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Abstract

After cultural treatments such as site preparation, release and fertilization, changes in the supply of mineral nutrients
relative to each other and shifts in the composition of vegetation may have a delayed effect on the nutrition, carbon
partitioning and growth of forest trees. This study was conducted to evaluate the influence of early management options that
control vegetation and fertility on the nutrition and productivity of a young loblolly pine (Pinus  tardu  L.) plantation on a
phosphorus-deficient site in the Gulf Coastal Plain. Two levels each of herbicide application, fertilization and litter addition
were applied in a factorial arrangement to three open-pollinated families of newly planted loblolly pine seedlings. Competing
vegetation was evaluated after three growing seasons, loblolly pine nutrition and tannin synthesis were evaluated after four
growing seasons and loblolly pine productivity was quantified after five growing seasons. Fertilization and herbicide
application increased the growth and decreased the foliar tannin concentration of loblolly pine. Herbicide application also
increased the potassium concentration of loblolly pine foliage. A negative correlation between fohar tannin and potassium
concentrations was found on plots that were fertilized with nitrogen and phosphorus. On southern pine sites that are fertilized
with phosphorus, the accelerated growth of planted pine and invading vegetation may create new nutrient limitations. Where
phosphorus is limiting, however, nutrient utilization may not be great enough for new deficiencies to develop. Loblolly pine
stand productivity and foliar nutrient concentrations were affected by genetic family and the foliar calcium and magnesium
concentrations of loblolly pine families responded differently to the establishment treatments. We also found that the
establishment treatments influenced the occurrence of herbaceous and woody competitors. We hypothesize that correspond-
ing treatment effects on exchangeable cation concentrations and pH of the soil were caused by changes in vegetation.
0 19% Elsevier Science B.V.

Kewordst  Calcium; Fertilization: Genetic family; Herbicide; Litter; Magnesium; Nitrogen; Phosphorus; Pinus tcwdu L.; Potassium;
Productivity; Tannin

1. Introduction

The worldwide demand for wood products is

Corresponding author. Alexandria Forestry Center-.  RWU- increasing as land is withdrawn from timber produc-
41 I I, 2500 Shreveport Highway Pineville, LA 71360. Tel.: + I tion necessitating greater productivity on the remain-
3 18-473-7275:  fax: + I-3 18-473-7273. ing land base (Apsey and Reed, 1996). Unfortu-
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nately, inadequate regeneration and control of com-
peting vegetation often compromise the early growth
of managed forests (Dougherty and Duryea, 199 1;
USDA Forest Service, 1988). Consequent reductions
in forest stand productivities have been observed in
the southern United States (Bechtold et al., 1991;
Ruark et al., 1991; USDA Forest Service, 1988).

In addition to a general reduction in commercial
productivity of forests in the southern United States,
a decrease in the growth rate of second rotation,
intensive!y managed plantations has been found on
nutrient-poor sites in Louisanna (Haywood, 1994;
Tiarks and Haywood,  1996). Haywood  (1994) re-
ported 24 and 18% reductions in the height of 7-yr-
old second rotation loblolly and slash pine (Pi17cr.s
elliottii Engelm.), respectively. In a lo-yr-old  second
rotation slash pine plantation, Tiarks and Haywood
(1996) reported a 23% reduction in tree volume
compared to that achieved in the first rotation. These
studies demonstrate that the productivity of second
rotation southern pine is affected by silvicultural
activities conducted in the first rotation that continue
to control the availability and acquisition of essential
resources.

Most soils in the southern coastal plain region are
deficient in phosphorus and nitrogen and fertilization
is often necessary to achieve established productivity
goals (Allen, 1987; Shoulders and Tiarks, 1983;
Tiarks, 1982). Fertilization also stimulates the growth
of competing vegetation and influences the domi-
nance of specific components of a plant community
(Haywood  and Tiarks, 1990; Huenneke et al., 1990).
In a pine plantation, for example, Tiarks and Hay-
wood (1986) reported that woody plants competed
more strongly than grass with pines that received
phosphorus fertilization; whereas, grass was the
dominant competitor in the absence of phosphorus
fertilization. In general, as competing vegetation uses
more resources, the productivity of planted pine
declines (Perry et al., 1993). Mineral nutrients that
were not initially identified as limiting may become
depleted depending on the initial fertility of the site,
the type of plant community that develops and its
affinity for specific mineral nutrients.

Alternatively, the cycling of mineral nutrients be-
tween soil and plant components may be positively
influenced by the dynamics of the vegetation on a
site (Duzan, 1994; Mou et al., 1993; Wood et al.,

1992). For example, Wood et al. (1992) suggested
that the structure of the plant community that devel-
oped after the harvest of a loblolly pine plantation on
a coastal plain site in Alabama may have benefitted
the long-term nitrogen economy of newly planted
loblolly pine.

As resource limitations develop, the balance be-
tween photosynthate production and growth is al-
tered (Chapin, 1991; Lorio, 1986). With the accumu-
lation of photosynthate in the absence of growth,
carbohydrates are shunted to metabolic pathways
that yield starch and secondary products such as
lignin, tannin and terpenoids (Lorio, 1986; Tiarks et
al., 1989; Waring et al., 1985).  Condensed tannins
are common secondary plant metabolitcs and their
synthesis is closely related to mineral nutrition and
productivity (Bryant et al., 1993; McKee, 1995;
Tiarks et al., 1989; Waring et al., 1985).

