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Soil organic matter contains large pools of C and N and plays 
a central role in the biogeochemical cycling of both elements 

(Burke et al., 1989; Parton et al., 1987). Globally, soils are estimated 
to contain 1500 to 1600 Pg C in the top 1 m alone, more C than 
the plant and atmospheric pools combined (Jobbagy and Jackson, 
2000). ! e C and N cycles are strongly linked in terrestrial ecosys-
tems. Rates of organic matter production (Reich et al., 1997) and 
decomposition (Frey et al., 2000; Wang and Bakken, 1997) are 
coupled to soil N availability, and previous research has shown that 
soil C accumulation can potentially be constrained by soil N ac-
cumulation (Knops and Tilman, 2000; Wedin and Tilman, 1996).

Given the large size of the soil C and N pools, as well as the 
tight coupling of the two cycles, there is potential for soils to se-
quester atmospheric CO2, especially in abandoned agricultural 
lands that have lost a large part of their soil C (Amundson, 2001; 
Jobbagy and Jackson, 2000; Schlesinger, 1990). Storage of C in 
soils is hypothesized to depend on four main factors: organic 
matter inputs, organic matter decomposability, the level of phys-
ical protection of organic matter in aggregates, and the depth 
at which the organic matter is deposited ( Jones and Donnelly, 
2004; Breuer et al., 2006). ! e C storage potential of many 

N-limited terrestrial ecosystems may also be enhanced by higher 
rates of symbiotic N2 " xation and increased atmospheric N de-
position (Knops and Tilman, 2000), which can increase primary 
productivity and result in the generation of more above- and be-
lowground biomass (Townsend et al., 1996; Vitousek, 1994).

! e soils of grassland ecosystems, particularly in the central 
United States, are thought to have signi" cant C storage potential 
for several reasons (Jones and Donnelly, 2004; Post and Kwon, 
2000). First, many grassland ecosystems are N limited (Tilman, 
1984), and increased atmospheric N deposition could lead to high-
er productivity and thus more C inputs above- and belowground 
(Bronson et al., 2004). Second, up to two-thirds of primary pro-
ductivity is belowground in grasslands. Roots can extend down to 
1 m or more, although they are concentrated in the top 20 to 30 cm 
of soil, and generally root inputs turn over more slowly than above-
ground pools (Jones and Donnelly, 2004). Work by Jobbagy and 
Jackson (2000) has shown that di$ erences in the vertical distribu-
tion of roots between ecosystems a$ ect the distribution of soil C 
with depth. ! e deeper the C, the more likely it is to remain seques-
tered for long time periods (hundreds to thousands of years). Finally, 
the recovery of soil C through the conversion of agricultural lands 
back to grasslands has the potential to o$ set some of their earlier 
losses by sequestering CO2 (Puget and Lal, 2005). It is estimated 
that cultivation has led to the loss of up to 50% of the soil organic 
C in some Great Plains areas, depending on climate, soil texture, 
and management practices (Burke et al., 1989; Guo and Gi$ ord, 
2002; Miller et al., 2004). ! e depletion of soil organic C is being 
slowed, however, and even reversed in some places, due to changes 
in the management of temperate grasslands, including no-till agri-
culture and the cessation of agricultural practices (Post and Kwon, 
2000). Some of this land is being abandoned to or replanted with 
native or introduced grasses. Changes in the management of tem-
perate grasslands such as these can alter root distributions through 
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Soil Carbon and Nitrogen Accumulation 
and Vertical Distribution across 
a 74-Year Chronosequence

