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Interpretation of Soil Carbon and Nitrogen Dynamics in Agricultural
and Afforested Soils

E. A. Paul,* S. J. Morris, J. Six, K. Paustian, and E. G. Gregorich

ABSTRACT

Interpretation of soil organic C (SOC) dynamics depends heavily
on analytical methods and management systems studied. Comparison
of data from long-term corn (Zea mays)-plot soils in Eastern North
America showed mean residence times (MRTs) of SOC determined
by “C dating were 176 times those measured with *C abundance
following a 30-yr replacement of C; by C, plants on the same soils.
However, MRTs of the two methods were related (> = 0.71). Field
13C MRTs of SOC were also related (R?> = 0.55 to 0.85) to those
measured by *CO, evolution and curve fitting during laboratory incu-
bation. The strong relations, but different MRTs, were interpreted
to mean that the three methods sampled different parts of a SOC
continuum. The SOC of all parts of this continuum must be affected
by the same controls on SOC dynamics for this to occur. Methods
for site selection, plant biomass, soil sampling and analysis were tested
on agricultural, afforested-agriculture, and native forest sites to deter-
mine the controls on SOC dynamics. Soil-C changes after afforestation
were —0.07 to 0.55 Mg C ha ' yr! on deciduous sites and —0.85 to
0.58 Mg C ha~' yr ' under conifers. Soil N changes under afforestation
ranged from —0.1 to 0.025 Mg N ha ! yr . Ecosystem N accumulation
was —0.09 to 0.08 Mg N ha! yr . Soil C and N sequestration but
not plant biomass were related to soil Ca, Mg, and K contents. Com-
parative, independent assays of long-term plots provides information
for concept testing and the confidence necessary for decision-makers
determining C-cycle policies.

HE ACCUMULATION AND TURNOVER of soil organic

matter (SOM) is a major factor in soil fertility and
ecosystem functioning and determines whether soils act
as sinks or sources of C in the global C cycle (Post and
Kwon, 2000). Soil organic matter dynamics are complex,
involving a wide array of organic constituents (Sollins
et al., 1999) with MRTs that range over three orders of
magnitude (Goh et al., 1989; Paul et al., 2001a). The
results are most useful if standardized sampling tech-
niques and analyses are combined with available tracers
across a number of long-term experiments or chrono-
sequence sites.

Determining the impacts of management on soil C
and N accumulation is hindered by the small amounts
sequestered annually relative to the large pools in the
soil as well as the considerable spatial heterogeneity
of SOM (Morris, 1999; Stoyan et al., 2000; Mulla and
McBratney, 2000). This heterogeneity, can in a large
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part, be attributed to environmental impacts on the con-
trols on SOM dynamics that exist on these sites. It is
impossible to sample the many sites, soil types, manage-
ment regimes, landscapes, and climatic regimes in
enough detail to inform decision-makers on issues such
as C sequestration. Methods that incorporate the key
factors controlling soil C and N dynamics (Fig. 1) need
to be validated from detailed site measurements. To be
useful for answering today’s questions on the potential
for Csequestration with regard to global change, models
that predict pool sizes and turnover rates, and thus over-
all C dynamics, must be based on verifiable, analytically
derived data.

Tracers of C have provided a great deal of information
on SOC dynamics (Coleman and Fry, 1991). Carbon
dating of “C, occurring in the atmosphere and incorpo-
rated into plant components through photosynthesis
(Campbell et al., 1967; Trumbore et al., 1996), provides
a useful but expensive tracer. Discrimination against
atmospheric PCO, during plant photosynthesis provides
another signal (Boutton, 1996). Plants with a C; path-
way, such as most trees and crops (wheat [Triticum
aestivum L.], soybeans [Glycine max L.], cool season
grasses), result in more negative *C plant residues than
C, plants such as corn or warm season grasses. This
signal can be used to follow SOM dynamics if natural
succession, or management, has resulted in a plant
switch such as the growth of C, corn on previously C;
forest soil or on soil that has grown primarily C; crops.

Soil organic matter is comprised of a continuum of
materials that range in MRTs of days and months
through decades, centuries, and millennia. The MRT
of the labeled soil components is dependent both on
resistance to decay and extent of protection against de-
composition. The length of time that the label has been
in the soil affects the distribution of the tracer through
different SOM components and strongly influences
MRT estimates. Short-term experiments with artificially
added tracers produced in the laboratory (Coleman and
Fry, 1991) and followed in the field for 1 to 2 yr most
often yield results with MRTs of months to a few years
regardless of tracer employed. The BC plant-switch
methods often use experiments that have been in place
for decades. They produce results in this time frame
(Six and Jastrow, 2002). Carbon dating shows much
greater ages with some SOC being thousands of years
old (Paul et al., 2001b).

The dynamics of SOC can also be measured by soil
incubation in the laboratory to allow biological mineral-
ization of C. Curve analysis of CO, evolution rates, over

Abbreviations: MRT, mean residence time; SOC, soil organic C; SOM,
soil organic matter.
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Plant Growth

Fig. 1. Process controls of soil organic matter dynamics.

time, is combined with acid hydrolysis and “C dating
to estimate the MRTs of active, slow, and resistant SOC
pools (Paul et al., 2001b). The active fraction has MRTs
of months. The slow pool represents material that has
been in the soil often for decades. The resistant pool,
often 1400 yr older than the total soil (Paul et al., 2001a)
represents millennia of pedogenesis. The pools are com-
prised of a range of materials because of the continuous
nature of addition, stabilization, and decomposition of
SOM. One objective of this paper was to reexamine
published estimates of SOM turnover obtained by three
methods to see whether these methods yielded consis-
tent patterns that could be used to interpret SOC dy-
namics. To do this, we reanalyzed data on “C dating
(Paul et al., 2001a), field-"*C analysis (Collins et al.,
1999) and long-term incubation data (Collins et al.,
2000) obtained from the same soil samples on long-term
experiments in the U.S. Corn Belt.