Early management options affect stand productiv-
ity and secondary metabolism in the current rotation
and in subsequent rotations if mineral nutrient re-
sources are depleted. This study was conducted to
determine the effects of early management options
on the mineral nutrition of loblolly pine and to
subsequently investigate relationships among pine
nutrition and productivity and the profile of compet-
ing vegetation in a loblolly pine plantation.

2. Materials and methods

The study is located in Rapides Parish, LA, USA
at 30”10’N,  92”4O’W  and at an elevation of 75 m.
The soil is a gently sloping Beauregard silt loam
(fine-silty, siliceous, thermic, Plinthaquic Paleudult)
that is low in fertility (Kerr et al., 1980; Shoulders
and Tiarks, 1983; Tiarks, 1982). The climate of
central Louisiana is typified by 150  cm mean annual
precipitation with 47% in spring and summer and
53% in fall and winter. Mean daily air temperature is
23.6”C  in spring and summer and 14.7”C  in fall and
winter. When this study was installed, the vegetation
was dominated by grasses, but included herbaceous
plants and hardwood and pine seedlings and saplings
that had regenerated naturally from the pine and
mixed pine-hardwood forest harvested 22 yrs ear-
lier. Vegetation was rotary mowed and glyphosate
(1.8 kg ha-’ > was broadcast in September 1987 as a



site preparation treatment to reduce the heavy grass
cover on the site. Twenty-four 25 X 25 m treatment
plots were established. In November 1988, 100 28-
week-old container-grown loblolly pine seedlings
from three seed sources were planted in randomly
assigned locations in each plot at a 2.5 X 2.5 m
spacing. Seedlings originated from seed produced by
one Texas and two Louisiana open-pollinated loblolly
pine genetic families from a first generation seed
orchard in central Louisiana. The families were se-
lected for superior growth and form.

Plots were grouped into three blocks based on soil
drainage indicated by chroma at 50 cm. In each
block, two levels of three establishment treatments
were randomly assigned to treatment plots in a 2 X 2
X 2 factorial arrangement. Establishment treatments
were fertilization, herbicide application and litter
addition. Levels of fertilization were either no
amendment or broadcast application of 750 kg ha-’
diammonium phosphate (135 kg N ha- ’ and 15 1 kg
P) in March 1988 and 93 kg ha -’ urea (42 kg N
ha- ’ ) in March 1989. Herbicide treatment was either
no chemical treatment after site preparation or single
broadcast applications in April 1989 and 1990 of
hexazinone (1.12 kg ha-’ > and sulfomethron (0.21
kg ha-’ ) with spot applications of 1% aqueous
glyphosate and single broadcast applications of
glyphosate (1.55 kg ha-’ > and sulfomethron (0.39
kg ha-  ’ ) in April 1991. Levels of litter treatment
were either no litter addition or monthly broadcast
applications of loblolly pine needle litter from De-
cember 1988 to April 1989 to maintain a 10  to 15
cm layer on the soil surface. A total of 37 Mg ha-’
litter, on an oven-dried basis, was applied.

Within each treatment plot, a 15 X 15 m measure-
ment plot containing six rows of six trees each was
established. In April 1989, four 1.25 X 1.25 m sec-
tions of the litter layer in measurement plots were
randomly sampled. Samples were oven-dried to equi-
librium at 70°C. A subsample of each litter sample
was ground in a Wiley mill (20 mesh). After sulfuric
acid/cupric sulfate digestion, nitrogen (N)  and phos-
phorus (P)  concentrations were determined by am-
monia specific probe (Powers et al., 1981) and col-
orimetry (John, 1970) respectively. Potassium (K),
calcium (Ca) and magnesium (Mg) concentrations of
the digested foliage were determined by atomic ab-
sorption spectrophotometry (Isaac and Kerber, 197 1).

Results indicated that the added litter contained 200
kg N, 11 kg P, 13 kg K, 114 kg Ca and 23 kg Mg
ha-’ at the end of the litter application period.

In May 199 1, successional vegetation was inven-
toried by determining the oven-dried weight (70°C)
of the herbaceous biomass and the total number of
competing woody stems at the ground line on five
randomly selected 0.004-ha quadrants per measure-
ment plot. Since hardwood tree and blackberry stems
were dominant components of the competing woody
vegetation, they were quantified separately.

In March 1992, soil was sampled to a 15 cm
depth at 10  randomly selected locations per plot. Soil
from each plot was composited and evaluated for pH
(1: 1, soil:water) and organic carbon (Amacher et al.,
1986). Available P was quantified in Melich 3 ex-
tracts (Melich, 1984),  by calorimetry  (John, 1970).
Exchangeable bases were measured after extraction
with 1 N ammonium acetate (Thomas, 1982) by
atomic absorption spectrophotometry (Isaac and Ker-
ber, 197 I> and cation exchange capacities (CEC)
were determined by the method of Gilman (1979)
using 0.1 M BaCl  Z as the displacing cation.

Percent volumetric soil water content at O-20 and
20-40 cm was measured between July and Decem-
ber 1992 with a time domain reflectometer (Soil
Moisture Equipment, Santa Barbara, CA) at lo-day
intervals using one set of stationary sensors placed in
the center of each plot. Precipitation was recorded in
an open field 1.0 km from the study with an elec-
tronic weather station (Omnidata International, Lo-
gan, UT).

