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Abstract: Increased forest productivity has been obtained by improving resource availability through water and nutrient 

amendments. However, more stress-tolerant species that have robust site requirements do not respond consistently to irriga- 

tion. An important factor contributing to robust site requirements may be the distribution of biomass belowground, yet 

available information is limited. We examined the accumulation and distribution of above- and below-ground biomass in 

sweetgum (Liqrridambar sfyrac$lua L.) and loblolly pine (Pinus taeda L.) stands receiving irrigation and fertilization. 

Mean annual aboveground production after 4 years ranged from 2.4 to 5.1 ~g.ha-'.year' for sweetgum and from 5.0 to 

6.9 ~g.ha-l.year-l for pine. Sweetgum responded positively to irrigation and fertilization with an additive response to irri- 

gation + fertilization. Pine only responded to fertilization. Sweetgum root mass fraction (RME) increased with fertilization 

at 2 years and decreased with fertilization at 4 years. There were no detectable treatment differences in loblolly pine RMF. 

Development explained from 67% to 98% of variation in shoot versus root allometry for ephemeral and perennial tissues, 

fertilization explained no more than 5% of the variation in for either species, and irrigation did not explain any. We con- 

clude that shifts in allocation from roots to shoots do not explain nutrient-induced growth stimulations. 

Rdsumd : Une augmentation de la productiviti de la forh a it6 obtenue en amkliorant la disponibiliti des ressources i 

l'aide d'amendements en eau et en nutriments. Cependant, les espkces plus tolirantes au stress ayant des exigences Bcologi- 

ques robustes ne riagissent pas de la mgme faqon i I'inigation. La distribution de la biomasse souterraine pourrait btre un 

facteur important contribuant aux exigences 6cologiques robustes. mais peu d'information est disponible. Nous avons itudi6 

l'accumulation et la distribution de la biomasse akrienne et souterraine dans des peuplements de copalme d'AmMque 

(Liquidambar styracijZua L.) et de pin 1 encens (Pinus taeda L.) irriguis et fertilisks. La production adrienne annuelle moy- 

enne apres quatre ans variait de 2,4 ?I 5,l Mg.ha-'an-' dans le cas du copalme d3Amirique et de 5,O B 6,9 Mgha-'.an-' 

dans le cas du pin 5 encens. Le copalme d'Amirique a riagi positivement B l'inigation et 1 la fertilisation tout en ayant 

une r6action additive lorsque ces deux traitements itaient appliquis. Le pin 1 encens a riagi uniquement 1 la fertilisation. 

La fraction de masse racinaire (FMR) du copalme d'Amirique augmentait avec la fertilisation aprks dew ans et dirninuait 

avec la fertilisation aprhs 4 ans. Nous n'avons pas dktectk de diffkrence significative entre les traitements dans le cas de la 

FMR du pin 1 encens. La croissance a expliqu6 de 67 % B 98 % de la variation de l'allom6trie entre les pousses et les ra- 

cines dans le cas des tissus iph6mkres et pirennes alors que la fertilisation n'a pas expliqui plus de 5 % de la variation 

chez I'une ou I'autre des dew espkces et que I'irrigation n'a rien expliqud du tout. Nous concluons que le diplacement de 

l'allocation des racines vers les pousses n'explique pas la stimulation de la croissance induite par les nutriments. 

[Traduit par la Rklaction] 

Introduction 

Forests constitute a large carbon sink; with the rise in 
global temperatures and atmospheric CO,, plantation forests 
have potential for carbon sequestration because of their 
rapid initial growth rates (Lemus and La1 2005). With 13 x 
lob ha of plantation pine forests, the southeastern United 
States is the vanguard of production forestry (Fox et al. 
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2006). Increasing the productivity of plantation forests is a 
constant goal (Farnum et al. 1983) because increased timber 
production will decrease production costs, and s'ubsequently 
wood product prices for the consumer (Siry and Bailey 
2003). preserve natural forest areas (Sedjo and Botkin 
1997), supply bioenergy fuels (Mead 2005), and increase 
carbon sequestration rates (Lemus and La1 2005; Woodbury 
et al. 2007). Although Oren et al. (2001) caution that pro- 
jected carbon sequestration rates may be overly optimistic 
because of soil nutrient limitations on plant productivity, it 
has been shown that intensive management practices such 
as fertilization and imgation can mitigate limitations to site 
resource supply (Shan et al. 2001). 

Sweetgum (Liquidambar styraciflua L.) and loblolly pine 
(Pinus taeda L.) are two native, commercially important 
timber species in the southeastern United States. Since 

1920, an eightfold increase in loblolly pine productivity has 
been realized because of use of intensive management, in- 
cluding the selection of genetic material, site preparation, 
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fertilization, and pest management (Stanturf et al. 2003). In- 
tensive management treatments have resulted in a 10-fold in- 
crease in sweetgum production (Nelson et al. 1995; Allen et 
al. 20056). Resources drive productivity, especially on sites 
with limited availability. However, the extent to which re- 
source availability drives productivity varies among tree spe- 
cies and site quality. For instance, both nutrient and water 
availability affected eastern cottonwood (Populus deltoides 
Bartr.) and American sycamore (Platanus occidentalis L.) 
productivity in the humid southeastern United States, where 
growing season precipitation is frequent and vapor pressure 
deficits are low (Lockaby et al. 1997; Coyle and Coleman 
2005). Numerous studies suggest that nutrient, not water, 
availability is key for optimum sweetgum (Lockaby et al. 
1997; Samuelson 1998) and pine (Jokela et al. 2004, and 
references therein) growth in the humid southeastern United 
States. Other studies suggest hardwoods, including sweet- 
gum, will respond to irrigation (Allen et al. 2005~). Toler- 
ance of xeric conditions by sweetgum would be consistent 
with its robust site requirements, similar to loblolly pine, 
and in contrast to the nmow high-resource requirements of 
cottonwood and sycamore. Therefore, comparing the re- 
sponse of sweetgum and loblolly pine with resource avail- 
ability is important to understand the basis of their robust 
site requirements. Does the response of sweetgum to water 
and nutrient availability group functionally with more de- 
manding hardwood species or with the more tolerant loblolly 
pine? We are not aware of side by side comparisons of 
sweetgum and loblolly pine where irrigation and fertilization 
have both been applied separately and in combination: One 
study has been conducted in the southeastern United States 
(Samuelson et al. 2004) that examined loblolly pine growth 
receiving similar irrigation and fertilization treatments: after 
6 years, increasing resource availability greatly accelerated 
stand development and biomass accumulation. 

