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a b s t r a c t

In this paper, we provide an assessment of plantation forests and private land resources

potentially available for pine plantation development in 11 southern states of the United

States. After a sustained growth for 50 years, plantation forests (softwood and hardwood

on both private and public lands) amounted to 18 million ha or 24 percent of all timber-

lands in these states in 2007. The vast majority of the plantation forests were established

on private lands with fast-growing loblolly pines and slash pines. While purposeful

hardwood plantations were rare, there were hardwood stands growing on failed pine

plantation sites. Using a two-stage Markov land use transition model, we forecast that

private forest land in these states will decline about 7 percent or from 66 million ha in 1997

to 61 million ha in 2027, primarily due to urbanization, and that private pine plantations

will rise nearly 40 percent from 11 million ha to 16 million ha. Further, growth in pine

plantations will decline in coming decades, and states with low population and population

growth have the greatest increase in plantations. These plantations, along with other

woody biomass, are expected to play an important role in the emerging bio-energy sector.

ª 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The U.S. South is the most important timber production

region in the country and holds about two-fifths of the

timberland, 23 percent of the softwood growing stock, and 44

percent of the hardwood growing stock. In 2002, some 58

percent of U.S. industrial roundwood and three-fourths of

total U.S. pulpwoodwas produced in the region [1]. In the past,

most of the softwood forests were natural pine stands.

However, currently over half of pine forests are of artificial

origin, and pine plantations contribute about one-third of

softwood harvest in the region. Because of increasing plan-

tation area and productivity, pine plantations are expected to

contribute a growing share of timber harvest in the future [2].

Due to a spike in the prices of fossil fuels and the govern-

ment’s call for renewable energy, there is substantial interest in

converting woody biomass to bio-energy. Among the possibili-

ties to use wood biomass for energy are co-firing, and cellulosic

ethanol and wood pellets. Further increases in wood fiber

production to accommodate growing demand of bio-energy

production could be possible by increasing area of intensively

managed plantation forests. There have been a number of
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studies that attempt to project the potential of tree planting and

intensive forest management in the U.S. South [3e6]. However,

these studies modeled dynamics of plantation forests on an

aggregate level and did not consider the possibility of dimin-

ishing availability of land resources suitable for plantations.

Non-plantation woody biomass is also important in sup-

porting the fiber needs of the emerging bio-energy sector.

However, plantation forests simply grow faster and produce

more biomass in a given area, and harvesting cutting and

transporting timber to a biofuel plant are more economical

from plantation forests than fromunmanaged natural forests.

Further, some environmentalists urge U.S. lawmakers to limit

woody biomass that can be used in biofuel production to

plantation forests in the name of protecting natural forests.

The availability and infrastructure for utilizing harvest resi-

dues from unmanaged forests is also limited. Because of these

factors, increasing the area and productivity of plantation

forests offers greater potential for achieving sustainable

increases in wood biofuel production [7].

The objective of this paper is to assemble and synthesize

quantitatively the extent and geographic distribution of

plantation forests and of private land resources that could be

used for forest plantation development in the region in the

coming decades. In particular, we model and forecast private

land use changes from 1997 to 2027, with timberland and pine

plantation being two of several land use types. Our purpose is

to assess the historical and current distribution of plantation

forests and land resources potentially available for woody

biomass production in the future.

This paper differs from other studies insofar as it utilizes

parcel level data, and considers land use dynamics between

forestry and non-forestry sectors and land use dynamics

within the forest sector. Our results could help biofuel

producers and policy-makers assess woody biomass supply

and identify potential plant locations. The next section

reviews the history and current status of plantation develop-

ment in the region. Sections 3 and 4 present our model, data,

estimation results, and land use projections in a spatially

Table 1 e Area of timberland and plantation forest by state, 2007, million hectares.