In early March 1992, mature foliage from the last
complete flush of 1991 in the upper crown of three
dominant or co-dominant trees per genetic family
was collected, composited, lyophilized and ground in
a Wiley mill (20 mesh). After sulfuric acid/cupric
sulfate digestion, foliar concentrations of N, P, K, Ca
and Mg were measured by the methods used for the
analysis of litter samples.

Foliar tannin concentrations were determined by
sequential extraction and quantification of antho-
cyanidins formed in n-butanol-HCl  (Tiarks et al.,
1992). For this determination ground foliage was
sequentially extracted in methanol, acetone-water,
n-butanol and n-butanol-hydrochloric acid-FeSO,.
Condensed tannin concentrations in each extract were
determined spectrophotometrically using a standard
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curve generated from condensed tannin that was
purified from loblolly pine foliage. The concentra-
tion of condensed tannin in each foliage sample was
expressed as the sum of the tannin concentrations of
the sequential extracts.

In December 1993, tree heights and diameters at
breast height were measured. These data were used
to calculate the inside-bark volume per tree (Schmitt
and Bower, 1970) and the pine productivity (m”
ha- ’ ) on each plot.

Analyses of variance were conducted on quanti-
ties of herbaceous biomass and woody competitors
using a randomized complete block, 2 X 2 X 2 facto-
rial experimental design with three blocks as replica-
tions. With the same experimental design, soil pH,
concentrations of soil organic carbon, available P,
exchangeable K, Ca and Mg and soil CEC were
subjected to analyses of variance. Soil water content
data were evaluated by analyses of variance using a
repeated-measures randomized complete block de-
sign with three blocks as replications. Foliar concen-
trations of N, P, K, Ca, Mg and condensed tannins

were subjected to an analysis of variance using a
2 X 2 X 2 factorial split-plot, randomized complete
block design with three blocks as replications. Two
levels each of fertilization, herbicide application and
litter addition were the whole plot effects and genetic
family was the sub-plot effect. Using the same exper-
imental design, an analysis of variance was con-
ducted on tree volume ha-‘. Main and interaction
effects were considered significant at P I 0.05 un-
less otherwise noted. Treatment means were com-
pared with the Least Significant Difference test (P I
0.05l

3. Results

After three growing seasons, the total number of
competing woody plants, but not herbaceous biomass
haa’, was significantly increased by fertilization
(Table 1). However, the hardwood tree component of
the competing woody vegetation was significantly
reduced (56%) by fertilization. An interaction be-

Table I
Treatment combination means and probabilities of a greater F-value associated with herbaceous and woody plant competition after three
growing seasons in response to two levels each of fertilization, herbicide application and litter addition applied to loblolly pine

Treatment combination Herbaceoua biomass (kg ha-’ ) Number of woody plants (# ha- ’ )
Hardwood trees Blackberry Totalh

Control’ 207 I
F 1744
L 430
F L 492
H 97
H F 498
H L I7
H F L 91

Effect (cf) Probability > F-value

3800 967 12,183
950 9000 37,183

2483 13.167 32,317
400 17,817 3 I.783
567 I83 5017
650 I83 3383

1450 83 5450
1617 II83 7150

Block (2) 0.0380 0.0575
F(I) 0.6798 0.0 196
L(1) 0.000 I 0.9926
H(l) 0.000 I 0.0804
F X L(l) 0.9042 0.6398
F x H(l) 0.1596 0.01 I3
LxH(l) 0.0003 0.0552
FXLXH(1) 0.1747 0.7064

“Number of stems at the ground line.
hTotal  number of hardwood tree, blackberry, shrub and liana stems at the ground line.
‘Control: no establishment treatment: F: fertilization: H: herbicide application; L: litter addition.

0.1286 0.3820
0.141 I 0.0415
0.0185 0.1053
0.0003 0.0001
0.738 I 0.06 I8
0.2148 0.0425
0.0280 0.3317
0.5572 0.0 I94
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Table 2
Treatment combination means and probabilities of a greater F-value associated with soil pH, organic carbon, available phosphorus (P),
exchangeable potassium (K), calcium (Ca)  and magnesium (Mg) concentrations and cation exchange capacity (CEC) in the 0 to I5 cm depth
of the soil after four growin g seasons in response to two levels each of fertilization, herbicide application and litter addition applied to
loblolly pine

Treatment combination pH Organic P K Ca Mg CEC
carbon (%) (mg kg-’ ) (cmol,  kg-‘) (cmol,  kg-‘) (cmol,  kg-‘) (cmol, .  kg-‘)

Control”
F
L
F L
H
H F
H L
H F L

5.52 I .47
5.31 1.53
5.46 I .30
5.34 1.60
5.39 1.30
5.19 1.37
5.20 1.43
5.08 I .33

Effect (df) Probability > F-value

I .21 0.096
22.63 0.109

I .30 0.086
27.20 0.098

1.57 0.065
26.90 0.109

I.80 0.047
39.13 0.052

I .50 0.37 I 3.63
I .38 0.429 3.49
1.66 0.442 2.84
I.58 0.389 3.78
I.51 0.254 2.84
1.38 0.429 3.49
I .02 0.244 3.31
0.9 I 0.183 2.73

Block (2)
F(I)
L(l)
H(I)
FXL(1)
FxH(I)
LX H (I)
FXLxH(I)

0.041 I 0.8645
0.0121 0.4804
0.0870 I .oooo
0.0015 0.3274
0.5906 0.8868
0.8169 0.3990
0.3239 0.6702
0.8 169 0.3990

0.4768 0.7404 0.0884
0.000 I 0.2546 0.3908
0.0920 0.0742 0.5828
0.093 I 0.0005 0.0586
0.1016 0.8327 0.708 I
0.1249 0.7783 0.7394
0.4 I84 0.5389 0.1513
0.44 I9 0.8664 0.7940

