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Effects of ontogeny and soil nutrient supply on
production, allocation, and leaf area efficiency in
loblolly and slash pine stands’

Eric J. Jokela and Timothy A. Martin

Abstract: The effects of ontogeny and soil nutrient supply owdground biomass accumulation, allocation, and
stemwood growth efficiency of loblollyRinus taedal.) and slash pineRinus elliottii Engelm. var.elliottii) were in
vestigated in north-central Florida over 16 years gsin2 x 2 x 2 factorial xperiment (species, fertilization, weed
control). Aloveground biomass growth responses to the combined fertilizer and weed control treatments (FW) averaged
~2- and 2.8-fold for slash and loblolly pine, respectively. In the same treatment, annual needlefall (NF) production for
slash pine approached a “steady state” of 6 Mg-lah ages 8—14 years, while loblolly pine NF production peaked at

7 Mg-ha' at age 10 years, and then declined 17% following curtailment of the fertilizer treatment. Periodic stemwood
biomass increment (PAI) for the FW treatment for both species culminated at about 15 Mgphe! at age 8 years

and then declined rapidly-@75%) to <4 Mg-ha-year! at 15 years; reductions for the untreated control were censid
erably slower. The progressive decline in PAIl following peak leaf area development was closely associated with a de
crease in stemwood production per unit leaf area (growth efficiency). A unit increase in leaf area index in the 7- to 9-
year-old stands produced about 3.0 and 3.1 times more stemwood biomass per year than in the 14- to 16-year-old
stands for loblolly and slash pine, respectively.

Résumé: Les effets de I'ontogenese et de I'apport de nutriments dans le sol sur 'accumulation de biomasse épigée,
I'allocation et I'efficacité de croissance du bois de la tige chez le pin a end¢dngeg taedal,) et le pin de Floride

(P. elliottii Engelm. var.elliottii) ont été étudiés pendant 16 ans dans le centre-sud de la Floride a I'aide d’'un dispositif
expérimental factoriel comprenant trois facteurs (I'espéce, la fertilisation et le contréle de la végétation) avec deux ni-
veaux chacun. La fertilisation combinée au controle de la végétation (FW) a augmenté en moyenne la croissance de la
biomasse épigée de respectivement ~2 et 2,8 fois chez le pin de Floride et le pin a encens. Dans le méme traitement,
la production annuelle de litiere d’aiguilles chez le pin de Floride approchait le point d’équilibre de 6 Mgritie

'age de 8 a 14ans, tandis que chez le pin a encens elle atteignait un maximum de 7 #%§-hage de 10 ans et dé-
croissait subséquemment de 17% suite a la réduction de la fertilisation. Avec le traitement FW, I'accroissement pério-
dique de biomasse ligneuse dans la tige a culminé chez les deux espéces a environ 15avigitiige de 8 ans et

a ensuite diminué rapidement (~275%), & moins de 4 Mg-&td a I'age de 15 ans. Dans le traitement témoin, la di
minution était beaucoup plus lente. La diminution progressive de I'accroissement périodique de biomasse ligneuse dans
la tige qui a suivi le développement maximum de la surface foliaire était étroitement associée a une diminution de la
production de bois dans la tige par unité de surface foliaire (efficacité de croissance). Une augmentation d’'une unité
dans l'indice de surface foliaire des peuplements agéZ d 9 ans a entrainé fgoduction annuelle de 3,0 et 3,1 fois

plus de biomasse ligneuse dans la tige dans les peuplements de pin a encens et de pin de Floride agés de 14 a 16 ans.

[Traduit par la rédaction]

Introduction pared with less-intensively managed forests (Cromer and

growth of forests. These techniques, including chemical an
mechanical site preparation, fertilization, and deployment o
genetically improved planting stock, have the potential to in
crease tree productivity by several hundred percent-co

o th t two decad intensi Et Williams 1982; Allen et al. 1990; Colbert et al. 1990). To
Ver the past two decades, Intensive managemen eclflnore effectively predict the outcomes of these intensive

niques have been increasingly applied to accelerate th?Ivicultural treatments and efficiently time their application,

is imperative that we understand the mechanisms underly
ng the associated growth increases. Growth responses re
sulting from intensive silvicultural treatments are commonly
Mhanifest through reductions in competition for soil nutrients
and water between trees and understory plants and are asso

ciated with enhanced leaf area development and canopy
light interception by the trees (Vose and Allen 1988; Dalla-
E.J. Jokele? and T.A. Martin. School of Forest Resources ~ Tea and Jokela 1991; Samuelson 1998). Numerous short-

Received February 3, 2000. Accepted June 15, 2000.

and Conservation, University of Florida, Gainesville, FL term investigations have documented the effects of nutrient
32611-0410, U.S.A. amendments and competition control on leaf area develop
Journal Series Paper No. R-07600 of the Florida Agriculture Ment, net primary production, above- and below-ground bio

Experiment Station. mass allocation patterns, growth efficiency, and nutrient

2Corresponding author. e-mail: ejokela@nersp.nerdc.ufl.edu cycling processes (Colbert et al. 1990; Gholz et al. 1991;

Can. J. For. Res30: 1511-1524 (2000) © 2000 NRC Canada



1512 Can. J. For. Res. Vol. 30, 2000

Table 1. Selected chemical properties of air-dried bulk soils collected by treatment (0-5 cm) at age 6 years.

Loblolly pine Slash pine

C w F FwW C w F FW
Total C (g-kgh 10.6 (16.7) 16.9 13.6 (18.3) 15.0 10.8 15.0 115 15.9
Total N (mg-kgh) 462 699 564 676 451 683 447 689
Total P (mg-kgh) 25.8 (36.7) 35.4 36.7 (51.1) 37.8 26.9 34.1 25.9 37.4
C/N ratio 22.9 24.2 24.1 22.2 24.0 22.0 25.7 23.1
C/P ratio 411 (455) 477 371 (358) 397 401 440 444 425
pH 3.9 (3.9) 3.8 3.8 (3.8) 3.8 4.0 3.9 3.9 3.9

Note: The table is adapted from Polglase et al. (1§92alues in parentheses are data collected for loblolly pine at age 11 years as reported in
Grierson et al. (1999). C, untreated control; W, sustained weed control; F, annual fertilization; FW, fertilization + weed control.

Heilman and Xie 1994; Albaugh et al. 1998; Grierson et al.plish this objective, we examined and compared patterns of
1999). Conversely, the long-term impacts of fertilizer andaboveground biomass accumulation and allocation, foliage
competition control treatments on stand development prodevelopment, stemwood production dynamics, and growth
cesses are still relatively poorly understood for most manefficiency among treatments and between species over a pe
aged forest ecosystems (Jokela et al. 1988; Harding andod spanning 16 growing seasons.
Jokela 1994). Especially rare are comprehensive studies that
span the range of stand development from establishment
maturity (e.g., pulpwood rotations) and compare specie
level productivity under common growth environments. Study area description

lmens'\./e silvicultural practices are especially important .to The 4-ha site is approximately 10 km north of Gainesville, Fla.
commercial forest management in the southeast.er'n Unlte&QOSON’ 82°20W), at an elevation of about 45 m. Mean annual
States. Throughout this region, stands of loblolly piR&\(s  precipitation is 1350 mm and mean annual temperature is 21°C
taedal.) and slash pineRinus elliottii Engelm. varelliottii) (NOAA 1989). The soils are classified as sandy, siliceous,
occupy approximately 12 and 5.3 x %@a, respectively, hyperthermic Ultic Alaquods (Pomona fine sands; Soil Survey
(Sheffield and Knight 1982; Sheffield et al. 1983). Although Staff 1998). In a typical profile, the spodic horizon occurs at
both species are well suited to the relatively infertile soils 0f20-50 cm with an argillic horizon at 90-120 cm. The soil nutrient
this region, it has long been known that growth response&eserves are inherently low (Table 1), as the A horizon is com-
due to fertilizer additions, particularly nitrogen (N) and prised predominantly of quartz sand that has both low organic mat-

! . !
phosphorus (P), are biologically and economically justifiablel®’ content and cation exchange capacity (<5 erkgt).

