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Project Objective:   Project Objectives were to: 

1. Develop a mechanistic nutrient managment model based on 
the COMP8 uptake model. 

2. Collect field data that could be used to verify and test the 
model. 

3. Model testing. 
 
Background:   Forest productivity is one manner to sequester carbon and it is a renewable 
energy source.  Likewise, efficient use of fertilization can be a significant energy savings.  To 
date, site-specific use of fertilization for the purpose of maximizing forest productivity has not 
been well developed.  Site evaluation of nutrient deficiencies is primarily based on empirical 
approaches to soil testing and plot fertilizer tests with little consideration for soil water regimes 
and contributing site factors. This project uses mass flow diffusion theory in a modeling context, 
combined with process level knowledge of soil chemistry,  to evaluate nutrient bioavailability to 
fast-growing juvenile forest stands growing on coastal plain Spodosols of the southeastern U.S..  
The model is not soil or site specific and should be useful for a wide range of soil management/ 
nutrient management conditions.  In order to use the model, field data of fast-growing southern 
pine needed to be measured and used in the validation of the model.  
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The field aspect of the study was mainly to provide data that could be used to verify the 
model. However, we learned much about the growth and development of fast growing loblolly.  
Carbon allocation patterns, root shoot relationships and leaf area root relationships proved to be 
new, important information.  

 
Objective 1.  Develop a process based nutrient uptake model based on COMP8:  

• The development of a model was accomplished by building on the existing COMP8 
model.  The result is a model called: SOIL SUPPLY and NUTRIENT DEMAND 
(SSAND) Version 1.06 written in Visual Basic. The User’s Manual and Operational 
Manual can be found on the accompanying CD which also has the model setup files. The 
manuals can be found on the CD once the model is installed. 
Briefly, the model works in 4 steps. The first step is to define the desired plant growth.  
To date, this must be based on knowledge of how the species grows and the nutrient use 
efficiencies of the species.  The second step is to run the nutrient uptake model using soil 
and plant based parameters.  
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The third step is to compare the desired uptake with the uptake predicted by the nutrient 
uptake subroutine. If they match within a level of risk determined by the user, then the 
soil is considered sufficient in the supply of that particular nutrient. If the predicted 

uptake is less than the desired uptake, then the soil is considered deficient in that nutrient.  
In this case step four is used to test different fertilization regimes and the steps 2 and 3 
are repeated. 
 
 
 
 
 

  
 
 
 
 
 

• In addition to that described above, the coding of the nutrient uptake routine was 
incorporated into a slash pine growth model by Dr. Wendell Cropper (School of Forest 
Resources and Conservation).  The model is written in Python, a language that crosses 
platforms. He also incorporated a routine that maximizes the amount of fertilizer required 
to meet demand, thereby making more efficient the manually iterative process found in 
the Visual Basic version of SSAND. See below for more results from the Python 
Language Model version. 

 
Objective 2.  Field data collection that can be used to verify and test the model: The field 
studies included both and above and below ground development of fast growing juvenile loblolly 
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pine. The major findings are summarized below and detailed discussions of this work can be 
found in Appendices 1-4 which are copies of published or submitted papers using these data. 
Detailed methods and discussion of results can be found in those appendices. Briefly, we used a 
chronosequence of three replicates of four aged, previously established stands of which some 
already had some background information on their growth and foliar nutrient levels. The 
collaboration of International Paper Co. in the allowing us to use these stands is recognized. 
Their in-kind contribution of these stands, the field assistance and the heavy equipment needed 
for the sampling process was crucial to the successful completion of the grant. 

• The growth rate of loblolly pine approaches a climatic maximum for this genetic stock 
and is in the same order of magnitude of similar studies for loblolly pine (figure below 
and the next figure). The conclusion is that these data represent expected growth rates of 
fast-growing loblolly on a variety of soil types in the southeastern region of the U.S.  
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• Leaf area was reaching its maximum development by age 3. By age 4 the maximum 
growth potential of loblolly pine was being approached. Below the ‘*’ and ‘X’ represent 
biological maximums estimated in other studies.  The squares are leaf area, triangles are 
aboveground data for this study, and the diamonds are total biomass for this study 
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• Allometric equations were developed for aboveground, aboveground + taproot, and total 

tree of fast growing, juvenile loblolly pine. These should be useful in documenting the 
growth and biomass production of juvenile trees on a wide variety of southeastern U.S. 
sites. 

 
• Growth efficiency of loblolly pine (biomass produced per unit leaf area) on a total tree 

basis tended to decline from age 2 to age 3 even while leaf area was still increasing. The 
decrease was most related to branch and coarse root development and least related to 
stemwood development. The decrease was also found in 4 additional independent sites as 
shown in the graph below. 
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• The most useful explanations for this decline were either ontogenetic drift due to 

normal stand developmental processes, or due to nutrient deficiencies curtailing 

growth.  The graphs below show the deviation of foliar analysis for selected nutrients 
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from critical levels with stand age. One can see that they go below the critical level as 
early as age 2. 
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A number of nutrients showed significant dilution in the foliage tissue indicating the 
potential for nutrient deficiencies. These results suggest that nutrient limitations to future 
growth and future rotations could be a consequence of fast growing pine. 
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• Fine root development was shown to occupy the surface soil horizon after the first 
year and a growing front of roots was visualized.  Roots were found in only 20%,  
31%, 36% and 60% of the soil volume to 1 m in the 1st to 4th years, respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

• It was also found that root distribution with soil depth followed the normal log 
decrease with depth and that the shape of the curve with depth was predictable using 
tree age, leading to an empirical model that could be applicable to other studies. 

 
 
 
• A number of studies on fast growing loblolly have been published without any 

knowledge of the below ground biomass and distribution of that biomass. The 
relationship of fine root mass to foliage mass appeared to be constant after age 1. This 
leads us to conclude that foliage to fine root ratios may be useful in decreasing the 
need for work on root development if they can be strengthened and confirmed. 
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• A corollary to the above relationship is whether root to shoot ratios are also stable for 
fast growing juvenile loblolly pine.  Our data suggests that they also stabilize after 
age 1 and maybe useful for total tree biomass prediction from above ground biomass 
data. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
• Beyond biomass relationships for loblolly pine, we investigated methodology for  
developing soil relationships that were necessary to measure desorption of nutrients from the 
soil and develop desorption and sorption isotherms.  Dr. Nairam Barros, an investigator on 
the project from Brazil, helped us in this regard and we did initial work on both Brazilian 
soils and subsoil horizons of Spodosols. Using anion exchange resins, desorption isotherms 

were developed 
and compared 
with both 
original sorption 
isotherms and 
resorption 
isotherms for P.  
The results 
showed that for 
soils with a 
range of percent 
clay (<20 to > 
80%) desorption 
isotherms were 
similar to the 
resorption 
isotherms, which 

were distinctly different from sorption isotherms. This is significant because sorption 
isotherms are used in the fertilizer routine while desorption isotherms are used in the uptake 
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routines.  Both were considered to be distinct due to hysteresis. However, it appears that the 
original isotherm is an artifact that may not be useful and that the resorption isotherm is the 
relationship that should be used in modeling P bioavailability. 
 
• We also investigated a new method for developing desorption isotherms since sequential 

extraction, even with anion membranes is time consuming and labor intensive.  A 
multiple anion method was developed. In three days a multi-point isotherm can be 
developed where previously it took 28 days. Below one can see the P desorption 
isotherms for the same soil at three different pH levels.  
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Objective 3: Testing the utility of the model 
 
 
 

• The Visual Basic Version of SSAND was tested for the first year of growth for P uptake 
which is considered a limiting nutrient on these soils.  The run without P addition showed 
that these sites cannot support the desired loblolly pine growth. At the end of the first 
year, there was approximately a 3 kg ha-1 deficit of bioavailable P.  The field studies had 
been fertilized with 30 kg P ha-1 in order to achieve the level of growth measured at age 
one. When the model incorporated this fertilizer rate, P uptake was predicted with the 
bounds of actual uptake. 
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• When SSAND was incorporated into the Python language and an optimization routine for 
fertilization was included. The four-year comparison was made between desired and 
predicted uptake. The first graph is the comparison of actual uptake to that predicted by 
the model in the absence of P fertilization. The 3 kg deficit seen above for one year is 
now a 16 kg deficit at age 4. 
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• Over 4 years a total of 55 kg P ha-1 were applied. However, the optimization fertilization 

routine that Dr. Cropper developed for SSAND suggests that with careful planning the 
same growth result could have been accomplished with as little as 15 kg of P. This 
represents a energy saving in fertilizer that would be significant if summed over the 
acreages of loblolly pine in the southeastern U.S. 

 
 
 
 

SSAND model: 14.49 kg P added on day 64
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• SSAND also has mycorrhiza incorporated into the coding. The optimization model, after 

making some assumptions of fungal amounts, suggested that the same growth result 
could have been accomplished with as little as 10 kg P ha-1. Again, the savings in both 
material and energy are significant and these results point out the importance of more 
specificity in fertilization practices in order to maximize energy efficiency and fertilizer 
use. It also points out the need to better investigate the mycorrhizal component under 
field conditions in order to better parameterize these models. 

 

SSAND model with mycorrhizae
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Work Still in Progress 

 
• One publication on SSAND and its use as a nutrient management tool. This paper will 

incorporate 
o How SSAND is different from COMP8 
o Comparison of the analytical accuracy of SSAND with COMP8 and UPTAKE 
o Accuracy of SSAND in predicting the P uptake of loblolly pine in the field using 

the graphs above 
• One publication on the SSAND routine in Python which shows how the optimization of  

the fertilization routine is constructed and functions. 
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Appendix 1:  BIOMASS DEVELOPMENT FOR INTENSIVELY MANAGED LOBLOLLY 

PINE PLANTATIONS GROWING ON SPODOSOLS IN  

THE SOUTHEASTERN U.S.A. 

Abstract 

Few published studies exist for intensively managed loblolly pine stands that document both 

above- and belowground biomass accumulation over time. Site-specific biomass estimation 

equations (i.e., aboveground, aboveground + taproot, total tree including taproot, coarse roots 

and fine roots) for plantation-grown loblolly pine (Pinus taeda L.) were developed from 13 

intensively managed stands (1-4 yr) established on a common soil type (Spodosols) in the Lower 

Coastal Plain of southern Georgia.  Extensive areas of pine plantations have been established on 

seasonally wet Spodosols, a dominant soil type in this region.   Covariance analyses indicated 

that a single regression equation could be used to predict either aboveground or total tree 

biomass for 1- and 2 yr-old or 3- and 4-yr-old stands across all locations.   Variation in the 

allometric relationships among sites was likely reduced because of the intensive understory 

competition control and fertilizer treatments that were applied to enhance growth.   Leaf area 

accretion rates for these developing stands were rapid and largely sigmoidal, reaching a high of 

approximately 10.5 (all-sided) after three growing seasons.  Total biomass increment ranged 

from about 2.0 Mg ha-1 yr-1 at age 1 yr to 10 Mg ha-1 yr-1 at ages 2 and 3 yr (total standing crop 

biomass at age 3 yr = 22.8 Mg ha-1).  The largest increase in total biomass increment, 

approaching 25 Mg ha-1 yr-1, occurred during the fourth growing season (total standing crop 

biomass = 48.1 Mg ha-1).  Roots (tap, coarse and fine) accounted for 32% of total biomass 

production at age 4 yr.  Estimates of net annual biomass production documented in this study 

approach the upper limits of biological potential previously reported for this species within its 
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native range.  With advent of advanced silvicultural systems that have combined genotype 

deployment, density control, and increased nutrient availability, differences between actual 

production and biological potential have become much narrower for loblolly pine over the last 

two decades.  

 

Keywords:  Site productivity; Leaf area; Above- and belowground biomass production; 

Allometric equations 

 

1.  Introduction 

Foresters are faced with the challenge of meeting a growing demand for wood fiber and 

timber, while environmental constraints and population pressures have led to reductions in lands 

available for production.  Increasing plantation productivity through intensification of 

silvicultural practices has been advocated as a means to address this issue (Sedjo and Botkin 

1997, Sedjo 1999, Fox 2000).  Southern pine forests supply the majority of the wood product 

demands within the USA (Wood et al. 1992) and loblolly pine (Pinus taeda L.) is one of the 

most important commercial species.  Occupying approximately 12 million ha (both natural 

stands and plantations), loblolly pine has accounted for nearly 60% of all bare-root seedlings 

planted within the U.S. (Sheffield and Knight 1982, Wood et al. 1992).  

During the last two decades, forest management practices within the southern U.S. have 

intensified, and large increases in productivity have been achieved on some sites (Allen et al. 

1990, Colbert et al. 1990).  For example, genetic tree improvement programs have contributed to 

higher levels of production through changes in stem form, increased survival, and growth and 

resistance to pests and diseases (Faulkner 1978, Zobel and Talbert 1984).  The beneficial effects 

of site preparation (Gent et al. 1986, McKee and Wilhite 1986) and the importance of understory 
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competition control have similarly resulted in large increases in productivity, particularly during 

the first years of stand development (Nelson et al. 1981, Colbert et al. 1990, Neary et al. 1990a, 

Britt et al. 1990, Haywood et al. 1997). Equally important have been the large and long-term 

growth responses associated with the application of various types and rates of fertilizers in both 

young and established stands (Pritchett and Comerford 1982, Colbert et al. 1990, Neary et al. 

1990b, Jokela et al. 1991, Albaugh et al. 1998).   

Despite these technological advances, various researchers have suggested that existing 

loblolly pine plantations are not growing at their biological potential (Farnum et al. 1983, 

Rockwood and Chaves 1987, Neary et al. 1990b). Low soil fertility, interspecific competition 

and pest losses, as well as significant water deficits on Piedmont soils, have been documented as 

important constraints to forest productivity (Neary et al. 1990a, Allen et al. 1990).  Farnum et al. 

(1983) considered growth improvements that could be made from intensive silvicultural 

treatments applied to loblolly pine plantations growing in North Carolina, and estimated that the 

maximum mean annual yield or biological potential was about 30 Mg ha-1 year-1.  Sampson and 

Allen (1999) used the computer program BIOMASS (McMurtrie and Landsberg 1992; Sampson 

et al. 1998) and similarly estimated that the maximum rate of net production for loblolly pine 

was about 33.5 Mg ha-1 year-1 within this region.   

Few published studies exist for intensively managed loblolly pine stands that document 

both above- and belowground biomass accumulation over time.  Site-specific silvicultural 

prescriptions will require information that define the upper limits of site productivity for a given 

soil type, as well as an understanding of the physical, chemical and biological processes that 

affect it (Fox 2000).  For example, soil-based fertilizer prescriptions will require that soil nutrient 

supply matches stand demand for a given level of productivity for various species and genotypes.  
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Quantifying biomass development is the first step in assessing nutrient demands for rapidly 

growing stands.  In addition, defining upper limits of potential productivity for a common soil 

type would serve as a valuable benchmark from which other sites could be compared and current 

management practices evaluated.  

The objectives of this study were to quantify biomass and leaf area development for 

intensively managed, juvenile loblolly pine plantations growing on Spodosols of the Lower 

Coastal Plain of the southeastern U.S., and to compare allometric biomass relationships among 

sites during a dynamic phase of stand development.  Extensive areas of loblolly pine plantations 

have been established on seasonally wet Spodosols, a dominant soil type in this region.  For 

example, approximately 5.71 x 106 ha are mapped as Spodosols in AL, FL, GA, NC, and SC 

(William Puckett, NRCS, April 2001, pers. comm.).  Loblolly has also been shown to exhibit 

strong, positive growth response to intensive management practices on these soils, especially 

during the stand initiation phase when biomass production and leaf area development are 

exponentially increasing and nutrient demands are largely being met by processes affecting soil 

nutrient supply (Colbert et al. 1990, Jokela and Martin 2000).  

2.  Materials and methods 

2.1  Study sites 

The study was conducted in 13 fast-growing loblolly pine plantations that varied in age 

from 1-4 yrs in the Coastal Plain region of southern Georgia (Table 1).   All sample plantations 

were established on Spodosols that contained an argillic horizon in the subsoil (sandy, siliceous, 

thermic Ultic Alaquods and Oxyaquic Alorthods).   Mean annual precipitation ranged from 1250 

to 1275 mm, while mean annual temperature averaged about 19.50C.  During the two-year study 
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period, droughty conditions persisted and annual precipitation levels in 1999 and 2000 were 

about 8 and 33% below the long-term recorded averages, respectively.  

Prior to planting, all experimental sites were chopped, burned, disked and bedded.  Post 

establishment treatments were generally similar among sites. Genetically improved 1-yr-old 

loblolly pine seedlings were planted at a 1.8 x 3.7 m spacing.  Understory plant competition was 

controlled during the first two growing seasons using a combination of broadcast and directed 

spray applications of herbicides applied at labeled rates (e.g., hexazinone, sulfometuron, 

imazypyr, glyphosate).   During the first growing season, all sites were fertilized with nitrogen 

(N) and phosphorus (P) applied at elemental rates of 30 and 33 kg ha-1, respectively.   In the third 

growing season, additional applications of N, P, K and B were applied at elemental rates 

approximating 90, 25, 40 and 1.5 kg ha-1, respectively.  

 

2.2  Procedures 

With exception of the 4-yr-old stands (n = 4), three replicate sites were sampled within 

each age class. At a given site, three plots (261 m2) were established to collect inventory data.  

Total tree height was determined on all living trees in the 1- and 2-yr-old stands, while DBH was 

measured in the 3- and 4-yr-old stands.  