0.48 I5 0.3553
0.1274 0.8893
0.88 I I 0.9379
0.004 I 0.1886
0.4749 0.7827
0.691 I 0.3333
0.6595 0.5375
0.7436 0.2260

‘Control: no establishment treatment; F: fertilization: H: herbicide application: L: litter addition,

Table 3
Probabilities of a greater F-value associated with percent volumetric soil water content at the 0 to 20 cm depth during July through
December 1992 in response to two levels each of fertilization, herbicide application and litter addition applied to loblolly pine

Treatment combination

Block
Fh
L
H
F X L
FxH
L X H
FxLxH
Time
Time X Block
Time X F
Time X L
Time X H
Time X F X L
Time X F X H
Time X L X H
TimexFXLXH

dJ Probability > F-value

2 0.0998
I 0.0976
I 0.3269
I 0. I245
I 0.978 I
I 0.8033
I 0.5019
I 0.9307

df Adjusted probability > F-value”

13 0.000 I
26 0.0736
13 0.0008
13 0.0242
I3 0.5082
13 0.4378
I3 0.4502
13 0.9252
13 0.8077

“Sphericity test not significant for Time (P = 0.08 18). Degrees of freedom associated with repeated-measures effects were adjusted by the
Greenhouse-Geisser Epsilon (0.4570) (SAS Institute, 1991).
‘F: fertilization; H: herbicide application; L: litter addition.



180 M .A . Sw ord  et al. /Forest Ecology  and  Munagym w t 105 (I 9 9 X) I75- 188

tween fertilization and herbicide application indi-
cated that the number of competing woody plants
haa’ was significantly greater in response to fertil-
ization on plots that were not treated with herbicides
(no fertilization: 22,250 plants ha- ’ ; fertilization:
34,483 plants ha- ’ >, but that this response to fertil-
ization was absent on plots that received herbicide
application (no fertilization: 5234 plants ha- ’ ; fertil-
ization: 5267 plants ha-’ ). In contrast, the same
interaction indicated that a reduction in the number
of competing hardwood trees ha-’ occurred with
fertilization in the absence of herbicide application
(no fertilization: 3 142 plants ha- ’ ; fertilization: 675
plants ha- ’ >, but not when fertilizer and herbicides
were applied together (no fertilization: 1009 plants
ha- ’ ; fertilization: 1134 plants ha- ’ ).

Herbicide application significantly reduced herba-
ceous biomass and the total number of competing

-o- IO1 FEOTIW EO Of020 cm  /
+  FERTlW EO

2010 4Ocm

5 200 225 250 275 300 325 350
DAYOF 1992

woody plants ha ~’ in the understory (Table 1).  The
number of blackberry plants haa’ was significantly
reduced (96%) but the number of hardwood trees
ha-’ in the understory was unaffected by herbicide
application. Litter addition significantly reduced
herbaceous biomass by 77%,  but resulted in a 2.2-fold
increase in the number of blackberry plants ha- ‘.
Interactions between litter addition and herbicide
application indicated that although the magnitude of
these responses were similar on plots that were and
were not treated with herbicides, there were signifi-
cantly less herbaceous biomass and blackberry plants
ha-’ on plots that were treated with herbicides.
Application of litter without herbicides resulted in
461 kg of herbaceous biomass and 15,792 blackberry
plants ha- ’ and the application of both litter and
herbicides resulted in 54 kg of herbaceous biomass
and 633 blackberry plants ha-‘.
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Fig.  I .  Seasonal  volumetr ic  soi l  water  content  (56)  at 0 to 20 and 20 to 40 cm  de pth s and pre cipitation during 19 9 2 in re sponse  to
fe rtilization and litte r addition applie d to loblolly  pine . D aily m e ans associate d w ith  an as te ris k  are  significantly diffe re nt (P 5 0.05).



Four years after fertilization, the concentration of
available P in the soil was significantly increased
(Table 2). On plots receiving either fertilization or
herbicide application the soil pH was significantly
reduced. Available K and Mg concentrations in the
soil were significantly reduced 30 and 320/o,  respec-
tively, in response to herbicide application. A similar
trend was observed with the concentration of avail-
able Ca in the soil (P = 0.0586). Significant litter
addition and interaction effects on soil pH, percent
organic carbon, CEC and fertility were not detected.

Volumetric soil water content at 0 to 20 cm was
significantly affected by interactions between time
and both fertilization and litter addition (Table 3).
Analyses of variance by measurement date indicated
that fertilization and litter addition each resulted in

decreases in volumetric soil water content in the fall
(Fig. I). Although the presence of missing data
prevented a repeated measures analysis of variance
of data collected at 20 to 40 cm, analyses by mea-
surement date indicated that trends at 0 to 20 and 20
to 40 cm were similar.

