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Present understanding of the global carbon cycle is limited by
uncertainty over soil-carbon dynamics'% The clearing of the
world’s forests, mainly for agricultural uses, releases large
amounts of carbon to the atmosphere (up to 2x 10%gye—Y),
much of which arises from the cultivation driving an accelerated
decomposition of soil organic matter'™ Although the effects of
cultivation on soil carbon are well studied, studies of soil-carbon
recovery after cultivation are limited*'" Here we present a four-
decade-long field study of carbon accumulation by pine eco-
systems established on previously cultivated soils in South
Carolina, USA’. Newly accumulated carbon is tracked by its
distinctive "*C signature, acquired around the onset of forest
growth from thermonuclear bomb testing that nearly doubled
aunospheric 1*CO; in the 1960s. Field data combined with model
simulations indicate that the young aggrading forest rapidly
Incorporated bomb radiocarbon into the forest floor and the
upper 60 cm of underlying mineral soil. By the 1990s, however,
carbon accumnulated only in forest biomass, forest floor, and the
upper 7.5 cm of the mineral soil, Although the forest was a strong
carbon sink, trees accounted for about 80%, the forest floor 20%,
and mineral soil <1%, of the carbon accretion. Despite high
carbon inputs to the mineral soil, carbon sequestration was
limited by rapid decomposition, facilitated by the coarse soil
texture and low-activity clay mineralogy,

Our most precise understanding of how land use affects soil
carbon comes from decades-long field experiments that directly
estimate soil change under controlled land-management
regimes’™™"*, Although long-term soil studies are highly valued*-,
nearly all such studies examinc agricultural ecosystems; remarkably
few test soil changes associated with reforestation, reclamation or
natural plant succession”!*,

One exception is a four-decade-long experiment at the Calhoun
Experimental Porest in South Carolina, USA, which has documen-
ted changes in soil chemistry during pine-forest devclopment from
195710 19971161, Before 1957, the Calhoun soil was cultivated for
cotton and other crops for more than a century, practices that
depleted soil organic matter and enhanced nutrient availability
from fertilization and liming. The upper 35-cm layer of mincral
soils at the Calhoun forest is coarse textured (68% sand, 15% clay),
which ensures macroporosity and a highly oxidized environment,
Clay minerals that are present are low-activity kaolinite with litde
potential to physically protect organic carbon inputs from microbia)
attack. Similar soils are found over extensive areas of southeastern
North America and the warm temperate zone and tropics®,

Soil studies conducted near the Calhoun forest suggest that from
the early 1900s to the middle of the twenticth century, agriculrural
use (primarily for cotton, corn, hay and pasture) reduced organic
carbon in the upper 30 cm of the Calhoun mineral soil by about
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Flgure 1 Minsral-soil carbon (1962-07) in eight permanant plots of the Cathoun
Experimental Forast, South Carolina, USA, Plote were plamed with loblally pine
seedlings in 1957 following long-term cultivation for cetton and other ©rops. Error
bars depict the spatial veriation (se standard errors) among the sight permanent
plots, The randomized complate block anelysls of variange indicetad highly
significant increases over the 40 vesrs in soil carbon ot 0-75cm depth
(0 <0.001), ond dacreases st 36-60 em depth (0 <0.08),

1,300 gm™, or by ~40% of the carbon present at 0—30-cm depth
before cultivation’, Here we examine recovery of soil carbon during
four decades of reforestavion, by using eight permanent plots that
were last harvested of cotton in 1955 and were planted in 1957 with
seedlings of loblolly pine (Pinus raeda L.). On these permanent
plots, soil samples have been collected on seven occasions between
1962 and 1997 using the samne sampling procedures. Nearly all soil
samples are archived and available for analysis,