State Data Softwood Oakepine Upland hardwoods Bottomland hardwoods Other Total

AL Area 3.787 1.259 2.935 1.023 0.011 9.014

Area planted 2.296 0.257 0.126 0.013 0.002 2.694

% Planted 60.60% 20.40% 4.30% 1.20% 18.10% 29.90%

AR Area 2.301 0.825 3.038 1.140 0.002 7.306

Area planted 1.047 0.114 0.084 0.040 e 1.286

% Planted 45.50% 13.90% 2.80% 3.60% 0.00% 17.60%

FL Area 2.881 0.610 1.166 1.346 0.227 6.230

Area planted 1.785 0.124 0.103 0.015 0.004 2.032

% Planted 62.00% 20.30% 8.90% 1.10% 2.00% 32.60%

GA Area 4.455 1.178 2.647 1.469 0.022 9.771

Area planted 2.738 0.231 0.113 0.012 e 3.094

% Planted 61.50% 19.60% 4.30% 0.80% 0.00% 31.70%

LA Area 2.291 0.493 0.957 1.733 0.099 5.573

Area planted 1.409 0.145 0.117 0.035 0.004 1.711

% Planted 61.50% 29.50% 12.20% 2.00% 4.50% 30.70%

MS Area 3.218 0.901 2.171 1.530 0.019 7.838

Area planted 1.865 0.192 0.104 0.070 0.002 2.233

% Planted 58.00% 21.30% 4.80% 4.60% 14.10% 28.50%

NC Area 2.331 0.943 3.155 0.808 0.002 7.238

Area planted 1.111 0.123 96 0.003 e 1.334

% Planted 47.70% 13.10% 3.00% 0.40% 0.00% 18.40%

SC Area 2.387 0.613 1.216 0.906 0.008 5.130

Area planted 1.236 0.081 0.066 0.004 e 1.387

% Planted 51.80% 13.10% 5.50% 0.50% 0.00% 27.00%

TN Area 0.507 0.399 4.072 0.384 0.019 5.382

Area planted 0.161 0.057 0.025 e e 0.244

% Planted 31.90% 14.10% 0.60% 0.00% 0.00% 4.50%

TX Area 2.094 0.616 1.182 0.804 0.086 4.782

Area planted 1.012 0.088 0.047 0.006 0.006 1.159

% Planted 48.30% 14.30% 4.00% 0.80% 6.40% 24.20%

VA Area 1.264 0.633 3.970 0.254 0.013 6.133

Area planted 0.745 0.104 0.098 0.004 e 0.949

% Planted 58.90% 16.40% 2.50% 1.40% 0.00% 15.50%

Total Area 27.516 8.468 26.509 11.397 0.507 74.397

Area planted 15.404 1.516 0.979 0.202 0.019 18.121

% Planted 56.00% 17.90% 3.70% 1.80% 3.80% 24.40%

Data source: Ref. [9].
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distributed fashion. The final section summarizes and draws

conclusions based on our findings.

2. Current distribution of plantation forests
in the U.S. South

Plantation forests in the U.S. South increased drastically in the

first three decades after the Second World War, and have

grown steadily since the middle 1970s [4,8]. As of 2007, there

were 18 million ha of plantation forests, defined as forests

with evidence of tree planting or artificial regeneration, in the

11 southern states (Alabama, Arkansas, Florida, Georgia,

Louisiana, Mississippi, North Carolina, South Carolina, Ten-

nessee, Texas, Virginia). Kentucky and Oklahoma were

excluded from this study as the area of plantation forests in

these two southern states is small [4]. Plantation forests

accounted for 24 percent of timberland in the 11 states.

Georgia, Alabama,Mississippi, Florida, and Louisianawere the

five states with the largest area of plantation forests. Planta-

tion forests in these five states accounted for about 30 percent

of their total timberland respectively.

Table 1 also shows that most plantation forests are pine

forests. Some 56 percent of all softwood stands were planted

forests, and only 5 percent of the hardwood stands are planted

forests. Thus, purposeful hardwood tree planting is relatively

rare in the region. For mixed oakepine forests, some 18

percent are planted forests. These forests often originate from

initial pine plantings with subsequent invasion of other

(mostly oak) species. Put another way, some 15.4 million ha of

all plantation forests (18.2 million ha) are pine plantations.

Table 2 provides area of forest plantation grouped by

species. Fast-growing softwood species (loblolly and slash

pines) account for some 86 percent of all species that have

been planted. Fast-growing hardwood speciesdyellow poplar,

sweetgum, eastern cottonwood, andAmerican sycamoredare

insignificant and accounted for only 0.2 percent of all species

in planted forests.

Table 3 provides area of pine plantation by state from 1952

to 2007. At only 0.7 million ha in 1952, the total area of planted

pine forests grew to 15.4 million ha in 2007, a 21-fold increase

in five and a half decades. Although the increase in planted

pine forests is widespread across all southern states, planted

pine forests are mainly located in states within the Southern

Coastal Plain and Piedmont.

Since pine plantations account for the vast majority of all

planted forests and there are no large commercial plantations

with fast-growing hardwood species, our model and forecast

of plantation development in the U.S. South will concentrate

on planted pines. In addition, as plantation development in

public forests may not respond to market forces, we focus on

private pine plantations which covered some 11.3 million ha

in 1997 (Table 3).

3. Model of land use changes and data

Land is a limited resource. Historically, land used for planta-

tion forests came from cutover of natural forests and

conversion of marginal agricultural land [4,8]. Potentially, all

agricultural and other rural lands could be used for forestry,

and most forest land could be converted to pine plantations.

However, many socioeconomic and biophysical factors limit

and influence the chance of a particular land parcel being

converted to another use or forest type. Our goal is to analyze

observed land use and forest type changes and predict prob-

abilities of conversion of available land resources when

socioeconomic factors change.

The most widely used approach to study land use and

forest type dynamics is modeling areas or proportions of

certain land use or forest type categories within a well defined

geographic area, such as a county, as a function of socioeco-

nomic variables and land characteristics aggregated at the

level of geographic unit of observation [11e13]. However, one

of the shortcomings of this approach is that the pooled spec-

ification does not adequately control for cross-sectional vari-

ations in dependent variables [11]. For example, pooling the

shares of agricultural land, forest land, and urban land

together as dependent variables often conceals the dynamics

in agricultural, forestry, and urban land use changes over time

and space (i.e., different counties). As a result, the model’s

parameters measure a combination of spatial and temporal

effects and cannot be used for inferences regarding land use

change or land use change predictions. It is suggested that

a specification with cross-sectional fixed effects provides

a better measure of temporal relationship [11]. However, the

use of cross-sectional fixed effects requires relatively long

time series, limits number of cross-sectional elements, and

prevents the use of explanatory variables such as land quality

and slope that do not have temporal variation.

