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Magnitude, Duration, and
Economic Analysis of
Loblolly Pine Growth
Response Following Bedding
and Phosphorus Fertilization 1

J. A. Gent, Union Camp Corporation, Rincon, GA,2 H. L. Allen,
Department of Forestry, North Carolina State University, Raleigh,
Robert G. Campbell, Weyerhaeuser Company, New Bern, NC,
and C. G. Wells, USDA Forest Service,
Research Triangle Park, NC.

ABSTRACT. Thirteen-year growth of
ptanted tobtolly pine (Pinus taeda L.) was
examined on 9 poorly drained Lower
Coastal Plain sues foLLowing bedding and!
or apptication of phosphorus (P) at time of
planting. Fertilization dramatically in-
creased height and diameter growth d'U'ling
the first 13 yean on all 9 study sites.
Height and diameter growth were consis-
tently better in [ertilized. and bedded plots
than in flat-planted, bed-only, and fertil-
izer-only plots. Comparisons of height
growth curves indicate that differences be-
tween fertilized and nonfertilized plots are
continuing. Foliar and soil P levels in fer-
tilized plots at age J3 suggest that growth
on these sites may be increased by additional
applicatiortS oI P. Projection of response to
rotation age indicates that the combination
of fertiliz.ation and bedding results in the
greatest total cubic-foot volume and aIler-
lax net present value.
Soutit.). Appt. F". 10..124-28, Aug. 1986.

Forested sites of the southeastern
Lower Coastal Plain have consis-
tently shown strong responses to
the addition of P in fertilizer field
trials (Pritchett and Smith 1968,
1972, Wells et al. 1973, Pritchett
and Comerford 1982). These

I Paper number 9556 of the Journal Series
of the North Carolina Agr-icultural Re-
search Service, Raleigh, NC.

2 James A. Gent,Jr., was research associate,
School of Forest Resources, North Carolina
State University, Raleigh, NC at the lime
this paper was prepared.
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findings have resulted in the rou-
tine use of P fertilizers at, or near,
time of planting on many poorly
drained Coastal Plain sites. Pres-
ently, over 150,000 acres per year
of loblolly and slash (Pinus elliottii
Engelm.) pine plantations are
being fertilized with P alone or in
combination with nitrogen (N).
Considerable variations exist in

source, rate, timing, and method
of application of P fertilizers. All
of these factors can influence the
magnitude and duration of re-
sponse to P fertilization; however,
fertilizer source and soil proper-
ties appear to be the key factors
(Pritchett and Smith 1974, Mead
and Gadgil 1978). Both water-sol-
uble phosphatic fertilizers, such as
triple superphosphate (TSP), and
water insoluble sources such as
rock phosphate, have been recom-
mended for soils with moderate
acidity and P-retention capacities.
Rock phosphate is recommended
for acid forest soils with very low
or high P-retention capacities
(Ballard 1980, Pritchett and Co-
merford 1982).

Bedding is essential for survival
and the rapid early growth of pine
seedlings on poorly drained sites.
The early growth advantages of
bedding decline in later years,
especially on sandy sites or sites
with better internal drainage

(Haines et al. 1975). Phosphorus
fertilization may reduce the need
for bedding on certain wet sites
(Langdon and McKee 1981); how-
ever, the improved survival fol-
lowing bedding may compensate
for the yield gains associated with
improved growth of individ ual
trees following fertilization.

Many stands that were bedded
and fertilized at establishment are
now more than 10 years old. As a
result, considerable interest has
developed concerning the dura-
tion of bedding and fertilization
responses and the possible need
for a reapplication of P. Sustained
responses on some sites have been
observed for 20 years, or even into
the next rotation (Pritchett and
Comerford 1982, Ballard 1978).
Reapplication of P was needed for
a sustained response on other sites
(Mead and Gadgil 1978). This
paper examines the patterns of
loblolly pine growth and stand de-
velopment during the first 13
years following bedding and/or P
fertilization and determines the
economic returns associated with
these treatments.

