-50% of the
original plot was harvested and the fresh and dry weights of boles and
crowns were determined. Coppice yields are shown in Table 7-50.

Relationships of coppice production of the tagged stumps were not
straightforward. The number of coppice shoots per stump was not related
to the DBH of the harvested tree. There was a weakly negative (Figure
7-5) but significant (p<0.5) relationship between coppice height and
the DBH of the harvested tree as smaller stumps tended to produce taller
coppice sprouts. There was a stronger positive relationship between
coppice height and number of shoots per stump (p <0.1), indicating that
stumps with several coppice shoots often had taller shoots (Figure 7-5).
This apparently is an indication of the general vigor of the stump. In
terms of coppice biomass, the yield of the coppice crop one year after
harvest was not significantly related to the biomass of the original
stand.

In March of 1981, the Study 6 plots were revisited but the Study 5
plots had been destroyed by suburban growth. As before, 20-50% of the
original plot was harvested and the fresh and dry weights of boles and
crowns were determined. Coppice yields for the two year old regrowth is
shown in Table 7-50. Contrary to expectations the MAI after two years
of regrowth was not higher than that after one year of regrowth. This
may be due in part to site quality since casual observation of nearby
areas that were cut and fertilized indicate that regrowth is
substantially greater when fertilized. In addition, the foliar nutrient
concentrations of the Study 5 coppice crop, which was larger than the
Study 6 crop, show higher values of P (Table A-10). Higher foliar P
levels in Study 5 may indicate more soil P. Foliar concentrations are
the same for one- and two-year-old coppice at the Study 6 sites. Other
observations of our coppice plots reveal that coppice regrowth of the
trees that were felled in the plot borders is greater than that of the
trees within the plot. This appears to be related the fact that trees
in the plot were cut near the ground line while border trees frequently
had stump heights of 15 cm or more. This same relationship of sprouting
to stump height was reported for swamp tupelo (Nyssa sylvatica) by Hook
and DeBell (1970).
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Table 7-50. Productivi

and 6.

ty of Melaileuca coppice eva uated in btudies 5

Original Stand MAI of Coppice Stand

Study Mean

-Plot DBH

(cm)

Stems/Ha Dry Biomass

(mt/ha)

First Year Sec<

(mt/ha)

Dnd Year

Study 5
1 5.5 23,600 112.3 4.4 -

2 6.6 20,000 119.2 5.3 -

3 7.0 11,600 71.0 2.0 -

4 5.4 29,200 112.0 4.4 -

5 10.4 11,200 199.8 3.6 —

Study 6
11 6.6 12,000 93.8 2.2 3.3

12 6.0 16,000 94.7 2.4 1.7

13 2.0 158,000 45.0 0.6 0.6

14 6.0 36,800 158.4 8.1 6.9

15 6.2 25,200 132.7 0.6 1.4
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Figure 7-5. Relationship of height of Melaleuca coppice shoot to a) DBH
of harvested tree, and b) the number of shoots per stump
(N = 80).
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7.7.2. Planted stands

Two stands have been established: Studies 8 and 16. The plantings
at Study 8 have been damaged by wild hogs, freezing temperatures, and
heavy equipment operators, but parts have been replanted. Some
information is available from the originally planted fertilizer plots
and the replanted selections. Survival and height growth reponse of the
fertilizer plots after one year are shown in Table 7-44.

There is a slight height growth response to fertilizer additions at
the Study 8 site. There is also a distinct response in foliar and soil
concentrations of P which are maintained after 3.4 years on ground rock
phosphate treatments (Tables 9-10 and A-19). At Study 16 the
concentration of soil P is four times that of Study 8 control plots
(Tables 9-10 and A-19) and the foliar P levels are higher than those of
Studies 5, 6, or 8 (Table A-10). The concentration of soil N at Study
16 is 100 times that of Study 8 and the foliar N levels are higher than
those of Studies 6 or 8. If the foliar nutrient concentrations at
Studies 8 and 16 are compared with those from the coppice plots (Table
A-10), it is clear that the relatively poor coppice regrowth may indeed
be due in part to low nutrient availability.

7.7.3. Cultural practices

Since Melaleuca is a notoriously weedy species we did not employ
intensive site preparation methods for stand establishment. The only
level of intensity tried was double chopping with no additional weed
control measures. Early indications were that Melaleuca did not
tolerate the rapid growth of herbaceous weedy competition as well as
expected. Later observations indicated that although the weeds did slow
growth and probably caused some mortality, the trees were establishing
and beginning to grow well. It appears that while Melaleuca might
respond favorably to energy-intensive site preparation it can be
successfully established with a low level energy input. The dramatic
growth rates initially observed at Study 16 are due partly to weed
control and partly due to the greater supply of nutrients. Certainly
some degree of weed control would be advantageous in the initial growth
stages of stand establishment. Inspection of the data from Study 8 and
Study 16 indicate that low level fertilization with N and P would
improve growth.

In practice, current utilization of Melaleuca in Florida would more
likely be based on the existing natural stands than on any planted
stands. Current social and political climate would probably preclude
any large scale plantings. Cultural practices involved in coppice
management of natural stands are not well defined. Our preliminary work
in natural stands in Studies 5 and 6 has not shown particularly
impressive coppice yields. We feel that these yields could be improved
by leaving a 15 cm stump, fertilization of plots after harvesting if
indicated by soil analysis, and timing of cut. Additional research on
Melaleuca is necessary to determine if coppice production is as
sensitive as that of Eucalyptus to seasonality of harvest.
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7.7.4. Genetic variation

Variation within the Melaleuca population in Florida was studied by
comparison of selected parent trees and by performance of their
progenies established in Studies 8, 16, and 18. With the exception of
Study 16, progeny data permit only preliminary conclusions.

Phenotypic selection of parent trees was based on columar stem
form, exceptional straightness, and above average size in comparison to
check trees in the immediate vicinity. Trees selected from southeast
and southwest Florida were similar in DBH, but the southwest trees were
slightly taller (Table 7-45). The five trees selected from the west
shore of Lake Okeechobee in south central Florida, an ideal habitat for
Melaleuca, were considerably larger.

Progenies of these three sources were similar after five months in
Study 8, as the survival averages were 93, 95, and 94 respectively, for
southeast, southwest, and south central areas. Overall, only three of
the 38 progenies in total had less than 90% survival. Most progenies
had more than 94% survival.

A pronounced variation in height among the progenies in Study 8 was
noted by age 1.4 years with mean height ranging from 0.7 to 1.3 m (Table
7-51). Progenies that ranked high in the selection test tended to rank
high in the Nelder plots as well.

Table 7-51. Summary of performance of Melaleuca progenies
planted in Studies 8, 16, and 18.

Study
-Test

-Trait Age
(mos)

No. of

Prog. Mean Range

Study 8
-Survival (%)
-Height (m)

5 38

38

94

0.7

79-100

Study 8
-Nelders

-Survival (%)
-Height (m)

17 32

32

91

1.0

83-98

0.8-1.3

-Selections

-Survival (%)
-Height (m)

19

19

85

1.0

64-100

0.7-1.3

Study 18
-Survival (%)
-Height (m)

28 25

25

69

1.4

0-92

0.0-1.8
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Greater variation among progenies in both height and survival was
seen in Study 18. All progenies had been severely frozen back in both
winters covered by the Study. After 2.3 years survival of the 25
progenies ranged from 0-92% and height ranged from 0 to 1.8 m (Table
7-51). Clearly there is abundant genetic variation within the naturally
occurring stands, and the potential for increasing growth through
progeny screening is high.

7.7.5. Biomass properties

The fuel quality of this species was evaluated extensively (Table
7-52) and some information on the properites of Melaleuca materials has
been published (Wang et al., 1981a). The average heat value (kj/kg) of
Melaleuca wood, bark, terminal branches, and foliage were 18,422,
25,791, 19,301, and 20,139 respectively. The heat of combustion of
Melaleuca bark is unique because it is comparable with that of some
coals aT 25,000 kj/kg, the highest figure yet determined for tree
material. The densities (g/cm3) of stemwood and stembark are
approximately 0.51 and 0.19 respectively. The green moisture contents
averaged 114% for stemwood and 131% for stembark. The average ash
contents of stemwood and stembark are 0.7% and 2.7% respectively.

There was no significant within-tree variation in the heat values
of Melaleuca wood. However, the heat values of Melaleuca bark did show
some variation (Table 7-52), but the variation patterns were not
consistent. The axial variation in wood density was limited, but a
general vertical trend (an increase from the base to the top of the
stem) was shown for bark density (Table 7-52). Moisture contents, both
wood and bark, (Table 7-52) varied significantly within trees, but there
was no evidence to give a general pattern for such variation.

The amounts of extractives in the Melaleuca were also investigated
(Wang and Huffman, 1982), and their influences on the heats of
combustion are summarized in Table 7-53. The results indicate that the

unique heat of combustion of Melaleuca bark is due to the presence of a
great amount of extractives in the bark, particularly non-polar
extractives.

The geographic and phenotypic variations in some properties of
Melaleuca materials were also evaluated (Wang et al., 1983). The data
collected from this study suggest the fuel quality of Melaleuca stemwood
and stembark varies significantly among trees. The values of stemwood
sampled from Atlantic coast regions are not significantly different from
those from Gulf coast areas, but the stemwoods sampled from Gulf coast
areas are denser than those from Atlantic coast regions, and trees in
Gulf coast areas contain less water than those in Atlantic coast
regions. Heats of combustion fluctuated greatly among trees within the
test plots.

7.7.6. Recommendations

To establish stands of Melaleuca, we recommend fairly intensive
site preparation to achieve initial control of weeds. On nutrient poor
sites, applications of N and P fertilizers at rates of 50/50 or 100/50
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Table 7-52. Selected properties of Melaleuca wood and bark as influenced by geo

graphic location and stem position from Study 0.-

Lee County Trees Dade County Trees

Tree Breast 1/2 3/* Tree Breast 1/2 3/*
Property Base Height Height Height Base Height Height Height

•(Wood)

Heat of

Combustion

(kj/kg) 18,657 18,498 18,657 18,636 18,1*6 18,2*7 18,18* 18,356

Density

(g/cm3) 0.52 0.5* 0.55 0.55 0.*3 0.*8 0.51 0.52

Green

Moisture

Content (%) 106 111 99 97 157 125 111 105

•(Bark)

Heat of

Combustion

(kj/kg) 25,825 25,821 2*,967 2*,059 26,022 26,939 26,5*1 26,152

Density

(g/cm3) 0.12 0.15 0.19 0.22 0.07 0.06 0.20 0.22

Green

Moisture

Content (%) 179 115 11* 120 185 116 107 111

- Mean value of five trees, three replications per each stem position.

once the seedlings begin to establish would be preferred to achieve the
initial rapid growth of the seedlings. Spacings of 1 x 1 meter or less
enable Melaleuca to quickly dominate the site and control weed growth
through competition.

We feel that it is much more likely that existing stands will be
utilized. Standing biomass in pure stands of Melaleuca is quite high
and initial harvesting of the more mesic areas could be carried out with
existing machinery. Harvesting in the wetter areas would be most
feasible in the drier seasons of the year and it is likely that would be
preferred for coppice production. We need to know more about coppice
regeneration of Melaleuca stands. We know from observation that they
sprout prolifical\y when frozen back, burned, pushed over or cut down,
but we do not have empirical information about response to seasonal
cutting. Natural stands are abundant enough in south Florida that
research on this point should be relatively easy to carry out. The
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Table 7-53. Calculated contribution of the extractives to the heat of
combustion of various biomass materials from Melaleuca
quinquenervia in Study 0.

Material

Extractive Type
-Content (%) NHV*

(kj/kg)
EHV*

(kj/kg)
EHV

(%)

Heartwood Ether (1.40)
Acetone (2.63)

18,791
18,335

557

1,013
2.88

5.24

Bark Ether(16.09)
Acetone(17.98)

17,678
17,062

5,640
6,255

24.19

26.83

Branch Ether(3.24)
Acetone(4.40)

18,335
18,197

1,244
1,382

6.35

7.06

Foliage Ether(12.91)
Acetone(20.13)

16,400
14,583

4,413
6,230

21.20

29.93

NHV = Nonextractives heat value; EHV = Extractives heat value.

response of coppice growth to fertilizer applications would also be of
interest but due to the periodically flooded nature of the stands, and
the concomitant difficulty of application of fertilizers, this research
would have lower priority. Research on seasonality of coppice, however,
can readily be carried out and has a direct bearing on any future plans
to utilize the existing stands. If these stands are to be utilized, it
would be advantageous to have the trees weakly or not at all seasonal in
their coppice response.

7.8. Alnus glutinosa

7.8.1. Cultural practices

European black alder has been grown successfully in many countries
and in the southeastern United States north of Florida (Goncalves and
Kellison, 1980). In Florida, summer planting of seedlings has resulted
in failure. Vigorous, inoculated trees well-conditioned for
transplanting were unable to survive in spite of intensive post-planting
care including watering and weeding. Winter plantings, on the other
hand, have been successful. Inoculation of seedlings of this
nitrogen-fixing species is easily accomplished in the greenhouse.

7.8.2. Genetic variation

First-year data from the successful winter planting suggests that
certain sources may perform well (Table 7-54). Of the 14 sources from
the southern part of the species natural range, five had survival above
54% and four averaged more than one meter in height. The best two
sources, with survival of 65 and 69% and heights of 1.1 and 1.2 m,
respectively, are from Iran, the extreme southeastern part of the
species range.
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Table 7-54. First-year performance of 14 Alnus glutinosa sources in
Study 31.

Trait Mean Range

Survival (%) 46 28-69
Height (m) 1.0 0.8-1.2

7.8.3. Recommendations

Much additional study is needed to establish Alnus glutinosa as a
biomass species in north Florida. While nursery propagation is
straight-forward, outplanting performance must be substantiated.
Longer-term evaluation of the sources that have so far done well is
needed in comparison to alternative species. Prospects for
intercropping or interplanting adapted sources of Alnus glutinosa with
other species should be explored.

7.9. Taxodium distichum

7.9.1. Productivity

Growth of J_. distichum through 31 months on the organic soils of
Study 16 is summarized in Table 7-46. Taxodium has not had the frost
damage incurred by the exotics in the study. After two years, trees
were slightly under three m tall and three cm in DBH. At the end of 31
months, average DBH was over four cm. As with the Casuarina species,
survival was better at 10,000 trees/ha than at the lower planting
density. This response in the more dense stand was due to less rabbit
browsing and no competition from other vegetation.

Harvesting of one replication of the 10,000 trees/ha density
provided an estimate of biomass production. At 2.5 years, 7,300 live
trees/ha are expected, with average tree green weights of 3.9 kg for the
stem and 2.8 kg for branches and foliage. Combined wood and bark
specific gravity and moisture content were 0.345 g/cm3 and 140%,
respectively. The total stand stem green weight of 28.5 mt/ha thus is
equivalent to 11.9 dry tonnes of wood and bark per hectare. Annual
productivity is estimated at 4.7 tonnes/ha, well below the levels for _E.
grandis, JE. robusta, and _C. glauca.

Coppicing of this harvested replication has been good. Of the 84
live trees on the plot at age 34 months, 96% showed signs of coppice
development after two months, \lery few of the abundant coppice buds had
developed into stems, but some stems were 0.3 m in length.

The bulk seed lot (a north Florida collection) used in Study 16 has
been extremely homogeneous, yery little variation among trees has been
observed for height and DBH at the 10,000 trees/ha density, although
such is often typical of response to high planting density. Stems are
straight and crown forms are compact with horizontal branching.