An alternative approach to modeling land use is to utilize

disaggregated data on parcel [14] or sample plot [15] levels.

This approach allows better use of physical attributes

affecting land use decisions by connecting them to specific

units of observation. Some of the studies that utilized the

disaggregate approach used plot- or parcel-based observation

of land characteristics over at least two time periods in order

to directly measure land use transitions. In this case, the

probability of a parcel to be allocated to a particular land use

was modeled as a function of physical and economic vari-

ables, as well as previous land use [15e17]. This allowed the

isolation of temporal effects of the factors driving land use

Table 2 e Area of timberlands with the evidence of
artificial regeneration by species, 2007.c

Species Area
(million ha)

% % of known
recorded

Fast growing softwoodsa 15.870 86.2 93.8

Other softwoods 0.848 4.6 5.0

Fast growing hardwoodsb 0.028 0.2 0.2

Other hardwoods 0.166 0.9 1.0

Unknown or not recorded 1.209 6.6

a Loblolly pines and slash pines.

b Yellow poplar, sweetgum, eastern cottonwood, and American

sycamore.

c Not all of these stands are classified as artificially regener-

ates.Data source: Ref. [9].
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dynamics, similar to the fixed effect model of aggregate land

use shares.

In this study, we use parcel level data.We assume that land

use changes over time and space are results of decisions of the

owners of individual land parcels, or cells, in the landscape. A

landowner chooses to allocate a parcel of land of uniform

quality to one of J possible alternative uses. We assume that

the landowner’s decision is based on the maximization of net

present value of future returns generated from the land. The

landowner’s expectations concerning future returns gener-

ated by different land uses are drawn from the characteristics

of the parcel and historical returns. The advantage of this

approach over the aggregate approach (such as land use

allocation/share at county level) is that it does not require

a relatively long time series and it allows the explanatory

variables that do not vary over time (e.g., land quality) to be

included [17]. The disadvantage is that socioeconomic factors

such as land rent or economic return usually are not available

at parcel level. This deficiency could be resolved by using

either county level data [15,17] or proxy variables that deter-

mine economic returns to alternative land uses, such as

population gravity index [18].

LetWni be the return or net present value of parcel n in use i

which depends on characteristics of a parcel such as land

quality and location, as well as economic conditions. Con-

verting a parcel from use i to alternative use j involves a one

time conversion cost Cnij, which depends on the land uses that

a parcel is being converted from and to, the characteristics of

the parcel, as well as institutional settings such as zoning

regulations.

Table 3 e Area of timberland and pine plantations by state and year, 1952e2007.