METHODS

Data Resource

The database for this analysis
included eight studies established
in 1969 by Weyerhaeuser Com-
pany in the Lower Coastal Plain of
North Carolina and one study es-
tablished by the USDA Forest Ser-
vice on the Croatan National
Forest in 1970. Early results were
previously reported for a number
of the studies by Terry (1979) and
Terry and Hughes (1975). All
nine studies were located on the
Lower Coastal Plain of North Car-
olina and were fertilized with
various rates of P at time of estab-
lishment (Table I). Soil series rep-
resented include: Leaf and Bladen
(Typic Albaquults, clayey, mixed,
thermic), poorly drained clays;
Lynchburg (Aerie Paleaquult,
coarse-loamy, siliceous, thermic), a
somewhat poorly drained loam;
-and Woodington (Typic Palea-



�able 1. Soil.series, fertilizer application rate, and measurement agesat nine study
sites located In the Lower Coastal Plain of North Carolina.

Study Soil series
Measurement

ages

A Leaf/Bladen
B Bladen
C leaf
D leaf/Bladen
E Leaf
F leaf
G leaf/Bladen
H lynchburg
I Woodington

Rate of P'
application

(lb/ac)
60
60
60
60
60
60
60
60
50

2,3,4,5,13
2,3,5,7,13
2,4,5,7,12
5,7,13
1,2,3,5,7,13
2,3,4,5,7,10,12
2,3,5,7,12
5,7,12
1,2,3,5,7,13

1 P applied as triple superphosphate.

quult,. coarse-loamy, siliceous,
thermic), a poorly drained loam.

Six of the nine studies were
comprised of four treatments: a
flat iJlanted control, bed only, P
fertilization only, and bed plus P
fertil~zation.The three remaining
studies consisted of two treat-
ments: a bedded control and bed
plus P fertilization. Study I was es-
tablished as a randomized com-
plete block study. All other studies
were analyzed as completely ran-
d o rn iz e d experiments even
though treatment plots were es-
tablished as multiple plots in
treated strips.
Height and diameter measure-

ments were made at varying in-
tervals for all trees within mea-
surement plots (Table I) pro-
vid ing from 3 to 7 sequential
measurements for each study site
up to age 12 or 13. Soil samples
(from the surface 8 in.) and fo-
liage samples (from the last fully
mature flush of the previous
groWing season) were collected
from each plot on the last mea-
surement date.

Laboratory Analyses

Soil samples were analyzed for
extractable P (Mehlich III)I and
exchangeable aluminum (IN
KCl). Foliage samples were colori-
metrically analyzed for total P
concen.tration following a modi-
fied Kjeldahl digest using an au-
toanalyzer (Technicon 1976). Ex-
tractable soil P (Mehlich I) (Nelson
et al. 1953) information was also

I No:th .Carolina Dept. of Agric., Agro-
nomic DIV., unpublished report.

available for samples collected
after five years on studies A, C, E,
F, and G.

Statistical Analyses

Analyses of variance were per-
formed on height and diameter
for all measurement ages. In addi-
uon, analyses of variance were
performed on volume, number of
surviving stems, extractable soil P
and foliar P concentration fro~
the last measurement data.
Duncan's Multiple Range Test was
used to separate significant differ-
ences among treatments.

Correlation analyses were per-
formed to detect relationships be-
tween soil P and foliar P concen-
tration for individual treatments
and for all treatments combined.
Correlations between fertilizer re-
sponse and soil P at age 5 and soil
P, exchangeable aluminum (AI),
and foliar P concentrations at age
12 or 13 from bed-only plots were
also examined. Response is de-
fined as height on the bedded and
fertilized (B + F) plots min us
height on the bedded (BED) plots.
The term significant refers to sta-
tistical significance at the 0.05
level.
. In a study evaluating the rela-
tive bias and precision of 10 site
index equations developed for
loblolly pine, Bolstad (1984) found
that for stands younger than 25
years the equations of Clutter and
Lenhart (1968) and Smalley and
Bower (1971) and the 2 equations
of Pienaar and Shiver (1980) pro-
vld~ the most accurate and precise
estimates of site index. These
curves wer~ compared graphically

to determine which equation gave
the most consistent estimate of site
index over time. Pienaar and
Shiver's equation for very poorly
dramed soils provided the best fit
to the actual height-age curves. It
was used to calculate an average
site index for each treatment
across the 5 studies on poorly
d rained clay soils that had the
complement of treatments (studies
B, C, D, F, and G). These esti-
mates served as a basis for rotation
age growth projection.
The growth model developed

by Feduccia et al. (1979) was used
to develop a stand table at age 25,
usmg the average site index at age
12 or 13 for each treatment on the
5 poorly drained sites and a
planting density of 700 stemslac.
Merchantable volumes for pulp-
wood, chip-n-saw, and sawtimber
by diameter class for each treat-
ment were calculated using the
volume equations and ratios devel-
oped by Burkhart (1977). After-
tax net present value (NPV) was
calculated using the merchandized
value gains of the bed only, fertil-
izer only, and bed plus fertilizer
treatments over the controls. This
calculation was based on the fol-
lowing assumptions: fertilization
and bedding each costs $30/ac; a
discount rate of 7%; and pulp-
wood, chip-n-saw, and sawtimber
stumpage at $17, $55, and $85 per
cunit. respectively.