Stand volume and foliar concentrations of N and
tannin were significantly affected by an interaction
among all three establishment treatments (Table 4).
Significant negative relationships were observed
among stand volume and foliar N (R = -0.572,
P = 0.004) and tannin concentrations (R = - 0.5 15,
P = 0.010) (Fig. 2). Linear functions of the relation-
ship between foliar tannin and K concentrations were
significantly different on fertilized and non-fertilized
plots. On plots not fertilized with N and P, there was

Table  4
Tre atm e nt com bination m e ans  and probabilitie s  of a gre ate r F-value  as s ociate d  w i th  foliar m ine ral nutrie nt and tannin conce ntrations  of
loblolly pine  afte r four grow ing s e as ons  and ins ide - b a rk  tre e  volum e  h a-’ of loblolly  pine  afte r five  grow ing s e aw ns  in re s pons e  to tw o
le ve ls  e ach  of fe rtilization. h e rbicide  application and litte r addition

Tre atm e nt Nitroge n Ph os ph orus Potas s i um Calc i um Magn e s i u m Tannin Vo lu m e
com bination (g  k g - ‘) @ k g-‘) (g  k g -  ‘1 (g k g -  ‘) (g k g-  ‘) (g k g -  ’ ) h a-  ’ (m 3)

Control” 10.6 0 .86 4 .40 3.64 0 . 9 6 I54 7.8
F I I.9 1.33 5.38 2.70 0.7 I 137 20 .0
L 13.X O.YO 4 .40 2.34 0.67 154 13.0
F L IO.8 1.33 4.47 2.38 I .07 I49 37 . 9
H I I.9 O.YO 5 . 9 7 2.57 0 . 5 9 I51 20.3
H F 9 .6 I.41 6.2 I 1.53 0.55 I31 48. I
H L 12.0 0.87 6.06 2.04 0 .50 I38 20.6
H F L 10.3 1.46 6.24 1 .5 9 0 .64 139 40.7

Effe ct (df) Probability  > F-valu e

Block  (2) 0.2100 0.8658 0.001 I 0 . 856 9 0.0132 0.0001 0 .31 9 3
F(I) 0.0036 0.000 I 0 .3 9 15 0.029  I 0.3446 0.0003 0.000 I
L(I) 0. 1075 0.70 I6 0.5472 0.0523 0.758 I 0.4363 0.03 IO
H (l) 0.0601 0.1635 0.0033 0.0044 0.0005 0.0327 0.0001
FXL(I) 0.039  I 0.8538 0.6 I39 0. I347 0.0044 0.8652 0 .45 9 5
FxH (l) 0. I808 0. I x55 0.7084 0.559  I 0 .8463 0.4625 0 .12 9 4
LXH (I) 0.50 IO 0 . 877 9 0.6407 0 . 266 9 0.79  I7 0 .13 9 2 0.0005
FxLxH (1) 0.0 IO5 0.3876 0.5672 0 . 6 9 70 0.0742 0.04 IO 0.0087
G (2) 0.0028 0.0047 0.003 I 0.0004 0.000 I 0.0763 0.034 I
F x G (2) 0.3 I72 0.3401 0.8452 0.0374 0.0002 0.6427 0 . 9 873
L x G (2) 0 .2 9 65 0.9 2 13 0.4327 0.21 I4 0.00 I5 0.1 I48 0. I806
H  x G (2) 0.362 I 0 .3175 0.1322 0 . 9 247 0.4065 0.9 9 6 I 0.27 I9
F X L X G (2) 0 . 752 9 0.7202 0.8688 0.6547 0.4275 0 . 9 9 02 0.2676
F X H  X G (2) 0 . 247 9 0.4167 0 .2 9 14 0.7 I52 0.47 I2 0.3852 0 . 836 9
L x H  x G (2) 0.4858 0.565X 0 .5 9 60 0 .3 9 44 0 . 9 5 4 9 0.4250 0.0842
F X L X H 0.3487 0.6786 0.5440 0.9  I9 2 0.7527 0 .46 9 3 0.3274
XG(2)

“Control: no e s tablis h m e nt tre atm e nt: F: fe rtilization; H : h e rbicide  application: L: litte r addition; G: ge ne tic fam ily.
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Fig. 2. Correlations among stand volume and folk tannin and N
concentrations of 4-yr-old loblolly pine planted on a Gulf Coastal
Plain site in central Louisiana.

no correlation among foliar concentrations of tannin
and K (P = 0.500) (Fig. 3). However, on the fertil-
ized plots, a significant negative correlation was
observed among foliar concentrations of tannin and
K (R = -0.643, P = 0.024).

Fertilization, litter addition and herbicide applica-
tion, as well as interaction among these three treat-
ments, significantly affected stand volume (Table 4).
Thus, the response to each treatment depended on
the level of the other two treatments. The stand
volume response to litter addition was most affected
by the level of the other treatments. Litter addition
alone increased pine volume from 7.8 to 13.0 m3
ha- ’ . Litter addition with fertilization increased stand
volume by 17.9 m3 ha-’ compared to fertilization
alone, but litter addition combined with herbicide
application increased stand volume by only 0.3 m3
ha- ’ compared to herbicide application alone. Litter
addition combined with fertilization and herbicide
application decreased stand volume by 7.4 m3 ha-‘.

Fertilization alone increased loblolly pine volume
by 12.2 m3 ha- ’ (Table 4). This 1.6-fold  increase in
volume was associated with significant decreases in
the concentration of foliar N (12%),  Ca (23%) and
tannin (8%) and an increase in the concentration of
foliar P (57%) (Table 4). Herbicide application sig-
nificantly reduced foliar N (7%) (P = 0.060),  Ca
(30%),  Mg (33%) and tannin (4%) concentrations
and increased foliar K (31%) concentration. Litter
addition did not significantly affect foliar nutrient or
tannin concentrations.

