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Abstract. Cultivation of previously untilled soils usually results in release of carbon from
the soil to the atmosphere, which can affect both soil fertility locally and the atmospheric
burden of CO2 globally. Generalizations about the magnitude of this flux have been
hampered by a lack of good quality comparative data on soil carbon stocks of cultivated
and uncultivated soils. Using data from several recent studies, we have reexamined the
conclusions of previous reviews of this subject. The data were divided into subsets
according to whether the soils were sampled by genetic horizon or by fixed depths.
Sampling by fixed depths appears to underestimate soil C losses, but both subsets of data
support earlier conclusions that between 20% and 40% of the soil C is lost following
cultivation. Our best estimate is a loss of about 30% from the entire soil solum. Our analysis
also supports the conclusion that most of the loss of soil C occurs within the first few years
(even within two years in some cases) following initial cultivation. Our analysis does not
support an earlier conclusion that the fractional loss of soil carbon is positively correlated
to the amount of carbon initially present in the uncultivated soil. We found no relation
between carbon content of uncultivated soil and the percentage lost following cultivation.

Introduction

Net transfer of carbon from the world's terrestrial ecosystems to the
atmosphere as a result of changing land uses recently was estimated as 1
to 2 X 1015 g C yr-' in the early 1980's, about 17% of which is thought to
have emanated from soil organic matter (Houghton 1991). Changing land
uses include clearing of forests, cultivation of forest and grassland soils,
and creation of pastures for grazing, with the recent changes being most
pronounced in tropical countries. The estimates of C lost from newly
cultivated soils are based on the assumption that 20% of the soil C
inventory is lost during the first 5 years following disturbance of natural
vegetation and another 5% is lost before a new steady state equilibrium is
reached 20 years after tillage began (Houghton et al. 1991). An earlier
study estimated greater transfer of C from terrestrial ecosystems to the
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atmosphere, partly because larger losses of C from soils were assumed
(Houghton et al. 1983). Hence, our knowledge of the amount of C lost
from soils as a result of human disturbances of natural vegetation clearly
affects our characterization of the global carbon budget.

Unfortunately, the estimate for loss of soil C has been based on surpris-
ingly few data. Numerous reviews have been published on the subject
(Allen 1985, Detwiler 1986, Johnson 1992, Mann 1986, Schlesinger
1986), but each of these authors has decried the lack of good data on
changes of soil C inventories with changing land use. These reviews show
that many studies report changes in concentrations of soil C, but few
report the data on bulk density and depth that are needed to calculate
changes in total carbon inventories of the soil. Several studies have been
published in the last five years that significantly increase the meager
database available on the effects of cultivation on soil C inventories (Table
1). In this paper, we review the data currently available on soil C inven-
tories of paired comparisons of uncultivated and cultivated soils. We
compare the relative importance of changes in the concentration of soil C
and changes in soil mass, and we examine the effect of sampling soils by
horizons or by fixed depths. We also analyze whether these new data,
when combined with the old, support the conclusions of previous reviews
that:

1. about 20% to 40% of the soil carbon inventory is usually lost when soil
is cultivated;

2. the rate of soil carbon loss is highest in the first 20 years (or sooner)
following disturbance; and

3. the fraction of the soil C inventory lost is positively correlated to the
amount of C initially present in undisturbed soil.

The first two statements are supported; the third is not.

Methods

We employed four criteria for selecting studies from our literature search:

1. The study was presented as a paired comparison or a chronosequence
of reasonably well matched uncultivated (virgin) and cultivated soils.

2. The uncultivated soil was sampled to at least 30-cm depth.
3. A consistent sampling regime was used for both cultivated and unculti-

vated soils so that appropriate comparisons could be made either by
horizon or by defined sampling depths.

4. For each depth increment sampled, either the carbon inventory was
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already calculated or sufficient data on depth, bulk density, and carbon
concentration were given to enable calculation of the carbon inventory.

In one case, bulk density was calculated from data given on pore space,
assuming a particle density of 2.65 g cm- 3. Where soil carbon content was
expressed as '% organic matter', we assumed a conversion factor of 0.58 g
C g-' organic matter (Nelson & Sommers 1982).