Forested soils present major analytical problems in
determining SOM dynamics and estimating rates of soil
C change with land use conversions from agriculture to
forest. There are rarely replicated long-term experi-
ments of the effects of land-use change and/or manage-
ment. Trees growing in eastern North America on affor-
ested sites that were in mixed cropping regimes during
their cultivation period often do not provide a useful *C
signals for estimating turnover rates. Thus, the dominant
methodology is a ‘paired-plot’ design, with identification
of adjacent fields, on the same soil type, for comparative,
chronosequence studies. For such studies, selection of
the areas to be compared and the method of sampling
are important issues. The second objective of this paper
was to investigate the effects of afforestation on soil C
and N dynamics. We compared soil C and N stocks in
agricultural, afforested, and native forest sites to esti-
mated rates of soil C change as a consequence of conver-
sion of agricultural lands to forests. As the isotopic

methods used in the long-term agricultural experiments
could not be used to investigate SOM turnover rates,
we measured other factors with known impacts on SOM
accumulation, turnover and stabilization. These mea-
surements included forest biomass, soil nutrients, tex-
ture, and pH. Early studies (Jenny, 1941; Kononova,
1966) and recent work (Baldock and Nelson, 2000;
Clough and Skjemstad, 2000) highlight the importance
of Ca in SOM stabilization. We therefore related the
effects of Ca and other nutrients to SOM sequestration
on afforestation.

MATERIALS AND METHODS

Interpretation of Methodology Using Agricultural
Soils and Tracers

Published data produced using three, independent tech-
niques to measure SOM dynamics were compared. This in-
cluded: (i) results of “C dating and acid hydrolysis combined
with dating (Paul et al.,2001a), (ii) “C soil analysis after C;—~C,
photosynthesis-type plant switches and measurement of the
SOC derived from C; or C, residues (Collins et al., 1999), and
(iii) analysis of CO, mineralization kinetics (Collins et al.,
2000). The MRTs measured with the three methods were
compared by regression analysis to determine if independent
approaches for evaluating C dynamics on the same soil sam-
ples showed a discernible pattern across sites. The sites repre-
sented a range of soil types, textures, and climate (Table 1).
Soils were sampled using six 5.4-cm diameter cores per repli-
cate and four replicates per site. Samples, from replicated
plots, were randomly taken using a hydraulic coring device
and were separated into 0- to 20-, 20- to 25-, 25- to 50-, and
50- to 100-cm depths before compositing (Collins et al., 1999;
Paul et al., 2001a).

Organic matter pool sizes and fluxes were calculated using
a three-pool model,

C. = C, exp(—k,t) + Cexp(—kgt) + C, exp(—kit) [1]

where C,, C,, and C, were defined as the initial (preincubation)
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Table 1. Descriptions of location, mean annual temperature (MAT), soil classification, parent material, native vegetation, years first plowed, and years cropped to corn of sites

used in the data inter-comparison study.

Years in
present corn

First
plowed
Circa 1890

Geographic
location

rotation

Native vegetation

Parent material

Glacial till

Soil classification (soil series/texture)

MAT

Site

33

Mixed prairie (mixed C;-C, grassland)

Fine-loamy, mixed, mesic Aquic
Haplustolls (Normania loam)
Fine-silty, mixed, mesic, Typic

6.2

35

Circa 1890

Mixed prairie (mixed C;-C, grassland)

Loess/Glacial till

7.6

Argiudolls (Plano silt loam)
Fine-loamy, mixed, mesic Typic

10

Circa 1850

Deciduous Forest (mixed oak, hickory)

Glacial outwash

Hapludalfs (Kalamazoo loam)
Fine, illitic, mesic Mollic Epiaqualfs

31

Circa 1850

Deciduous swamp forest (mixed oak, hickory, ash,

Lacustrine
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soft maple and cottonwood)
Deciduous forest (oak, hickory, sugar maple)

(Hoytville silty clay loam)
Fine-loamy, mixed, mesic Oxyaquic

31

Circa 1830

Glacial till

9.1

Fragiudalfs (Wooster silt loam)
Fine, mixed, active, mesic Aeric

31

Circa 1850

Mixed deciduous forest (oak)

Glacial till

11.9

167

Circa 1870

Mixed deciduous forest (oak, hickory, soft maple)

Lacustrine/Glacial till

Endoaquepts (Mistequay silty clay)

Epiaqualfs (Crosby silt loam)
Fine, mixed, calcareous, mesic Aeric

8.6

Lamberton, MN

Arlington, WI

Kellogg Biological Station, MI

Hoytville, OH

Wooster, OH

South Charleston, OH

Saginaw, MI

+ Corn-corn-corn-sugar beet rotation.