Destructive biomass harvests were conducted during the early fall of 1999 and 2000 to 

develop site-specific biomass prediction equations.  Eight trees per site, that represented the 

range in tree sizes, were felled at ground line onto a tarp and separated into foliage, live 

branches, dead branches, stemwood, and bark components. The taproot of each sample tree was 

extracted using a backhoe, washed to remove soil particles, and the lateral roots were cut off at 

20 cm from the main taproot.  Total fresh weight of each biomass component was measured in 
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the field.  A 3-cm thick disk was cut from the butt section of each stem and then again at 0.7 - 

1.5-m intervals (depending on tree size) to determine moisture contents.  Similar procedures 

were used for the taproot.  The bark was separated from each disk, and both components were 

weighed in the field.  All stemwood and taproot disks and bark samples, along with about a 25% 

subsample from the foliage and branch components, were transported back to the laboratory, 

dried to constant weight (700C), and weighed.  Total tree and biomass component dry weights 

were calculated using field fresh weights and subsample moisture contents.  In addition, a 

subsample of fresh needles was collected from each tree and stored in a cooler for determining 

specific needle area (SNA; all-sided) using a volume displacement procedure (Johnson 1984). 

Total all-sided leaf area index (LAI) for each site was estimated as the product of total needle 

biomass and a site specific estimate of SNA.   

Soil pits were excavated using a backhoe to estimate both coarse and fine root biomass 

from three trees at each site (i.e., one tree per replicate plot per site), yielding a total of nine trees 

per age class.  Soil pits (0.7 m wide, 1.9 m long, 1.0 m deep) were dug adjacent (20 cm from 

base of tree) to pre-selected biomass trees, which represented the range in size classes 

encountered within the stand.  Each soil pit was positioned to sample both half the distance 

between planted trees (within bed position) and between planted rows (interbed position).  The 

soil was screened and coarse roots (> 2 mm diameter) were collected, washed and weighed in the 

field. Coarse root subsamples were transported back to the laboratory, oven-dried at 700C, and 

weighed for determining moisture contents and calculating dry weights.   Estimates of coarse 

root biomass (Mg ha-1) were based on the calculated dry weights and the surface area dimensions 

of the soil pit. 
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 To estimate fine root biomass, a 10-cm x 10-cm grid was outlined on the face of the 

entire soil trench located nearest the felled tree. Within that grid, six columns (10 cm wide to a 

depth of 1m), separated by 20-cm intervals, were outlined (n= 60, 100 cm2 cells/soil pit).   The 

number of fine roots (i.e., < 2 mm diameter) exiting the trench face of each cell was tallied 

similar to the profile wall method described in B`hm (1979).  Approximately seven cells, 

representative of the range in the observed root count data, were selected for more detailed root 

sampling by pressing a 10-cm x 10-cm x 10-cm metal core into the soil face.  The soil from that 

cell was removed and transported to a nearby workstation where the fine roots were gently 

washed and separated.  All fine root samples were frozen until root length and biomass 

measurements could be made in the laboratory. After measuring root length, each root core 

sample was oven dried (700C) and its corresponding dry weight recorded. In total, 21 fine root 

core samples were collected and processed from three soil pits per site.  Regression relationships 

were developed to estimate fine root length (Escamilla et al. 1991) and fine root biomass from 

root number.  Total fine root biomass for a site was derived by converting the estimates per soil 

volume at each depth to estimates per area and summing for all depths (1 m).  

 For each sampled tree, total biomass was determined by summing the different above and 

belowground components.  Average coarse and fine root biomass was estimated for each tree by 

dividing the area-based estimates (Mg ha-1) by the actual stem densities for a given site.  

Relationships were developed between biomass component dry weight and tree dimensions 

(height for 1- and 2-year-old and DBH for 3- and 4-year-old) by site, age and age-group (e.g., 1- 

and 2-year-old sites and, 3- and 4-year-old sites) using the allometric equation: 

 

Ln(Y) = B0 + B1*Ln(X) + ε                                           (1) 
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where Y = dry weight (kg/tree) of each component (total tree, foliage, stemwood, bark, live 

branch, dead branch), X = height (m) for 1- and 2-year-old trees or DBH (cm) for 3- and 4-year-

old trees, B0 and B1 = regression coefficients, and ε = random error component.   

 Covariance analysis was used to test for differences in the regression coefficients among 

sites, ages and age-groups (Freund et al. 1986).  For this analysis, we included another biomass 

data set that was generated from an intensively managed 4-yr-old loblolly pine stand growing on 

a Spodosol near Gainesville, FL (Colbert et al. 1990).  When no significant differences were 

found among coefficients (p = 0.05), the data were pooled and common regression equations 

were developed (SAS Institute Inc. 1996).  Residual analyses were used to assess model 

behavior.   The biomass prediction equations were applied to the inventory data to estimate total 

dry matter accumulation (Mg ha-1) and annual biomass increment (Mg ha-1 yr-1).  Inventory data 

were also obtained from five additional intensively managed loblolly pine stands established on 

Spodosols in the same general locale (B. Garbett – International Paper Co.; personal 

communication) and estimates of biomass were generated using the aforementioned equations.  

Corrections for logarithmic bias were made on all biomass estimates (Baskerville 1972). 

 

3.  Results 

3.1  Biomass prediction equations 

 Statistically significant regression equations were developed for predicting total 

aboveground biomass for each site location based on tree size (height or DBH) (Table 2).  

Coefficients of determination, R2, ranged from 0.63 to 0.99 (except for site #3), and the 

relationships were strongest for the 3- and 4 yr-old trees using DBH as the independent variable.  

Similar results were found for the regression equations developed to predict aboveground + 
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taproot biomass (Table 3) and total tree biomass (i.e., aboveground, taproot, coarse roots and fine 

roots Table 4).  

 Analysis of covariance, using height or DBH as the covariate, showed that the 

aboveground or aboveground + taproot biomass equations were not site-specific (Table 5).  

Differences among slopes (interactions), analyzed either among sites of a single age class or 

among sites of a given age-group (i.e., 1- and 2-yr-old; 3- and 4-yr-old), were not statistically 

significant (p-values ranging from 0.32 to 0.91). Moreover, when the 4-yr-old aboveground 

biomass data from the Florida site were combined with the 3- and 4-yr-old data from this study, 

no statistical differences were found among slopes (p = 0.12).  Similarly, differences among 

intercepts (site) were not statistically significant (p-values ranging from 0.22 to 0.76). 

 Covariance analyses for total tree biomass (Table 5) exhibited a similar pattern as that 

found for both the aboveground and aboveground + taproot biomass equations.  The slope 

coefficients were not statistically different among sites within a specific age class (i.e., 

interaction p-values were 0.19, 0.84, 0.22 and 0.73 for 1-, 2-, 3- and 4-yr-old stands, 

respectively).  Likewise, the intercept values were not significantly different among sites for the 

2-, 3- and 4-yr-old stands (p-values of 0.48, 0.15 and 0.79, respectively). The test for a common 

intercept for the 1-yr-old stands was, however, statistically significant (p = 0.01), due to the 

divergent nature of the biomass data collected from site #3. Nevertheless, these results suggest 

that a single regression equation could be used for each age, independent of site.  Further 

analyses demonstrated that a single regression equation could be collectively developed, without 

regard for site location, and used to predict aboveground, aboveground + taproot and total tree 

biomass for the combined 1- and 2-yr-old stands (p = 0.09 and 0.04 for tests of common slope 

and intercept, respectively), and the combined 3- and 4-yr-old stands (p = 0.12 and 0.11 for tests 
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of common slope and intercept, respectively; Table 5). Coefficients of determination for these 

combined equations were high, with values ranging from 0.87 to 0.94 (all p-values < 0.01; Table 

6).  

 

3.2  Leaf area index and annual stand biomass increment 

Leaf area accretion rates for these developing loblolly pine stands were rapid and largely 

sigmoidal, reaching a high of approximately 10.5 (all-sided) after three growing seasons (Figure 

1).  Little variation (-6%) in LAI occurred between ages 3 and 4 yrs and these estimated values 

were comparable (e.g., LAI = 11) to those reported by Jokela and Martin (2000) for a closed 

canopy loblolly pine stand in north central Florida.   

Total biomass accumulation and annual increment showed a similar pattern as LAI 

(Figures 1 and 2).  Initially, annual biomass production ranged from about 2.0 Mg ha-1 yr-1 at age 

1 yr to 10 Mg ha-1 yr-1 at ages 2 and 3 yr (total standing crop biomass at age 3 yr = 22.8 Mg ha-1).  

The largest increase in total biomass increment, approaching 25 Mg ha-1 yr-1, occurred during the 

fourth growing season (total standing crop biomass = 48.1 Mg ha-1).  Roots (tap, coarse and fine) 

accounted for approximately 20% of the total biomass increment during the first two growing 

seasons.  Beginning at age 3 yr, however, roots became a more significant pool and they 

accounted for about 32% of the net annual biomass production measured at age 4 yr.   

 

4.  Discussion 

 Understanding environmental constraints on the development and productivity of 

intensively managed loblolly pine stands remains a major focus of current research efforts 

(Albaugh et al. 1998; Jokela and Martin 2000).  Few regression equations relating total tree 
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biomass (above- and belowground) to height or DBH exist for plantation-grown loblolly pine in 

the southeastern U.S. (King et al. 1999).   In this study, allometric biomass equations were 

developed and compared among 13 sites that were established on a common soil type 

(Spodosols) in the Lower Coastal Plain of southeastern Georgia.   The equations developed from 

this study (Table 6) will have direct application on similar sites for future research efforts aimed 

at predicting site productivity and for determining nutrient demands and cycling rates for stands 

that receive intensive silvicultural treatments such as understory competition control and 

multiple fertilizer applications.    

Overall, the allometric equations developed for aboveground, aboveground + taproot and 

total tree biomass had the lowest predictive power (R2) for 1-yr-old sites. Differences in planted 

seedling sizes, vigor, and microsite conditions that influenced seedling establishment likely 

contributed to the increased variability in these young trees, leading to a lower correlation 

between tree height and biomass.  It was also observed that site #3 (a 1-yr-old site) had a high 

incidence of tip moth (Rhyacionia spp.) damage.  Seedling stem deformation and growth losses 

that resulted from tip moth attack  (i.e., development of multiple order shoots) could explain the 

low predictive power of the equations developed for this site since height was the independent 

variable used in the model.    

Once the loblolly pine seedlings became established and they grew beyond the variable 

conditions that characterized the first growing season, the predictive power of the allometric 

biomass equations improved (Tables 2-4).  DBH was a stronger predictor variable of biomass 

than height, and by age 3 yrs the trees were sufficiently large to generate such equations using 

this predictor variable.   In addition, inherent site variability was reduced by the imposed 

silvicultural treatments.  This interpretation is supported by the low coefficient of variation  (CV 
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ranged from 2 to 10%) observed for total stand biomass accumulation (Figure 2), especially in 

the 3 – 4-yr-old age classes. Haywood et al. (1997) observed in a weed control and fertilizer 

experiment with loblolly pine that trees were able to express their intrinsic height and diameter 

growth characteristics by age 3 yr, resulting in better relationships between biomass and tree 

measures.  Perala and Alban (1994) similarly reported for aspen (Populus tremuloides Michx.) 

dominated stands in the Upper Great Lakes region of the U.S. that sensitivity to soil and site 

establishment treatments caused sapling biomass regression equations to be less precise than 

those developed for larger trees.  In addition, as demonstrated in the covariance analyses of this 

study, limited variation among sites also contributed to the accuracy of using a single regression 

equation to express the allometric relationships between tree height and/or DBH and biomass 

(aboveground, aboveground + taproot or total standing) without regard for site locations for 

either the combined 1- and 2 yr-old stands or the 3- and 4-yr-old stands (Tables 5).   The 

development of robust equations, as demonstrated in this study (Table 6), will assist researchers 

and practitioners in accurately predicting biomass accumulation on comparable sites.   

Few published data are available that document total tree biomass accumulation during 

the early stages of stand development (above- and belowground) for intensively managed 

loblolly pine plantations growing on Spodosols.  Colbert et al. (1990) estimated that 

aboveground biomass accumulation at age 4 yr for loblolly pine in north central Florida was 32.2 

Mg ha-1, or about 11% less than the aboveground average measured in this study.   

Of particular interest was the high level of total (above- and belowground) biomass 

increment (~25 Mg ha-1 yr-1) measured during the fourth growing season, which was more than 

double that from the previous two years (Figure 1). This observation suggests that a shift in 

developmental stage, from stand initiation to full-site occupancy, occurred in these intensively 
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managed stands by the fourth growing season.  This shift was also associated with a measured 

peak in leaf area development.  McCrady and Jokela (1998) reported that levels of annual 

aboveground biomass increment ranged from 26.4 to 32.3 Mg ha-1 yr-1 in a closely spaced (0.92 

x 0.92 m) 4-yr-old study that compared differences in growth performance among loblolly pine 

families planted on a high quality site in South Carolina.  The upper range of production for their 

stands would approach 42.6 Mg ha-1 yr-1, or about 70% more than the mean estimate reported in 

this study if we assume that roots accounted for about 32% of total biomass production.   It 

should be noted, however, that significant differences in initial planting densities existed between 

these studies (1495 vs. 11,960 stems ha-1).   The droughty conditions of the last two years also 

likely impacted production levels on our sites, as water stress has not been a normal phenomenon 

observed on somewhat poorly drained Spodosols (Swindel et al. 1988, Teskey et al. 1994, 

Cropper 2000).    

Although the values for total biomass production at age 4 yr are among the highest 

reported for this species within its native range, they are likely near maximum and will decrease 

as density dependent competition increases and greater respiratory losses occur as tree size 

increases.   Jokela and Martin (2000) reported that aboveground biomass accumulation for 

loblolly pine was significantly increased by fertilizer and understory competition control 

treatments (2.8 fold response over untreated control) on a Spodosol in north central Florida.  

However, annual biomass increment (aboveground) culminated at about age 8 yr and then 

declined significantly thereafter.  They noted that the causal mechanisms contributing to these 

heightened, but short-lived levels of maximum biomass increment following peak leaf area 

development are still poorly understood for intensively managed stands.    
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Finally, results from this and related studies suggest that significant gains have been 

made in the last decade in increasing site productivity of loblolly pine plantations, especially 

through the use of integrated silvicultural systems that ameliorate growth limiting factors (e.g., 

quantity and quality rooting volume – augmented site resource availability) and facilitate rapid 

leaf area development and early site occupancy by selected genotypes.  Although these estimates 

of biomass production are derived from juvenile stands and it is premature to know what the 

sustainable levels of mean annual increment will be, it is conceivable, especially with continuing 

nutrient additions and density control, that the biological potential of loblolly pine may require 

an upward adjustment from previously published values.        
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Figure 1.   Leaf area development and annual biomass increment (Mg ha-1 yr-1; aboveground, 

total aboveground + belowground) for intensively managed loblolly pine plantations growing on 

Spodosols in the Lower Coastal Plain of Georgia. 

 

 

Figure 2.  Standing crop biomass accumulation (Mg ha-1; aboveground (A), total aboveground + 

belowground (B)) for intensively managed loblolly pine plantations growing on Spodosols in the 

Lower Coastal Plain of Georgia.  

 

 



Table 1. Characteristics of the experimental sites established in fast-growing loblolly pine plantations. 1 

Site Location Geographical 
Coordinates 

Soil series‡ Planting 
date 

Planting density 
(stems ha-1)  

Age at 
sampling 

#1 Jones, GA 31039’N - 81029’W Olustee and Mascotte  Nov. 1998 1495 1-year-old 

#2 Eulonia, GA 31037’N - 81023’W Mascotte Nov. 1998 1495 1-year-old 

#3 Eulonia, GA 31036’N - 81024’W Mascotte Nov. 1998 1495 1-year-old 

#4 Jones, GA 31039’N - 81029’W Olustee and Mascotte  Nov. 1998 1495 2-year-old 

#5 Eulonia, GA 31037’N - 81023’W Mascotte Nov. 1998 1495 2-year-old 

#6 Eulonia, GA 31036’N - 81024’W Mascotte Nov. 1998 1495 2-year-old 

#7 Eulonia, GA 31036’N - 81025’W Olustee Nov. 1997 1495 3-year-old 

#8 Eulonia, GA 31036’N - 81023’W Mascotte Nov. 1997 1495 3-year-old 

#9 Eulonia, GA 31037’N - 81024’W Mascotte Nov. 1997 1495 3-year-old 

#10 Rincon, GA 32015’N - 81016’W Rigdon Oct. 1995 1495 4-year-old 

#11 Rincon, GA 32015’N - 81016’W Rigdon Oct. 1995 1495 4-year-old 

#12 Eulonia, GA 31037’N - 81024’W Mascotte Oct. 1995 1495 4-year-old 

#13 Eulonia, GA 31035’N - 81024’W Rigdon Oct. 1995 1495 4-year-old 
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: Olustee: Sandy, siliceous, thermic, Ultic Alaquods;  Mascotte: Sandy, siliceous, thermic, Ultic Alaquods;   Rigdon: Sandy, 1 
siliceous, thermic, Oxyaquic Alorthods   2 



Table 2. Allometric equationsa for estimating aboveground 1 
biomass in juvenile, fast-growing loblolly pine stands growing 2 

on Spodosols of the lower Coastal Plain of Georgia. 3 
 4 
 5 
Site Age Bo p-value B16 
 p-value R2 Sy.x n 7 
 8 
 1 1 -1.12 0.01 2.13 0.02 0.63 0.329 8 9 