7-69

7.9.2. Recommendations

Taxodium distichum may have potential on drained organic soils and
wet sites when established at close spacing. To identify this
uccess? 1TtVnder%bJtehrf?eharCh.0n-CUltura? Pra'tiCeS is -"essVfsuccessful stand establishment in conditions other than thosp
represented in Study 16 is needed. Longer-term monitoring of existing
aso ated°Uvielde, ^"^Jn order to estimate rotation9 lengths nd
n"°^ated y'e]ds- Glven tne llf"ited genetic material evaluated in this
KS 'e*Knded sc^emng of T. distichum sources appears warranted tobuild upon the species' demonstrated merit. warrantee ro
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8. ECONOMIC/ENERGETIC EVALUATION

8.1. Management review of desirable species.

This section focuses on the effects that planting density, rotation
length, and management requirements have on the present net worth and
energy potential of short rotation woody biomass plantations (SRWBP).
Eucalyptus grandis is the species of primary interest for the
economic/energetic analysis. Slash pine and sand pine form the
secondary analysis of the study because the production (growth)
functions are estimated with secondary data sources characterized by
fewer trees per hectare. Current high density plantations are only
three years old.

Three years of growth measurements for Eucalyptus grandis and E.
robusta have been collected to date. With planting densities of 1,600
and 10,000 trees per hectare, the optimal rotation lengths should be
discernable from growth functions developed from the data. If
Eucalyptus -, which grows faster than the pines, fails to be
economically/energetically viable as a wood biomass energy source, then
the pines will also probably fail. The Eucalyptus then serve as an
example of our "best" SRWBP species. It is primarily the pines lower
management costs and extensive possible planting sites (Table 6-3) which
are the bases for their inclusion in this analysis.

8.1.1. Eucalyptus operations

The timing and complexity of SRWBP operations varies by species and
by broad soil type. Figures 8-1 and 8-2 demonstrate postulated
operations for Eucalyptus grandis on two different sites. The drained
muck soils encourage more rapid biomass production than that of the
sites which are seasonally wet. Also, the type of treatments required
and their timing differs between the two sites.

The drained muck soils are currently, for the most part, under
agricultural cropping systems. But because these soils must be drained,
the muck is being lost in some areas at a rate of approximately 2.5 cm
per year through subsidence and oxidation. In the long-run, the muck
will be lost unless it's moisture level is maintained.

A high-density plantation of Eucalyptus would provide a dense
canopy, both shading the soil from direct sunlight and maintaining a
microclimate with increased humidity at the soil level. Since heavy
equipment only requires entry to the site during the harvest operations
which occur once every two to four years, the water level could also be
maintained closer to the surface. The natural loss and decay of leaves
would also serve to return organic matter and nutrients to the site.
The hypothetical impact of SRWBP should result in a reduced rate of loss
of the muck soils or no loss at all.

Since the sites are already under agricultural cropping methods,
site clearing can be accomplished via disking operations. This prepares
the site by reducing any herbaceous competition. However, we have



-> Clear Site: (May-June)
-Double Chop
-Burn

8-2

Bed Site:

Apply Fertilizer
50 kg/ha of

(just before planting)
P as triple-superphosphate

Plant Site: (June-August)
1,600-10,000 trees/ha

(approx. 2-4 years)

Harvest Stand: (January-February)
Yields of approximately 23 dry metric tons/ha/year for stands
planted at 10,000 trees/ha and yields of 12 dry metric
tons/ha/year for stands planted at 1,600 trees/ha have been
reported.

(approx. 2-4 years)

Harvest Stand: (January-February)
Yields approximately 10-15% higher than the original harvest
are expected.

(approx. 2-4 years)

Harvest Stand: (Early Summer)
Yields are expected to be the same as the previous harvest.

Figure 8-1. Management scenario for biomass plantations of Eucalyptus
grandis on drained muck soils.
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-> Clear Site: (May-June)
-Double Chop
-Burn

Bed Site:

Apply Fertilizer: (just before planting)
50 kg/ha of P as triple-superphosphate is required.
100 kg/ha of nitrogen has been shown to increase output by 50%
and is therefore optional.

Plant Site: (June-August)
1,600-10,000 trees/ha

(approx. 2-5 years)

Harvest Stand: (November-March)
Yields of approximately 14 dry metric tons/ha/year for stands
planted at 10,000 trees/ha.

(approx. 2-5 years)

Harvest Stand: (November-March)
Yields approximately 10-15% higher than the original harvest
are expected.

(approx. 2-5 years)

Harvest Stand: (Summer Months)
Yields are expected to be the same as the previous harvest.

Figure 8-2. Management scenario for biomass plantations of Eucalyptus
grandis on seasonally wet sites.
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assumed a more intensive form of site preparation (chopping plus
bedding) to reflect stand establishment operations likely in the
longer-term. Fertilizer is added in the form of triple-superphosphate
to overcome phosphorous deficiencies. The muck is rich in other
nutrients and no additional fertilization should be required.

The optimal planting density and rotation (growth) period has been
estimated from planting densities of 1,600 to 10,000 trees per hectacre
to be a two- to four-year rotation length. Production should range
between 12 to 23 dry metric tons per hectare per year.

The timing of operations substantially influences the annual
average production. Planting the original stand requires that the heavy
equipment enter the site during the summer months (May-August). Since
the sites are already engineered to be drained, soil water levels should
not hinder these operations. Site preparation and planting during the
summer will provide the seedlings time to become established under
optimal growing conditions.

The timing of the harvest/coppicing also has a major impact on the
productivity realized from the SRWB plantations. Early studies have
demonstrated near complete failure of stand regeneration through
coppicing following a harvest during the warm months of the year.
Therefore, harvest operations should' only occur during the.winter months
(January-February).

The scheduling and type of operations for Eucalyptus SRWBP on
seasonally wet sites (Figure 8-2) differ only slightly from those on the
muck soils. Increased site preparation and fertilization are required
before planting. Soil water level may hinder the use of heavy equipment
depending upon the time of year and the intensity of rainfall. If rain
is of sufficient quantity, the sites can become flooded. The random
probability of rainfall patterns could disrupt the management schedules
by as much as a year unless ample equipment is maintained to take
advantage of good weather and water level conditions.

These soils are not as rich as the muck soils and the resulting
production is less. Yields ranging from 7 to 14 dry metric tons per
hectare per year are expected for the four- to five-year rotation
periods. The scheduling of the harvest operations also requires cool
weather with the months November through March as the feasible time
period.

8.1.2. Pine operations

The expected growth rates for both slash and sand pine are less
than that of Eucalyptus on the muck or seasonally wet soils. Although
these species produce less biomass annually, they can be grown on many
sites not climatically suitable for Eucalyptus. Therefore, the two pine
species can be grown on millions of hectares on a wide variety of sites
in north Florida. Both species also have the ecological advantage that
the sites are only entered and disrupted through harvest operations
every eight to ten years.
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Figures 8-3 and 8-4 demonstrate the proposed operating schedules
for the two pine species. Since the sand pine SRWBP sites are on deep
sandy soils, rainfall should not hinder any operations. The slash pine
sites, also called the flatwoods, become seasonally flooded. The
removal of a stand can result in a practically flooded site, especially
if rains are frequent and heavy. Fortunately, the site preparation and
harvesting operations can occur over a several-month period for each
phase.

8.1.3. Operations summary

The restriction of harvest operations to certain periods of the
year has very critical implications on the feasibility of SRWBP for each
of these species as an energy source. Since harvesting operations do
not occur year round, the biomass must be stock-piled and stored.
Whether the trees should be stocked on the site, or chipped and stored
in piles near the conversion facility, requires further study. Woody
biomass will lose part of its energy potential as natural decay occurs.
The optimal planting density and rotation length may be affected by the
method chosen to stock-pile the material.

One alternative to stock-piling would be to supply a woody biomass
energy conversion facility with a combination of Eucalyptus, sand pine,
and/or slash pine. The possible harvesting periods of each could be
partially complementary, resulting in a nearly even-flow of woody
biomass. Feasibile transportation distances and the random disruptive
effects of heavy rainfall periods need to be considered in the
estimation of the optimal species harvesting scheduling mixture.

Whether these three species can be developed for SRWBP production
will depend on the long-term investment costs of operations. This study
addresses the questions of 1) the optimal planting density and rotation
length combination for each species for SRWBP energy production, and 2)
under "current" technologies and costs, the feasibility of SRWBP as
renewable energy sources in Florida. The determination of the answers
to these questions depends on the biomass productivity of each species
versus the level of capital investment required, biomass production
functions, and the timing and lengths of investment. Also, SRWBP should
produce useable energy, in relation to the energy invested, comparable
to other energy sources.

8.2. Growth models and yields by species

A primary determinant of a species' feasibility as an energy
source is it's ability to produce biomass. The cost of producing the
biomass and it's inherent energy potential are also very important, but
both are measured subject to the rate of production expected. This
section will present and discuss the growth and yield models that have
been estimated for the three species in this study.

Using the mean annual increment (MAI) model, (Equation 1.1 in
Appendix A-8) that combination of rotation age and planting density is
selected which maximizes gross mean annual increment in whole-tree, main
stem, and branches plus foliage dry weight. This model gives no
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-^Clear Site: (October-December)
Double Chop: Chops separated by one to six months

and done perpendicular to one another.
I

Burn:

Plant Site: (January-February)
3,333-6,667 trees/ha

(approx. 8-10 years)

Harvest Stand: (October-January)
Yields approximately nine dry metric tons/ha/year.

Figure 8-3. Management scenario for sand pine biomass plantations.

Clear Site: (June-August)
Single Chop

Burn:

Bed Site: (September-November)
Apply fertilizer: 50 kg/ha of P

Plant Site: (December-February)
3,333-6,667 trees/ha

(approx. 8 years)

Harvest^Stand: (All Year)
Yields of approximately 9.5 dry tonnes/ha/year of stemwood

Figure 8-4. Management scenario for slash pine biomass plantations.
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consideration to production costs either implicitly or explicitly. In
one sense, it does give some consideration to the cost of time, since
for a single hectare, yields are maximized over a series of rotations.
In addition, it considers the cost of regulating a property so as to
produce relatively stable yields from the property on an annual basis.
If the biomass plantation is fixed in area, increasing the rotation
reduces the annual area harvested and also volume cut although the
reduction in volume cut is offset, up to a point, by increased yields
per hectare.

8.2.1. Eucalyptus grandis

Height and DBH measurements have been collected quarterly on the
Eucalyptus grandis in Study 16 which is characterized by rich organic
soils. Three years of quarterly measurements of six progenies and two
planting densities (1,600 and 10,000 trees/ha) comprised the data base
for estimating dry weight production. Total stem dry weight per hectare
(Eq. 1.1), volume per hectare (Eq. 1.2) and percent survival (Eq. 1.3)
were estimated and are listed in Appendix A-8. Only the Study 16 growth
rates were estimated for Eucalyptus grandis since more rapid growth was
demonstrated at that site and because of severe losses incurred by a
sharp freeze at the Study 7 site in January, 1982.

Table 8-1 shows that although the denser planting (10,000
trees/hectare) demonstrates a poorer survival rate throughout the four
years, it consistently accumulates more volume and dry weight material
than the less dense (1,600 trees hectare) planting density. Even though
the less dense planting accumulates a smaller DTE per hectare, it
appears that it's growth could potentially equal or exceed the denser
planting's net growth since the latter's mean annual increment is
declining at a more rapid rate. Both stand densitites reach their
respective peak MAIs before the third year (Figure 8-5). Maximum MAI is
obtained by the 18th month for the denser spacing with a production rate
of 23.78 dry tonne equivalent (DTE) per hectare per year. The less
dense stand maximizes its MAI at 14.44 DTE per hectare 2.5 years after
planting.

Harvesting when the MAI is maximized results in approximately equal
volumes on a per hectare basis with 35.67 DTE/ha versus 36.11 DTE/ha for
10,000 and 1,600 trees planted, respectively. Whereas the tonnage may
be approximately equal, the timing of the rotation lengths are very
relevant. It would require nearly 21,000 hectares (dense) versus 35,000
hectares (less dense) or nearly 40 percent fewer hectares at the denser
spacing to produce 500,000 DTE/year. Dry tonnage production rates are
not the only factors which need consideration when estimating the
optimal SRWBP rotation lengths. The impacts of considering the
economics/energetics of the system and their effects on the optimal
rotation lengths are discussed in Sections 8.3 and 8.4.

8.2.2. Slash pine

Slash pine volume accumulation occurs at a much slower rate than
that of Eucalyptus grandis with the maximization of MAI occuring beyond
three years. Since this project's slash pine plantings are three years
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Table 8-1. Eucalyptus grandis survival, volume, and dry weight pro
duction by planting density through 48 months on drained
muck soils.

1Wanting Densiit.y
10,000 Trees/Ha 1.,600 Trees/Ha

Stem Stem

Age Survival Volume Biomass Survival Volume Biomass

(mos) (%) (m3/ha) (mt/ha) (%) (m3/ha) (mt/ha)

3 95 0.42 0.23 95 0.01 0.00

6 94 8.68 4.71 94 1.22 0.66

9 92 23.87 12.97 93 6.45 3.50

12 91 39.58 21.51 92 14.84 8.06

15 89 53.62 29.13 91 24.46 13.29

18 87 65.65 35.67 89 34.13 18.54

21 84 75.86 41.22 88 43.30 23.53

24 81 84.55 45.94 86 51.77 28.13

27 78 91.99 49.98 84 59.48 32.31

30 74 98.41 53.47 81 66.46 36.11

33 70 103.99 56.50 79 72.79 39.55

36 66 108.89 59.16 76 78.51 42.66

39 61 113.21 61.51 73 83.71 45.48

42 56 117.05 63.60 69 88.44 48.05

45 51 120.48 65.46 66 92.75 50.39

48 46 123.57 67.14 62 96.69 52.53

of age, these plantings are inadequate for estimating the growth
functions. Because of this lack of data, other production functions and
data sources were explored. An additional difficulty in projecting
yields over time has been the survival function used. A previous report
(Rockwood and Bourgeron, 1982) used the Barnes (1955) survival function
(Eq. 2.2, Appendix A-9), in which survival was expressed as a function
of age and site. In this report, the Barnes survival function was
replaced by the Coile and Schumacher (1964) function (Eq. 2.3).
Survival estimates with the Coile and Schumacher function do not differ
from that of the Barnes function by more than two per cent for a
planting, density of 1,246 trees per hectare, but at higher planting
densities the latter equation predicts survival rates of about 20
percent. A decreased survival rate with increasing planting density
appears to be more reasonable for use with the higher planting
densities, which are the major interest of this study.

Originally the Coile and Schumacher survival function was used in
conjunction with the yield function of Bennett and Clutter (1968) to
produce stand structure and yield tables for a range of planting
densities from 990 to 3,700 trees per hectare and for ages from 8 to 15
years (Rockwood and Bourgeron, 1982). Those estimated tables and more
specifically the Bennett and Clutter yield functions are at planting
densities far less than those proposed for a SRWBP. Their slash pine
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Months

Figure 8-5. Mean annual increments (MAI) of Eucalyptus grandis at
1,600 and 10,000 trees per hectare.
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growth model, along with all other typical models, incorporate annual
height and diameter measurements (collected after age 10) and at normal
pulpwood stocking densities (1,000 to 2,000 trees/hectare).

Operational slash pine SRWBP pilot tests established in a related
project have incorporated densities of 3,333, 4,444, and 6,667
trees/hectare. Fortunately, another spacing study was available for the
development of individual tree diameter (Eq. 3.3, Appendix A-9) and
height (Eq. 3.4) growth. These equations are listed in Appendix A-9 and
are derived from 830 to 2,400 trees per hectare and ages four through
21. The data set used still does not compare to the planting densities
used in current test plots, however, the estimated equation yields
realistic predictions as compared to dense natural slash pine stands
(Campbell, 1983). The stem and branch weight equations, equations 3.6
and 3.7, are from Frampton (1981).

Survival, cubic volume and total DTE production estimates developed
by the model are listed in Table 8-2. In general, survival as a
percentage of planted seedlings declines slowly over time and as
planting density is increased. Both volume and weight production
increase as the stocking increases. As depicted in Figure 8-6, the MAI
at these stockings is maximized for all three densities at age 17 or 18.
Rotation lengths of this duration may or may not be economically or
energetically desirable. This will be examined in the later sections.