Belowground biomass proportions in trees are affected by 
a combination of resource availability and age. Increased re- 
source availability causes greater stem production, as a re- 
sult of allocation to aboveground biomass components at 
the expense of roots (Linder 1989). This can be a desirable 
trait for productivity purposes and has been demonstrated in 
hardwoods (Barton and Montagu 2006) and conifers (Ax- 
elsson and Axelsson 1986; Albaugh et al. 1998). However, 
it is important to compare trees at developmentally, not 
chronologically, similar stages (Reich 2002; Coyle and Co- 
leman 2005). The fraction of production that is allocated to 
belowground tissues decreases with stand age (Bernard0 et 

. al. 1998; Coyle and Coleman 2005). Fertilization can cause 
this shift in allocation to occur more quickly. Therefore, 
separating the effects of resource-induced versus age-related 
changes in biomass distribution is necessary to understand 
controlling factors (Ledig et al. 1970; Reich 2002). Distin- 
guishing age-related controls of biomass distribution re- 
quires multiple sampling dates. Intensively managed forests 
provide an excellent model system to address questions re- 
garding productivity and belowground biomass proportions 
in response to resource amendments, because rapid growth 
allows samples to be collected across time periods that are 
meaningful to stand development. Furthermore, forest plan- 
tations are much more uniform, because they can be located 
on sites with consistent soil characteristics, can be planted 

with identical genetic stock, and can receive cultural treat- 
ments that eliminate competing understory vegetation (e.g., 
Adegbidi et al. 2004; Coleman et al. 2004~).  This uniform- 
ity minimizes variation and allows greater precision to dis- 
tinguish temporal and environmental influences. 

This study examined the above- and below-ground re- 
sponse of sweetgum and loblolly pine grown with a two- 
way factorial of irrigation and fertilization in an intensively 
managed forest plantation. We hypothesized that (i) tree 
growth in the humid southeastern United States is limited 
more by nutrient availability than by water availability, and 
this will occur in both sweetgum and loblolly pine because 
both species are tolerant of a broad range of site conditions, 
and (ii) that belowground biomass proportions would be al- 
tered under different levels of resource availability in trees 
of the same age. Specifically, we predicted that lower 
amounts of biomass would be allocated to belowground tis- 
sues under increased resource availability. 

Materials and methods 

The site, plant materials, sampling methods, and experi- 
mental design were described previously (Coleman et al. 
2004b; Coyle and Coleman 2005; Coleman 2007); a brief 
description follows. 

Site description and preparation 

The experiment was conducted at the US Department of 
Energy Savannah River Site, a National Environmental Re- 
search Park, located near Aiken, South Carolina, in the Car- 
olina Sand Hill physiographic region (33"23'N, 8 l "40'E). 
Previously, plantation pine with an oak understory grew on 
this predominately Blanton sand soil (Coleman et al. 
2004b). Site preparation included homogenizing the forest 
floor, stumps, and all coarse woody debris (<I5 cm diame- 
ter) to a depth of 30 cm. Pest control measures were used on 
all treatments, and understory vegetation was controlled 
completely with herbicides to eliminate concerns over be- 
lowground biomass accuracy. For experimental consistency, 
lime was applied-to the entire site at a rate of 3.4 Mg-ha-l to 
increase soil pH to 6.5 (Coleman et al. 2004b). By choosing 
a site with consistent soils and low endemic moisture and 
nutrient levels, we were confident that our results were not 
confounded with other factors but were produced by the 
water and nutrient amendments. 

Plant material 

Four tree species were included in this experiment (Co- 
leman et al. 2004b); here, we report results for sweetgum 
(half-sib family WV340 from Westvaco Corp., Summerville, 
South Carolina) and loblolly pine (half-sib family 7-56 from 
International Paper Co., Lumberton, North Carolina). Bare- 
root 1-0 seedlings were hand planted during February 2000. 

L 

Experimental design 

Treatment plots (0.22 ha) contained 294 trees planted at 
2.5 m x 3 m spacing; within a plot, the central 54 trees con- 
stituted the 0.04 ha measurement plot. Destructively har- 
vested trees were chosen from large borders located on the 
ends of each plot. Treatments consisted of control (C), im- 
gation (I), fertilization (F), and irrigation + fertilization (IF). 
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Within each of three blocks, the four treatment plots were re- 
plicated with all plots of a given species grouped together to 
minimize within-block site gradients in a randomized com- 
plete block factorial design (Coleman et al. 2004b). Drip irri- 
gation applied up to 5 mm of water daily to meet evaporative 
demand. During the reporting period, mean annual rainfall at 
the site was 982 mm. A mean of 494 mm of additional water 
was supplied to irrigated plots during the 2000-2003 growing 
seasons. We applied a complete liquid fertilizer through the 
drip irrigation at rates of 40 kg N.ha-'.year1 in years 1 and 
2. and 80 kg Naha-layear' in years 3 and 4. Increasing annual 
application rates correspond with increasing demand of 
growing trees. Other nutrients were applied in balance with 
N at the following rates (kg.ha-'.year1) in year 1 and 2 and 
doubled in years 3 and 4: P, 22; K, 42; B, 1.57; Mn, 0.35; Zn, 
0.21; Cu, 0.07; Mo, 0.00071 (Coleman et al. 2004b); the 
main exception was that P was not included in years 2 and 
4. Annual fertilizer treatments were applied in 26 weekly ap- 
plications with the drip irrigation system, except that P in 
year 3 was applied as a single spring application. To maintain 
experimental control, 5 mrn water9week-I was applied to 
nonfertilized plots, because the same amount was required to 
deliver fertilizer and flush drip tubes in fertilized plots. Con- 
sequently, an additional 130 mm of water was delivered to 
nonirrigated treatment plots (i.e., C and F) annually. All 
treatments were applied from 1 April to 30 September during 
2000-2003. 

Growth measurements 

Basal diameter, height, and diameter at breast height 
(DBH, 1.37 m) were recorded on all living trees in each 
measurement plot following the 2000-2003 growing sea- 
sons. Biomass was based on basal diameter in 2001 and on 
.DBH in 2003. 

Fine root biomass 

We randomly sampled five locations for fine root biomass 
(<5 mm diameter) in each plot during November 2001 and 
2003. A detailed description of fine-root biomass sampling 
methods is provided by Coleman (2007). Briefly, we re- 
moved 4.9 cm diameter cores from 0-15, 15-45, and 45- 
105 cm depths. Roots were elutriated from soil (Gillison's 
Variety Fabrication, Inc., Benzonia, Michigan), and live 
roots (<5 mm) were then manually separated from remain- 
ing organic matter, dried (60 "C), and weighed. 