Litter addition and fertilization interacted to sig-
nificantly affect foliar N concentration with a higher
foliar N concentration in response to litter addition
on plots that were not fertilized (no litter: 11.3 g
kgg’; litter: 12.9 g kg- ‘> and no effect of litter
addition on foliar N concentration on plots that were
fertilized (no litter: 10.8 g kgg’;  litter: 10.5 g kg-‘)
(Table 4). Foliar Mg concentration was also signifi-
cantly affected by an interaction between litter addi-
tion and fertilization with a lower foliar Mg concen-
tration in response to litter addition on plots that
were not fertilized (no litter: 0.78 g kg- ’ ; litter: 0.59
g kg- ’ > and a higher foliar Mg concentration in
response to litter addition on plots that were fertil-
ized (no litter: 0.63 g kgg’;  litter: 0.86 g kg-‘).

Genetic family had small but significant effects
on stand volume and foliar mineral nutrient concen-
trations (Table 4). One of the Louisiana families
(family 14) produced more volume haa’, while the
Texas family (family 36) produced less volume ha-’
than the other families (Table 5). The family with an
intermediate yield (family 28) had higher foliar N, P,
Ca and Mg concentrations and a lower foliar K
concentration compared to that of the other families.
Family 36 had a higher foliar K concentration com-
pared to the other families. The foliar P concentra-
tion of family 14 was lower than that of the other
families. Fertilization significantly reduced the con-
centrations of Ca (40%) and Mg (22%) in the foliage
of family 14 but did not affect the concentration of
Ca and Mg in the foliage of family 36. The Ca

- -8 - No fertilizer R=0.216 (P=O.SOO)

‘;- 160. ’ ’

- N+P fertilizer R=-0.643 (~=0.024)

IOO-Yj 6

Foliar Potassium (g kg-‘)

J
9

Fig. 3. Effect of N plus P fertilization at planting on the relation-
ship between foliar tannin and K concentrations of 4.yr-old
loblolly pine planted on a P-deficient, Gulf Coastal Plain site in
central Louisiana.
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Stand volume and foliar mineral nutrient and tannin concentrations of three open-pollinated families of loblolly pine

Family Stand volume’ (m’ ha- ’ ) Foliar concentration (g kg- ’ jh
Nitrogen Phosphorus Potassium Calcium Magnesium Tannin

14 27.7a
28 26.3b
36 24.1~

1 ISb
11.9a
10.8b

I .07c
1.21a
1.12b

5.76b
4.47c
5.95a

2.17b
2.75a
2.12b

0.62b
0.85a
0.66b

14la
148a
146a

“Measured after five growing seasons.
hMeasured after three growing seasons.

concentration of foliage of family 28 was unaffected
by fertilization but the Mg concentration of foliage
of family 28 was significantly increased (38%) by
fertilization. Litter addition significantly reduced the
foliar Mg concentration of family 14 (20%),  in-
creased that of family 28 (29%) and had no effect on
that of family 36.

4. Discussion

In southern pine plantations, early cultural prac-
tices such as site preparation, release and fertilization
are conducted to optimize the availability of light,
water and mineral nutrients for the growth of the
merchantable trees (Kozlowski et al., 1991, Morris
and Campbell, 1991). In our study, main and interac-
tion effects of three establishment treatments strongly
influenced stand productivity and it is likely that
these responses were caused by effects of the treat-
ment combinations on the availability of key re-
sources.

Water and mineral nutrients are the primary re-
sources that control the productivity of managed
southern pine (Morris and Campbell, 1991). In our
study, fall soil water content was reduced but stand
productivity was increased by fertilization and litter
addition. By fall, the observed increases in pine
growth and vegetative competition on these plots
may have resulted in more transpirational surface
area causing soil water loss. However, the small
magnitude of these treatment effects and the occur-
rence of regular precipitation suggest that stand nu-
trition and productivity were not strongly affected by
water availability.

Phosphorus is the most commonly deficient min-
eral nutrient in southern coastal plain soils (Pritchett
and Gooding, 1975). As a result, fertilization with P

is often necessary to achieve southern pine produc-
tivity goals (Allen, 1987; Pritchett and Gooding,
1975; Shoulders and Tiarks, 1980). In our study,
foliar P concentrations three years after planting
indicated that the availability of P on plots that were
not fertilized was below the critical level of 1.0 g
kg-’ which represents the boundary between defi-
ciency and sufficiency for loblolly pine (Allen, 1987;
Wells et al., 1986). Since the soil in this study is
inherently P-deficient and no fertilizer amendments
were made on these plots, it is likely that available P
was limiting at the time of planting. As expected,
fertilization increased P availability throughout the
duration of this study.

A shift in the partitioning of carbon from cell
wall-forming compounds to secondary metabolites
occurs when resource limitations are encountered
(Chapin, 1991; Lorio, 1986). A close relationship
between P nutrition and the partitioning of carbon to
either height growth or tannin synthesis was demon-
strated by Tiarks et al. (1989). In their study, 12
levels of P fertilizer were applied at two locations
where loblolly pine was regenerated. After three
years, a significant relationship existed between the
amount of P applied and both seedling height ( R2 =
0.87) and foliar tannin concentration (R’ = 0.79).
Similarly in our study, P fertilization reduced the
partitioning of photosynthate to foliar tannin synthe-
sis and increased the growth of loblolly pine.