Since 1957, the aggrading forest accumulated ~3,925gm™ of
new carbon in the soil profile—that is, the forest floor (O horizon)
Plus minera} soil: this represents carbon accumulation of nearly
100gm™ yr™ for 40 years (Table 1), Most of the new soil carbon,
3,780 = 251gm~? (where 251 indicates the standard error), is
contained in the forest floor that now blankets the formerly
cultivated mineral soil. Only 145 % 26 gm ~* of carbon accumulated
in the underlying minera] soil (Table 1), sbout 4% of the new soil
carbon. Although carbon in 0—7.5-cm mineral soil increased
significantly (P < 0.001) between 1962 and the 1990s, there were
no significant increases in soil carbon deeper than 7.5 cm (Fig. 1). In
fact, carbon in the lowermost soil layer sampled, at 35--60 cm depth,
significantly decreased during the 40-year study, perhaps dve 10
slow oxidation of organic-carbon input from crop roots during the
period of farming,

Because the Calhoun forest was planted in 1957, new soil carbon
derived from the forest has a distinctive isotopic composition
because above-ground nuclear-bomb testing in the 1950s and
19605 greatly increased *CO; in the atmosphere. The fate of ncw
forest carbon can be examined in the ecosystemn because the
Calhoun forest has grown entirely within the period when the
concentration of "“C has been elevated in both the global atmos-
Phere and in inputs of carbon to the reforested soil,

Changes in soil radiocarbon ("'C) during forest development
show that soil carbon has been more dynamic than might be
suggested by the gradual reaccumulation of total carbon alone. A
decomposition model™ indicates that by 1965, 4'C in the forest
floor approached +700%o only one year after the '*C peak in the
atmosphere (Pig. 2; 4'C is defined in Methods). By the 1990s,
forest-floor A'C declined t0 lcss than +300%o, lagging the decrease
in atmospheric '‘CO, owing to incorporation of ™*C into slow-to-
decompose, humic compounds of the acidic pine forest floor
(Fig. 2).

By the 1990s, bomb-produced "'C was most concentrated in the
basal layers of the forest floor and the 0-7.5-cm mineral soil (Fig. 2).
In 1992, O¢ and Qa horizons (the middle and the lowest layers

NATURE|VOL 400]1 JULY 1999 | wwww,nstare.com




——

30,1998 3:55PM DEMO

1,000
Cin goll ¢ 1n atmosphere
and soll layera
900 - Almosgphere
et ] \7(,\ - « Simulsted "0
T ' - in © horlzon
2 400 s \‘\ O Oihorizon
$ & Qe norizon
a o Oa hofizon
200 Minera) gail
< 0-7.50m
Ol 2 = 7,515 om
{/ N -+ 1595 em
200 == 35-80 em
1950 1960 1970 1980 1880 1997

Figure 2 Time trands of “C In the Calhoun fores scoeyatam. Shown are dats for
simospheric CO, (1950~87); torast Aoor of O (L), Oe (F), and Oa (H) layers (in
1992); and minerai oil (in 1862,1966.1972,1877,1982 and 1330}, Simulated changes
In ™C In lorest Noor (1357-96) are estimsted from the decomposition model of
Jorgensen and Welis® and eetimates of annual Inerfall input over the four
decades. The 4%“C for the 35-80-cm saemple In 1962 was not measured, but
wag estimated conservatively by 8 soil-depth-based regression.

of forest floor) had AMC values of +247.3%o and +309.8%s,
respectively. These older forest litter materials arc enviched in YC
derived from plant biomass synthesized during the cra of elevated
"CO; (Fig. 2). The surficial Oi horizon (lirrerfall deposited within
the past three to four years) had AY'C of +152.2%0 in 1992, closely
comparable to that of atmospheric CO, during the latc 1980s and
early 1990s (Fig. 2).

Despite the relatively modest 40-year changes in mineral-soil
carbon (Table 1), organic matter had incorporated '*C throughout
the entire 0—60-cm la}rer of mineral soil within 8 years after the
atmospherc peaked in “CO; (Fig. 2). By 1968, A'*C of mineral soil
at 0-15-cm depth had Increased to +200%o, up from ~10.4%o in
1962. By 1972, A“C of the entire 0-60-cm mineral soil averaged
+125%o, compared to less than —=100%. in 1962.