 2 1 -0.96 <0.01 2.02 <0.01 0.80 0.215 8 10 

 3 1 -0.54 0.06 1.05 0.12 0.36 0.245 8 11 

 4 2 -1.82 0.01 2.71 <0.01 0.86 0.204 8 12 

 5 2 -1.26 0.10 2.35 <0.01 0.74 0.370 8 13 

 6 2 -1.08 0.09 2.47 <0.01 0.80 0.303 8 14 

 7 3 -1.95 <0.01 2.26 <0.01 0.96 0.109 8 15 

 8 3 -2.36 <0.01 2.44 <0.01 0.93 0.147 8 16 

 9 3 -2.05 <0.01 2.21 <0.01 0.98 0.074 8 17 

 10 4 -2.40 <0.01 2.30 <0.01 0.99 0.066 8 18 

 11 4 -1.63 <0.01 1.98 <0.01 0.95 0.120 8 19 

 12 4 -1.46 0.03 1.88 <0.01 0.93 0.100 8 20 

 13 4 -1.37 0.08 1.85 <0.01 0.89 0.127 8 21 

  22 

Alachua Co., FLb 4 -0.89 0.09 1.72 <0.01 0.90 0.165 7 23 
 24 
a Model is Ln(Y) = B0 + B1*Ln(X) 25 
Where:  Y is biomass component expressed in kilograms (kg) dry weight 26 

X is tree height expressed in meters (m) for 1- and 2-year-old trees or tree DBH 27 

expressed in centimeters (cm) for 3- and 4-year-old trees.  28 

b From Colbert (1988); intensively managed loblolly pine growing on a Spodosol in 29 
Alachua County, Florida. 30 
 31 

  32 

 33 
34 
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Table 3. Allometric equationsa for estimating aboveground + 1 
taproot biomass in juvenile, fast-growing loblolly pine stands 2 
growing on Spodosols of the lower Coastal Plain of Georgia. 3 

 4 
 5 
Site Age Bo p-value B1 p-value R2 Sy.x6 
 n 7 
 8 
 1 1 -0.89 0.03 2.10 0.02 0.63 0.328 8 9 

 2 1 -0.75 <0.01 1.97 <0.01 0.83 0.194 8 10 

 3 1 -0.29 0.25 0.92 0.16 0.30 0.241 8 11 

 4 2 -1.60 0.02 2.67 <0.01 0.87 0.197 8 12 

 5 2 -0.99 0.17 2.30 <0.01 0.74 0.362 8 13 

 6 2 -0.96 0.14 2.49 <0.01 0.78 0.324 8 14 

 7 3 -1.48 <0.01 2.11 <0.01 0.97 0.088 8 15 

 8 3 -2.24 <0.01 2.44 <0.01 0.93 0.157 8 16 

 9 3 -1.87 <0.01 2.19 <0.01 0.97 0.097 8 17 

 10 4 -2.18 <0.01 2.29 <0.01 0.99 0.057 8 18 

 11 4 -1.43 0.01 1.98 <0.01 0.95 0.116 8 19 

 12 4 -1.29 0.06 1.88 <0.01 0.92 0.110 8 20 

 13 4 -1.22 0.07 1.86 <0.01 0.92 0.107 8 21 
a Model: Ln(Y) = B0 + B1*Ln(X) 22 
Where:  Y is biomass component expressed in kilograms (kg) dry weight 23 

X is tree height expressed in meters (m) for 1- and 2-year-old trees or tree DBH 24 

expressed in centimeters (cm) for 3- and 4-year-old trees.  25 

 26 
27 
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Table 4. Allometric equationsa for estimating total tree biomass 1 
(above- and belowground) in juvenile, fast-growing loblolly 2 

pine stands growing on Spodosols of the lower Coastal Plain of 3 
Georgia. 4 

 5 
 6 
Site Age Bo p-value B1 p-value7 
 R2 Sy.x n 8 
 9 
 1 1 -0.23 0.27 1.40 0.01 0.66 0.202 8 10 

 2 1 0.06 0.57 1.21 <0.01 0.81 0.128 8 11 

 3 1 0.50 <0.01 0.50 0.16 0.30 0.132 8 12 

 4 2 -0.84 0.07 2.18 <0.01 0.87 0.155 8 13 

 5 2 -0.25 0.61 1.84 <0.01 0.77 0.267 8 14 

 6 2 -0.00 0.99 1.87 <0.01 0.80 0.228 8 15 

 7 3 -0.73 0.02 1.81 <0.01 0.97 0.073 8 16 

 8 3 -1.70 0.02 2.21 <0.01 0.93 0.141 8 17 

 9 3 -0.98 <0.01 1.83 <0.01 0.97 0.066 8 18 

 10 4 -0.76 0.02 1.79 <0.01 0.98 0.055 8 19 

 11 4 -0.29 0.40 1.57 <0.01 0.95 0.090 8 20 

 12 4 -0.46 0.39 1.61 <0.01 0.91 0.095 8 21 

 13 4 -0.52 0.31 1.62 <0.01 0.92 0.090 8 22 
a Model: Ln(Y) = B0 + B1*Ln(X)  23 
Where:  Y is biomass component expressed in kilograms (kg) dry weight 24 

X is tree height expressed in meters (m) for 1- and 2-year-old trees or tree DBH 25 

expressed in centimeters (cm) for 3- and 4-year-old trees.  26 

 27 

28 
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Table 5. Results from analysis of covariance (p-values) used to 1 
test for differences among regression coefficients of allometric 2 

equations developed for juvenile, fast-growing loblolly pine 3 
stands growing on Spodosols of the lower Coastal Plain of 4 

Georgia. 5 
 6 
 7 
 Variable 8 
 9 
 Source DF Aboveground Aboveground  Total 10 
    + taproot Biomass 11 
 12 
 Height 1 <0.01 <0.01 <0.01 13 
1-year-old sites Site 2 0.27 0.22 0.01 14 
 Height x site 2 0.40 0.32 0.19 15 
 16 
 Height 1 <0.01 <0.01 <0.01 17 
2-year-old sites Site 2 0.72 0.76 0.48 18 
 Height x site 2 0.91 0.89 0.84 19 
 20 
 Height 1 <0.01 <0.01 <0.01 21 
1- and 2-year-old sites Site 5 0.48 0.42 0.04 22 
 Height x site 5 0.54 0.45 0.09 23 
 24 
 DBH 1 <0.01 <0.01 <0.01 25 
3-year-old sites Site 2 0.75 0.41 0.15 26 
 DBH x site 2 0.71 0.49 0.22 27 
 28 
 DBH 1 <0.01 <0.01 <0.01 29 
4-year-old sites Site 3 0.40 0.40 0.79 30 
 DBH x site 3 0.37 0.35 0.73 31 
 32 
 DBH 1 <0.01 <0.01 <0.01 33 
3- and 4-year-old sites Site 6 0.59 0.48 0.11 34 
 DBH x site 6 0.32 0.34 0.12 35 
 36 
 DBH 1 <0.01 - - 37 
3- and 4-year-old sitesa Site 7 0.13 - - 38 
 DBH x site 7 0.12 - - 39 
 40 
a Analysis includes data from Colbert (1988) in Alachua County, FL.41 
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Table 6. Allometric equationsa for estimating aboveground, aboveground + taproot and 1 
total tree biomass in juvenile, fast-growing loblolly pine stands growing on Spodosols of 2 
the lower Coastal Plain of Georgia. 3 
 4 
 5 
 Age Bo p-value B1 p-value6 
 R2 Sy.x n 7 
 8 
Aboveground 1 and 2 -1.03 <0.01 2.18 <0.01 0.90 0.3029 

 48 10 

Aboveground  3 and 4 -1.20 <0.01 1.81 <0.01 0.91 0.15311 

 56 12 

 13 

Aboveground + taproot 1 and 2 -0.81 <0.01 2.14 <0.01 0.90 0.29614 

 48 15 

Aboveground + taproot 3 and 4 -1.11 <0.01 1.84 <0.01 0.93 0.14316 

 56 17 

 18 

Total biomass 1 and 2 -0.12 0.16 1.71 <0.01 0.87 0.271 24 19 

Total biomass 3 and 4 -0.65 <0.01 1.71 <0.01 0.94 0.121 56 20 
a Model: Ln(Y) = B0 + B1*Ln(X)  21 
Where:  Y is biomass component expressed in kilograms (kg) dry weight 22 

X is tree height expressed in meters (m) for 1- and 2-year-old trees or tree DBH 23 

expressed in centimeters (cm) for 3- and 4-year-old trees.  24 

  25 
 26 
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Total biomass in juvenile, fast-growing loblolly pine stands on Spodosols of the 
Southeast US
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Appendix 2. FACTORS INFLUENCING GROWTH EFFICIENCY PATTERNS IN AN 

INTENSIVELY MANAGED LOBLOLLY PINE CHRONOSEQUENCE  

Abstract:  Changes in biomass accumulation, growth efficiency and distribution of 1 

nutrients were investigated in intensively managed plantations of loblolly pine (Pinus 2 

taeda L.) using an age sequence of replicated 1-, 2-, 3-, and 4-yr-old stands (n = 13).  All 3 

stands, located on sandy Spodosols in the Coastal Plain of southern Georgia, were 4 

managed using a similar prescription that included fertilization (yrs 1 and 3) and 5 

understory competition control. Total biomass accumulation (above- and belowground) 6 

ranged from about 13 tons ha-1 at age 2 to 49.7 tons ha-1 at age 4 yr.  Dry matter 7 

distributions averaged 30%, 34%, 18%, 6%, 15%, 12%, and 3% for foliage, stemwood, 8 

branches, bark, taproots, coarse roots and fine roots, respectively, at age 4 yr.  Intensive 9 

management and rapid growth rates markedly increased soil nutrient demands, being 10 

about 15-fold higher than that documented in extensively managed stands of comparable 11 

age.  Nutrient accumulations in tree biomass at age 4 averaged 195, 22, 86, 72, and 28 kg 12 

ha-1 for N, P, K, Ca, and Mg.  Large declines (~ 50%) in growth efficiency (GE; 2.6 vs. 13 

1.3 Mg ha-1 yr-1/unit LAI) were apparent among all sites between the 2nd and 3rd years, 14 

with a noted recovery occurring at age 4 yr.  Changes in branch and taproot GE were 15 

most apparent, whereas stemwood GE did not change appreciably between ages 2 and 3 16 

yr.  Reproducible temporal declines in GE were also found among four independent sites 17 

having similar soils, silvicultural treatments and growth rates.  Correlation analyses 18 

suggested that larger declines in GE were associated with decreasing foliar nutrient levels 19 

(dilution), although changes in growth dynamics (carbon allocation) associated with 20 

advancing stand development may have also contributed.  Collectively, these results 21 
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suggest that intensive management will induce multiple nutrient limitations on sandy 1 

Spodosols, and that a better understanding of nutrient requirements, including macro- and 2 

micronutrient supply, will be necessary to maintain and enhance soil quality and long-3 

term site productivity on these soils.        4 

 5 

Introduction 6 

One of the most dynamic periods of forest stand development occurs from 7 

seedling establishment to canopy closure.  As changes in ontogeny and growth rates 8 

occur, adjustments in above- and belowground biomass allocation patterns also take 9 

place. During the stand initiation phase, annual biomass production is preferentially 10 

allocated to foliage and fine roots, followed by increasing proportions to stemwood over 11 

time (Forrest and Ovington 1970, Gholz et al. 1982, Beets and Pollock 1987, Miller 12 

1995, Oliver and Larson 1996).  These accompanying changes in biomass allocation 13 

patterns have been used to assess functional relationships among tree components (King 14 

et al. 1999), estimate nutrient budgets (Wells and Jorgensen 1975, Gholz et al. 1985,Van 15 

Lear and Kapeluck 1995, Wang et al. 1996 and 2000), compare inter- and intra-specific 16 

growth strategies (Pope 1979, Colbert et al. 1990), and contrast silvicultural treatments 17 

and developmental stages (Ledig et al. 1970, Naidu et al. 1998). The overwhelming 18 

majority of studies conducted in forest ecosystems have documented aboveground 19 

dynamics only, due to the difficulty of sampling and estimating coarse and fine root 20 

biomass (Santantonio et al. 1977, Kapeluck and Van Lear 1995).   21 

Many previous studies, spanning a range of species, have reported a strong 22 

correlation between leaf area and annual stemwood biomass (volume) production (Vose 23 
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and Allen 1988, Long and Smith 1992). This relationship, referred to as leaf area 1 

efficiency or growth efficiency, is used as an index for assessing differences in growth 2 

performance among species (Colbert et al. 1990, Xiao et al. 2002), crown classes 3 

(O’Hara 1988), age class cohorts (O’Hara 1996), genotypes (McCrady and Jokela 1998), 4 

silvicultural treatments (Colbert et al. 1990) and stand developmental stages (Jokela and 5 

Martin 2000).   6 

Age-related declines in growth efficiency (mainly after canopy closure) have been 7 

observed in a variety of forest types (Long and Smith 1992; Binkley et al. 1995; Seymour 8 

and Kenefic 2002).  Jokela and Martin (2000) reported that stemwood growth efficiency 9 

was three times higher at age 7-9 yr than at 14-16 yr in a Florida loblolly pine stand, and 10 

suggested that nutrient limitations may in part be responsible.  In subalpine fir (Abies 11 

lasiocarpa (Hook.) Nutt.) and lodgepole pine (Pinus contorta Dougl. ex Loud.) stands, 12 

Roberts and Long (1992) and Roberts et al. (1993) reported that as trees grew older, 13 

crown abrasion, an unfavorable light environment due to minimal height increases, and 14 

an increasing ratio of non-photosynthetic to photosynthetic tissues (i.e., 15 

respiration/photosynthesis ratio) caused net carbon accretion and growth efficiency to 16 

decline.  Other hypotheses related to hydraulic resistance, reproduction and belowground 17 

carbon costs, and tissue maturation have been proposed as factors contributing to 18 

temporal declines in net primary production and growth efficiency (Yoder et al. 1994; 19 

Schoettle 1994; Gower et al. 1996; Ryan et al. 1997; Smith and Resh 1999).  Recently, 20 

Binkely et al. (2002) hypothesized that differences in resource use efficiency between 21 

dominant and nondominant trees may have contributed to declines in stand-level growth 22 

in Eucalyptus stands.  23 
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Reliance on intensively managed plantations has been advocated as a means to 1 

efficiently supply societal wood needs by concentrating timber production on those sites 2 

capable of producing high yields (Sedjo and Botkin 1997).   Dedicating forest lands to 3 

intensive management would allow other societal benefits to accrue, such as enhanced 4 

biodiversity, aesthetics, and recreation from natural forests (Fox 2000).  Intensive 5 

management involves manipulation of site resources, such as soil nutrient supply, to 6 

ameliorate growth-limiting factors.  A variety of silvicultural treatments, including 7 

chemical and mechanical site preparation, understory competition control, fertilization, 8 

and stand density management have been used in combination with genetically improved 9 

growing stock to increase tree and stand level productivity.   Although levels of 10 

production can be increased by several hundred percent by using intensive management 11 

systems (Cromer and Williams 1982; Allen et al. 1990; Colbert et al. 1990), the 12 

sustainability of rapidly growing plantations has been questioned, and specific concerns 13 

center on soil quality and long-term site productivity (Fox 2000).   14 

Soils within the southeastern United States have inherently low supplies of N and 15 

P, and forest fertilization has been operationally practiced in loblolly (Pinus taeda L.) and 16 

slash pine (P. elliottii Engelm. var. elliottii) plantations since the 1960’s (Pritchett and 17 

Llewellyn 1966).  Aboveground growth responses associated with nutrient additions, 18 

both at time of planting and after canopy closure, have been large for these species 19 

(Pritchett and Comerford 1982; Jokela et al. 1988; Allen et al. 1990).  Micronutrient 20 

responses (Mn) have also been documented in rapidly growing stands fertilized with N, 21 

P, and K (Jokela et al. 1991).  Yet, growth dynamics and nutrient demands of fast-22 

growing loblolly pine stands are still poorly understood.   Little is known, for example, 23 



 

 

 

50

regarding belowground production, temporal and developmental changes affecting 1 

growth efficiency, and how soil nutrient supply and dry matter allocation patterns affect 2 

these processes.    An understanding of factors controlling and limiting forest 3 

productivity, including anthropogenic-induced effects, will be essential for developing 4 

site-specific management regimes that maintain or enhance soil quality and sustainable 5 

forestry.   6 

The current study was designed to examine early growth dynamics of intensively 7 

managed loblolly pine stands growing on lower Coastal Plain Spodosols in the 8 

southeastern USA.  Thirteen stands, arranged as a chronosequence, were used to: (1) 9 

quantify above- and belowground biomass production and nutrient accumulation; and (2) 10 

examine how growth efficiency changed with respect to stand age, plant nutrient status 11 

and biomass distribution patterns.  12 

 13 

Materials and methods 14 

Study sites and procedures 15 

The study was conducted in 13 fast-growing loblolly pine plantations that ranged 16 

in age from 1 to 4 yr in the lower Coastal Plain region of southern Georgia (Table 1).  17 

The sample plantations were established on sandy Spodosols (sandy siliceous, thermic 18 

Ultic Alaquods and Oxyaquic Alorthods) derived from marine sediments.  The soil 19 

nutrient reserves are inherently low, as the A horizon is comprised predominantly of 20 

quartz sand that has both low organic matter content and cation exchange capacity (<5 21 

cmolckg-1; Table 2).  Mean annual precipitation for the study sites ranged from 1250 to 22 

1275 mm, although during the 2-yr study period, droughty conditions persisted.  Annual 23 
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precipitation levels during 1999 and 2000 were about 8 and 33% below the long-term 1 

recorded averages, respectively.   2 

Prior to planting, all sites received mechanical site preparation (chopped, burned, 3 

disked, and bedded).  Genetically improved 1-yr-old loblolly pine seedlings were planted 4 

at a 1.8 x 3.7 m spacing.  Post establishment treatments were generally similar among 5 

sites.  Understory vegetation was chemically controlled during the first two growing 6 

seasons using directed spray application of herbicides applied at labeled rates (i.e., 7 

hexazinone, sulfometuron, imazypyr, glyphosate).   Nitrogen and P fertilizers were 8 

applied during the first growing season at elemental rates of 30 and 33 kg ha-1, 9 

respectively.   Additional applications of N, P, K, and B were applied during the third 10 

growing season at elemental rates approximating 90, 25, 40, and 1.5 kg ha-1, respectively.    11 

