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ABSTRACT. Foliar, stem, and fine root nitrogen (N), phosphorus (P), and potassium (K)
concentrations were measured, and their contents calculated, to determine the relationship
between nutrient acquisition and stem biomass increment on a stand basis in 4-yr-old pine
plantations planted at different densities. The study examined stands of loblolly pine (Pinus
taedal.) and slash pine (Pinus elliottiiEngelm.) in the lower Coastal Plain of the southeastern
United States that were intensively managed (i.e., received bedded site preparation, a high
level of fertilization, and nearly complete weed control). The stands were planted at densities
of 740, 2,220, and 3,700 trees ha~"! on three sites, each with a different soil type. Increases in
stem biomass growth on a stand basis were not proportional to increases in stand density,
indicating that competition for resources was limiting growth at the higher densities. Foliar N
and P, stem wood N and K, and fine root N concentrations decreased with increased stand
density. For loblolly pine, foliar N concentrations fell from 13.1 mg g~' at 740 trees ha~"to 10.9
mg g~! at 3700 trees ha™! (average of current-year and 1-yr-old foliage), the latter considered
below a critical threshold concentration for maintaining high growth rates. Slash pine foliar N
concentrations followed a similar pattern, decreasing from 11.2t0 9.1 mg g~". In both species,
foliar P and K concentrations remained above critical concentrations at all planting densities.
Overall, foliar N concentration was negatively correlated to stem biomassincrement on astand
basis (r=-0.57) whereas foliar N content of 1-yr-old foliage was positively correlated with stem
biomass increment (r = 0.59). However, biomass of 1-yr-old foliage was better correlated to
total stem biomass growth (r=0.76) suggesting that amount of foliage, rather than its nutrient
content, was a better estimator of growth. For. Sci. 49(2):291-300.
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T ESTABLISHMENT, and during the initial phase of

stand development, higher planting densities in-

crease the capture of available resources, such as
light, nutrients, and water, and increase growth of the tree
crop. Asthese stands devel op, the maximum rate of biomass
accumulation will peak and either plateau or decline, with
this response occurring sooner in the denser stands (e.g.,
Harmset al. 1994, Harmsand L angdon 1976, Mann and Dell
1971). The plateau or declinein growth rate isan indication
that resource acquisition islimiting stand growth. Few stud-
ies have attempted to characterize the resource limitations
that may beresponsiblefor reduced growth at higher planting
densities, but nutrients and water are often considered to be
key limiting resources. In the southeastern United States,
nutrients are definitely a key limiting resource, with many
studies demonstrating increased stand growth following fer-
tilization. In addition, decreased nutrient acquisition and tree
growth have been reported withincreasing level sof interspe-
cific competition between trees and herbaceous or other
woody species (e.g., Morris et a. 1993, Elliot and White
1987).

Water deficits can reduce growth of competing individu-
alsespecialy indrier regions (Nambiar and Sands 1993). In
the southeastern United States, rainfall generally exceeds
1200 mmy~1 and isfairly evenly distributed throughout the
year. It is somewhat surprising that recent studies in this
region have shown very limited improvement in the growth
of pine plantations by irrigating to maintain soil moisture
near field capacity (Samuelson et a. 2001, Albaugh et a.
1998). Thismay be due to the sandy soilsin the region and
deep rooting patternsthat allow trees accessto water deep in
the soil profile or in shallow aquifers. There is some physi-
ological evidenceto support this. Tree water status and rates
of physiological processes of slash pine (Pinus elliottii
Engelm.) treesin plantations were not significantly affected
by fluctuationsin the depth of the water table from 1to 3 m
in the Coastal Plain (Teskey et a. 1994).

Decreased rates of biomass accumulation with increased
stand age or increased stand density may be somewhat
anal ogous. Aswithincreasesin stand biomassthat occur with
increased stand density, increased stand ageresultsin greater
standing biomass that may increase nutrient demands, in-
creasetheamount of nutrients sequestered inthebiomassand
forest floor, and exacerbatenutrient limitations (Richter et al.
2000, Ryan et al. 1997, Pearson et al. 1987). Chapin et al.
(1986) suggested that both leaf areaand stem wood produc-
tion could declineasaresult of increasing nutrient limitations
with stand age. Binkley et al. (1995) concluded that increas-
ing nutrient limitations in older stands of lodgepole pine
(Pinus contorta Dougl.) probably accounted for at least part
of the decline in stand leaf area and growth. In their study,
foliar analysisindicated that N, P, and K all [imited growthin
older stands. They also found that fertilization with N alone
resulted in the greatest basal area response, indicating the
importance of N as alimiting nutrient.