! e majority of the world’s terrestrial C and N is contained in soil; however, most soil research 
has been focused on the top 10 to 30 cm. We quanti" ed the ecosystem C and N pools down to 1 
m, including the aboveground biomass, litter, and roots in a 74-yr grassland chronosequence of 
abandoned agricultural " elds in Minnesota. Carbon accumulated at a rate of 34 g C m−2 yr−1; 
however, only the two top depths, 0 to 10 and 10 to 20 cm, showed a signi" cant increase of 
11.0 and 5.8 g C m−2 yr−1. Soil N also increased signi" cantly only in the top 10 cm. Litter C, 
total root C, and total root N all increased signi" cantly across the chronosequence but were not 
signi" cantly related to soil C or N gains. Root C and N gains also occurred in the top 10 to 20 
cm of the soil. Overall, the changes in vegetation pools were, at best, weakly correlated with soil 
C and N pools. Soil C accumulation represented 11% of the total C " xed (or sequestered) in 
the ecosystem and exceeded root C productivity, particularly below 20 cm. We argue that half 
of the soil C accumulation may be occurring below 20 cm, suggesting that deeper soil stocks are 
responsive to disturbances and should be included in assessments of a soil’s C storage potential. 
Furthermore, the source of this C does not appear to be directly derived from recent plant inputs. 
! e accumulation of soil C at all depths tended to be limited by N inputs, and our estimated rate 
of soil C accumulation does not appear to be sustainable because of N limitation.
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plant species shi& s (Craine et al., 2003; Holmes and Rice, 1996), 
increased soil aggregation (Jastrow, 1996; Six et al., 2004) and 
increased soil organic matter formation (Burke et al., 1989; Six et 
al., 2002, 2004). For all these reasons, the soils of North American 
grassland ecosystems are hypothesized to be potentially signi" cant 
sinks for C (Jones and Donnelly, 2004; Post and Kwon, 2000).

Much of the research on C storage in abandoned agricultural 
areas and Conservation Reserve Program lands has been primarily 
focused on the dynamics of the C pools in the top 30 cm of the soil 
pro" le (Bronson et al., 2004) as this is the layer most directly af-
fected by tillage. It is also important to highlight that 50% of the C 
and N stocks in the " rst 1 m of soil in temperate grasslands is stored 
between 30 and 100 cm (Jobbagy and Jackson, 2000), well below 
the average sampling depth of most studies examining C storage in 
grassland soils. Our understanding of the dynamics of these deeper 
soil pools and how they are a$ ected by changes in land manage-
ment is still limited. A recent study from the tropics did show that 
forest clearing can result in substantial loss of C from the subsoil 
(Veldkamp et al., 2003). Another indicated that changes in tem-
perature or nutrient availability, responses that are likely to occur 
with altered management strategies, can a$ ect the dynamics of sub-
surface soil C (Fierer et al., 2003). Such results highlight the impor-
tance of understanding the dynamics of both the C and N pools 
in the soil below 30 cm to obtain the best estimates for the soil C 
storage potential of former agricultural areas in the Great Plains.

We used a 74-yr chronosequence of abandoned agricultural 
" elds, which are currently dominated by either C3 or C4 grasses, to 
determine the ecosystem pools of C and N, including live above-
ground biomass, litter, roots, and soil. In a previous study of this 
chronosequence, Knops and Tilman (2000) determined that agri-
cultural activities had caused soil C stocks to decrease by 89% and 
soil N to decrease by 75%. ! eir work demonstrated that the vege-
tation composition of these same abandoned agricultural " elds sig-
ni" cantly in' uenced the rates of both C and N accumulation in the 
top 10 cm of soil (Knops and Tilman, 2000). Speci" cally, legumes 
increased C and N accumulation rates, whereas forbs and C3 grass-
es decreased accumulation. ! e C4 grasses increased the C/N ratio 
of the soil organic matter, increasing C accumulation. ! eir study 
involved 1900 samples, which were collected during 12 yr and used 
to calculate the rates of C and N accumulation within each " eld 
(Knops and Tilman, 2000); however, the soils were only sampled 
to a depth of 10 cm (Knops and Tilman, 2000).

In the current study, soil and root pools were determined for 20-cm 
intervals down to 100 cm. Our objectives were to (i) quantify the ma-
jor ecosystem pools of C and N and determine their vertical distribu-
tions, (ii) determine the post-disturbance rates of soil C and N accu-
mulation at each 20-cm sampling interval and for the entire 100-cm 
soil pro" le, (iii) evaluate the relationship between the biomass C and 
N pools (shoots, litter, and roots) and the vertical distribution of soil 
C and N, and (iv) evaluate the relationship between the vegetation 
composition and the vertical distribution of soil C and N.