Dormant biomass 

Whole-tree destructive harvests were conducted during 
dormancy following the 2001 and 2003 growing seasons. 
Within a species, five trees (one or two per plot) were 
sampled in each treatment. The sample trees for a treatment 
were stratified based on diameter, so the entire size range of 
each species by treatment combination was represented. 

Aboveground biomass was separated into branch and stem 
(and leaf for loblolly pine) components for each sample tree. 
The entire tissue sample was collected from each tree in 
2001. Stem, branch, and leaf fresh masses were measured in 
the field in 2003, and representative subsamples were re- 
moved to determine water mass. All tissues were dried to 
constant mass at 60 "C prior to weighing. To determine the 
relative proportions of bark and wood, bark was separated 

from the wood in a 5 cm segment at the top, middle, and bot- 
tom third of each stem. Total stem dry mass was multiplied 
by this proportion to estimate total bark and wood biomass. 

We separated woody belowground biomass into stump and 
coarse r&t components. stumps were removed using a me- 
chanical tree spade (model TS34C; Bobcat Co., West Fargo, 
North Dakota). A total volume of 0.18 m-as removed, 
which was a cone of 1 m diameter and 0.69 m depth. Soil 
was rinsed off and coarse roots (>5 mm diameter) removed. 
Whole stumps were dried and weighed in 2001, whereas 
fresh stump masses were measured in the field with subsam- 
ples removed to determine water mass in 2003. We estimated 
peripheral coarse root biomass by digging three random 
0.19 m2 holes that were 30 cm deep within the sampled tree's 
growing space yet outside of the 1 m2 stump sampling area 
(Coleman 2007). All coarse roots (>5 mm) were collected 
from the samples and soil was rinsed prior to drying and 
weighing. No roots greater than 5 mm diameter were seen 
exiting the bottom of these coarse root sampling locations. 

Biomass calculations and statistical analysis 

We used power functions with diameter as the independent 
variable (Parresol 1999; Coyle and Coleman 2005) to esti- 
mate leaf (loblolly pine only), bark, wood, branch, stump, 
and coarse root biomass for all live trees in each plot. We cal- 
culated individual tree biomass values as a function of diame- 
ter by performing nonlinear regression (PROC NLIN; SAS 
Institute Inc.. Cary, North Carolina) and scaled to an area ba- 
sis by summing the biomass values for all live measurement 
plot trees and dividing by plot area. Sweetgum leaf biomass 
was estimated from leaf litter collections taken from three 
0.22 m2 baskets per plot; loblolly pine leaf litter was collected 
in the same manner and also added to live pine leaf biomass. 
Litter was collected monthly and dried to constant mass at 
60 "C prior to weighing. Plot means were obtained from the 
three baskets and expressed on an area basis. Shoot biomass 
was the sum of branch, bark, and wood biomass; leaf biomass 
was also included for loblolly pine. Root biomass was the 
sum of stump, coarse root, and fine root biomass. Although 
we present regression parameters for shoot, root, and total bi- 
omass, we analyzed these variables by summing the individ- 
ual tissue components. This approach allowed us to include 
fine root biomass and leaf litter-variables that, because of 
the sampling scheme, could not be attributed to a single indi- 
vidual as the other variables could. Root mass fraction (RMF) 
was calculated as root biomass/total biomass. Mean annual 
production (aboveground, belowground, and total) was calcu- 
lated as biomass (shoot, root, and total, respectively) divided 
by the number of growing seasons. 

We used plot means (i.e., plot considered as the experi- 
mental unit) to analyze biomass components. This method 
adequately accounts for variance among plot means but 
eliminates variance among sample trees used to develop re- 
gression equations (Parresol 1999). Therefore, the total var- 
iance used in the ANOVA may have been less than that 
among sample trees. We assumed that individual tree var- 
iance equilibrates according to the central limit theorem be- 
cause of the large number of trees per plot (n = 54). 

We analyzed species and treatment effects in a three-way 
among-subjects factorial split plot over time. The statistical 
model was 
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where i is the species effect, j is the fertilization effect, k is 
the irrigation effect, I is the year effect, and rn is the block 
effect. In this model, species was treated as the fixed whole- 
plot factor; block was treated as a random factor, whereas 
irrigation and fertilization were treated as fixed subplot fac- 
tors. The crossing of block (w) and species (a) in the model 
signifies that the interaction of these two factors will be 
used as the error term for the whole-plot factor. Biomass 
for various tissue components, mean annual production, and 
RMF were analyzed using the above model. In 2001, many 
measurement trees were not large enough for DBH measure- 
ments; therefore, we analyzed height, diameter, and basal 
area using only 2003 data in a similar model without the 
year factor. 

Repeated measures analyses require that the covariance 
structure be modeled for each response variable. Therefore, 
we analyzed each response using common covariance struc- 
tures and used Akaike's information corrected criterion 
(Burnham and Anderson 1998) to determine which structure 
best fit each model. Denominator degrees of freedom were 
computed according to the Kenward-Roger method (Ken- 
ward and Roger 1997). All analyses were performed using 
the mixed-model procedure (PROC MIXED) of SAS (ver- 
sion 9.1.3; SAS Institute Inc., Cary, North Carolina) with a 
type-I error rate of 0.05. Treatment means were compared 
using Fisher's least significant difference (LSD) test. When 
interactions occurred, we performed tests of simple main ef- 
fects using the SLICE option in the LSMEANS statement of 
PROC MIXED (Schabenberger et al. 2000; Littell et al. 
2006). We performed Shapiro-WiIk tests (the SAS UNI- 
VARIATE procedure) to test the assumption of normality. 
Repeated measures analyses (PROC MIXED) account for 
correlations within experimental units through time as well 
as possible heterogeneity of variances within experimental 
units. RMF data are proportional and presented as such 
throughout the report; however, data were arcsine square 
root transformed to achieve normality for statistical tests 
(Zar 1996). 