Since the 1960s, however, only mineral soil at 0~7.5-cm depth has
maintained its elevated 'C (Fig. 2). This surficial Jayer of mineral
soil is accurnulating carbon in an incipient A horizon that is slowly
reforming under the forest following Jong-term cultivation (Fig. 1).
But below 7.5-cm depth, decreases in "C generally parallel atmos-
pheric decreases in "*C, a pattezn that indicates that forest inputs of
carbon are being rapidly decomposed (Fig. 2). We suggest that the
0-7.5-cm mineral soil continues to receive MC from relatively
recalcitrant and enriched '“C compounds that mainly reside in
the lowest layers of the forest floor (Fig. 2).

To understand better these dynamics, we estimated carbon inputs
to soils in the 1990s from three main processes: canopy litterfall,
thizo-deposition (fine-root sloughing and rurnover), and hydro-
logical leaching of dissolved organic carbon (DOC) from several
sources,

Inputs of carbon to the forest floor in the mid-1990s totalled
~290gm™yr™' (Table 1), most of which was from canopy litterfal),
although smaller amounts were derived from tumover of fine
100ts” and the DOC in canopy throughfall. The forest's 40-year
accrction of forest-floor carbon, 3,780 gm™, is about 13 times
greater than current annual inpur (Table 1), Accumulation of
forest-floor carbon is attributed mainly to complex, acidic, and
recalcitrant compounds derived from the coniferous leaflitrer. The
forest floor is classified as an acidic mor, perched atop the mincral
soil, with relatively minims] mixing by soil animals of solid organic
material with mineral soil below”.

Inputs of carbon to the 0—15-cm layer of mineral soil totalled
~95gm™ yr™!, much of which wes from rhizo-deposition, although
a substantial fraction was derived from DOC in leachates from the
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Table 1 Soll carnon Inputs and 40-yr accretions

Forest Noor 0-15cm 16-60em
Annval soil carbor input® (g m2yr)
Annual canopy lfnerfali 245(11.8) 0 0
Annual 0OC Inpytd 8(13.) 32(23.1) 19(24.5)
Annual thizo-deposition¥ 37(23.0) 82 (14.1) 26 (26.5)
Annyg| esrbon input 280 96 4%
Total goll carbon accreton™T (9 m=2) 3,780 (18.8) 148 (50.5) 0

* Annuel goll carbon Inpute (In 1he 1880¢) and ievr-docodo ol cerbon aocretion In eight
pormanant placg of the Calhoun Experimentst Fores!, Soutn Osroins, USA. Reponcd orc
masns 3nct (in paronihcaes) coofficlente of verletion in % among the cight permanent plots,
+Soil corbon socretlon la esumated fof forest Noor over 1957-87, and for 0-60-cm mineral
ol over 1962-87, Carbon secrovons were stauetically significant i 6-7.5-om mincrol soils,
butnotin 76-60-om Isycrs. Bulk denalies for minaral soile are 1.52 Mg m= in0-35-cm layare
of minerdl soil andd 144 Ma m™ ol 35-60em (ref. 18). .

4inpuis of canopy linarfall to forest Nleor were csumetcd in 1991-52. Inpute of diecoived
organic carvon (DOC) ware esumacd in bi- or \r-weekly collactions over iwo yoary (1692-
84): 0 feresy Noor from DOC in canopy Mroughall; inte Q-15-cm mineral soil from 0OC in
walarinfillesting rom the forgal floor; 8nd imo 16-80-om soil trom OO0 In water dralning inte
S0 31 15-cm deth, Inpuls of carbon Irom rhizo-deposilion wers eetimaiad in 1884-35 from
50% ofihe liva fine-root (<2-mm) biomass in foreat floor, or minare) soil a10-15 snd 15+30 cm
aepin. Fine r001s were sampled In 1894-95, every \nree weeks aver 18 momthe, The S0%
fecior i ucad 8¢ 9 conscivalive satmete of cardan inpuis from rhizo-deposhlion.