Above- and belowground biomass sampling procedures were previously 12 

described by Adegbidi et al. (2002). Briefly, destructive biomass harvests were conducted 13 

during early fall of 1999 and 2000 to develop site-specific equations for estimating stand 14 

dry weights.  Eight trees per site, representing the range in tree sizes, were felled at 15 

ground line onto a tarp and separated into foliage, live branches, dead branches, 16 

stemwood, and bark components.  Taproots were excavated using a backhoe and washed 17 

to remove soil particles.   Coarse root biomass was determined by screening a known 18 

volume of soil from three pits per site (0.7 m wide, 1.9 m long and 1.0 m deep) 19 

positioned between planted trees and rows.  Fine root biomass was estimated using root 20 

counts (n = 60, 100 cm2 cells/soil pit), soil core samples (n = 6 or 7, 1000 cm3 cores/soil 21 

pit), and regression relationships based on root number and root length (Böhm 1979; 22 

Escamilla et al. 1991; Adegbidi et al. 2002).  Total fresh weights were determined in the 23 
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field and all tissues were subsampled for determining moisture contents and dry weights 1 

(70oC) in the laboratory.  Regression and covariance analyses indicated that two separate 2 

regression equations could be used to predict aboveground and total tree biomass for the 3 

1- and 2-yr-old and 3- and 4-yr-old stands across all locations (Adegbidi et al. 2002).   4 

The biomass equations were applied to inventory data (heights, diameters - 1.37 m) 5 

collected on three plots (261 m2) per site to estimate dry matter accumulation and 6 

increment. Corrections for logarithmic bias were made on all biomass estimates 7 

(Baskerville 1972).    8 

Subsamples of fresh needles were collected from each tree and specific needle 9 

area (SNA; all-sided) was determined using a volume displacement procedure (Johnson 10 

1984). Total all-sided leaf area index (LAI) was estimated for each site as the product of 11 

total needle biomass and average SNA. Growth efficiency (i.e., annual dry matter 12 

increment / leaf area) was computed by tree component to examine ontogenetic and 13 

treatment effects on growth processes.  Litterfall estimates were also made in the 3- and 14 

4-yr-old stands.  Collections in all 3-yr-old stands were made in December from four 15 

random locations (0.7 m2 quadrats) in each plot.   Peak litterfall occurs during October 16 

and November and does not become significant until the third year because loblolly pine 17 

retains its needles for two growing seasons (Dalla Tea and Jokela 1991).  Monthly 18 

litterfall collections were also made at one 4-yr-old site using six littertraps per plot (0.7 19 

m2; n = 18) that were randomly installed in both the bed and interbed areas.   20 

Plant tissue was kept on ice until transported to the University of Florida campus 21 

where it was oven-dried at 700C to a constant weight. They were ground in a Wiley Mill 22 

to pass a 2 mm mesh stainless steel screen.  Nitrogen was determined with the semi-23 
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micro Kjeldahl method (Thomas et al. 1967). All other nutrients were measured by dry 1 

ashing in a muffle furnace at 5000C for 3 h, then digesting at 1800C in 8 cm3 of 4.8 M 2 

HCl until dry, followed by digesting in 5 cm3 of 12.1 M HCl until dry.  Digested samples 3 

were then taken up in 0.1 M HCl and analyzed on an inductively-coupled argon plasma 4 

emission spectrometer.  The 1-yr-old sites were sampled for soil characterization and 5 

samples were analyzed for pH, effective cation exchange capacity by summation of 6 

exchangeable bases and 1 M KCl extractable Al, soil particle size by hydrometer, 7 

Mehlich I extractable P, and organic matter by loss on ignition. Plant nutrient content (kg 8 

ha-1) was estimated for each stand as the product of tree component dry weights and 9 

average tissue nutrient concentrations. 10 

Inventory and foliar nutrient data were obtained from four additional sites 11 

(hereafter, referred to as independent sites) established on Spodosols in the same general 12 

locale by International Paper Co.  All sites received comparable management inputs 13 

(fertilization, competition control) as the age sequence stands, and they were inventoried 14 

annually (1-4 yrs).   Estimates of biomass were made using the same allometric equations 15 

described above.  Foliage samples were collected annually from the upper third of the 16 

crown during the dormant season (December - January).  All tissues were analyzed using 17 

a wet digestion procedure (H2SO4; H2O2; Jones et al. 1991), with N determinations made 18 

using an Aipkem Flow Solution IV analyzer, and concentrations of other nutrients 19 

determined using an inductively-coupled argon plasma emission spectrometer.    20 

Correlation analyses were used to examine relationships between growth 21 

efficiency and foliar nutrient concentrations (SAS Institute, 1996).  All significance tests 22 

were made at α = 0.05.  23 
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Results and discussion  1 

 Tree biomass production and distributions  2 
 3 

Total tree biomass accumulation (above- and belowground) of the sampled stands 4 

increased rapidly over the first four growing seasons, ranging from about 13 tons ha-1 at 5 

age 2 to 49.7 tons ha-1 at age 4 (Figure 1).  These levels of biomass accumulation are 6 

about 20-fold higher than that expected from extensively managed stands growing on 7 

Spodosols (age 4 yrs) that did not receive fertilizer additions or understory competition 8 

control treatments at establishment (Colbert et al. 1990). Samuelson et al. (2001) reported 9 

an aboveground biomass estimate of 40.5 tons ha-1 for an intensively managed 10 

(fertigation + pest control) 4-yr-old loblolly pine stand in Georgia.  Soils associated with 11 

that experiment were inherently more fertile (old field site) than those in the current study 12 

(aboveground = 35.7 tons ha-1; excluding litterfall), which may account for the 13 

differences (13% higher than current study) in biomass accumulation.  14 

Leaf area development followed a similar pattern and reached a maximum of 15 

≈ 10.5 (all surfaces; ≈ 3.3 projected) at age 3 (Adegbidi et al. 2002).  The largest increase 16 

in annual biomass increment (total tree) approached 25 tons ha-1 yr-1 during the fourth 17 

growing season, which also coincided with peak leaf area development.  These levels of 18 

biomass increment, as well as those documented by Samuelson et al. (2001), are among 19 

the highest reported for loblolly pine at this age within its native range. 20 

The distributions of above- and belowground biomass by tree component were 21 

variable over time (Figure 1). Foliage accounted for about 30% of total tree biomass 22 

(standing crop) at age 2 and then declined to 14% by age 4.  Stemwood continued to 23 

increase over time, ranging from about 10% at age 1 to 34% at age 4; bark also showed a 24 
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modest increase (from 3% to 6%) over the same period.   In contrast, after peaking at 1 

25% during the second growing season, live branches accounted for a decreasing 2 

percentage of total tree biomass by age 4 (18%).  With the exception of fine roots, that 3 

also accounted for a decreasing percentage of total biomass over time (age 1 = 30%, age 4 

4 = 3%), coarse root and tap roots remained fairly constant (i.e., about 11 to 15% for 5 

stump + tap root, and 7 to 12% for coarse roots).  Overall, roots (tap, coarse, fine) 6 

accounted for about 30% of total tree biomass in these 4-yr-old stands.   7 

The biomass distribution patterns reported here highlight the dynamic nature of 8 

growth during the early stages of stand development.  As loblolly pine retains its needles 9 

for only 2 yrs, significant carbon construction costs are associated with foliage and 10 

branch production during this phase of rapid leaf area accretion (Chung and Barnes 11 

1977).  Once canopy closure and intraspecific competition become more significant, 12 

foliage loss and branch recession from the lower crown occurs in response to self-shading 13 

(e.g., age 4; McCrady and Jokela 1996).   Intensive management practices like forest 14 

fertilization can accelerate tree growth and stand structural changes (Miller 1981; Colbert 15 

et al. 1990), with the ratio of woody/total biomass increasing and foliage/total biomass 16 

decreasing over time.  Jokela and Martin (2000) reported that stemwood biomass 17 

distributions (aboveground) in 13-yr-old loblolly pine stands increased in response to a 18 

fertilizer and weed control (FW) treatment compared to an untreated control (C) (FW, 19 

66%; C, 63%), while the opposite was true for foliage (FW, 6.8%; C 8.7%).  Albaugh et 20 

al. (2002) similarly found that stemwood and foliage biomass distributions averaged 66% 21 

and 5%, respectively, in an intensively managed 16-yr-old loblolly pine stand growing on 22 

xeric sands in North Carolina.  Close correspondence between studies highlight the 23 
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predominant role that ontogeny appears to play in affecting the aboveground dry matter 1 

distribution patterns for this species.  2 

 Nutrient accumulations and distributions  3 

Rapidly growing southern pine stands place high nutrient demands on the soil, 4 

especially during the canopy development phase.   Yet, few estimates of nutrient 5 

accumulation and uptake exist for fast growing southern pine plantations (e.g., Switzer 6 

and Nelson 1972). Such data are critical for quantifying plant nutrient demands and 7 

developing fertilizer prescriptions based on soil nutrient supply.  Especially rare are 8 

studies quantifying belowground nutrient contents (Van Lear et al. 1984; Gholz et al. 9 

1985).   10 

In the current study, nutrient accumulations were proportional to biomass 11 

increases (Table 3), with the 4-yr-old stands accumulating about 195 kg N ha-1 and 22 kg 12 

P ha-1 (total tree).  The crown represented the dominant pools for both N and P at age 4 13 

yr, with about 52-59% contained in foliage, live and dead branches; roots accumulated 14 

about 23% of the N and 29% of the P.  Needlefall N and P returns at age 4 averaged 28 15 

and 2.9 kg ha-1 yr-1, respectively, which closely matches the values of 24.8 and 3.3 kg ha-16 

1 yr-1 reported by Dalla Tea and Jokela (1994) in north-central Florida for a 7-yr-old 17 

loblolly pine stand growing on similar soils and managed using comparable silvicultural 18 

treatments.   19 

Cation (K, Ca, Mg) accumulations in the tree biomass were also highest in the 20 

aboveground components (Table 3). By age 4, K, Ca, and Mg accumulations were 21 

approximately 86, 72, and 28 kg ha-1, respectively.  Foliage and live branch 22 

accumulations were about 53% for K, 49% for Ca, and 47% for Mg.  Calcium 23 
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accumulations were also significant in litterfall, accounting for about 16 kg ha-1 (18%).  1 

Cation distributions in roots became a more significant pool over time and ranged from 2 

about 28% for Ca to 31% for Mg at age 4.  Overall, the fine root standing crop at time of 3 

sampling represented a small nutrient pool, accounting for less than 5% of the stand total 4 

nutrient content. 5 

When expressed on an annual basis, differences in net accumulation (including 6 

litterfall) among years ranged from about 60-73 kg ha-1 yr-1 for N and 6-8 kg ha-1 yr-1 for 7 

P (Table 3).   Annual cation accumulation rates were about 24-31 kg ha-1 yr-1 for K, 24-33 8 

kg ha-1 yr-1 for Ca, and 9-11 kg ha-1 yr-1 for Mg.  Although these estimates do include fine 9 

root biomass and litterfall inputs (age 3 and 4), they do not account for seasonal fine root 10 

turnover, exudation and canopy leaching.  Gholz et al. (1985) reported that canopy 11 

leaching for N and P was negligible in developing slash pine plantations, and because 12 

fine roots represented such a small nutrient pool for these stands, the estimates of annual 13 

nutrient accumulation likely represent reasonable approximations of annual soil uptake.  14 

In contrast, cation leaching can be more significant in developing pine plantations (Gholz 15 

et al. 1985) and annual soil uptake rates for K, Ca, and Mg would likely need to be 16 

elevated by another 5-15% based on the estimates reported above.     17 

In comparison to extensively managed stands (Colbert 1988; Table 3), the nutrient 18 

accumulation levels for the intensively managed plantations sampled in this study were 19 

about 15-fold greater.  These results clearly demonstrate that sustaining high levels of 20 

productivity places correspondingly high levels of demand on soil nutrient pools.  The 21 

nutrient uptake estimates reported here are reflective of what would be expected in a non-22 

competitive (inter-specific) environment, as understory vegetation was largely absent in 23 
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these stands.  Previous research has reported that understory competition can significantly 1 

decrease overall fertilizer uptake efficiency.  For example, Colbert (1988) estimated that 2 

N fertilizer recovery (total tree) in a 4-yr-old loblolly pine stand averaged 28% when 3 

grown in the presence of Flatwoods understory species (e.g., Illex glabra (L) Gray; 4 

Serenoa repens (B.) Small.) and panic grasses (Panicum spp. and Dicanthelium spp.) and 5 

63% when all understory competitors were controlled.  Phosphorus fertilizer uptake 6 

efficiency was considerably lower, ranging from about 10% with competitors to 23% 7 

when the competition was chemically controlled.  8 

 Growth efficiency    9 

Previous studies with southern pines have documented a strong relationship 10 

between LAI and annual biomass production (Vose and Allen 1988; Colbert et al. 1990, 11 

McCrady and Jokela 1998; Samuelson et al. 2001).  Growth efficiency (GE), expressed 12 

as total biomass (above- and belowground) increment per unit leaf area, incorporates both 13 

the effects of carbon allocation and photosynthetic efficiency (Waring 1983).   A variety 14 

of factors can influence GE, including genetics, environmental and physiological stresses 15 

(nutrition), and age-related changes due to stand structure and development (Waring and 16 

Running 1998; Binkley et al. 2002; Will et al. 2002).    17 

In the current study, large differences in GE were apparent over time for the 13 18 

sampled stands (Figure 2A).  For example, consistent declines in GE (over 50%) 19 

occurred among sites between the second and third growing seasons (2.6 vs. 1.3 Mg ha-1 20 

yr-1/unit LAI).  By the fourth year, however, GE recovered to earlier levels (3.0 Mg ha-1 21 

yr-1/unit LAI).   An independent data set was assembled from four additional sites that 22 

had similar soils, silvicultural treatments and growth rates.  Each site was annually 23 
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monitored and reproducible declines in GE, that averaged 32%, were also apparent 1 

between the second and third growing seasons for these sites (Figure 2A).   2 

Our estimates of total tree GE at age 4 are higher than those observed by Albaugh 3 

et al. (1998) for 9- and 12 yr-old loblolly pine stands (3.0 versus 1.9 Mg ha-1 yr-1/unit 4 

LAI).  In closely spaced 4-yr-old loblolly pine stands, McCrady and Jokela (1998) 5 

observed a range of 2.7 to 4.2 Mg ha-1 yr-1/unit LAI for aboveground GE compared to 2.1 6 

Mg ha-1 yr-1/unit LAI in the current study. Other 4-yr-old intensively managed loblolly 7 

pine stands had lower values of GE than our estimates: 0.6 Mg ha-1 yr-1/unit LAI (Colbert 8 

et al. 1990) and 1.0 Mg ha-1 yr-1/unit LAI (Samuelson et al. 2001) for stemwood GE and 9 

stem + branch GE, respectively, compared to 1.2 and 1.7 Mg ha-1 yr-1/unit LAI in the 10 

current study.  11 

Most literature estimates of GE are based on aboveground stemwood production 12 

rather than total tree production due to the difficulty of sampling foliage, branches and 13 

roots.   As such, a common finding with shade intolerant species is that stemwood GE 14 

generally increases until maximum LAI is attained.  As crown size continues to increase, 15 

stemwood GE tends to decrease as an increasing proportion of the leaf area is displayed 16 

on large, older branches in the lower crown that are sustained physiologically at the 17 

expense of stemwood production (Long and Smith 1989; Jack and Long 1992).    18 

Total tree destructive sampling conducted in the current study provided a unique 19 

opportunity to examine which biomass components may have contributed to the observed 20 

GE declines between years 2 and 3.  Stemwood GE (Figure 2B) generally increased over 21 

time for all sampled stands and did not appear directly involved with the observed 22 

declines in total tree GE.  In part, this may reflect changing carbon allocation patterns in 23 
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developing stands, as stemwood dry matter distributions doubled (16 vs. 34%) between 1 

years 2 and 4.  In contrast, branch and taproot GE both exhibited large declines between 2 

the second and third years (Figures 2C, 2D), and these results closely mirrored the 3 

declines previously described for total tree GE.  Consistency in these trends was 4 

generally observed among all of the stands sampled (e.g., chronosequence n=13), 5 

including the four independent sites.  6 

Possible explanations for the temporal declines in GE could include: i) drought 7 

effects, as the study period included several drought years, ii) carbon allocation responses 8 

to the silvicultural treatment and concomitant changes in stand structure, iii) growth and 9 

maintenance respiration associated with increasing tree size, or iv) nutrient deficiencies 10 

and antagonisms induced through rapid tree growth (e.g., foliar dilution) and fertilizer 11 

treatments.  The drought hypothesis is perhaps the least likely explanation because 12 

sampling was conducted across age classes within the same year and comparable declines 13 

were only noted at age 3 in the 13 chronosequence stands.  Moreover, results from the 14 

four independent stands showed consistent responses, and their development was 15 

associated with different sample years (1995-1998) and varying levels of precipitation.    16 

Significant changes in carbon allocation patterns do occur over time and nutrient 17 

amendments have reportedly affected these processes in conifers (Cropper and Gholz 18 

1994; Haynes and Gower 1995; Beets and Whitehead 1996).  Albaugh et al. (1998) 19 

hypothesized that fertilization and irrigation treatments may have influenced a change in 20 

total biomass production efficiency in a loblolly pine stand as a result of greater 21 

allocation to foliage and less allocation to fine roots.   Haynes and Gower (1995) reported 22 

that both fine and coarse root production in red pine (Pinus resinosa Ait.) plantations in 23 
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northern Wisconsin were significantly lower in fertilized than unfertilized plots.  1 