(Pritchett and Llewellyn 1966; Bengtson 1979: Pritchett an hemical characterization of the litter and surface soils for this site
i . ave been reported in Polglase et al. (1992992, 199a) and

Comerford 1982; Jokela and Stearns-Smith 1993). Recel} icrson et al (1999)

. T . o : .
estimates indicate that approximately 2.35 x°1ta of A wildfire destroyed the previous slash pine plantation in 1981.
loblolly pine and 0.89 x 1®ha of slash pine were fertilized |n January 1983, genetically improved (first generation, open-
between 1969 and 1998 (NCSFNC 1999). Similarly, woodypollinated) 1-year-old loblolly and slash pine seedlings were hand
and herbaceous weed control treatments applied at plantalanted at a 1.8 x 3.6 m spacing following roller-drum chopping
tion establishment have become routine management praend single-pass b_edding. Unde_rstory _plants were those common to
tices for enhancing forest growth (Creighton et al. 1987;lower Coastal Plain flatwoods sites, with gallbertex glabra(L.)
Shiver et al. 1990; Miller et al. 1991). Gray)_, saw;ooth palmettoSerenoa repenéB.) Smal_l.), fetter_bush

In 1983, the Intensive Management Practices Assessmeffyonia lucida(Lam.) K. Koch), staggerbustiyonia ferruginea
Center (IMPAC), located at the University of Florida,-de (Walt) Nutt), blueberries Vaccinum spp.), St. John's-wort

. X . : ypericum fasciculatuniam.), and runner oakQuercus pumila
signed and established a study to evaluate the biologic alt.) the dominant woody species. Also commonly present, as

growth potential of southern pines. An array of treatments,erbaceous species were broomsedgésdiopogon spp.) and
(ln factorial Comblnatlon), |nC|Ud|ng annual fertilizer appll panic grassesPanicumspp. andDicantheliumspp.).
cations and sustained elimination of understory competition

was used to manipulate growth-limiting environmental-fac gyperimental design and treatments

tors by creating a soil nutritional gradient. Earlier reports  The study consisted of three replicatésa® x 2 x 2 facbrial of
demonstrated for this nutrient-impoverished site that abovespecies, complete and sustained understory competition control,
ground biomass accumulation at 4 years was 17- and 5.%nd annual fertilizer application arranged in a randomized split-
fold greater in the combination treatment (fertilizer plus plot (species) design (Swindel et al. 1988). Treatment plots were
competition control) than the untreated control for loblolly about 820 m in size, with interior measurement plots being
and slash pine, respectively (Colbert et al. 1990). Because iP60 Nt (40 trees). An untreated, two-row planted buffer separated
rigation did not enhance pine growth (Swindel et al. 1988) all plots. Understory vegetation was controlled annually from ages

: il : P "1 to 10 years (1983-1993) using a combination of herbicides and
nutrient availability represented the primary limiting factor mechanical rotary cutters (Neary et al. 1990). Thereafter, canopy
(Neary et al. 1990).

- . closure reduced encroachment of the understory plants on treated
The present study utilized the same IMPAC experiment 10,55 A balanced fertilizer regime was similarly applied annually
addreSS the |Ong—term effeCtS Of Intensive SI|VICU|tura| treat from 1983 to 1993 as narrow bands (30_Cm Semicirc|e) around the
ments on productivity and stand development processes ifase of each tree. Over the 10-year treatment period, total elemen

managed southern pine plantation ecosystems. To accoral application rates for those plots receiving fertilizer additions

S5_9Iateria|s and methods
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were approximately (kg-h9: N, 360; P, 143; K, 317; Ca, 108; Diameter (1.3 m) of all living trees within the measurement
Mg, 72; S, 72; Mn, 3; Fe, 3; Zn, 3; Cu, 0.5; and B, 0.5. The controlplots were measured annually during the dormant season, except
plots did not receive either the fertilizer or understory competitionduring years 8 and 12. The biomass prediction equations were ap

control treatments. plied to the inventory data to estimate dry matter accumulation
(Mg-ha), stemwood periodic annual increment (PAI; Mghgear?)
Procedures and mean annual increment (MAI; Mg-Hayear?) over time. The

Total tree and component ageground biomass prediction equa aIIometrlc_ equations developed at age 4 years were used_to predict
tions were developed separately by species and treatment at agélgse variables for ages 4 and 6 years, while the equations from
and 13 years. Destructive sampling procedures used at age 4 ye&g€ 13 years were used at ages 9-16 years. These decisions were
(n = 72 trees) were reported in Colbert et al. (1990). At age 13m_ade considering both th_e range of tree size in each year <_:ompared
years, 80 treesn(= 10 trees per species for each of 4 treatments)V,‘"th the range of tree size used to develop the allometric equa
representative of the range of sizes encountered in each treatmdifns. as well as the developmental stage of the trees at each inven
plot were destructively harvested from treated buffer rows over a 3{0y- Corrections for logarithmic bias were made on all biomass
week period during mid-September and early October. Trees wergStimates (Baskerville 1972). Component dry mass ratios
felled at groundline (stump height <15 cm) and branches were cugStemwood/foliage, stemwood/branches, branches/foliage) and a
flush from the stem. Needles were removed from all branches anf*easure of growth efficiency (i.e., annual stemwood production/
both components, representing the entire crown, were weighet?af area) were computed to examine ontogenetic and treatment ef
green in the field. Subsamples of needles and branches wef€CtS On growth processes. _ _
bagged and brought back to the laboratory for determining mois Analy5|s of variance for a split-plot design was used to test for
ture contents and dry masses. The stem was cut into 1.5-m sectiofiBecies and treatment effects on growth parameters. A two-
and weighed green in the field 3 cm thick disk was cut from the ~Se€gment regression procedure described in Loo et al. (1985) and
butt section and the top of each bolt thereafter. The bark was sepdartin et al. (1990) was used to quantify the relationship between
rated from the disk, and both components were weighed green ifPliage production and foliar phosphorus concentration. Coeffi
the field. The disks and bark were transported back to the laboracients of determination for no-intercept regressions were calculated
tory in sealed bags and dried to a constant mass at 70°C. Ovend@p 1 —Z(y — $)?/Zy* (R version 7 in Kvalseth (1985)). Al statisti
masses of the stemwood and bark were calculated for each bdj@l analyses were conducted using the SAS statistical package
from the field-determined green masses using subsample moistuf$AS Institute Inc. 1996).
contents and the bark/wood ratios from the disks. The dry mass of
individual biomass components was summed for each tree.

The linear form of the allometric equation (#)(= B, + B, In(X)) Results
was used to develop relationships between component dry mass .
and tree dimension (diameter and height at age 4 years, diameter Bfy matter accumulation
age 13 years). Analysis of covariance was used to test for equality The effects of fertilizer and weed control treatments on
in the regression coefficients among treatments (SAS Institute Incaboveground dry matter accumulation were quantified peri-
1996). When no significant differences were foul<( 0.05), the  odically over the course of stand development (Fig. 1, Ta-
data were pooled and common regression equations were devalie 2). In general, growth responses due to silvicultural
oped (Appendix). treatments were large over the entire study period. For exam-
‘ Pl_ne Iltterlfal.l was collected monthly for eallch.treatment and rep-, le, at age 16 years the combined fertilizer plus weed con-
lication beginning at age 6 years and continuing through age 1. teatment (FW) for loblolly pine accumulated about 170

years. Six circular litter traps (0.7 3nwere installed in each plot 1 - .
(Dalla-Tea and Jokela 1991). The collected litter was sorted inthg'har of biomass compared with 60 Mg'—H"’for the un

needles and other pine materials (branch, bark, twigs), dried af€ated control (C; 2.8-fold response; Fig. 1). Similar-pat
70°C, and weighed to the nearest 0.1 g. In this report, data-analyjerns were observed for slash pine, although relative growth
ses and interpretations will consider only the needlefall (NF)-com responses tended to be smaller than for loblolly pine (e.g.,
ponent, as needles constituted >90% of the annual pine litter-falt 2.0-fold response; FW, 153 Mg-HaC, 77 Mg-ha?). Pat
mass. Leaf area index (LAl) was calculated from NF and logisticterns of basal area accretion for each treatment closely-paral
models of foliage accretion as described by Kinerson et al. (1974)eled that described for total afeground biomass (Fig. 2).
and Dougherty et al. (1995). Needlefall was used to estimate tem Treatment main effects and interactions on dry matter ac

poral patterns of canopy leaf area, because NF provides a more di,mjation and allocation patterns by tree component (e.g.
rect, dynamic record of canopy dynamics than do allometric !

estimates of leaf area developed at one point in time. Needlefar?temWOOd’ bark, branches., foliage) were examined using
data were corrected for senescence-related biomass reductions ($32 from the last destructive harvest conductgd at age 13
and 14% for slash and loblolly pine, respectively) and were- conY€ars (Tables 3 and 4). The main effects of fertilizer (F) and
verted to all-sided leaf area using specific leaf area for slasyveed control (W) on total aiveground and tree component
(0.0100 n3-g™?) and loblolly pine (0.0115 tg™) (Dalla-Tea 1990; biomass accumulation were highly significaf € 0.0001).
Dalla-Tea and Jokela 1991). Species main effects were found for stem baPk< 0.01)
Foliage samples were collected from the upper third of theand live branch® < 0.05) biomass accumulation. When-av
crown from four dominant and codominant trees per plot duringeraged across all treatments, slash pine accumulated about
the 1989 and 1996 growing seasons (March—September). APProxiy 4 times more bark biomass than loblolly pine, whereas live
mately 25 fascicles per tree (currentyear needles) wergyanch piomass was 1.3 times greater for loblolly pine. The
composited from each treatment plot, dried to a constant mass 1’1;( x W interaction (scale effect) was consistent and less than