8.2.3. Sand pine

Yield data (as with slash pine) from planting densities proposed
for biomass plantings are not sufficiently available either from this
project or in the literature. Section 7.5.4 describes the procedure
which was used to develop the stand yield equations. Listed in Appendix
9 are the equations (Eq. 4.1 - 4.7, Appendix A-9) used in this analysis.
As with slash pine, operational planting densities of 3,333, 4,444, and
6,667 trees per hectare are scheduled.

Table 8-3 lists the survival, cubic volume, and DTE production
estimates for the three planting densities. Note that stocking is not
an independent variable in the survival function so that survival is
only affected by age of plantation. The equations yield production
estimates are consistent with those of Rockwood et al. (1980a), where
existing sand pine stands were sampled. The sand pine equations predict
less volume and tonnage than that of Eucalyptus grandis or slash pine.
However, they still predict MAI levels of six to eight DTE per hectare
per year. Figure 8-7 shows that, given the equations and data base
available, MAI is not maximized by age 20 for any of the planting
densities examined. Either the sand pine normally reaches maximum mean
annual increment after age 20 at these densities, or the secondary data-
incorporated in the model development was insufficient to properly
reflect the growth function of these stands. Future measurements of the
test plots should resolve this problem.



Table 8-2. Slash pine survival, volume, and dry weight production by planting density through 20 years.

Planting Density

3,333 Trees/Ha 4,444 "rrees/Ha 6,667 "frees/Ha

Stem and Branch Stem and Branch Stem and Branch
Age Surv. Volume Dry Weight

(mt/ha)
Surv. Volume Dry Weight Surv. Volume Dry Weight

(mt/ha)(yrs) W (mVha) (*) (mVha) (mt/ha) (i) (m3/ha)

5 84 1.51 11.42 82 1.41 15.31 80 1.12 23.14
6 81 11.25 11.90 79 12.63 15.17 77 14.60 21.49
7 78 29.31 20.84 76 34.26 25.27 74 42.26 33.20
8 76 53.30 37.40 73 63.27 44.80 71 80.01 57.61
9 73 80.66 59.18 71 96.41 70.80 68 123.33 90.79

10 70 109.27 83.85 68 131.03 100.34 65 168.52 128.73
11 68 137.62 109.58 65 165.21 131.13 62 212.95 168.28
12 66 164.70 135.07 63 197.70 161.55 59 254.88 207.19
13 63 189.89 159.45 61 227.72 190.49 57 293.28 243.99
14 61 212.84 182.17 58 254.86 217.31 54 327.62 277.79
15 59 233.40 202.94 56 278.95 241.63 52 357.70 308.11
16 57 251.54 221.61 54 299.98 263.30 50 383.54 334.77
17 55 267.34 238.16 52 318.05 282.28 48 405.31 357.76
18 53 280.89 252.61 50 333.31 298.66 46 423.26 377.20
19 51 292.34 265.07 48 345.95 312.55 44 437.66 393.30
20 50 301.84 275.64 46 356.19 324.11 42 448.84 406.28
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Figure 8-6. Mean annual increments (MAI) of slash pine at 3,333, 4,444, and 6,667 trees per hectare.
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8.3. Economic evaluation

A major decision variable in the SRWBP production process is the
selection of that combination of planting density and rotation age that
will maximize present net revenue. The question of economic feasibility
requires advance knowledge of all costs encountered and the revenues
derived. This simple concept quickly becomes difficult to implement
when planting and site preparation methods along with the harvest
technology is currently developing and not in actual field operations.
Since large-scale woody biomass energy generation plants are not in
operation in Florida, the market price of the raw material is also
unknown.

Given the uncertainty of actual cost and revenue data, a break even
analysis was used to examine the economic feasibility of SRWBP in
Florida. This analysis was used to estimate a selling price per DTE
which would be necessary to obtain a certain rate of return for the
investor. Tax affects were not considered in this analysis since tax
schedules and liabilities vary by type of ownership and operational
structure. Cost and revenue estimates were assumed to increase at a
rate equal to the inflation. In addition a four and eight percent rate
of return on investment before taxes and inflation formed a basis for
the analysis.

8.3.1. Revenue prices

Hardwood and pine chips are used as a raw material in producing
paper, and active markets exist in north Florida. Current 1982 chip
prices are:

$/Green tonne FOB mill

Clean Whole Tree

Pine 27.83 18.73

Hardwood 18.73 14.33

These figures are listed to serve as a bench-mark, i.e., representative
of market prices which can be obtained in today's supply and demand
conditions. Woody biomass purchasers may be capable of offering more or
less for chips used in the generation of energy. At least under current
conditions, if a SRWBP operation is to break-even, its discounted stream
of costs must be less than or equal to these values. If the rate of
return (four or eight percent above the rate of inflation) is estimated
to be less than the break-even value per tonne, the investor would be
better off investing elsewhere.

8.3.2. Production costs

The cost of a SRWBP operation can be subdivided into several
components: regeneration activities at the start of plantation
initialization, annual cost incurred, and the harvest/transportation
cost incurred at the completion of the cycle. The cost of regeneration
has two major components; a fixed cost per hectare for site preparation
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and a variable component depending on the number of seedlings planted
per hectare. The assumption here is that inter-row distance will be
constant and that variation in the number of seedlings actually planted
per hectare will come from varying intra-row spacing of seedlings. A
further assumption is that equipment limitations force a lower limit on
inter-row spacing. The operational planting densities currently
represented by study plots are the following:

Sand pine and Slash pine Eucalyptus grandis

Spacing " Trees/Ha " Spacing Trees/Hi"

(m) (m)

1.5 x 2 3,333 2.5 x 2.5 1,600
1.5 x 1.5 4,444 1.0 x 1.0 10,000
1.5 x 1 6,667

Equipment use and running times have been collected for site
preparation and planting operations for the various species test plots.
Cost estimates for these operations vary not only by the planting
density but also by operator and equipment combination used. Since the
operational cost for these activities is expected to be quite variable
by site, general cost estimates were developed by contacting
regeneration contractors and discussing the typical price per hectare
for their services. These figures were used in the analysis since
contracting for site preparation and planting by industrial forest
owners and non-industrial forest owners is common in our region.
Efforts were maintained to obtain both the fixed cost and variable
components of the operations.

Annual administration cost figures, including protection,
insurance, etc., were obtained through the Florida Division of Forestry
which annually collects estimates for these costs from industry and
non-industrial sources. As explained earlier, specialized harvesting
equipment for dense, small-stem plantations are not in operation in our
region since only a few test vehicles are currently in use. The
harvesting, hauling, chipping, and storage costs were derived from Vyas
and Shen (1982). The costs of all operations are listed in Table 8-4
for each of the species.

8.3.3 Investment analysis by species

Examination of Table 8-4 provide evidence that the regeneration
cost of SRWBP species represents a substantial component of the costs
incurred. If these costs could be reduced, the break-even value per DTE
could also be reduced for a given rate of return. Sand pine has the
advantage of a low intensive site preparation requirement with a
corresponding savings in investment. But it is the coppicing, or self
regenerating property, of Eucalyptus which make it a popular choice for
SRWB plantations. If two, three, or more harvests can be obtained from
a single planting, then those original regeneration costs are
distributed over three cycles, reducing each DTE's share of the
capitalized cost.
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Table 8-4. Capital investments required for a short-rotation woody biomass
plantation.

Input

Site Preparation
Burn

Rollerchop
Root rake
Bed

Fertilizer

Application
Triple-superphosphate

Planting
Equipment
Seedlings

Annual Activities

Land rental

Taxes

Administration

Removal

Harvest + Forward

Chip
Transport + Storage

E. grandis
(VhaJ

Slash Pine

($/ha)
Sand Pine

($/ha)

4.94

74.13

-0-

98.05

5.00
64.00

287.00
37.00

-0-

75.00

-0-

-0-

7.41

44.48
7.50

44.50
-0-

-0-

4<£/tree
8<£/tree

H/tree
7<£/tree

H/tree
It/tree

123.55
12.36
81.94

75.00
7.50

28.30

50.00
4.90

28.30

150.00

6.62/mt
3.31/mt

150.00

7.00/mt
3.50/mt

150.00

7.00/mt
3.50/mt

The optimal growth and cutting cycles and the impact of planting
density and rate of return for Eucalyptus grandis were examined. Five
regimes, each with three harvests, were selected. The options include
the following:

Option

1

2

3

4

5

First Harvest

(mos)

18

24

30

36

42

Subsequent
Harvests

(mos)

36, 54
48, 72
60, 90
72, 108
84, 126

Key assumptions inherent in the analysis include: 1) the subsequent two
harvests equal that quantity obtained for the first growing cycle, 2)
time of year has no impact on monthly growth or coppicing success, 3)
all costs and revenues are listed in current dollars and change at a
rate equal to that of normal inflation, and 4) no other costs are
incurred to insure coppicing success. Table 8-5 lists the price per DTE
necessary to return the expected rate of return on investment.
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Table 8-5. Break-even price for Eucalyptus grandis per metric ton by
density and rate of return for given ages.

Planting Density

1,(500 Trees/Ha 10 ,000 Trees/Hia

Age Rate of Return Rate of Return

(mos)

C2_i/

54

72

90

108

126

4%

Production

(mt/ha)

18.54

28.13

36.11

42.66

48.05

8% 4%

Production

(mt/ha)

35.67

45.94

53.47

59.16

63.60

8%

_L ci

18 36

24 48

30 60

36 72

42 84

S/DTE-/

12.67

10.54

10.20

10.03

10.38

$/DTE

14.71

12.83

13.06

13.31

14.34

$/DTE

12.32

11.27

11.27

11.40

11.92

$/DTE

14.58

14.05

14.75

15.71

17.22

j,I = Initial harvest; CI = First coppice harvest; C2 = Second coppice harvest.
-DTE = Dry tonne equivalent.

The fact that the values per DTE are well below current whole tree
hardwood chip prices must be tempered by two factors. First, hardwood
chips are not a very desirable raw material in the paper-making process
in this region, which has held down prices. Secondly, Eucalyptus muck
sites are located in southern Florida, far removed from the pulp mills
in the northern half of the State. Therefore, greater transportation
costs should be considered in accounting for the increased distances to
the mills. The net effect of these two statements is that if the SRWBP
were located near a demand site, supply could be secured at below
current market hardwood chip prices. Conversely, if a stronger demand
for hardwood chips existed, prices would be expected to rise.

The figures in Table 8-5 indicate that at higher planting
densities, more frequent harvests are optimal. As expected, shorter
growth cycles are desirable as the alternative rate of return is
increased. The less dense plantings demonstrate lower DTE break-even
prices, whereas longer growth cycles are preferable. Those results
concur with earlier observations that the DTE mean annual increment is
greater and is maximized at a younger age for 10,000 trees/hectare
versus the 1,600 trees/hectare.

The break-even analysis for slash pine is depicted in Figure 8-8.
As the stocking level is increased, greater production levels are
obtained, reducing the cost share of each DTE. SRWBP of slash pine
appears to be a feasible economic enterprise given current chip prices
and a rotation length of eight to 20 years. The primary reason for long
optimal rotation lengths is that the MAI as listed in Figure 8-6 is not
maximized until almost age 20 after a long steady increase. The time
value of money chooses a shorter rotation length than that chosen by the
MAI criteria but rotation length remains at least eight years for the
options examined in this analysis.
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E
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Figure 8-8. Present net worth (PNW) of slash pine woody biomass for
three planting densities and two rates of return versus
current prices for clean and whole tree dry pine chips.
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Although sand pine enjoys the smallest regeneration cost of the
three species examined, it also demonstrates the largest break-even DTE
price range. The prices remain higher than that of Eucalyptus or slash
pine because of the slower growth function as described earlier in
Figure 8-9. The net effect is lower costs distributed over fewer DTEs.
If sand pine is to be a viable SRWBP species, the annual planting or
harvest costs would need to be less than those predicted for the energy
produced from sand pine to generate revenues in excess of the break-even
values.

8.3.4 Conclusions

The limited test cases examined in this analysis predict that SRWBP
plantations could supply biomass at prices less than or comparable to
current market chip prices. The advantage of the SRWBP system is that
fewer hectares would be required to supply an energy conversion facility
than if normal pulpwood stocking and rotation lengths were considered.
The analysis assumed that land was not already owned but rented, that
all operations were contracted to third parties, and that tax benefits
such as capital gains treatment and reforestation tax credit on
equipment depreciation were included. These factors could substantially
reduce the break-even cost of woody biomass dry metric tons.

The contract cost of treatment operations is highly variable;
however, the figures incorporated into the study represent typical
values incurred in the market. Given these assumptions, the optimal
stocking level for Eucalyptus is 1,600 trees per hectare with a rotation
sequence of cycles dependent upon the selected alternative rate of
return. In this case, it appears to be either every two or three years.
The denser stocking is less attractive because of the increased variable
costs. Actually, the optimal stocking probably exists between the two
examined.

Both sand and slash pine minimize their break-even DTE prices after
15 years of growth. These results are directly related to the
production functions which predict that MAI maximization occurs in
nearly the twentieth year. The denser stocking (6,667 trees/ha) is
preferred for both species. This result may be due to the lack of
either species growth models to properly account for inter-tree
competition, or to the possibility that such competition only occurs at
younger ages with greater planting densities. In general, the effect of
including the time value of invested capital has shortened the optimal
rotation from that defined by maximizing MAI for these two species.
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Figure 8-9. Present net worth (PNW) of sand pine woody biomass for
three planting densities and two rates of return versus
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8.4 Energetic evaluation

To perform energy analyses, the following inputs necessary for
short rotation biomass plantations of Eucalyptus grandis, slash pine and
sand pine were assessed:

Broadcast burn

Rollerchop
Root rake
Bed

Fertilizer application
Triple-superphosphate
Seedlings

Plant

Harvest

Forward

Transportation
Administration

Equipment

Each species requires a distinct silvicultural system as described
in section 8.1. The silvicultural system for Eucalyptus grandis
requires all of the above inputs, except root raking, and serves to
illustrate the method of energy input assessment. This same methodology
was used as a basis for calculating the energy inputs required for the
less complicated slash pine and sand pine biomass systems.

8.4.1. Energy input analysis

The energy input analysis for the Eucalyptus grandis illustration
is based upon the following assumptions:

1. Eucalyptus grandis is grown on muck soils in Study 16
with a 2.5 by 2.5 meter spacing,

2. The following estimated growth function is used to predict the
dry tonne equivalent of biomass produced monthly

DTE = (4.586229 - 29.988899/month)

3. The stand is harvested 30 months after planting. The
successive coppice stands are conservatively estimated to be
harvested 60 months and 90 months after the original planting
date. It is expected that coppice growing from a stool would
reach harvestable size faster than the original planted seed
ling. Together these three harvests constitute a rotation,

4. The analysis will include all energy inputs required to
produce and deliver the biomass wood chips to a conversion
facility assumed to be 20 kilometers from the plantation.

For _E. grandis energy inputs, the more conservative estimates
tabulated in Table 8-6 were employed directly with the following
additional assumptions. Double chopping would necessitate twice the
input estimated by Burks (1979) for a total of 4,722 mj per hectare.
Triple-superphosphate equivalent to 50 kg P per hectare would be equal
to 50 times the sequestered energy value cited by Blouin and Davis
(1975), or 485 mj per hectare. The 1,600 trees planted per hectare
would require 1.6 times Burks (1979) figure of 424 mj to give 526 mj per
hectare. Planting input was 1.6 times the IFAS Energy Committee (1975)
value, a total of 434 mj per hectare.

and
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Table 8-6. Energy requirements of short-rotation woody biomass plantation
operations.