The objectives of this study were to investigate the role
that nutrients play in controlling growth of different density
stands by (1) comparing the N, P, and K concentrations and
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contents of stems, leaves, and fine roots of loblolly (Pinus
taeda L.) and slash pine, and (2) determining if N, P, and K
concentrations or contents were correlated with growth in
stands of different densities. Our hypotheseswere: (1) nutri-
ent concentrationswould be highest in the least dense stands
and would decrease as stand density increased because of a
nutrient dilution effect throughout larger canopies and root
systems; (2) nutrient contents would be lowest in the least
dense stands and would increase as stand density increased
because of a greater acquisition of resources and larger
biomass in more dense stands; (3) loblolly pine would have
greater foliar and fine root nutrient concentrations and con-
tents than slash pine; and (4) stem biomass growth would be
better correlated with foliar N content than with leaf biomass
because N content combines both the amount of biomass
used to capture sunlight and N concentration, which is
sometimes related to photosynthetic capacity.

Materials and Methods

Three lower Coastal Plain locations with site-specific
differencesinsoil typewereusedinthisstudy. Thethreesites
were located in southeastern Georgia and had sandy soils.
The Effingham County site had an argillic horizon, but no
spodic horizon. The Brantley County site had a spodic
horizon, but not an argillic horizon. The site located in
Charlton County had both argillic and spodic horizons. Sites
had one stand each of loblolly and slash pine planted at
densitiesof 740, 2,220, and 3,700treesha L. Both speciesand
stand density wererandomly assigned to plots. The 740 trees
ha 1 stand had ameasurement plot size of 0.12 haand agross
plot size of 0.23 ha. Stands planted at 2,220 and 3,700 trees
ha1 had a measurement plot size of 0.05 ha and gross plot
size of 0.13 ha. These plot sizes allowed for a 7 m buffer
around the treatment plot for all densities.

Sites were bedded and then received a broadcast applica-
tion1.1kgha ™t Arsenal (imazapyr, BASF), 4.51 ha™l Garlon
(triclopyr amine, Dow Agrosciences LLC), and 2.2 | hal
Accord (glyphosate, Monsanto) in the autumn of 1995 to
completely eliminate competition before planting. All sites
were hand-planted in January 1996 with slash pine half-sib
family 5-61 (JSC/CCA and Champion Paper) and loblolly
pinehalf-sibfamily 7-56 (NC State Treel mprovement Coop-
erative). Beginning in spring 1996, directed sprays of Oust
(sulfometuron methyl, DuPont) were applied as needed to
keep the plots free of competing vegetation. Tip moth infes-
tationswerereduced by application of theinsecticide Pounce
(permethrin, FMC Corp.) during the first 2 yr of stand
development. Plots received 56.1 kg ha ! each of elemental
N, P, and K in spring 1996. In spring 1998, stands received
67.3 kg hal each of elemental N, P, and K as well as an
additional 45 kg hal of elemental N applied as NH,NO5
Micronutrients were also applied at this time to prevent
deficiencies (14 kgMghal, 27 kg Caha®, 80 kg Shat, 0.5
kgBhal,1.4kgFehal, 1.7kgMnhal, 1.7kgZnhal, and
0.7 kg Cuha™). An additional 45 kg hal of elemental N was
applied as NH,NO; in the spring of 1999.

Survival was excellent, averaging 95% after 3 yr. The
vast majority of mortality occurred the year of planting,



i.e., not density dependent. At the end of the fourth grow-
ing season, averagetree height was4.5mfor loblolly pine
stands and 3.4 m for the slash pine stands. Average dbh at
the end of the fourth growing season for loblolly pine
stands decreased from 7.9 cm to 6.3 cm as stand density
increased from 740 to 3,700 trees h™L. Likewise, dbh for
slash pine stands decreased from 7.1 to 6.3 cm with
increasing density (Burkes et al. 2003).

Within each of themeasurement plots, foliar samples (10—
20fascicles) werecollected fromten randomly selected trees
during August of their fourth growing season (1999). The
canopy height was determined using a height pole and then
divided into lower, middle, and upper thirds. Needles from
thefirst and second flushesof boththecurrent (1999) and past
year (1998) were collected. Foliage samples were stored on
ice for transport to the lab and then oven dried at 64°C and
ground. From all plots, stem bark and stem wood samples
were taken from five randomly selected buffer trees in
August 1999. Stem bark was obtained by scrapinga2 x5cm
strip of bark from each tree at breast height. Wood samples
were obtained using an increment borer. Samples from the
five trees per plot were pooled, placed on ice for transport,
and then dried at 64°C and ground.

