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(ABSTRACT)

Recent increases in atmospheric carbon dioxide caused by the

combustion of fossil fuels and tropical deforestation may result in global

warming. Carbon accumulation by regrowing temperate forests, in

regions such as the southeastern United States, may have been

extensive enough to counterbalance releases of carbon from the tropics.

In the Virginia Piedmont, large amounts of carbon have accumulated in

phytomass and detritus of loblolly pine (Pinus toedci) plantations and

natural forests regrowing on post-agricultural fields. After 50 years,

carbon in phytomass of old field plantations was 200,000 kg/ha, twice

the amount accumulated by natural forests. Detrital carbon

accumulations totaled over 100,000 kg/ha, but were dependent upon

amounts of erosional loss prior to reforestation.

The forested land area in the southeastern United States has

stabilized, and forest conversion is now the primary form of

reforestation. Therefore, the regions ability to continue to store

carbon has been questioned. Still, the phytomass of late-rotation

converted plantations stored 200,000 kg carbon/ha, twice the amount of

the natural forests they replaced. ln addition, while the harvest of

natural forests resulted in small reductions in detrital carbon, it was

rapidly restored to over 100,000 kg/ha within 30 years.



Houghton et al. (l983) developed a series of models describing

carbon dynamics during reforestation. My data show that patterns of

carbon accumulation exhibited by regrowing loblolly pine plantations are

different from their models. Therefore, modifications of the models are

suggested to improve estimates of carbon storage in temperate forests.



ACKNOWLEDGEMENTS

Many people deserve my thanks for their help with making this a

successful project. Among them are my commettee members, Drs. Jim

Burger and Pete Linkins, whose input is greatly appreciated. In

addition, Dr. Dave Sharpe provided me with helpful insights. Of

course, Dr. Carter Johnson, my major professor, deserves special

thanks for his good advice, stimulating conversation, high expectations,

and patience.



ambitions. l am grateful to them, and the rest of my family in

California, for their love and encouragement.

v



TABLE OF CONTENTS

ABSTRACT.............................ii

ACKNOWLEDGEMENTS .......................iv

Chapter
page

INTRODUCTION ..........................1

METHODS .............................6

Study Areas........................6
Site Selection........................7
Soil and Forest Floor Sampling ...............9
Soil Carbon Analysis ....................11
Forest Floor Carbon Analysis................11
Aboveground Phytomass...................12

Old Field Plantations...................12
Converted Plantations and Natural Forests........14

RESULTS..............................15

Vegetation .........................15
Forest Floor.........................18
Soil.............................24
Summary ..........................31

DISCUSSION............................33

Effects of Deforestation and Cultivation on Detrital Carbon . 33
Detrital carbon loss when forests are converted to

agriculture....................33
Detrital carbon levels during Piedmont cultivation ....35

Effects of Old Field Reforestation on Detrital Carbon ....36
Effects of Clearcutting and Site Preparation on Detrital

Carbon .......................38
Oxidation of forest floor material.............38
Extent of detrital carbon losses.............39

Effects of Converted Forest Regrowth on Detrital Carbon . . 40
Effects of lncreased Forest Conversion on Regional Carbon

Dynamics ......................41
Modifications of the Models .................43

CONCLUSIONS...........................47

vi



LITERATURE CITED........................49

VITA................................60

vii



LIST OF FIGURES

Figure
page

1. Carbon models developed by Houghton et al. (1983)......4

2. Mean percent carbon in L layer and F layer forest floor....13

3. Carbon accumulation ln living phytomass............16

4. Carbon accumulation on forest floor of old field plantations . . . 19

5. Carbon accumulation on forest floor of converted plantations . . 20

6. Carbon accumulation ln solls of old field plantations......26

7. Carbon accumulation ln solls of converted plantations in
Buckingham-Appomattox State Forest............28

8. Carbon accumulation in solls of converted plantations in
Cumberland State Forest..................29

9. Generallzed curves describing old field reforestation......44

IO. Generallzed curves describing forest conversion........46

viii



LIST OF TABLES

Tab/6
Page

I. Old field and converted plantation study sites.........8

2. Carbon storage by standing dead trees ............23

3. Depth, percent carbon, and bulk density for Ap and B
horizons..........................25

4• Summary of carbon storage (kg/ha) data............32

ix



INTRODUCTION

There is international concern about the increasing level of

carbon dioxide in the atmosphere and its effect on global climate

(Environmental Protection Agency 1983, National Academy of Sciences

1983). The concentration of atmospheric carbon dioxide has increased

from 315 ppm in 1959 to 340 ppm in 1980 (Keeling et al. 1982);

projections indicate that the concentration may exceed 600 ppm during

the next century. Global warming of several degrees Celsius (the

"greenhouse effect") may result if atmospheric carbon dioxide reaches

projected levels. The two primary causes of increased atmospheric

carbon dioxide have been the combustion of fossil fuels, especially since

the industrial revolution (Rotty 1979), and the burning and accelerated

decomposition associated with conversion of natural ecosystems with

large stocks of carbon to agricultural and urban uses with much smaller

stocks of carbon (Woodwell et al. 1978, Woodwell et al. 1983).

Forests store large quantities of carbon compared to other

ecosystems such as grasslands and deserts. Therefore, it is primarily

the balance between carbon uptake (growth) and release (decomposition

and burning) by forests that determines whether, at the global level,

the biota collectively functions as a net sink or source for atmospheric

car_bon. Clearing and burning of tropical forests have accelerated in

recent decades, transforming them into a major source of biospheric

carbon to the atmosphere. Estimates of this biospheric contribution

1
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vary from 0.6 to 4.7 Gt/year (Olson 1982, Woodwell et al. 1983,

Molofsky et al. 1984). Evidence suggests, however, that recent

reforestation in many portions of the north temperate zone may have

been large enough to counterbalance most of the carbon released by

tropical deforestation (Armentano and Ralston 1980, Delcourt and Harris

1980, Olson 1982, Johnson and Sharpe 1983).

The temperate forests of the southeastern United States, in

particular, have undergone extensive regrowth during this century

(Boyce 1974, Clawson 1979) and have been a significant carbon sink

(Delcourt and Harris 1980, Sharpe and Johnson 1981). This

reforestation has occurred by both natural succession and commercial

plantings on post·agricultura| fields (Delcourt and Harris 1980,

Sheffield and Knight 1982). The agricultural land base has, however,

stabilized in recent years and few fields are now available for

reforestation (Boyce 1974, Boyce and McClure 1976, Sheffield 1976,

1977). Plantation establishment has nonetheless continued by

conversion of natural second growth forests (growing on old fields) to

Ioblolly pine (Pinus taeda L.) plantations (Boyce and McClure 1976,

Sheffield and Knight 1982). Less commercially-valuable forests are now

being converted into economically productive plantations with little

change in total forest area. For example, since 1957 the Piedmont

region of Virginia has maintained a forest area of approximately

2,600,000 ha despite a steady rate of forest conversion of about 15,000

ha per year (Sheffield 1976, 1977, Sheffield and Craver 1981).
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Therefore, stabilization of the forest land base, despite continued

plantation establishent, may be signaling a declining capacity for

temperate zone landscapes to sequester large amounts of carbon in the

form of forests on agricultural land.