RESULTS AND DISCUSSION

Tree Growth Response
Fertilization significantly in-

creased height and diameter at all
measurement ages in all studies
except G. In study G there was no
difference in height between the
fertilizer only (FERT) and flat-
planted (CONTROL) plots at ages
2, 3, 5, and 7; however, at age 12,
diameters and heights were signif-
icantly greater in the FERT plots.
Bedding significantly increased di-
ameter and heights at all measure-
ment ages except for study C,
where there was no significant dif-
ference in height between the bed
only (BED) and CONTROL plots
at ages 2, 4, and 5.
Growth curves for the 4 treat-
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ments, averaged across the 5
studies established on poorly
drained clays, illustrate that the
fertilized plots were consistently
better than their respective con-
trols and that height differences
are being maintained at age 12
(Figure I). Although the curve for
the FERT plots appears to be
"catching up" with that of the
B + F treatment, foliar P levels in-
dicate that the two treatments may
grow at about the same rate now
that the early ad vantage of bed-
ding has declined (Table 2). Most
of the plots have foliar P levels
below 0.10% P, the critical foliar P
level for loblolly pine (Wells et al.
1973).
Treatment means for stand

variables at the last measurement
date for each study are summa-
rized in Table 2. In contrast to the
height and diameter measure-
ments, volumes were significantly
greater in the FERT plots than the
CONTROL plots in only one out
of five studies. Fertilization com-
bined with bedding significantly
increased volume over that in the
BED plots in six out of eight
studies. The lack of significant fer-
tilizer volume response on non-
bedded areas resulted, in part,
from the large variation in tree
survival.

Soil and FoliarResponse

The effect of fertilization was
still evident in the soil and foliage

BEO_ FERT
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Figure 1. Cumulative mean height growth
ift) over time for five poorly drained clay
sites located in the Lower Coastal Plain of
North Carolina.
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Table 2. Treatment means for stand variables, extractable soil P, and foliar P con-
centration at last measurement date for nine study sites located in the Lower Coastal
Plain of North Carolina.
Study Age Treatment' Trees/ae Height dbh Vol/ae Soil P Foliar P

1ft) (in) (ft3) Hb/ac) (%)

A 13 Bed 438a2 27.4a 4.7a 969a 8.6a 0.094a
B + F 393a 34.1b 6.0b 1414a 13.9b 0.099a

B 13 Control 364a 15.6a 2.8a 278a 11.4a O.090a
Fert 452ab 28.5c 4.ge 1039b 15.0ab 0.106b
Bed 430ab 20.2b 3.6b 491a 16.4b O.094a
B + F 480b 33.9d 5.6d lS86e 17.1b 0.103b

C 12 Control 338a 16.7a 3.0a 273a 10.7a 0.101 a
Fert 263a 22.7c 4.2e 391ab 12.8ab 0.098a
Bed 486b 19.5b 3.5b 502b 15.0ab 0.098a
B + F S81e 30.0d 5.0d 1314e 19.2b 0.097a

D 13 Control 4123 17.5- 3.2- 376- 8.6- 0.100-
Fert 408- 28.9- 5.0- 895- 17.1 ~ 0.095 -
Bed 488- 29.1- 5.1 - 1147- 17.1- 0.094-
B + F 463- 33.6- 5.8- 1524- 62.0- 0.111-

E 13 Bed S39a 31.8a S.la 1334a 8.6a O.097a
B + F S17a 40.5b 6.1b 2176b lS.0a 0.106b

F 12 Control 427a 12.3a 2.0a 22Sa 3.2a O.061a
Fert 41Sa 25.7b 4.5b 827ab 9.7ab O.084b
Bed 421a 26.1b 4.6b 747ab 3.2a 0.071ab
B + F 4S3a 34.6e s.sc 1514b 20.0b 0.080b

G 12 Control 414a 22.7a 3.8a 543a 1.la 0.082a
Fert 322b 27.3b 5.0bc 660a 5.7a 0.091a
Bed SOSe 28.6b 4.7b 999b 1.la 0.083a
B + F 48ge 31.8c S.3c 1300c 2.7a 0.088a