Although data from this study do not allow rigorous testing of this hypothesis, fertilizer 2 

induced reductions in carbon allocation to fine roots, especially during the early stages of 3 

stand development, could have led to reduced fine root numbers, and concentrated their 4 

distribution in the surface horizons (i.e., A, E) that have inherently poorer nutrient supply 5 

characteristics than the lower solum (i.e., Bt; Table 2).  Little is generally known, 6 

however, regarding the plasticity of allocation and function of fine roots of loblolly pine 7 

in relation to nutrient uptake and silvicultural treatments.  An investigation comparing 8 

intensively and extensively managed stands could provide additional insight as to 9 

whether the temporal declines in GE are ontogenetically controlled and expressed in 10 

terms of a lag time effect.   11 

In contrast, reductions in GE were associated with increasing tree size (Figure 3).   12 

Those plots that had the highest levels of biomass accumulation and associated nutrient 13 

demands at age 2 yr generally exhibited the largest declines in GE at age 3 yr.   Doubling 14 

stemwood biomass and leaf area during this time interval should have increased 15 

respiration and biosynthesis costs at the expense of other tissues (particularly live 16 

branches, taproot and coarse roots), especially since needles have one of the highest 17 

carbon construction costs (Chung and Barnes 1977), and increasing the proportion of 18 

woody tissues would have increased the overall respiration costs (Yoda et al. 1965).  It 19 

seems unlikely, however, that increased growth and maintenance respiration demands 20 

would be responsible for these fluxes in GE, especially with the recovery noted in year 4.  21 

Cropper and Gholz (1993) similarly concluded that growth respiration was not a large 22 

proportion of the carbon budget in a Florida slash pine plantation. 23 
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Rapid growth rates associated with intensive forest management can induce 1 

nutrient deficiencies (Stone 1990).  Nutritional disorders may be short-lived and diminish 2 

as root systems exploit greater soil volumes and nutrient reserves, or they may persist as 3 

subacute deficiencies (e.g., micronutrients – Mn, Zn, Cu, B) until they are corrected with 4 

fertilizer additions (Jokela et al. 1991).   Few, multi-year foliar analysis data exist for 5 

intensively managed loblolly pine stands in this region.  Annual foliage samples collected 6 

in January from the four independent test sites were used to document how intensive 7 

management affected temporal nutrient concentrations on these sandy Spodosols (Figure 8 

4).  9 

The trends for most elements demonstrated a clear dilution in foliar 10 

concentrations over time, especially between the 2nd and 3rd years.  Although critical 11 

foliar nutrient levels for growth are not known with any exactness for loblolly pine (Allen 12 

1987), the magnitude of dilution exceeded 50% for most of these elements.  13 

Concentrations of Ca and Mg, after declining between years 2 and 3, began to rise to 14 

levels of sufficiency in subsequent years, even though fertilizer additions did not include 15 

these elements (Figure 4).  A noted exception was IP site  #1, whose foliar Mg levels in 16 

year 4 still remained below (-40%) the critical level.  This site also had the lowest soil 17 

exchangeable Mg levels in all horizons (data not shown). 18 

Foliar levels of Cu and Zn both exhibited sharp declines over the first three years 19 

of growth (Figure 4).  Large and consistent declines in Mn were also found among sites, 20 

with little evidence of a recovery over time.  Similarly, foliar S concentrations became 21 

progressively lower as the sample stands aged.  In contrast, B concentrations increased 22 

dramatically following fertilization, being 200-500% greater than the critical level in year 23 
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3.  Potassium concentrations, like B, also increased following fertilization and then 1 

declined among sites in subsequent years. Operationally, these sites received N and P 2 

applications in year 1, as well as N, P, K, and B applications during the third growing 3 

season (90, 25, 40, and 1.5 kg ha-1, respectively).  4 

Correlation analyses based on foliar data collected from all the experimental sites 5 

suggested that the higher declines in GE were generally associated with decreasing foliar 6 

nutrient levels (Table 4).  For example, declines in branchwood GE were most highly 7 

correlated (negatively) with Cu (r = -0.71), Mg (r = -0.68), and Zn (-0.62).   Similar 8 

findings were generally found for taproot and total tree GE, although foliar Mg was the 9 

single most negatively correlated variable (r = -0.60, r = -0.54, respectively).  In contrast, 10 

B was positively correlated with declines in branchwood (r = 0.62), taproot (r = 0.78), 11 

and total tree GE (r = 0.77).  Foliar B levels were negatively correlated with Mg (-0.54), 12 

Zn (-0.63) and Ca (-0.47) concentrations. Although B toxicity is unlikely given the 13 

application rate used, inadequate mixing of B fertilizers with carrier materials and 14 

irregular placement has reportedly contributed to growth abnormalities and symptoms of 15 

excess (Stone 1990).   16 

Nitrogen and P deficiencies have been well documented in southern pine stands 17 

growing on flatwoods Spodosols. However, there have also been indications of other 18 

nutrient deficiencies on these soils. Micronutrient deficiencies in various crop and 19 

ornamental plants are common in the southeastern U.S. (Fiskell et al. 1965).   For 20 

example, micronutrient additions (Mn, Zn, B, Cu, and Fe) have been an integral part of 21 

citrus management in Florida over the past 50 years on sandy soils that have low 22 

exchange capacities (Reitz et al. 1954, Koo 1988).  Jokela et al. (1991) documented a Mn 23 
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deficiency in slash pine on a north Florida Spodosol and concluded that additional 1 

examples of micronutrient stress would be found on poorly to moderately well-drained 2 

Spodosols when intensive silvicultural practices accelerated early stand growth.   3 

While not yet documented as a cause of growth declines in the southeastern U.S., 4 

Albaugh et al. (1998) reported low foliar Mg levels in an intensively managed loblolly 5 

pine experiment in North Carolina, while Xiao (2000) established that intensive 6 

management decreased foliar Mg concentrations in two, 3-yr-old loblolly pine stands in 7 

north central Florida.  8 

Multiple nutrient deficiencies are complex and poorly understood, as are the 9 

rooting habits and nutrient supply characteristics of varying soil horizons (e.g., Bhs, Bt). 10 

As this study was not designed to investigate multiple nutrient deficiencies and their 11 

interactions with growth, it is not possible to conclusively demonstrate whether reduced 12 

nutrient uptake, either from low levels of soil supply in the surface horizons, reduced 13 

carbon allocation to fine roots, dilution effects, or applications of other elements (e.g., N, 14 

P, K, B) could have contributed to the temporal dynamics in GE for loblolly pine. We 15 

feel that the nutrient deficiency hypothesis is the most reasonable explanation.  Yet, these 16 

stands have exhibited high levels of growth, which even raises some doubt on this 17 

hypothesis.  The mechanisms and interactions by which additions of one or more 18 

nutrients induce or intensify deficiencies of other elements are poorly understood.   19 

Similarly, little is known on how reduced leaf nutrient status, particularly for elements 20 

other than N, affects photosynthesis rates/leaf area in loblolly pine.   It is clear that a 21 

better understanding of carbon allocation processes, nutrient requirements and critical 22 

nutrient levels of fast growing southern pines will be required to maintain the 23 
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sustainability of biomass production, given this level of silvicultural treatment intensity in 1 

the southeastern U.S.  2 

Conclusions 3 

Results from this study have highlighted several issues and challenges that land 4 

managers and researchers will face when practicing intensive silviculture on sandy 5 

Spodosols in the lower Coastal Plain region of the southeastern U.S.  Biomass production 6 

associated with these “new generation” loblolly pine stands have been markedly 7 

improved over the last 30 yrs.  So, too, has been the demand placed on the soil nutrient 8 

capital.  Intensive management and rapid growth rates may induce (dilution) multiple 9 

nutrient limitations and declines in GE, especially during the early stages of stand 10 

development.  As such, multiple element fertilization may be necessary on sandy 11 

Spodosols for maintaining sustainable levels of production with loblolly pine.  An 12 

enhanced understanding of the soil chemical and biological processes that affect nutrient 13 

uptake and plant carbon allocation processes, including soil solution concentrations, 14 

cation leaching, macro- and micronutrient supply, fine root function, retranslocation and 15 

their interactions with intensive silvicultural treatments (e.g., fertilization, weed control 16 

treatments) and genetic sources will be necessary to maintain and enhance soil quality 17 

and long-term site productivity on these soils.    18 

19 
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Figure 1.  Aboveground (A) and belowground (B) biomass accumulation (with standard 2 

error bars) for intensively managed loblolly pine stands growing on Spodosols in the 3 

lower Coastal Plain of Georgia. 4 
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Figure 2.  Temporal dynamics in growth efficiency (GE), by tree component (with 6 

standard error bars), for intensively managed loblolly pine stands growing on Spodosols 7 

in the lower Coastal Plain of Georgia. 8 
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Figure 3.  Relationship between declines in growth efficiency (yr 3) and standing crop 10 

biomass (yr 2) for intensively managed loblolly pine stands growing on Spodosols in the 11 

lower Coastal Plain of Georgia. 12 

 13 

Figure 4.  Deviations of mean foliar nutrient concentrations from published critical levels 14 

for intensively managed loblolly pine stands growing on Spodosols in the lower Coastal 15 

Plain of Georgia. 16 
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Table 1. Characteristics of the experimental sites established in fast-growing loblolly pine plantations in the lower Coastal 
Plain of Georgia, USA. 
 
Site Location Geographical 

Coordinates 
Soil series Planting 

date 
Planting density 

(stems ha-1)  
Age at 
samplin
g 

Basal 
area 

(m2 ha-1) 

Mean 
Height (m) 

#1 Jones, GA 31039’N - 81029’W Olusteea and Mascotte Nov. 1998 1495 1-year-old - 1.3 

#2 Eulonia, GA 31037’N - 81023’W Mascotteb Nov. 1998 1495 1-year-old - 1.2 

#3 Eulonia, GA 31036’N - 81024’W Mascotte Nov. 1998 1495 1-year-old - 1.2 

#4 Jones, GA 31039’N - 81029’W Olustee and Mascotte Nov. 1998 1495 2-year-old - 3.3 

#5 Eulonia, GA 31037’N - 81023’W Mascotte Nov. 1998 1495 2-year-old - 3.0 

#6 Eulonia, GA 31036’N - 81024’W Mascotte Nov. 1998 1495 2-year-old - 3.0 

#7 Eulonia, GA 31036’N - 81025’W Olustee Nov. 1997 1495 3-year-old 5.5 4.7 

#8 Eulonia, GA 31036’N - 81023’W Mascotte Nov. 1997 1495 3-year-old 5.6 5.3 

#9 Eulonia, GA 31037’N - 81024’W Mascotte Nov. 1997 1495 3-year-old 5.8 5.4 

#10 Rincon, GA 32015’N - 81016’W Rigdonc Oct. 1995 1495 4-year-old 14.5 6.9 

#11 Rincon, GA 32015’N - 81016’W Rigdon Oct. 1995 1495 4-year-old 11.2 6.5 

#12 Eulonia, GA 31037’N - 81024’W Mascotte Oct. 1995 1495 4-year-old 13.1 7.2 

#13 Eulonia, GA 31035’N - 81024’W Rigdon Oct. 1995 1495 4-year-old 14.0 7.3 

aOlustee: Sandy, siliceous, thermic, Ultic Alaquods; b Mascotte: Sandy, siliceous, thermic, Ultic Alaquods; 
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  cRigdon: Sandy, siliceous, thermic, Oxyaquic Alorthods.
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Table 2.  Mean soil characterization properties for three, 1-yr-old experimental sites established in fast-growing loblolly pine 
plantations in the Coastal Plain of Georgia. Each value represents a mean based on 3 soil pits per stand and 3 experimental locations. 
 
 

Soil 
Horizon 

Depth 
cm 

pH 
in 

H2O 

Mehlich 
P 

ug/g 

Ca 
cmole+ 

kg-1 

Mg 
cmole+ 

kg-1 

Na 
cmole+ 

kg-1 

K 
cmole+ 

kg-1 

Al 
cmole+ 

kg-1 

ECEC 
cmole+ 

kg-1 

Sand
% 

Silt
% 

Clay
% 

Organic 
Matter 

% 

TKN 
mg g-1 

Bulk 
Density 
g cm-3 

Ap 0-22 4.0 5.1 0.080 0.051 0.013 0.020 1.416 1.580 84 13 3 3.9 0.70 1.09 
E 22-37 4.2 2.0 0.035 0.015 0.004 0.006 0.504 0.564 90 6 4 0.9 0.20 1.34 

Bh 37-56 4.3 1.8 0.149 0.045 0.014 0.020 1.663 1.891 82 11 7 3.4 0.54 1.21 
E’ 56-70 4.4 1.5 0.026 0.037 0.011 0.010 0.763 0.847 87 7 6 0.7 0.15 1.48 
Bt 70-

100 
4.5 0.6 0.080 0.117 0.031 0.028 3.01 3.266 72 8 20 2.2 0.25 1.48 
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Table 3.  Nutrient accumulations for intensively managed loblolly pine plantations growing on Spodosols 
in the lower Coastal Plain of Georgia, USA (means above, standard errors in parentheses).                                                    
                                                                              Total nutrient content (kg ha-1) 

                            

Stand Age Component N P K Ca Mg 

       

1 yr Stem 0.8 0.1 0.4 0.2 0.1 

  (0.07) (0.02) (0.03) (0.02) (0.01) 

 Bark 0.6 0.1 0.4 0.1 0.1 

  (0.01) (0.01) (0.01) (0.02) (0.01) 

 Foliage 12.1 1.0 4.0 1.5 0.8 

  (0.11) (0.03) (0.12) (0.16) (0.04) 

 Live branches 2.1 0.3 1.1 0.6 0.3 

  (0.08) (0.02) (0.06) (0.10) (0.03) 

 Coarse roots 2.0 0.4 1.4 0.2 0.2 

  (0.44) (0.05) (0.28) (0.05) (0.05) 

 Fine roots 8.5 1.1 1.9 2.0 0.8 

  (1.46) (0.36) (0.67) (0.21) (0.12) 

 Stump + tap root 1.4 0.2 0.9 0.3 0.2 

  (0.01) (0.02) (0.09) (0.03) (0.01) 

 Aboveground 15.6 1.5 5.9 2.4 1.3 

  (0.14) (0.06) (0.16) (0.29) (0.08) 

 Belowground 11.9 1.7 4.2 2.5 1.2 

  (1.90) (0.41) (0.95) (0.27) (1.90) 

 Total tree 27.5 3.2 10.1 4.9 2.5 

  (1.92) (0.41) (1.02) (0.13) (1.92) 

       

2 yr Stem 5.1 0.6 2.2 1.4 0.9 

  (0.23) (0.04) (0.18) (0.13) (0.04) 

 Bark 2.5 0.3 1.1 1.1 0.4 

  (0.25) (0.03) (0.16) (0.08) (0.03) 

 Foliage 52.2 5.6 15.2 10.7 5.3 

  (5.0) (0..51) (0.95) (0..99) (0..34) 

 Live branches 13.7 1.8 7.1 7.2 2.8 
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  (0.83) (0.15) (0.69) (0.98) (0.17) 

 Coarse roots 5.0 1.0 3.1 1.6 1.2 

  (1.15) (0.09) (0.29) (0.07) (0.14) 

 Fine roots 5.5 1.1 2.3 1.3 1.1 

  (1.44) (0.33) (0.39) (0.13) (0.20) 

 Stump + tap root 6.0 0.9 3.8 2.1 1.1 

  (0.87) (0.13) (0.69) (0.47) (0.12) 

 Aboveground 73.5 8.3 25.6 20.4 9.4 

  (6.25) (0.65) (1.48) (1.84) (0.57) 

 Belowground 16.5 3.0 9.2 5.0 3.4 

  (2.61) (0.33) (0.33) (0.31) (0.20) 

 Total tree 90.0 11.3 34.8 25.4 12.8 

  (6.82) (0.33) (1.81) (2.14) (0.43) 

       

3 yr Stem 14.4 1.5 6.0 4.2 2.3 

  (0.51) (0.04) (0.47) (0.05) (0.14) 

 Bark 5.5 0.5 2.5 2.7 0.6 

  (0.14) (0.01) (0.04) (0.11) (0.04) 

 Foliage 80.9 8.1 28.1 18.6 8.4 

  (4.16) (0.28) (1.63) (1.55) (0.24) 

 Live branches 16.6 2.1 8.8 8.5 3.4 

  (0.89) (0.14) (0.71) (0.54) (0.16) 

 Coarse roots 7.0 1.5 4.3 3.1 1.7 

  (2.01) (0.48) (0.91) (0.88) (0.36) 

 Fine roots 7.0 1.2 2.7 2.3 1.3 

  (1.96) (0.39) (0.54) (0.66) (0.32) 

 Stump + tap root 9.2 1.2 5.5 3.3 1.6 

  (0.15) (0.04) (0.45) (0.21) (0.13) 

 Aboveground 117.4 12.2 45.4 34.0 14.7 

  (5.34) (0.41) (2.77) (1.56) (0.22) 

 Belowground 23.2 3.9 12.5 8.7 4.6 

  (4.11) (0.84) (1.08) (1.52) (0.58) 

       

 Total tree 140.6 16.1 57.9 42.7 19.3 
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  (8.72) (1.18) (3.06) (2.14) (0.38) 

 Litterfall 9.9 1.2 1.4 11.8 2.6 

  (0.93) (0.01) (0.15) (0.94) (0.21) 

       

4 yr Stem 25.0 3.0 9.3 10.7 4.7 

  (1.56) (0.19) (0.85) (0.68) (0.37) 

 Bark 10.6 1.0 5.0 5.9 1.6 

  (0.98) (0.11) (0.72) (0.49) (0.21) 

 Foliage 82.5 8.0 29.5 14.9 7.3 

  (4.70) (0.44) (4.23) (0.68) (0.63) 

 Live branches 29.0 3.2 15.5 16.3 5.3 

  (1.40) (0.29) (1.43) (0.58) (0.42) 

 Dead branches 3.4 0.3 0.7 3.6 0.6 

  (0.17) (0.03) (0.17) (0.34) (0.05) 

 Coarse roots 18.5 3.3 13.6 9.6 3.9 

  (1.74) (0.55) (3.58) (1.62) (0.43) 

 Fine roots 9.9 1.1 2.5 3.9 1.7 

  (1.08) (0.28) (0.60) (1.10) (0.66) 

 Stump + tap root 15.7 2.1 10.1 6.7 3.2 

  (0.73) (0.09) (1.00) (0.46) (0.13) 

 Aboveground 150.5 15.5 60.0 51.4 19.5 

  (7.67) (0.83) (6.09) (2.37) (1.60) 

 Belowground 44.1 6.5 26.2 20.2 8.8 

  (2.06) (0.68) (4.82) (1.60) (0.72) 

 Total tree 194.6 22.0 86.2 71.6 28.3 

  (8.78) (1.29) (10.89) (3.47) (1.84) 

 Litterfall 28.2 2.9 5.1 15.6 4.3 

  (5.55) (0.83) (2.36) (1.93) (0.90) 

 Abovegrounda 

Extensive Mgmt. 