Ten soil subsamples were collected from each stand in
August of thefourth growing season (1999), usingasampling
punch tube measuring approximately 2.3 cm inner diameter
and 30 cm in length (depth). Of the ten punch tubes, five
subsamples were taken within the beds and five were taken
between the beds. This subsampling method was used to
obtain a representative sample for the entire stand. The
subsamples were combined in aplastic bag and stored onice
after collection. Inthelab, sampleswere oven dried at 64°C,
sieved through a0.2 mm sieveto break up all soil aggregates
and remove organic debris, and ground using a ball mill
grinder.

During August 1999, six root-fans were excavated from
the upper 30 cm of the soil surrounding randomly selected
trees within each stand to collect fine-root nutrient samples.
The six root fans were pooled to form one large sample for
each plot. This combined sample was cleansed of soil par-
ticlesby washing in abucket of water, placed in paper sacks,
and oven-dried at 64°C. After drying, approximately 3 g of
fineroot material were collected from the pooled samplefor
each plot and ground using a ball mill grinder.

Soil and tissue nitrogen concentrations were determined
using an NC2100 CNS analyzer and an NA1500 C/H/N
analyzer (CE Elantech Inc., Lakewood, NJ). Calibration
curves were developed using a 2,5-Bis-(5-tert.-butyl-
benzoxazol-2-yl)-thiophen (BBOT) standard, and quality
control checks were performed after every ten samples.
Replicates of samples also were run after every ten samples
for additional quality control.

For P and K, a dry ash method was used for inductively
coupled plasma (ICP) analysis using a Model 965 Plasma
Atomcorp (Thermo-Jarrel Ash, Franklin, MA). Sampleswere
ashed at 500°C for 4 hr, cooled, and then combined with 10
ml of a plant buffer extract, consisting of HCI, HNO,,
molybdenuminternal standard, and water. Pineneedles(Stan-

dard referencematerial 1575, National I nstitute of Standards
& Technology, Gaithersburg, MD) were used asthe standard
inthisICP analysis.

Total N, P, and K contents were estimated for the fourth
growing season foliar, stem, and fine root biomass. Nutrient
contents were cal culated by multiplying nutrient concentra-
tion by the component biomass. L eaf biomass was estimated
from leaf litter collected in traps (each 0.44 m?) randomly
placed throughout each stand. Becausethe degree of canopy
closurevaried between plots, morelitter trapswere placed in
the less densely planted plots to ensure representative sam-
pling. Twelve, nine, and seven litter traps were placed in the
740, 2,220, and 3,700 trees ha ! density plots, respectively.
Leaf litter was collected every 4 to 6 weeks between March
1999 and March 2001. The litter collected between March
1999 and March 2000 represents the 1998 foliage cohort
(developed during 1998, but was on the tree the entire 1999
growing season), while foliage collected between March
2000 and March 2001 represents the 1999 foliage cohort
(developed during the 1999 growing season). Litter was
oven-dried at 64°C and then weighed. Needle biomass was
then converted to fresh needle weight using empirically
derived correction factors (Burkes et al. 2003). Foliar nutri-
ent contents were calculated separately for the 1999 cohort
(current-year) and 1998 cohort (1-yr-old) based on the con-
centrationsmeasured for aparticular cohort (average of three
canopy positions and two flushes within age class) and the
estimated foliage biomass.

Stem biomass was partitioned into wood and bark. Stem
and bark volume was used to estimate biomass using plot-
specific empirically derived volume equations and specific
gravity measurements. Stem diameter and bark thickness
were sampled at diameter breast height (dbh, 1.37 m) and at
1 mintervals from groundline up to a 2.5 cm diameter top.
From these measurements, volume for each meter segment
was cal culated and summed to find the total tree volume and
percent bark by volume. Stem biomass was estimated using
height and diameter measurements at the end of the third and
fourth growing seasons. All tree diameters were measured,
and the number of heights sampled varied inversely with
stand density, from every treeto every third tree. Heights of
trees not measured were estimated based on diameters using
plot-specific regressions.