The broader issue of whether temperate forest regrowth has

offset releases of carbon from harvested tropical forests has been

addressed through the use of mathematical models (Sharpe and Johnson

1981, Olson 1982, Houghton et al. 1983, Cropper and Ewel 1983,

Molofsky et al. 1984, Cooper 1984, Emanuel et al. 1984). For example,

Houghton et al. (1983) developed a series of general models to estimate

the patterns of carbon accumulations in soils and vegetation of

regrowing temperate forests. One pair of models (Figures 1a and 1b)

shows changes in carbon storage for forested land which has been

harvested, converted to agriculture and then reforested. A second

pair (Figures 1c and 1d) describes changes in carbon associated with

forest regrowth immediately following clearcutting, a process which does

not involve land use change. The first pair of models corresponds to

the farm to forest trend which transformed the temperate southeastern

United States into a carbon sink. The second pair addresses the

process of forest conversion described above but has some potentially

important differences in carbon flux.

These models are based on limited data, given the earth's great

spatial heterogenelty of carbon cycle processes. Data are weakest for

the carbon dynamics of soils. Forest soils represent a large, long—term
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Figure la. Changes in vegetational carbon content per unit land area
(from Houghton et al. l983). Initial large loss of carbon upon forest
harvest, followed by maintenance of minimal vegetational carbon through-
out period of cultivation. Steady increase in carbon upon field
abandonment and subsequent reforestation. Seventy-five percent of the
original quantity of carbon is stored in phytomass after 50 years.
lb. Changes in soil carbon per unit land area. Initial increase upon
forest harvest due to transfer of 33 percent of phytomass (foliage,
twigs, roots) to soil, followed by 50 percent decline in soil carbon
due to increased oxidation rates. Maintenance of minimal soil carbon
throughout cultivation. Then steady increases upon field abandonment
and subsequent reforestation. Reaching 90 percent of pre-harvest
concentration 50 years after abandonment. lc. Changes in vegetational
carbon content per unit land area. Initial large loss upon forest
harvest followed by steady accumulation during subsequent reforestation.
Seventy-five percent of original quantity is stored in phytomass after
50 years. ld. Changes in soil carbon per unit land area. Initial
increases upon forest harvest due to transfer of 33 percent of phytomass
(foliage, twigs, roots) to soil, followed by a l0 year, 50 percent
decline due to increased oxidation rates. Then steady 30 year
accumulation, reaching pre-harvest concentrations 40 years after harvest.
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detrital carbon pool which is sensitive to human disturbance

(Schlesinger 1977, 1984). Moreover, some of the models simulate future

carbon storage trends, but do not consider the impact of changing

forestry practices, such as the important changes occurring in forest

management in the southeastern United States, where forest conversion

is becoming the rule and forest regeneration on old fields the

exception.

This research project had two primary objectives. One was to

improve estimates of carbon storage dynamics in temperate forests

(especially the detrital component) by studying soil, litter, and

vegetation carbon pool changes in a chronosequence of Virginia

Piedmont loblolly pine plantations. The second objective was to examine

the important differences between carbon dynamics of plantations

established on post-agricultural fields and those established by forest

conversion. Special attention was given to testing the widely cited

models of Houghton et al. (1983). Understanding the details of these

important aspects of carbon storage is critical to predicting the future

role of the region's forests in the global carbon cycle.



METHODS

STUDY AREAS

The Buckingham-Appomattox and Cumberland State Forests,

located approximately 22 km apart in Virginia°s central Piedmont region

(37°3'N, 78°75'W and 37°5'N, 78°25'W respectively), were selected as

study areas. These state forests were established on abandoned

agricultural land and consist of
la

patchwork of second growth forests

and loblolly pine plantations. The plantations are grown in 50 year

rotations for sawtimber production. After 20 years of growth they are

usually thinned to a basal area (mz/ha) approximately equal to the site

index (m) at 50 years (S. Warner pers. comm. 1985). Most of the

natural forests are candidates for eventual conversion, at which time

they are harvested for sawtimber and pulp (Virginia Division of

Forestry 1973, 1974).

Like much of the rest of the Piedmont, this area has moderately

rolling topography with elevations ranging from 107 to 198 m (Virginia

Division of Forestry 1973, 1974). Soils (Ultisols) are eroded, clayey,

and primarily underlain by crystalline Precambrian rock (Wingo 1949,

Robinson et al. 1961, USDA Soil Consevation Service 1966, Virginia

Division of Forestry 1973, 1974). Precipitation averages 102 cm

annually. Summers are relatively warm and winters are mild with mean

annual temperatures ranging from 12.8 to 15.6 C. ~

6
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SITE SELECTION

During the summer of 1983, two groups of Ioblolly pine

plantations were selected for study. The first group consisted of eight

plantations (25, 32, 34, 35, 36, 40, 46, and 47 years old) planted

directly on post·agricuItural fields ("old field plantations"). The

second group consisted of 13 plantations (1, 2, 3, 5, 8, 11, 14, 17, 20,

23, 26, 30, and 33 years old) planted on recently cleared forested land

("converted plantations"). The overstory vegetation of several old field

and converted plantations in these state forests had been measured

previously by Conroy (1979) and Felix (1981), respectively (Table 1).

Because reforestation of post-agricultural fields no longer occurs and

forest conversion began only 30 years ago, recently established old

field plantations and old converted plantations were not available for

study.

ln addition to the plantations, three active agricultural fields on

private land adjoining the state forest in Buckingham County were

selected to serve as indicators of pre—abandonment soil carbon levels

(Switzer et al. 1979). Similarly, three natural second growth forests

("reference forests"), dominated by 50 to 70 year old Virginia pine

(Pinus virginiona Mill.) were chosen to approximate detrital carbon

levels prior to cutting and conversion to Ioblolly pine plantations (Rolfe

and Boggess 1973). _

ln order to minimize variation within plantation sequences, sites

chosen conformed to several strict selection criteria. First, only sites
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Table l. Old field and converted plantation study sites in Buckingham-
Appomattox and Cumberland State Forests. Detritus was sampled in l983.
Converted plantation vegetation was sampled by Felix (l98l) in l978 and
old field plantation vegetation was sampled the same year by Conroy
(l979). T

CXNVERJED PLANIAIICNS OLD 1-'IEI.b PLANIATICNS
AE SIJA'1'1-Z VIP SAWLDXJ AE STAIE VDF SAMPLING

(in 1983) PORESI1 (DEZ DA'IE(S) (in 1983) I·DlESI‘l (DEZ D¤.I£(S)