10.0 

(3.41) 

1.1 

(0.40) 

3.9 

(1.44) 

3.1 

(1.03) 

2.0 

(0.63) 
 

a From: Colbert (1988) – 4-yr-old loblolly pine growing on Spodosols in north central Florida 

without fertilizer and weed control treatments. 
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Table 4.  Correlation coefficients and probability levels (in parentheses) between declines in 

growth efficiency (GE) and foliar nutrient concentration in loblolly pine. 

     
    

 Branchwood GE Taproot GE Total Tree GE  

 
 

   
N -0.53a -0.14 -0.11  
  (0.023) (0.580) (0.670)  
     
P -0.50 -0.27 -0.20  
  (0.033) (0.275)          (0.424)  
     
K -0.18 -0.03 -0.03  
 (0.474) (0.893) (0.921)  
     
Ca -0.50 -0.48 -0.41  
  (0.035) (0.043) (0.095)  
     
Mg -0.68 -0.60 -0.54  
  (0.002) (0.008) (0.020)  
     
S -0.23 -0.31 -0.21  
 (0.357) (0.207) (0.397)  
     
B 0.62 0.78 0.77  
 (0.006) (0.001) (0.001)  
     
Cu -0.71 -0.56 -0.51  
 (0.001) (0.015) (0.031)  
     
Mn -0.22 -0.02 0.01  
 (0.387) (0.946) (0.954)  
     
Zn -0.62 -0.53 -0.46  
  (0.006) (0.024) (0.054)  

 
a Values in bold represent correlation coefficients with p values < 0.05. 
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 (B) Belowground Components
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FIGURE 1. 
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(A) Total Tree GE
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(B) Stemwood GE
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FIGURE 2
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(C) Branchwood GE
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(D) Growth Efficiency (Taproot)
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FIGURE 2 cont’d
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Magnesium
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Boron
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Manganese
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Appendix 3. ROOT DEVELOPMENT AND ITS RELATIONSHIP WITH ABOVEGROUND 
GROWTH OF LOBLOLLY PINE 

 

ABSTRACT 

 Determining fine root dynamics is fundamental to forest soil nutrient 

management. However little is documented concerning the root development of fast-growing 

loblolly pine on southeastern Coastal Plain Spodosols. Lacking comprehensive process data to 

mechanistically model root development of the southern pines, empirical approaches allow 

patterns to be described and utilized in modeling forest tree growth.  The objectives of this study 

were to 1) investigate the spatial and temporal root development of loblolly pine, 2) evaluate the 

relationship between root length, number of roots exiting a trench face and root mass densities, 

and 3) determine if there is a relationship between fine root and foliage mass as well as root and 

shoot mass during the early stages of stand development. Roots were investigated using a trench 

method where the value of N (# roots cm-2) was used to determine root temporal and spatial 

distribution in the first four years of stand development.  Root density depth distributions fit a 

natural logarithm relationship with soil depth and, from this, and 4 consecutive years data, an 

empirical model of root development over time was developed.  A 2-D evaluation of root 

development showed that roots occupied between 13% to over 60% of the soil volume from year 

1 to year 4.  Regressions between LV and N were weak until root mass and soil depth were 

included. Mass appeared to index a change in root morphology with distance from the stem. 

Lastly, it was shown that fine root mass was related to foliage mass and that this relationship was 

stable after the establishment phase, as was the ratio of root to shoot.  These results add to our 

knowledge of loblolly pine root development, which has been ignored in the majority of studies 

investigating pine growth and development. While much of the data are observational and 
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empirical, it has given a useful picture of root development of loblolly pine development that to 

date has been lacking. 

 

Keywords:  Loblolly pine, Spodosols, root development, root shoot ratio, fine roots, empirical 

modeling. 

 

 Forest tree exploration of the soil profile for water and nutrients is a function of the 

growth and development of the root system and its associated mycorrhizal component.  A 

depletion zone forms around fine roots and their extramatrical mycorrhizal hyphal strands. The 

size of the depletion zone is a function of soil properties and time (Tinker and Nye 2000, pg 

133). The amount of soil in this depletion zone is the soil volume from which the root system is 

extracting a particular nutrient. Therefore, fine root development, both temporally and spatially, 

defines the soil volume from which a forest stand extracts nutrient resources, and in so doing 

defines the magnitude of soil resources available during any time period.  

Providing sufficient nutrients to support the growth requirements of a forest stand is the 

basis of forest soil nutrient management.  Given the obvious importance of fine root dynamics, 

the paucity of even simple fine root depth and lateral distribution data for important commercial 

forest species has restricted a comprehensive understanding of stand development dynamics and 

accurate estimates of net primary production. Such information, especially in relation to varying 

stages of stand developmental, is completely absent for most tree species, yet the root systems 

can represent 10 to 40% of the total tree biomass (Santantonio et al 1977, Fogel 1983).  

 A mechanistic understanding of root dynamics that determine their distribution in the soil 

with time involves developing quantitative relationships between soil characteristics and 1) 



 

 

 

94

allocation of fixed carbon to soil compartments, 2) root mortality and turnover, and 3) 

morphology of the root system that is developed.  However, in the absence of such information, 

empirical observation represents a valid approach for understanding aspects of root dynamics.  

The focus of this research is on fast growing loblolly pine (Pinus taeda L.) managed 

intensively using competition control and nutrient amendment treatments. Loblolly pine root 

distribution is influenced by soil characteristics such as nutrient level (Adams et al. 1989), water 

regime (Hallgren et al. 1991, Ludovici and Morris 1996, Torreano and Morris 1998, Albaugh et 

al. 1998), CO2 and temperature (Larigauderie et al. 1994, King et al. 1996). Although 

observational data can only be extended to similar soils, climatic and plant conditions, they are, 

nevertheless, useful because they add to the growth database of the tree species, stimulate 

thought and answer questions for specific soil and climatic conditions. 

Predicting the supply of nutrients to a forest stand is partly a function of the amount of 

tree roots and their distribution throughout the soil profile (Smethurst and Comerford 1993).  

Nutrient supply is most critical in the establishment and early developmental stages of stand 

growth when the root system is capturing the soil profile. Therefore, the first objective of this 

study was to investigate spatial and temporal development of loblolly pine fine roots during the 

establishment phase and to develop an empirical growth model that characterized their 

development. 

One reason why there is a scarcity of information on root development is the difficulty in 

measuring fine root length and biomass.  Kendall and Moran (1963) and Melhuish and Lang 

(1968) recommended an easy method for field investigations of fine roots. They suggested that 

counts of roots exiting the face of a soil trench could be converted to root length densities by a 

simple algebraic expression: LV = 2N, where LV is root length density (cm cm-3) and N is the 
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root count exiting a trench face (# roots cm-2). Attempts to verify this approach have met with 

varying success (Bennie et al., 1977, Drew and Saker 1980, Bland 1989, Escamilla et al. 1991, 

Lopez-Zamora et al. 2002). Yet, while the equation may not always be appropriate, a correlation 

between LV and N exists and can be used to make field investigations of root distributions less 

demanding (Escamilla et al. 1991, Lopez-Zamora et al. 2002). Therefore a second objective of 

this study was to evaluate the relationship between fine root N with LV and root mass (M; g    

cm-3). 

While root data are scarce, a more extensive database exists on aboveground growth 

dynamics of loblolly pine plantations on southeastern Coastal Plain Spodosols (Devan and 

Burkhart 1982, Sprinz and Burkhart 1987, Liu et al 1989, Grover et al. 1989, Britt et al. 1991, 

Dean and Baldwin 1996, Quicke et al. 1999, Martin and Shiver 2002). An important question is 

whether it is possible to relate aboveground to belowground growth, especially over time.  

Root/shoot relationships have been the focus of several previous loblolly pine investigations 

(Monk 1966, Harris et al. 1977, Pehl et al. 1985, Johnson 1990, Van Lear and Kapeluck 1995, 

King et al. 1999). Johnson (1990) observed that the root system was 18% of total biomass in 

one-year-old seedlings. More mature forest tree ratios have ranged from 22% (25-year-old trees 

in the western Gulf Coastal Plain [Pehl et al. 1985] to 36% (9-year old loblolly in the sandhills of 

North Carolina [King et al. 1999]).  No study has documented the change in root to shoot ratio of 

fast-growing loblolly pine stands during the establishment and early development phase. 

Likewise, we are not aware of published works on the relationship between the mass of fine 

roots and the foliage mass during this stage of growth. Therefore, our last objective was to 

evaluate the relationships between fine roots and foliage, and tree root biomass and shoot 

biomass. 
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METHODS 

Study sites 
 

A previously published description of the study sites can be found in Adegbidi et al. 

(2002). This study was conducted in 13 fast-growing loblolly pine plantations that varied in age 

from 1 to 4 yrs and were growing in the lower Coastal Plain region of southern Georgia. 

Spodosols with an argillic horizon underlay all sites. Soils were classified as sandy, siliceous, 

thermic Ultic Alaquods and Oxyaquic Alorthods (Table 1).   Mean annual precipitation ranged 

from 1250 to 1275 mm, while mean annual temperature averaged about 19.50C.  During the two-

year study period, droughty conditions persisted and annual precipitation levels in 1999 and 2000 

were about 8 and 33% below the long-term recorded averages, respectively. Sampling occurred 

in the early fall of 1999 and 2000. 

Prior to planting, all experimental sites were chopped, burned, disked and bedded.  

Genetically improved 1-yr-old loblolly pine seedlings were planted at 1.8 x 3.7 m spacing.  

Understory plant competition was reduced during the first two growing seasons using a 

combination of broadcast and directed spray applications of herbicides applied at labeled rates 

(e.g., hexazinone, sulfometuron, imazypyr, glyphosate).   During the first growing season, all 

sites were fertilized with 30 kg ha-1 nitrogen (N) and 33 kg ha-1 phosphorus (P).  In the third 

growing season, additional applications of N, P, K and B were applied at elemental rates of 90, 

25, 40 and 1.5 kg ha-1, respectively.  

 

Root measurement 

Soil pits were excavated with a backhoe and used to estimate tap root mass and coarse 

root and fine root content.  Soil pits were located next to three felled trees at each site (i.e., one 
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tree per replicate plot per site), resulting in a total of nine trees and nine soil pits per age class.  

Soil pits (0.7 m wide, 1.9 m long, 1.0 m deep) were dug adjacent (20 cm from base of tree) to the 

pre-selected trees, which represented the range in size classes encountered within the stand.  

Each soil pit was positioned half the distance between planted trees (within bed position) and 

planted rows (interbed position).  As the soil was removed by the backhoe, it was screened for 

coarse roots (> 2 mm diameter). They were collected, transported to a nearby facility, washed 

and weighed the same day that they were sampled. Coarse root subsamples were transported 

back to the laboratory, oven-dried at 700C, and weighed to determine moisture contents. 

Moisture contents were use to calculate coarse root dry weights.   Estimates of coarse root 

biomass (Mg ha-1) were based on the calculated dry weights and the surface area dimensions of 

the soil pit.  

To measure taproot biomass, a chain was wrapped around the taproot, while coarse roots 

were severed 20 cm from where they exited the taproot.  The other end of the chain was attached 

to the bucket of the backhoe that lifted the taproot from the soil. The taproot was transported to a 

nearby facility, washed, and weighed.  Several 2.5 cm thick disks were was cut from different 

parts of the taproot, weighted and put in a plastic bag on ice until they were transported to the 

laboratory where they were dried at 700C and weighted. A moisture content conversion factor 

was calculated and the taproot dry weight was calculated.  

 To estimate the amount of fine roots, a 10-cm x 10-cm grid was outlined on the face of 

the entire soil trench located nearest the felled tree. Within that grid, six columns (10 cm wide to 

a depth of 1m), separated by 20-cm intervals, were outlined (n= 60, 100 cm2 cells/soil pit).   The 

number of fine roots (i.e., < 2 mm diameter) exiting the trench face of each cell was tallied 

similar to the profile wall method described in B`hm (1979) and Lopez-Zamora et al. (2002).  
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Approximately seven cells, representative of the range in the observed root count data, were 

selected for more detailed root sampling by pressing a 10-cm x 10-cm x 10-cm metal core into 

the soil face.  The soil from that cell was removed and transported to a nearby workstation where 

the fine roots were gently washed and separated.  All fine root samples were frozen until root 

length and biomass measurements could be made in the laboratory. In the laboratory, roots were 

thawed, each sample was laid out on a white plastic background, covered with transparent glass, 

and the image was scanned using an Envisions ENV 8800S Scanner.  The resulting files were 

analyzed for root length via the software program GSROOT Version 5.2 (PP Systems, Inc.). 

After measuring root length, each sample was oven dried at 700C and its dry weight recorded. 

For each site, which included three soil pits, a total of 21 fine root cores were processed.  

Regression relationships were developed to estimate fine root length (Escamilla et al. 1991, 

Lopez-Zamora 2002) and fine root biomass (Lopez-Zamora 2002) from the root number exiting 

the trench face. 

 

Aboveground biomass 

 The shoot and foliage data used in the root/shoot and root/foliage ratio evaluations came 

from previously published work by Adegbidi et al (2002 and In Review).  All details of sampling 

and measurement can be found in those publications.   

  

Statistical Analysis 

 All statistical analyses for fine root distribution with soil depth and time were performed 

using N (number of roots cm-2) data collected from the trench face. Analysis of variance 

procedures were used to determine if the fine root distributions were similar among sites, using 
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soil depth and site as main effects.  A Newman-Keuls test was used to test mean differences in 

root distributions within a site, where appropriate.  Significant differences were tested at the P 

<0.05 levels. 

Fine root distribution throughout the soil profile was visualized with a 3-D contour plot. 

This plot used a least squares routine to calculate contours in time and space. An empirical 

model of root distribution in time and space was developed using a stepwise regression 

approach, where N (# roots cm-2 trench face) was expressed as a function of plantation age, 

distance from the tree stem, and depth in the soil profile.  

We were also interested in the average fine root density distributions with soil depth for 

each age class. An empirical model for these data was fit with a regression equation of the form:  

N = a*ln(x) + b (1) 

where N is as defined above, x is the soil depth in cm and a and b are constants.   In addition, 

the relationships between fine root N, LV and mass were developed using stepwise regression, 

with age, soil depth and distance from the stem included as independent variables.  

 All statistics were run using Statistica ’99 Edition (StatSoft, Inc. 1999). 

 

RESULTS AND DISCUSSION 

Fine root development in time and space 

At the end of year 1, root development occurred largely in the surface 25 cm.  Below 35 

cm depth, root densities were low and statistically equivalent among replicate sites (Table 2, 

Figure 1a).  At ages 2 and 3 yrs, root densities were still similar at and below 25 cm.  

Differences in root density occurred only at the 5 and 15 cm depth (Table 2, Figure 1b,c).  At 
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age 4 yrs, there was a tendency of the replicate study sites to diverge in root development, even 

though the general logarithmic decline with depth was a common trend among all sites. 

Maximum observed root depth was 85, 85, 85 and 95+ cm at ages 1, 2, 3 and 4 yrs, 

respectively (Figure 1).  However, the soil volume containing roots increased with age.  Using 

the depth and lateral distribution data illustrated in Figure 2, the proportion of the soil trench 

face occupied by fine roots at a density greater than 0.01 roots cm-2 was calculated.  Soil 

volumes occupied by roots were 20, 31, 36, and 61% of the trench face area at ages 1, 2, 3 and 4 

yrs, respectively.  At the end of the first year, fine roots had not occupied the entire surface soil 

as they did in years 2 to 4 (Figure 2).  As expected, fine root density increased in the surface soil 

with increasing age and root density growing front with depth over time developed (Figure 2). 

One empirical modeling approach for fine root development is to build an equation that 

predicts root density in any soil compartment in the profile. The result of this approach is 

provided below: 

 

N = 8.7568E-02– (1.88E-04*y) + (3.695E-03*age) + (2E-06*(y*x)) – (2.1703E-02 * Ln(x)) 
  R2 = 0.66; 

if N < 0 then N = 0. 

where N is as described above, y is the distance from the tree stem in cm, age is the plantation 

age in years, and x is the soil depth in cm.  