Fineroot biomasswasdetermined using rootscollected in
soil coresduring August 1999. Eight cores, four within beds
and four between beds, were taken using asoil corer (5.4 cm
diameter by 30 cm depth). Samples were placed on ice for
transport tothelab and frozenfor storage. Sampleslater were
thawed and washed using a hydropneumatic root elutriator,
which uses a mixture of air and water to separate soil from
root matter. Recovered root material wasstoredinwhorl pack
bags in a 20% methanol and 80% water solution. This
cleansed sample was processed using a modification of the
Newman’ slineintercept method sothat thelength of fineroot
(< 0.5 mm) could be determined (Newman 1966). Roots
greater than 0.5 mm diameter were removed. Thedry weight
of 50 cm of fine roots was determined to convert fine root
length to fine root biomass. Although our estimates of
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belowground nutrients were limited, we chose to measure
themaost biologically active, most nutrient rich root fraction
(< 0.5mm diameter) to examine how the changes in stand
density were affecting nutrient status of the most sensitive
portion of the root system.

Datawere analyzed using analysisof variance (ANOVA)
and the SAS statistical software package (1996; SAS Insti-
tute Inc., Cary, NC). The statistical design for foliar nutrient
concentration was a split plot with site as the blocking
variable, the factorial combination of species and stand
density asthe whole plot factors, and foliage age class asthe
split plot factor. Data from the various crown positions and
flusheswithin ageclasseswereaveraged beforeanalysis. The
statistical design for other analyses was a randomized com-
pleteblock designwith siteserving asablocking variableand
the factorial combination of species and stand density.

Results

Total stem biomass growth and total standing stem biom-
ass increased significantly with increasing stand density;
however, theseincreaseswerenot proportional (Tablel). For
example, whiletherewasathree- andfive-foldincreaseinthe
number of trees ha L as stand density increased from 740 to
2,220 and from 740 to 3,700 trees hal, respectively, total
stem biomass growth increased by only 2.5 and 3.5 times
across this range of densities. Stem biomass growth did not
differ between loblolly and slash pine stands, but total stand-
ing stem biomasswas significantly greater (P < 0.05) for the
loblolly pine standsthan for slash pinestands, i.e., 19,905 vs.
17,347 kg ha! for mean standing stem biomass of the three
stand densities.

For the 1998 cohort (1-yr-old foliage), stand foliar biom-
ass increased with increasing stand density with biomassin
the 2,220 and 3,700treesha L standssignificantly higher than
that in the 740 trees ha ! stands (Table 1). Foliar biomass of
the 1999 cohort was greater than the 1998 cohort and exhib-
ited similarincreaseswithdensity. Foliar biomassfor loblolly
and slash pinewas not significantly different for either year,

nor were there any statistical interactions involving the two
species. The amount of fine root biomass also increased
significantly with increasing stand density. Loblolly pine
stands had significantly greater (P < 0.05) amounts of fine
root biomass than slash pine stands. Average values of fine
root biomass for loblolly and slash pine were 3004 kg hat
and 2,363 kg haL, respectively.

All stands received the same amounts of fertilizer, and
even though much more biomasswas produced in the denser
stands, soil N concentrationsin the upper 30 cm of soil were
similar for all stands, i.e., there were no significant effects of
species or stand density. Average values for the 740, 2,200,
and 3,700 trees hal stands were 0.48, 0.55, and 0.51 g N
kg1, respectively. Average soil N values for loblolly and
slash pine stands were 0.49 and 0.54 g kg2, respectively.

Foliar N and P concentrations were significantly greater
for lablolly pinethan for slash pine (P < 0.05), whilefoliar K
concentrationwassignificantly greater for slash pinethanfor
loblolly pine (P < 0.01) (Figure1). For al three nutrients, the
concentrationin current-year foliagewassignificantly greater
than in 1-yr-old foliage (P < 0.01). The difference in N
concentration between current-year and 1-yr-old foliagewas
greater for loblolly than for slash pine, although the pattern
wasreversed for foliar K concentration (significant inter-
action between speciesand foliage age). Overall, N concen-
tration significantly decreased with increasing stand density
(P =0.0005). Foliar K aso decreased with increasing stand
density, but the decrease was not as pronounced (P = 0.04).
Foliar P was not affected by stand density.

Similar to the pattern observed in foliar N concentration,
fine root N concentrations decreased with increasing stand
density (P < 0.05) (Figure 2). In contrast, fine root P and K
concentrations were not affected by stand density. Fine root
N concentrationswere higher in slash pine (11.4 gkg ™) than
loblolly pine (10.4 g kg™) (P = 0.06), but Pand K concentra-
tions did not differ between species. No significant interac-
tions between species and stand density occurred for these
three nutrientsin fine roots.