We used allometric relationships to distinguish effects of 
development from resource availability on biomass alloca- 
tion (Ledig et al. 1970; Hunt 1978; Coleman et al. 2004a) 
using the linear form of the model y = mk: 

[I] lny  = a ' + k l l n x  

where x and y are the compared tissue components, and a' 
and k' are predicted parameters. Differences in the allo- 
metric coefficient, #, among treatments indicate changes in 
allocation (Hunt 1978). When y represents the belowground 
fraction. an increase in k is due to a greater root fraction. 
We examined coefficients of factors within ANCOVA mod- 
els to examine differences among treatments (Coyle and Co- 
leman 2005). Differences in k' among treatments were 
identified by a significant interaction between treatment fac- 

tors and the covariate. We tested treatment differences in V 

using the estimate statement in PROC MIXED (Littell et al. 
2006). We used a stepwise multiple regression to assess the 
combined explanatory power of development and treatment 
effects on allometric relationships (the SAS REG proce- 
dure). Relationships were analyzed for woody root versus 
woody shoot (i.e., coarse root and stump vs. bark, wood, 
and stump); ephemeral root versus ephemeral shoot (i.e., 
fine root vs. leaf); and the combination of woody and 
ephemeral tissues. We used leaf litter for the sweetgum ana- 
lyses and the combination of leaf litter and leaf for loblolly 
pine. Saturated models included biomass, fertilization, and 
irrigation; irrigation was not included in any of the the final 
models and, therefore, was left out of the results table. We 
analyzed these relationships separately for each species 
using log-transformed biomass values. We performed resi- 
dual analyses by plotting residuals versus predicted values 
and retained all data points (n = 24) in the final models. An 
alpha of 0.10 was the significance level used for parameter 
inclusion. 

Results 

Four-year stand characteristics 

For a given treatment, diameter and basal area differed 
significantly between species, but height did not (T,able 1). 

Loblolly pine diameter was 22% larger, and basal area was 
49% larger than in sweetgum. Trees in fertilized treatments 
(F and IF) had 28% larger diameter, 61% larger basal area, 
and 19% larger height than nonfertilized treatments (C 
and I) (Table 1). Neither irrigation nor any interaction be- 
tween species, fertilization, nor irrigation was significant for 
any stand characteristic at 4 years of age (Table 1). 

Annual biomass production 
Mean annual production was similarly affected by spe- 

cies, sample period, and treatments. Aboveground mean an- 
nual production was similar between species after 2 years 
but was larger in loblolly pine than sweetgum after 4 years 
(Y x S interaction, Table 2), whereas belowground mean 
annual production was larger in sweetgum at both sampling 
periods (S main effect, Table 2). Total mean annual produc- 
tion was similar between species after 2 years and was 
larger in loblolly pine after 4 years (Y x S interaction, Ta- 
ble 2). Aboveground, belowground, and total mean annual 
production was positively affected by fertilization in both 
species and the magnitude of response increased with age 
(Y x F interaction, Table 2). Total mean annual production 
rates were >63% higher in trees receiving fertilization com- 
pared with unfertilized trees. Irrigation did not result in in- 
creased aboveground or total mean annual production but 
did result in increased belowground mean annual production 
in sweetgum. whereas loblolly pine exhibited no response 
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Table 1. Stand characteristics of sweetgum and loblolly pine 

after four growing seasons. 

.Basal area 
DBH (cm) (rn2.ha-') Height (m) 

Sweetgum 

C 
I 

F 

IF 

Mean 

Loblolly pine 

C 

I 

F 

IF 
Mean 

Effect (P value) 

Species (S) 

Irrigation (I) 
Fertilization (F) 

S x I  

S x F  

I x F 

S x I x F  

Note: Values for stand characterisitics are means 2 SEs. Treatments 
consisted of connol (C). inigation (D, fertilization (F), and irrigation + 
fertilization (IF). Values with the same letter are not significantly dif- 
ferent (Fisher's LSD, a = 0.05). The P values for the main effects and 
their interaction are presented below each species. Those with a < 0.05 
are given in boldface. 

(S x I interaction, Table 2). Aboveground mean annual pro- 
duction was 24% larger than belowground in sweetgum and 
62% larger in loblolly pine. 

Biomass accumulation 
Biomass components of harvested trees were well corre- 

lated with stem diameter. The parameters for equations used 
to calculate biomass and their correlation coefficients from 
the 2003 harvest data are provided in Appendix A. 

Biomass differed between species and the relative ranking 
changed over time. After two growing seasons, sweetgum 
total biomass was 83% larger than loblolly pine; however, 
after four growing seasons, total biomass between the two 
species was nearly identical (Y x S interaction, Table 3 
and Fig. 1). After 2 years, sweetgum total biomass ranged 
from 3.4 to 7.1 Mg.ha-l, whereas pine total biomass ranged 
from 1.7 to 4.3 Mg.ha-l. After 4 years, sweetgum total bio- 
mass ranged from 21.9 to 40.8 Mg-ha-'. and pine total bio- 
mass ranged from 22.6 to 41.6 Mg.ha-l. Shoot biomass was 
similar between species after 2 years but larger in loblolly 
pine after 4 years (Y x S interaction, Table 3). Sweetgum 
root biomass was greater than loblolly pine at both sampling 
periods but the magnitude of difference decreased between 2 
and 4 years (Y x S interaction, Table 3). 

The ranking of biomass components also changed over 
time. There was a shift from predominately ephemeral leaf 
and fine root components in the 2001 harvest to woody per- 
ennial components in 2003. For example, sweetgum below- 
ground biomass consisted of 47% fme roots after 2 years 
and of only 27% after 4 years. In loblolly pine after 2 years, 

Table 2. Annual production (Mgha-y yeail) of sweetgum and lo- 

blolly pine after four growing seasons. 

Aboveground Belowground Total 

Sweetgum 

C 2.4kO.l b 2.350.1 b 4.7iO.l~ 

I 2.6iO.61, 2.5k0.3b 5.1d.9bc 

F 3.820.2ab 3.5kO.la 7.3i0.4ab 

IF 5.1+0.2a 3:8+0.2a 8.9a.4a 

Average 4.520.5 3.020.2 7.5dl.7 

Loblolly pine 

C 5.0il.lab 1.9iO.3b 6.921.4ab 

I 4.1rt0.4b 1.4iO.lb 5.5iO.5b 

F 7.5+0.5a 2.7i0.1 a 10.320.6a 

IF 6.9+0.3ab 2.8iO.2a 9.720.5a 

Average 6.0i0.5 2.220.2 8.220.7 

Effect 

Year (Y) ~0.0001 <0.0001 <0.0001 

Species (S) 0.0127 <0.0001 0.6031 

Inigation (I) 0.5191 0.2337 0.4243 

Fertilization (F) ~0.0001 c0.0001 c0.0001 

Y x S  0.0003 0.7656 0.0014 

Y x I  0.3849 0.0652 0.2453 

Y x F  c0.0001 c0.0001 ~0.0001 

S x l  0.0990 0.0261 0.0670 

S x F  0.5473 0.0484 0.9326 

I x F 0.1 794 0.1277 0.1579 

Y x S x I  0.1696 0.3923 

Y x S x F  0.7205 0.0832 

Y x I x F  0.8516 0.5955 

S x I x F  0.6329 0.4789 0.8574 

Y x S x I x F 0.6287 0.3460 0.8577 

Note: See Table 1 for treatment abbreviations. Values for annual pmduc- 
tion are means i SEs. Belowground production does not include fine-root 
turnover and, therefore, is an underestimate. Values with the same letter are 
not significantly different (Fisher's LSD, a = 0.05). The P values for the 
main effects and their interaction are presented below each species. Those 
with a < 0.05 are given in boldface. 