1 B-A 21-21 1983 25 B-A 2-22 1983
2 B-A 14-41 1983 32 C 26-25 1978 , 1983
3 C 16-50 1983 34 B-A 2-42 1978 , 1983
5 B-A 14- 5 1978,1983 35 B-A 5-11 1978,1983
8 C 18-24 1978 , 1983 36 B-A 2-31 1978 , 1983

11 B-A 15-13 1978 , 1983 40 C 25-60 1978, 1983
14 C 18-13 1978,1983 46 B-A 13- 5 1978,1983
17 C 15-22 1983 47 C 17-23 1983
20 B-A 4-18 1978,1983
23 B—A 12-46 1978 ,1983
26 B-A 4- 4 1978,1983
30 C 11-17 1983
33 C 11-33 1983

1
B-A = Buckingliau-Appanattozz State Forest, C

- Qnberland State Forest

2
VDF CDE = Virginia Division of Forestry managemmt unit - stand 1.D. number

(1982 version)
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which were in upland topographic positions, were relatively level, and

had Cecil, Appling, Nason, Tatum, or Cullen soils (clayey kaolinitic

thermic typic hapludults or clayey mixed thermic typic hapludults) were

chosen. Second, all sites in a plantation sequence must have been

subjected to similar site preparations. Site preparation during forest

conversion involved drum-chopping and burning any debris remaining

on the ground following forest harvest (foliage and wood <7.6 cm in

diameter). Post-agricultural fields were only burned prior to planting.

While detailed historical records for the natural forest sites were not

available, small amounts of charcoal were found mixed with the surface

soil and forest floor material at all 3 sites, indicating that this land had

been burned previously.

SO/L AND FOREST FLOOR SAMPL/NG

Soil and litter samples were collected using a stratified random

design within a centrally located 50 X 50 m (0.25 ha) block in each

stand. ln plantations, five 10 X 50 m belts were positioned diagonally

l to the rows of trees to avoid sampling consistently along rows (Felix

1981). A 50 m line transect was then randomly placed within each belt.

Along the 5 line transects, 3 soil sampling points and 3 forest floor

sampling points were randomly positioned.

From each stand, 15 soil cores (Pritchett 1979) were taken using

a 33 cm long push tube. Each core was separated into Ap and upper B

horizons, and the depth of the Ap horizon was measured. For the
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purpose of soil carbon analysis, the individual samples were combined

into a composite Ap horizon sample and a composite upper B horizon

sample for each stand. Soil bulk density samples were taken with 135.4

cm3 cylinders at each 25 cm depth (0 to 100 cm) from one soil pit

located randomly within the central sampling block in each stand.

Because deeper solls should be much less affected by surface

disturbances and therefore exhibit less variability (Schlesinger 1984),

lower B horizon soil samples were only collected from this single soil pit

for carbon analysis. Samples were not taken deeper than 100 cm,

although some B horizons did extend below this limit. All soil samples

were placed in paper bags and air dried in the laboratory.

Leaf litter and small woody debris on the forest floor were

sampled within fifteen square 32 X 32 cm (0.1
m2)

quadrats in each

stand (Switzer et al. 1979, Reinke et al. 1981). The relatively

undecomposed material (L layer) and more decomposed material (F layer)

in each quadrat were separated and placed in paper bags. Humus

layers could not be distinguished in any of the stands. Any small

amounts of humus present were included in F layer samples. The

forest floor samples were air dried in the laboratory prior to carbon

analysis. Litter was not sampled from the 3 agricultural field sites.
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SO/L CARBON ANALYS/S

Prior to total organic matter analysis by Walkley-Black wet

oxidation (Nelson and Sommers 1982), the dried soils were crushed to

pass through a 2 mm sieve, and fine roots, charcoal, and other large

identifiable pieces of organic debris were discarded. One small

sub-sample (0.5g for Ap horizons, 1.5 g for B horizons) from each soil

sample was analyzed and percent carbon determined. The resulting

quantities were converted to units 09u.g carbon/g soil and multiplied by

the corresponding horizon depths and bulk densities to yield soil carbon

amounts (kg/ha).

FOREST FLOOR CARBON ANALYSIS

After weighing all air-dried forest floor samples, a randomly

chosen group of L layer samples from 8 plantations and F layer samples

from 6 plantations were ground in a large Wiley mill to pass through a

20 mesh sieve (Van Lear and Goebel 1979). Subsamples were subjected

to carbon analysis in a LECO induction furnace (model 521) using a

procedure described by Carr (1973). Although most of the literature

discusses this method for soil carbon determinations (Jackson 1952,

Young and Lindbeck 1961, Carr 1973), it is also appropriate for

analysis of forest floor samples (Matson and Boone 1984).

Subsamples of L layer material contained an average of 43.6

percent (S.D.=8.89) carbon while subsamples of the more decomposed F

layer material averaged 32.7 percent df=208;
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Figure 2). Consisting primarily of pine needles, which have relatively

stable lignin contents (Sharpe et al. 1980), forest floor quality varied

little over the chronosequences. Therefore, these averages were

generalized for forest floor material of all plantations. Similar carbon

contents of 46.8 percent for L layer material and 24.1 percent for F

layer material have been noted by Matson and Boone (1984) for Oregon

hemlock forest litter. They also did not detect year—to—year changes in

litter layer carbon concentrations.

ABOVECROUND PHYTOMASS

Old FieldPlcmtutionsCarbon

storage trends in phytomass of old field plantations were

based on vegetation data (trees > 2 m in height) collected by Conroy

(1979) for an age sequence of loblolly pine plantations (ages 22, 24, 25,

28, 29, 30, 31, 35, 36, 38, 39, and 41). Because of the relatively

uniform intra-stand dimensions associated with plantation grown trees

(Ovington 1957, Santantonio 1977), the mean tree approach (Crow 1971)

was used to estimate carbon storage. The data set included stand age,

site index at 25 years, number of trees/ha, and basal area (m2/ha) for

each plantation. Tree height and diameter values are necessary to

calculate tree biomass. However Conroy's data did not include this

information. Therefore, average tree height was estimated for each

plantation using a model developed by Burkhart et al. (1972). The

average basal area per tree was also estimated and used to predict the
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average tree diameter for each plantation. In order to estimate average

aboveground tree biomass (kg/ha) these amounts were then incorporated

into an allometric model for loblolly pine (Taras and Clark 1975). Roots

were assumed to equal 25 percent of aboveground phytomass

(Santantonio et al. 1977). Above- and belowground amounts for mean

trees were summed and then multiplied by the total number of trees to

give an estimate of the total phytomass (kg/ha) for each plantation.

Carbon was assumed to be 50 percent of total biomass by weight

(Reichle et al. 1973).

Converted P/antatlons and Natural Forests

Aboveground phytomass and equivalent carbon were estimated

from vegetation data (> 1 m in height and 2.5 cm dbh) collected by

Felix (1981) for an age sequence of 3 replicate converted loblolly pine

plantations (ages 3, 5, 9, 15, 18, and 22) and 3 natural forests

dominated by 50 to 70 year old Virginia pines. Tree diameter and

height measurements were incorporated into several species specific

allometric models (Wartluft 1977, Taras and Clark 1975, Clark and Taras

1976, Monk et al. 1970, Johnson and Sharpe 1983). Again, root

phytomass was estimated to be 25 percent of aboveground amount.