State 1952 1962 1970 1985 1997 2007

Total Private Total Private

Timberlands, million ha

AL 8.400 8.799 8.668 8.727 8.858 8.388 9.014 8.479

AR 7.943 8.082 7.297 6.975 7.430 6.096 7.306 5.911

FL 7.339 6.811 6.581 6.063 5.929 4.783 6.230 4.539

GA 9.700 10.642 10.158 9.563 9.630 8.921 9.771 8.996

LA 6.491 6.490 6.123 5.579 5.549 5.019 5.573 4.929

MS 6.820 6.897 6.789 6.854 7.493 6.715 7.838 6.942

NC 7.925 8.089 8.146 7.466 7.572 6.761 7.238 6.257

SC 4.809 4.925 5.036 4.929 5.040 4.590 5.130 4.531

TN 5.079 5.409 5.188 5.366 5.613 4.980 5.382 4.757

TX 5.294 5.245 5.147 4.676 4.748 4.431 4.782 4.391

VA 6.271 6.375 6.418 6.247 6.252 5.449 6.133 5.189

Total 76.071 77.764 75.552 72.444 74.113 66.133 74.397 64.922

Pine plantations, million ha

AL 0.067 0.329 0.487 0.770 1.389 1.370 2.296 2.248

AR 0.022 0.065 0.104 0.480 0.744 0.677 1.047 0.981

FL 0.118 0.609 1.070 1.629 1.875 1.664 1.785 1.509

GA 0.144 0.644 1.108 2.038 2.471 2.406 2.738 2.666

LA 0.042 0.361 0.516 0.595 0.878 0.827 1.409 1.352

MS 0.115 0.261 0.378 0.611 1.199 1.121 1.865 1.783

NC 0.039 0.145 0.308 0.653 0.849 0.814 1.111 1.053

SC 0.094 0.307 0.436 0.813 1.081 0.989 1.236 1.143

TN 0.043 0.120 0.128 0.144 0.185 0.175 0.161 0.155

TX 0.042 0.119 0.185 0.486 0.715 0.672 1.012 0.971

VA 0.019 0.095 0.175 0.473 0.596 0.583 0.745 0.725

Total 0.745 3.057 4.894 8.694 11.984 11.297 15.404 14.586

Pine plantations as % of timberlands

AL 0.8 3.7 5.6 8.8 15.7 16.3 25.5 26.5

AR 0.3 0.8 1.4 6.9 10.0 11.1 14.3 16.6

FL 1.6 8.9 16.3 26.9 31.6 34.8 28.7 33.2

GA 1.5 6.1 10.9 21.3 25.7 27.0 28.0 29.6

LA 0.6 5.6 8.4 10.7 15.8 16.5 25.3 27.4

MS 1.7 3.8 5.6 8.9 16.0 16.7 23.8 25.7

NC 0.5 1.8 3.8 8.7 11.2 12.0 15.4 16.8

SC 2.0 6.2 8.7 16.5 21.5 21.5 24.1 25.2

TN 0.8 2.2 2.5 2.7 3.3 3.5 3.0 3.3

TX 0.8 2.3 3.6 10.4 15.1 15.2 21.2 22.1

VA 0.3 1.5 2.7 7.6 9.5 10.7 12.1 14.0

Total 1.0 3.9 6.5 12.0 16.2 17.1 20.7 22.5

Data for 1952, 1962, and 1970 are from Ref. [10]. Data for 1985 and 1997 are calculated from Eastwide Forest Inventory Data Base 1980e1989 and

1990e1999, respectively. Data for 2007 are calculated from FIA 2005e2007 data. Source: Ref. [9].
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Let Unjji ¼ Wnj �Wni � Cnij be the landowner’s utility of

converting a parcel to new land use j conditional on current

land use i. The parcel could be converted to land use j if Unjji is
positive. Furthermore, the parcel will be converted to a land

use, for which the utility of conversion is the greatest. The

parcel will remain in current land use (Cnii¼ 0; Unjji ¼ 0) if

Unjji < 0c jsi.

Neither returns for each of the land uses, nor conversion

costs are directly observable for individual parcels. However,

there are observable attributes of plots xn that are related to

either returns or conversion costs. Furthermore, there might

be spatial dependencies Znj due to the fact that some of the

spatially related factors affecting decisions are not observable

directly. Utility of land use change can be expressed as

Unjji ¼ Vnjji þ 3nj, where Vnjji ¼ Vðxn;ZniÞ is the representative

utility, and 3nj captures the factors that are affecting utility, but

not included into representative utility and is assumed to be

random. The probability of converting parcel n to land use j is

Table 4 e Conditional logit model of land use change in the U.S. South.

Variables Regression coefficients for final land uses ( j )

j¼Agricultural j¼ Forestry j¼Developed

Transition specific constants (aij)

i¼Agriculture 4.7961z (0.1403) 3.5471z (0.1412) �4.8563z (0.1654)
i¼ Forestry 2.0455z (0.1447) 7.1139z (0.1438) �3.9715z (0.1666)
i¼Other �2.1032z (0.1458) �0.8899z (0.1421) �9.6583z (0.2044)

Attributes of land uses ðbjÞ
Piedmont 0.5710z (0.0618) 0.4047z (0.0621) 0.3480z (0.0697)
Mississippi Delta 0.2299y (0.0910) �1.1043z (0.0944) �1.1298z (0.1441)
Mountains and Plateau 1.1996z (0.0733) 0.3808z (0.0740) 0.5881z (0.0852)
Prime farmland 0.4242z (0.0575) �0.0731 (0.0589) �0.3800z (0.0712)
Log (PII) �0.3543z (0.0902) �1.3321z (0.0925) 0.0427 (0.1027)

Change in Log (PII) 0.5710z (0.0618) 0.4047z (0.0621) 0.3480z (0.0697)

Model’s fit statistics

Number of observations 216,783

Log-likelihood �53,987

Pseudo-R2 0.789

Pseudo-R2 vs. all intercepts model 0.094

Standard errors in parentheses.
zSignificant at 1%, ysignificant at 5%.

Table 5 e Conditional logit model of forest type change in the U.S. South.

Variables Regression coefficients for final forest types ( j )

j¼ Pine plantation j¼Natural pine j¼Mixed pine j¼ Bottomland hardwood

Transition specific constants (aij)

i¼ Pine plantation 3.6277z (0.2680) �0.3570* (0.2102) 0.7280z (0.2144) 0.0650 (0.4665)

i¼Natural pine 0.4497* (0.2639) 1.5601z (0.1884) 0.9224z (0.1981) 0.1822 (0.4252)

i¼Mixed pine 0.2274 (0.2630) �0.4763y (0.1901) 1.5417z (0.1961) 0.3585 (0.4223)

i¼ Bottomland hardwoods �0.3698 (0.2784) �3.0711z (0.2824) 0.0120 (0.2119) 4.0280z (0.4196)
i¼Upland hardwoods �1.8706z (0.2627) �4.1815z (0.1985) �1.4463z (0.1958) �0.7533* (0.4197)

Attributes of land uses ðbjÞ
Piedmont �0.5674z (0.0537) �0.2690z (0.0511) �0.2676z (0.0440) �0.1477y (0.0714)
Mississippi Delta �0.3238* (0.1671) 0.4819z (0.1502) 0.0072 (0.1323) 0.9811z (0.1459)
Mountains and Plateau �1.6637z (0.0918) �0.6326z (0.0798) �0.6684z (0.0617) �0.4706z (0.1225)
Soil hydricity �0.2780* (0.1600) 0.5943z (0.1316) 0.9281z (0.1091) 2.3788z (0.1039)
Slope �0.0366z (0.0030) �0.0186z (0.0023) �0.0147z (0.0017) �0.1509z (0.0079)
Log (PII) �1.1863z (0.0770) �0.1262* (0.0664) �0.2909z (0.0578) �0.3847z (0.0925)
Change in Log (PII) 0.5990y (0.2482) 0.8553z (0.2330) 0.2625 (0.2047) 0.5492* (0.3055)