leaves comprised 49% of aboveground biomass, and fine 
roots comprised 45% of belowground biomass. After 4 
years, leaves comprised only 26% of aboveground biomass, 
and fine roots comprised 18% of belowground biomass. 

Biomass components responded positively to fertilization 
with few exceptions. Composite (shoot, root, and total) tis- 
sues responded positively to fertilization in both species and 
the magnitude of response increased with age (Y x F inter- 
action, Table 3). Individual tissues (leaf, bark, wood, branch, 
stump, coarse root, and fine roots) generally responded pos- 
itively to fertilization, and the magnitude of the response in- 
creased with age except for fine roots (Y x F interaction, 
Table 3). However, sweetgum leaf and bark tissue did not 
respond positively after 2 years, and fine root tissue did not 
respond positively after 4 years, whereas loblolly pine fine 
root tissue did not respond after 2 years (Y x S x F inter- 
action, Table 3). 

Irrigation elicited some positive biomass responses in 
sweetgum and some negative biomass responses in loblolly 
pine, both of which were more pronounced belowground. 
composite root tissue responded ki th  11% larger biomass 
in sweetgum receiving I relative to C treatments, whereas 
loblolly pine receiving I experienced a 26% reduction rela- 
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Table 3. Significance levels for biomass components after 4 years of resource amendment treatments. 

Effect Leaf 

Year (Y) 4.0001 

Species (S) 
Irrigation (I) 
Fertilization (F) 
Y x S  
Y x I  
Y x F  
S x I  
S x F  
T x F  
Y x S x I  
Y x S x F  
Y x l x F  
S x I x F  
Y x S x I x F  

Bark 

<0.0001 

<0.0001 

0.6409 

<0.0001 

<0.0001 

0.0196 

co.0001 

0.0196 

0.0002 

0.9197 

0.0107 

0.0002 
0.41 01 

0.1 842 

0.0974 

Wood Branch Stump 

~0.0001 ~0.0001 4.0001 

Coarse 
root 

<0.0001 

<0.0001 

0.1909 

<O.oOol 

0.0019 

0.5 179 

<0.0001 

0.0002 

0.2680 

0.3297 

0.0002 

0.3949 

0.7047 

0.7709 

0.4027 

Fine 
root 

c0.0001 

c0.0001 

0.9880 

c0.0001 

0.0010 

0.1326 

0.8872 

0.3430 

0.1949 

0.6701 

0.0340 

0.0215 

0.9214 

0.1557 

0.4608 

Total 
shoota 

co.0001 

0.0051 

0.7352 

<0.0001 

0.0007 

0.6615 

<0.0001 

0.1034 

0.6794 

0.2555 

0.1332 

0.9406 

0.5772 

0.6240 

0.6189 

Total 
rootb 

<O.oOol 

~0.0001 

0.4979 

<0.0001 

0.0027 

0.3490 

<0.0001 

0.0370 

0.1546 

0.1573 

0.1466 

0.5961 

0.3444 

0.4326 

0.3517 

Total 
biomassC 

<0.0001 

0.75 13 

0.6687 

co.oOo1 

0.0224 

0.5697 

<0.0001 

0.0767 

0.9647 

0.2208 

0.1242 

0.9502 

0.5053 

0.8548 

0.8538 

Note: P values with a < 0.05 are given in boldface. 

"Total shoot = branch + bark + wood + leaf; leaf litter was used as a surrogate for leaf bionlass in sweetgum because harvests were conducted in the 
dormant season. 

* ~ o t a l  root = stump + coarse root + fine root. 

Total biomass = total shoot + total root. 

Fig. 1. Total dormant biomass of sweetgum and loblolly pine after four growing seasons. Treatments consisted of control (C), irrigation (I), 
fertilization (F), and irrigation + fertilization (IF). Zero on the y axis represents the groundline. Error bars are SEs. Lowercase letters and 
error bars above the columns are for total aboveground biomass; those below the columns are for total belowground biomass. Capital letters 
above the x axis refer to total biomass. Within a species, aboveground. belowground, or total biomass means with the same letter are not 
significantly different (Fisher's LSD, a = 0.05). 

tive to C treatments (S x I interaction, Table 3). Irrigation 
resulted in increased wood and coarse root tissue biomass 
in sweetgum in both sampling periods (S x I interaction, 
Table 2). Irrigation increased sweetgum bark biomass at 2 
years but reduced loblolly pine bark and coarse root biomass 
at 4 years (Y x S x I interaction, Table 3). 

Belowground biomass proportion 

RMF responded to treatments differently according to 
species and sampling time (Y x S x F interaction, P = 
0.0038). RMF was always larger in sweetgum than in lo- 
blolly pine and generally decreased with age in both species 
(Fig. 2). Fertilization increased sweetgum RMF at 2 years 

and reduced RMF at 4 years but did not affect loblolly pine 
(Fig. 2). Irrigation did not affect RMF of either species. 

Allometric relationships demonstrate that relative below- 
ground biomass distribution was predominantly controlled 
by stand development (P c 0.0001) (Table 4). The allomet- 
ric coefficient, k', derived from these relationships (eq. 2) 
shows that, in sweetgum, there were important treatment ef- 
fects, primarily because of fertilizer (Table 5). Treatments 
caused little or no response in loblolly pine (Table 5). In 
sweetgum, we observed decreased k' with fertilization, 
which indicates a greater proportion of the biomass occurred 
in shoots (Fig. 3). A similar response was observed when 
sweetgum fine roots were compared allometrically with 
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Fig. 2. Sweetgum and loblolly pine root Inass fraction ( R W  in 
response to fertilization for two sampling dates. Treatment means 
within a species with the same letter are not significantly different 
(Fisher's LSD, a = 0.05). 