Table 1. Stem biomass growth during the fourth growing season (1999), total stem biomass at the end of the fourth
growing season, foliar biomass estimated from litterfall for the 1998 and 1999 cohorts, and fine root biomass during
the fourth growing season for loblolly and slash pine stands planted at three densities. SE represents standard
error of the mean. Different capital letters indicate a significant difference due to density and different lower case
letters indicate a significant difference due to species (P < 0.05).

Stand density (trees ha™)

740 2220 3700
Parameter Species Mean SE Mean SE Mean SE
A B C
Stem growth (kg ha™) a  Loblolly pine 5,106 (156) 12,246 (718) 17,539 (725)
a  Slash pine 4,531 (658) 12,187 (1,214) 16,444 (868)
A B C
Stem biomass (kg ha™) a  Loblolly pine 9,314 (538) 21,515 (2,598) 28,887 (2,418)
b  Slash pine 7,373 (987) 1,8999 (1,805) 25,669 (1,753)
A B B
1998 Cohort Foliar biomass (kg ha™) a  Loblolly pine 2,777 (741) 4,050 (516) 4,668 (880)
a  Slash pine 1,820 (252) 3,614 (295) 4,622 (272)
A B B
1999 Cohort Foliar biomass (kg ha™) a  Loblolly pine 4,659 (349) 5,871 (419) 6,184 (342)
a  Slash pine 3,332 (107) 5,776 (5806) 6,214 (707)
A B C
Fine root biomass (kg ha™) a  Loblolly pine 1,966 (557) 3,217 (828) 3,830 (1,095)
b Slash pine 1,616 (231) 2,300 (771) 3,174 (927)
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Figure 1. Current-year and 1-yr-old foliage nitrogen (N),
phosphorus (P), and potassium (K) concentrations during the
fourth growing season for loblolly and slash pine stands planted
atthree densities. Different letters indicate a significant difference
between planting densities (P < 0.05). A significant difference
between loblolly and slash pine is noted on the graph when it
occurred. Vertical bars represent one standard error. Statistical
significance was determined from a split plot ANOVA with the
factorial combination of species and density serving as the whole
plot factors, foliage age serving as the split plot factor, and site
serving as the blocking variable.

Stemwood N and K concentrationsal sofollowed apattern
similar to foliage and root N concentrations, i.e., highest in
the lower density stands and decreasing with increasing
density (Figure 3). Slash pinehad significantly higher stem N
and K concentrations than lablolly pine. Stem wood P con-
centrationswere not affected by speciesor stand density. No
significant interactions between species and stand density
occurred for these three nutrients. Stand density did not
significantly influence stem bark N, P, or K concentrations
(Figure 4). Stem bark P concentrations were significantly
greater for loblolly than for slash pine.

Foliar N, P, and K contents of the 1998 cohort signifi-
cantly increased with increasing stand density (Table 2,
Table3). Theonly speciesdifference (Table 3) wasfor foliar
P contentswhereloblolly pinestands (4.3 kg ha™1) contained
morethan slash pinestands (3.1 kg ha ™). Similar tothe 1998
cohort foliage, N content increased with increasing stand
density for 1999 foliage cohort, but this increase was not
statistically significant (Table 3). In addition, N content of
loblolly pine stands (72.6 kg ha 1) was significantly greater
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Figure 2. Fine root nitrogen (N), phosphorus (P), and potassium
(K) concentrations during the fourth growing season for loblolly
and slash pine planted at different densities. Letters indicate a
significant difference among planting densities (P < 0.05). No
difference between loblolly and slash pine occurred. Vertical bars
represent one standard error. Statistical significance was
determined from a two-way ANOVA with site serving as the
blocking variable.

than for slash pine stands (52.9 kg ha1). Also for the 1999
foliage cohort, the contents of P and K were significantly
greater in the 2,220 and 3,700 trees ha® stands than in the
740 treeshal stands (Table 2, Table 3).

Fine root N content was lower in 740 trees hal stands
compared with thetwo higher density stands (Table 2, Table
3). Fineroot N content also was significantly higher (Table
3) in loblolly (30.1 kg hal) than slash pine (25.4 kg ha™l).
Fine root P and K contents also increased with increased
stand density (Table 2, Table 3). In both cases, fine rootsin
the lowest density stands had the lowest nutrient contents,
and thefinerootsin the higher density stands had the highest
contents. Neither fine root P nor K contents were signifi-
cantly different between the two species (Table 3).