active, slow, and resistant fractions. Corresponding decay rates
per unit time (¢) were k,, k,, and k, Total SOC determined
on dried soil (Paul et al., 2001b) corresponded to C,. The
amount of the SOC resistant to 6M HCI hydrolysis (Leavitt
et al., 1997; Paul et al., 2001a) determined the size of the
resistant pool (C,). The MRT, measured by "“C dating (Goh
et al., 1989), determined its kinetics (C,exp[—k]). The *C
measurements on the same soils (Collins et al., 1999) were
based on a C;—C, plant-photosynthesis type switch. These
were in place for 35 yr in the Wisconsin site, 33 yr in Minnesota,
31 yr in the Ohio sites, 16 yr at Saginaw, MI and 10 yr at
Kellogg Biological Station, MI (Table 1). Plants involved on
agricultural soils were alfalfa (Medicago sativa L.), corn (Zea
mays L.), soybean, sugar beet (Beta vulgaris L.) and wheat.
The mineralization of SOC, as measured by CO, release
during 1000- to 1200-d incubation was used to characterize
the size and dynamics of the active (C,) and slow pool (C)
(Collins et al., 2000). Field moist soils, adjusted to 60% water
holding capacity, were incubated at 25°C (Collins et al., 2000).
Infrared analysis of the headspace gas of incubated soils, con-
trols and CO, calibration gas was used to determine CO,
evolution. At least 10 incubation periods were used for non-
linear regression analysis that corrected for the curvilinear
relationship of the CO, evolution between sampling points
(PROC NLIN; SAS, 1995). This calculated the kinetics of the
active pool (C,exp[—k,t]) and the slow pool (Cexp[—ky]).
Mass spectrometric analysis of the evolved CO, made possible
the calculation of the kinetics of the total CO, as well as the
BCO, evolved over time (Collins et al., 2000). The active (C,)
and slow (C;) pools were estimated from the respiration curves
after subtracting C, (the non-hydrolyzable fraction) from C,
(Paul et al., 2001b). Turnover was expressed as MRT (1/k)
as in first-order kinetics at steady state (Paul et al., 2001Db).

Soil Organic Matter Measurements for Evaluating
Impacts of Afforestation

We compared above and belowground plant biomass and
soil C on three locations with agricultural, afforested, and
native sites on the same soil type (Table 2). The *C method
could not be used on these sites because of the lack of an
adequate tracer; results from *C dating and long-term incuba-
tion are not yet available. Sequestration calculations were
based on the assumption that current agricultural sites at the
time of sampling contained C and N contents representative
of the fields before tree planting. The use of sites where affor-
estation was done for conservation or administrative reasons
ensured that afforested land was not abandoned farmland
of different quality than the surrounding area. Management
information suggests no fertilizer usage on the afforested and
forested sites. Plants involved in the afforestation study in-
volved ash (Fraxinus spp.), cedar (Juniperus virginiana L.),
cherry (Prunus serotina Ehrh.), cottonwood (Populus deltoides
Marsh.), hickory (Carya spp.), maple (Acer spp.), oak (Quer-
cus spp.), poplar (Populus spp.), red pine (Pinus resinosa Ait.),
scotch pine (Pinus sylvestris L.), and walnut (Juglans nigra
L.). The trees, aspen (Populus tremuloides Michx), and birch
(Betula papyrifera Marsh.) were mentioned relative to the lit-
erature and are described there, as are the earthworms (Lum-
bricus spp.).

The Ohio sites were sampled to a depth of 100 cm, by
compositing (Boone et al., 1999) three samples obtained with a
5-cm diameter soil corer driven in with a hammer and removed
with the aid of a tripod. There were two transects per tree
taken 0.5, 1, and 1.5 m from the base of each of three trees
to minimize impacts of single tree influence zones (Zinke,
1962). One tree species was sampled per site (Table 2) to
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Table 2. Descriptions of location, mean annual temperature (MAT), soil classification, afforested vegetation, afforested vegetation
sampled, native vegetation, and agricultural rotations for sites included in afforestation study.

Soil Afforested
Geographic classification Afforested vegetation Native
Site location MAT (soil series/texture) vegetation sampled vegetation Agriculture
Kemptville, ONT 45°01' N 5.8 Melanic Brunisolf Deciduous-maple Deciduous poplar, pine, alfalfa, corn
75° 38' W (Grenville sandy loam) Planted 1977 maple birch, cedar rotation
Conifer-red pine Conifer
Planted 1971 red pine
Maumee, OH 41° 32’ N 9.1 Mixed, mesic Aquic Deciduous-Mixed Deciduous oak, cherry corn, soybean
83° 96’ W Udipsamments deciduous species: oak rotation
(Ottokee fine sand) Planted 1950 Conifer
Conifer-scotch pine red pine
Planted 1950
Delaware, OH 40° 24’ N 10.8 Fine, illitic, mesic Typic Deciduous-Mixed Deciduous Maple, hickory, corn, soybean
83°01' W Hapludalf deciduous species§ maple walnut, ash, rotation

(Morley silt loam)

Successional circa 1950

oak, cherry

T Great group-Canadian-U.S. equivalent = Eutrochrepts or Cryochrepts or Hapludolls.

+ Oak, tulip poplar, cherry.
§ Maple, elm, walnut, buckeye, ash, basswood.

minimize differences in soil C associated with specific tree
effects (Boerner and Koslowsky, 1989). With the exception
of successional stands, most afforested stands were planted in
rows and sampling designs that were unbiased by differences
in tree distribution were used.