Fertilization decreased foliar N and Ca concentra-
tions and herbicide application decreased foliar Ca
and Mg concentrations by the fourth year after plant-
ing. These decreases in foliar mineral nutrient con-
centration were associated with increases in stand
productivity. Since the dilution of mineral nutrients
frequently occurs in response to rapid growth (Jarrell
and Beverly, 1981; Kozlowski et al., 19911, reduced



foliar mineral nutrient concentrations in our study
may have been caused by their dilution as the trees
grew.

Past research has documented the mobility of K
within forest ecosystems (Johnson and Todd, 1987;
Klemmedson et al., 1985; Mou et al., 1993; Shoul-
ders and Tiarks, 1980).  For example, Shoulders and
Tiarks (1980) found that after 1 yr, fertilization of
slash pine with K increased the concentration of this
nutrient in the current year’s foliage. At the same
time, the concentration of K in the soil declined to
pre-treatment levels. After the third year and senes-
cence of foliage that was initially produced after
fertilization, the concentrations of K in the foliage
and soil iwere  higher again. These authors suggested
that the“added K was rapidly immobilized in plant
biomass or was leached from the soil in the first
year. Increases in foliar and soil K after three years
were attributed to re-translocation within trees, leach-
ing from live and senescent foliage followed by
immediate uptake and mobilization as litter decom-
position occurred.

In our study, foliar K concentrations observed on
plots that were not and were treated with herbicides
were 33 and 75% greater, respectively, than the
critical value of 3.5 g kg _ ’ reported by Allen (1987).
The magnitude of the difference between treatments
suggests that although for initial site fertility, N and
P availability are of immediate concern, future limi-
tations of other mineral nutrients such as K may
arise depending on the rate at which they are re-
tained in, or lost from the ecosystem.

The importance of understanding the K dynamics
of southern pine sites is emphasized by the relation-
ships that we observed between foliar K and tannin
concentrations on plots that were not and were fertil-
ized with N and P. Without N and P fertilization, a
statistically significant relationship between foliar K
and tannin concentrations was not detected. How-
ever, with N and P fertilization, the concentration of
foliar tannin decreased as the concentration of foliar
K increased (R = - 0.643, P = 0.024). Similar rela-
tionships between the foliar concentration of other
mineral nutrients and tannin were not detected.

As previously stated, tannin synthesis is a sec-
ondary use of photosynthate that is initially available
for tree growth, but because of limited resource
availability for growth, is used for secondary

metabolite production (Chapin, 1991; Waring et al.,
1985). The negative relationship observed between
foliar K and tannin on plots where P was no longer
deficient suggests that the availability of K, in addi-
tion to P, influenced the growth potential of loblolly
pine on this site. Additional research is needed to
understand the mechanism by which K nutrition may
affect carbon partitioning and tannin synthesis. While
the concentration of K in the foliage of the fastest
growing plots indicates that K was not deficient,
foliar tannin concentrations show that tree growth
may have been even greater with K amendment. This
information supports the belief that there is a site-
specific hierarchy of mineral nutrient limitations that
inhibit southern pine productivity and that fertilizer
recommendations should be made with consideration
of the secondary effects of nutrient amendments on
the future nutrition of planted pine.

Once transferred to the soil by litterfall and
throughfall, without rapid root uptake, K is readily
leached (Johnson and Todd, 1987; Klemmedson et
al., 1985). Van Rees and Comerford (1990) reported
that in addition to new roots, woody roots were
necessary to supply sufficient K to slash pine
seedlings. Therefore, on sites where K is not abun-
dant, the amount and distribution of tree roots may
be critical for the absorption of K.

Past research has also emphasized the importance
of vegetation recovery after the disturbance of forest
sites for the extraction, conservation and accretion of
mineral nutrients (Duzan, 1994; Mou et al., 1993;
Wood et al., 1992). For example, Wood et al. (1992)
found a positive relationship between the invasion of
competing vegetation and the concentration of soil
organic N in a 7-yr-old loblolly pine plantation. They
proposed that without the development of a succes-
sional plant community, nitrate may have been
leached from the soil during stand establishment
resulting in a decrease in the concentration of soil
organic N at age seven. Perhaps the plant communi-
ties that developed in response to the vegetation
management regimes in our study influenced the
availability of K to planted pine trees.

Herbicide application resulted in a decrease in
exchangeable soil K. Since herbicide application in-
creased both stand volume and foliar K concentra-
tion, it is likely that the majority of the K lost from
the soil was absorbed and immobilized by the planted



pines. With less competition between the planted
pine and invading vegetation, K availability for up-
take by loblolly pine roots may have been greater on
plots that received herbicide application even though
the concentration of exchangeable K in the soil
decreased.

Calcium uptake is limited by number of unsuber-
ized root tips and K uptake is limited by root system
surface area (Mengel and Kirkby, 1987; Russell and
Clarkson, 1976). In our study, both foliar and soil Ca
concentrations were reduced by herbicide applica-
tion. After mmeral  nutrients became more available
with the suppression of competing vegetation by
herbicide application, the mechanism of K absorp-
tion may have accelerated K uptake: whereas, the
mechanism of Ca absorption may have prevented a
similar increase in Ca uptake.

The rate of Mg uptake by plant roots is lower than
that of K and elevated K nutrition decreases the
uptake of Mg (Mengel and Kirkby, 1987). In our
study, concentrations of foliar and soil Mg were
reduced and the concentration of foliar K was in-
creased by herbicide application. Perhaps, Mg uptake
was depressed by K competition on the plots that
received herbicide application. Furthermore, the fo-
liar Mg concentration on plots treated with herbi-
cides was 0.57 g kg-’ which is 19% less than the
critical value for loblolly pine foliage reported by
Allen (1987).  This information suggests that rapid
increases in K availability and uptake in loblolly
pine plantations could negatively affect the Mg nutri-
tion of the merchantable trees. However, the duration
and long term effect of this nutritional shift is un-
known.