Units (Df Input Required
Per Rotation Per Hectare

Required-'
Eucalyptus0/ Slash Sand

Input Energy qrand'i

A A
is —

C2*

Pine Pine

Site Preparation
Burn l 0 0 1 1
(Burks, 1979) 354 mj/burn/ha
(Sullivan and Nieddu, 1980) 207 mj/burn/ha

Rollerchop 2 0 0 1 2

(Burks, 1979) 2,361 mj/ha
(Sullivan and Nieddu, 1980) 2,023 mj/ha

Root Rake 0 0 0 1 0

(Burks, 1979) 2,161 mj/ha

Bed 1 0 0 1 0

(Burks, 1979) 1,131 mj/ha
(Sullivan and Nieddu, 1980) 337 mj/ha
(Smith and Conde, 1980) 464 mj/ha

Fertilizer

Application 1 0 0 1 0

(Blankenhorn et al., 1982) 90 mj/ha
Triple-superphosphate 50 0 0 50 0

(Blouin and Davis, 1975) 9.7 mj/kg
Seedlings 1.6 0 0 3.3 3.3

(Burks, 1979) 329 mj/1000 to to to

(IFAS Energy Committee, 1975) 190 mj/1000 10 6.7 6.7

Planting 1 0 0 1 1

(Burks, 1979) 1,285 mj/ha
(IFAS Energy Committee, 1975) 271 mj/1000

Harvesting 1 1 1 1 1

(Based on 500 hp x g/10.7 hp
x 0.6 x 146.4 mj/g x 1.2227

mj/DTE-7x hr/10.5 DTE) 480

Forwarding 1 1 1 1 1

(Based on 100 hp and calcula
tions used for harvesting) 96 mj/DTE

Transportation 1 1 1 1 1 •

(Fluck and Baird, 1980) 2.6 mj/mt/km
(Blankenhorn et al., 1982) 1.6 mj/mt/km

Administration 1 1 1 1 1

(IFAS Energy Committee, 1975) 54 mj/year

-^/Sequestered energy will add approximately 4%.
-o^Based on three harvests per planting
-DTE = Dry tonne equivalent.

I = Initial harvest; CI = First coppice harvest; C2 = Second coppice harvest.
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Harvesting is the largest energy input and, unfortunately, the most
difficult to estimate. A precise calculation of the energy required to
operate a mobile chipper is difficult to obtain because so few
harvesters have been developed. The harvesters that do exist are less
than optimal for our biomass plantations. A conservative estimate of
the energy required for harvesting can be made based upon the Nicholson
Smith-Felling Mobile Harvester (Koch, 1980). The hypothetical harvester
is assumed to be 500 horse power and capable of harvesting 25 metric
tons of biomass material per hour (the equivalent of 10.5 dry metric
tons per hour). The energy consumed by this harvester thus corresponds
to 480 mj per DTE. Since the Eucalyptus grandis stand was harvested
three times per rotation with an estimated 36 dry metric tons harvested
at the end of each 30 month cycle, a total energy requirement for
harvesting of 51,840 mj per hectare per rotation resulted.

Forwarding the chips from the harvester to the transport vans
required a vehicle having an estimated 100 horse power. This vehicle
would require 20 percent of the energy required by the harvester (500
horse power). Forwarding occurred three times per rotation for a total
energy input of 10,296 mj per hectare per rotation.

The energy cost estimate for transportation of 2.6 mj per tonne per
kilometer was used (Fluck and Baird, 1980). This estimate is an average
of values collected by Fluck and Baird which ranged from 0.56 to 4.52 mj
per tonne per kilometer. Therefore, the 2.6 mj/tonne/km estimate is
relatively conservative. If 86 metric tons (wet weight) of biomass is
transported 20 km at the end of each harvesting cycle, the resulting
energy expenditure for transportation is 13,416 mj per rotation.

Energy use associated with administration of forestry operations is
a relatively insignificant figure of 54 mj per hectare per year (IFAS
Energy Committee, 1975). Since a complete rotation of Eucalyptus
grandis requires 7.5 years (three thirty-month cycles), the total energy
expenditure for administration was 405 mj per hectare per rotation.

The energy sequestered in the equipment through the manufacturing
process is utilized during the life of the equipment. Based upon
earlier analysis, this energy use adds approximately four percent to the
total energy input. For the Eucalyptus grandis biomass scenario this
amounted to 3,487 mj.

Composite inputs with their corresponding energy requirements for
Eucalyptus grandis were:

Percent

Input mj/Ha/Rotation

354

of Total

Broadcast burn 0.4

Rollerchop 4,722 5.4

Root rake - -

Bed 1,131 1.3

Fertilizer appl ication 90 0.1

Triple-superphosphate 485 0.6
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Seedlings 526 0.6
Plant 434 0.5

Harvest 51,840 59.4
Forward 10,296 11.8
Transportation 13,416 15.4
Administration 405 0.5
Equipment 3,487 4.0

87,186 100

The methodology applied to this specific Eucalyptus grandis example
was also used to calculate total energy input values for slash pine and
sand pine plantations. The energy input requirements were adjusted
according to the rotation length and planting density chosen. The total
energy input values were used to calculate the energy output-input
ratios shown in section 8.4.2. Table 8-6 is a summary of the energy
input requirements for Eucalyptus grandis, slash pine, and sand pine.

8.4.2 Energy output/input ratios

Energy output/input ratios provide a simple comparison between the
energy produced by the biomass plantation and the energy absorbed as
inputs into the biomass production process. An energetically favorable
biomass system would produce biomass sequestered with more energy than
the energy used in the production process and would, therefore, have an
energy ratio larger than one.

Section 8.4 described the method used to calculate the total energy
inputs. In Section 7, energy values for the components of the biomass
of Eucalyptus grandis, slash pine and sand pine were discussed. By
using the output and input energy values, it was possible to calculate
the energy values and ratios shown in Tables 8-7 through 8-10. The
delivered output/input ratio uses the energy potential as a numerator
and the total energy necessary to produce and deliver the chips to the
mill as a denominator.

The first three tables display the total energy potential, the mean
annual energy production, and the output/input ratios at various ages
and planting densities for Eucalyptus grandis, slash pine, and sand
pine, respectively. Table 8-10 shows the output/input ratios for
Eucalyptus grandis that result when the stand is allowed to coppice
twice. These energy ratios for the three-cycle rotation were higher
because the need for energy inputs to establish the stand are eliminated
for the second and third cycles.

For all species, the energy ratios increased continually as the
stand ages. The Eucalyptus grandis plantation achieved energy ratios
greater than unity within six months after planting. Slash pine and
sand pine, however, required several years to achieve similar energy
ratios.

In general, energy ratios did not vary with planting density but
did vary with rotation length and type of species planted. The similar
energy ratios observed for different planting densities is a consequence
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Table 8-7. Energy potential of Eucalyptus grandis woody biomass
plantations by planting density and age.

Planting Density

1,,600 Trees,/Ha 1C1,000 Trees/Ha

Mean Delivered Mean Delivered
Total Annual Output/ Total Annual Output/
Energy Energy Input Energy Energy Input

Age Potent.

(1000
Prod.

(1000
Ratio Potent.

(1000
Prod.

(1000
Ratio

(mos)
mj/ha) mj/ha) mj/ha) mj/ha)

3 0.8 3.2 0.01 4.2 16.6 0.42
6 12.2 24.4 1.53 86.5 173.0 6.59
9 64.3 85.8 6.48 238.0 317.3 12.62

12 148.0 148.0 11.29 394.7 394.7 15.92
15 243.9 195.1 14.57 534.7 427.8 17.77
18 340.3 226.9 16.69 654.6 436.4 18.90
21 431.8 246.7 18.10 756.4 432.3 19.65
24 516.2 258.1 19.08 843.1 421.5 20.18
27 593.1 263.6 19.78 917.2 407.7 20.57
30 662.7 265.1 20.32 981.3 392.5 20.87
33 725.8 263.9 20.73 1,036.9 377.1 21.10
36 782.9 261.0 21.05 1,085.8 361.9 21.29
39 834.7 256.8 21.32 1,128.8 347.3 21.45
42 881.8 251.9 21.53 1,167.1 333.5 21.58
45 924.8 246.6 21.72 1,201.4 320.4 21.69
48 964.1 241.0 21.87 1,232.2 308.0 21.78

of the increased inputs needed to produce the high biomass yields
associated with higher planting densities. The net effect of the
increased inputs and increased yields is a stable energy ratio.

Closer spacings, however, resulted in higher energy values for all
three species as compared to wider spacings. In general, more net
energy is produced from high density plantings than from low density
plantings.

The mean annual energy production for Eucalyptus grandis reached
maximum at 30 months and 18 months for planting densities of 1,600 trees
per hectare and 10,000 trees per hectare, respectively. Slash pines
mean annual energy production peaked when the stands were 17 to 18 years
old. After twenty years of growth, the mean annual energy production
for sand pine was still increasing. To maximize total long term energy
output, stands should be harvested when the mean annual energy
production reaches a maximum. In general, the rotation length should
decrease as planting densities increase. To determine actual rotation
lengths an economic analysis would need to be considered.
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Table 8-10. Eucalyptus grandis energy ratio comparison by planting
density and number of rotation cycles.

PIanting Deiisity

1,600 Trees/Ha 10,000 Trees/Ha

Cycle 1 Cycle 3 Cycle 1 Cycle 3 Cycle
Length Rotation Rotation Rotation Rotation

(mos) (Delivered Output/In put Energy Rat;io)

6 1.53 4.09 6.59 13.17

12 11.29 18.20 15.92 21.64

18 16.69 22.07 18.90 23.32

24 19.08 23.36 20.18 23.94

30 20.32 23.97 20.87 24.25

36 21.05 24.30 21.29 24.43

42 21.53 24.51 21.58 24.55

48 21.87 24.65 21.78 24.63

Although ending energy ratios were lower than those for slash pine
and sand pine, Eucalyptus grandis produced the greatest amount of energy
in the shortest period of time. However, the energy ratios for all
three species can be considered favorable.

8.4.3 Energetics sensitivity analysis

A sensitivity analysis was performed to evaluate how much the
energy output/input ratio changes when the energy requirements of
various inputs are modified. This sensitivity test was used to
determine the effects of modified energy requirements for stand
establishment, harvesting, and transportation.

Figures 8-10, 8-11, and 8-12 graphically display the consequences
of altering the energy required to establish stands of Eucalyptus
grandis, slash pine, and sand pine, respectively. The range in
output/input ratios resulted from using the high and low energy
estimates for the inputs which are components of stand establishment
shown in Table 8-6. The ratios obtained from using the high energy
estimates for Eucalyptus grandis and slash pine were not very different
from the ratios based on the low energy estimates. This is because the
energy required to establish these two species is a relatively small
portion of the total energy input. In sand pine, however, the energy
required for stand establishment is a much larger percentage of the
total energy input. Therefore, the ouput/input ratio for sand pine is
notably affected by modifications in the level of energy required for
stand establishment.

Harvesting consumes more energy than any other input and,
therefore, greatly affects the value of the ouput/input ratio.
Increasing the energy requirements for harvesting (harvesting in this
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case includes forwarding) by 20 percent decreases the ouput/input ratio
by as much as 15 percent. As can be seen in Figure 8-13, the magnitude
of the effect is large regardless of the planting density or rotation
length implemented. The estimated energy requirements for harvesting
used in this study were intended to be conservative. Therefore,
substantially higher energy ouput/input ratios are probable if more
efficient harvesting systems can be employed.

The effects of harvesting and transportation on the energy
ouput/input ratio of Eucalyptus grandis are summarized graphically in
Figure 8-14. The energy ouput/input ratio increases rapidly when only
energy inputs required for stand establishment are considered. When
harvesting and transportation are accounted for this ratio decreases
substantially and tends to increase only slightly after the first year.
This is because harvesting and transportation energy requirements vary
with the tonnage of biomass produced and therefore increase as the stand
ages.

8.4.4 Summary

Slash pine, sand pine, and particularly Eucalyptus grandis
plantations appear to produce positive energy balances. Therefore,
optimal species selection, planting densities, and rotation lengths are
likely to be influenced more by economic rather than energetic
considerations.

The input requiring the most energy in the biomass plantation
system is harvesting. To more accurately assess the total energy input
required by a biomass system, this harvesting variable will need to be
evaluated intensely.

The actual net yield of a biomass system is greatly affected by the
conversion process. This analysis only evaluated the net effect of the
inputs which are necessary to produce and deliver the biomass to a
conversion facility. Substantial energy losses can be expected during
the conversion process. Blakenhorn et al. (1978) estimated that the
average gross heat of production of 20 megajoules per kilogram is
reduced by approximately 70 percent when losses due to drying,
non-usable energy, conversion to steam, and conversion to electricity
are accounted for. Therefore, the actual net energy production of
biomass plantations is greatly dependent upon conversion processes.

8.5. Economic/Energetic summary

This study incorporated the estimated growth rates, net energy
potential, and the costs of short-rotation woody biomass plantations.
In general, the results indicate that the higher the planting density,
the better are the economic and energetic parameters of the operation.
Of the three species, only Eucalyptus preferred the less dense stocking
level because of the present net worth of DTE produced. If higher
market prices could be paid and land was a limiting resource, then the
denser Eucalyptus planting would produce more tonnage and energy per
unit area.
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10,000

1,600

575 639

Harvest cost/DTE

702 767

Net delivered output/input ratio sensitivity to harvest
energy requirements for Eucalyptus grandis at 1,600 and
10,000 trees per hectare and 18, 24, and 30 months.
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Energy requirement impacts on the Eucalyptus grandis
output/input ratio scenario for three stages on muck
soils; stand sequestered, harvested, and delivered
energies at 10,000 trees per hectare.
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The economic/energetic analysis is only based on estimates since
SRWBP are currently only hypothetical operations. But these estimates
describe a situation where woody biomass can be produced equal in price
as wood pulp, a competitive good for land, labor, and capital. Whether
SRWBP will be competitive with pulpwood operations depends upon the net
value per DTE of the energy produced via conversion plants. At least
the energy output and input ratios are strongly positive which suggests
these operations as a future source of energy.

8.6. Woody biomass production potential

Upper limits on the amount of woody biomass that can be produced in
Florida annually in short-rotation plantations were obtained by
combining the area estimates of Table 6-3 with estimated mean annual
increments for these species grown on different sites. The productivity
rates in Table 8-11 are extrapolations from observations made in this
project for varying management conditions. For example, the low site
potential rate for slash pine was achieved on poorly drained sites with
unimproved planting stock and few cultural inputs, while the rate on
medium sites was estimated on the basis of the use of improved trees,
and the rate for good sites also assumed the best combination of
management practices. For sand pine, the good site rate was derived
from projections involving the best planting stock, the rate for medium
quality sites corresponded to observations made beyond a
10-year-rotation, and the low site level is scaled down from the medium
site base. Eucalyptus good and medium site rates were derived from this
project's data for closely-spaced, short-rotation conditions using
selected trees, but the low site figure is an estimate for sites not yet
studied. The Melaleuca and Casuarina estimates are based on

observations from presumably medium quality fully occupied sites.
Overall, actual achievement of these rates will depend on how closely
operational-level management conforms to the conditions represented in
our experimental studies.

Over 33 million metric tons of woody biomass could be produced
annually if all suitable lands were committed to intensive culture
(Table 8-12). Due to the larger land base for slash pine and sand pine,
these species could produce 87 percent of the production for the state.
In practice, a major share of this area will be dedicated to traditional
forest management, consequently reducing the production levels for the
northern and central portions of Florida.

Eucalyptus constitutes the major potential source of woody biomass
in south Florida. In fact, given development of frost-resistant
material, Eucalyptus could assume an important role, one not included in
current projections, in central Florida. Melaleuca appears to have a
significant contribution in the future if currently occupied areas are
intensively managed.

Progress toward reaching these maximal levels will be influenced by
the rate lands are dedicated to woody biomass production. As discussed
in Section 6, as much as 224,000 ha per year could be planted annually.
However, only some 120,000 ha are likely to be available after
commercial forest replanting is done. At whatever rate the 120,000 ha
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Table 8-11. Estimated annual dry stem biomass annual increments
for candidate biomass species by major site classify
cations.