Another empirical approach is to predict the average root density at any soil depth in 

order to describe an average depth distribution profile. Regressions of N versus the natural 

logarithm of soil depth were fit to the average root densities for each depth of each replication of 

each age group.  In addition, all data for each age were fit to the same curve form (Table 3). The 

Ln of soil depth adequately described the root distribution pattern in the majority of cases.  When 
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all sites within an age class were combined, R2 values ranged from 0.88 to 0.96, again showing a 

good fit to the Ln of soil depth within each age group.  Fast-growing young loblolly pine average 

fine root depth distribution, and fine root depth distributions at any distance from the tree stem, 

fit the generalized curve of Gerwitz and Page (1974). Their work showed that over 70% of 

documented plant root depth distributions were best described by a logarithmic decrease in root 

amount with soil depth. In the absence of a mechanistic approach to predict root amount in a soil 

profile, this style of empirical equation is useful for capturing the spatial variability of root 

development under specific management and soil conditions.  When these data also include 

repeated measurements in time, as are presented here, it is possible to regress the coefficients of 

these equations against the time variable and derive an empirical model in both space and time. 

A simple linear relationship described both coefficients between ages 1 and 3 (R2 of 0.78 

for coefficient a and 0.73 for coefficient b, Figure 3). 

a = 0.0027 - 0.0093*age 

b = -0.004 + 0.0358*age 

At age 4 only one of the 3 replicate sites fit the pattern described by the 1 to 3 years data. The 

other two sites were distinctly different; therefore 4-yr-old old sites were not included in the 

following analysis. An empirical model for root density was developed by substituting the 

equations for coefficients a and b shown above on tree age into equation 1.  

N =[-0.004 + 0.0358 * age] + [0.0027 – 0.0093 * age] * Ln(x) 

where N is # roots cm-2 of soil, age is the age of the plantation in early fall in years, and x is the 

soil depth in cm.  The variable age ranges from 1 to 3 years and x from 5 to 95 cm.  When values 

of N predicted from this equation were plotted against N values observed in the field, the 

resulting regression had a slope of 1.0, an intercept of 0.00 and an R2 = 0.80. The above equation 



 

 

 

102

appears to be a valid tool for empirical description of early root development of fast-growing 

loblolly pine on Coastal Plain Spodosols; however this equation’s utility under other growth 

conditions will require independent testing. 

  Nutrient management of forest soils is the process of supplying the proper nutrients in 

the amounts and forms necessary to maintain a desired level of growth.  Mechanistic nutrient 

uptake modeling is a nutrient management tool that has the potential to make fertilizer 

prescriptions specific for both sites and stages of stand development. However, this approach 

requires knowing the root development pattern since nutrient bioavailability is partially defined 

by the plant root system (Comerford 1998).  Mechanistic modeling of root development should 

be a preferred approach for defining root development with time and soil depth. However, in the 

absence of such models, the data and equations developed in the present study could be used in 

uptake models applied to southern pine growing on Coastal Plain Spodosols.  

 

Relationship between fine root N, LV and Mass 

 There was a weak correlation between N and LV (R2 = 0.38) and N and Mass (R2 = 0.24). 

Stand age, distance from the stem and soil depth did not significantly improve these simple 

correlations. However, the prediction of LV from N was improved when both Mass and soil 

depth were incorporated in the model. The resulting equation was:  

LV = 1.4662*N + 597.13*M – 0.0368*Ln(x) + 0.0979 

 R2 = 0.69 

where LV is root length density measured in cm root cm-3 soil, N is as defined above, M is root 

mass in g root cm-3, and x is soil depth in cm. Mass appears to be an important covariate because 

the length/mass ratio of fine roots was a function of the distance from the tree (Figure 4).  Fine 
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roots within 50 cm of the stem had as much as 180% more root length per gram of root. 

Assuming the same specific density of fine roots, then roots closer to the stem had a smaller 

diameter.   

 LV and N are expected to have a significant relationship (Melhuish and Lang 1968). The 

low correlation between these variables was surprising, but the changing LV to M ratio with 

distance and the significance of soil depth in the above equation explain why the simple 

correlation was not strong. It is notable that the coefficient of N in that equation was 1.46 " 0.23 

(95% confidence interval). The high end of the coefficient’s confidence interval (1.69) 

approaches 2, which is the theoretical value suggested by Melhuish and Lang (1968).  On similar 

soils Escamilla et al. (1991) tested the same relationship and calculated a value of 1.0 for 7-year 

old slash pine (Pinus elliottii) roots in the surface soil.  Most recently Lopez-Zamora et al. (2002) 

tested this relationship for Melaleuca quinquenervia (Cav.). Their coefficients for N were not 

close to 2, but they did show a significant relationship between N and LV for a Spodosol in   

south Florida, and showed that a credible relationship between N and LV is still useful in 

defining a more efficient root measurement procedure.  Measuring N is much less time 

consuming than sampling for and measuring LV (Vespraskas and Hoyt 1988), and trends in N are 

similar to those of LV and M (Escamilla et al. 1991).  So measuring N and relating it to LV 

through subsampling as described here and by Lopez-Zamora et al (2002), should promote 

faster, less expensive root studies making available more root data on important commercial 

forest species. 

 



 

 

 

104

Ratios of fine root mass/foliage mass and root mass/ shoot mass 

 A significant body of literature on aboveground loblolly pine growth and development is 

available. If well-documented relationships could be developed between above- and 

belowground tree components, they might be useful in inferring belowground development as 

well. That is the objective of the following analysis. After the first year of root development, 

there was approximately an equal amount of fine root biomass to foliage biomass. Beyond year 

1, that ratio was significantly reduced, and remained stable between years 2 to 4 (Figure 5a).  

The fine root/foliage mass ratio stabilized in the range of 0.13 to 0.18, with no significant 

differences found among years. Note that these ratios within an age group also had a narrow 

confidence interval. 

Root to shoot ratios exhibited a similar trend. At the end of year 1, the ratio was 

approximately 1, and then dropped and remained stable for the next 3 years (Figure 5b). The 

ratio was stable in the range of 0.30 and 0.39 with no statistical difference between years 2 to 4. 

The values observed in this study are in the same range as ratios derived from some of the rare 

loblolly pine studies that documented both aboveground and belowground biomass (Table 4). 

These ratios apply to fast-growing loblolly pine on Coastal Plain Spodosols, so it will be 

necessary to test these relationships on other soil types to see if they are sensitive to soil and 

climatic variables. 

One would expect root to shoot ratios to be sensitive to soil parameters such as nitrogen 

and phosphorus bioavailability.  However, it remains to be seen if the trends observed in 

seedling, pot and greenhouse studies (Kim et al. 2002, Sigurdsson et al. 2001, Brunner and 

Brodbeck 2001, Graham 2001, Hawkins et al. 2000) can be convincingly shown under fast-
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growing field conditions. A basic question is whether the change that may occur is detectable 

given the inherent variability of root field measurements. 

By the end of the first year the entire root system measured approximately 1.2 Mg ha-1 

and increased to 14.0 Mg ha-1 at age 4 yr (Figure 6). During the first year, fine roots represented 

the highest proportion of belowground biomass (60%) whereas starting at age 2 taproot became 

the dominant component accounting for 50% or greater. Fine root biomass was 0.7 to 0.8 Mg ha-

1 during years 1 to 3 and increased to 1.2 Mg ha-1 at year 4. These data of root biomass are 

similar to those of Albaugh et al. (1998) for fertilized 12-yr-old loblolly pine, who found 12.4 to 

13.5 Mg ha-1 for total belowground biomass of which 0.7 to 0.9 Mg ha-1 were fine roots. Site and 

management has stimulated the growth of this stand so that developmentally it is similar to older 

stands (this study and Adegbidi et al. 2002) in both total root biomass and root:shoot ratios. 

In summary, root distribution patterns in the establishment and early developmental 

stages of growth were documented and empirical models useful for the continued development 

of nutrient uptake models were developed.  It was shown that roots, by age 4 yrs, have occupied 

over 60% of the soil, and the pattern of root occupancy was demonstrated.  A meaningful 

relationship between LV and N was investigated and the use of N as a root measurement was 

outlined. Lastly, it was shown that fine root mass was related to foliage mass and that the 

relationship was stable after the establishment phase, as was the ratio of root to shoot biomass.  

These results add to our knowledge of loblolly pine root development, which has been ignored in 

the majority of studies investigating pine growth and development. While much of the data are 

observational and empirical, they have given a useful picture of loblolly pine root development 

that to date has been lacking. 
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Figure 1. Fine root density distribution with soil depth for fast growing loblolly pine on the 
Georgia lower Coastal Plain for plantations aged a) one year, b) two years, c) three years, and d) 
four years old. Statistical differences between replications and depths are in Table 2. 
 
Figure 2.  Three-dimensional contour plot of loblolly pine root distributions during the first four 
years of development. The contours are N (# roots cm-2) plotted by horizontal distance from the 
stem and soil depth. All root samples were taken in the early fall season.  
 
Figure 3.  Regression of the a and b coefficients in the curve N = a*ln(x) + b against plantation 
age. The equation describes loblolly pine root distribution with depth and the coefficients are 
constants representing the fine root distribution at ages 1 to 4. 
 
Figure 4.  Relationship between the length to weight ratio of fine roots of fast growing loblolly 
pine and the distance from the tree stump.  Data are from rapid developing loblolly pine 
plantations between the ages of 1 to 4 yrs growing on Coastal Plain Spodosols. 
 
Figure 5.  Ratios between (a) mass of fine roots and foliage biomass and (b) total root and shoot 
biomass for ages 1 to 4 years of rapidly developing loblolly pine growing on Coastal Plain 
Spodosols. 
 
Figure 6. Root system and root system component biomass accumulation in the first four years 
of development. The percentages represent the portion of total belowground biomass that each 
component constitutes. The interval represents the 95% confidence interval around each 
estimate. 
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Table 1. Characteristics of the experimental sites established in fast-growing loblolly pine plantations. 1 

Site Location Geographical 
Coordinates 

Soil series‡ Planting 
date 

Planting density 
(stems ha-1)  

Age at 
samplin
g 

#1 Jones, GA 31039’N - 81029’W Olustee and Mascotte  Nov. 1998 1495 1-year-old 

#2 Eulonia, GA 31037’N - 81023’W Mascotte Nov. 1998 1495 1-year-old 

#3 Eulonia, GA 31036’N - 81024’W Mascotte Nov. 1998 1495 1-year-old 

#4 Jones, GA 31039’N - 81029’W Olustee and Mascotte  Nov. 1998 1495 2-year-old 

#5 Eulonia, GA 31037’N - 81023’W Mascotte Nov. 1998 1495 2-year-old 

#6 Eulonia, GA 31036’N - 81024’W Mascotte Nov. 1998 1495 2-year-old 

#7 Eulonia, GA 31036’N - 81025’W Olustee Nov. 1997 1495 3-year-old 

#8 Eulonia, GA 31036’N - 81023’W Mascotte Nov. 1997 1495 3-year-old 

#9 Eulonia, GA 31037’N - 81024’W Mascotte Nov. 1997 1495 3-year-old 

#11 Rincon, GA 32015’N - 81016’W Rigdon Oct. 1995 1495 4-year-old 

#12 Eulonia, GA 31037’N - 81024’W Mascotte Oct. 1995 1495 4-year-old 

#13 Eulonia, GA 31035’N - 81024’W Rigdon Oct. 1995 1495 4-year-old 

‡: Olustee: Sandy, siliceous, thermic, Ultic Alaquods;  Mascotte: Sandy, siliceous, thermic, Ultic Alaquods; Rigdon: Sandy, siliceous, 2 
thermic, Oxyaquic Alorthods   3 
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Table 2.  Separation of mean N values by soil depth and site within each age class using 

a Newman-Keuls test.  The Analysis of Variance indicated that the site X soil depth interaction 

for year 1 was not significant, so the mean separation was done by depth for the mean of all sites. 

Years 2 to 4 indicated a significant depth by site interaction so mean separations were calculated 

for soil depth X site means. 

 

Soil 
De
pth 

(cm) 

1 Year Old 
 

2 Years Old 
 

3 Years Old 
 

4 Years Old 
 

 No Site x depth 
interaction 

 
Site 1=2 =/ 3 

site x depth 
interaction 

 
Sites 

4         5        6 

site x depth 
interaction 

 
Sites 

7        8        9 

site x depth 
interaction 

 
Sites 

11          13           12 
  5 C B        C       D D        E       E BCD   ABCDE     F 
15 C AB     B       C B        C       C ABC   ABCD      DE 
25 BC A       A       AB A       A       A AB     ABCD       DE 
35 AB A       A       A A       A       A AB     ABCD       DE 
45 AB A       A       A A       A       A AB     ABCD     CDE 
55 AB A       A       A A       A       A A        ABCD    ABCD
65 A A       A       A A       A       A A          AB         AB 
75 A A       A       A A       A       A A          AB        ABC 
85 A A       A       A A       A       A A           A            AB 
95 A A       A       A A       A       A A           A            AB 
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Table 3.  Regressions of root density with soil depth using the average density at each soil 

depth for each replicate site at each age. The curve form is N = a*Ln(x) + b, where N is # 

roots cm-2 of trench face, x is the soil depth in cm, and a and b are constants. 

Age Site a b R2 

1 1 -0.0073 0.032 0.64 

1 2 -0.0073 0.032 0.98 

1 3 -0.0078 0.045 0.63 

2 4 -0.0077 0.032 0.88 

2 5 -0.0129 0.054 0.93 

2 6 -0.0203 0.086 0.87 

3 7 -0.0274 0.114 0.90 

3 8 -0.0212 0.086 0.87 

3 9 -0.0306 0.124 0.90 

4 11  -0.0079 0.036 0.92 

4 13 -0.0105 0.054 0.74 

4 12 -0.0317 0.151 0.95 

4 10 -0.0215 0.092 0.92 

1 All -0.0078 0.036 0.88 

2 All -0.0136 0.057 0.90 

3 All -0.0253 0.105 0.86 

4 All -0.0173 0.080 0.96 
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Table 4. Live standing biomass (Mg ha-1 yr-1) and root/shoot biomass ratios in loblolly pine 
plantations.  
 
 
Age 

(years) 
Aboveground Belowground Root/Shoot Location Source 

3 18.1 5.3 0.30 Lower Coastal 
Plain of GA 

This study 

4 34.5 14.0 0.39 Lower Coastal 
Plain of GA 

This study 

9 12.8 4.2 0.33 Sandhills of NC King et al 
(1999)1 

9 13.3 4.8 0.36 Sandhills of NC King et al 
(1999)2 

12 44.4 13.5 0.30 Sandhills of NC King et al 
(1999)1 

12 38.9 12.4 0.32 Sandhills of NC King et al 
(1999)2 

14 90 21.5 0.24 Piedmont of NC Harris et al 
(1977) 

16 160.8 36.3 0.23 Piedmont of NC Wells et al 
(1975) 

25 202.7 45.1 0.22 Western Gulf 
Coastal Plain of TX 

Pehl et al 
(1985) 

48 144.9 36.0 0.25 Upper Piedmont of 
SC 

Van Lear 
and 

Kapeluck 
(1994) 

1 fertilized and irrigated 
2 fertilized 
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Figure 1. 
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Figure 1 continued. 
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Figure 2.   
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Figure 3.   
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Figure 4.   
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Figure 5.   
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Figure 6.  
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Appendix 4. PHOSPHORUS SORPTION, DESORPTION AND RESORPTION IN SOILS OF 
THE BRAZILIAN CERRADO 

 
Abstract 

 Oxisols of the Brazilian Cerrado are highly weathered phosphorus deficient soils on 

which Eucalyptus is grown as a source of carbon and energy for steel manufacturing. Phosphorus 

fertilization is a necessary soil amendment to assure adequate Eucalyptus production, therefore 

an understanding of cycling of inorganic soil P should lead to efficient P management and more 

accurate modeling of P bioavailability. Since sorption and desorption reactions control inorganic 

bioavailability, the purpose of this study was to contrast P sorption, desorption and resorption on 

a range of Cerrado soils. Its objectives were to determine if desorption and resorption isotherms 

were hysteretic, and if desorption and resorption partition coefficients were functions of labile P 

and soil clay content.  Three levels of P were sorbed to four Cerrado soils with clay contents 

between 13% and 81%.  Phosphorus desorption was measured using anion exchange membranes.  

Sorption was a function of soil clay content. A pedotransfer function for the soil partition 

coefficient was calculated with an r2 = 0.99.  Desorption and resorption were dependent on the 

clay content of the soil (r2 between 0.59 and 0.99) and amount of sorbed labile P. Pedotransfer 

functions for these processes will depend on accurate measurement of inorganic P that responds 

to disequilibria exchange.  Desorption and resorption were not hysteretic. Yet they were 

hysteretic with the original sorption isotherm. This suggests the question: How useful is the 

commonly produced sorption isotherm? 

 

Keywords:  Phosphorus, sorption, desorption, resorption, partition coefficient, Brazilian 

Cerrado, anion exchange membranes. 
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Introduction 

 Managing forest production for energy biomass will often require nutrient management, 

particularly when forests are growing on highly weathered soils. Phosphorus (P) is commonly a 

deficient plant essential element in these highly weathered soils. Its use represents an energy 

input in both its manufacture and application to the forest stand. Therefore, efficient P 

management should be an important consideration in the energy budget when producing plant 

biomass. Efficient nutrient management requires an empirical and mechanistic understanding of 

the bioavailability of that nutrient to individual trees.  

The Brazilian Cerrado is an example were highly weathered, P-deficient soils are used to 

grow Eucalyptus for more than pulp and solid wood products. Eucalyptus is also grown as a 

source of carbon that is used as a reductant and energy source in steel manufacturing. Its use 

supplants the use of coal. Phosphorus fertilization is a necessity for adequate biomass production 

in many areas of the Cerrado. 

Soil inorganic P cycling is a dynamic blend of sorption and desorption processes that transfer 

inorganic P between the solid and solution phases. These processes can be characterized by 

isotherms that describe the labile P on the solid phase (Cs, units = mg   kg-1) as a function of the 

soil solution P equilibrium concentration (Cl, units = mg L-1). The first derivative of this 

relationship is defined as the partition coefficient (Kd) that describes the distribution of labile 

soil P between the solid and solution phases.  The Kd is a convenient way of comparing sorption 

and desorption.  These processes are known to be hysteretic (Okajima[22]). Desorption Kd is 

generally considered to be less than that of sorption at a common soil solution concentration.  