MATERIALS AND METHODS
Site Description

Cedar Creek Natural History Area is located 50 km north of 
Minneapolis in east-central Minnesota (45°25ʹ N, 93°10ʹ W). ! e climate 
is continental, with a mean annual temperature of 6°C and a mean annual 
precipitation of 660 mm (Grigal et al., 1974). Cedar Creek is a mosaic of 

di$ erent habitat types, including boreal and deciduous forests, tall grass 
prairie, and wetlands, scattered with abandoned agricultural " elds.

All of the " elds are on well-drained sands of the Sartell, Nymore 
(both mixed, frigid Typic Udipsamments), or Zimmerman (a mixed, frigid 
Lamellic Udipsamment) series, with 1 to 5% silt, 1 to 4% clay, and 92 to 
97% sand (Grigal et al., 1974). ! e soils were formed from a sandy glacial 
outwash during the last glacial period and are low in organic matter, clay, 
and water-holding capacity (Grigal et al., 1974). ! e Cedar Creek area was 
settled in the late 19th century, with a majority of the " elds " rst cultivated 
between 1890 and 1910 (Pierce, 1954). Common crops grown in this area 
included corn (Zea mays L.), rye (Secale cereale L.), wheat (Triticum aesti-
vum L.), potato (Solanum tuberosum L.), and alfalfa (Medicago sativa L.). 
! e " elds were typically abandoned a& er 10 to 20 yr of cultivation (Pierce, 
1954; see Inouye et al. [1987] for more detail on " eld cultivation histories). 
! e " elds were probably abandoned because of the low fertility and the 
rapid loss of soil organic matter a& er cultivation (Knops and Tilman, 2000; 
Pierce, 1954). ! is study was conducted in a series of 21 " elds that were 
abandoned at various intervals ranging from 4 to 74 yr before 2001.

! ese " elds are part of a long-term chronosequence study whose 
objectives are to describe the dynamics of vegetation and soil resources 
during succession. Within each " eld, four permanent, parallel transects, 
40 m long and 25 m apart, were established in 1983 to allow consistent 
resampling of the vegetation and soils (Inouye et al., 1987). ! e vegeta-
tion composition of these " elds shi& s from dominance by annual forbs 
to C3 grasses to C4 grasses as " eld age increases (Inouye et al., 1987). 
Previous work has shown that soil C ( Johnston et al., 1996; Knops and 
Tilman, 2000), soil N (Inouye et al., 1987; Knops and Tilman, 2000), 
aboveground litter biomass (Inouye et al., 1987), and plant N (Gleeson 
and Tilman, 1990) increase with " eld age. Furthermore, the rate of C 
accumulation in the top 10 cm of soil has been shown to be dependent 
on the rate of soil N accumulation (Knops and Tilman, 2000).

Soil and Vegetation Sampling
In this study, soils, roots, and aboveground biomass were sampled in 

the summer of 2001 in the chronosequence of 21 abandoned agricultural 
" elds. A 2.5-cm-wide soil core was taken from the following depth intervals: 
0 to 10, 10 to 20, 20 to 40, 40 to 60, 60 to 80, and 80 to 100 cm. Cores were 
collected at both ends of the four permanent transects within each " eld 
(n = 8 per " eld and for each depth interval). For the 0- to 10 and 10- to 
20-cm depths, two cores were collected for each depth and composited; one 
core was collected for all the deeper depths. ! e soils were dried and si& ed 
with a 2-mm sieve to remove roots, and then archived. Also, a 5-cm-wide 
corer was used to collect soil at the same depths from each end of the four 
transects. ! ese samples were dried and weighed to determine bulk density.

Roots were collected using 5-cm-wide cores from each end of the 
four transects: 0 to 10, 10 to 20, 20 to 40, 40 to 60, 60 to 80, and 80 
to 100 cm (n = 4 per depth per " eld). Roots were washed and hand 
picked over a 1-mm screen to remove all soil, pebbles, and debris; dried; 
and weighed. ! e aboveground biomass and litter were measured using 
clipped strips in two permanent strips, 10 cm wide and 300 cm long, 
from each of the four transects (n = 4 per " eld). ! e aboveground 
biomass was sorted by species, dried, and weighed. It was subsequently 
aggregated by functional group (C3 grass, C4 grass, litter, legume, forb, 
sedge, wood, and moss or lichen) for C and N analysis.