Log (re-measurement period) 1.0324z (0.1276) 0.3962z (0.0963) 0.1654* (0.0943) �0.4617y (0.2017)

Model’s fit statistics

Number of observation 40,461

Log-likelihood �30,624

Pseudo-R2 0.530

Pseudo-R2 vs. all intercepts model 0.053

Standard errors in parentheses.
zSignificant at 1%, ysignificant at 5%, *significant at 10%.
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Pnjji ¼ Prob
�
Unjji > Unkji c ksj

� ¼ Prob
�
Vnjji þ 3nj > Vnkji3nk c ksj

�
(1)

Depending on assumptions about the density distribution of

random components of utility, several different discrete

choice models could be derived from this specification [19].

Assuming random components are independent and identi-

cally distributed (iid) with a type I extreme value distribution,

we obtain a conditional logit model [20]:

Pnjji ¼ exp
�
Vnjji

��XJ

k¼1

exp
�
Vnkji

�
(2)

The representative utility of converting parcel n from land

use i to land use j could be expressed as a linear combination

of observable attributes of plots ðxnÞ, land use specific

parameters ðb jÞ, transition specific parameter:

Vnjji ¼ V
�
xn

�
¼ anij þ b0

jxn � b0
ixn (3)

Substituting (3) into (2) yields:

Pnj;tji;t�1 ¼ exp
�
aij þ b

0

j
xn;t�1

�.XJ

k¼1

exp
�
aij þ b0

jxn;t�1

�
(4)

Toremoveindeterminacy inthemodelwerestrictaij ¼ 0c i ¼
j and b J ¼ 0 , where J is the reference outcome (land use).

It is demonstrated that closeness to population centers (as

indicated by population gravity index) could serve as a proxy

for returns to alternative land uses and forest management

types [18]. In addition to explaining transitions between rural

and developed land uses and between forestry and agricul-

tural uses, this index also helps to explain transitions among

forest management types. In this study we cover pine plan-

tations as a distinct forest management type.

Table 6 e Marginal effects of explanatory variables on the probabilities of land use change in the U.S. South.

Variables Marginal effects of explanatory variables on the probabilities of transition to land uses

Agricultural Forestry Developed Other

Initial land use

Agriculture 0.3970z (0.0420) �0.0685 (0.0560) �0.2083z (0.0598) �0.1201z (0.0437)
Forestry �0.9768z (0.0597) 1.3506z (0.0483) �0.2153z (0.0619) �0.1586z (0.0572)
Other �0.2112z (0.0318) 0.3615z (0.0428) �0.1995z (0.0571) 0.0492y (0.0194)

Attributes of plots

Piedmont 0.0430z (0.0078) �0.0258z (0.0080) �0.0025z (0.0009) �0.0147z (0.0048)
Mississippi Delta 0.2912z (0.0235) �0.2980z (0.0209) �0.0129z (0.0030) 0.0197y (0.0092)
Mountains and Plateau 0.1889z (0.0167) �0.1655z (0.0156) �0.0018 (0.0012) �0.0217z (0.0061)
Prime farmland 0.1150z (0.0086) �0.1002z (0.0086) �0.0116z (0.0036) �0.0031 (0.0022)

Log (PII) 0.0024 (0.0054) �0.0432z (0.0070) 0.0336z (0.0095) 0.0072z (0.0024)
Change of Log (PII) 0.1954z (0.0177) �0.2487z (0.0160) 0.0234z (0.0074) 0.0299y (0.0125)

Standard errors of marginal effects in parentheses.
zSignificant at 1%, ysignificant at 5%.

Table 7 e Marginal effects of explanatory variables on the probabilities of forest type change in the U.S. South.

Variables Marginal effects of explanatory
variables on the probabilities of transition to forest management types

Pine plantations Natural pine Mixed pine Bottomland hardwood Upland hardwood

Initial forest management types

Pine plantations 0.4677z (0.0350) �0.1631z (0.0270) 0.0152 (0.0261) �0.0896 (0.0602) �0.2301z (0.0453)
Natural pine �0.0078 (0.0331) 0.1754z (0.0252) 0.0653z (0.0245) �0.0504 (0.0554) �0.1826z (0.0416)
Mixed pine �0.0038 (0.0330) �0.1204z (0.0250) 0.1993z (0.0245) 0.0169 (0.0551) �0.0920y (0.0413)
Bottomland hardwoods �0.0695y (0.0350) �0.5203z (0.0318) �0.0098 (0.0266) 0.6273z (0.0614) �0.0277 (0.0458)

Upland hardwoods �0.0849y (0.0332) �0.4721z (0.0272) �0.0186 (0.0246) 0.0909* (0.0550) 0.4847z (0.0416)