forest floor (Table 1). Even with carbon input estimated conserva-
tively (Table 1), long-term soil carbon accumulation (145gm™) is
only 1.5 times that of estimated anpusl inputin the 1990s. The short
residence time for carbon input to mineral soils is notable™. Carbon
inputs to surficial mineral soil in fine-root biomass and DOC
(Table 1) are readily decomposed, as they have little protection
from adsorption to organophilic clays in these surface soils with
sandy loam textures?>®,

From an ecosystem perspective, this aggrading forest is a strong
carbon sink. Accurnulation of carbon is especially pronounced in
tree biomass and the forest floor zelative to that in mineral soil.
During the growth of this forest, trees accumulated 14,060 g m™2 of
carbon (between 1957 and 1990), compared with 3,780 gm™ in the
forest floor (1957-97) and 145 g m~2 in surficial mineral soil (1962~
97). Annual carbon accretions thus averaged about 426, 94 and
4gm™ in the three ecosystem components, respectively.

The overall pattern of carbon sequestration suggests a low
carbon-storage potential for mineral soils compared to that in
biomass and forest floor; a similar conclusion has been reached
from a review of soil-carbon gains under primary vegetative
successions®, Yet In comparison to other forested soils recovering
from previous cultivation, the mineral soil at the Cathoun forest
seems 10 be relatively slow to zecover organic carbon. Previous
estimates of mincral-soil carbon gains under forests*'! range from
2110558 m?yr™, while soils at the Calhoun forest gained carbon at
4.1gm™yr™ (Table 1).

Although changes in soil carbon are not easy 1o estimate, the
Calhoun experiment provides an approach for making these esti-
mates: especially useful arc its well replicated permanent plots,
extensive within-plot composite sampling, and soil archive. The
main factors driving relatively low carbon accumulations in Cal-
houn mineral soils are coarse soil texture, low soil surface area, low-
activity clay mineralogy, and warm and humid climate. A network
of long-term soil-ecosystern experiments similar to that ar the
Calhoun, at sites that encompass a range of controlling variables
of soil and ecosystem carbon, would greatly facilitate future model-
ling and management of the carbon cycle'™'%, - 0
Methods
Reaearch grea and fieid experiment. The Cathoun Experimental Porcst is
onc of the world’s longest running experiments in which forest-soil properties
arc measured periodically in replicated permanent plots with all soil samples
archived,

57




AUG.30. 1999 3:56PM  DEMO

letters to nature

The rescarch areais loeated at 34.5° N, 82°W. Annual precipitation averages
1,170mm (1550-87) and temperature 16°C. In the carly 1800s, primary
deciduous forests at the site were cleared, mainly to grow cotton, and the site
was managed for row crops, hay and pasture untl the mid-twentieth
century’¥. Soils src acidic Ulisols, classified 3a the Appling scries (fine,
ksolinitic, thermic Typic Kanhapludulrs). The Appling soil is a common soil
of southeastern North America, and is formed from granitic gneiss, the bedrock
from which about half the soils in the southern Piedmont region are derived.