Many of the eighteen studies that met our four criteria included more
than one comparison of cultivated and uncultivated soils, yielding a total
of 56 such comparisons. For all subsequent discussion of comparisons, the
sample size (n) refers to the number of pairwise comparisons of cultivated
and uncultivated soil. The study in which each comparison was originally
published is indicated with a number used as a plotting symbol in figures
and as a reference in tables; the identifying number corresponds to the
numbering of studies in Table 1. We divided the 56 comparisons into six
overlapping subsets according to how depth increments were sampled
(Table 2).

Results and discussion

Types of soils and ecosystems represented

Not surprisingly, more than half of the studies included in this review were
conducted on Mollisols of North American grasslands (Table 1). How-
ever, also included were three tropical forest sites and five forests in
temperate or boreal regions. Reflecting the international literature sources,
reported soil descriptions did not follow a single classification conven-
tion; they include Mollisols, Oxisols, Ultisols, Alfisols, brunisols, gleysols,
podzols, rendzinas, grey forest soils, and peat. As many of these categories
were represented by only one study, we did not attempt to investigate
differences among soil types with respect to C loss following cultivation.

Carbon concentration vs. carbon inventory

Carbon concentration (g C/g soil) is an unreliable indicator of C loss
because the total amount of C present within the soil also depends on bulk
density and soil depth (Schlesinger 1986). Bulk density and C concentra-
tion are often negatively correlated, as cultivated soil may become com-
pacted at the same time that C concentration declines. Hence, higher bulk
density can partially cancel the effect of lower C concentration, so that the
loss of C inventory may be less than indicated from the C concentration
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data alone. On the other hand, erosion can result in greater loss of soil C
than would be indicated by analysis of only data on the C concentration of
the remaining soil.

Our analysis reconfirms the need to distinguish between C concentra-
tion and C inventory. Although the mean % change in C concentration is
very close to the mean % change in C inventory for datasets on A
horizons only and A and B horizons (Table 2), the relationship does not
follow the 1:1 line when C concentrations are plotted against C inven-
tories (Fig. 1). The slope of this regression is 0.69 (R2 = 0.84), and the
residuals of the regression are large relative to the estimated C loss for
many of the plotted points. Although the means of % change of C
concentrations and of C inventories are fortuitously similar (Table 1),
ignoring changes in bulk density would cause important errors in indi-
vidual estimates of C loss from many soils.

o,
4.-C

c-

aS

o

a)

0
C
0

0

0)

0
Percentage of Soil C Inventory Lost

Fig. 1. Comparison of the percent of original soil carbon inventory (kg C/m2) lost following
cultivation to the percent of original soil carbon concentration (kg C/kg soil) lost following
cultivation. Plot symbols refer to the studies numbered in Table 1. The solid line is the 1:1
line. The dashed line is the least squares linear regression line (Y - 0.69X + 10.73; R2 -

0.84).
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Amount of C lost in cultivated soils

In all subsets of comparisons, the mean loss of soil C inventory ranged
from 24% to 43% of the carbon present in the uncultivated soil (Table 2).
This result supports earlier generalizations that between 20% and 40% of
the C inventory of uncultivated soil is generally lost following cultivation
(Detwiler 1986, Mann 1986, Post & Mann 1991, Schlesinger 1986). The
highest estimate of loss (43%) is based on the C inventory of the A
horizon (Table 2). As most of the C loss occurs within the plow layer, the
proportion lost is higher if only the surface horizon is included. When the
C inventory of the B horizon is included for the same 14 comparisons
used for calculations of loss from the A horizon, the C lost as a per-
centage of the total inventory drops from 43% to 38% (Table 2).

Four more studies can be included in the subset of A and B horizons,
but not the A horizon only, because the plow layers of these soils
extended below the shallow A horizon of the native soil (Fig. 2b). Hence
the new Ap horizon included some material that was once in the B
horizon, and a valid comparison of carbon inventories can be made only if
both A and B horizons are summed. For this subset of 18 comparisons
and the subset of 21 comparisons of entire solums, about 30% of the
original C inventory was lost.