Carbon and Nitrogen Analyses
All soil, root, and biomass samples were dried to a constant mass at 

55°C. ! e soil was ground in a co$ ee mill and the roots, shoots, and lit-
ter were ground using a Wiley mill (! omas Scienti" c, Swedesboro, NJ). 
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Samples were analyzed on a Costech ECS 4010 (Costech Analytical 
Technologies, Valencia, CA) for total C and N. ! e total C and N pools 
were calculated by multiplying the C or N percentage by the mass of the 
vegetation samples. No CO3–C was detected in any of the soil samples. 
For the soils, the bulk density in the top 40 cm of the soil decreased 
with " eld age, although age only accounted for 3 to 5% of the variabil-
ity in bulk density in regression analysis. To assure that any di$ erences 
we found in the soil pools were due to a change in the mass fraction of 
C or N, we calculated the total C and N pools by two methods: the 
standard bulk density approach and a cumulative-mass-based approach 
(Gi$ ord and Roderick, 2003). We converted our bulk density calcula-
tions to cumulative mass values by determining a standard amount of 
dry soil per unit ground area and using the linear interpolation equa-
tion presented by Gi$ ord and Roderick (2003). ! e cumulative mass 
approach assumes that the depth varies such that each sample contains 
the same dry mass per unit ground area (Gi$ ord and Roderick, 2003). 
As the bulk density increases, the sampling depth is reduced, maintain-
ing the product of the two terms as a constant (Gi$ ord and Roderick, 
2003). We found no signi" cant di$ erences between the two methods in 
our calculations of soil C and N pools, so we report the pools using the 
standard bulk density calculation.

Statistical Analyses
Linear regressions were used to explore the relation-

ship between " eld age and the amount of C or N found at 
each sampling depth as well as the total contained in the 
entire 100-cm pro" le. Field means were used for all linear 
regression analyses. Based on these regressions, we were 
able to estimate the rates of soil C and N accumulation 
for the 74-yr chronosequence. Linear regressions were also 
used to determine the relationships between " eld age and 
the following variables: root C and N, live aboveground 
biomass C and N, and litter C and N.

To address our third and fourth objectives, multiple 
stepwise regression was used to explore which variables best 
predicted the amount of soil C or N at a given depth interval, 
irrespective of " eld age. Field age was not included because 
many of the variables we measured were signi" cantly related 
to the time since abandonment. Independent variables in-
cluded: root C (or N), litter C (or N), and predominant 
functional groups (C3, C4, sedge, or forb) C or N. Only the 
variable or variables that explained the most variation were 
included in the models. Tolerances and variance in' ation 
factors were calculated to ensure that collinearity assump-
tions were not violated.

RESULTS
Ecosystem Pools of Carbon and 
Nitrogen

We calculated the average amount of C and N 
in the live biomass, litter, roots, and soil (Fig. 1). ! e 
root and soil pools were split into 20-cm intervals 
(Fig. 1). ! e aboveground midsummer biomass 
contained 57 g C m−2 and 1.5 g N m−2, while root 
biomass over the entire meter was estimated to be 

250 g C m−2 and 4.9 g N m−2. ! e litter contained 
more than twice as much C and N as the living bio-
mass. ! e roots in the top 20 cm of soil contained the 
largest portion of plant C (49%) and plant N (46%). 
Total root C and N inputs declined below 20 cm (Fig. 
1), although the root C/N ratio increased from 49 be-

tween 0 and 20 cm, to an average of 64 throughout the remain-
ing 80 cm. ! e soil pools averaged 5002 g C m−2 and 508 g N 
m−2 in 1 m of soil. A majority of the soil C (60%) and half of 
the soil N (54%) were in the top 40 cm of soil. Below 40 cm, the 
proportion of soil N was greater than the proportion of soil C 
(Fig. 1). Consequently, the soil C/N ratio decreased with sam-
pling depth.