Attributes of plots

Piedmont �0.0577z (0.0064) �0.0118* (0.0062) �0.0108y (0.0049) 0.0079 (0.0091) 0.0723z (0.0090)
Mississippi Delta �0.0795z (0.0194) 0.0489z (0.0176) �0.0276* (0.0141) 0.1262z (0.0183) �0.0680z (0.0256)
Mountains and Plateau �0.1750z (0.0116) �0.0150 (0.0105) �0.0195y (0.0076) 0.0113 (0.0162) 0.1981z (0.0134)
Hydric soil �0.1332z (0.0174) 0.0031 (0.0147) 0.0544z (0.0109) 0.2862z (0.0170) �0.2104z (0.0233)
Slope �0.0002 (0.0004) 0.0027z (0.0003) 0.0031z (0.0003) �0.0184z (0.0007) 0.0128z (0.0005)
Log (PII) �0.1364z (0.0092) 0.0307z (0.0081) 0.0032 (0.0065) �0.0115 (0.0117) 0.1140z (0.0120)
Change of Log (PII) 0.0369 (0.0285) 0.0815z (0.0275) �0.0155 (0.0223) 0.0296 (0.0382) �0.1325z (0.0416)
Log (re-measurement period) 0.1332z (0.0160) 0.0359z (0.0126) �0.0021 (0.0117) �0.1017z (0.0268) �0.0654z (0.0202)

Standard errors of marginal effects in parentheses.
zSignificant at 1%, ysignificant at 5%, *significant at 10%.
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Our model in both stages is based on the classic land use

theory, treating forestry/pine plantation as one of the land

uses that competes with other uses in each stage. We assume

that the dynamics of pine plantations consists of several

simultaneous processes: conversion of agricultural lands to

forestry land use (including pine plantations), conversion of

other forest types to pine plantations, conversion of pine

plantations to other forest types, and loss of forest lands

(including plantations) to development and agricultural land

uses. Theoretically one can simultaneously estimate area of

pine plantations along with areas of all other forestry, agri-

cultural and developed land use types. However, because

there is no comprehensive data set that allows us to describe

all these processes, we use two different data sets and model

dynamics of pine plantations in two steps. We model

dynamics of broad land uses (forestry, agricultural, developed,

and other) in the first stage, and dynamics of forestry specific

land uses (pine plantation, other forest types) in the second

stage.We derive spatially specificMarkovmatrices of land use

change and forest type change conditional on biophysical and

socioeconomic factors and apply them to available land and

forest resources to forecast dynamics of pine plantations. The

use of two-stage approach is one of the novelties of our study.

Other studies either model both specific forestry land use and

general land use in a one-step process [21] or general land use/

specific forestry land use only [4,6,15]. This two-stage

approach allows us to consider the dynamics of forestry and

non-forestry land use changes, and to overcome a major data

deficiencydinconsistency of total forest area between two of

our main data sources.

The first stage models private land use dynamics, which

would predict probabilities of transitions among four broad

land uses: developed, agriculture, forestry, and other rural

uses. For this, we use National Resources Inventory (NRI) data

obtained fromUSDANational Resources Conservation Service

[22]. The NRI is a longitudinal panel survey of the nation’s soil,

water, and related resources designed to assess conditions

and trends every five years. For each NRI sample point, data

have been collected on land cover, land use, irrigation, soil

potential and erosion, conservation practices, resource

concerns, and land ownership type. Due to variable sampling

intensity, sample points represent different area of land

indicated by expansion factors, which are used as weights to

aggregate over the sample points. The details of NRI sampling

design, data collection, and estimation procedures are dis-

cussed in Ref. [23]. The 1997 NRI data set provides data that are

nationally consistent for all nonfederal lands for four points in

time: 1982, 1987, 1992, and 1997. We use 1987 and 1997 data

points and model land use change during 1997e2027 on a 10-

year interval. This stage would predict gain of forestry

(including plantations) from agricultural and other rural lands

as well as the loss of forestry to developed, agricultural and

other rural lands. As the latest data available from NRI was

1997, we could not have used the data between 1997 and 2007

to forecast the general land use change.

In the second stage we model dynamics of conversions

among forest management types (pine plantations, natural

pine, mixed, upland hardwoods, and bottomland hardwoods),

which allows us to predict probabilities of conversions to and

from plantations. We use data of Forest Inventory Analysis

(FIA) collected by USDA Forest Service. Historically, FIA data

have been collected on approximately a 10-year cycle for

sample plots located on roughly a 5 by 5 km grid pattern. We

use data from the inventories conducted in the 11 southern

states between 1980 and 1990 (first data point) and between

1990 and 2000 (second data point). These two data points

allow modeling transition between forest management types

on an approximately 10-year interval.