Agricultural soils, used for comparison in the afforestation
study, were sampled to a depth of 100 cm with a 5-cm diameter
hydraulic-mounted soil corer. Three cores were composited
from each of three locations selected in the center of an ag-
ricultural field no less than 25 m apart within a 2-ha area. At
Kemptville, Ontario, all soils were sampled from three 0.5-m?
soil pits on representative soil types (Ellert and Gregorich,
1996). Soils were sampled by horizon at all sites. Samples
used in the afforested soil study were analyzed after sieving,
compositing, and drying. Bulk density was measured by de-
termining soil core volume and weight of individual soil cores.
Gravimetric water content was used to calculate dry bulk
density. Dry bulk density at Kemptville was determined by
the core method for bulk density (Elliott et al., 1999).

Texture was determined by dispersing 30 g of air-dried soil
in 100 mL of 5% (wt/v) sodium hexametaphosphate solution
and shaking for 18 h (Cambardella and Elliott, 1992). The soil
solution was passed through a 53-pm sieve and sand retained
on the sieve was determined gravimetrically. Material passing
though the sieve was placed in sedimentation columns and
clay content was determined with a hydrometer; silt content
was calculated by difference. The soils for C and N analysis
were ground to pass a 180-wm screen and analyzed by dry
combustion in a Carlo Erba CN analyzer using calibration
standards and soil controls (Sollins et al., 1999). Inorganic C,
in samples from Kemptville and Delaware, was removed by
subjecting moist soils in silver sample cups to an HCI atmo-
sphere in a desiccator for 18 h (Paul et al., 2001b). For analysis
in a soil testing laboratory, soils were extracted with 1.0 M
COOCH;NH, and extractable Ca, K, and Mg were determined
on an atomic absorption/emission spectrometer (Warncke and
Brown, 1998). Available P was determined using the Bray
and Kurtz P-1 Test on acidic soils and the Olsen Method for
calcareous soils (Frank et al., 1998). Bulk density and horizon
depth were used to express data on a mass equivalent to the
native soil to depth of 1 m (Ellert and Gregorich, 1996; Six
et al., 2002).

Random 25 by 50 m plots were established in forest sites
and diameter at breast height was recorded for trees within
the plot by species. Tree biomass was determined by species,
using equations derived for trees in that region (Tritton and
Hornbeck, 1982). Tree biomass was converted to above and

below ground biomass C using conversion factors for each
region derived by Birdsey (1992). Tree biomass N was calcu-
lated from biomass C/N contents for deciduous and coniferous
species independently (Kaczmarek et al., 1995; Pregitzer and
Palik, 1997).

RESULTS

Interpretation of Methodology using
Agricultural Soils and Tracers

The MRT of the C; (non corn-derived) SOC deter-
mined by laboratory incubation, CO, evolution and
mass spectrometry was correlated (#2 = 0.55) with that
of the same soil samples analyzed directly for BC
(Table 3). The MRT obtained by incubation was 33%
of that measured directly in total SOC of field samples
with BC methodology. Removal of the data set with
high, atypical SOC levels (Hoytville, OH) raised the
regression between the incubation and the "“C-field
analysis from an #* of 0.55 to 0.85 but only changed the
slope of the line from 0.33 to 0.27 (Table 3). The soils
from the long-term experiments were also “C dated,
allowing a comparison of the results from “C dating with
those of the C;—~C, plant switch and *C measurements.
Carbon dates were related to the BC data (r* = 0.71)
with a curvilinear equation (Table 3) but were 176 times
as old as the MRT of BC, non-corn SOC. Differences
in MRTs are attributable to the fact that the 10 to 35 yr
BC exposures labeled primarily the active and slow pool
whereas “C dating included the resistant component of
the SOC continuum.

Table 3. Interrelationship of different methods of measuring
mean residence time (MRT) in soil C poolsf.

Equationi r?
a. B3CO, MRT$§ = 0.33 C, field MRTY + 3.34 0.55
b. BCO, MRT§ = 0.27 C; field MRTY[ + 33.4 0.85
c uC MRT# = 176 (C; field MRTY]) *** 0.71

T C pools include field C; with (Eq. [a]) and without (Eq. [b]) Hoytville,
MRT of ®C (C,—C; Switch) and “C of total C (Eq. [c]).

i Equations a, and b in the slope-intercept form y = mx + b, and Eq. [c]
in the form y = ax".

§ Calculated from long-term incubations.

1M ed on the ples before incubations.

# MRT calculated from “C dating.
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Soil Organic Matter Measurements for
Evaluating Impacts of Afforestation

The Maumee, Ottokee fine sand contained the lowest
SOC, the Kemptville, Greenville sandy loam was inter-
mediate and the Morley silt loam at the Delaware site
was highest in SOC (Table 4) underscoring the general
controls of texture on SOC contents. Subtraction of
the agricultural from the afforested and dividing by the
years since afforestation gave soil C and N accumulation
rates under afforestation. The pines, planted in 1971,
on the calcareous, sandy loam, till soil in Kemptville
accumulated C at a rate of 0.56 Mg C ha™! yr . No
change was detected in the maple stand. The afforested,
deciduous soil on a silt loam, calcareous till in Delaware,
OH gained 0.15 Mg C ha! yr! over 50 yr of succession.

Fifty years of afforestation on the sandy, Maumee,
afforested, deciduous site resulted in 95.9 Mg soil C
ha™! compared with 83.2 in the native and 68.1 in the
agricultural soil giving an accumulation rate of 0.58 Mg
soil C ha!yr~! in the deciduous site. The conifer soils
lost 0.85 Mg C ha~lyr~!. Such losses lead to the question
of whether the sampling sites were on the same parent
materials. The sand content in the A horizon of the
afforested conifer (Table 5) was 93%, the afforested
deciduous was 90%, the agricultural site was 89% with
the native having the least sand (86%). Subsurface hori-
zons showed no significant textural or pH effects (Table
5). Other sites showed similar, small textural differences
between land-use plots and few notable differences in
pH. At present we discount the possibility that land use
over the 50-yr period altered the soil texture at these
sites. All sites were chosen to be on similar topography.
Until further sites are analyzed, we conclude that the
major reason for the large SOC differences in the coni-
fers was the result of pine afforestation.