In 1957, 16 permanent plots were installed on two cotton ficlds at the

Calhoun Experimental Forest, eight of which sre used in these carbon anslyses,
The mineral soils of these eight plots were sampled in 1962, 1968, 1972, 1978,
1982, 1990 and 1997. At each collection, cach plot was sampled at Jeast 20 times
with a 2-cm-diameter punch tube in a systematic random fashion au four soil
depths; 0-7.5, 7.5-15, 15-35 and 35-60cm. Wilhin each plot, the>20
ssmiples per soil depth were composited, that is, in one sample per depth.
$oil archive, radlation and totel carbon. The Duke Seil Aschive stores air-
dried soil samples at room temperature in sealed glass containers. Total soil
carbon wos analysed in powdered samples with a Perkin-Elmer CHN
combustion instrument. Radiocarbon was measured by accelerator mass
spectromerry (AMS) on graphite targets prepared from soil organic matter and
is reported as A''C, the per mil deviation ofC/'IC compared with a decay-
corsected oxalic acid standard”. Positive values of A'*C indicate presence of
bomb-produced 'C, and negative values indicale predominance of old soil
organic mawer with "C that has experienced significant radioactive decay
(half-life is 5,730yr). Radiocarbon was estimated using AMS of composite
samples made from soil from the eight plots at each depth. Analysis ol variance
and neans scparation tests were used to test effects of time on soil carbon
accumulation,
Soll carbon inputs. To cstimate carbon inputs to soils, carbon in litterfall, fine
roots, and soil water were estimatod. Litterfal was sampled in each of the cight
permanent plots with five colleciors (cach 0.72m?in aren) per plot. Canopy
Jitterfall was collecled monthly dusing 159192,

Fine roots were sampled volumetrically using a 6-cma-diameler corer that
callected undisturbed cores of O horizon and mineral soil from 0-15 and 15—
30 cm depths. Soil cores were Laken cvery three weeks for 18 months in 1994-
95. Samples were returned to the laboratory where fine roots (<2-mm) were
separated from soil by wet-sieving and hand picking. Live roots were scparaved
from dead, and the former were ashed to estimate carbon contents (taken as
halftheloss on ignilion). Only the live fraction of the fine roots is reported here,
and carbon inputs from fine-root turnover were simply estimated a5 50% of live
fine-root carbon in forest floor, or mineral soil at 0-15 and 15-30 am depth.
This factor (50%) is taken Lo be a conservative cstimate of carbon inputs from
rhizo-deposition.

DOC was determined in atmospheric precipitation (wet deposition),
canopy throughfall, and solutions draining forest Nloor and seversl depths of
mineral soils to 60¢m (ref, 19). Wet-only precipitation was collected by an
Aerochem Metric sampler. Through®ll was collected in three bulk precipita-
tion collectors in cach of 8 plots using 16-cm-diameter funnels thar were
continuously open. Gravitaional lysimeters were used to colloct water from
below O horizons and at 15-cm depth. Tension lysimeters of porous Teflon-
quartz design collected solutions at 60-¢cm depths. Solutions were collected
cvery iwo or three weelks over two years, 1992-94, and solutions were estimated
for DOC concentration by combustion and infrared analysis, after purging
solutions of CO; and H,CO; by acidification and sparging with N,gas.
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The ancient lake beds of the lower part of the Yixian Formation,
Lisoning Province, northeastern China, have yiclded a wide
range of wcll-Freserved fossils: the ‘feathered’ dinosaurs
Sinosauropteryx, Protarchaeopteryxand Caudiptery’, the primi-
tive birds Comfuciusornis’ and Liaoningornis’, the mammal
Zhangheotheriun? and the reportedly oldest flowering plant,
Archaefructus’. Equally well preserved in the lake beds are a
wide range of fossil plants, insects, bivalves, conchostracans,
ostracods, gastcopods, fish, salamanders, turtes, lizards, the
frog Callobatrachus’ and the pterosaur Eosipterus”. This
uniquely preserved assemblage of fossils is providing
new insight into long-lived controversies over bird—dinosaur
relationships'”, the early diversification of bird$*"* and the
origin and evolution of flowering plants®. Despite the importance
of this fossil assemblage, estimates of its geological age have varied
widely from the Latc Jurassic to the Early Cretaceous. Here we
present the first °Ar/¥Ar dates unambiguously associated with
the main fossil horizons of the lower part of the Yixian Formation,
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