Stemwood N and K contentsdiffered significantly among
thethree stand densities, and the P content was significantly
lower inthe 740 trees ha ! stands compared to thetwo higher
density stands(Table2, Table3). Slash pinehad higher N and
P contents in the stem wood than loblolly pine. Stem bark
contents of N, P, and K all significantly increased with each
increase in stand density (Table 2, Table 3). Stem bark N
content of slash pinewassignificantly greater thanfor loblolly
pine, but stem bark P content was greater for [oblolly pine
than for slash pine (Table 2, Table 3). A significant interac-
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Figure 3. Stem wood nitrogen (N), phosphorus (P), and potassium
(K) concentrations during the fourth growing season for loblolly
and slash pine planted at three densities. Letters indicate a
significant difference among planting densities (P < 0.05). A
difference between loblolly and slash pine is noted on the graph
when it occurred. Vertical bars represent one standard error.
Statistical significance was determined from a two-way ANOVA
with site serving as the blocking variable.

tion between speciesand stand density occurred for stem bark
P content (Table 3) because P content increased to a greater
extent with increasing stand density for loblolly pine stands
than for slash pine stands (Table 2).

Stem growth was negatively correlated (r = -0.57) with
foliar N concentration for the 1998 cohort (Figure 5a). The
relationship between stem growth and foliar N concentration
of the 1999 cohort foliage was similar, but with a lower
correlation coefficient (r = —0.50). Foliar N content of the
1998 foliage cohort was positively correlated (r = 0.59) with
fourth-year stem biomass growth (Figure 5b). However,
foliar biomass of the 1998 cohort was better correlated with
fourth year stem growth (r = 0.76) than foliar N content or
concentration (Figure 5c¢). The relationship between N con-
tent of the 1999 foliage cohort and stem growth was not
significant (P = 0.16). The relationship between the 1999
foliage biomass and stem growth was significant, with a
correlation coefficient similar to the 1998 foliage cohort (r =
0.74).

Discussion

On a stand basis, biomass and growth parameters mea-
suredinthisstudy increased with stand density. However, the
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Figure 4. Stem bark nitrogen (N), phosphorus (P), and potassium
(K) concentrations during the fourth growing season for loblolly
andslash pine planted at three different densities. Lettersindicate
a significant difference among planting densities (P < 0.05). A
difference between loblolly and slash pine is noted on the graph
when it occurred. Vertical bars represent one standard error.
Statistical significance was determined from a two-way ANOVA
with site serving as the blocking variable.

increases were not linear across densities, indicating a re-
source limitation at the higher densities.

Foliar N, P, and K concentrations, averaged across all
stand densities, were within the accepted range for fertilized
loblolly and slash pine according to much of the literature
(Zhang and Allen 1996, Vose and Allen 1988, Pehl et al.
1984, Shelton 1984, Wellsand M etz 1963). Fineroot nutrient
concentrationsgenerally ran higher than thosefound in some
studiesinloblolly pine (Adamset al. 1987, Pehl et al. 1984),
but weresimilar tothosefound by Shelton (1984). Thehigher
values could have been due, in part, to the fertilization the
plots received.

Foliar, fineroot, and stem N concentrations decreased
significantly with increased stand density, suggesting that
N may have limited growth in denser stands. Foliar P and
fine root P and K concentrations did not change signifi-
cantly with increased stand density, suggesting that these
two nutrients may not have had as important a role in
limiting growth as stand density increased. Further evi-
dence of a possible influence of N, but not P or K, on
growth as density increased comes from comparisons of
foliar critical concentrations, i.e., established foliar nutri-
ent concentrations below which tree growth has been



Table 2. Fourth growing season (1999) nitrogen (N), phosphorus (P), and potassium (K) contents (kg ha™) and
standard errors (SE) in above- and below-ground biomass components of loblolly and slash pine stands planted at

different densities.

Stand density (trees ha™)

740 2220 3700

Nutrient Component Mean SE Mean SE Mean SE
Loblolly pine N 1998 Cohort 315 (7.4) 41.8 (2.2) 459 9.2)
1999 Cohort 67.8 (4.3) 75.4 8.7) 74.7 9.6)
Stem wood 242 (1.0 55.3 (3.3) 69.3 (7.8)
Stem bark 4.1 (0.4) 9.6 (0.4) 14.1 (0.6)
Fine root 23.1 (6.9) 333 (8.6) 33.8 8.1)
P 1998 Cohort 33 (0.9) 4.1 (0.1) 5.4 (1.1)
1999 Cohort 6.2 (1.2) 7.2 (0.9) 7.3 (0.9)
Stem wood 1.8 (0.6) 32 (0.8) 3.0 (0.3)