In both models of land use change and of forest manage-

ment type change, we cover only private forest lands. We use

Population Influence Index (PII) [24], a measure similar to

a gravity index as a proxy of socioeconomic drivers. PII is

derived from the Census block group population data of 1980,

1990, and 2000. We apply linear interpolation to obtain PII for

1987, and 1997. We use a log form of PII level and rate of

change. The other variables used in our models represent site

quality: “prime farmland” in land use changemodel, and slope

and soil hydricity (high content of moisture in the soil) in

forest management type change model. We assume that sites

classified as “prime farmland” are more likely to stay in agri-

cultural production or be converted to agricultural production

[17] and that sites on steeper slopes and sites with excess soil

moisture are less suitable for pine plantations. Furthermore,

to take into account different re-measurement periods in FIA

data, we use log of the re-measurement period in the model

of forest management type change. The longer the

t

t

t
t t

t

t

Fig. 1 e The structure of plantation development

simulation.
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re-measurement period is, the greater is the probability to

observe forest management type change.

4. Estimation results and predictions

We model separately (i) transitions between land uses and (ii)

transitions between forest management types over a 10-year

period (1987e1997) using the multinomial logit model in

equation (4). The observed responses are incidents of land

being retained in the initial land use/forest management type

or converted to another land use/forest management type.

The predicted values of the dependent variables are vectors of

probabilities of transition to alternative land uses/forest

management types, which form Markov matrices of the

probabilities of transition of land uses and forestmanagement

types conditional on biophysical and socioeconomic factors.

The models of land use change and forest management

type change were estimated using NLOGIT 3.0 [25]. The results

of the estimations of land use change model and forest

management type change model are presented, respectively,

in Tables 4 and 5. The values of McFadden’s pseudo-R2 are,

respectively, 0.792 and 0.530, indicating a good fit of the

models.

The coefficients for plot attribute variable indicate the

effects a particular attribute has on the probabilities of tran-

sitions to each of the final land uses relative to the probability

of transition to the reference land use (“other”) in land use

Fig. 2 e Private pine plantations by county in the U.S. South in 1997 (a) and 2027 (b).
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changemodel (Table 4), or the effects a particular attribute has

on the probabilities of transitions to each of the final forest

management types relative to the probability of transition to

reference forest management type (upland hardwoods) in

forestmanagement type changemodel (Table 5). For example,

significant and negative coefficient of Log (PII) variable for

forestry land use in the land use change model (Table 4)

indicates that the higher the value of Log (PII), the lower the

probability of retention in or conversion to forestry land use

relative to the probability of conversion to “other” land use.

Because the values of the coefficients and their errors depend

on the choice of the reference outcome (reference land use or

reference forest management type), and because the effect of

the variable on a particular transition probability is jointly

determined by all the coefficients for this variable, the inter-

pretation of the coefficients of conditional logit models is

difficult. In order to facilitate interpretation of the results of

the regression models, we calculated marginal effects of the

explanatory variables on the transition probabilities and their

errors estimated at the sample means. The marginal effect of

attribute m of a sample plot on the probability of transition to

land use or forest management type j is

vPj=vxm ¼ Pj

 
bjm �

XJ

k¼1

bkmPk

!
: (5)

The standard errors of marginal effects are calculated using

the Delta Method [26]. The marginal effects of explanatory

variables on the transition probabilities of land uses and forest

management types, as well as their errors, are presented in

Tables 6 and 7. For example, the marginal effect of “Hydric

soil” dummy variable on the probability of transition to pine

plantation (�0.1332) (Table 7) indicates that the probability of

a particular site to be converted to pine plantation is 0.1332

smaller on hydric soils than on other soil types.

For the land use change model (Table 6), the dynamics

among agricultural, forestry, developed, and other land uses is

determined by the by land use in the previous period and

physiographic region, and influenced by land quality (prime

farmland), accessibility to population (as indicated by the PII),

aswell aspopulationgrowth(as indicatedbyPII rateof change).

As expected, probability of retention in or conversion to

forestry land use is negatively influenced by PII and change of

PII (the marginal effects are negative and statistically signifi-

cant), indicating that conversion to forestry is more likely (and

conversion from forestry is less likely) in locations with little

population pressure and little population growth. The less

productive land is likely to be converted to forestry use, while

more productive land (prime farmland) is more likely to be

retained in of converted to agricultural use. In general, these

results are consistent with findings in previous studies [17,18].

For the forest management type change model (Table 7), we

found that the probability of conversion to pine plantations is

adversely affected by the soil hydricity and slope, and that

conversion to pine plantations is less likely to occur in the Pied-

mont, Mississippi Delta, andMountains and Plateau than in the

Coastal Plain,which is the referencephysiographic region. Thus,

Fig. 3 e Change in private pine plantations by county in the U.S. South, 1997e2027.

Table 8 e Projections of the area of private timberland in
the 11 southern states by forest type between 1997 and
2027, million hectares.

Forest type 1997 2007 2017 2027 Change
(1997e2027)

Pine plantations 11.297 14.213 15.609 15.849 þ40.2%

Natural pines 11.230 9.748 8.821 8.146 �27.5%

Mixed pine-

hardwood

10.232 9.828 9.275 8.681 �15.2%

Bottomland

hardwood

10.750 10.164 9.522 8.836 �17.8%

Upland hardwood 22.751 21.802 20.907 19.978 �12.2%

Total 66.260 65.754 64.135 61.490 �7.2%
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the marginal effects for Piedmont, Mississippi Delta and Moun-

tains and Plateau indicate changes relative to the Coastal Plain.