70°C, and ground in a Wiley Mill to pass a 1-mm stainless steel . . .
sieve. Nitrogen was determined using a semi—micro-KjeIdahIadd't'Ve for stemwood, bark, live branches, foliage, and total

method (Wilde et al. 1979). Tissue solution samples were analyzeRiomass, suggesting a lack of independence between these
for total P on a Spectophotometer using the ascorbic acid two treatments, l.e., grOWth I’eSponseS due to fert|l|zer-add|

antimony reduced phosphate method following a wet digestiorfions were dependent on the associated level of weed con
procedure (HSQ, — 30% H,0,; Murphy and Riley 1962). trol. In the case of total biomass, the nature and

© 2000 NRC Canada
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Fig. 1. Total albveground biomass accumulation (with standard Fig. 2. Stand basal area development (with standard error bars)
error bars) forP. taedaand P. elliottii plantations grown under for P. taedaand P. elliottii plantations grown under the following
the following silvicultural treatments: control (C), complete and silvicultural treatments: control (C), complete and sustained
sustained understory competition control (W), annual fertilization understory competition control (W), annual fertilization with
with macro- and micro-nutrients from establishment through age macro- and micro-nutrients from establishment through age 10
10 years (as indicated by arrow) (F), and combined competition years (as indicated by arrow) (F), and combined competition

control and fertilization treatments (FW) control and fertilization treatments (FW).
180 50 | o ]
160 | Pinus taeda | Pinus taeda
140 1 40 ]
120 | ]
] ] 30 | ]
" 100
[72]
® 80 | ]
£ 20 | ]
2 60 1 1
[aa) ®
T~ 40 | ] :?J 10 | |
S © 20 ] —o
© < v 5 @ y
(@)] [@)) 0 —Fr o _C 0 T T T T T T T T T T
= 3 5 7 9 11 13 15 17 0 3 5 7 9 1 13 15 17
g 1w < E o
< 160 | Pinus elliottii & Pinus elliottii
Y
(_U n Treatments
..6 140 1 Treatmgnts ) 40 | c |
= 120 { | A=W ] -7
—~—F —~v— F
100 | —=— FW ] 30 A —a— FW 1
80 | ]
20 | ]
60 | ]
401 ‘ 10 ]
20 | ]
3 5 7 9 11 13 15 17 3 5 7 9 11 13 15 17
Stand Age (years) Stand Age (years)

interpretation of the F x W interaction was also consistenfor slash pine, generally increased, while allocations to bark
(less than additive) among years (i.e., age 5-16 years; Talecreased as the level of silvicultural treatment increased be
ble 2). yond that of the untreated control (Table 4A). Regardless of
The significah S x F interaction represented a speciestreatment, biomass allocations were greater for loblolly pine
rank change (Tables 2 and 3B). At age 13 years, loblollythan slash pine for stemwood (65.3 vs. 62.8%) and branches
pine accumulated more stemwood (95.8 vs. 77.8 Mg)ha (18.5 vs. 15.3%), while the opposite was true for bark (9.1
and total biomass (144.5 vs. 124.6 Mg-hahan slash pine vs. 13.0%) and foliage (7.4 vs. 9.2%).
on fertilized plots (Table 3A), while the opposite was true Similar to that observed at age 4 years for this same site
when no fertilizer additions were made (e.g., total biomasgColbert et al. 1990), the magnitude of the interactions be
of 88.2 vs. 81.0 Mg-ha for slash and loblolly pine, respec tween silvicultural treatments were small but statistically

tively). significant for most biomass components. The significant
F x W interaction was less than additive for biomass aloca
Dry matter allocation patterns tions to stemwood, bark, live branches, and foliage; similar

The fertilizer and weed control treatments significantly al patterns were found for the stemwood/foliage, stemwood/
tered albveground biomass allocation patterns for both-spebranch, and branch/foliage biomass ratios (Table 4B). When
cies (Table 4B). In most cases, the intensive silviculturalaveraged across species, stemwood and branch allocations
treatments accelerated stand development and thereby comere always lowest for the C treatment (e.g., C stemwood,
tributed to predictable changes in biomass allocation pat63.3%; C branch, 15.4%) and highest for the FW treatment
terns. For example, allocations to live branches, especiallfe.g., FW stemwood, 64.3%; FW branch, 17.8%); opposite
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Table 2. Significance of analysis of variance for temporal levels of totavaground biomass accumulation in slash and loblolly pine
plantations as affected by fertilizer and weed control treatments.

Source of Stand age (years)
variation df 3 4 5 6 9 10 11 13 14 15 16

Whole plot

Block 2

Species (S) 1 * * *
Error

Split plot
Fertilization (F)
Weed control (W)
F x W

SxF

S x W
SxFxW

Error 12

Note: For a given source of variation, main effects and interactions were significdhad.05 (*), P < 0.01 (**), andP < 0.001 (***).

*kk Kkk *kk Kkk Kkk Kkk *kk *kk *kk Kkk kK

*kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk

*%* *% *% K% *% *% *% *k *%

PRPRPE PN

effects were found for bark (e.g., C, 12.3%; FW, 10.3%) andl0 years. Following curtailment of the fertilizer treatment at
foliage (e.g., C, 8.8%; FW, 8.0%). age 10 years, however, NF production for loblolly pine de
With the exception of bark, interactive effects betweencreased by 17% to 6.0 Mg-Heat age 15 years. Canopy-de
species and silvicultural treatments (S x3x W)were sta  velopment associated with the C treatment for both species
tistically significant for dry matter allocations to stemwood, was considerably slower than the F and W treatments. At
live branches, and foliage (Table 4B). Stemwood allocationgge 16 years, NF rates for the loblolly and slash pine C
for loblolly pine increased on those plots receiving fertilizer treatments averaged about 3.5 and 4.0 Md;hraspectively;
and weed control treatments (C, 62.9%; FW, 66.3%), whileccomparable levels of NF production had already occurred on
slash pine demonstrated modest but opposite effects (a¢he F and W plots by ages 6 or 7 years (Fig. 3). The in-
63.6%; FW, 62.2%). In contrast, foliage allocations forcreases in NF production observed at age 16 years among all
loblolly pine decreased as the intensity of silvicultural treat-treatments, and especially pronounced for loblolly pine,
ments increased (C, 8.7%; FW, 6.8%), while those for slashvere likely attributable to a major state-wide spring and
pine again showed a small but significant increase (C, 9.0%summer drought. Average annual precipitation from April to
FW, 9.2%). August 1998 was about 38% below average (NOAA 1998).
Differential responses between species to the silvicultural Mean foliar P concentrations during the growing season
treatments also contributed to the signifit@x F, S x W,  were significantly related to annual foliage biomass produc-
and S x F x Winteractions found for stemwood/foliage, tion (Fig. 4). A single model was fitted to treatment and-spe
stemwood/branches, and branch/foliage biomass ratios (T&ies data collected at ages 7 and 14 years, and it accounted
ble 4B). For example, while loblolly pine had a higher ever for about 50% of the total variation in annual foliage biomass
all stemwood/foliage biomass ratio than slash pine (8.94 vsproduction. The upper level of production§ Mg-ha'-year?)
6.87), each species responded uniquely to the imposeeprresponded to the approximate critical levels (0.10%) re
silvicultural treatments, i.e., the stemwood/foliage ratios forported for these species for foliar P (Wells et al. 1973;
loblolly pine increased as the intensity of the silvicultural Pritchett and Comerford 1982). No significant relationships
treatments increased (C, 7.23; FW, 9.76), while those fowere found between foliage production levels and foliar N
slash pine decreased (C, 7.04; FW, 6.74). Loblolly pine alsgoncentrations (Fig. 4) or N/P ratios.
tended to have higher branch/foliage biomass ratios than

slash pine, especially on those plots receiving fertilizeraddis,[emwOod growth and stand development

tions (Table 4A). The zone of rational action for setting a rotation length to
maximize fiber production typically occurs when the MAI and
Canopy development PAI growth curves intersect (Nyland 1996). This stage of stand
Eleven years of NF data were used to compare speciedevelopment is commonly referred to as “biological rotation
and treatment effects on canopy development. Commensiage.” The intensive silvicultural treatments applied in this study
rate with results for total biomass accumulation, NF preduc accelerated stand development for both species (Fig. 5).-Stem
tion rates were significantly increased by the fertilizer andwood biomass MAI culminated-8 Mg-ha’.year?) in the FW
weed control treatments (Fig. 3). Average annual NF- protreatment at 11 years for slash pine and 13 years for loblolly
duction in slash pine stands that received maximum nutrienpine. Culmination of MAI had not yet occurred in the C
inputs and sustained competition control (FW) increasedreatment for either species. By comparison, stemwood bio
from about 4.25 Mg-hd at age 6 years to a “steady state” of mass PAIl for the FW treatment for both loblolly and slash
6.0 Mg-ha' at ages 8—14 years. In contrast, loblolly pine NF pine culminated at about 15 MgHayear® at age 8 years
production for the FW treatment increased from aboutand then declined rapidly-@75%) to <4 Mg-ha-year? at
5.0 Mg-hat! at age 6 years to a peak of 7.0 Mg-hat age 15 years. A similarly timed peak and decline in PAl-oc
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Table 3. (A) Mean component and total abeground biomass accumulatiom £ 3) and (B) significance of ANOVA for 13-year-old
loblolly and slash pine as affected by fertilizer and weed control treatments.