The calcareous, Ontario site had similar tree biomass
for both conifer and deciduous afforested sites that were
significantly lower than the native. Biomass accumula-
tion rates, per year, were high in the deciduous site
because it was the youngest site at 21 yr relative to the
conifer planted 6 yr earlier (Table 6). The Maumee

SOIL SCI. SOC. AM. J., VOL. 67, SEPTEMBER-OCTOBER 2003

afforested, deciduous site accumulated biomass C at a
rate of 3.8 Mg C ha'yr~!. Inclusion of the soil-C raised
the ecosystem accumulation rate to 4.4 Mg C ha~'yr~.
The conifer biomass accumulated C at 2.4 Mg C ha™!
yr~!, but because the soil lost C the ecosystem accumula-
tion rate was 1.5 Mg C ha~'yr .

The Delaware agricultural soils had C/N ratios of 8.
The ratios were 9 at Maumee and 10 in the more north-
erly Kemptville site. The C/N ratios of all afforested
soils were more similar to the agricultural than to the
native sites (Table 4). Carbon sequestration involves N
accumulations in the plant biomass and in the SOM.
We attributed the difference in total N between the
agricultural ecosystem and the afforested one to N accu-
mulation in the afforested site. The other possibility is
that the agricultural soil lost this amount of N during
the afforestation period. Soil samples from 50 yr ago
on this site are not available. Research on other similar
agricultural sites (Lal et al., 1998; Dick and Jurkalski,
1998) has shown that agricultural soils are now at steady
state or slightly increasing their SOC and soil organic
N contents. This is attributed to better management and
the two- to three-fold increases in crop residue returns
that have occurred in the last 50 yr.

The ecosystem accumulation rate of N in the Ontario
soils ranged between 0.02 and 0.03 Mg N ha~'yr~%. The
high ecosystem N accumulations of 0.08 Mg N ha~'yr™!
in the deciduous, Maumee site and 0.054 Mg N ha ™ 'yr ™"
at Delaware, OH (Table 6) leads us to question anew
the controls on N inputs into these sites. Atmospheric
N fixation in deciduous forests (aspen and maple) has
been shown to approximate 0.001 Mg N ha~'yr! (1 kg
N ha~'yr!) (Knowles and O’Toole, 1975). There were
no symbiotic N fixers noted in our sites. Atmospheric,
wet deposition ranged from 5 to 7kg N ha~'yr ! (NADP/
NTN, 2000; Canadian National Atmospheric Chemistry
Precipitation Database, 2002). Dry deposition is usually
thought to be no more than equal to the wet deposition.
The sum of the above does not account for the accumu-
lations shown in Table 6.

The Maumee soil showed the effects of lime additions

Table 4. Soil C and N storage+ for agriculture, native, afforested deciduous, and afforested coniferous land-use types: in three eastern

North American sites.

Pool size§ Accumulation rates
Site Land-use type Soil C Soil N CIN ratio§ C N
Mg ha! — Mgha'yr! —
Kemptville, Ontario Agriculture 78.9(6.2)* 7.7(0.7)* 10.3(0.1)*
Native 78.0(8.0)* 5.4(0.6)* 14.4(0.1)¢
Afforested Deciduous 76.5(6.9)* 6.9(0.5)* 11.0(0.3)" -0.07 —0.036
Afforested Coniferous 94.1(9.2)* 7.9(1.2)* 12.1(0.8)* 0.56 0.007
Maumee State Forest
Ohio (1950) Agriculture 68.1(9.7)" 7.1(0.6)"¢ 9.6(0.6)*
Native 88.2(8.3)" 6.4(0.3)" 13.8(1.4)"*
Afforested Deciduous 95.9(11.6)"* 8.2(0.5)¢ 11.6(0.6)*>* 0.58 0.023
Afforested Coniferous 27.4(0.7)* 2.2(0.1)* 12.2(0.2)%+> —0.85 -0.102
Delaware Wildlife Area
Ohio (1950) Agriculture 106.4(2.5)* 12.5(0.3)* 8.5(0.1)»b
Native 153.4(5.2)" 15.8(1.2) 9.9(0.6)"*
Afforested Deciduous 113.8(6.4)* 13.7(0.5)* 8.3(0.2)" 0.15 0.025

T Measured to 1-m depth corrected for equivalent weight at all sites except Kemptville, Ontario, which was sampled to a depth of 41 cm.
F Maumee, Ohio sites were afforested in 1950, Delaware, Ohio site was transferred from agriculture in 1950, the Kemptville coniferous site was planted

in 1970 and the deciduous site in 1977.

§ Pool means followed by standard error in parentheses. Within site pool means followed by the same letter did not differ significantly among land-use
types at p = 0.05. Within site pool means followed by the same letter with an asterisk differed significantly at 0.05 < p =< 0.10 among land-use types.
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Table 5. Soil sand, silt and clay content, and pH for agriculture, native, afforested deciduous and afforested coniferous land use types

in three eastern North American sites.