Species

Slash pine
Sand pine
Eucalyptus
Melaleuca
Casuarina

Site Potential

Good Medium Low

\n\L/ \\a/yr j

11 9.5 7.5

9 7.0 5.0

23 14.0 10.0
- 11.0 -

- 11.0 -

Table 8-12. Projected maximum annual dry woody biomass production
in Florida.

Site Potential

TotSpecies Good Medium

--(mil lion mt/yr) —

Low :al

Slash pine 5.20 14.57 3.26 23.,03

Sand pine 0.32 2.23 3.46 6.,01

Eucalyptus 0.05 1.29 1.07 2.,40

Melaleuca - 2.05 - 2.,0b

Casuarina 0.02 0.

33.

,02

,51

are dedicated to short-rotation intensive culture, the potential annual
production will be realized as plantations reach their peak rate of
biomass accumulation. For the species under consideration, peak rates
are achieved as early as two years to as late as 20 years after
established. Therefore, a time lag will also exist before maximum
annual productivity is reached.
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9. ENVIRONMENTAL EFFECTS

Very intensive short-rotation biomass silviculture disturbs the
sites much more than standard pulpwood silviculture (Riekerk, 1983b).
Assessments of environmental effects by the treatments of this project
included water use, nutrient use, and water quality. Some evaluations
were made of soil amendments with commercial fertilizers, sewage sludge,
and coal fly-ash. Management implications are summarized in the
concluding subsection.

Environmental effects were evaluated for _E. grandis, E. viminalis,
slash pine, and sand pine at Studies 7, 9, 10 and 13, respectively. A
separate but closely related study adjacent to Studies 9 and 10
evaluated the use of coal fly-ash for biomass plantations of C. glauca,
E. viminalis, and slash pine.

Study 7 was on a poorly-drained palmetto savanna. The Immokalee
soil had a weak spodic horizon in deep sand with the normal water table
at a 50-cm depth. Studies 9 and 10 were on a poorly-drained flatwoods
site which had been harvested and windrowed. The sandy Leon soil had a
well-developed spodic horizon at a one-meter depth with clay below. The
normal watertable was at a 30-cm depth. Study 13 was on an
excessively-drained sandhill site which had been harvested and chopped.
The acid Lakeland sand had very weakly developed horizonation and the
water table was below a five-meter depth.

Long-term rainfall data of these three locations in Florida are
presented in Figure 9-1. The study period included a three-year decline
of annual precipitation resulting in the drought year of 1981, with a
near-normal recovery during 1982. Average annual temperatures ranged
from 23°C at Study 7, to 21°C at Studies 9 and 10, and about 20°C at
Study 13. Arctic cold fronts moving south during the winter months
caused frequent freezes at Study 13, at least one annual freeze at
Studies 9 and 10, and an occasional freeze at Study 7. An exceptionally
strong cold front caused extensive freeze damage throughout Florida
during January of 1982.

9.1. Water use

The annual water balance (cm/yr) of a site is

PPT = R0 + ET + WT ± ST0

where PPT = precipitation,
R0 = surface runoff,
ET = evapotranspiration or water use,
WT = water table seepage, and
STO = soil moisture storage.

Evapotranspiration or water use by trees is estimated by difference from
measurement of all other components of the water balance equation.
Because of the droughty study years no surface runoff was measurable,
and the water tables dropped too frequently below the monitoring wells
for reliable data. The following discussions are mainly based on the
periodic soil moisture measurements.
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Figure 9-1. Total annual and average monthly precipitation patterns; Studies 7, 9, 10 and 13.
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9.1.1. Sand pine

Soil moisture monitoring of the sand pine plots in Study 13 began
early in 1980. The course of soil moisture fluctuations at a one meter
depth for the study period is shown in the bottom of Figure 9-2. It can
be seen from the figure that differences in soil moisture became
apparent approximately a year after establishment, showing a trend
toward lower soil moistures in the higher density plantings. Soil
moisture means prior to and after this point were differentiated by
Duncan's Multiple Range Test (DMRT), and the results in Table 9-1 seem
to bear out this observation for the 1.0- and 1.5-meter sampling depths.
However, at the 0.3-meter depth, where one would expect early
differences in soil moisture, significance is less than expected. This
may be an artifact of the measurement technique. Many of the soil
moisture measurements were made with a Troxler neutron soil moisture
probe. In a sandy, inorganic soil type, which has a very narrow range
of water holding capacity, capture of probe neutrons by hydrogen atoms
of plant roots instead of water may be enough to compensate for the
lower soil water content.

Soil drainage collected by 0.1 bar tension lysimters at two-meter
depths, as shown in Figure 9-2 for the period from January 1981 to
September 1982, did not produce significant differences in plot
drainage. Theoretically, the horizontal tube lysimeters collect a
volume of water which, when divided by the projected surface area of the
collector, provides the depth of drainage water.

Overestimates of effective collector catchment areas and occasional
tension losses during severe drought periods may have kept the catch
less than actual drainage. While recognizing these problems, it seems
safe to make some comparative observations on the nature of the drainage
patterns (Figure 9-3). Drainage, when expressed as a percent of
rainfall, is greater when rainfall is greater, due in combination to two
phenomena. One is the reduced soil water storage capacity during wet
periods. The other is evapotranspiration's first priority abstraction
of soil moisture. ET consumes a larger percent of rainfall when
rainfall amounts are low. The dated points in Figure 9-3 are considered
outliers and were not used in developing the regression. It also seems
reasonable to expect that the drainage percent of rainfall would be less
during periods of increased evaporative demand. A trend suggesting this
to be true can be discerned when the bar graph in the center of Figure
9-2 is studied, and further supported by the lowest outliers of Figure
9-3. The fact that all outliers of Figure 9-3 lie under the curve
strengthens the belief that if drainage amounts collected by tension
lysimeters are incorrect, the tendency is for them to be underestimated.

In Table 9-2, the values of plot drainage were subtracted from the
coincident rainfall to arrive at a value of ET for each sampling period.
Since the variation in drainage within plots was so great that no
statistically significant trends could be diagnosed due to planting
density, one must refrain from making relative comparisons of each
plot's ET rates. However, of particular interest is the percent of
rainfall which is lost to ET. As mentioned earlier, errors in drainage
collection tend to underestimate the actual catch, so it is likely that
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1/
Mean volumetric soil moisture content and DMRT-

groupings for Study 13 sand pine.

February
to March

Mean

Moisture

Content

(«)

27, 1980
20, 1981

DMRT

Grouping

March

to Octobe

20

r

, 1981
22, 1982

Depth (m)
-Density

Mean

Moisture

Content

(X)

DMRT

Grouping

0.3

-3 x 3 m

-1 x 1.5

-1 x 0.5

m

m

4.06

4.25

4.33

A

B

B

4.55

4.42

4.33

A

A B

B

1.0

-3 x 3 m

-1 x 1.5

-1 x 0.5

m

m

4.33

4.35

4.35

A

A

A

4.69

4.53

4.39

A

B

C

1.5

-3 x 3 m

-1 x 1.5

-1 x 0.5

m

m

4.55

4.45

4.49

A

A

A
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Figure 9-3. The increase in drainage expressed as a percent of
rainfall over increasing rainfall for Study 13.
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Table 9-2. Mean daily evapotranspiration in sand pine plots at
Study 13.

Mean Daily ET = Precipitation - Drainage/Days Between Sampling

Date Rainfall

(mm)
Mean Daily Evapotranj;piration

3 x 3 m 1 x 1.5 m 1 x 0.5 m

Year 1 (mm)

12/18/80-01/15/81 19.6 0.7 0.7 0.5
01/15-02/17 196.9 5.8 6.0 5.8

02/17-03/20 104.4 3.2 3.4 3.1

03/20-05/07 86.4 1.7 1.8 1.6
05/07-06/30 138.4 2.4 2.5 2.5

06/30-08/12 173.9 4.0 - -

08/12-09/24 136.7 2.8 3.1 3.1

09/24-10/22 43.2 1.4 1.4 1.4

10/22-11/21 81.8 2.7 2.8 2.8

11/21-12/16 36.1 1.3 1.4 1.4

TOTAL 1,017.4 966 949 914

Mean Daily ET: 2.7 2.6 2.5

ET as a % of Ra in: 95 93 90

Year 2

12/16/81-01/24/82 160.5 3.9 4.0 3.9

01/24-02/25 114.3 3.3 3.4 2.9
02/25-03/31 94.5 2.5 2.6 2.2
03/31-05/05 92.2 2.5 2.6 2.3

05/05-06/03 57.9 1.9 1.9 1.9

06/03-07/02 207.0 7.0 6.9 7.0

07/02-08/05 295.9 8.5 8.8 7.6
08/05-08/28 104.1 4.3 4.5 3.8

08/28-09/16 97.0 4.8 5.0 4.7

09/16-10/20 106.2 2.8 3.1 2.7

10/20-11/18 38.1 1.1 1.3 1.1
11/18-12/15 204.0 7.2 7.4 6.9

TOTAL 1,571.7 1,480.3 1,523 1,395

Mean Daily ET: 4.1 4.2 3.8
ET as a % of Ra in: 94 97 89

actual ET is not a great as suggested. However, it does seem safe
to say that the vast majority of rainfall is lost to ET. Also,
contrary to a point made in the previous paragraph, the ET/PPT
ratio has not abated in 1982, despite substantially greater
rainfall. It is assumed that the increase in leaf area of the
developing trees (Table 9-3) has offset by transpiration any gains
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Table 9-3. Study 13 sand pine leaf area (LA) versus tree height (H)
regressions and leaf area indices.

Planting Densi:ty
Regression 3 x 3 m 1 x 1.5 nl 1 x 0.5 m

Equation Format: LA = Bo + Bl (H)2

n

R2
3

0.87

0.046
1.448

3

0.30

0.872

0.748

3

1.00

0.480
0.581

Leaf Area Index

Date

0.05

0.07

0.37

0.21

0.75

1.50

January 1981
February .1982
October 1982

0.61

1.37

2.93

which would

remained the

9.1.2.

have been made in ground water recharge had leaf area
same.

Slash pine and Eucalyptus viminalis

The concrete-walled lysimetric plots of Studies 9 and 10 were
constructed Fall 1979. The plots were weeded on a regular basis to
decrease weed competition and to insure that the majority of water lost
through evapotranspiration was due to the candidate species only. Water
table monitoring began in September 1980 with manual measurements of the
plot wells twice a week.

all

monitored until

resolution of the

1981 water tables

when summer rains
moisture content

In the spring of 1981 Leopold-Stevens well recorders were placed on
plots except the high density pine which was not automatically

September 1981. This had little effect on the
ET estimate, since during the extremely dry year of
were not measurable from mid-April until late July
recharged the water tables. During this period, soil
was measured using a Troxler neutron soil moisture

probe.

The rates of ET are graphed in Figure 9-4 for the length of the
study period. These values, with the exception of the period from April
30 to July 27, 1981, were computed by periodic changes in water table
level divided by the specific yield (S = 5.9 cm rise/cm rain).
Specific yield was calculated by adding a k^own amount of water directly
to the soil surface of the plots and measuring the resulting water table
rise. Though specific yield could have been calculated from the water
table storm hydrographs, increases calculated from known rainfall
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amounts generally provided an estimate which was too high. This may
have been due to back pressure exerted by trapped air under the rainfall
wetting front, a phenomenon exaggerated by the enclosed nature of the
walled plots.

It can be seen in Figure 9-4 that ET remained low throughout the
winter months, but seemed particularly low during November and December.
This is due both to lower evaporative demand and to low rainfall typical
of that time of year. It can also be seen that actual ET follows
potential ET rather closely, except when the supply of water is low, as
in the case of the spring and summer drought of 1981.

In 1980-81, all study plots had evapotranspiration amounts which
were more than the rainfall input as shown by annual ET averages in
Table 9-4. This suggests that water was supplied to the plots from some
source other than rain, perhaps upward capillary movement from lower
soil clay layers.

There is no suggestion from the data that a planting of 1 x 0.5 m
spacing of Pinus elliottii or Eucalyptus viminalis used more water than
that of a 1 x 1.5 m planting. None of the observed differences in ET
were found to be significant between species or spacing. In the high
density E. viminalis planting a hard freeze in early 1981 followed by a
stressfuT dry summer took its toll as the canopy thinned and growth
nearly stagnated. Problems were also encountered in the low density E.
viminalis, where poor survival necessitated replanting nearly half of
the trees in the plot during the first year. The leaf area estimates of
Table 9-5 show only a twofold increase for the low density _E. viminalis,
while Pinus elliottii leaf areas grew by roughly fourfold. This
suggests that the ET per unit of leaf area was less for Pinus than for
Eucalyptus.

Through much of the 1982 growing season, a neutron soil moisture
probe was used to quantify plot water contents when water tables fell
below sampling wells. Measurements were taken at depths of 20, 40, and
60 cm on 12 occasions. An analysis of variance was performed on the
resulting data, and Table 9-6 contains a synopsis of the derived means
and associated levels of significance. Only in one case, between pine
densities at the 60 cm depth, was the difference in soil moisture great
enough to surpass a 0.10 level of significance. There is no suggestion,
at any depth sampled, that soil moisture might be lower in _E. viminalis
than in pine plots.

Differences between planting densities do exist in the tension with
which water is held in the stems and leaves. Predawn plant water
potential or baseline pressure potential (BP) was determined in
conjunction with the soi moisture measurements of the summer of 1981 and
the results of an analysis of variance appear in Table 9-7. In both
species there exist highly significant differences in BP between
planting densities, with the denser plantings exhibiting more negative
potentials. It is known that for many plant species increasingly
negative water potential causes lower leaf conductance for vapor
diffusion. If stress induced stomatal closure occurred in the trees of
this study, and it is likely that it did during the dry summer of 1981,
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Table 9-4. Evapotranspiration from lysimetric plots in Studies 9 and 10.

Mean Daily ET = Precipitation - Drainage/Days Between Sampling

Date

YEAR 1

Rain

fall

(mm)

1/
PET-'

Species/Density (m)
Pinus el liottii

1 x 0.5

Eucalyptus viminalis
1 x 1.5 1 x 1'.5 1 x 0.5

Mean Daily Evapotranspirat ion

(mm)-

Sampling Period
09/13-10/05/80 114.2 2.9 3.3 3.0 3.5
10/05-11/07 39.7 3.1 2.9 3.1 2.9
11/07-12/01 29.2 0.6 0.7 0.9 0.2
12/01-01/06/81 16.6 1.3 1.7 1.6 1.9 1.3
02/28-03/29 63.7 3.7 2.5 2.6 . 2.0
03/29-04/30-/
05/12-06/234,
06/23-07/30^

31.2 5.1 4.3 _ 3.1 4.1
95.4 6.2 3.2 2.0 2.8 2.7
119.3 5.5 0.6 1.72/

2.7-'
1.6 1.0

07/30-08/26 115.2 4.7 3.2 3.8 3.6

TOTAL 791 865 822 953 895

Mean Daily ET: 2.4 2.3 2.6 2.5
ET as a % of Rain: 109 104 120 113

YEAR 2

Sampling Period
08/26-09/15/81 116.2 4.5 3.9 5.1 4.3 3.5
09/15-10/07 0 3.6 3.6 3.7 2.4 2.8
10/07-11/09 53.4 2.8 0.7 0.9 1.0 1.4
11/09-12/11 65.8 1.9 1.6 2.2 2.5 1.7
12/11-01/12/82 118.4 1.6 2.1 2.0 2.1 2.1
01/12-02/21 180.4 1.8 4.1 3.9 3.9 3.9
02/21-03/21 74.5 3.0 4.7 4.3 4.6 4.5
03/21-04/24 223.5 3.2 6.6 6.8 6.6 6.3
04/24-05/16 22.6 3.8 4.0 3.4 3.2 3.4
05/16-06/10 150.5 3.4 3.9 5.3 5.3 5.2
06/10-07/18 205.9 3.9 5.0 5.3 5.3 5.2
07/18-08/26 242.6 4.3 4.7 5.1 5.3 5.2

TOTAL 1,454.8 1,399 1,461 1,424 1,392

Mean Daily ET: 3.8 4.0 3.9 3.8
ET as a % of Rain: 96 100 98 96

1/V,PET = Penman Evapotranspiration.
—Estimates determined gravimetrically.
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Table 9-5. Studies 9 and 10 Eucalyptus viminalis and Pinus elliottii
foliage weight prediction equations.