Total carbon in phytomass (50 percent of total) for each stand was then

estimated. W



RESULTS

VEGETAT/ON

Temporal patterns of carbon accumulation in phytomass of old

field and converted pine plantations were similar (Figure 3). Both

increased sharply with stand age. lf, for the purpose of comparison,

the regression line for the converted plantations is extended (Figure 3,

dashed line), carbon in both types of plantations would approach

150,000 kg/ha after about 40 years of growth. There is no indication

that the rate of accumulation was beginning to decline. Maintenance of

such rapid growth rates suggests that over an entire 50 year rotation,

these plantations would store approximately 200,000 kg/ha of carbon in

phytomass. These increases correspond well with shorter-term

increases noted by Switzer and Nelson (1972) for old field loblolly pine

plantations in Mississippi and by Gholz and Fisher (1982) for converted

slash pine (Pinus e//iotti Mill.) plantations in Florida. ln addition,

conversion of phytomass data to carbon (carbon assumed to be 50

percent of dry weight) for several other loblolly pine plantations

yielded comparable levels of carbon (Ku and Burton 1973, Wells et al.

1975, Kinerson et al. 1977, Swindel et al. 1983, Pehl et al. 1984).

The rate of carbon accumulation in converted plantations was

slightly higher than in old field plantations. This may be due to the

additional contribution of stump sprouts from deciduous trees typically

not present in old field plantations. Still, estimated late—rotation

15
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phytomass carbon levels for both types of plantations were about twice

that of the naturally regrowing reference forests of about the same age.

Carbon in understory phytomass was not included in the previous

estimates of plantation phytomass (Conroy 1979, Felix 1981). Old field

plantations generally have a very sparse understory component and,

compared to overstory vegetation, annual production by understory

plants is relatively low (Conroy 1979). Similarly, while dense shrubby

understories do occur in some converted plantations in the southeastern

United States (Gholz and Fisher 1982), the understories of converted

loblolly pine plantations on the Virginia Piedmont are typically dominated

by stump-sprouts of deciduous trees. These sprouts, which grow

rapidly, reach the size of overstory vegetation (> 1 m in height and 2.5

cm dbh) sampled by Felix (1981) soon after plantation establishment.

Estimates of total carbon in phytomass would probably increase by a few

percent if understory phytomass were included.

Mid—rotation thinning can modify forest carbon accumulation rates

(Cooper 1983). During pine plantation thinnings, deciduous trees and

some pines are harvested for pulp. Slash and cut dead trees are added

to the forest floor detrital pool. This process, typically done after 20

years of growth, simulates some of the natural thinning processes that

would have occurred if these forests were unmanaged (S. Warner pers.

comm. 1985). Recently thinned mid-rotation old field plantations had

lower levels of phytomass carbon than did late—rotation old field

plantations which had been thinned several years prior to measurement
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(Figure 3). Although most of the converted plantations had not been

thinned prior to measurement in 1978, they would be expected to follow

a similar pattern. The removal of large numbers of rapidly growing

deciduous stump—sprouts, however, may have a relatively greater

rate—lowering effect on carbon accumulation in recently thinned

converted stands. Burkhart and Sprinz (1984), however, suggest that

any rate decreases would only be temporary.

FOREST FLOOR

Carbon in forest floor detritus in both old field and converted

plantations began to increase immediately following planting (Figures 4

and 5). Because the carbon content of L and F layer organic matter

remained relatively constant across stand ages (at 43.6 and 32.7

percent, respectively), increases in carbon storage were primarily due

to increases in litter mass.

The patterns of carbon accumulation in forest floor material

during the growth of both types of plantations were very similar.

Starting levels of litter carbon were very small, (near zero in cultivated

fields and 230 g carbon/m2 after forest conversion), but attained about

10,000 kg/ha in 40 year old stands. Litter accumulations of comparable

magnitudes (7000 to 8000 kg/ha after 20 years, assuming carbon = 43.6

percent of litter mass) were shown by Switzer and Nelson (1972), and

Switzer et al. (1979) for regrowing loblolly pine forests and plantations.

Several investigators (Covington 1981, Bormann and Lil<ens 1979, Aber
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et al. 1978, Houghton et al. 1983) discuss continued Iosses of forest

floor carbon during the first few years of temperate regrowth following

harvest. No such decline was evident for the converted plantations in

this study, perhaps because most litter was oxidized by fire during the

process of conversion.

The forest floor of late rotation old field plantations held about

3,000 kg/ha more carbon than did the forest floors of converted

plantations. Yet, there was greater variability among the old field

plantations which were close in age. The old field plantations that were

thinned within 5 years of sampling all had more forest floor carbon

(Figure 4, blackened circles) than those which had either never been

thinned or had been thinned more than 5 years prior to sampling

(Figure 4, open circles). lf the unthinned or not-recently—thinned old

field plantations are compared with the converted plantations (only one

of which had been thinned; Figure 5, blackened circle), accumulations

were comparable. lnterestingly, the one 14 year old converted

plantation which had been thinned two years prior to sampling also had

higher forest floor carbon than did slightly younger or older unthinned

plantations in the same chronosequence. Because the forest floor of

plantations thinned more than 5 years prior to sampling had lower

carbon levels, the increased carbon in forest floor detritus following

thinning is apparently only a pulse which decomposes within a few

years.
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The forest floor accumulation after 50 years of old field plantation

growth approximated the average amount of forest floor carbon in the

50 to 70 year old second growth natural forests. lf the data for

recently thinned old field plantations are deleted from the

chronosequence, forest floor carbon accumulations in both types of

plantations were somewhat lower than that of natural forests.

Although the forest floor of all sites was dominated by pine

needles, additional quanitities of carbon were present in large woody

debris (standing and fallen dead trees). Because wood is more lignified

than Ieaf litter, the oxidation—storage dynamics of carbon in this form is

somewhat different than that of carbon in leaf litter. The unwieldiness

of this material, however, precluded its inclusion with forest floor

detritus samples. Estimates of carbon stored in standing dead trees

within a series of unthinned converted plantations (Felix pers. comm.

1984) indicate that in mid-rotation plantations, large woody debris can

comprise an additional detrital carbon fraction of up to 20 percent

(Table 2). Fallen woody debris, which was not estimated in this study,

also added to the total amount of detrital carbon on the ground. Data

presented by Van Lear and Goebel (1979) show that about 1,000 kg/ha

(9 percent) of carbon is stored as fallen woody debris in unthinned

mid-rotation loblolly pine plantations on the North Carolina Piedmont.
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Table 2. Carbon storage by standing dead trees in a chronosequence of
3 replicate converted plantations and natural forests. Measured in
l978 by Felix (l98l).