Site Landtypet Horizon Sandi Silt: Clay: pHi
Kemptville, ONT Agriculture A 61.4" (2.1) 24.3* (0.5) 14.3* (1.6) 7.4* (0.0)
B 57.9* (0.5) 27.2* (0.9) 14.9* (1.3) 7.7* (0.2)
Aff-Con Ah 56.8" (0.3) 27.6* (0.6) 15.6*" (0.9) 7.4* (0.1)
B 58.3* (0.6) 24.3* (1.3) 17.5* (0.7) 7.6 (0.1)
Aff-Dec Ah 64.3" (6.7) 22.9* (5.0) 12.8* (1.7) 7.9* (0.0)
B 56.8" (0.5) 27.2* (3.1) 16.0" (3.4) 8.0° (0.0)
Native Ah 57.2* (2.9) 23.4° (1.7) 19.4* (1.2) 7.1* (0.2)
B 51.6* (6.9) 29.8° (6.3) 18.6* (0.9) 7.6* (0.5)
Maumee, OH Agriculture A 89.4% (0.4) 6.6 (0.6) 3.9" (0.4) 5.0° (0.1)
B 94.9* (1.1) 3.7 (0.6) 1.4* (0.6) 5.3 (0.1)
C 95.6" (0.8) 2.1* (0.8) 2.3* (0.8) 5.5 (0.1)
Aff-Con A 92.9¢ (0.6) 4.9* (0.5) 2.0° (0.2) 49" (0.1)
B 95.3* (0.0) 2.6 (0.3) 2.6 (0.2) 5.4* (0.2)
C 97.2* (0.8) 0.6* (0.7) 220 (0.2) 5.6* (0.0)
Aff-Dec A 90.3* (0.5) 7.1 (0.3) 2.6*" (0.5) 4.9" (0.0)
B 91.9* (1.0) 6.1 (1.3) 1.9* (0.7) 5.0 (0.0)
C 95.9* (0.9) 2.5 (1.2) 1.7* (0.6) 5.5 (0.1)
Native A 85.8" (0.6) 10.4c (0.1) 3.9 (0.1) 4.5* (0.1)
B 90.1* (3.4) 7.1* (3.5 2.7 (0.4) 5.1* (0.1)
C 96.6" (1.0) 2.3* (1.0) 1.0* (0.5) 5.3 (0.3)
Delaware, OH Agriculture A 22.1* (1.3) 67.9* (1.3) 10.0* (0.0) 7.4 (0.1)
B 24.1* (2.4) 62.8" (2.4) 13.2" (0.2) 7.3* (0.0)
C 30.3* (2.4) 57.8" (2.4) 12.0* (0.0) 8.0° (0.0)
Aff-Dec A 18.5" (2.2) 74.5* (5.7) 7.0° (3.5) 5.7° (0.2)
B 19.5* (0.4) 66.5* (1.1) 14.0° (1.0) 6.7* (0.3)
C 22.8° (3.0) 63.7" (2.2) 13.5* (0.8) 7.4* (0.6)
Native A 19.7* (1.1) 71.0° (0.8) 9.3* (0.3) 6.0° (0.3)
B 20.6° (1.2) 68.1" (0.9) 11.3* (0.3) 5.6° (0.5)
C 26.8" (0.1) 64.5" (4.2) 8.7 (4.3) 7.6* (0.3)

7 Aff-Dec = Afforested Deciduous/Aff-Con = Afforested Coniferous.

£ Pool means followed by standard error in parentheses. Within site pool means for sand, silt, clay or pH followed by the same letter did not differ
significantly among land-use types for each horizon separately at p = 0.05 except for the B horizon of the Delaware Aff-Dec, which differed at 0.10 =

p = 0.05.

on the Ca content of the agricultural site (Table 7)
without significant alterations to soil pH by afforestation
with either conifers or deciduous species (Table 5). The
other two sites were on calcareous parent material and
there were no differences in Ca or Mg with land-use
type although the Delaware site appeared to have more
dolomite (with Mg) than the Kemptville site. The rela-
tionships of soil C and N contents to soil cations were

evaluated by including a similar set of sites (agriculture,
afforested deciduous, and coniferous and native) col-
lected using similar methodology from central Michigan
(Morris et al., 2003). This resulted in a cross-site compar-
ison that included five conifer, six native, six deciduous
afforested, and nine agricultural sites. Soil C and N
contents were unrelated to soil P contents with the ex-
ception of profile C in the coniferous sites (Table 8).

Table 6. Total ecosystem C and N contenti for native and afforested land-use types in three sites in North America and annual
accumulation rates: for afforested deciduous and coniferous land-use types.

Kemptville, Ontario Maumee, OH Delaware, OH
Native Aff Decy Aff Con# Native Aff Dec Aff Con Native Aff Dec
Carbon, Mg ha™!
Biomass§
Overstory 103 76 79 168 160 97 102 77
Roots 16 12 13 26 24 16 14 12
Total 119 88 92 194 184 113 119 89
Rate, yr™' - 4.2 3.2 - 3.8 24 - 2.0
Ecosystem
Rate, yr! - 4.1 3.8 - 4.4 1.5 - 22
Nitrogen, Mg ha™!
Biomass§
Overstory 1.63 1.21 0.33 2.6 2.5 0.40 1.62 1.20
Roots 0.28 0.21 0.09 0.46 0.42 0.11 0.26 0.21
Total 191 1.42 0.42 3.06 2.92 0.51 1.88 1.41
Rate, yr ! - 0.07 0.02 - 0.06 0.01 - 0.03
Ecosystem
Rate, yr™! - 0.03 0.02 - 0.08 -0.09 - 0.05

+ Ohio sites sampled in 1998 and Ontario in 1999.