The marginal effect of Log (PII) variable on transition to pine

plantations is negative and statistically significant, which indi-

cates that all other things being equal, the sites with high pop-

ulation pressure are least likely to be converted to pine

plantations. This is perhaps related to the fact that establishing

a plantation is a long-term investment and places with high

population pressure are likely to be developed in the nearest

future. This is consistent with findings for Alabama [27].

Based on these estimation results, we start our simulation

from 1997 and proceed in three 10-year intervals to 2027. The

conceptual scheme of the simulation is presented in Fig. 1.We

assume that the population changes at the same rate it did

between 1980 and 2000.

First, we project dynamics of land use changes from 1997 to

2027. For each 10-year step, we aggregate areas converted from

agricultural and other rural uses to forestry use, and areas con-

verted from forestry to other uses to the level of FIA units (each

state is divided into 2e6 FIAunits) and calculate the rate of forest

gain and loss. Second, we perform simulation of forest type

change.At each10-year step,weadjust the forest areaaccording

to lossesandgains,andthensimulateforest typechange.Finally,

weaggregate results of the simulations to state and county level.

Themaps in Fig. 2 show spatial distributions of private pine

plantations in 1997 and 2027. The map in Fig. 3 shows the

dynamics of private pine plantations by county for the period

between 1997 and 2027. While Table 8 shows the change in

private timberland in these 11 states, Fig. 4 and Table 9 show

the dynamics of private pine plantations by state.

Fig. 4 e Projections of the area of pine plantations on private lands by state, 1997e2027.
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Interestingly our forecast for 2007, based on the 1987e1997

data, of 14.2 million ha of pine plantations is close to the

actual pine plantation of 14.6 million ha in 2007. Our results

show that private timberland is going to decline by about 7

percent between 1997 and 2027 and that the growth of pine

plantation forests will diminish in the coming decades.

Initially private pine plantation will increase by 20 percent

from 11.3 million ha to 14.2 million ha in the first decade

(1997e2007), then moderately increase by 10 percent and

reach 15.6 million ha in the second decade (2008e2017) and

finally only increase by 2 percent in the third decade, reaching

15.8 million ha in 2027 (Table 9).

Fig. 4 shows the forecasted pine forest plantation devel-

opment by state. Alabama and Mississippi are expected to

have the biggest increase in their private pine plantations,

while Florida is expected to undergo a dramatic decline.

Georgia, South Carolina, and Texas are expected to experience

an increase and then a decline in their private pine plantation

acreage. Population and population changes are the chief

reasons for this discrepancy. All else being equal, the states

that have low population and slow population growth will

have a larger increase in private pine plantations than those

with a large population base and high population growth rate.

We project that rate of increase in pine plantation area will

decline in the coming decades, unlike other projections (i.e.,

SRTS) which forecast a linear rate of growth [28,29]. In our

projections, area available for new pine plantations is

decreasing due to development, which would reduce forest

land by some 7 percent from 1997 to 2007. Our projections of

pine plantation acreage for 2027 are much less than the two

inelastic timber demand (timber demand elasticity¼�0.50)

scenarios, but close to the two elastic timber demand (timber

demand elasticity¼�5.0) scenarios reported in Ref. [28].

5. Conclusions and discussion

In this paper we looked at the current status and geographical

distribution of planted forests and developed a model to

forecast private pine plantation development in the U.S.

South. We forecast forest land and pine plantation develop-

ment based on a two-stage model of land use change, with

forestry being one of several general land use types in the first

stage and pine plantation being one of several specific forestry

land use types in the second stage.

Mostpineeoakplantationsgrewoutof failedpineplantations.

ThepineplantationsareconcentratedontheCoastalPlainandon

private lands. Our results show that fast-growing pine planta-

tions account for some 86 percent of all planted forests and that

commercial planting of fast-growing hardwood species is rare.

Our forecast of pine plantations in private lands is pre-

sented at the county level at a 10-year interval.We predict that

privatepineplantationswill increasebyabout 40percent, from

11.3 million ha in 1997 to 15.8 million ha in 2027. The increase

in pine plantations occurs in states and regions that have

a small population base and a low population growth rate. Our

model does not cover public forests and cannot be used to

forecast hardwood plantation development in the region.

Nonetheless we do not expect tree plantations in public lands

tochangesignificantlybecause themanagementof these lands

is largely immune to population andmarket forces. Nor do we

expect that hardwood plantations on private lands will

increase substantially in the coming decades unless economic

conditions favor fast-growing hardwood species over pines.

Ourmodel is built onhistorical data. As such, our forecast is

unlikely to catch significant institutional changes that take

place recently and in the future. One such institutional change

is the 2007 Energy Independence and Security Act which

requires a huge increase in the use of renewable fuels from

some 24 hm3 in 2008 to 136 hm3 in 2022. Biofuels fromnonfood

feedstock (including cellulosic woody biomass) would be

required to increasenearly zero to 60.6 hm3 in the sameperiod.

Further, innovation and learning from subsidized demonstra-

tions could improve the cost effectiveness of fuel production

and could drive up demand for woody biomass from forest

plantations and natural forests in the coming years. On the

supply side, the adoption of new technologies such as geneti-

cally improved seedlings and government subsidies through

tax relief and cost-sharing programs could greatly increase the

area of plantation forests in the region.
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