The importance of sampling depth is also apparent in the subset of
comparisons using fixed depths. Although we used only studies where the
soil had been sampled to at least 30 cm, 20 of the comparisons that used
fixed depths > 30 cm also included data on shallower sampling depths.
For these 20 comparisons, the mean loss from the surface depth incre-
ment was about 31%, whereas the mean loss computed using all depths
was about 24% (Table 2).

Although these differences in estimates of mean loss of C are not large
relative to the variation among studies (as evidenced by large standard
errors of the mean, Table 2), they underscore the importance of defining
what is being compared when C loss is reported as a percentage of the
original C present. Because the amount of soil included in analyses
increases when the soil is sampled to a greater depth, the reported
percentage loss declines. If the entire solum is being considered, our
analysis indicates a mean loss of about 30% of the original inventory; if
only the A horizon is considered, a mean loss of about 40% is indicated.

Sampling by genetic horizon vs. fixed depths

Provided that demarcations of horizon boundaries can be identified and
sampled consistently for all soil profiles being compared within a study,



182

sampling by genetic horizon provides more reliable data on soil C inven-
tories than does sampling by a fixed depth of a chosen number of centi-
meters. The bottom of a genetic horizon can be used as a reference point,
so that a comparison of C inventories of cultivated and uncultivated soils
unambiguously includes all changes that may have occurred above that
reference point. If erosion has removed several centimeters of soil from
the surface or if compaction has caused the surface horizon to be thinner,
these effects are accounted for when the entire genetic horizon is sampled
(Fig. 2). As in any pairwise or chronosequence comparison, it must be
assumed that the cultivated and uncultivated soil profiles being compared
were once identical.

In contrast, when a fixed-depth increment is sampled, soil material that
was below that depth before cultivation may be within that depth incre-
ment in compacted or eroded cultivated soil (Fig. 2). Hence, the fixed-
depth sample from the cultivated soil may include soil from a lower
genetic horizon or subhorizon that is not included in the fixed-depth
sample from the uncultivated soil. It is useful to think of the fixed-depth
increment of the cultivated soil as having a larger 'effective depth,' because
the same number of centimeters reaches to deeper genetic horizons in the

uncultivated cultivated uncultivated cultivated

deep soil erroneously sampled when the same fixed depth is used
in both cultivated and uncultivated soil

Fig. 2. Illustration of the 'effective depth' of a fixed sampling increment of 30 cm in
uncultivated and cultivated soils with deep A horizons (a) and shallow A horizons (b).
When the cultivated soil is either compacted or eroded, a 30 cm sampling depth penetrates
deeper into the A2 or the B horizon in the cultivated soil than in the uncultivated soil.

)n

E6
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cultivated soil than in the uncultivated soil. In come cases, this difference
in the effective depth of sampling of the soil profile results in greater soil
mass in the sample from the cultivated soil than in the sample from the
uncultivated soil (studies 7 and 14 in Table 1). In our data set, cultivated
soils have slightly increased mean soil mass when fixed depths were
sampled, whereas soil mass decreased slightly following cultivation when
soils were sampled by genetic horizons (Table 2). Because it is very
unlikely that cultivation could cause soil to gain mass, this difference must
be considered a sampling artifact caused by use of fixed depths.

When fixed-depth sampling results in greater soil mass being sampled
in cultivated soil than in uncultivated soil, then the comparison of C
inventories based on this sampling technique is in error. The additional
depth increment sampled in the compacted or eroded cultivated soil (Fig.
2) adds additional soil C to its inventory, which lowers the estimated loss
of C resulting from cultivation. This sampling artifact results in mean
estimates of soil C loss in studies of fixed depths that are at least 6% lower
than mean estimates of soil C loss in studies of genetic horizons of similar
depths (cf. 'A horizon' vs. 'top layer' and 'A and B horizons' vs. 'fixed-
depth > 30 cm' in Table 2). This difference is small, but it is a consistent
bias that should not be ignored.