(A) Aboveground biomass accumulation.

Stemwood Stem bark Live branches Foliage Total aboveground
Treatment (Mg-ha?) (Mg-ha?) (Mg-ha?) (Mg-ha?) (Mg-ha?)
Loblolly pine
C 28.5 (12.8) 4.6 (1.7) 8.0 (3.6) 3.9 (1.4) 45.0 (19.6)
W 76.9 (9.3) 10.3 (1.0) 21.8 (2.7) 8.4 (0.8) 117.1 (13.5)
F 88.6 (12.5) 11.4 (1.4) 25.2 (3.6) 9.2 (1.1) 133.8 (18.2)
FW 103.0 (14.1) 13.1 (1.3) 29.3 (4.1) 10.5 (0.9) 155.2 (19.8)
Slash pine
C 39.8 (6.9) 8.9 (1.5) 8.2 (1.6) 5.7 (1.0) 62.7 (10.9)
w 71.4 (3.4) 14.7 (0.6) 17.4 (1.1) 10.4 (0.5) 113.8 (5.5)
F 66.7 (6.6) 13.6 (1.5) 16.4 (1.5) 9.8 (0.9) 106.4 (10.5)
FW 88.9 (4.0) 17.3 (0.9) 23.9 (0.9) 13.2 (0.6) 142.8 (6.3)
(B) Significance of ANOVA.
Source of variation df Stemwood Stem bark Live branches Foliage Total aboveground
Whole plot
Block 2
Species (S) 1 o *
Error 2
Split plot 1
Fertilization (F) 1 i e xkk bl xkk
Weed COﬂtrO| (W) l *kk *kk *k%k *kk *k%k
F X W 1 *% * *% *%
S X F l *% * *
S xW 1
SxFxW 1
Error 12

Note: Standard deviations are given in parentheses. Component biomass may not sum to total because equations were developed independently. For a
given source of variation, main effects and interactions were significaRt<a0.05 (*), P < 0.01 (**), andP < 0.001 (***). C, untreated control; W,
sustained weed control; F, annual fertilization; FW, fertilization + weed control.

curred on the C treatment for both species; however, growtthe 7- to 9-year-old stands produced about 3.0 and 3.1 times
reductions for the C treatment were considerably slowemore stemwood biomass per year than in the 14- to 16-year-
than the FW treatment for both slash pine (50%) andold stands for loblolly and slash pine, respectively.

loblolly pine (33%). Although large differences in nutrient  Treatment differences in stemwood growth efficiency
additions and competition control historically occurred be were generally small within each age-class (Table 5).-Con
tween the FW and C treatments, no significant differences iistent with that found at age 4 years (Colbert et al. 1990),
PAI were found among treatments at age 15 years for eithestemwood growth efficiency for slash pine was greater than
species (Fig. 5), despite the over twofold difference in totalloblolly pine at age 7-9 years. The signific#ix F x W in
biomass accumulation previously noted (Fig. 1). teraction suggested that, as the intensity of silvicultural
treatments approached the maximum (FW), stemwood
growth efficiency for slash pine increased, while opposite ef

Stemwood growth efficiency fects were found for loblolly pine. As stand development

umPerr?;g?ju?thusill’%?’I Corl?gt?éiir\]’;/ 'thbz(t)xéheer:nlﬁ?e;nga;ﬁnduoa(Erogressed, a consistent trend in the data suggested that the
9 b ilviculturally treated plots tended to have lower levels of

stemwood production (Mose and Allen 1988; Colbert et al. o
1990: McCrady and Jokela 1998). Few studies, howeverStemWOOd growth efficiency than the untreated controls.

g ; ; h Similarly, at age 14-16 years, the weed control (W) main ef

]ti]g\éeng;,a?glg%%:éﬁ?gegges 'frl]J ::teiséemwsgﬂﬁgleg%gﬁ:gt fect was significant, and those plots receiving understory

; L . ‘competition control (i.e., W and FW treatments) had the
While the overall association between stemwood b'omasﬁ)west stemwood growth efficiency
production and LAl was positive for both speci¢® € 0.85 '
and 0.82 for loblolly and slash pine, respectively, <
0.0001), the strength and nature of the function linking thesyjscussion
variables changed as the stands aged (Fig. 6). Within each of
the three age-classes examined, LAl explained >95% of the Understanding environmental constraints on development
total variation P < 0.0001) in stemwood biomass production and productivity of forest ecosystems has remained a major
among all silvicultural treatments. A unit increase in LAl in focus of scientific interest for more than four decades
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Table 4. (A) Mean atloveground biomass allocation (fraction of total) and dry matter ratios 8) and (B) significance of ANOVA for
13-year-old loblolly and slash pine as affected by fertilizer and weed control treatments.

(A) Biomass allocation and dry matter ratios.

Stemwood/ Stemwood/ Branches/
Treatment Stemwood Stem bark Live branches Foliage  foliage branches foliage
Loblolly pine
C 0.629 (0.009) 0.103 (0.006) 0.177 (0.003) 0.087 (0.006) 7.23 (0.64) 3.57 (0.12) 2.03 (0.19)
w 0.656 (0.004) 0.088 (0.002) 0.186 (0.002) 0.072 (0.002) 9.15(0.33) 3.53 (0.01) 2.59 (0.10)
F 0.662 (0.004) 0.086 (0.002) 0.188 (0.002) 0.069 (0.002) 9.60 (0.35) 3.52 (0.01) 2.73(0.11)
FW 0.663 (0.006) 0.085 (0.003) 0.189 (0.002) 0.068 (0.003) 9.76 (0.51) 3.52 (0.01) 2.78 (0.15)
Slash pine
C 0.636 (0.001) 0.143 (0.002) 0.131 (0.003) 0.090 (0.001) 7.04 (0.03) 4.86 (0.12) 1.45 (0.03)
w 0.627 (0.001) 0.129 (0.001) 0.153 (0.003) 0.092 (0.001) 6.85(0.02) 4.12 (0.07) 1.67 (0.03)
F 0.627 (0.002) 0.128 (0.003) 0.155 (0.005) 0.092 (0.001) 6.84 (0.04) 4.05(0.14) 1.69 (0.05)
FW 0.622 (0.001) 0.121 (0.001) 0.168 (0.003) 0.092 (0.001) 6.74 (0.02) 3.71 (0.06) 1.82 (0.03)
(B) Significance of ANOVA.

Stemwood/ Stemwood/ Branches/
Source of variation df  Stemwood Stem bark Live branches Foliage foliage branches foliage
Whole plot
Block 2
Spec'es (S) l *% *k%k *%k%k *% ** *kk *%
Error 2
Split plot 1
Fel'tl|lzatI0n (F) 1 *% *k*k *k*k *k%k **k%k *kk *%k%
Weed COI’]tr0| (W) 1 * *k%k *k%k ** ** *kk *k%k
F X W 1 *%* *k%k *%* ** ** ** *%k%k
S X F 1 *k%k *k%k *k%k *kk *k*k *%
S X W 1 *k% *kk **k%k *kk *kk
S X F X W 1 *kk *k%k *k%k * *%
Error 12

Note: Standard deviations are given in parentheses. Biomass component allocations may not sum to 1 because of rounding error. For a given source of
variation, main effects and interactions were significanPat 0.05 (*), P < 0.01 (**), andP < 0.001 (***). C, untreated control; W, sustained weed
control; F, annual fertilization; FW, fertilization + weed control.