Carbon (kg/ha) Percent of
Plantation Age i 1 S.E. Detrital Carbon

3 0 0

5 0 O

9 14.42 i 11.78 .26

15 395.87 4; 1].2.30 5.66

18 1196.97 j 419.95 15.35

22 1355.15 4; 598.26 16.13

Natural Forest 3625.61 4-_ 875.74 18.35
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Soil carbon also increased during regrowth. While relatively little

temporal change in bulk density and percent carbon was evident,

late-rotation plantations had deeper Ap horizons than recently

established plantations. This difference in Ap horizon depth was the

primary factor accounting for the increases in total carbon during

regrowth (Table 3). The much deeper, clayey B horizon showed little

temporal change for any factor. Therefore, subsoil carbon storage
{

amounts remained nearly constant over the chronosequences. Gholz and ·

Fisher (1982) also noted little temporal change in soil bulk density and

percent carbon during pine plantation regrowth. However, they also

noted no increase in either surface- or subsoil depths and, therefore,

showed no increased carbon storage over their chronoseguence.

The largest increases in soil carbon storage occurred during the

regrowth of the loblolly pine plantations established on post—agricultura|

fields (Figure 6). Assuming that prior to reforestation these soils

contained approximately as much carbon as the mean of currently active

agricultural fields, Ap horizon carbon increased from about 6,000 to

43,000 kg/ha over 50 years. During this same period, carbon levels

for the considerably deeper B horizon remained nearly constant at about

46,000 kg/ha.

The results of the above analysis were corroborated using data

from Billings (1938). For this analysis, my old field plantation soil

carbon data were plotted together with soil carbon data for a series of
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Table 3. Depth, percent carbon, and bulk density for Ap and B horizons
(from below Ap to 50 cm, 50 to 75 cm, 75 to l00 cm) for old field and
converted plantation chronosequences.

(IIWERIED PLANILATICNS (ID FIEID PLANIATICNS
[EFH Emi'! B.D. IEPHI PEREN! B.D.

AE HIRIZCN (uu) QAIBQJ (g/una) AE IKIZIZCN (cn) CARBQJ (g/aus)

1 Ap 0- 5 2.87 1.523 25 Ap 0- 10 1.16 1.686
B 5- 50 .75 1.579 B 10- 50 .31 1.815

50- 75 .24 1.289 50- 75 .17 1.423
75-100 .22 · 1.491 75-100 .21 1.274

2 Ap 0- 6 1.82 1.607 32 Ap 0- 14 1.14 1.277
B 6- 50 .75 1.775 B 14- 50 .44 1.508

50- 75 .38 1.639 50- 75 .22 1.503
75-100 . 47 1 . 629 75-100 . 16 1 .488

3 Ap 0- 5 1.21 1.525 34 Ap 0- 10 3.91 1.476
B 5- 50 .35 1.756 B 10- 50 .65 1.661

50- 75 .20 1.562 50- 75 .35 1.413
75-100 .26 1.513 75-100 . 18 1 .479

5 Ap O- 8 2.73 1.611 ' 35 Ap 0- 17 2.22 1.103
B 8- 50 .50 1.764 B 17- 50 .65 1.484

50- 75 .39 1.486 50- 75 .10 1.389
75-100 .41 1 . 397 75-100 . 27 1 . 315

8 Ap 0- 9 2.09 1.305 36 Ap 0- 10 1.84 1.383
B 9- 50 .65 1.774 B 10- 50 .68 1.698

50- 75 .25 1.555 50- 75 .28 1.453
75-100 .19 1.613 75-100 .20 1.569

11 Ap 0- 7 2.57 1.157 40 Ap 0- 12 2.90 1.537
B 7- 50 .25 1.464 B 12- 50 .72 1.845

50- 75 .12 1.469 50- .75 .41 1.356
75-100 .04 1.365 75-100 .35 1.454

14 Ap 0- 10 1.15 1.246 46 Ap 0,- 12 2.35 1.492
B 10- 50 .69 1.505 B 12- 50 .58 1.414

50- 75 .32 1.489 50- 75 .30 1.306
75-100 .28 1 . 543 75-100 . 15 1.214

17 Ap 0- 7 3.29 1.079 47 Ap 0- 14 1.51 1.317
B 7- 50 .44 1.376 B 14- 50 .34 1.126

50- 75 .30 1.505 50- 75 .39 1.371
75-100 .26 1 .493 75-100 .10 1.377

20 Ap 0- 13 2.65 1.024
B 13- 50 .74 1.537

50- 75 .32 1.387
75-100 .27 1.460

23 Ap 0- 8 3.30 1.157
B 8- 50 .90 1.642

50- 75 .32 1.472
75-100 .30 1.337

26 Ap 0- 12 2.52 1.049
B 12- 50 .71 1.669

50- 75 .26 1.389
75-100 .21 1.345

30 Ap 0- 15 1.53 1.083
B 15- 50 .48 1.462

50- 75 .53 1.387
75-100 .24 1.518

33 Ap 0- 11 1.20 1.312
B 11- 50 .20 1.665

50- 75 .34 1.394
75-100 .37 1.380
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Figure 6. Carbon accumulation in forest soils (Ap horizon ¤, B horizon
A , total<3) for loblolly pine plantations regrowing on old fields.

Lines are drawn using a 90th order spline function. Hand drawn
extrapolations are indicated by dashed lines. Estimate including Billings'
(l9B8) data

(•)
is also given. Mean soil carbon amounts (il S.E.) for

active agricultural field references (left margin) and reference forests
right margin are included.
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shortleaf pine (Pinus echinota Mill.) forests regrowing on old fields on

the North Carolina Piedmont (Figure 6, blackened circles are data from

Billings 1938). Loblolly and shortleaf pines have similar Piedmont

distributions and productivities (Harlow and Harrar 1969). ln addition,

shortleaf pine leaf litter is about as lignified as loblolly pine leaf litter

(Sharpe et al. 1980), and, therefore, probably exhibits similar

decomposition rates. The two curves were nearly identical (Figure 6).

ln both cases, total soil carbon in late-rotation stands exceeded the

levels measured for natural Virginia pine forests growing on old fields

by several thousand kg/ha. No other studies of long term soil carbon

accumulation are available for comparison. Still, rapid though less

extensive increases in surface soil organic matter levels for naturally

regrowing loblolly pine forests on Mississippi old fields have also been

shown by Switzer et al. (1979).