Date
Regression Equations R2 n Density Developed

w
Pinus elliottii

A. FDW^ =-40.6 +1.23 H(cm) .86 10 1x1.5 Dec. 1980
B. FDW = -34.5 + 0.95 H(cm) .73 10 1 x 0.5 Dec. 1980

Eucalyptus viminalis

C. FDW = -82.6 + 0.78 H(cm) .77 10 lxl Dec. 1980
D. FDW = 26.7 +0.92 D(cm)2*H(dm) .82 26 1 x 0.5 Aug. 1981

Pinus elliottii: 15.1 m2/kg FDW

Eucalyptus viminalis: 9.8 m2/kg FDW

Leaf Area Index

Date Pinus elliottii Eucalyptus viminalis
1 x 1.5 1 x 0.5 1 x 1.5 1 x 0.5

Dec 1980 .28(A)!/ .54(B) .17(C) 1.10(C)
Aug. 1981 1.17(A) 1.96(B) .32(C) 1.05(D)

2yFDW = Field dry weight, in grams.
- Letters in parentheses refer to foliage estimation curve used.

Table 9-6. Mean volumetric soil moisture (X) and associated level of
significance (a) for the lysimetric plots of Studies 9 and
10 from May 12 to September 3, 1981.

Overall

Sampling Planting Pinus Eucalyptus Significance
Depth Density elliottii viminalis due to
(cm) fmT

Species Spacing

20 1x 1.5 11.4 0i53 10.9 Q>61 0.79 0.39
1 x 0.5 10.2 u'JO 10.2

1 x 1.5 21.3 n „, 17.3
1 x 0.5 18.2 u'44 16.5

1 x 1.5 28.0 n nA 26.;
1 x 0.5 25.0 U,U4 25.4

40 1x 1.5 21.3 0>44 17.3 ^ 0.16 0.31
lo. b

60 1x 1.5 28.0 0>Q4 26.7 Q_4g 0.64 0.06
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Table 9-7. Mean predawn plant water potential (BP, in atm.) as deter
mined by the Scholander Pressure Bomb and assoicated levels
of significance (a) for the lysimetric plots of Studies 9
and 10 from July 2 to September 3, 1981.

Study
-Species Density

(m)
BP

(atm)

1 x 1.5 1.49

1 x 0.5 2.14

1 x 1.5 0.97

1 x 0.5 1.46

Study 10

Pinus elliottii

Study 9

Eucalyptus viminalis

0.02

0.002

then it probably occurred earlier each day in both high density plots.
It is possible that this earlier daily "shut down" in the plots with
greater leaf area reduces the water use per leaf area as noted above.

9.1.3. Eucalyptus grandis

The plastic-walled lysimetric plots of Study 7 were established in
the summer of 1979 and planted in _E. grandis early in 1980. Monitoring
of soil moisture at 0.3, 0.6, and 0.9 meters began in April 1980 and
continued until the end of 1982. The results of two years of soil
moisture measurements for the two planting densities are compiled in
Figure 9-5.

Eucalyptus grandis was somewhat susceptible to frost, with some
damage occurring each winter. A hard freeze in January 1982, when
temperatures dropped to -8°C for two consecutive nights, was too severe
and few of the stems survived. By summer of 1982 most trees were
sprouting from the base. The January 1982 freeze drastically changed
the structure of the canopy and the differences in transpiring surface
area which existed between the plots. Data collection ceased shortly
after the freeze because of the obvious inconsistencies in the biomass

canopy.

Measurements for the _E. grandis plots were also affected by the
drought of 1981. The normally high watertable, which was to be used to
provide data on the supply of water within the plot for water balance
calculations, was in evidence only for 12% of the time during that year.

As was found in the sand pine of Study 13, soil moisture in the
density E. grandis plot was significantly lower than in the low

(Table 9-8). During the first year of establishment, the
high density planting was significantly drier at the 0.3- and 0.6-meter

high
density plot
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Table 9-8. Mean volumetric soil moisture and associated levels of

significance in lysimetric plots of Eucalyptus grandis in
Study 7.

April 24, 1980 March 3,, 1981
to March 3,, 1981 to March 25, 1982

Mean Signi Mean Signi
Planting Volumetric ficance Volumetric ficance

Depth Density Water Con tent Level Water Content Level

(m) (m)

1 x 1.5 10.8

(a)

6.1

(a)

0.3

1 x 0.5

1 x 1.5

9.9

17.8

0.02

7.0

9.4

0.16

0.6

1 x 0.5

1 x 1.5

16.5

26.7

0.01

7.2

18.8

0.02

0.9

1 x 0.5 25.9

0.22

14.2

0.0008

soil depths. During the second year, the difference disappeared at the
0.3-meter depth, only to have those at the 0.9-meter depth become
significant. The suggestion is that the greater degree of root
proliferation at 0.3-meter depth in the high density planting was
matched in the second year by the root growth of the low density
planting. More root development at 0.7-meter depth in the high density
planting caused a drier soil. Soil cores taken in March of 1982 and
sieved for roots showed higher weights at the surface soil depths for
the high density planting but were not significant at the 0.10
probability level.

9.2. Water quality

Changes in water quality due to higher intensity tree biomass
silviculture are of some concern because of potential water pollution
problems. Averages from periodic soil water samples from Studies 7, 9
and 10 are presented in Table 9-9. Comparable cation data from the dry
Study 13 site were contaminated by the porous ceramic materials of the
tension lysimeters generating uncommonly high pH and conductivity
levels. Total Kjeldahl nitrogen (TKN) averaged 1.16 ppm and nitrate
nitrogen (N03N) averaged 0.24 ppm in the soil solution of Study 13. A
few spring and creek run-off water samples showed TKN levels of 0.62
ppm. Such concentration differences between soil solutions and runoff
are rather commonly observed.

The soil water data from Studies 7, 9 and 10 show some differences
associated with location and treatments. Study 7 waters are more acid
with lower calcium and higher TKN levels than from Studies 9 and 10.
The most obvious treatment effect is a decrease in pH, conductivity, and
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Table 9-9. Soil water chemistry of lysimetric plots at Studies 7, 9, 10, and 13.

Study

MjM-Species Dens Conductivit

(mmho)

;y TKN NHN
4

NO N TP P0 P
4

\ ..

K Ca Mg

— (ppm )

Study 9

E. Viminalis H 5.4 137 0.70 0.21 0.04 0.07 0.06 2.9 4.5 5.0

L 5.9 198 0.86 0.26 0.11 0.07 0.06 0.9 15.6 11.2

Study 10

Slash pine H 4.9 78 0.75 0.25 0.04 0.07 0.07 0.6 1.5 2.3

L 5.9 218 0.75 0.26 0.05 0.02 0.02 3.5 11.9 9.7

Study 7

E. Grandis H 4.0 108 4.05 0.05 0.06 0.07 0.04 2.0 2.6 2.0

L 3.8 82 1.11 0.09 0.45 0.10 0.06 2.4 3.4 3.8

c 3.6 161 0.66 0.04 3.86 0.07 0.04 3.5 2.6 3.1

Study 13

Sand pine H 7.2 337 1.30 - 0.14 0.24 - 0.7 9.6 11.4

L 7.3 435 1.07 - 0.04 - 1.5 8.3 14.1

P 7.6 288 1.10 - 0.34 0.10 - 0.5 7.0 4.4

— H = 1 x 0.5 m; M = 1 x 1.5 m; L = 3 x 3 m; C = no trees.

- TKN = Total Kjeldahl nitrogen; NH N = Ammonia nitrate; NO N = Nitrate nitrogen;

TP = Total phosphorus; P0 P = Phosphoric acid; K = Potassium; Ca = Calcium;

Mg = Magnesium.

cations of soil water under the high density slash pine plantation of
Study 10. This plot showed the most vigorous growth and presumably
extracted nutrients from the soil water in exchange of hydrogen ions.
In the high-density _E. viminalis plantation of Study 9 is a similar
reduction, but only of calcium and magnesium levels. The low density
planting of _E. viminal is of Study 9 shows a higher level of N03N.
This increase of nitrate with decreasing _E. grandis planting density is
more obvious in the data from Study 7. The treeless control plot showed
the highest N03N levels in soil water at the expense of TKN and
increasing the acidity (e.g. lower pH). Increases in N03N and acidity
of soil water has been documented elsewhere for similarly bared
flatwoods soils (Morris and Pritchett, 1982).

From the above data it appears that the species or planting
densities have little effect on groundwater quality except for some
decrease in calcium levels associated with high density plantings at
Studies 9 and 10 and lower levels associated with higher density _E.
grandis at Study 7.
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9.3. Soil amendments

Biomass plantation siviculture removes significantly more nutrients
from the soil than pulpwood silviculture (Riekerk, 1983b). To assure
longterm productivity, soil amendments with commercial fertilizers or
with waste products have been tested. Table 9-10 shows the accumulated
data on effects of soil amendments on surface soils. It is of interest
to note that the fertility level of the soil of Study 11 was
significantly higher than any of the other studies, especially for
phosphorus.

In general, applications of commercial fertilizers at the sites
tested did not significantly change the nutrient levels in the surface
soil when compared to the controls. The exception was increased
phosphorus levels in the soils of Study 7 under _E. grandis. The sewage
sludge applications added much higher nutrient levels which
significantly increased the fertility status of the soils. Some
preliminary data of foliar nutrient levels suggests a similar
conclusion.

In a separate but related study, coal fly-ash was applied for a C.
glauca biomass plantation on a flatwood soil adjacent to Studies 9 and
10. The experimental design included a control and three treatment
levels: 74 mt/ha, 146 mt/ha, and 292 mt/ha of coal fly-ash incorporated
in the surface soil. Preliminary data showed a neutralization of the
acid soil, and significant increases of phosphorus and cation nutrients
(J. J. Street, pers. comm.). Soil solutions and runoff waters also
showed significantly increased levels of nutrient elements, especially
calcium.

9.4. Management implications

\lery intensive short-rotation biomass silviculture disturbs the
growing sites much more than standard pulpwood silviculture. Frequent
harvesting of densely canopied biomass plantings induces large
fluctuations in the soil water regime and accelerates three to five
times the periodic removal rate of carbon and nutrients from a site.
Loss of soil integrity due to the resulting lower humus content
accelerates erosion and leaching, contributing to a gradual decline of
site productivity (Hansen and Baker, 1979). Site amendment with
fertilizers or organic waste products, such as sewage or mill sludges
and/or coal fly-ash, is necessary to maintain or improve productivity.

Silvicultural biomass farming with high-density plantations was
expected to significantly increase water-use by more rain interception
and transpiration per unit area. The results for the first two years of
stand development did not show a large increase of water-use by the _E.
grandis, _E. viminalis, slash pine, and sand pine tested. Plant and soil
moisture regimes did show reductions in high-density plots, at least
during the second year after establishment.

Soil amendment with fertilizer, sewage sludge, or coal fly-ash
significantly improved growth of most tree species tested. Information
on the nutrient input-output balances has yet to be assembled to assess
impacts of silvicultural biomass farming on the sites.



9-17

Table 9-10. Effects of amendments on surface soil— nutrients after
three years of tree growth (ppm).

Study
-Species 0/

-Treatment- pH N P K Ca Mg

— (ppm)—

Study 7
E. grandis

0 4.3 216 0.8 6 40 10
100 N 4.2 234 0.9 8 31 12
300 N 4.1 246 0.9 8 22 12
50 P 4.1 224 5.2 4 62 12
100 N/50 P 4.3 228 7.1 4 94 13
300 N/50 P4.0 4.0 224 2.9 4 36 10
S(400 N/175 P) 4.1 329 6.4 8 53 10
S(800 N/350 P) 3.9 324 7.4 8 62 12

Study 8
Melaleuca

0 4.9 290 0.9 4 111 12
50 P 5.1 305 16.1 4 194 13
50 N/50 P 4.9 255 1.5 4 89 9

Study 10
Slash pine

0 4.0 272 1.2 5 59 17

50 N/50 P 4.0 237 1.7 6 58 16
150 N/50 P 4.2 333 1.7 5 39 7

200 N/100 P 4.0 237 1.5 4 57 13
S(470 N/165 P) 3.9 261 2.8 5 64 12

S(945 N/335 P) 3.9 381 6.0 7 102 21
Study 11

Slash pine
0 4.8 304 23.9 5 55 9

50 N/50 P 4.7 310 22.7 5 66 12
150 N/50 P 5.1 344 24.3 4 83 12

200 N/100 P 4.8 342 25.1 5 71 9

Study 13 4.8
Sand pine

0 4.9 309 1.3 6 35 4

50 N/50 P 4.9 344 2.4 8 38 6

150 N/50 P 4.8 320 1.9 8 28 4

S(175 N/135 P) 4.8 364 11.7 9 52 4

S(340 N/265 P) 4.9 402 26.3 7 90 4

Study 14
Sand Pine

0 5.3 102 2.2 4 52 5

50 N/50 P 5.2 105 2.3 4 77 7

150 N/50 P 5.5 118 2.7 4 148 12

2/Top 30 cm.
— N = Nitrogen; P = Phosphorus; S = Dry sewage sludge.
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Environmental effects on water quality appear to be limited to some
changes in the nitrogen and calcium levels. High-density plantings
appeared to reduce the nitrate levels and increase to some extent the
total digestible-nitrogen levels. There appeared to be an increase of
calcium levels in the water samples from the low-density plots on the
poorly-drained soils causing a slight increase in pH.

Management implications for sand pine biomass farming include soil
amendment with organic materials (such as sludge) to improve the water
holding capacity and reduce the effect of soil moisture depletion.
Organic matter additions also will improve the nutrient retention
capacity and reduce leaching.

Slash pine biomass plantations will also deplete soil moisture
inducing plant stress. This condition partially closes stomata and
reduces transpiration and photosynthesis per unit leaf area. Irrigation
during periods of lowered water tables could correct this limitation.
Intensive biomass farming may have some water quality effects due to
increases in nitrate and calcium levels.

Eucalyptus viminalis and E. grandis biomass plantations also
exhibit soil moisture depletion especially during dry periods. Tree
development increases the downward rooting depth, and with it the
moisture depletion zone, depending on stand density. The surface soil
becomes thoroughly rooted eliminating differences due to stand density.
Irrigation proportional to stand density or total biomass per unit area
during dry periods of lower water tables could correct limitations of
the water supply. Water quality is somewhat affected in that
high-density Eucalyptus biomass stands tend to reduce nitrate levels.
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10. FUTURE RESEARCH

10.1. Coppice management and associated rotation

Coppice management and yield are crucial to the success of the
intensive culture espoused for biomass plantations. This project has
provided preliminary data for some eucalypts and for Melaleuca; many
other species need to be evaluated. Even for _E. grandis and _E. robusta,
the species most intensively studied here for coppicing, considerable
additional research is needed. Some of the more important topics which
can be addressed in the short-term are:

1. Yield of rotation length coppice stands and comparison with
seedling stands.

2. Timing of harvest, including methods of extending harvest
season.

3. Method of harvest in biomass plantations.

4. Care of coppice stand, involving control of number of stems
and impact of planting density.

5. Variability between- and within-species and use of hybrids

6. Biomass properties of coppice stands.

In the long-run, research needs to be directed to:

1. Selection of good coppicing trees, species, and hybrids.

2. Management and harvest of second and subsequent coppice stands.

3. Pests associated with coppicing.

4. Desirability of continued coppicing versus stand establishment
with improved stock.

5. Economics/energetics of multi-coppice systems.

10.2. Genetic improvement

Genetic variation for traits important to biomass production has
been evident within each species for which such analyses have been
conducted thus far. In some cases, the predicted gains have been nearly
100%. Much needs to be done in order to realize these potentials.