Rates of Change in Carbon and Nitrogen 
Ecosystem Pools across the Chronosequence

Total soil C increased signi" cantly with " eld age (Fig. 2a), 
accumulating at an average rate of 34 g C m−2 yr−1 in the 74-yr 
chronosequence, but total soil N did not change signi" cantly 
across the chronosequence (Fig. 2b). A majority of the soil C ac-
cumulation occurred in the top 20 cm of the soil pro" le (Fig. 3). 
! e rate of C accumulation in the 0- and 20-cm depth adds up 
to 16.8 g C m−2 yr−1 (Fig. 3a and 3b), which represents about 
50% of the 34 g C m−2 yr−1 estimated for the entire 100-cm soil 
pro" le. Below 20  cm, there was not a signi" cant relationship 
between soil C and " eld age, although the cumulative soil C data 

Fig. 1. Total C and N distributions in aboveground live biomass, litter, roots, and 
soil down to 1 m in a series of 21 abandoned agricultural fi elds (mean + SE). Total 
C and N pools were determined at 20-cm intervals for both the soil and roots. The 
proportional distribution of C and N in both the soil and roots are given at the end of 
each bar. Note the scale differences between the left vs. right panels and the upper 
vs. lower graphs.
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suggest C accumulation throughout the entire 100 
cm. Similarly, the majority of N accumulation was in 
the top 10 cm of the soil pro" le (R2 = 0.15, F = 4.6, 
df = 1,20, P = 0.045) at a rate of 0.68 g N m−2 yr−1. 
Below 10 cm, soil N was not signi" cantly related to 
" eld age (data not shown).

Unlike soil C, there was not a signi" cant in-
crease in live aboveground biomass C across the 
chronosequence (Fig. 4a); however, litter C, total 
root C, and total root N all signi" cantly increased 
with " eld age (Fig. 4b, 4c, and 4d). Root C ac-
cumulated primarily in the top 40 cm (Fig. 5a, 5b, 
and 5c) although, a small, but signi" cant amount of 
root C appeared to be accumulating between 60 and 
80 cm (Fig. 5e). Similarly, small quantities of root N 
(0.005–0.06 g N m−2 yr−1) were also accumulating 
between 0 and 40 cm (0–10 cm: F = 6.3, df = 1,19, 
P = 0.016; 10–20 cm: F = 27.7, df = 1,19, P < 0.001; 
20–40 cm: F = 14.9, df = 1,19, P = 0.001).

Although the total amount of C or N in the live 
aboveground biomass did not change with " eld age 
(Fig. 4a), the distribution of C and N between dif-
ferent functional groups was signi" cantly di$ erent 
across the chronosequence (Fig. 6). ! is was due to 
the shi& s in the composition of the plant commu-
nities. Younger " elds were dominated by C3 grasses 
and forbs, while older " eld had higher proportions 
of sedges and C4 grasses. Overall, the proportion of 
C and N in the C3 grasses tended to decrease with 
" eld age (Fig. 6a), while the opposite trend was ob-
served for the C4 grasses (Fig. 6b). Older " elds also 
had proportionally more C and N in sedges (Fig. 6c), 
while the proportion of C and N in forbs declined 
along the chronosequence (Fig. 6d).

Biomass Pool and Vegetation 
Composition Effects on Soil Carbon 
and Nitrogen Accumulation

Stepwise multiple regression analyses revealed 
that the plant pools of C and N, which included roots, 
litter, C3 grasses, C4 grasses, forbs, and sedges, were 
poor predictors (all R2 < 0.08) of soil C and N. In the 
top 10 cm, root C was the best predictor of soil C, while all other 
variables were excluded (partial correlation = 0.279, R2 = 0.072, 
P < 0.001). From 10 to 20 cm, sedge C was positively correlated 
with soil C (partial correlation = 0.163, R2 = 0.021, P = 0.038). 
Between 20 to 40 and 80 to 100 cm, soil C was positively related 
to the size of the C3 grass C pool (20–40 cm: partial correlation 
= 0.196, R2 = 0.016, P = 0.032; 80–100 cm: partial correlation = 
0.293, R2 = 0.05, P = 0.004). Soil C was negatively correlated with 
C4 grass C between 40 and 60 cm (partial correlation = −0.182, 
R2 = 0.028, P = 0.026). For the depths where a relationship was 
detected (0–10, 40–60, and 80–100 cm), soil N was positively 
correlated with C3 grass N (0–10 cm: partial correlation = 0.222, 
R2  = 0.005, P  = 0.043; 40–60 cm: partial correlation  = 0.199, 
R2 = 0.014, P = 0.033; 80–100 cm: partial correlation = 0.276, R2 
= 0.07, P = 0.001).