The Virginia Piedmont soils occupied by both types of plantations

exhibited a large amount of spatial heterogeneity which is probably

attributable to varied severities of agricultural use prior to

reforestation. This heterogeneity is reflected by sometimes large soil

carbon storage differences between adjacent plantations in the

chronosequence (Figures 6, 7, and 8). This increased the variance

and lowered values of R2. The chronosequence of reforested North

Carolina Piedmont soils studied by Billings (1938) also exhibited a great

deal of spatial variability in carbon storage (Figure 6, blackened

circles), indicating that high site—to-site variability is common among

southeastern Piedmont soils.
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Figure 7. Carbon accumulation in forest soils (Ap horizon ¤ , B horizon
A , total C>) for loblolly pine plantations regrowing on converted

forest sites in Buckingham-Appomattox State Forest. Lines are drawn
using a 90th order spline function. Hand drawn extrapolations are
indicated by dashed lines. Mean soil carbon amounts (j_l S.E.) for
reference forests are given in left margin.
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Figure 3. Carbon accumulation in forest soils (Ap horizonua, B horizon
A , total C>) for loblolly pine plantations regrowing on converted

forest sites in Cumberland State Forest. Lines are drawn using a 90th
order spline function. Hand drawn extrapolations are indicated by dashed
lines. Blackened points indicate data for 33 year old plantation later
found to not conform to site selection criteria. Data for this plantation
was omitted from calculations. Mean soil carbon amounts (j_l S.E.) for
reference forests are given in left margin.
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Reforested sites located near one another (i.e., in the same state

forest) are probably more likely to have had similar ownership and

cultivation histories. Therefore, to minimize variation that is

apparently not associated with reforestation processes, the soil carbon

accumulation patterns for converted plantations in the .

Buckingham-Appomattox State Forest (Figure 7) were analyzed

separately from those in the Cumberland State Forest (Figure 8). This

procedure resulted in some improvement in R2 values.

Carbon storage in both groups of converted plantation soils

increased during regrowth. However, the amount of increase was much

less than for the old field plantations. Still, as with the old field

plantations, the Ap soil horizon accounted for most of the increased
l

carbon storage in the profile. Carbon in Buckingham-Appomattox State

Forest surface soils increased by approximately 6,500 kg/ha, while Ap

horizon carbon in the Cumberland State Forest increased by only 3,000

kg/ha. Despite their different storage amounts, Ap horizon

accumulations in both chronosequences leveled off after about 30 years.

Again, B horizon carbon remained nearly unchanged throughout the

rotation period. Therefore, carbon storage within the entire soil

profiles (Ap horizon B horizon) of these plantations leveled off after

approximately 30 years, storing a total quantity of carbon (80,000 to

90,000 kg/ha) which is comparable to total amount stored by

late-rotation old field plantations.
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lf the mean amount of soil carbon stored by the reference forests

(Figures 7 and 8) is assumed to indicate the soil carbon level prior to

forest conversion, there is no indication of a large continued carbon

loss associated with forest harvest like that mentioned by Houghton et

al. (1983) forlsoils underlying forests regrowing on recently clearcut

land. However, soil carbon levels of the natural reference forests were

somewhat lower than the storage amounts in the youngest converted

plantations. Therefore, these forests dominated by 50 to 70 year old

Virginia pines may not be accurate indicators of conditions prior to

plantation establishment. Amounts of carbon stored by late—rotation

plantations which are no longer rapidly accreting carbon (maintaining a

steady state accumulation) may be somewhat a better indicator of

pre—conversion carbon levels.

SUMMARY

ln summary (Table 4), my data show that late rotation loblolly

pine plantations store considerable amounts of carbon in both living

phytomass and detritus. Carbon stored by these plantations exceeded

amounts present prior to plantation establishment on post—agricultura|

fields or on converted sites.
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Table 4. Summary of carbon storage (kg/ha) in phytomass and detritus of
late-rotation loblolly pine plantations, reference forests, and active
agricultural fields.

sau
Phytcmess Forest Floor Ap Horizan B Horizon

Gonverted P1¤¤ca:1¤¤s 200,000 11,000 22,000 — 32,000 56,000 — 61,000
01d Field Pluntatims 200,000 12,500 43,000 46,000
Reference Forests 100,000 12,000 21,000 43,000
Agricultural Fields · - 6,000 46,000



DISCUSSION

ln the following section the carbon storage data for

chronosequences of regrowing old field and converted loblolly pine

plantations will be related to several issues which are important for

global carbon budgeting. Detrital carbon storage is emphasized because

it is less well studied than the living component of forest ecosystems.

The carbon dynamics models developed by Houghton et al. (1983) are,

to date, the most complete set of temperate reforestation carbon models,

and therefore, they are compared, more than any others, with the

results from this study.

EFFECTS OF DEFORESTAT/ON AND CULTIVATION ON DETR/TAL
CARBON

Detrital carbon loss when forests are converted to agricu/ture

The deforestation·cultivation-reforestation model developed by

Houghton et al. (1983) included a 50 percent reduction in carbon in the

upper 100 cm of forest soil during the first few years following clearing

and conversion to agriculture. lncreased exposure associated with

harvest results in higher surface soil temperature, moisture, and

nutrient levels which induce rapid organic matter decomposition and,

therefore, rapid carbon loss (Witkamp 1971, Schlesinger 1977, 1984,

Covington 1981). Mann (1984) noted an average carbon loss of 32

percent from the upper 1.5 m of cultivated forest soils in the

mid—western United States. Schlesinger (1984) estimated that carbon

33
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losses of 20 to 50 percent may occur when forest soils are cultivated.

He stated, however, that surface soils (0 to 30 cm) sustain the majority

of this carbon reduction. Giddens and Garman (1941) and Giddens

(1957) observed 58 percent average decreases in carbon from the upper

15 cm of Georgia Piedmont forest soils after clearing and cultivation.

In contrast, carbon amounts in subsoils dominated by crystalline clay

minerals (such as the B horizons underlying the Virginia Piedmont

forests discussed here) are particularly stable (Schlesinger 1984) and

therefore generally lose little carbon during cultivation.

Findings of this study show that cultivated Virginia Piedmont land

had lost at least 80 percent of the carbon originally stored by surface

soils, an amount about equal to 50 percent of the carbon in the entire

100 cm profile (Ap horizon plus B horizon). Although the entire soil

profile of these old field loblolly pine plantations apparently lost about

as much soil carbon as predicted by the Houghton et al. (1983) models,

the most labile portion was clearly the surface horizon.

Houghton et al. (1983) combined the carbon dynamics of forest

floor material with soils. Therefore, the 50 percent loss of soil carbon

during cultivation that they discussed included losses of forest floor

organic matter. ln my study, forest floor carbon dynamics were

examined separately. Virtually 100 percent of the carbon in forest floor

detritus was lost when forested land on the Virginia Piedmont was

transformed to agriculture. While carbon in this form equaled only 10

to 15 percent of the total detrital carbon stored by most mature
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Piedmont forests, it is even more labile than carbon incorporated into

surface soils.

Detrital carbon levels during Piedmont cultivation

According to the Houghton et al. (1983) model, the 50 percent

decrease in carbon associated with cultivation of forest soils was

followed by stabilizaton at a new, lower level. This quantity was

maintained during cultivation with no subsequent change unless

reforestation began. Because erosional Iosses of organic matter from

temperate forest soils are generally minimal (Bormann and Likens 1979,

Schlesinger 1984) this stabilization may be an accurate depiction of the

carbon storage dynamics of some cultivated soils.