No effort has been directed specifically toward production of
genotypes that are superior for short-rotation, intensive culture
systems. For _E. grandis, _E. robusta, slash pine, and sand pine,
suitable seed can be obtained from selected parent trees in existing
seed orchards. However, the quality of such seed is diluted due to the
presence of other trees in these orchards. Maximum gain for
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operational-scale biomass plantings can be achieved from specialty
orchards specifically developed for these applications.

Similarly, vegetative propagation of JE. grandis and _E. robusta for
biomass plantations is limited because of the present low number of
identified superior trees and, for those that have been selected, the
very low quantity of clonal stock available. A concentrated effort must
be made to increase the numbers of selected trees in each species to at
least 200, and clonal tests of each selection are required to
substantiate the genetic value of each and its suitability for
large-scale propagation. Proven selections needed to be multiplied in
clone banks in order to have sufficient propagation material available.

The preliminary genetic analyses conducted in this project must be
expanded over time and species. Studies established to estimate genetic
variation under intensive culture conditions must be monitored at least
to half-rotation age and ideally longer in order to obtain reliable data
and verify the most productive tree improvement strategies.

Efforts with some promising species have only just begun.
Eucalypts such as JE. camaldulensis, E. tereticornis, and _E. viminalis
should be studied for patterns of genetic variation. Selections within
existing Florida populations should be made. Base populations of these
species must be expanded by introduction of appropriate new material
from outside Florida. Other species about which even less is now known,
such as European black alder, need to be more thoroughly evaluated in
field trials.

10.3. Harvesting, drying, transport, and storage for Florida conditions

The growing of woody biomass for energy and chemicals in Florida
appears to have an excellent chance for success in future years if all
activities involved are well planned and executed. Careful selection of
tree species and clones for particular growing sites and application of
cultural practices (fertilization, water management, weed, insect, and
disease control) at optimum intensity levels will insure good
establishment and growth. All of this potential could be lost, however,
if equal, detailed attention is not directed toward the important steps
that follow: namely, harvesting, drying, transport, and storage.

Biomass farming is relatively new, problem factors are numerous,
and answers to many questions are needed. In harvest and post-harvest
biomass operations, as in biomass culture, partial answers and
assumptions can be, and are being made, based upon commercial practices
and experiences involving conventional products, but in the final
analysis, specific investigations must be planned and carried out to
determine if selected harvest, drying, transport, and storage systems
for various biomass plantations in Florida will be technically feasible
and economical.

Most post-cultural problems are related to the inherent nature of
the biomass material itself and to requirements for its final use.
Composed of woods, bark, branches, and foliage, biomass is variable in
size and form and characterized by low bulk density, high moisture
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content and high susceptibility to deterioration. When stored it may
create hazards of spontaneous ignition and respiratory allergy in humans
(Thornqvist and Lundstrom, 1983). Drying of biomass prior to storage
prevents deterioration, fire, and the human health hazard. In some
cases the costs of drying can be recovered when biomass is burned for
fuel (Springer, 1980).

In recent years, investigations and developments with regard to
these post-cultural operations have been ongoing in other regions of the
United States and in some foreign countries (Mattson, 1983 and Sail,
1980). While most of the information will be beneficial and applicable,
some modifications and changes undoubtedly will be necessary due to

1. wet-land harvest conditions in Florida,

2. warm, humid climate requiring greater attention to insect,
disease, and pest control,

3. special cultural practices to insure growth or coppicing,

4. species differences with regard to drying rates,
susceptability to deterioration, and spontaneous ignition
during storage, and

5. differences in pretreatment specifications for conversion to
energy or chemicals.

According to Mattson (1983), the commercial application of short
rotation intensively cultured systems will depend heavily on the
availability of technically and economically feasible equipment and
systems to perform the required silvicultural treatments and necessary
harvesting and processing operations. It is unlikely that any one
machine or system will solve the problems of biomass plantations under
the great variety of conditions that may be encountered. Parts of
technology, however, being developed by various groups should provide
the basis for a solution in any given set of circumstances.

10.4. Waste products as soil amendments

Forest lands are relatively remote from the human food chain.
Disposal/utilization of waste materials as soil amendments is an
attractive alternative to commercial fertilizers. Disadvantages are
transport distances and luxurious weed growth. Application in
established forest stands minimizes the weed problem.

Biomass plantation trials with commercial fertilizers and with
sewage sludge as soil amendments showed similar growth responses per
unit of nitrogen and phosphorus applied. Economic analyses of sewage
sludge utilization showed mid-rotation application to Douglas-fir forest
stands to have the highest net return. Overall cost/benefit was not
much different from commercial fertilizers suggesting that the cost
reduction for sewage sludge as a fertilizer lies in the waste-disposal
fee paid to the landowner.
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A biomass plantation trial with a basic coal fly-ash as an
amendment for an acid flatwoods soil showed a significant growth
increase for Casuarina spp., but not for Eucalyptus viminalis, and
killed slash pine seedlings. The growth response of Casuarina spp. to
coal fly-ash is promising for biomass plantations as this fast-growing
species has high-density wood, sprouts readily after cutting, and is a
nitrogen-fixing hardwood species. Disadvantages are a low level of
frost-hardiness and susceptibility to root rot diseases.

Environmental, no more than about 400 kg/ha/yr of nitrogen should
be applied with sewage sludge to avoid soil acidification and
groundwater contamination by nitrates. Organic-rich sewage improves
soil humus status and therefore water and nutrient retention capacity.
Coal fly-ash application at 125 mt/ha limed an acid forest soil to pH
from 4.8 to 6.2 and suppressed heavy-metal mobility. Runoff water
quality reflected similar changes due to treatments.

Future research on waste products as soil amendments needs to
evaluate optimum production potentials of biomass plantation plots of
tree species, sewage sludge and coal fly-ash levels, and their mixtures.
The liming potential of coal fly-ash could be used to counteract the
acidifying potential of sewage sludge in forest soils. Furthermore,
long-term environmental impact on runoff and groundwater as well as
heavy-metal accumulations need to be evaluated.
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Category

DOE/ORNL Support:

Salaries and

Wages

Equipment

Travel

Supplies and
Services

Overhead

Total

UF Cost Share:

Personnel

12-1

12. FINANCIAL SUMMARY

Budget Year

1978-79 1979-80 1980-81 1981-82 1982-83 Total

54,240 91,131 87,803 95,973 108,621 437,768

8,000 13,000^ 4,800^ 5,838^ 499 32,137

10,000 12,500 15,500 16,000 13,500 67,500

7,019 62,130 14,787 22,242 9,113 115,291

18,827 50,122 54,563 59,947 58,489 241,948

98,086 228,883 177,453 200,000 190,222 894,644

32,200 55,700 44,000 42,742 51,220 225,862

Capital Equipment:

A^Bomb calorimeter, Digital voltmeter, Analytical balance
^/Chart recorder
-2 Watertable recorders, Computer terminal



Table A-1. Summary of experimental material and methods employed in main studies.

Sand Pine Slash Pine E.. gvandis Melaleuca

1 8Study Component 13^ 14 10 11

2/
Fertilizer—

2000 trees

4 prog.
900 trees

4 prog.
1800 trees

7 prog.
1200 trees

6 prog.
1600 trees,-,

18 prog.-7
1800 trees

5 prog.

2/
Selection-' 1050 trees

14 prog.
1050 trees

14 prog.
1650 trees

22 prog.
1275 trees

17 prog.
1650 trees

22 prog.
1425 trees

19 prog.

Spacing— 1125 trees

5 prog.
1125 trees

5 prog.
900 trees

4 prog.
450 trees

2 prog.
900 trees ,-

18 prog.-7
,1125 trees

5 prog.

Nelders 2520 trees

40 prog.
2331 trees

37 prog.
1848 trees

33 prog.
1400 trees

25 prog.
1904 trees

34 prog.
1904 trees

34 prog.
OJ
i

Regression— 300 trees

4 prog.
300 trees

4 prog.
300 trees

7 prog.
300 trees

6 prog.
300 trees,,

18 prog.-7
300 trees

5 prog.

4/
Lysimeter- 450 trees

4 prog.
- 450 trees

7 prog.
- 450 trees,,,

18 prog.-7
450 trees

5 prog.

1/-TjyStudy numbers are those presented in Table 1.
-J. 10,000 trees/ha (1 x 1 m spacing) used.
|76,667, 10,000, and 20,000 trees/ha evaluated.
-jt76,667 and 20,000 trees/ha employed
—Commercial mix of improved plantinmproved planting stock grown by Herren Nursery, Florida Division of Forestry
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Table A-2. Summary of experimental material employed in supplemental
studies.

Study No.—7-Species

0 Melaleuca

5 Melaleuca

6 Melaleuca

9 E. viminalis

12 Slash pine

15 Sand pine

16 Eucalyptus spp.
and

Casuarina spp.

32 E. viminalis

28 C. glauca

29 E. viminalis

31 A. glutinosa

Experimental Material and Methods

Five high density young natural stands used for
0.5 x 0.5 m plots.

Five high density young natural stands used for
10 x 10 m plots.

Five high density young natural stands used for
10 x 10 m plots.

675 trees (9 provenances) included in selection
evalutation, 750 trees (5 provenances) used for
spacing study, and 450 trees put in lysimeter.

600 trees (8 progenies) in a selection study,
150 trees in a biomass plot.

1200 trees (3 genotypes) in a selection study.

8000 trees (7 species, 6 genotypes/species for
E. grandis and E. robusta and 3 genotypes/species
for C. equisetifolia and C. cunninghamianna) in a
selection study and spacing study.

2700 trees (30 progenies) in a selection study.

2000 trees in a biomass assessment and environmen
tal monitoring study.

2000 trees in a biomass assessment and environmen
tal monitoring study.

700 trees (14 provenances) in a selection study and
225 trees in a biomass study.

-Refer to numbers presented in Table 5-1.
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Table A-4. Characterization of Casuarina and Melaleuca sample trees.

Study
-Species
-Trait or Component Mean Range No. Trees

Study 3
-C. equisetifolia

-DBH (cm) 3.37 0.6-6.9 10

-Height (m) 6.54 2.0-12.4 10

-Dry Bole (gm) 4,149.2 94.0-16,055.1 10

-Dry Branch (gm) 404.8 11.4-2,259.7 10

-Dry Foliage (gm) 363.0 57.1-1,333.4 10

Study 20
-C. equisetifolia

Plot 1

-DBH (cm) 4.3 0.6-17.0 114

-Ht (m) 9.5 - 114

Plot 2

-DBH (cm) 4.2 0.7-12.8 116

-Ht (m) 9.3 - 116

Plot 3

-DBH (cm) 6.4 0.9-15.6 54

-Ht (m) 11.8 - 54

Study 0
-Melaleuca seedlings

Plot 1

-DBH (cm) - 0.0-0.5 -

-Ht (m) 1.5 0.8-2.3 -

Plot 2
-DBH (cm) - 0.0-0.7 -

-Ht (m) 1.5 0.7-3.0 -

Plot 3

-DBH (cm) - 0.2-2.5 -

-Ht (m) 2.2 0.8-4.0 -

Study 0
-Melaleuca saplings

Plot 1
-DBH (cm) 2.8 1.9-4.3 -

-Ht (m) 4.3 3.1-5.5 -

Plot 2

-DBH (cm) 5.0 3.7-6.0 -

-Ht (m) 6.2 5.3-7.0 -
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Table A-5. Biomass predictive equations for Eucalyptus grandis and Eucalyptus
robusta grown at 10,000 trees/hectare

Stem + Branch Stem Volume Inside

Progeny Study

Dry Wei ght (kg) Ba rk (m3)—

Species n bo bl R2 bo bl R2

Independent Variable = D2H:

Grandis-7 867 7 10 -0.020 0.0196 .98 0.0000 0.0000328 .98

888 7 10 0.454 0.0157 .68 0.0006 0.0000280 .87

965 7 5 0.392 0.0172 .99 -0.0004 0.0000338 .98

1002 7 10 1.656 0.0076 .91 0.0025 0.0000137 .94

1003 7 8 0.156 0.0162 .96 0.0002 0.0000295 .98

1012 7 10 0.543 0.0150 .82 0.0004 0.0000288 .99

1146 7 5 0.077 0.0188 .75 0.0021 0.0000235 .65

Grandis-7 All 16 10 -0.364 0.0163 .99 0.0004 0.0000288 .99

3/
Robusta— All 16 10 -0.612 0.0149 .94 0.0005 0.0000278 .99

Independent Variable = D2:

2/
Grandis- 867 7 10 0.683 0.1634 .95 -0.0012 0.000278 .98

888 7 10 0.109 0.1235 .74 0.0003 0.000206 .82

965 7 5 1.326 0.1917 .99 0.0037 0.000373 .96

1002 7 10 1.256 0.0669 .89 0.0018 0.000122 .93

1003 7 8 -1.241 0.1680 .95 -0.0021 0.000295 .91

1012 7 10 -0.248 0.1480 .85 -0.0009 0.000273 .93

1146 7 5 0.440 0.1586 .63 0.0008 0.000218 .66

Grandis-7 All 16 10 -2.264 0.2104 .97 -0.0028 0.000370 .96

Robusta^7 All 16 10 -0.774 0.1759 .95 1.0020 0.000325 .99

-70utside bark volumes can be estimated by multiplying inside bark volume by 1.23
~,based on an average dib/dob of 0.9.
^33-month-old.
-'24-month-old.
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Table A-6. Predictive weight equations for slash.pine at various stock
ing densities in Study 30.

WEIGHT EQUATIONS

TREE WEIGHT = e E°-045 + 2-33 LN(DBH) - 0.27 LN(DENSITY)]

BOLE WEIGHT = e^0,06 + 2*43 LN(DBH) " °-32 LN(DENSITY)]

BRANCH WEIGHT = e[(L08 + 1'11 LN(DBH) " °'49 LN(DENSITY)1

FOLIAGE WEIGHT = e^'2 + L91 LN(DBH> " °'41 LN(DENSITY)] ^ ^

R2 F.I.

.98 .95

.96 .91

.96 .84
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Table A-7. Regression equations for Casuarina and Melaleuca tree biomass
yields.

Study Equation Format: Y=bQ+ b^X Y=Gms dry total bioma ss

-Species

Y bo bl X R2 n

Study 3
-C. cunninghamiana

Dry bole (gm) -938.2 336.5

CMCMCM31313:COCQCQQQQ

.98 10

Dry branch (gm) -196.8 49.8 .83 10

Dry foliage (gm) 29.5 22.1 .84 10

Study 20
-C. equistifolia

Dry bole (gm) -564.8 328.9 DBH2
DBH^
DBHJ;
DBH^

.98 10

Dry branch (gm) -2520.7 146.1 .93 10

Dry foliage (gm) -420.8 46.4 .97 10

Dry total (gm) -3506.3 521.4 .98 10

Height (m) 1.01 5.79 ln(DBH) .97 10

Study 0
-Melaleuca

Dry bole (gm) 166.2 72.4

CMCMCM313131cacacaCDCDCD

.97 70

Dry foliage (gm) -3.2 14.8 .98 70

Dry branch (gm) 20.2 25.1 .90 41

Studies 5 and 6

-Melaleuca coppice

Plot 1 0 0.2835 DBH2'°l
DBH? Ifi
DBH1 fifidbhJ*5°
DBH1 qft
DBH2 07
DBH2 03
DBH2 04
DBH^14

Plot 2 0 0.3220

Plot 3 0 0.2683

Plot 4 0 0.5768

Plot 5 0 0.2143

Plot 11 0 0.3072

Plot 12 0 0.2617

Plot 13 0 0.1905
Plot 14 0 0.2824

Plot 15 0 0.2287
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Table A-8. Formulae for calculating mean annual increment (MAI), survi
val percentage (S), and number of trees per hectare at a
given age (Q) used in section 8.