H 12 Control 42Sa 14.4a 2.Sa 2S7a 6.4a 0.078a
Fert 463a 24.3e 4.2c 705a 15.0a O.096b
Bed 389a 17.7b 3.3b 334a 11.8a 0.082ab
B + F 491a 33.5d 5.6d 1430b 27.8a 0.088ab

13 Bed 372a 18.8a 3.2a 344a 3.2a 0.066a
B + F 372a 30.1b 5.7b 1007b 7.6b 0.095b

1 Control _ No bed, no fertilization; Fert - T5P fertilization only; Bed - bed only; B + F - bed plus
T5P fertilization.
2 Mean values within a given column followed by the same letter are not significantly different at the
0.05 risk level as determined by Duncan's Multiple Range Test.
3 Not replicated.

after 12 or 13 years in 6 studies.
Soil and foliar P levels in the fertil-
ized plots were significantly
greater than in their respective
controls in 3 and 7 of the 16 pair-
wise comparisons, respectively
(Table 2). There was no correla-
tion between growth response and
soil P levels at either the 5-year or
last measurement sampling. These
results indicate that Mchlich III
extractable P in the 0-8 in. soil
depth does not represent the P
fraction available for tree growth
(Comerford and Fisher 1982) or
that the critical value for Mehlich
III extractable P exceeds the
highest value found in a nonfertil-
ized plot (17.1 Ib/ac). The critical
level for Mehlich I extractable P
was found to be 6 Iblac (Wells et al.
1973); however, the relationship

between Mehlich I and Mehlich
III extractable P for forest soils
has yet to be defined. Foliar P
levels found on the control plots
support the hypothesis that soil P
levels are below the critical level.
Similar to analyses of soil P, fo-

liar P levels were not related to
magnitude of response. All foliar
P levels on control plots were
below the critical level (0.10%),

Table 3. Correlations between soil P
and foliar P, by treatment, for nine
study sites located in the lower Coastal
Plain of North Carolina.
Treatment N Prob. > F

Control 6
Bed 9
Fert 6
B + F 9

0.711
0.711
0.580
0.445

0.113
0.032
0.228
0.230



Table 4. Projected mean site index (base age 25), volumes, and after-tax net present values of five
studies established on poorly drained clays receiving complement of treatments.

Treatment'
Site
index Pulpwood Cost Value NPV'

($) ..

670.68
1438.75 73.44
1208.80 42.93
2199.53 145.91

1ft)
Control 45 07.9
Fert 62 11.7
Bed 57 10.9
B + F 74 13.1

Chip-n-saw Sawtimber

30.00
30.00
60.00

(cunits) .
09.8
20.8
17.7
29.1

1.2
3.9
2.9
8.2

1 Control _ No bed, no fertilization; Fert - TSP fertilization only; Bed - bed only; B + F - bed plus TSP fertilization.
2 NPV = net present value after tax.
Assumptions: pulpwood to 4-in. top ($17Icunit); chip-n-saw to 6-in. top ($55/cunil); sawtimber to 9-in. top ($85/cunit); no inflation, treatment costs capital-
ized over 25-yr rotation, capital gain tax treatment on value gain, discount rate of 7%.

and all studies responded in
growth to P. Although the fertil-
ized plots are maintaining their
superiority in height and diameter
growth over the controls, they
would be responsive to a reappli-
cation of P.
A significant positive correlation

(r = .711) was found between fo-
liar P and soil P when only mea-
surements from the BED plots
were considered (Table 3). The
correlation coefficient for the
CONTROL plots, while nonsignif-
icant, was also. 711. This lack of
significance resulted from inade-
quate replication of control plots.
Correlations were also nonsignifi-
can t for the fertilized plots and
when treatments were combined.
Apparently, P fertilization influ-
ences P availability and tree up-
take processes in a manner that
affects the functional relationship
between soil P and foliar P. This
suggests that once a site is fertil-
ized, extractable soil P may not be
a useful guide in identifying re-
sponsive sites.
Exchangeable Al levels in the

BED plots ranged from 170 to 423
ppm in studies A and E, respec-
tively. The lack of relationship be-
tween magnitude of response and
exchangeable AI levels at 12 or 13
years indicates that P-fixation may
not be an important mechanism
influencing P response. Possibly
the biological factors governing P
availability deserve more attention
(Wood et al. 1984).