Stem bark 0.09 (0.009) 0.20 (0.004) 0.35 (0.007)
Fine root 33 (1.2) 44 0.2 5.7 (1.1)
K 1998 Cohort 8.98 (2.1) 10.8 (0.9) 15.9 (2.4)
1999 Cohort 26.8 (1.7) 31.6 (2.9) 319 (5.5)
Stem wood 6.7 (1.0 14.9 (1.0) 16.9 (2.2)

Stem bark 0.25 (0.02) 0.46 (0.06) 0.79 (0.03)

Fine root 8.2 2.7) 9.0 (0.9) 12.3 (0.8)
Slash pine N 1998 Cohort 19.7 (1.7) 335 (2.8) 41.1 (8.5)
1999 Cohort 38.4 0.7) 60.0 8.2) 60.4 (12.1)
Stem wood 26.6 3.2) 62.5 3.9) 81.7 (44)
Stem bark 4.1 (0.1) 12.7 (0.6) 14.8 (1.4)
Fine root 22.1 (4.0) 247 (7.2) 293 (7.3)
P 1998 Cohort 1.6 0.3) 3.4 0.3) 43 (0.5)
1999 Cohort 4.1 0.1) 6.6 (0.9) 7.0 (1.3)
Stem wood 1.5 (0.01) 3.7 0.3) 438 (0.3)

Stem bark 0.05 (0.016) 0.13 (0.008) 0.14 (0.009)
Fine root 1.6 (1.1) 3.4 (2.5) 43 (1.8)
K 1998 Cohort 7.2 (2.1) 11.3 2.1) 16.2 2.8)
1999 Cohort 239 (0.6) 36.5 (5.0) 41.6 (7.6)
Stem wood 6.3 0.3) 134 (0.5) 20.0 (0.5)

Stem bark 0.21 (0.03) 0.40 (0.06) 0.70 (0.14)

Fine root 3.5 (2.3) 7.0 (4.9) 10.8 (3.8)

found to be limited. Critical concentrations for N, P, and
K are considered to be 12.0, 1.0, and 4.0 mg g1, respec-
tively in loblolly pine (Jokela et al. 1991) and 10.0, 0.9,
and 3.0 mg g1, respectively in slash pine (Fisher and
Binkley 2000, p. 294). For both species, foliar P and K
concentrations were above these critical concentrations at
all densities (average of current-year and 1-yr-old upper

canopy foliage), indicating that they probably did not play
an important role in limiting growth in these stands. For
both species, however, midsummer estimates of upper
canopy foliar N decreased, from 13.1t0 10.9 mg g~* for
loblolly pine and from 10.9 to 8.8 mg g1 for slash pine,
as stand density increased from 740 to 3,700 trees ha L.
Foliar critical concentrationsare based on dormant season

Table 3. P values associated with the statistical analyses testing for the effects of
species, stand density, and the interaction between species and stand density for fourth
growing season (1999) nutrient contents in the above- and below-ground biomass
components of loblolly and slash pine stand planted at densities of 740, 2220, and 3700

trees ha™.
Parameter

Nutrient Component Species Density Spec X Den

N 1998 Cohort 0.12 0.04 0.19
1999 Cohort 0.006 0.10 0.49
Stem wood 0.007 <0.0001 0.22
Stem bark 0.04 <0.0001 0.10
Fine root 0.02 0.004 0.23

P 1998 Cohort 0.04 0.009 0.78
1999 Cohort 0.15 0.04 0.47
Stem wood 0.09 0.001 0.09
Stem bark <0.0001 <0.0001 <0.0001
Fine root 0.12 0.06 0.91

K 1998 Cohort 0.83 0.01 0.85
1999 Cohort 0.23 0.03 0.28
Stem wood 0.66 <0.0001 0.15
Stem bark 0.31 <0.0001 0.94
Fine root 0.15 0.06 0.72
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Figure 5. (a) Fourth-year (1999) stem biomass growth: foliar
nitrogen (N) concentration of 1-yr-old foliage (1998 cohort). (b)
Fourth-year stem biomass growth: foliar nitrogen (N) content of
1-yr-old foliage. (c) Fourth-year stem biomass growth: foliar
biomass of 1-yr-old foliage.

measurements and would likely be greater than midsummer
concentrations. However, an adjustment for sampling season
would probably not be enough to raise foliar concentrations
of the densely planted stands above critical concentrations
(Murthy et al. 1996, Zhang and Allen 1996).