MAI = YN/n (1.1)

Where: YN = yield per hectare in dry weight of biomass
n = equal to rotation length, in years

S = [72.5 + (194/A) -(880/SI)/100] (1.2)

Where: A = plantation age in years
SI = site index, base age 25

log(Q) = log(QP) + [2.8862 - 1,2595 log QP][A/100] (1.3)

Where: QP = number of seedlings planted per hectare
log = log to the base 10
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Table A-9. Formulae for biomass equations used in section 8 for Eucalyptus

grandis, slash pine, and sand pine.

Eucalyptus grandi s:

(4.5862 - 29.9889/AGE 1 11.7744 * SPACE/ACE 1) ,„ ,.
STEMDW = e - (2.1)

(5.1963 - 29.9889/ACE 1 + 11.7744 * SPACE/AGE 1)
STEMV0L = e (2.2)

SURV - i.0/[1.0 +e(-3-°735 +°-°536 *AGE 1+°-°136 *ACE 1*SPACE)] (2.3)

TREES = SURV * PLANTED (2.4)

Slash Pine:

[(log(PLANTED) - 0.3929) + (2.8862 - 1.2505 * log(TREES)AGE 2/100]
SURV —[10 J

[2.471/ACE 2] (3.1)

TREES = SURV * PLANTED (3.2)

(- 14.124/ACE 2) ,, ,,
AHT = 38.0370 * e (3.4)

STEMV0L = (0.00003 * AHT * ADBH2)(TREES) (3.5)

STEMDW = [0.001954 - 0.0000829 ADBH2 + (0.000025 ADBH2 * AHT)][TREES] (3.6)

FOLDW + [0.006874 - (0.00009688 ADBH * AHT) + (0.0000376 ADBH2 * AHT2)][TREES] (3.7)

Sand Pine:

SURV = (100 - ACE 2)/100 (4.1)

TREES = SURV * PLANTED (4.2)

ADBH = -5.08 + 15.24 * log(AGE 2) -0.000041 AGE 2 * TREES (4.3)

AHT = -0.2743 - 0.9507 ACE 2 -0.0089 AGE 2 (4.4)

STEMVOL = 0.00003 * AHT * ADBH2 * TREES (4.5)

STEMDW =[IO1"0'97356 +°-9872 *l09(°-5M2 *AHT *ADBH2)][0.0000454 * TREES] (4.6)
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Table A-9. (Continued)

Where: ADBH = Average tree DBH (cm) per hectare

AGE 1 = Age of plantation in months

AGE 2 = Age of plantation in years

AHT = Average tree height (m) per hectare

e = natural log

FOLDW = Total branch and foliage dry weight (mt) per hectare

log = log to the base 10

PLANTED = Number of trees planted per hectare

SPACE = Dummy variable for initial planting density:

0 for 1,600 trees per hectare

1 for 10,000 trees per hectare

STEMDW = Total stem dry weight (mt) per hectare

STEMV0L = Total stem volume (m3) per hectare

SURV = Percentage of living trees per hectare

TREES = Current number of surviving trees per hectare
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Table A-10. Tissue nutrient concentrations of Melaleuca studies.

Study
-Test ,,

-Treatment- Age

(yrs)

Component Nutrient

N P K Ca Mg

Study 5
-—(%)-—

-Coppice 1.0 Bole
Foliage

0.260

1.380

0.024

0.071

0.348

0.576

0.261

1.437

0.088

0.352

Study 6

-Coppice 1.0 Bole

Foliage
0.526

1.200

0.014

0.037

0.476

0.610

0.515

2.277

0.078

0.264

-Coppice 2.0 Bole

Foliage
0.451

1.235 0.040 0.420 2.660 0.200

Study 8

-Fertilizer

-0

-50 P

-50 N/50 P

1.4 Foliage
1.176

1.240

1.110

0.097

0.658

0.527

0.502

0.613

0.568

2.413

2.432

2.535

0.412

0.465

0.362

-0

-50 P

-50 N/50 P

3.4 Foliage
1.160

1.230

1.146

0.087

0.427

0.143

0.475

0.417

0.450

2.483

2.383

2.050

0.347

0.393

0.342

Study 16

-Selection

-0 Foliage 2.604 0.177 0.867 1.992 0.530

— N = Nitrogen; P = Phosphorus; S = Dry sewage sludge.
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Table A-11. Foliar nutrient concentrations of Casuarina.

Study
-Treatmerit-I/

Tree

Component Nutrient

N P K Ca Mg

Study 7
-—(%)—-

-0

-50 P

-50 N/50 P
-S(565 N/330 P)
-S(l,130 N/660 P)

Foliage 0.677

1.418

0.945

1.583

1.904

0.233

0.785

0.703

0.488

0.445

0.266

1.375

0.580

0.624

0.663

1.230

1.538

1.140

1.140

1.110

0.179

0.215

0.174

0.131

0.128

Study 16

-0 Foliage 2.076 0.105 1.065 1.233 0.313

Study 20

-0 Foliage 1.772 0.215 0.664 1.169 0.182

-0 Twigs 1.070 0.187 0.483 0.908 0.068

-0 Branch 0.622 0.068 0.216 0.628 0.046

-0 Bole 0.329 0.021 0.159 0.383 0.028

— N = Nitrogen; P = Phosphorus; S = Dry sewage sludge.



Table A-12.

13-14

Foliar nutrient concentrations (%) of slash pine on fertili'
zer plots through time.

Study
-Age 1;
-Treatment- Nutrient

N P K Ca Mg

Study 11 — (%)

-12 months

-0 1.193 0.113 0.410 0.320 0.117

-50 P 1.200 0.130 0.440 0.290 0.107

-150 N/50 P 1.260 0.123 0.423 0.337 0.113

-200 N/100 P 1.163 0.123 0.437 0.287 0.107

-34 months

-0 1.110 0.158 0.498 0.230 0.113

-50 P 1.056 0.170 0.360 0.353 0.140

-150 N/50 P 1.086 0.173 0.402 0.320 0.138

-200 N/100 P 1.077 0.155 0.442 0.283 0.120

Study 10
-12 months

-0 1.257 0.117 0.450 0.303 0.140

-50 N/50 P 1.263 0.259 0.490 0.327 0.140

-150 N/50 P 1.193 0.127 0.343 0.367 0.113

-200 N/100 P 1.300 0.169 0.413 0.327 0.120

-S(470 N/165 P) 1.450 0.150 0.435 0.335 0.115

-S(945 N/335 P) 1.585 0.200 0.480 0.355 0.110

-34 months

-0 0.879 0.088 0.368 0.197 0.120

-50 N/50 P 0.732 0.093 0.313 0.238 0.135

-150 N/50 P 0.888 0.105 0.280 0.235 0.118

-200 N/200 P 0.774 0.115 0.253 0.243 0.152

-S(470 N/165 P) 1.930 0.167 0.238 0.248 0.138

-S(945 N/335 P) 0.798 0.212 0.260 0.290 0.153

i/N litrogen; P = Phosphorus; S = Dry sewage sludge.
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Table A-13. Foliar nutrient concentrations (%) of sand pine
on fertilizer plots through time.

Study
-Age
-Treatment Nutrient

N P K Ca Mg

14

-12 Months

-0 1.104 0.122 0.487 0.403 0.094
-50 N/50 P 1.230 0.142 0.463 0.400 0.096
-150 N/50 P 1.197 0.146 0.560 0.487 0.100

14

-22 Months

-0 1.410 0.130 0.402 0.367 0.150
-50 N/50 P 1.446 0.138 0.348 0.363 0.147
-150 N/50 P 1.404 0.140 0.400 0.397 0.153

13

-22 Months

-0 1.141 0.101 0.435 0.226 0.091
-50 N/50 P 1.148 0.133 0.506 0.249 0.109

-150 N/50 P 1.125 0.123 0.465 0.248 0.086
-S(175 N/135 P) 1.145 0.150 0.455 0.284 0.086
-S(340 N/265 P) 1.184 0.165 0.496 0.291 0.084

—7N = Nitrogen; P = Phosphorus; S = Dry sewage sludge.
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Table A-14. Foliar nutrient concentrations {%) of Eucalyptus grandis
in Study 7 on fertilizer plots through time.

Age y
-Treatment— Nutrient

N P K Ca Mg

17 months

-0 0.940 0.139 0.390 0.960 0.390

-50 P 2.060 0.564 1.055 1.190 0.270

-100 N/0 P 0.855 0.080 0.410 1.095 0.415

-300 N/0 P 1.525 0.085 0.630 0.915 0.300

-S(400 N/175 P) 1.080 0.185 0.560 1.085 0.365

-S(800 N/350 P) 1.535 0.236 0.634 0.840 0.270

-100 N/50 P 2.210 0.838 1.000 1.325 0.390

-300 N/50 P 2.290 0.880 0.880 1.515 0.330

40 months

-0 1.062 0.098 0.408 1.125 0.468

-50 P 1.692 0.385 0.510 1.788 0.493

-100 N/0 P 1.188 0.115 0.443 1.788 0.493

-300 N/0 P 1.440 0.128 0.523 1.075 0.400

-S(400 N/175 P) 1.116 0.195 0.515 1.225 0.498

-S(800 N/350 P) 1.539 0.365 0.603 1.263 0.448

-100 N/50 P 1.746 0.423 0.563 2.013 0.553

-300 N/50 P 1.701 0.308 0.545 1.813 0.523

—7N = Nitrogen; P = Phosphorus; S = Dry sewage sludge.
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Table A-15. Foliar nutrient concentrations by species at Study 16 at 30
months after planting.

Species No.
-Spaci*ig Reps Nutrient

N P K Ca Mg
(o/\

E. grandis
-2.5 x

-1 x 1

-1 x 1

2.5 m

m

m (copp

1

1

ice) 1

2.988

2.844

3.186

0.185

0.200

0.200

0.785

0.830

0.920

0.850

0.930

1.450

0.325

0.330

0.315

E. robusta
-2.5 x

-1 x 1

-1 x 1

2.5 m

m

m (copp

1

1

ice) 1

2.088

1.944

2.196

0.140

0.135

0.145

0.620

0.670

0.835

0.925

0.955

1.375

0.410

0.385

0.350

C. glauca
-1 x 1 m 3 2.076 0.105 1.065 1.233 0.313

M. quinquenervia
-1 x 1 m 3 2.604 0.177 0.867 1.992 0.530

T. distichum
-1 x 1. m 3 2.322 0.173 0.817 1.355 0.312
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Table A-16. Wood and bark nutrient concentrations of Eucalyptus grandis
in Study 7.

Test

-Age

Component

1Nutrient

-Treatment- N P K Ca Mg

Regression

-—(%) —

-15 months

-50 P Bole Wood 0.100 0.131 0.168 0.084 0.039

-50 P Bole Bark 0.254 0.450 0.376 1.381 0.310

Fertilizer

-17 months

Bole Wood

-0 + Bark 0.144 0.085 0.215 0.180 0.060

-50 P 0.090 0.160 0.175 0.090 0.037

-100 N/0 P 0.104 0.1232/ 0.170 0.105 0.038

-300 N/ 0 P 0.216 0.130 0.070 0.048

-S(400 N/175 P) 0.126 0.120 0.145 0.095 0.055

-S(800 N/350 P) 0.104 0.060 0.120 0.075 0.034

-100 N/50 P 0.081 0.130 0.185 0.090 0.047

-300 N/50 P 0.117 0.110 0.210 0.100 0.041

IA
1/
—'J = Trace.

Nitrogen; P = Phosphorus; S = Dry sewage sludge.
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Table A-17. Acidity, nutrient content, and bulk density of surface
soils (top 30 cm) of Studies 7, 9, 10, and 13.

Study
-Species
-Date Density-^ pH N P K Ca Mg

Bulk

density

-(kg/ha) • (g/cm3)

Study 13
Sand Pine

02/80
11/81

4

5.0 1,382 2.

3.

2

0

17 121

30 78

22

8.6

1.44

Sand Pine

02-80

11-81

3

5.0 581 2.7

3.1

18

18

112

58

18

13

1.49

Sand Pine

02/80
11/81

1

4.9 647 1.8

4.2

18

23

74

140

18

23

1.54

Study 10
Slash Pine

03/80
10/81

3

4.6 1,927 46

42

52

77

957

2,272
122

285

1.45

Slash Pine

03/80
10/81

2

4.6 1,546 7.9
13.6

53

35

434

456

61

67

1.46

Slash Pine

03/80
10/81

1

4.8 1,836 69

60

41

62

395

1,265
367

173

1.53

No Trees*

03/80
10/81

4.4 1,380 8.3

14.9

57

32

315

315

39

56

1.46

Study 9
Viminalis

03/80
10/81

3

5.0 3,548 111

50

86

41

909

2,052
202

148

1.43

Viminalis

03/80
10/81

1

5.3 1,073 60

37

72

61

1,739
2,782

94

89

1.49
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Table A-17 (Continued).

Study
-Species
-Date De nsi*£' pH N P K Ca Mg

Bulk

density

-(kg/ha) (g/cm3)

Study 7
Grandis

03/80
10/81

3

4.7 604 205

271

56

40

1,399
1,837

93

74

1.55

Grandis

03/80
10/81

1

4.6 456 333

143

55

55

1,733
1,379

109

82

1.52

Study 8^
Casuarina

03/80
10/81

3

4.6 1,322 621

364

55

21

1,722
1,736

106

91

1.52

Casuarina

03/80
10/81

1

4.7 869 463 61 1,903 113

1.81

y.\ =1x 0.5 m; 2 =1x 1 m; 3 =1 x 1.5 m; 4 =3 x 3 m.
-Control for Study 7.
* No fertilizer applied.
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Table A-18. Surface soil- nutrient concentrations (ppm) by species and age
from planting at Study 16.

Age
-Species No. of

Reps pH
Nutrient

-Spacing
N P K Ca Mg

-—(ppm)--

30 months

-E. grandis
-1 x 1 m

(coppice) 1 5.3 28,460 4.0 44.0 5,680 392

-E. robusta
-1 x 1 m

(coppice) 1 5.3 29,074 4.6 48.0 5,680 384

-C. glauca
-1 x 1 m 3 5.3 28,256 4.4 44.0 6,013 388

-M. quinquenervia
-1 x 1 m 3 5.3 28,460 4.6 43.3 5,760 375

-T. distichum
-1 x 1 m 3 5.3 28,149 4.1 43.3 5,760 375

21 months

-E. grandis
-2.5 x 2.5
-1 x 1 m

m 5

5

5.4

5.3

- 4.1

3.7

38.4

57.6

10,300
10,200

500

500

-E. robusta
-2.5 x 2.5

-1 x 1 m

m 5

5

5.5

5.6

- 3.8

5.0

44.8

48.0

10,100
9,900

500

500

-^Top 30 cm.
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Table A-19. Surface soil-7 nutrient concentrations (ppm) for treeless
treatments for four species and for a natural stand of
Casuarina.

Study
-Species
-TreatmentV pH

4.5

4.1

N

240

239

P

1.6

3.2

K

6

4

Ca

49

54

Mg

7

-Eucalyptus
-0

-50 P

grandis
11

8

8

-Melaleuca
-0

-50 P

4.9

5.3

240

316
1.3

15.3
5.3

4.0
91

190

9

12

10

-Slash Pine

-0 4.0 291 1.3 7.4 72 21

11

-Slash pine
-0 5.0 342 19.7 7.5 65 12

13

-Sand Pine

-0 4.6 254 0.7 5.3 17 4

14

-Sand Pine

-0 5.4 100 2.5 4.0 96 11

20

-Casuarina
-Natural Stand 7.9 555 116 58.7 6,663 660

-t/Top 30 cm.
- N = Nitrogen; P = Phosphorus; S = Dry sewage sludge.
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