(Ovington 1957; Madgwick et al. 1970; Cannell 1982; benefits derived from nutrient inputs and the rates at which
Gower et al. 1994). Biomass accumulation and allocatiomutrients are recycled through organic residues discarded
can be influenced by a wide array of site and stand factorsjuring stand development (Jorgensen et al. 1980; Polglase et
including climate, soil fertility, genetics, stand age, and-denal. 1992, 1990, 1992, 1991).
sity (Mgller 1947; Gholz and Fisher 1982; Beets and The distinctive species differences found in biomass accu
Pollock 1987; Beets and Whitehead 1996). In the currenpnylation for the range of imposed silvicultural treatments
study, the strong nutritional gradient imposed by fertilizer(e.g, S x F interaction) likely reflects differential nutrient
additions and understory competition control provided ademands. Loblolly pine, having higher nutrient requirements
unique basis for comparing species and treatment effects aRan slash pine (Fisher 1983), was most responsive to the
growth processes over a dynamic phase of stand develogertilizer treatment. Similar but less long-lasting species dif
ment. ferences were also apparent, as evidentShx Winterac
After 16 growing seasons, differences in total abovetion detected from ages 3 to 6 years (Table 2, Fig. 1).
ground biomass accumulation for both slash and loblollyAlthough both the F and W treatments benefitted tree growth
pine were large {2- to 2.8-fold) and highly significant by reducing belowground competition for soil nutrients and
among silvicultural treatments (Tables 2 and 3B, Fig. 1). Inwater (Neary et al. 1990), the positive effects of the W treat
a nutrient-limited environment such as this, sustained contrainent on loblolly pine growth was not as long lasting as the
of understory competition reduced nutrient deficiencies ofF treatment. In a related study conducted at this same site,
pines, as did annual fertilizer applications. The significantPolglase et al. (1999 reported a stimulatory effect of fertil
and less than additevF x W interaction for total biomass izer additions on specific P mineralization rates. They noted
accumulation (Table 2) supported the long-term importanceéhat comparable effects were much less pronounced for the
of compensating treatment effects on meeting growthW treatment and concluded that the rapid recycling of P in
limiting requirements for these species. The duration offertilized stands had the potential to enhance long-term pro
growth responses to fertilizer and weed control treatmentsdluctivity beyond the immediate benefits derived by fertilizer
with southern pines is generally controlled by the short-ternmuptake. Jokela et al. (2000) also reported similar results from
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Fig. 3. Annual needlefall production (with standard error bars) Fig. 4. Annual foliage biomass production as a function of mean
for P. taedaand P. elliottii plantations grown under the following growing season foliar phosphorus and nitrogen concentrations for
silvicultural treatments: control (C), complete and sustained P. taedaand P. elliottii plantations in 1989 (age 7 years) and
understory competition control (W), annual fertilization with 1996 (age 14 years). The broken line indicates the inflection
macro- and micro-nutrients from establishment through age 10 point of a segmented regression through the data and also ap
years (as indicated by arrow) (F), and combined competition proximates the critical foliar P concentration for southern pines.
control and fertilization treatments (FW).
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a region-wide study conducted in the southern United States.
The duration of growth responses for 11 loblolly pine stands
receiving herbaceous weed control treatments at establisisponded differentially to the silvicultural treatments. From a
ment was not as long lasting as that from fertilizer additionsgrowth strategy perspective, loblolly pine showed greater
They too noted, as observed in this study, that comparablsensitivity to the fertilizer treatment than slash pine, espe
differences between treatments were less apparent for slaskally in allocating carbon to stemwood and branches- (Ta
than loblolly pine. ble 4). The crown structure of loblolly pine, typified by an

Changes in atwveground biomass allocation patterns be extensive array of multiple-order branches (Dalla-Tea and
tween ages 4 and 13 years followed expected trends assodiokela 1991), also facilitated greater retention of leaf area
ated with advancing stand development (Miller 1981), withthan slash pine on plots receiving fertilizer additions. For ex
the ratio of woody/total biomass increasing and foliage/totabmple, although the general range in LAI (all sided) among
biomass decreasing for both species (Table 4A). For exantreatments tended to become narrower for both species over
ple, the ratio of stemwood/total biomass for loblolly pine ontime (Fig. 6), the maximum levels of LAl associated with
the FW treatment increased from 36% at age 4 yearthe FW treatment for loblolly and slash pine were fairly €on
(Colbert et al. 1990) to 66% at age 13 years. Conversely, thetant at about 11 and 8.5, respectively, for each of the three
comparative ranges in foliage/total biomass ratios forgrowth periods examined. In addition, differences in specific
loblolly pine were 40 (C) to 26% (FW) at age 4 years andleaf area contributed to species variation in LAl (Dalla-Tea
8.7 (C) to 6.8% (FW) at age 13 years. and Jokela 1991).

Results from this study have also demonstrated modest Species differences in sensitivity to declines in soil Rutri
but significant differences in biomass allocation patterns beent supply were also apparent in the time-series NF data
tween loblolly and slash pine and that each species reg(Fig. 3). Although the fertilizer and weed control treatments
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Fig. 5. Periodic and mean annual stemwood biomass increment Fig. 6. Stemwood biomass production as a function of average
for P. taedaand P. elliottii plantations grown under the control all-sided leaf area index fdP. taedaand P. elliottii stands at
(C) and combined competition control and fertilization treatmentsthree stages of stand development (a single relationship was fit

(FW). Arrow indicates the last year fertilizer was applied. ted to all data points within an age period to document the-over
18 all relationship; however, individual treatments means for each
Pinus taeda species and age-class are found in Table 5). The slopeRand
16 1 for the no-intercept regression lines fBr taedaat age 7-9,
14 | 10-11, and 14-16 years are, respectively, 1.53%5=0.994),
1.037 )% = 0.993), and 0.499R? = 0.954). The slope ang?
121 for the no-intercept regression lines fBr elliottii at age 7-9,
10 10-11, and 14-16 years are, respectively, 1.733=0.984),
= 8 1.002 R = 0.989), and 0.549R? = 0.969).
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accelerated peak NF production for both species, loblolly
pine, unlike slash pine, showed a fairly steady decline in NF 0

rates on fertilized plots from about age 10 to 15 years. Foliar S
N levels for loblolly pine also declined from about 1.14 to 01234567 8 910112
1.01% over this same time period, well below the published Average All-Sided Leaf Area Index
critical levels of 1.2% for this species (Allen 1987). As
stand nutrient demand is generally commensurate with
growth rate, we hypothesize that declines in NF productiorgrowth in even-aged forests. Biomass increment increased
for loblolly pine, especially on the fastest growing plots; oc rapidly early in stand development, culminated at the ap
curred from a combination of higher nutrient demands assoproximate time of peak foliage development, and declined
ciated with increased growth rates, and reductions in soisignificantly thereafter (Fig. 5). Numerous chronosequence
nutrient supply resulting from immobilization processes andand growth and yield studies have confirmed this pattern
curtailment of the fertilizer treatments at age 10 years. Simi(reviewed in Ryan et al. 1997), although the present study is
lar but delayed effects would be expected on the W and Ghe first to quantify this relationship for southern pines
treatments over time. Gholz and Fisher (1982) also- sugwithin a single site under different silvicultural regimes.
gested that declines in foliage biomass in late-rotation slaskvhile the PAI patterns observed in this study are qualita
pine plantations in the lower Coastal Plain, U.S.A., were dudively similar to others in the literature, there is considerable
to the inherently infertile, sandy soils of this region. The variation in the timing of the growth decline in other pine
continuing modest rates of NF accretion observed for the Gystems. In a chronosequence of slash pine plantations lo
treatment may reflect changes in understory species compaated within 20 km of the present study, total aboveground
sition and their influences on soil nutrient supply processeset primary production (PAIl) peaked at age 15 years, in par
(Table 1; Polglase et al. 1982199Z, 1993). allel with the peak in LAl (Gholz and Fisher 1982; Gholz
The patterns of atveground PAI documented in this 1986). Stemwood production in the Gholz and Fisher (1982)
study were consistent with the generally accepted model afhronosequence peaked at approximately the same magni
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Table 5. (A) Variation in stemwood growth efficiency thesizing tissue in older, larger trees reduces carbon-avail
(Mg-hal.year¥/LAl) and (B) significance of ANOVA for able for growth); i) the hydraulic resistance hypothesis-(in

loblolly and slash pine as affected by fertilizer and weed control creased hydraulic resistance in taller trees with more
treatments. complex crowns leads to greater stomatal limitation to-pho

tosynthesis during drought)jii() the nutrient limitation hy

(A) Stemwood growth efficiency. pothesis (soil nutrient supply decreases as stands age

Age (years) because of accumulation of nutrients in biomass and (or) de
Treatment 7-9 10-11 14-16 creases in N mineralization due to decreasing litter quality,
Loblolly pine leading to (individually or in combination) decreased photo
c 124 (0.13) 1.05(0.13) 0.63 (0.16) Synthesis rates, reduced stand leaf area, and increased allo
W 158 (0.05) 1.01 (0.07) 0.44 (0.05) cation of carbon to fine root production)ivf the crown
= 159 (0.16) 1.06 (0.14) 0.55 (0.13) abrasion hypothesis (crown abrasion increases as trees grow
EW 1.44 (0.05) 1.02 (0.10) 0.43 (0.05) taller, resulting in reduced stand leaf area); the tree mor
Slash pine tallt_y hypothe3|s (treg mortality increases in aging sj[ands, re
c 1.64 (0.25) 1.20 (0.09) 0.63 (0.04) sqltlng in decreages in stand-level blomass producuon rates);
W 1.66 (0.22) 1.02 (0.11) 0.55 (0.11) (vi) the re_productlon cost hypoth'eS|s (aIIocatlor] of carbon to
= 1.66 (0.27) 0.99 (0.10) 0.63 (0.07) reproduction increases in maturing stands); ang the tis
FW 1.91 (0.12) 0.97 (0.10) 0.44 (0.03) sue maturation hypothe_5|s (tlss_ue maturation results in
' ' ' ' ' ' changes in gene expression and inherently slower growth in
(B) Significance of ANOVA. older t'ssue)_' ]
The data in our study allow us to directly address several
Source of Age (years) of these hypotheses. Relatively few trees died over the
variation df  7-9 10-11 14-16 course of the study, contrary to the mortality hypothesis. A
Whole plot minimal amount of cone material was found in the litter
Block 2 traps in this study (data not shown), suggesting that repro-
Species (S) 1 ** ductive growth was not a major carbon sink, contrary to the
Error 2 reproduction cost hypothesis. Stand foliage biomass either
Split plot 1 remained constant after canopy cIos_ure (slash pine) or de-
Fertilization (F) 1 clined at a much slower rate than did PAI (loblolly pine),
Weed control (W) 1 - demonstrating that reductions in LAI alone were not the pri-
FxW 1 mary cause of growth declines. In contrast, the association
SxF 1 between declining stemwood growth efficiency and PAI dur-
S x W 1 ing stand development (Fig. 6, Table 5A) does not directly
SxExW 1 * contradict the respiration, nutrient limitation, or hydraulic
Error 12 resistance hypotheses. Reductions in stemwood growth effi-