0. 
a 
T 0 Nonfertllized 1 

Sweetgum Lobloly Pine 

leaves and when woody root tissues were compared with 
woody shoot tissues (Table 5). Treatment differences in allo- 
metric relationships allow us to determine the relative 
amount of variation explained by development compared 
with resource availability. When considering woody peren- 
nial belowground versus aboveground biomass, developmen- 
tal factors explained 98% of the variation in sweetgum and 
99% of the variation in loblolly pine (P < 0.0001); fertiliza- 
tion only explained 0.3% of the variation in sweetgum and 
0.1 % in pine. For ephemeral tissues (fine root vs. leaf), de- 
velopment explained 67% of the variation in sweetgum and 
78% of the variation in loblolly pine (P < 0.0001); fertiliza- 
tion explained 5% of the ephemeral tissue variation in 
sweetgum but did not explain any variation in loblolly pine. 
The amount of total root versus total shoot biomass ex- 
plained was intermediate, because they are a mix of woody 
and ephemeral tissues. 

Discussion 

Effect of resource amendments on growth and 
production 

Increased nutrient availability had a greater positive effect 
than did water availability on the growth and productivity of 
both tree species, thus supporting our first hypothesis. Tree 
productivity in both species was positively affected by fertil- 
ization. The southeastern United States has a very humid cli- 
mate with regular growing season precipitation and low 
vapor pressure deficits; consequently, nutrient, not water, 
availability is often the limiting growth factor in forest sys- 
tems. Additionally, ambient soil nutrient levels in our study 
were quite low (Coleman et al. 2004b); thus, these growth 
responses further support our initial hypothesis. Both sweet- 
gum and loblolly pine are considered to be tolerant of a 
wide range of site conditions in the southeastern United 
States including droughty upland sites. 

Our study suggests that, for the species tested, loblolly 
pine is slightly more drought tolerant than sweetgum; sweet- 
gum did show a small response to imgation, whereas lo- 
blolly pine actually showed a negative response. Also, 
sweetgum maintains greater leaf area during the growing 

season with greater transpiration rates (Samuelson 1998) 
compared with loblolly pine (Coleman et al. 2004b, Allen 
et al. 2005a), which can lead to increased water loss during 
the hot summers in this region. However, the sweetgum irri- 
gation response was subtle compared with that of more re- 
source-demanding species having narrow, high-resource site 
requirements such as cottonwood and sycamore (Coyle and 
Coleman 2005). Three-year-old cottonwood and sycamore 
production increased 81% and 119%, respectively, in re- 
sponse to imgation only, compared with a 9% increase in 
4-year-old sweetgum. Only certain sweetgum biomass com- 
ponents were positively affected by imgation, but most cot- 
tonwood and sycamore biomass components showed 
increased biomass (Coyle and Coleman 2005). In the south- 
eastern United States, the effects of imgation on sweetgum 
growth and biomass accumulation vary. For example, sweet- 
gum growth nearly doubled with imgation in southeastern 
Georgia (Allen et al. 2005b), but only leaf biomass was pos- 
itively affected in southwestern Georgia (Samuelson 1998). 
In Alabama, irrigation had no effect on sweetgum growth 
(Lockaby et al. 1997). The response of sweetgum suggests 
that it is more tolerant of low water availability than the 
other hardwoods and, in this regard, more closely groups 
functionally as drought tolerant with the softwood loblolly 
pine. Nonetheless, there is a response to irrigation in sweet- 
gum that is absent in loblolly pine. Therefore, from a func- 
tional, ecological perspective, sweetgum is similar to 
loblolly pine because of its very minimal response to imga- 
tion, and yet the fact that it responds at all makes it unique 
as well. 

Irrigation in dry climates often elicits a positive growth 
response from commercial timber species; however, the ef- 
fects on drought-tolerant genera, such as Pinus, are variable. 
Imgation has been shown to increase the growth of Monle- 
rey pine (Pinus radiata D. Don) (Myers et al. 1996) and 
longleaf pine (Pinus palustris Mill.) (Prior et al. 1997). 
However, the effects of irrigation on loblolly pine growth 
are inconsistent. For example, neither diameter nor biomass 
was significantly increased by the application of irrigation in 
Florida (Johnson 1990) or Georgia (Allen et al. 2005~).  
However, some loblolly pine studies in the southeastern 
United States have shown positive growth responses to irri- 
gation (Albaugh et al. 1998; Samuelson et al. 2004). In a 
comparison of a number of similar irrigation by fertilization 
studies, Linder (1989) concluded that nutrition is the major 
factor limiting production; however, in arid regions, produc- 
tion potential cannot be achieved without irrigation (e.g., 
Linder 1989). This does not appear to be the case for many 
studies conducted with loblolly pine in the humid southeast- 
ern United States. 

This is a unique study in that we provide detailed above- 
and below-ground biomass for intensively managed sweet- 
gum receiving both imgation and fertilization treatments. 
Annual sweetgum growth has been reported as linear 
(Buckner and Maki 1977), whereas loblolly pine growth is 
known to increase exponentially after the second or third 
growing seasons (Adegbidi et al. 2004; Samuelson et al. 
2004). We observed a similar response: sweetgum was sub- 
stantially larger than loblolly pine after two growing seasons, 
but the difference was nearly nonexistent after season four. 

Fertilization was the dominant driver of sweetgum pro- 
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Table 4. Multiple regression results for comparisons of root versus shoot. 

Tissue type Species Variable 

Woodya Sweetgum Biomass 

Fertilization 

Loblolly pine Biomass 

Fertilization 
Ephemeralb Sweetgurn Biomass 

Fertilization 

Jbblolly pine Biomass 

Fertilization 

Woody and ephemeral Sweetgum Biomass 

Fertilization 

Jbblolly pine Biomass 

Fertilization 

Parameler 
estimate 

0.91 2 

0.001 
0.938 

-0.001 
0.423 

0.003 
0.754 

na 

0.743 
0.002 

0.91 8 
na 

Partial R~ Model R2 

0.982 0.982 

Note: na: factor not applicable for model inclusion. 

"Woody tissues: branch, hark, wood, stump, and coarse roots. 

b~phemeral tissues: fine roots and leaves. 

Table 5. Allometric coefficient, k', for various root and shoot 

components compared among treatments for each species during 

dormancy. 