Erosion vs. mineralization as C loss mechanisms

A comparison of C losses from erosion cannot be made in this review
because only a few authors addressed erosion. Street (1982) indicated that
the soils he studied in New Guinea were not prone to erosion and
concluded that rapid loss of soil C was primarily the result of mineraliza-
tion of soil organic matter following cultivation. Aguilar et al. (1988)
designed their study to include soils at summit and shoulder landscape
positions that were prone to erosion and at footslope positions that
received sediments from upslope. They attributed some of the observed
variation in C losses (Table 1, plotting symbol '1' in Fig. 3a) to differences
in erosion among landscape positions and soil textures. Observing the
highest C losses at summit and shoulder positions of a catena derived
from shale, they deduced that erosion contributed significantly to C losses
in some, but not all, of the cultivated grassland landscapes studied.
Narrowing of soil C/N ratios indicated that mineralization also contributed
to C loss at all landscape positions.

Changes in soil mass indicate erosional losses, but the means reported
in Table 2 are ambiguous. Mean soil mass varied from small increases to a
10% loss in cultivated soils for the subsets of data in Table 2, which
contrasts with mean losses of between 24% and 43% of soil C inventories.
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If erosion were the dominant mechanism of C loss, decline in soil mass
(when sampled by genetic horizon) might be similar to decline in C
inventories. On the other hand, erosion removes soil from the surface
where the C concentration is highest, and erosion of a small fraction of the
soil mass of the A horizon could result in a larger fractional loss of total
soil C inventory.

Rate of C loss following cultivation

The time interval between initial cultivation and sampling for soil C
inventories ranged from < 1 year to > 100 years (Fig. 3). A plot of the
percentage of the original C inventory lost as a function of the time since
initial cultivation shows no trend (Fig. 3a). We do not mean to suggest that
all of these studies should be viewed as a single chronosequence, but if the
duration of cultivation were a factor strongly influencing the percentage of
the initial C inventory lost, then a trend of increasing loss with increasing
period of cultivation might be apparent despite differences in other factors
among study sites. Although this is not the case for the percentage of soil
C lost (Fig. 3a), a plot of the average rate of C loss (% C inventory lost
divided by years of cultivation) against years of cultivation, reveals that
rates of C loss decline sharply during the first few years following initial
cultivation (Fig. 3b). In other words, soil C loss occurs so quickly, that
even the sites with the shortest period of cultivation have, on the average,
lost about as much C as those with longer cultivation periods. It should be
noted, however, that the two studies with the shortest period of cultivation
and the most rapid rates of C loss (plotting symbols 5 and 14 in Fig. 3a)
were conducted in Puerto Rico and New Guinea. Rates of soil C loss may
not be as rapid in temperate climates as was observed for these two
tropical forest sites.

These results support earlier conclusions that most of the soil C lost
following cultivation occurs during the first 5 years (Detwiler 1986) or the
first 20 years (Mann 1986, Schlesinger 1986). Although these data
provide no strong basis for further refinement, they show that the model
used by Houghton et al. (1985, 1987, 1991) is reasonable (at least when it
is applied to cultivation as a land use change), which assumes 20% loss of
soil C inventory during the first 5 years after initial cultivation and another
5% loss by year 20. A model of almost immediate loss of about 30% and
no further significant loss would also be consistent with these data (Table
2, Fig. 3).
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Loss of soil C as a function of the original soil C inventory

Correlations between soil C inventories of cultivated and uncultivated
soils were statistically significant at a = 0.01 for all subsets of com-
parisons (Table 3). This regression equation

Cc = B + B Cu (1)

where Cc and Cu are the carbon inventories of the cultivated and unculti-
vated soils, respectively, was rearranged by Mann (1986) to

(C, - Cu)/Cu = BO/Cu + B1 - 1 (2)

which was used to show 'that the fractional loss of carbon [(Cc - C)/Cu]
increases with increasing initial carbon content and approaches a maxi-
mum fractional loss equal to B1 - 1.' The right side of the equation
becomes a larger negative number (greater fractional loss) as Cu increases,
because the y-intercept of Eq. 1 (BO) becomes less important as Cu
increases. However, this conclusion holds only if Bo is a positive value that
is significantly different from zero. When Bo is negative, then the fractional
loss of carbon increases with decreasing initial carbon content (Cu), and if

Table 3. Regression parameters for the equation Cc = Bo + BICu, where Cc is the carbon
content (kg C/m2 ) of the cultivated soil and Cu is the carbon content of the uncultivated
soil.