£ Maumee, Ohio sites were afforested in 1950, Delaware, Ohio site was transferred from agriculture in 1950, the Kemptville coniferous site was planted

in 1970 and the deciduous site in 1977.

§ Above and belowground biomass to C conversions made with factors from Birdsey (1992), C:N ratios of 63 for deciduous overstory, 57 for deciduous
roots (Kaczmarek et al., 1995), C:N ratios of 240:1 coniferous overstory and 150 for roots (Pregitzer and Palik, 1997).

1 Aff-Dec = Afforested Deciduous.
# Aff-Con = Afforested Coniferous.
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Table 7. Extractable soil P, K, Ca, and Mg+ for agriculture, native, afforested deciduous and afforested coniferous land-use types:: in

three eastern North American sites.

Pool Size§
Site Land-use type Soil P Soil K Soil Ca Soil Mg
kg ha™!

Kemptville Agriculture 322(39)" 547(90)" 4753(181)* 1307(29)*
Ontario Native 51)* 119(12)* 4 945(735)* 1 418(195)*

Afforested deciduous 33(9)* 174(11)* 4 646(302)" 1231(60)*

Afforested coniferous 21(6)* 153(18)* 4 826(238)" 1 493(60)*

Maumee State forest Agriculture 1051(112)¢ 613(30)" 3090(903)" 114(35)*

Ohio (1950) Native (Maple) 687(57)" 255(8)* 950(139)* 150(64)*
Afforested deciduous (Maple) 311(19)* 308(20)* 1226(132)* 230(51)*

Afforested coniferous (Pine) 840(17)° 316(23)* 1171(147)* 299(21)"
Delaware Wildlife area Agriculture 92(7)? 1 225(54)* 43 248(1 633)* 6 734(397)*
Ohio (1950) Native (Maple) 125(51)° 1259(149)* 37 658(6 742)* 5 073(850)°
Afforested deciduous (Maple) 74(32)* 2 470(689)* 28 680(3 911)* 5 869(248)*

T Measured to 1-m depth corrected for equivalent weight at all sites except Kemptville, Ontario, which was sampled to a depth of 41 cm.
+ Maumee, Ohio sites were afforested in 1950, Delaware, Ohio site was transferred from agriculture in 1950, the Kemptville coniferous site was planted

in 1970 and the deciduous site in 1977.

§ Pool means followed by standard error in parentheses. Within site pool means followed by the same letter did not differ significantly among land-use
types at p = 0.05. Within site pool means followed by the same letter with an asterisk differed significantly at 0.05 = p = 0.10 among land-use types.

Profile K content was correlated with both the C and
N content of the mixed-deciduous native sites and the
afforested deciduous sites but not the coniferous sites.
The relationship of soil Ca content to total profile C
for the agricultural sites had an * of 0.50 whereas that
of profile N was 0.61. The quantity of profile-extractable
Ca explained much of the variation in profile C and N
of the forested sites accounting for 49 to 90% of the
variation in these elements (Table 8). The effects of
Mg on soil C and N were similar to that of Ca. The
relationship of soil nutrient content to tree biomass was
unrelated to Ca (data not shown).

The effects of different sites and vegetation types on
soil nutrient cation and C and N contents can be better

Table 8. Relationship (%) of extractable soil P, K, Ca, and Mg
to soil C and N contenti for agriculture, native, afforested
deciduous and afforested coniferous land-use types: in four
eastern North American sites.

P K Ca Mg
Agricultural sites
Profile C NS# 0.38 0.50 0.40
Profile N NS 0.24 0.61 0.53
Native sites
Profile C NS 0.71 0.71 0.68
Profile N NS 0.86 0.78 0.71
Deciduous sites
Profile C NS 0.54 0.68 0.53
Profile N NS 0.71 0.90 0.81
C/N NS 0.45 0.54 0.62
8C§ 0.39 NS NS NS
SNT 0.33 NS NS NS
Coniferous sites
Profile C 0.50 NS 0.70 0.76
Profile N 0.32 NS 0.49 0.68
C/N NS NS NS NS
8C§ 0.32 NS 0.77 0.49
| NS NS 0.53 0.36

T Measured to 1-m depth corrected for equivalent weight at all sites except
Kemptville, Ontario, which was sampled to a depth of 41 cm.

+ Maumee, Ohio sites were afforested in 1950, Delaware, Ohio site was
transferred from agriculture in 1950, the Kemptville coniferous site was
planted in 1970 and the deciduous site in 1977. Russ Forest deciduous
afforested sites were planted between 1943 and 1946. The coniferous
sites were planted in 1938, 1943, 1966.

§ 8C = soil C in afforested site — soil C in agricultural site.

11 8N = soil N in afforested site — soil N in agricultural site.

# Not Significant.

characterized by subtracting the C and N contents of
the agricultural site from that of the adjacent afforested
site on the same soil type. The use of the agricultural
soils as controls to normalize site data is shown as the
dC and 3N values in Table 8. The P levels showed some
effect on 8C and 3N; K had no effect. Calcium was an
important factor affecting the 8C (+* = 0.77) and 8N
(7 = 0.53) on the conifer but not the deciduous sites.