Past agricultural use of Piedmont soils, however, resulted in a

great deal of erosion. Frequently entire surface horizons were eroded

away during cultivation (Wingo 1949, Robinson et al. 1961). Extensive

erosion of this horizon was probably an important factor affecting

carbon storage during agriculture (Giddens and Garman 1941). Unlike

the oxidative carbon Iosses associated with increased exposure, a

process which slows after a few years (Giddens 1957, Schlesinger

1984), erosional reductions in soil carboniprobably continued during the

entire time that an area was cultivated. Therefore, erosional Iosses of

surface soil carbon may account for a large proportion of the 80 percent

decrease in Ap horizon carbon that occurred prior to old field

reforestation.
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The extent to which land is eroded is typically directly related to

site—specific agricultural practices (i.e., length of time soil was

cultivated, plowing and harvest techniques, crops planted). The large

site—to-site soil carbon differences among chronosequence plantations,

still detectable from samples collected many years after agricultural

abandonment, were probably directly related to site—to-site variations in

erosional severity. Therefore, unlike the Houghton et al. (1983) model,

carbon in these Virginia Piedmont soils did not remain stable, at a lower

level, throughout cultivation. Because nearly all the presently forested »

Virginia Piedmont land was in agriculture at one time (Godfrey 1980), it

is likely that similar amounts of variation in soil carbon, due to erosion,

are widespread throughout the region.

EFFECTS OF OLD FIELD REFORESTAT/ON ON DETR/TAL CARBON

During forest regrowth, increasing amounts of organic matter in

* plant parts are added to the forest floor and soils. This process was

modelled by Houghton et al. (1983) as a steady accumulation, reaching

levels equal to 90 percent of the pre—agricu|ture storage after 50 years.

Switzer et al. (1979) also found that accumulations of forest floor and

surface soil detritus essentially followed this pattern, regaining

approximately 100 percent of the amount of organic matter stored by

natural forests. Steady and rapid forest floor accumulation during the

first 20 years of old field loblolly pine plantation growth (Switzer and

Nelson 1972) suggests that nearly complete recovery can also be

expected during a 50 year rotation.
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My data show that detrital carbon accumulations during the

growth of old field loblolly pine plantations on the Virginia Piedmont

also increased steadily in a manner similar to the Houghton et al. (1983)

model. Data for pre~agricultura| storage amounts are not available,

however, so the exten_t of this recovery relative to the amount of

carbon stored prior to clearing is not known. A slowing of forest floor

carbon accumulation rates may indicate the approximate restoration of

pre-harvest carbon storage levels. Still, the data suggest that these

soils have the capacity to accumulate even more carbon, but at a slower

rate.

The large increase in detrital carbon storage during plantation

growth was almost entirely sustained by the forest floor and Ap soil

horizon. Carbon incorporated into the subsoils remained little changed.

Although there have been no other studies of carbon dynamics for an

entire soil profile during reforestation, the extent of forest floor and

surface soil accumulation exhibited by this chronosequence of Virginia

loblolly pine plantations and other forests in Mississippi (Switzer et al.

1979) clearly indicate the importance of carbon stored within the upper

detrital layers.

lnterestingly, pine plantations established on old fields accounted

for only about 7 percent of the total reforested old field land area in

the southeastern United States (Johnson 1977). Still, the quantity of

plantation Ap horizon carbon was nearly double that of comparable aged

natural forests which dominated the past reforestation process.
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Although old field plantations occupied a relatively small proportion of

thelreforested southeastern United States, their role in regional carbon

storage was proportionally much larger.

EFFECTS OF CLEARCUTTING AND SITE PREPARATION ON DETRITAL
CARBON

Oxidation of forest floor material l

The soil models developed by Houghton et al. (1984) include an

initial flux of carbon to the forest floor in the form of slash following

clearcuting. This carbon is completely oxidized over the next few

years. Although forest conversion in the Virginia Piedmont involves

the addition of large amounts of slash (foliage, small woody debris, and

dead trees) to the forest floor, this slash, along with forest floor

material already on the ground, is burned during site preparation.

Burning, unlike decomposition, does not result in the complete oxidation

of organic carbon. Rather, charcoal generally blackens most of the

ground when slash is burned during site preparation. Carbon in this

form is extremely stable and can remain unoxidized for thousands of

years (Sieler and Crutzen 1980). Therefore, carbon remains on the

forest floor following harvest and site preparation. lf this process is

repeated between successive loblolly pine rotations, carbon stored as

charcoal could become considerable. Unfortunately, the sampling

techniques employed for this study probably did not adequately account

for forest floor charcoal. Therefore, the amounts of carbon on the

forest floors of these loblolly pine plantations was actually higher than

reported.
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Extent of detrital carbon losses

As with their deforestation—cultivation—reforestation model of soil

carbon dynamics, Houghton et al. (1983) assumed that the soil profile

of clearcut and immediately reforested land sustained a 50 percent

reduction in carbon storage. This reduction, which occurred over a

period of 10 years, happened in the absence of a period of cultivation

following harvest.

Several investigators, including myself, have demonstrated large

losses of detrital carbon when temperate forest soils are cultivated.

The basis for a 50 percent reduction in siol carbon immediately following

harvest is less clear. Covington (1981) measured 50 percent reductions

in New England forest floor organic matter during the first 15 years

following clearcutting. Although Houghton et al. (1983) acknowledged

that forest floor debris is compositionally different than organic matter

which has been incorporated into soils, they have apparently
A

generalized this 50 percent loss of forest floor carbon for the entire soil

profile (forest floor plus soil).

My data for the Virginia Piedmont, however, show that when

natural forest vegetation is harvested and immediately replaced by

loblolly pine plantations (a process even more likely to oxidize soil

organic matter), less than 20 percent of the total amount of detrital

carbon is lost. Similarly, Gholz and Fisher (1982) estimate that

establishment of converted slash pine plantations in Florida results in

an initial 15 percent reduction in detrital carbon. In both cases of
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forest conversion this decrease is primarily sustained by the forest

floor and surface soil.

In addition, my data for converted plantations in Virginia do not

indicate 10 to 15 years of continued detrital carbon loss following the

initiation of regrowth. lnstead, after a small reduction during

deforestation and site preparation, forest floor and soil carbon began to

accumulate immediately. Similarly, the 15 percent reduction in detrital

carbon discussed by Gholz and Fisher (1982) ceased within two years of

plantation establishment. The detrital carbon dynamics of these

converted loblolly pine plantations resembled those of Florida slash pine

plantations more than they resembled the forest floor dynamics of the

deciduous forests used as the basis for the Houghton et al. (1983)

model. A model developed by J. Pastor (pers. comm. 1985) suggests

that sites with high initial levels of detrital carbon (such as deciduous

forests) sustain more extensive reductions following clearcutting than do

sites with lower carbon levels (such as southeastern pine forests).