- — — - ciency could result from decreased rates of canopy photo
Note: Standard deviations are given in parentheses. For a given sourcegynthesis  (hydraulic resistance and nutrient limitation
of variation, main effects and interactions were significanPat 0.05 (*)

andP < 0.01 (**). C, untreated control; W, sustained weed control; F, hy_pOtheS_eS)’ '_ncreased reSp'rathy costs (respiration hypoth
annual fertilization; FW, fertilization + weed control. esis), shifts in carbon allocation from @keground to
belowground sinks (nutrient limitation hypothesis), or any
combination of these factors.
tude as the control plots in the present studinus radiata It is not possible to eliminate any of the remaining- hy
D. Don plantations in Australia similarly peaked at a rela potheses based on data collected in this study. Unfortunately,
tively young age (age 5-7 years; Forrest and Ovingtorsupport for the various hypotheses in the literature is also
1970). In contrast, aboveground net primary production in aquivocal. Contrary to the tissue maturation hypothesis, sev
Pinus contortaDougl. ex Loud. chronosequence in Wyo eral studies suggest that the most pronounced maturational
ming peaked at age 30 years (Smith and Resh 1999) arnshanges in conifers occur between ages 1 and 4 years
between ages 40 and 60 years in naturally regeneratg@reenwood 1995), well before most growth declines are ob
loblolly pine stands in Mississippi (Switzer et al.1966). served. While the respiration hypothesis has been almest ax
These variations in timing among studies are likely relatedomatic for decades (Kira and Shidei 1967; Waring and
to any number of factors, including differences in speciesSchlesinger 1985), recent reviews have discounted its impor
characteristics, establishment and management practicesnce (Gower et al. 1996; Ryan and Yoder 1997; Ryan et al.
stand density, site quality, and the use of genetically im 1997), although published studies specifically testing this
proved growing stock in the present study. hypothesis with actual respiration measurements remain
While the increase in PAI early in stand development issparse (Ryan and Waring 1992). Several studies have re
often closely linked to leaf area accumulation, the biologicalcently demonstrated that reductions in xylem hydraulic-con
causes of the growth decline subsequent to peak LAl devedductance can occur with tree age (Mencuccini and Grace
opment have not been firmly elucidated. Ryan et al. (19971996; Hubbard et al. 1999). Although we have only indirect
summarized the current hypotheses regarding the mechavidence to address this hypothesis, it follows that, if hy
nisms of PAI decline. Briefly, these aré) (the respiration draulic limitations were important in the present study, re
hypothesis (increases in the ratio of respiring to photesynductions in growth efficiency would first be manifested in
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the treated plots, where trees were taller, branches were lomodify the decline, short of genetic manipulation. However,
ger, and crown architecture was more complex. Reductions soil nutrient dynamics play a significant causal role, then
in growth efficiency from age 10 years on were generallythe decline should be controllable to some extent through
larger in treated plots; however, this was not consistenapplication of limiting nutrients. In the current study, annual
across all treatment combinations. For example, growth effimacro- and micro-nutrient fertilizer additions have again
ciency in the C and F treatments was identical (slash pinepeen made since age 16 years, and the production ecology of
or similar (loblolly pine) at age 14-16 years (Table 5), eventhese stands will continue to be monitored.
though tree crown and stand structure varied considerably Finally, rates of stand production for many species have
between these treatments (Figs. 1-3). been closely correlated to levels of canopy leaf area, because
Recent experimental and modeling studies have alse sujit provides an important and active link between environ
ported the role of decreased nutrient availability in decliningmental factors and photosynthetic processes influencing the
growth rates in aging stands (Binkley et al. 1995; Murty etconversion of solar energy into dry matter production (Vose
al. 1996). In the current study, silvicultural treatments thatand Allen 1988; Heilman et al. 1996; Beadle 1997). Similar
ameliorated soil nutrient supply resulted in increasedo other studies, results from this investigation demonstrated
stemwood growth efficiency during the early stages of stand significant linear relationship between stemwood biomass
development (e.g., age 4 years, Colbert et al. 1990; age 74®oduction and LAI (Fig. 6). Unlike most other studies,
years, Table 5A). Albaugh et al. (1998) hypothesized that inhowever, this relationship was best described over time us
creases in total biomass production efficiency observed iing a series of linear models, the slopes of which provided
fertilized and irrigated loblolly pine stands in North Carolina an empirical index of stemwood “growth efficiency” for
may have resulted from greater biomass allocation to photoeach species (see also Long and Smith 1992; Smith and
synthesizing tissue (foliage) and reduced allocation te tisResh 1999). The threefold reduction in growth efficiency
sues with high maintenance respiration costs (fine roots). Afound between the youngest and oldest measurement periods
stand development progressed, however, we found thatas closely associated with comparable levels of reduction
stemwood growth efficiency decreased in all treatmentsin stand productivity (PAl). Thus, although growth is closely
with the smallest reductions occurring in the untreated coneorrelated with levels of LAI, results from this study suggest
trol plots (Table 5). At age 14-16 years, the strongest dethat considering ontogenetic and species effects on leaf area
cline was apparent on plots that received the sustainedfficiency would improve the accuracy for predicting
understory competition control treatment, alone or in combi-stemwood biomass production.
nation with fertilizer additions. This phenomenon may be at-
tributable to reduced nutrient availability caused by variation
in litter quality that influenced decomposition and mineral- Acknowledgments
ization rates among treatments. Polglase et al. (%992 . . .
199z) found for this same site that phenol concentrations _Thef I;Iorgcsjt Biology F(lelsearﬁh Ccl)oop|>ergt|;/e at th%.Um;_/er-
were highest in pine litter originating from plots receiving sity of Florida is gratefully acknowledged for providing fi-
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stimulated by fertilization but that the weed control treat and S. Brooker for technical field assistance.

ment inhibited these processes, presumably because

understory vegetation was a better supplier of P than was trﬁeferences
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|ncreased malntenance resplratlon costs and |ncreased bb”en, HL 1987. FOI’eSt fertlllzel’S nutrient amendment, stand pro
mass allocation to fine roots following curtailment of the-fer ~ ductivity, and environmental impact. J. F&@5: 37-46. _
tilizer treatment. It is clear, however, that manipulative All€n. H.L., Dougherty, P.M., and Campbell, R.G. 1990. Manipula
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before a consensus emerges. ern U.S. pine forests. For. Ecol. Mana@$: 437-453.

. . Baskerville, G.L. 1972. Use of logarithmic regression in the-esti
Understanding the cause of the peak LAI growth decline mation of plant biomass. Can. J. For, ResA953.

is clearly important from a biological sciences perspectlveBeadle, C.L. 1997. Dynamics of leaf and canopy developmient.

but there will also be compelllng appl_led c_)utlets for this Management of soil, nutrients and water in tropical plantation
knowledge. For example, the rapid declines in PAI observed 4 ests Edited by E.K. Nambiar and A.G. Brown. Australian

for both species in the present study and the variation found centre for International Agricultural Research, Canberra,-Aus
among silvicultural treatments raises important questions on rajia. Monogr. 43. pp. 169-212.

how available site resources affect stockability (maximumgpeets, P.N., and Pollock, D.S. 1987. Accumulation and partitioning
mean tree size—density relationships) and, ultimately, the of dry matter inPinus radiataas related to stand age and thin
physiological processes controlling stand productivity ning. N.Z. J. For. Scil7: 246-271.

(DeBell et al. 1989; Harms et al. 1994; Harms et al. 2000) Beets, P.N., and Whitehead, D. 1996. Carbon partitioninBiitus

If respiratory processes primarily control the decline in PAl, radiata stands in relation to foliage nitrogen status. Tree
then there are few management actions that can be taken toPhysiol. 16: 131-138.