Herbicide-induced reductions in exchangeable K,
Mg and Ca in the soil were associated with a similar
reduction in soil pH. With larger loblolly pine trees
by the fourth year after planting, greater uptake of K,
Mg and Ca on plots treated with herbicides and their
corresponding displacement with hydrogen ions
would account for the lower soil pH.

Similar to herbicide application, fertilization re-
sulted in a decrease in soil pH. Fertilization also
stimulated loblolly pine productivity but did not
dramatically affect the abundance of herbaceous and
woody competitors. As previously discussed, an in-
crease in the amount of pine biomass and an increase
in cation uptake may have acidified the soil.

Litter addition alone or in combination with herbi-
cide application had no effect on foliar tannin con-
centration. When litter was applied in combination
with fertilizer, foliar tannin concentration increased
and herbicide application had no effect on this re-
sponse. In general, the mean stand productivity val-
ues of vegetation management regimes that included
litter addition were inversely related to their respec-
tive foliar tannin concentrations. This information
suggests that some aspect of litter addition caused
energy to be shunted to tannin production rather than
tree growth.

Changes in foliar mineral nutrient concentrations
were not proportional to changes in stand productiv-
ity and foliar tannin concentrations on plots that
received litter addition. Thus, the negative relation-
ship between stand productivity and foliar tannin
concentration in response to litter addition was not
caused by macronutrient limitations. Furthermore,
although litter addition resulted in a reduction in soil
water content, it is unlikely that this decrease was
large enough to affect tree growth. We did, however,
observe a peculiar response to litter addition that
may be related to both increased tannin production
and decreased soil water content. Specifically, litter
addition resulted in a 218% increase in the number
of competing blackberry plants on the site. Mou et
al. (I 995)  reported that 7 1% of the fine root length in
a 4-yr-old loblolly pine stand was in the 0 to 10 cm
depth of a Gulf Coastal Plain soil. In contrast, we
found that litter addition reduced pine root growth in
the upper IO cm of the soil profile (Haywood  et al.,
1997). Perhaps competition between loblolly pine
and blackberry root systems caused the distributions
of pine and blackberry roots to be greater in the
lower and upper depths of the soil profile, respec-
tively. Vertical displacement of loblolly pine fine
roots would reduce the ability of the pines to exploit
soil resources near the surface. A similar phe-
nomenon was observed by Van Rees and Comerford
(1986) who evaluated the uptake of a strontium spike
placed in either the litter or subsoil of a lower coastal
plain site supporting 20-yr-old slash pine. Foliar
strontium and root distribution analyses indicated
that because of root distribution patterns, the under-
story vegetation was more competitive than pine for
strontium placed in the upper portion of the soil
profile; whereas, the opposite was true deeper in the
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soil profile. Thus, below ground competition for one
or more limiting resources other than those measured
in our study, may be a possible explanation for
tannin synthesis and stand productivity responses to
vegetation management regimes that included litter
addition.

5. Summary

We have presented some of the consequences of
establishment treatments that directly affect the natu-
ral vegetation and fertility of young loblolly pine
plantations on Gulf Coastal Plain sites. An increase
in stand growth and a decrease in tannin synthesis
were, observed with fertilization and herbicide appli-
cation. This suggests that the resource demands of
loblolly pine were satisfied to a greater extent on
plots that received fertilizer and herbicide applica-
tion. Since our study site was inherently deficient of
available P, we expected the observed decrease in
tannin synthesis and increase in pine growth in re-
sponse to fertilization. However, our results also
demonstrated that site productivity was closely re-
lated to the K nutrition of the planted trees. Where P
demands were met with fertilization at the time of
planting, pine productivity increased. However, ac-
celerated pine growth was accompanied by a signifi-
cant negative relationship between foliar K and tan-
nin concentrations. On P-deficient plots, pine growth
was suppressed and foliar K and tannin concentra-
tions were unrelated.

We also found that herbicide application in-
creased loblolly pine K uptake, but decreased the
concentration of foliar Mg to less than the critical
level for loblolly pine. Manipulation of competing
vegetation in response to fertilizer and herbicide
treatments may have changed the availability of min-
eral nutrients to the pines. Furthermore, litter addi-
tion increased the number of blackberry plants ha-’
and the concentration of foliar tannin in the planted
pine. This relationship may have been caused by
competition in the 0 to 1.5 cm depth for soil re-
sources other than those measured in our study.

Generalizations about the emergence of K and Mg
limitations with the development of intensively man-
aged southern pine plantations are premature. How-
ever, our results suggest that the accelerated growth

of planted pine and invading vegetation caused by
early cultural treatments may create new nutrient
limitations on moderately infertile coastal plain sites.
In particular, our study indicated that the availability
of K and Mg were of primary concern. Recently
reported decreases in southern forest productivity
(Bechtold et al., 1991; Ruark et al., 1991) and the
occurrence of this phenomenon in second rotation
stands of loblolly and slash pine (Haywood, 1994;
Tiarks and Haywood,  1996),  together with our re-
sults, suggest that further research is needed to un-
derstand the dynamics of K, Mg and other mineral
nutrients in response to common cultural treatments
and throughout consecutive rotations of intensively
managed southern pine.
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