Tissue type Treatment Sweetgum Loblolly pine 

Total root versus total C 0.90a 0.95 
shoot 

I 
F 

IF 

Woody roota versus C 
woody shoot! 

I 
F 

1F 

Fine root versus leaf C 

1 

F 

IF 

Note: Treatments with the same letter have statistically equal k'. 

Woody root, stump + coarse root. 

*woody shoot, branch + hark + wood 

ductivity in this study. Sweetgum aboveground growth was 
79% greater in fertilized trees compared with nonfertilized 
trees, primarily because of an increase in wood biomass. 
Greater relative treatment differences have been reported 
(Satnuelson 1998; Allen et al. 2005a), but maximum mean 
annual stem production in our study was high compared 
with most reports from the southeastern United States 
(Table 6), including several employing higher fertilization 
rates. Only Allen et al. (2005a) reported greater mean an- 
nual stem production rates, but these trees were older, more 
heavily stocked, and received a higher rate of fertilization. 

Fertilized loblolly pine accumulated at least 51% more bi- 
omass than their unfertilized counterparts in every tissue 
fraction. Stem biomass was 96% greater in fertilized treat- 
ments compared with nonfertilized treatments in our study. 
Total aboveground production for 4-year-old loblolly pine 
receiving fertilization and herbicide treatments ranges from 

Fig. 3. Allometric relationships for sweetgum (A) total biomass and 

(B) ephemeral tissues in response to fertilization treatments. All 

tissue fractions are natural log transformed plot means. The allo- 

metric coefficient, K, is the slope of the linear regression. Plot 

means from both 2001 and 2003 are included in the figure. 

37 

o Fertilized 
-1.0 , I 1 I I 

-2 -1 0 1 2 

1t-i M ( t v t y ~ ' )  
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Table 6. Reported maximum stem growth of intensively managed sweetgum in the southeastern United States. 

Fertilization Aga  at fertilizer DBH Height BA Stem ~roduction Stem volume Stocking Aee 
State (kg N.ha-'eyear-') application (years) (cm) ( m i  (m2.ha-') ( ~ ~ . h a - ' . ~ e a r ' )  (~n?.ha-'.~ear-') (trees.ha-') (Gars) Reference 

Alabama 42" 1 4.4 3.4 1.2 0.6' 1.3 791 4 Lockaby et al. 1997 
Georgia 66" 1-2 6.8" 3.0 4.1b 1 .0 2.2' 1126 2 ~arnue~bon 1998 
Georgia 85" 1-6 10.5 9.1 15.5 5.2 29.9 1790 6 Allen et al. 2005a 
Georgia 135" 1-5 9.4 6.1 8.0 3.2 12.5 1157 5 Gresham and Williams 2002 
Mississippi 44 2,4 9.3 8.4 7.1 1.5 2.8 1078 9 Nelson and Switzer 1990 
South Carolina 60" 1 4  8.4 6.8 7.6 3.5 16.0 1333 4 This study 
South Carolina 63 2, 4, 6 8.5 7.0 7.9 2.3 8.4 1400 6 Scott et al. 2004 
South Carolina 65 1-3, 5, 7 7.0 5.5 7.1 2.5 7.1 1852 7 Davis and Trettin 2006 

-- - 

"Study also received irrigation. 

b~roundline dianieter was reported; thus, basal area is calculated from groundline diameter. 

Value was calculated using a specific gravity for sweetgum wood + bark of 0.454 (Clark et al. 1985). 

Table 7. Reported stem growth of young intensively managed loblolly pine in the southeastern United States. 

Fertilization Age at fertilizer DBH Heisht BA Stem ~r~duct ion Stem volume Initial stockine Aee 
State (kg N.ha-'.year-') aklication (years) (cm) ( m i  (rn2.ha') ( ~ ~ h a - ' . ~ e a r - l )  (m3.ha-'.year'') (treesha-I) (years) Reference@) 

Florida 60 1-4 9.4 5.4 10.0 3.9 8.7b 1453 4 Colhert et al. 1990 

Florida 60" 1 4  10.1 5.6 11.9 3.7" 8.3 1481 4 Swindell et al. 1988 

Georgia 30 1, 3 10.6 7.0 13.2 11.8 1495 4 Adegbidi et d. 2002. 2005 

Georgia 85" 1-6 13.7 10.9 26.4 8.8 19.6b 1790 6 Allen et al. 2005a 
Georgia 90" 1-6 17.2 25.0 8.0 17.Sb 1070 6 Samuelson et al. 2004 
Louisiana 35 1-2 11.8 7.2 17.5 5.7b 12.6 1600 5 Haywood et al. 1997 
South Carolina 60" 1-4 9.8 6.4 10.5 3.7 8.0 1333 4 This studv 
Virginia 6 1 1-5 7.9 4.9 10.7 2178 5 Amishev and Fox 2006 

- - 

8 "Study also received inigation. 

8 '~alue was calculated using a specific gravity value of 0.45; this value has been reported for fertilized 10-year-old P. taeda (Albaugh et al. 2004). 
s2 
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Fig. 4. Allometric relationship between loblolly pine root (MR) and shoot (Ms) biomass. Data kom this study are plotted with those taken 

from the published reports where aboveground and belowground biomass is available for field studies. 

2-3 Mg.ha-'.year1 (Borders et al. 2004; Martin and Jokela 
2004), to 10 Mgha-'.year1 (Samuelson et a]. 2004), and up 
to 21 Mgeha-'-year1 (Adegbidi et al. 2005). Our above- 
ground production of 7.7 Mg.ha-'.year1 fell within this re- 
ported range. Stem production in our study compared 
favorably with other intensively managed loblolly pine stu- 
dies of similar age in the southeastern United States 
(Table 7). Increased fertilization rates (Samuelson et al. 
2004; Allen et al. 2005a) or greater stocking levels (Hay- 
wood et al. 1997; Adegbidi et al. 2002, 2005; Allen et al. 
2005a) may be reasons why other studies showed greater 
stem production rates. Production and volume accumulation 
are expected to continue increasing until intertree competi- 
tion exceeds a basal area threshold of 25 m2.ha-I (Jokela et 
al. 2004). Pine leaf biomass increased 16% because of ferti- 
lization in our study. Borders et al. (2004) observed a simi- 
lar positive response (18%); however, these responses were 
relatively small compared with increases of 63% (Martin 
and Jokela 2004) and 72% (Colbert et al. 1990) observed 
elsewhere. Samuelson et al. (2004) observed a 120% in- 
crease in leaf biomass, but their study included pesticide ap- 
plication on fertilized plots and no pesticides on the control 
treatment. We used different genotypes of loblolly pine in 
our study compared with other studies, and this may also ex- 
plain observed foliage biomass and production differences. 