EFFECTS OF CONVERTED FOREST REGROWTH ON DETRITAL CARBON

The model developed by Houghton et al. (1984) assumed that

after 40 years, regrowing forests accumulate 90 percent of the detrital

carbon lost due to deforestation. My data for detrital carbon

accumulation in regrowing Virginia Piedmont plantations generally

correspond with this pattern. The process of forest conversion

involved the loss of relatively little detrital carbon. Therefore,
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recovery to probable pre·conversion levels occurred rapidly, after

approximately 30 years of plantation growth.

The model (Houghton et al. 1983) assumed a 50 percent loss of

detrital carbon following clearcutting with a ninety percent recovery of

this amount after 40 years of regrowth. Clearly, the model assumed

that temperate forest detrital carbon is extremely labile. ln contrast,

my findings for the Virginia Piedmont indicate that, in the absence of

cultivation, total amounts of detrital carbon are much less affected by

deforestation and reforestation. The relative stability of this detrital

material is largely attributable to the ability of reforested Ap horizon

soils to retain carbon.

EFFECTS OF INCREASED FOREST CONVERS/ON ON REG/ONAL CARBON
DYNAM/CS

Until recently, reforestation in the southeastern United States

occurred primarily on old agricultural fields. While less than 10

percent of this regrowth was in the form of pine plantations (Johnson

1977), the data presented here show that old field reforestation by

loblolly pine plantations resulted in large amounts of carbon storage in

_

living vegetation and detritus. Today, loblolly pines occupy 32,000,000

hectares of the southeastern United States (Sheffield and Knight 1982).

An increasing percentage of the forest area occupied by plantations of

this species and other southern pines are cut-over natural forest sites

rather than post·agricultura| fields. These converted loblolly pine

plantations also store considerable amounts of carbon in living and dead
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organic matter. If compared with plantations established on

post—agricultural fields (with low initial carbon levels), data for

converted plantation regrowth indicate a much smaller potential for

carbon storage increases .

ln particular, carbon in surface solls of regrowing old field

plantations was 80 percent higher after a single 50 year rotation.

Regrowing converted plantations sustained a much smaller increase over

the same length of time. Clearly, old field reforestation resulted in the

capture of a substantial amount of carbon in detritus. Still, the smaller

accumulation of detrital carbon sustained by converted plantations was

probably larger than the amounts accumulated by the naturally regrown

Virginia pine forests they replaced.

Loblolly pines are planted because their productivity is higher

than most other softwood species (Boyce 1974, Sheffield and Knight

1982). Therefore, it is not surprising that late rotation plantation

vegetation was able to store more carbon per unit area than mature

natural pine forest vegetation. This higher productivity means that a

great deal of carbon storage in vegetation occurred when loblolly pine

plantations were planted on post—agricultural fields. It also suggests

that conversion of natural forests to loblolly pine plantations involves a

net increase in carbon storage by vegetation.

Of course, when the first generation of converted plantations is

harvested and planted with another rotation of loblolly pines, the

amount of carbon accumulated by the second generaton should be
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comparable to the amount harvested (Aber et al. 1978, Johnson and

Sharpe 1983 Cooper 1983). Because these plantations are grown for

sawtimber, usually a long-term forest product, the potential for

continued carbon storage by these forests and their products may be

large.

MOD/F/CAT/ONS OF THE MODELS

When the Piedmont forests were originally cleared for agriculture

a considerable amount of detrital carbon was oxidized or lost by erosion

(Figure 9). The extent of these losses was dependent on agricultural

practices and the length of time the soil was cultivated. Fifty percent

losses of detrital carbon were common. When loblolly pine plantations

were established on this land and carbon in living vegetation began to

increase steadily, detrital carbon storage also increased. However, the

extent of this increase was dependent upon the amount of carbon still

remaining in the soil at the time of agricultural abandonment. On the

average, 100,000 kg of detrital carbon per hectare was accumulated,

primarily in surface soils, during the 50 year plantation rotation period.

This increase is several thousand kilograms per hectare more than the

amount accumulated by natural forests regrowing on old fields.

Although the conversion of second growth natural forests to

loblolly pine plantations resulted in a large temporary reduction in

vegetation carbon (Figure 10), detrital carbon was much less affected.

Site preparation involved the burning of slash and forest floor detritus.
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Figure 9. Generalized curves describing carbon changes in phytomass
and detritus (forest floor plus soils) for the Virginia Piedmont during
the processes of natural forest harvest, cultivation, and reforestation
by loblolly pine plantations.
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Still, after only a single rotation forest floor carbon storage due to

charcoal production was small compared to the large, very stable amount

of carbon present in the soil. Still, 6,000 to 18,000 kg/ha of surface

soll carbon and 10,000 kg/ha of forest floor carbon was lost during

clearing. lt was rapidly replaced, however, as soon as plantation

regrowth was initiated. Within 30 years of regrowth, pre-harvest

detrital carbon levels were restored. After 50 years of steady growth,

late-rotation converted plantation vegetation stored about 200,000 kg of

carbon per hectare, an amount which is about 100,000 kg/ha more than

the quantity of carbon stored by natural forests prior to conversion.
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Figure lO. Generalized curves describing carbon changes in phytomass
and detritus (forest floor plus soils) for the Virginia Piedmont during
the processes of forest conversion and reforestation by loblolly pine
plantations.



CONCLUSIONS

l. Cultivation of Virginia Piedmont soils prior to reforestation resulted

in large oxidative and erosional Iosses of carbon from surface soil.

Because of the spatial variation in the extents of these reductions,

detrital carbon did not stabilize at a lower level during the period of

cultivation.

2. Regrowth of forests on post-agricultural fields resulted in

considerable carbon storage in both phytomass and detritus. Although

pine plantations comprised only a fraction of the total amount of

reforestation, after a 50 year rotation their phytomass stored nearly

double the amount of carbon stored in naturally regrown vegetation.

Detrital carbon accumulations also exceeded amounts stored by these

natural forests. Eighty percent of the detrital accumulation was in the

Ap horizon with B horizon carbon levels remaining essentially
A

unchanged.

3. Forest conversion resulted in much less extensive reductions in

detrital carbon. There was no evidence of continued carbon loss

following plantation establishment.

4. Pre—conversion detrital carbon amounts were restored after

approximately 30 years of regrowth, primarily due to accumulations of

carbon on the forest floor and in the soil. Like the vegetation of old

field plantations, carbon storage by late—rotation converted plantations

was twice the amount measured for natural forests prior to conversion.
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5. Clearly, past reforestation of post-agricultural fields on the Virginia

Piemont resulted in the storage of millions of kilograms of carbon.

While this process has slowed due to the stabilization of the forested

land area, the region continues to serve as a smaller carbon sink

because converted plantations store more carbon than natural forests.

6. Most models of carbon storage generally apply to the carbon

dynamics of the Virginia Piedmont. Still, some exceptions, associated

with regional differences among forests, exist. Because the

southeastern United States is extensively reforested by pines,

application of the models to these temperate forests without some

modification may result in mis-estimation of regional carbon dynamics.
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