Sampling depth B0 B1 R2 n

A horizons -2.49* 0.93** 0.90 14

A and B horizons -2.41* 0.86** 0.95 14
-1.26 0.83** 0.84 18

Entire solum -1.44 0.81** 0.99 21

Fixed depth - top layer 0.33 0.58** 0.78 20

Fixed depths > 30 cm -0.07 0.77** 0.92 25

All data' -0.38 0.77** 0.85 55

* significantly different from zero at a = 0.05
** significantly different from zero at a = 0.01

except the peat soil from reference 18, which was excluded from regression analyses
because its high carbon values caused the regression parameters to be strongly influenced
by this single point and inflated the apparent R 2 value.



187

B0 is not significantly different from zero, then the initial carbon inventory
(Cu) has no effect on the fractional loss. Mann (1986) reported statistically
significant positive values for Bo for many of the regression analyses of
various subsets of data. In contrast, the only Bo values in our analyses that
were significantly different from zero were for the subset of 14 com-
parisons of data on A and A-and-B horizons, and in those cases the Bo
values were negative (Table 3). Of course, a soil cannot have negative
carbon, nor is a soil with zero C inventory likely to be cultivated. Hence,
the importance of a nonzero intercept should be interpreted with caution.

Unlike the criteria for including studies in our analyses, Mann (1986)
used data from studies with sampling depths as small as 15 cm, and she
assigned random values for bulk density when these data were missing.
These less stringent criteria allowed her to include 328 pairwise com-
parisons of cultivated and uncultivated soils. This large sample size in
Mann's analysis affords statistical assertion that many of the reported
y-intercepts were significantly greater than zero. Many of Mann's pairwise
comparisons, however, used fixed sampling depths, and Mann noted that
the y-intercepts were higher for subsets of data from fixed sampling
depths than for other subsets. We also see a trend of larger y-intercepts
for subsets of data using fixed-depth sampling than for those that were
sampled by genetic horizon (Table 3). As we noted above, sampling by
fixed depths may cause an underestimation of C loss, but the apparent
influence of fixed sampling depths on y-intercepts of regression equations
indicates that the error is greatest for soils with low initial C inventories.
Shallow depths sample smaller C inventories than larger depths, so we
suspect that the underestimation of C loss is greatest when the fixed
sampling depths are shallow (e.g. only 15 cm), and that this artifact partly
accounts for the apparent positive y-intercepts.

Moreover, a good fit to the original regression equation (Eq. 1) does
not necessitate a good fit to the transformed equation (Eq. 2). Using our
analyses of data from A and B horizons, a comparison of the fit to the
original regression equation (Fig. 4a) and the fit to the transformed
equation (Fig. 4b) shows that the fit is much better for the original
equation, and that the residuals differ in the two plots. The transformed
equation for one of Mann's sets of regression parameters is also plotted
for comparison. We do not know how well Mann's data fit this trans-
formed equation.

Determining the y-intercept of Eq. 1 is a rather indirect test of the
effects of initial C inventories on C loss. A more appropriate test of the
null hypothesis, that the fractional loss of carbon is not related to the
initial carbon content, is to compare these data directly in a regression
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shows the predicted response using the parameters of one of the regressions of Mann
(1986), where Bo = +0.20 and B, = 0.76. When the data fit this model and when Bo is
positive, the fraction of original soil C lost increases with increasing soil C inventory of the
uncultivated soil (Cu), and the maximum fractional loss is predicted from the value B, - 1.