DISCUSSION
 Carbon and Nitrogen Ecosystem Pools 
and Their Rates of Change

Our " rst objective in this study was to quantify the major 
plant and soil pools of C and N in this series of abandoned 
agricultural " elds to expand on a previous study, which only 
sampled the soil to a depth of 10 cm (Knops and Tilman, 
2000). Although a majority of the root C and N was located 
in the top 20 cm of soil, only 39% of the soil C and 33% of the 
soil N were located in that increment (Fig. 1). ! is resulted in 
proportionally more soil N than C deeper in the pro" le (below 
20 cm), even though root inputs of C were relatively greater 
than root N. ! e soil C result is consistent with Jobbagy and 
Jackson (2000), who estimated that 42% of the soil organic C 
in grassland systems is located in the top 20 cm. Furthermore, 
the relative distribution of C in this study matches their global 
estimates for soil C in grassland systems ( Jobbagy and Jackson, 

Fig. 2. Soil C and N accumulation across the 74-yr chronosequence. Circles represent 
the fi eld means of either (a) the total soil C pool to 100 cm or (b) the total soil N pool to 
100 cm. The estimated rate of C accumulation (the slope of the regression line) in the 
100 cm is given in the upper left corner of the graph (in g C m!2 yr!1). Accumulation 
of N was not signifi cant (NS).
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2000). ! eir study on the distribution of soil organic C was 
based on an analysis of >2700 soil pro" les from three global 
databases ( Jobbagy and Jackson, 2000).

Our second objective was to estimate the post-disturbance 
rates of C and N accumulation in the soil throughout the entire 
1 m and at the six sampling intervals. We estimated a cumulative 
rate of soil C accumulation of 34 g C m−2 yr−1 in 1 m of soil 
(Fig. 2a). ! is result is consistent with other published C storage 
rates for soils converted from agriculture to grassland, whose val-
ues ranged from <0 to >800 g C m−2 yr−1 ( Jones and Donnelly, 

2004; Knops and Tilman, 2000; Post and Kwon, 2000), although 
the average was 33.2 g C m−2 yr−1 (Post and Kwon, 2000). We 
deonly detected signi" cant soil N accumulation only in the top 
10 cm, which was estimated to be 0.68 g N m−2 yr−1.

Vegetation Effects on Soil Carbon 
and Nitrogen Pools

! e third and fourth objectives of this study were to deter-
mine the e$ ects of biomass pools of C and N, and of vegetation 
composition on the vertical distribution of soil C and N. Other 