DISCUSSION

Our comparison of two tracer and an incubation
method on the same soil samples gave related MRT
values that differed by three orders of magnitude. This
is interpreted to mean that all the methods gave mean-
ingful data but sampled different portions of the SOC
continuum. The MRT data supplied by the plant re-
placement experiments reflect the fact that these experi-
ments have been in place for a few decades (Six and
Jastrow, 2002). The use of extended laboratory incuba-
tion provides information on the SOC that has been
mineralized over a few hundred-day periods. When ex-
trapolated to the field with Q,, relationships, the labora-
tory derived MRTs were highly related to the estimates
based on field data, but only 27 to 33% as large. The
MRT of the *C field data after a 10- to 35-yr exposure
should be higher, because some of the *C should by
that time be in the resistant fraction and would not be
susceptible to mineralization during laboratory incuba-
tion. The C dating reflects thousands of years of soil
pedogenesis; MRTs from this method are 176 times as
great as those obtained in 10- to 35-yr old “C-plant
replacement studies. The *C dates for the whole soil
now also reflect bomb—"*C inputs into the atmosphere
during the last 50 yr (Trumbore et al., 1996). Acid hydro-
lysis removes much of this younger material. The non-
hydrolyzable C that comprises approximately 50% of
the total soil C was on average 1400 yr older than the
SOC in surface soils and 3000 to 5000 yr older in subsur-
face samples (Paul et al.,2001a). This C will become only
slowly labeled in tracer experiments of short duration.

We conclude that the highly correlated data, from
different experimental approaches shows that the three
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techniques are sampling different parts of a SOM con-
tinuum. We further interpret this to mean that the same
controls of SOM dynamics (Fig. 1) are affecting all parts
of this continuum. The above lends credence to the
presently utilized analytical approaches. This conclusion
is further supported by another study (Paul et al., 1999)
that incorporated into the Century model (Parton et
al., 1988: Paustian et al., 1992) pool sizes and fluxes
analytically determined with acid hydrolysis, *C dating
and extended incubation to predict field CO, evolution
rates. The predicted rates were related (#» = 0.55) to
those measured under field conditions over a 2-yr
period.

Our results show a great range in the amount of soil
C sequestered following afforestation (—0.85 to 0.58 Mg
C ha™! yr!). This calculation is based on the premise
that the present agricultural site is representative of the
afforested site at the time it went to trees. It also is
dependent on the variability found in different fields of
the same land-use type. Morris et al. (2003) sampling
multiple fields of different land uses found that agricul-
tural fields managed by different farmers in a single
county could vary by a factor of two in their SOM
contents. This variation was associated with the yield
of the crops and thus the residue inputs. In sampling
sites where multiple fields were not available, we re-
stricted our sampling of agricultural fields to those that
had crop yields and SOM contents that approximated
the county average. The extensive loss of SOM on pine
tree growth on former agricultural land, observed at the
Maumee site, is not without precedent (Pregitzer and
Palik, 1997).

The afforested soils had C/N ratios that were more
similar to the agricultural than to the native sites. The
amount of N sequestered or lost was still closely associ-
ated with the C dynamics, showing that similar controls
apply to both. Some sites had N levels that are difficult
to explain with present knowledge of biological N fixa-
tion or atmospheric inputs. We determined a relation-
ship between Ca and other nutrients and SOM accumu-
lations. The finding that soil Ca was related to soil C
and N on the agricultural sites may be an indication of
better management resulting in higher yields and resi-
due inputs on the more often limed and thus higher
Ca soil. These results and recent papers evaluating the
effects of Ca on SOM sequestration (Baldock and Nel-
son, 2000; Clough and Skjemstad, 2000) suggest that the
potential for Ca additions to some forests such as those
on Alfisols should be further investigated for SOC se-
questration. The effects of Ca can in part be attributed
to the effects of soil mixing due to the greater abundance
of earthworms we observed in high, Ca Alfisols. Other
explanations include the stabilizing effect of Ca on hu-
mic compounds and aggregates through the formation
of Ca-organic-mineral linkages (Stevenson, 1994). Thin
carbonate coatings on fresh residues have been shown to
decrease decomposition (Krull et al., 2001). Correlation
studies cannot separate cause and effect relationships.
It could be argued that the increased SOM caused an
increase in the soil Ca levels. This is difficult to justify
because external sources of Ca are not as available as
is the case with C and N. Weathering of Ca from soil

minerals would be much slower than the time frame of
these experiments.

We found sampling and analysis using verifiable, re-
producible techniques can greatly assist in interpreta-
tion of controls on SOM dynamics. Verification of ap-
proaches by independent assays and use of coordinated,
physical, chemical, and biological analysis on well sam-
pled, representative management sites provides a level
of confidence in the results. Pool sizes and fluxes deter-
mined with established analytical techniques when in-
corporated into appropriate models allow one to further
test hypothesis and extrapolate data from a limited num-
ber of sites to broader geographical units.
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ERRATUM

Snow Removal and Ambient Air Temperature Effects of Forest Soil Temperatures in Northern Vermont
K.L.M. DECKER, D. WaNG, C. WAITE, AND T. SCHERBATSKOY
Soil Sci. Soc. Am. J. 67:1234-1242 (2003)

On page 1237, Fig. 2 is incorrect. The correct Fig. 2 is shown below (The correct Fig. 2 is included in the
online article.).
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Fig. 2. Deviation from normal average winter (a) temperature and (b) snowfall for the South Burlington Airport (VT) for the past 50 yr. Winters
are defined as 1 December through 30 April. (Data compiled from the National Climatic Data Center; www.ncdc.noaa.gov)
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