When B0 is negative, the fraction of original soil C lost decreases with increasing soil C
inventory of the uncultivated soil (C,), and the value B, - 1 predicts the minimum frac-
tional C loss. However, the data presented here do not appear to fit this model.
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analysis. For each of our subsets of data, we applied the regression
equation

(C - C)/C = Bo + B, Cu (3)

where the variables are defined as before, but C and C, have been
reversed within the parentheses so that the fraction lost is expressed as a
positive number. The slopes of these regressions were both positive and
negative, but only one regression was statistically significant (R 2 = 0.34),
and the slope for that regression was negative (Table 4). These regression
analyses show no positive relation between the fraction of soil C lost
following cultivation and the amount of C initially present in the unculti-
vated soil.

Table 4. Regression parameters for the equation ((Cc - C)/Cu) 100 = Bo + B, Cu),
where Cc is the carbon content (kg C/m2 ) of the cultivated soil and Cu is the carbon content
of the uncultivated soil.

Sampling depth B, B R 2 n

A horizons 64.09 -2.51 0.34* 14

A and B horizons 53.89 -1.28 0.22 14
41.23 -0.94 0.05 18

Entire solum 46.73 -1.21 0.04 21

Fixed depth - top layer 18.52 2.48 0.13 20

Fixed depths > 30 cm 25.39 -0.14 0.00 25

All data' 29.39 -0.19 0.00 55

* significant at a = 0.05
except peat soil from reference 18 of Table 1; see footnote in Table 3.

By using more stringent criteria that permit inclusion of fewer data in
our analysis, we gain confidence that we avoid some sampling artifacts,
such as the problem discussed above regarding shallow fixed sampling
depths. As a trade-off, we lose power of our statistical tests and increase
the probability of a type II error of accepting an invalid null hypothesis.
Both approaches - assembling large datasets to maximize the power of
statistical tests or applying stringent criteria to improve quality of smaller
datasets - are legitimate. The relative merits of these contrasting ap-
proaches are open to debate and individual preference. Using the more
stringent criteria to select a smaller database of higher quality, we con-
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clude that the null hypothesis cannot be rejected, and that our data do not
support earlier conclusions (Post & Mann 1991, Mann 1986) that the
fractional amount of C lost from soil following cultivation is positively
correlated with the initial soil C inventory.

Effects of soil texture on C loss

We used data on soil texture from those studies where it was provided to
divide the comparisons into four classes of clay content of the surface
horizon or sampling increment. Using these classes as plotting symbols,
clay content appears to have no effect on the relation between C inven-
tories of cultivated and uncultivated soils (Fig. 5). There is scatter about
the regression line for all classes; the soils with high clay contents are not
clustered on one side of the line as would be expected if clay content
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influenced the fractional loss of carbon inventory. Carbon inventories
were lower for soils with low clay content and higher for soils with high
clay content. This relation probably reflects the importance of clay content
as a covariate with carbon content in Mollisols (Burke et al. 1989), which
constitute the majority of the data in this analysis. This analysis also
supports our earlier conclusion that the fractional loss of C inventory is
not related to the initial C inventory of the uncultivated soil.

Conclusions

Our analyses, that include recently available data on the effects of cultiva-
tion on soil C inventories, support two of the three conclusions reached in
earlier reviews. First, our data are consistent with an estimate of loss of
between 20% and 40% of the initial C inventory following initial cultiva-
tion. Our best estimate of mean soil C loss is about 40% in the A horizon
and about 30% in the entire solum.

Second, our data support the generalization that most of the C loss
occurs soon after initial cultivation. Nearly all of the loss that can be
detected by these paired analyses occurs within 20 years, and most occurs
within 5 years. Two studies in tropical regions indicate that most of the
loss may occur within one or two years.

Our data do not support a third earlier conclusion that the fractional
loss of soil C inventory increases with increasing initial C inventory of the
uncultivated soil. We show that sampling by fixed depths probably under-
estimates soil C loss, and that this underestimation is probably greatest
when shallow depths are used that sample relatively small C inventories.
These sampling artifacts affect regression parameters and can make the
effect of the initial C inventory on fractional C loss appear to be statis-
tically significant. By comparing the fractional C loss directly with initial C
inventories, we conclude that no relation exists within our dataset.

Our data support the assumptions of present global C budgets, that, on
the average, cultivation causes a transfer to the atmosphere of about 25%
to 30% of the C inventory of uncultivated soil.
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