© 2000 NRC Canada



1522 Can. J. For. Res. Vol. 30, 2000

Bengtson, G.W. 1979. Forest fertilization in the United States:Grierson, P.F., Comerford, N.B., and Jokela, E.J. 1999. Phosphorus
progress and outlook. J. Fof8: 222-229. mineralization and microbial biomass in a Florida Spodosal: ef

Binkley, D., Smith, F.W., and Son, Y. 1995. Nutrient supply and fects of water potential, temperature and fertilizer application.
declines in leaf area and production in lodgepole pine. Can. J. Biol. Fertil. Soils,28: 244-252.

For. Res.25: 621-628. Harding, R.B., and Jokela, E.J. 1994. Long-term effects of forest
Cannell, M.G.R. 1982. World forest biomass and primary preduc fertilization on site organic matter and nutrients. Soil Sci. Soc.
tion data. Academic Press, New York. Am. J.58: 216-221.

Colbert, S.R., Jokela, E.J., and Neary, D.G. 1990. Effects of annuaiarms, W.R., DeBell, D.S., and Whitesell, C.D. 1994. Stand and
fertilization and sustained weed control on dry matter partition  tree characteristics and stockabilityRinus taedaplantations in
ing, leaf area, and growth efficiency of juvenile loblolly and  Hawaii and South Carolina. Can. J. For. R24: 511-521.
slash pine. For. ScB6: 995-1014. _ Harms, W.R., Whitesell, C.D., and DeBell, D.S. 2000. Growth and

Creighton, J.L., Zutter, B.R., Glover, G.R., and Gjerstad, D.H. development of loblolly pine in a spacing trial planted in-Ha
1987. Planted pine growth and survival responses to herbaceous waii. For. Ecol. Managel26 13—24.
vegetation control, treatment duration, and herbicide applicatioryejlman, P.E., and Xie, F. 1994. Effects of nitrogen fertilization on

technique. South. J. Appl. Fatl: 223-227. _ leaf area, light interception, and productivity of short-rotation
Cromer, R.N., and Williams, E.R. 1982. Biomass and nutriert ac  populus trichocarpax P. deltoideshybrids. Tree Physiol14:

cumulation in a plantecE. globulus (Labill.) fertilizer trial. 911-920.

Aust. J. Bot.30: 265-278. Heilman, P.E., Hinckley, T.M., Roberts, D.A., and Ceulemans, R.

Dalla-Tea, F. 1990. Canopy development, litterfall and nutrient 1996. Production physiologyn Biology of Populusand its im
turnover in young southern pine plantations as affected by fertil plications for management and conservatiddited by R.F.
ization and weed control. M.S. thesis, University of Florida, Stettler, H.D. Bradshaw, Jr., P.E. Heilman, and T.M. Hinckley.
Gainesville. o National Research Council of Canada Research Press, Ottawa,

Dalla-Tea, F., and Jokela, E.J. 1991. Needlefall, canopy light-inter  ont. pp. 459-489.
ception, and _productivity of young intensively managed SlaShHubbard, R.M., Bond, B.J., and Ryan, M.G. 1999. Evidence that
and loblolly pine stands. For. Sc37: 1298-1313. hydraulic conductance limits photosynthesis in @lthus por

DeBell, D.S., Harms, W.R., and Whitesell, C.D. 1989. ({grosatrees. Tree Physioll9: 165-172.

Stockability: a major factor in productivity differences beween jo 013 £ 3. and Stearns-Smith, S.C. 1993. Fertilization of estab-
Pinus taedaplantgtlons in Hawaii and the southeastern United |isheq southern pine stands: effects of single and split nitrogen
States. For. Sci3s: 708-719. treatments. South. J. Appl. Far7: 135-138.

Dougherty, P.M., Hennessey, T.C., Zarnoch, S.J., Stenberg, P.TJ .
- okela, E.J., Harding, R.B., and Nowak, C.A. 1988. Long-term ef-
Holeman, R.T., and Wittwer, R.F. 1995. Effects of stand devel- fects of fertilization on stem form, growth relations, and yield

opment and weather on monthly leaf biomass dynamics of a estimates of slash pine. For. S85: 832-842

Izolb:l’(illzyZ?plne (Pinus taedal.) stand. For. Ecol. Manager2 Jokela, E.J., Wilson, D.S., and Allen, J.E. 2000. Early growth re-

. ) - . . sponses of slash and loblolly pine following fertilization and
F'Sh?r' RF 1983. S||v|(_:a|__characterlstlcs of slash pir (s herbaceous weed control treatments at establishment. South. J.

elliottii Engelm. var.elliottii). In The managed slash pine eco- .

- Appl. For. 24: 23-30.

system.Edited byE.L. Stone. School of Forest Resources andJ IR Wells. C.G d Metz. L.J. 1980. Nutrient ch

Conservation, University of Florida, Gainesville. pp. 48-55. orgensen, J.R., WelS, &.&., and Vielz, L.J. 196U, Iutrient changes
Forrest, W.G., and Ovington, J.D. 1970. Organic matter changes in n deggmpossmg loblolly pine forest floor. Soil Sci. Soc. Am. J.

PR . L " 44: 1307-1314.

an age series oPinus radiata plantations. J. Appl. Ecol7: . -

177—%86 P PP Kinerson, R.S., Higginbotham, K.O., and Chapman, R.C. 1974.
Gholz, H.L. 1986. Canopy development and dynamics in relation The dynamics of foliage distribution within a forest canopy. J.

to primary productionln Crown and canopy structure in rela .Appl. Ecol. 11: 347_353' . .

Kira, T., and Shidei, T. 1967. Primary production and turnover of

tion to productivity. Edited by T. Fujimori and D. Whitehead. ) =h
Forestry and Forest Products Research Institute, Ibaraki, Japan. °rganic matter in different forest ecosystems of the western Pa
cific. Jpn. J. Ecol17: 70-87.

pp. 224-242. ;
Gholz, H.L., and Fisher, R.F. 1982. Organic matter production and<vaiseth, T.O. 1985. Cautionary note aboRt. Am. Stat. 39:

distribution in slash pineRinus elliotti) plantations. Ecology, 279-285. ) ] ]

63 1827—18309. Long, J.N., and Smith, F.W. 1992. Volume increment Rinus
Gholz, H.L., Vogel, S.A., Cropper, W.P., Jr., McKelvey, K., Ewel, contortavar. latifolia: the influence of stand development and

K.C., Teskey, R.O., and Curran, P.J. 1991. Dynamics of canopy Crown dynamics. J. Appl. EcoR7: 1-10. _ o
structure and light interception iRinus elliottii stands, north ~ Loo, J.A., Tauer, C.G., and McNew, R.W. 1985. Genetic variation

Florida. Ecol. Monogr61: 33-51. in the time of transition from juvenile to mature wood in
Gower, S.T., Gholz, H.L., Nakane, K., and Baldwin, V.C. 1994. loblolly pine (Pinus taedal.). Silvae Genet34: 14-19.

Production and carbon allocation patterns in pine fordat&n-  Madgwick, H.A.l, White, E.H., Xydias, G.K., and Leaf, A.L.

vironmental constraints on the structure and productivity of pine  1970. Biomass oPinus resinosdn relation to potassium nutri

forest ecosystems: a comparative analysislited by H.L. tion. For. Sci.16: 154-159.

Gholz, S. Linder, and R.E. McMurtrie. Ecol. Bull. 43. Martin, T.A., Wittwer, R.F., Huebschmann, M.M., and Lynch, T.B.

pp. 115-135. 1990. Influence of residual shortleaf pine seed trees on height of
Gower, S.T., McMurtrie, R.E., and Murty, D. 1996. éeground regeneration.In Proceedings of the 6th Biennial Southern

net primary production decline with stand age: potential causes. Silvicultural Research Conference, 30 Oet 1 Nov. 1990,

Trends Ecol. Evolll: 378-382. Memphis, Tenn. USDA For. Serv. Gen. Tech. Rep. SE-70.
Greenwood, M.S. 1995. Juvenility and maturation in conifers: cur  pp. 376-383.

rent concepts. Tree Physidl5: 433—-438. McCrady, R.L., and Jokela, E.J. 1998. Canopy dynamics, light in

© 2000 NRC Canada



Jokela and Martin 1523

terception, and radiation use efficiency of selected loblolly pinePritchett, W.L., and Comerford, N.B. 1982. Long-term response to

families. For. Sci44: 64-72. phosphorus fertilization on selected southeastern Coastal Plain
Mencuccini, M., and Grace, J. 1996. Developmental patterns of soils. Soil Sci. Soc. Am. J6: 640-644.

above-ground hydraulic conductance in a Scots piReys Pritchett, W.L., and Llewellyn, W.R. 1966. Response of slash pine

sylvestrisL.) age sequence. Plant Cell Envirdt: 939-948. to phosphorus in sandy soils. Soil Sci. Soc. Am. Pra6:
Miller, H.G. 1981. Forest fertilization: some guiding concepts.-For ~ 509-512.
estry,54: 157-167. Ryan, M.G., and Waring, R.H. 1992. Maintenance respiration and

Miller, J.H., Zutter, B.R., Zedaker, S.M., Edwards, M.B., stand development in a subalpine lodgepole pine forest.-Ecol
Haywood, J.D., and Newbold, R.A. 1991. A regional study on ogy, 73: 2100-2108.
the influence of woody and herbaceous competition on earlyRyan, M.G., and Yoder, B.J. 1997. Hydraulic limits to tree height

loblolly pine growth. South. J. Appl. Fod5: 169-179. and tree growth. BioSciencd,/: 235-242.
Mgller, C.M. 1947. The effect of thinning, age and site on foliage,Ryan, M.G., Binkley, D., and Fownes, J.H. 1997. Age-related de
increment, and loss of dry matter. J. F4B: 393-404. cline in forest productivity: pattern and process. Adv. Ecol. Res.