Sorption isotherms exist for many soils under a wide range of management alternatives. The 

nature of sorption isotherms is discussed in detail in many soil chemistry texts (Bohn[7] and 
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Novais and Smith [20] are two examples), so they are not reviewed here. In the Brazilian 

Cerrado, P sorption and bioavailability for a variety of crops, including Eucalyptus, have been 

topics of interest (Bahia Filho[2][3][4][5], Braga[8], Novais[18][19], Delgado[11]). P sorption 

isotherms have been shown to be a function of soil mineralogy (Demesquita[12]), iron and 

aluminum oxide contents and clay content (Bahia Filho[5][6]). 

Soil P desorption has not received the same attention as has sorption, even though it has been 

suggested that desorption parameters are more relevant to evaluating plant available soil P 

(Raven[25]).  While desorption of P has been investigated (Bhatti[6], McDowell[16], 

Nuenberg[21], Fernandes[14], Fernandes[13], Colombo[10], Raven[25], Yang[28], Peaslee[23], 

Singh[26]), the majority of this limited research documents the amount (mg kg-1) of P desorbed 

from soil, not the desorption isotherm. Without an isotherm, it is not possible to estimate the Kd 

associated with desorption.  

Desorption isotherms are developed using sequential extraction with a dilute salt solution 

(Bhatti[6], Okajima[22], Brewster[9], Fox[15]), dilution (Bhatti[6],  Brewster [9]), or exchange 

resins (Raven[24], Bache[1], Brewster[9]).  Resorption, or the sorption of P following sorption 

and desorption steps, has rarely been investigated.  

The relationship between sorption, desorption, and resorption for soils of the Brazilian 

Cerrado have not been investigated simultaneously, yet are a significant control on the 

production of Eucalyptus for charcoal and energy. The purpose of this study was to investigate 

the relationship between the sorption, desorption, and resorption reactions for selected Cerrado 

soils. Soils were selected based on a range of soil clay content in order to represent the greatest 

range of sorption/desorption possible. These reactions were investigated in a time frame and 

under conditions where the influence of ageing, wetting and drying are minimized.  
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This research asks three questions. First, do desorption and resorption show the same 

hysteresis that sorption and desorption exhibit? If so, then resorption does not follow the original 

sorption isotherm, suggesting that the original isotherm is meaningless when modeling P 

bioavailability. The second question is whether the Kds of resorption and desorption of Cerrado 

soils are dependent on the soil’s clay content. If so, then this allows for the development of a 

pedotransfer function for Kd based on soil clay content. Third, are resorption and desorption Kds 

a function of the labile P on the soil surface that can move in response to disequilibria promoted 

by root uptake? If so, then there cannot be a single desorption or resorption isotherm. Our 

predictive ability for desorption and resorption will depend on a better understanding of what 

constitutes labile inorganic P. 

 

Methods 

 The study areas were chosen to represent Oxisols of the Cerrado region of Brazil and a 

range of soil clay content. All study sites were from the state of Minas Gerais, Brazil were 

named to indicate the cities near which the samples were taken: Três Marias (13% clay), João 

Pinheiro (30% clay), São Sebastian do Paraíso (49% clay) and Sete Lagoas (81% clay).  Soils 

were sampled from the 0-10 cm depth and each soil was a combined sample of 40 samples 

collected with a 15-cm bucket auger. Samples were air dried and sieved to pass a 2 mm screen. 

 Initial work had shown that the soil’s sorption maximum was related to its clay content. 

Therefore, we decided to carry out the desorption steps after adding an appropriate amount of P 

that would give soil solution concentrations that amounted to about 5, 15 and 25% of the 

concentration corresponding to the sorption maximum of each soil. Desorption for the low, 
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medium and high levels of P added for each soil should be comparable since the represent 

approximately the same percentage of the clay surface sorbed with P. 

 The sorption step for each soil was accomplished by weighing 3.5 grams of soil, in 

duplicate for each level of P added to each soil, into centrifuge tubes. Thirty-five ml of solution 

containing the appropriate amount of inorganic P as di-calcium phosphate was added to each 

tube. Each centrifuge tube was weighed.  For the Três Marias soil 120, 400 and 650 mg P kg-1 

soil were added; for the João Pinheiro soil 150, 500 and 800 mg P kg-1 soil were added; for the 

San Sebastian do Paraíso soil 200, 600, and 1000 mg P kg-1 soil were added; and for the Sete 

Lagoas soil 200, 700, and 1150 mg P kg-1 soil were added. The centrifuge tubes were capped and 

shaken for 18 to 24 hours, then centrifuged in a high-speed centrifuge at 15,000 rpm for 15 

minutes. After centrifugation, the solution from each tube was decanted and filtered taking care 

to avoid the loss of soil from the tube. After decanting the centrifuge tube was weighted. The 

decanted solution was filtered through a 0.45 :m filter membrane and measured for soluble 

reactive P colorimetrically with the method of Murphy[17].  The P lost from the initial solution 

was assumed to be sorbed to the soil and this became the starting point for P desorption. 

 Desorption was accomplished using a sequential technique employing anion exchange 

resins membranes.  After weighing the tube after decanting the soil solution, each tube was 

brought to its original weight by adding deionized water. One 2.5 cm by 1 cm anion exchange 

membrane AR204 SZRA (Ionics Inc., Watertown MA, USA) was added to each tube and shaken 

for 30 minutes. The membrane was then removed with tweezers, rinsed with double distilled 

water to remove any sediment on the membrane and placed in another tube containing 35 ml of 

0.5 M NH4OAc.  Soluble reactive P was measured colorimeterically using the Murphy[17] 

procedure.  The original centrifuge tubes containing the soil were capped and returned to the 
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shaker for 18 to 24 hours after which the procedure of filtering, adding water and a membrane 

was repeated.  This method was repeated eighteen times for each soil. 

 The resorption step was initiated following the last desorption step. After the soil solution 

was decanted for the measurement of equilibrium concentration, an aliquot of a standard P 

solution was added to each tube and then the tubes were brought to their original weight with 

deionized water.  Phosphorus added was 250 mg kg-1 for the Três Marias soil, 300 mg kg-1 for 

the João Pinheiro soil, 400 mg kg-1 for the São Sebastian do Paraíso soil and 500 mg kg-1 for the 

Sete Lagoas soil. Each sample was again shaken for 18 to 24 hours, centrifuged, and the 

supernatant measured for residual P.  The P that was removed from the solution was assumed to 

be resorbed by the soil. 

Regression analysis was employed to fit the Freundlich equation to the sorption data for 

each soil. It was also used to develop a pedotransfer function of sorption Kd vs solution 

concentration and percent soil clay for the combined data of all soils.  The individual Freundlich 

equations were used to estimate the sorption Kd of each soil at specific solution concentrations 

for comparison with the Kds of desorption and resorption. Regression was also used to calculate 

the simple linear relationship between percent soil clay and Kd for sorption, desorption and 

resorption.  Slopes of the three curves were tested for whether they were different from each 

other based on a Duncan’s test with P < 0.05 as criteria for a significant difference.  All statistics 

were accomplished using the Statistica ’99 Edition program (StatSoft[27]). 
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Results and Discussion 

Sorption of P for each increment of P added was successfully fit by the Freundlich 

isotherm equation for each soil (Table 1). The data from all soils were combined to give a 

pedotransfer function for Kd based on clay content and equilibrium solution concentration: 

Kd = 1.0432 * %clay * Cl (0.324* %clay –1); R2 = 0.99 

Phosphorus sorption in Brazilian Cerrado soils has been previously described and shown 

to be a function of the mineralogy and soil clay content (Demesquita[12], Bahia Filho[4][5]). 

The motive for repeating that work in this study was to have the sorption Kds for comparison 

with desorption and resorption Kds described below. Sorption Kds were estimated from the two 

replicate analysis of Freundlich curves of each soil at a soil solution concentration of 0.2 mg P L-

1 for the low level of P added, 0.5 mg P L-1 for the middle level of P added and 1.0 mg P  L-1 for 

the high level of P added.  These data were used to compare sorption with desorption and 

resorption below. 

 Desorption and resorption data for all levels of P added are provided in Figures 2 to 4. 

Desorption data are linear or near linear over the range of soil solution concentrations. A linear 

relationship between the solute on the solid phase, in mg P kg-1 soil (Cs), and the mg of P L-1 of 

soil solution (Cl) yielded a constant Kd; therefore a single Kd was calculated for each desorption 

curve developed from amount of P added.  Resorption, being based on one resorption point, was 

assumed to be linear between the last desorption point and the resorption point, giving a single 

Kd for each soil at each amount of P added.   
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Are desorption and resorption hysteretic in the same manner as are sorption and 

desorption? And are they a function of soil clay content? 

 No, they are not hysteretic. In fact it appears that desorption and resorption, within the 

soil solution range of desorption, are not significantly different. Figures 5 to 7 illustrate the 

relationship between sorption, desorption and resorption over the range in clay at each of the 

three levels of sorbed P.  It is clear from these figures that desorption and resorption are not 

hysteretic as evidence by the slopes and intercepts of regressions not being significantly 

different. More importantly, both desorption and resorption regressions are significantly different 

from the sorption regression, demonstrating (i) that sorption and desorption are indeed hysteretic 

and (ii) that sorption and resorption do not follow similar patterns.  The most significant result 

from these data is the doubt that is cast on the validity of either the sorption or resorption 

isotherms. If the resorption isotherm best reflects the sorption of P onto soils, then the Kds 

calculated from published sorption isotherms will be gross overestimates, particularly in soils 

with high clay contents. 

 

Are desorption and resorption isotherms dependent on the amount of labile P on the solid 

phase?  

Yes, desorption and resorption Kds are dependent on the amount of P sorbed to the soil 

(Table 2). At low percent clay, the desorption and resorption Kds, sorted from the low level of 

sorbed P to high, ranged from 21 to 15 and 26 to 18, respectively.  At low sorbed P, absolute 

values of Kds do not have an important influence on the diffusion coefficient, which is the major 

soil bioavailability parameter that Kd influences.  At a volumetric water content of 0.15, bulk 
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density of 1.4 g cm-3, and impedance of 0.08, the diffusion coefficients at Kd =15 and 21 are 

5.3*10-9 and 3.8*10-9 cm2 s-1, respectively. 

 At medium soil clay (30 to 49%, João Pinheiro and São Sebastian do Paraíso) the Kd 

values were distinctly different by level of P sorbed (Table 2). Desorption Kd values ranged 

from 54 to 91 at low sorbed P and were reduced to approximately 20 to 25 at high sorbed P. In 

this case the diffusion coefficients ranged from 8.8*10-10 at low sorbed P to a high sorbed P 

value of 4*10-9 cm2 s-1. 

 Yes, Kd values are dependent on the amount of labile P in the solid phase. Both high soil 

clay content (81%, Sete Lagoas) and medium soil clay content showed a distinct dependence of 

Kd on the amount of sorbed P.  Kd for low sorbed P was 86 for desorption and 73 for resorption, 

while that for high sorbed P was 31 for desorption and 26 for resorption.  Therefore one can 

conclude that a pedotransfer function for Kd in Cerrado soils must be a function of the level of 

soil P sorbed in a form that is exchangeable by disequilibria and soil clay content. The challenge 

is to document how one might measure this pool accurately and to convincingly show that it is 

this pool that is influencing Kd.  

 

The problem of calculating a pedotransfer function for soil Kd based on the amount of 

sorbed P is the difficulty in accurately measuring the sorbed P.  It was seen above that the 

majority of the sorbed P is not released by disequilibria exchange, which is the process that the 

anion exchange membranes promote.  These studies were all achieved within a short time of 

sorbing P onto the soil. Ageing processes that may have further reduced the pool of P available 

to react with the membranes, were minimized. To make progress in establishing a pedotransfer 

function for Cerrado soils from common parent material, progress must first be made in 
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accurately and quantitatively measuring the bioavailable P pool that can react with anion 

exchange membranes, while documenting the changes in this pool relative to the P ageing 

process in soil. 
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Figure Captions  
 
Figure 1.  Examples of the pathways of phosphorus sorption, desorption and resorption. In this 

example the slope of the resorption curve is identical to the original sorption curve showing that 

resorption is following the same pathway as sorption with respect to the solution concentration.  

Figure 2.  Desorption and resorption data for all soils for the low level of applied phosphorus.  

TM signifies the Três Marias soil, JP signifies the João Pinheiro soil, SSP signifies the São 

Sebastian do Paraíso soil and SL signifies the Sete Lagoas soil.  

Figure 3.  Desorption and resorption data for all soils for the middle level of applied phosphorus.  

TM signifies the Três Marias soil, JP signifies the João Pinheiro soil, SSP signifies the São 

Sebastian do Paraíso soil and SL signifies the Sete Lagoas soil. 

Figure 4.  Desorption and resorption data for all soils for the highest level of applied 

phosphorus.  TM signifies the Três Marias soil, JP signifies the João Pinheiro soil, SSP signifies 

the São Sebastian do Paraíso soil and SL signifies the Sete Lagoas soil.  

Figure 5.  Relationship between Kd and percent clay in the four Oxisols of the Cerrado for the 

original sorption, the subsequent desorption and the following resorption.  Data is for the low 

level of P added to each soil.  The regression for sorption is: Kd = 5.4*clay –28.5; R2 = 0.92. The 

regression for desorption is: Kd = 0.94 * clay + 21.96; R2 = 0.59. The regression for resorption 

is: Kd = 0.73*clay + 11.9; R2 = 0.92. Different letters to the right of the lines indicate a 

significant difference (P<0.05) between slopes of lines. All intercepts are not significantly 

different. 

Figure 6.  Relationship between Kd and percent clay in the four Oxisols of the Cerrado for the 

original sorption, the subsequent desorption and the following resorption.  Data is for the middle 

level of P added to each soil.  The regression for sorption is: Kd=1.71*clay –3.64; R2 = 0.95. The 
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regression for desorption is: Kd = 0.53 * clay + 11.7; R2 = 0.90. The regression for resorption is: 

Kd = 0.13*clay + 20.3; R2 = 0.64. Different letters to the right of the lines indicate a significant 

difference (P<0.05) between slopes of lines.  All intercepts are not significantly different. The 

legend is the same as the legend of Figure 5. 

Figure 7.  Relationship between Kd and percent clay in the four Oxisols of the Cerrado for the 

original sorption, the subsequent desorption and the following resorption.  Data is for the high 

level of P added to each soil.  The regression for sorption is: Kd=1.06*clay - 1.3; R2 = 0.96. The 

regression for desorption is: Kd = 0.23 * clay + 12.4; R2 = 0.99. The regression for resorption is: 

Kd = 0.11*clay + 16.9; R2 = 0.96. Different letters to the right of the lines indicate a significant 

difference (P<0.05) between slopes of lines.  All intercepts are not significantly different. The 

legend is the same as the legend of Figure 5. 
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Table 1.  Parameters of the Freundlich isotherm that describe the original adsorption isotherms 

for the 4 Cerrado Oxisols. The form of the Freundlich isotherm is Kd = a * Cl b 

where Kd is the partition coefficient, Cl is the solution concentration in mg L-1, and a and b are 

constants. 

 

Soil Name Clay (%) a b r2 

Três Marias 13 30.4 0.4160 0.99 

João Pinheiro 30 61.0 0.4461 0.99 

São Sebastian 

do Paraíso 

49 187.7 0.3028 0.99 

Sete Lagoas 81 259.7 0.3130 0.99 
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Table 2. Kd values for desorption and resorption of P relative to the amount of P initially sorbed 

to the soil.  

 

Soil Name Level of P 

Added 

Sorption Kd 

Mean (range) 

Desorption Kd 

Mean (range) 

Resorption Kd 

Mean (range) 

Três Marias Low 48 (43-54) 21 (21-21) 26 (24-27) 

 Medium 19 (18-20) 17 (16-18) 24 (22-26) 

 High 12 (12-13) 15 (15-15) 18 (16-19) 

João Pinheiro Low 97 (93-101) 54 (51-57) 28 (25-31) 

 Medium 40 (39-40) 26 (25-27) 22 (21-24) 

 High 27 (27-27) 20 (20-21) 21 (19-23) 

São Sebastian 

do Paraíso  

Low 282 (282-283) 91 (85-97) not available 

 Medium 92 (91-93) 44 (44-44) not available 

 High 57 (58-56) not available not available 

Sete Lagoas Low 395 (388-402) 86 (81-91) 73 (68-78) 

 Medium 131 (129-133) 52 (50-54) 32 (32-32) 

 High 82 (80-83) 31 (30-32) 26 (26-27) 
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Figure 2.   
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Figure 3.   

0

100

200

300

400

500

600

700

0 1 2 3 4
Cl (mg/L)

C
s 

(m
g/

kg
)

TM Desorb
TM Readsorb
JP Desorb
JP Readsorb
SSP Desorb
SSP Readsorb
SL Desorb
SL Readsorb



 

 

 

140

 

Figure 4.    
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Figure 5.   

 

 

 
 

 

 

 

 Figure 6.  Relationship between Kd and percent clay in the four Oxisols of the Cerrado for the 

original sorption, the subsequent desorption and the following resorption.  Data is for the middle 

level of P added to each soil.  The regression for sorption is: Kd=1.59*clay –0.52; R2 = 0.93. The 

regression for desorption is: Kd = 0.68 * clay + 8.4; R2 = 0.95. The regression for resorption is: 

Kd = 0.16*clay + 19.7; R2 = 0.92. Different letters to the right of the lines indicate a significant 

difference (P<0.05) between slopes of lines.  All intercepts are not significantly different 
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Figure 6.   
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Figure 7.   
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