Although Pismost often thelimiting nutrient on poorly
drained soilsin the lower Coastal Plain, fertilization with
the amount of P applied in thefirst 3 yr of this study (120
kg ha™1) issufficient for an entirerotation. However, even
the 210 kg N hal added as fertilizer in the first four
growing seasons apparently was not enough to meet the
demandsof thesefast growing stands. Not counting branch,
coarse root, previous litterfall, or fine root turnover, ap-
proximately 238 kg ha~® of N was sequestered in the stem,
foliage, and fine roots at the end of the fourth growing
season inthehighest density stands. Given the exceptional
growth rates associated with these intensively managed
forests, early, aggressive, and frequent fertilizationwith N
iS necessary to maximize stem growth.

Foliar N, P, and K contents fell within the reported
range for fertilized pine stands (Zhang and Allen 1996,
Shelton 1984, Larsen et al. 1976, Wells et al. 1975,
Switzer et al. 1966). Calculated values for fine root N
content also were in the generally expected range (Van
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Lear and Kapeluck 1995, Tuttle 1978, Larsen 1976).
While fine root K content values ran a little lower than
those found by Tuttle (1978), fine root P and K content
valuesweresimilar to those of other studies(Van Lear and
Kapeluck 1995, Shelton 1984). Foliar and fine root nutri-
ent contentsweresignificantly higher in moredense stands
compared to less dense stands as aresult of greater acqui-
sition of resources and greater biomass growth. Nutrient
contents at the higher densities, however, were either at or
approaching a plateau.

While several studies have been published focusing on
either stand nutrient dynamics or the effects of stand
density on biomassgrowth, few studies have examined the
effects of stand density on nutrient dynamics and the role
nutrients may play as an external limiting growth factor.
As with our study, Shelton (1984) found that at a young
age, higher density stands (4,300 trees ha 1) had higher
levels of foliar biomass and foliar N content than less
dense stands (1,200 and 1,920 trees ha™1) of loblolly pine.
However, the medium spacing had the highest content
from ages 15-25. After 25 yr, the N content of all three
densitieshad converged and varied by lessthan 10%. Even
though the trees in our study were only 4 yr old, some
contents, such as N content of the 1999 foliage cohort,
were fairly similar among densities for loblolly pine.

Foliar N concentration and fourth-year total stem bio-
mass growth were negatively correlated. This does not
mean that trees with lower foliar N concentrations will
realize more growth, but rather indicates that a dilution
effect wasoccurring over the greater biomassinthe denser
stands and that less N was available for additional foliage
growth at the higher densities. Foliar N content of the 1998
cohort was positively correlated with fourth-year total
stem biomass growth. This positive correlation suggests
that the stands with greater foliar N content were able to
produce more stem biomass growth. Leaf biomass of the
1998 cohort, however, was better correlated to stem biom-
assgrowththanfoliar N content, suggesting that measures
of foliar biomass are better predictors of stem biomass
growth. Thiswascontrary to our hypothesisthat presumed
foliar N content would be better correlated with fourth-
year total stem biomass growth because foliar N content
encompasses both the amount of sun-intercepting biomass
and N concentration. We had presupposed that a possible
relationship between N concentration and photosynthetic
efficiency might causefoliar N content to be highly corre-
lated with total biomassgrowth. However, thiscorrelation
between N concentration and photosynthesis does not
always hold truein southern pines (Samuelson 2001, Will
2001, Teskey et al. 1994). On the stands measured in this
study, Will et al. (2001) found that light-saturated net
photosynthesis was not different among trees growing at
the different densities, even though foliar N concentration
decreased with increasing density. The failure to find a
significant relationship between fourth year stem growth
and foliar N content of the 1999 cohort isfurther evidence
that N content is not as good a predictor of stem growth as
is leaf biomass.



In summary, P and K did not appear to be important in
thesefertilized standsin limiting stem biomassgrowth. Even
though these stands were fertilized, N acquisition may have
played an important role in limiting growth as stand density
increased. With increased stand density, increases in total
stem biomass growth of the stand and N contents were
beginning to plateau and N concentrations declined below
what are considered critical concentrations. The linkage
between stem biomass growth and N was probably the
foliage. Increased N availability increases leaf biomass and
leaf area, which in turn increases intercepted photosyntheti-
cally active radiation (Dewar 1996) and stem growth (e.g.,
Vose and Allen 1988, Teskey et al. 1987).
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