Murphy, J., and Riley, J.P. 1962. A modified single solution 27. pp. 213-262.
method for the determination of phosphate in natural watersSamuelson, L.J. 1998. Influence of intensive culture on leaf net
Anal. Chim. Acta,27: 31-36. photosynthesis and growth of sweetgum and loblolly pine seed

Murty, D., McMurtrie, R.E., and Ryan, M.G. 1996. Declining for lings. For. Sci.44: 308-316.
est productivity in aging forest stands: a modeling analysis-of al SAS Institute Inc. 1996. SAS/STAT* software changes and en
ternative hypotheses. Tree Physib6: 187-200. hancement, release 6.11 edition. SAS Institute Inc., Cary, N.C.

National Oceanic and Atmospheric Administration (NOAA). 1989. Sheffield, R.M., and Knight, H.A. 1982. Loblolly pine resources—
Climatological data, Florida. National Climate Center, Environ  south-east regiorin Symposium on the Loblolly Pine Ecosys
mental Data Service, National Oceanic and Atmospheric Ad tem (East Region). School of Forest Resources, North Carolina
ministration, Asheville, N.C. State University, Raleigh. pp. 7-24.

National Oceanic and Atmospheric Administration (NOAA). 1998. Sheffield, R.M., Knight, H.A., and McClure, J.P. 1983. The slash
Climatological data, Florida. National Climate Center, Environ  pine resourceln The managed slash pine ecosystédited by
mental Data Service, National Oceanic and Atmospheric Ad- E.L. Stone. School of Forest Resources and Conservation, Uni-
ministration, Asheville, N.C. versity of Florida, Gainesville. pp. 4-23.

Neary, D.G., Jokela, E.J., Comerford, N.B., Colbert, S.R., andShiver, B.D., Rheney, J.W., and Oppenheimer, M.J. 1990. Site-
Cooksey, T.E. 1990. Understanding competition for soil nutri- preparation and early cultural treatments affect growth of
ents — the key to site productivity on southeastern Coastal Plain flatwoods slash pine plantations. South. J. Appl. Fb4
Spodosolsin Sustained Productivity of Forest Soils. Proceed- 183-188.
ings of the 7th North American Forest Soils Conference, 24-28mith, F.W., and Resh, S.C. 1999. Age-related changes in produc-
July 1988, Vancouver, B.CEdited byS.P. Gessel, D.S. Lacate, tion and below-ground carbon allocation Rinus contortafor-

G.F. Weetman, and R.F. Powers. Faculty of Forestry, University ests. For. Sci45: 333-341.
of British Columbia, Vancouver. pp. 432—-450. Soil Survey Staff. 1998. Keys to soil taxonomy. U.S. Government

North Carolina State Forest Nutrition Cooperative (NCSFNC). Printing Office, Washington, D.C. pp. 249-250.

1999. Twenty-eighth annual report. Department of Forestry; Col Swindel, B.F., Neary, D.G., Comerford, N.B., Rockwood, D.L.,
lege of Forest Resources, North Carolina State University, Ra and Blakeslee, G.M. 1988. Fertilization and competition control

leigh. accelerate early southern pine growth on flatwoods. South. J.
Nyland, R.D. 1996. Silviculture: concepts and application. Appl. For.12: 116-121.

McGraw-Hill, New York. Switzer, G.L., Nelson, L.E., and Smith, W.H. 1966. The character
Ovington, J.D. 1957. Dry matter production Bfnus sylvesrid_. ization of dry matter and nitrogen accumulation by loblolly pine

Ann. Bot. (London),21: 287-316. (Pinus taedal.). Soil Sci. Soc. Am. Proc30: 114-119.

Polglase, P.J., Comerford, N.B., and Jokela, E.J. &9828aching  Vose, J.M., and Allen, H.L. 1988. Leaf area, stemwood growth,
of inorganic phosphorus from litter of southern pine plantations. and nutrition relationships in loblolly pine. For. ScB4:
Soil Sci. Soc. Am. J56. 573-577. 547-563.

Polglase, P.J., Comerford, N.B., and Jokela, E.J. b98&neral Waring, R.H., and Schlesinger, W.H. 1985. Forest ecosystems:
ization of nitrogen and phosphorus from soil organic matter in concepts and management. Academic Press, Orlando, Fla.

southern pine plantations. Soil Sci. Soc. Am58: 921-927. Wells, C.G., Crutchfield, D.M., Berenyi, N.M., and Davey, C.B.
Polglase, P.J., Jokela, E.J., and Comerford, N.B. €9Phosphe 1973. Soil and foliage guidelines for phosphorus fertilization of

rus, nitrogen and carbon fractions in litter and soil of southern loblolly pine. USDA For. Serv. Res. Pap. SE-110.

pine plantations. Soil Sci. Soc. Am. 36. 566-573. Wilde, S.A., Corey, R.B., lyer, J.G., and Voigt, G.K. 1979. Soil and
Polglase, P.J., Jokela, E.J., and Comerford, N.B. @98&trogen plant analysis for tree culture. 5th ed. Oxford and IBH Pub

and phosphorus release from decomposing needles of southernlishing Co., New Delhi.
pine plantations. Soil Sci. Soc. Am. 36: 914-920.

© 2000 NRC Canada



1524 Can. J. For. Res. Vol. 30, 2000

Appendix

Table Al. Parameter estimates for allometric equations developed from a destructive harvest conducted at age 4 years to predict total
biomass and component dry mass Rinus taedaand P. elliottii stands grown under the control (C), fertilized (F), weed control (W),
and combination (FW) treatments.

Species Component Treatment Bo By X R MSE n

P. taeda Total aboveground C -1.124 0.498 D?H 0.982 0.012 6
P. taeda Total aboveground F,W,FW -1.688 0.730 D2H 0.930 0.042 27
P. taeda Stemwood C -2.515 0.546 D?H 0.974 0.022 6
P. taeda Stemwood F -2.684 0.694 D?H 0.960 0.011 6
P. taeda Stemwood w -2.766 0.719 D?H 0.992 0.008 9
P. taeda Stemwood FW -3.196 0.825 D?H 0.968 0.011 9
P. elliottii Total aboveground C,F,wW -2.264 0.802 D?H 0.986 0.009 25
P. elliottii Total aboveground FwW -0.982 0.600 D?H 0.770 0.007 9
P. elliottii Stemwood C,F,W,FwW -3.694 0.882 D?H 0.992 0.006 34

Note: Equations are of the form nﬁl =B, + BIn(X). D, diameter at 1.3 m (cm}, total tree height (m).

Table A2. Parameter estimates for allometric equations developed from a biomass harvest conducted at age 13 years to predict total
biomass and component dry weight Bmus taedaand P. elliottii stands grown under the control (C), fertilized (F), weed control
(W), and combination (FW) treatments.

Species Componeny) Treatment Bo B X 23 MSE n

P. taeda Total aboveground C,F,W,FW —-2.886 1.284 D2 0.969 0.015 40
P. taeda Foliage C,F,.W,FW -3.982 1.010 D? 0.747 0.095 40
P. taeda Branch C,F,W,FW -5.024 1.357 D? 0.872 0.074 40
P. taeda Stemwood C,F,W,FW -3.651 1.342 D? 0.946 0.028 40
P. taeda Bark C,F,W,FW -4.064 1.067 D? 0.946 0.018 40
P. elliottii Total aboveground C,F,W,FW -2.715 1.261 D? 0.950 0.017 40
P. elliottii Foliage C,F,W,FW -5.359 1.294 D? 0.706 0.137 40
P. elliottii Branch C,F,W,FW —-6.740 1.629 D? 0.884 0.0682 40
P. elliottii Stemwood C,F,W,FwW -3.009 1.231 D? 0.935 0.020 40
P. elliottii Bark C,F,W,FW -3.423 1.028 D? 0.954 0.010 40

Note: Equations are of the form hﬁl =B, + BiIn(X). D, diameter at 1.3 m (cm).
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