Effect of resource amendments on biomass distribution 

Our second hypothesis that greater resource availability 
would lead to increased aboveground biomass fractions was 
confirmed for fertilized sweetgum but rejected for pine. Pre- 
vious studies have suggested that greater aboveground pro- 
duction due to higher resource availability results from 
shifts in the proportion of biomass from roots to stem 
(Johnson 1990; Li et al. 1991 ; Haynes and Gower 1995). 
However, most studies do not consider the stage of stand de- 
velopment and simply compare chronologically similar 
trees. As previously shown with cottonwood and sycamore 
on this site (Coyle and Coleman 2005) and with loblolly 
pine (Ledig et al. 1970; King et al. 1999; Will et al. 2002) 
and eucalyptus (Barton and Montagu 2006) on other sites, 
stand development, not cultural treatment, is the primary 
factor driving the shift in the proportion of belowground bi- 
omass (Fig. 4; Table 5). Increased resource amendments 
contribute to faster stand development, which appears to be 

a treatment effect on RMF in stands of comparable age 
(Coyle and Coleman 2005). However, as shown by Ledig et 
al. (1970); King et al. (1999), and Reich (2002), develop- 
ment is largely controlling changes in RMF. RMF declines 
as a function of total biomass in our data (P < 0.04) and is 
a direct consequence of k being less than unity (Table 5). 
Similar developmental declines in RMF have been shown in 
several tree species, including loblolly pine (Bernardo et al. 
1998: Albaugh et al. 2004; Coyle and Coleman 2005). Col- 
lectively, this information demonstrates the importance of 
accounting for development when considering the effect of 
resource availability on the proportion of belowground bio- 
mass fractions. Increased growth caused by greater nutrient 
and water availability will advance development, which will 
cause a decline in RMF by itself provided k is below unity. 
If similar aged stands are compared without regard to devel- 
opment, all of the decline in relative belowground produc- 
tion may be erroneously attributed to the applied treatment. 
To separate the relative impact of development from treat- 
ment effects, the allometric approach can be used. 

Allometric analysis of our experimental data indicated 
that there was an effect of fertilization on the proportion of 
belowground biomass in sweetgum but not in pine. Despite 
the fact that only 2% of the variation in sweetgum total root 
versus total shoot was explained by fertilization, it caused a 
30% decline in k', indicating that there was an important 
shift in belowground biomass proportions due to fertiliza- 
tion. Of the five genotypes examined on this study site (see 
Coyle and Coleman 2005 for comparison with two eastern 
cottonwood genotypes and sycamore), sweetgum was the 
only one to show decreased k' with fertilization; in the other 
hardwood species showing a response, V actually increased. 
A similar decline in k' was observed for sweetgum fine root 
versus foliage; such ephemeral tissues are thought to be 
most responsive to resource availability (Landsberg and 
Gower 1997). We conclude that increased aboveground pro- 
duction due to greater resource availability is largely due to 
enhanced. development among all the species examined in 
this study and not the result of a decrease in resource- 
induced belowground carbon allocation. - 

Loblolly pine maintains surprisingly consistent above- and 
below-ground proportions. There were no differences in 
RMF or k', even though there was a 61% increase in total 
biomass between nonfertilized and fertilized plots. Stability 
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of belowground proportions was confirmed by comparing 
data from other whole tree biomass studies for loblolly 
pine. Despite a wide physiographic range and large genetic 
variation, compiled literature reports show allometric pro- 
portions are extremely uniform (Fig. 4). The k' for these . data is near unity, which indicates that root and shoot bio- 
mass scale isometrically, confirming developed theory (En- 
quist and Niklas 2002). Such a consistent scaling factor 
would be useful for estimating belowground mass based on 
aboveground mass. The isometric scaling theory has been 
questioned based on the accuracy of belowground informa- 
tion because of missing fine root fractions during sampling 
(Robinson 2004). To minimize questions of belowground 
data accuracy, we were careful to sample all root classes. 
Our data confirm that isometric scaling is within the range 
of uncertainty, and the values fall in line with literature data 
using various levels of belowground detail. Given that k' is 
near unity (i.e., the nonlinear form of eq. 1 is a straight line 
with k' = I),  it is then possible to simply estimate below- 
ground biomass based on the multiplier, a'. Using this ap- 
proach, Albaugh et al. (2006) determined that coarse root 
biomass could be estimated as one-half of stem biomass. 
Our results similarly demonstrate that belowground biomass 
can be estimated as one-third of aboveground biomass. 
However, it should be emphasized that these simplified rela- 
tionships assume that k' is unity. 

Despite the convenience of predicting belowground bio- 
mass as one-third of aboveground biomass assuming k' = 1, 
such an approach should be used with caution. The allomet- 
ric equation is inherently nonlinear. We observed k' for pine 
to have a mean of 0.93 and a 95% confidence interval be- 
tween 0.85 and 1.01. Assuming k' is unity and using the 
simplified estimate for root biomass as one-third of above- 
ground would result in a 40% overestimate of belowground 
biomass if actual K = 0.93. Such uncertainty will have im- 
portant commercial, legal, and political repercussions if car- 
bon emission trading relies on such calculations for 
estimating belowground carbon sequestration. The questions 
of accurate belowground sampling methods and precise esti- 
mate for K demonstrate the need for a more extensive effort 
to evaluate belowground biomass prior to relying on below- 
ground biomass to decrease elevated atmospheric carbon 
through soil sequestration. 
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Table A1 appears on the next page. 
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Table Al.  Regression equations used for calculating biomass for 4-year-old trees in 2003. 

Component 

Branch 

Bark 

Wood 

Stem 

Total shootb 

Stump 

Coarse root 

Total rootc 

Loblolly pine 

A b R= 

Note: Regression equations were of the form ,v = a?, where y is individual tree biomass (gm-'), a and b are 
model-estimated parameters, and x is DBH (mm). All equations are significant (P < 0.01) 

"Treatments are as follows: C, control; I, inigation; F, fertilization: LF, irrigation + fertilization. 

Votal shoot =branch + bark + wood + leaf, leaf was included for loblolly pine. as it was part of the dormant harvest; 
sweetgum leaf litter could not be included in the analysis because of the sampling scheme. 

'Total root = stump + coarse mot; fine roots could not be included in the equation because of the sampling scheme. 
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