Site Index Estimates

Fertilization on the 5 poorly
drained clay sites increased site
index estimates (base age 25) at
age 12 by 17ft in both bedded and

nonbedded areas (Table 4). Sim-
ilar responses have been reported
for slash pine on similar soil types
(Pritchett and Comerford 1982).
Bedding increased site index esti-
mates at age 12, by 12 ft, over con-
trols in both fertilized and nonfer-
tilized areas. Fertilization plus
bedding increased site index an
average of 29 ft over flat-planted
controls. This gain, which is the
additive effects of the simple fer-
tilization and bedding effects, sug-
gests no interaction. Similar
results have been reported by
Pritchett (1979) for slash pine.
The bedding x fertilizer interac-
tion was not analyzed on an indi-
vidual study basis because of un-
equal replications of treatments at
some study sites.
The lowest estimated site index

for the B + F plots (68 ft) was
larger than the largest estimated
site index for any of the other
treatments. Fertilization also re-
duced the range in site index
values from 20 ft in flat-planted
or bed-only areas to 9 and 15 for
nonbedded and bedded areas, re-
spectively.

Growth Projections and Economic
Returns at Age 25

After-tax net present values
range from $145.91 for the B+ F
treatment to $42.93 for the BED
treatment (Table 4). Net present
value for the B + F treatment is
two and three times greater than
that for the FERT and BED treat-
ments, respectively. The B + F
treatment will also provide oppor-
tunities for additional gains from
other silvicultural treatments. Al-
though thinning was not consid-
ered, B+ F treated plots are ex-

pected to produce 110% more
sawtimber than FERT plots. If
total cubic-foot volume is mer-
chandized into the various
product classes, relatively small in-
creases in height and diameter can
result in substantial value gains.

CONCLUSIONS
I. The combination of fertilization
and bedding is most attractive in
terms of volume production, value,
and stand uniformity. Height and
diameter growth of loblolly pine
are dramatically increased by bed-
ding and/or fertilization on poorly
drained, clayey Coastal Plain soils.
Site index estimates based on 12-or
13-year-old stands indicate that
bedding and fertilization can in-
crease site index by 12 and 17ft,
respectively. These two treatments,
which appear to be additive, pro-
vide a projected 29-ft gain in site
index.

2. Although response to preplant
phosphorus application has con-
tinued through 13 years, foliar P
levels indicate that these stands
would be responsive to a reapplica-
tion of P.

3. The lack of correlation between re-
sponse and soil P levels and be-
tween soil P and foliar P indicate
that present laboratory techniques
are not suitable for estimating mag-
nitude of response from soil prop-
erties. 0
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Stand Density Affects
Growth of Choctawhatchee
Sand Pine

Kenneth W. Outcalt, Southeastern Forest Experiment Station,
Gainesville, FL 32611.

ABSTRACT. Chocuuohatchee sand pine
(Pinus clausa var. immuginata D. B.
Ward) was grown for 20 years at densities
oj 400, 600, and 800 trees per cere.
Growing Clioaauhatchee sand pine at 400
trees per acre resulted in significantly
larger trees, but less wood was produced per
acre than at higheT densities. The ideal
density depends on the management objec-
tives, but for rotations of 20-25 years and
chip harvesting systems, a density of 600
trees is recommended. For 'rotations of
30-35 years with conventional bolt and
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log harvests, 400 to 500 trees per acre
see'ms bette?'.
South.]. Appl. For.10,128-31, Aug. 1986.

Scattered throughout the South-
eastern Coastal Plain of the
United States are thousands of
acres of acid sands. These marine
deposits from the Pleistocene
epoch are an important physio-
graphic feature of central and
northwest Florida, and they oc-

cupy significant areas of Georgia,
South Carolina, and North Caro-
lina in the transition zone between
the Upper Coastal Plain and the
Piedmont (Burns and Hebb 1972).
These areas represent a signifi-
cant-and largely underutilized
-acreage available for productive
forestry.
Research has shown that Choc-

tawhatchee sand pine is the best
choice for these sandhill sites
(Brendemuehl 1981), except in
central Florida where the native
Ocala sand pine (P. clausa var.
clausa D. B. Ward) does better
(Outcalt 1983). Based on this in-
formation, the sandhills of the
Southeast are increasingly being
planted to Choctawhatchee sand
pine.
Due to sorting action during de-

position, sandhill soils are largely
quartz sands, ranging from a few
feet to more than 20 ft deep. Or-
ganic matter content is low be-