Fig. 3. Soil C accumulation across the 74-yr chronosequence at soil depths of (a) 0 to 10 cm, (b) 10 to 20 cm, (c) 20 to 40 cm, (d) 40 to 60 cm, (e) 60 
to 80 cm, and (f) 80 to 100 cm. The circles represent the fi eld means at each sampling interval. The slopes of the regression lines indicate that soil C is 
positively related to fi eld age, although the relationship is only signifi cant for the fi rst two sampling depths (0–10 and 10–20 cm). The estimated rate 
of C accumulation (the slope of the regression line) in the 100 cm is given in the upper left corner of the fi rst two panels (in g C m!2 yr!1).
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studies have shown that root distribution corresponds strong-
ly with the distribution of soil nutrients in the vertical pro" le 
( Jobbagy and Jackson, 2000, 2001) and that the dominant veg-
etation type (grasses, trees, or shrubs) is a good predictor of soil 
C stores ( Jobbagy and Jackson, 2000), although these studies 
compared thousands of soil and root pro" les of widely varying 
ecosystems. We did determine that half of the soil C accumula-
tion occurred in the top 20 cm (Fig. 3a and 3b), which is not sur-
prising as >80% of the root C is located in the top 20 cm (Fig. 1); 
however, root C was only positively correlated with soil C in 
the top 10 cm. Below 10 cm, we did not detect any signi" cant 
relationships between soil C and root C or root N. Although 
the relative distribution of C and N between functional groups 
changed with " eld age (Fig. 6), these changes in plant composi-
tion explained little of the variation (<7%) in the soil C and N 
pools. Overall, the results from this work indicated that the veg-
etation data were poor predictors of the soil C and N pools. ! is 
could have occurred for a couple of reasons. First, relative to the 
pools of root C and N, the soil pools were 20 to 50 times larger. 
Any e$ ect of the plant inputs on the deep soil pools may not have 
been detectable, even though there were signi" cant increases in 
both root C (Fig. 5) and root N down to 40 cm. Furthermore, 
we cannot account for all of the soil C accumulation based on 
root inputs alone. Although the total root C and N (Fig. 4c and 
4d) increased with age in our study, neither of these factors was 
signi" cantly correlated with total soil C. ! e increases in root C 

inputs amounted to only 4.1 g C m−2 yr−1, while the estimate for 
soil C accumulation in 1 m was nearly 8.5 times larger (Fig. 2a).

! e data for the entire soil pro" le suggest that C is accumu-
lating throughout the entire 1 m, but the source of this C does 
not appear to be directly derived from recent plant inputs. A 
second possibility is that the C and N deeper in the soil pro" le 
do not come directly from the pools of plant C and N that we 
measured. Sources of C and N include root exudates, humi" ed 
compounds, microbial cell lysis, and the decomposition prod-
ucts of roots and litter (Bolan et al., 2004). Our data suggest 
that the vertical transport of both C and N as dissolved organic 
matter from higher in the soil pro" le could be a major source 
of C and N for the soil pools below 20 cm (Kalbitz et al., 2000; 
Schwendenmann and Veldkamp, 2005; Veldkamp et al., 2003).

Limits on Soil Carbon and Nitrogen Accumulation
To accumulate C at 34 g N m−2 yr−1 (Fig. 3a) and maintain 

the soil C/N ratio at each depth, 2 to 10 times more N would be 
required than appears to be available from root turnover. Together 
the litter and live aboveground biomass contain 4.5 g N m−2 yr−1. 
It is likely, however, that only one-third of that N becomes available 
each year from litter turnover. Estimates of dry atmospheric deposi-
tion at Cedar Creek range from 0.4 to 0.5 g N m−2 yr−1 (Knops 
and Tilman, 2000). Including an estimated root contribution of 
1.8 g N m−2 yr−1, N inputs to the top 10 cm of soil could be as high 
as 3.9 g N m−2 yr−1. Adding the root N from the depths below 

Fig. 4. The relationship between fi eld age and (a) live aboveground biomass C, (b) litter C, (c) total root C, and (d) total root N. Circles represent 
the fi eld means. Estimated accumulation rates of C or N are given in the upper left corners of the panels (in g C or N m!2 yr!1). Note scale 
differences between panels.
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10 cm, and assuming a 50% turnover (Knops and Tilman, 2000), 
increases the potential N input to 4.62 g N m−2 yr−1 for the entire 
1-m soil pro" le. Using this estimate of N inputs and the average soil 
C/N ratio of 10 for the entire 1-m pro" le, we would predict a soil C 
accumulation rate of 46.2 g C m−2 yr−1 for the pro" le.

! is prediction exceeds our estimate for soil C from the 
chronosequence (Fig. 3a) but is comparable with other published 
C storage rates for soils converted from agriculture to grassland 

(Jones and Donnelly, 2004; Knops and Tilman, 2000; Post and 
Kwon, 2000; Kuchrik, 2007; Matamala et al., 2008; McLauchlan 
et al., 2006). We did not observe large increases in soil N, but these 
calculations suggest that 70 to 75% of the annual N inputs should 
remain in the soil pool if the soil is accumulating C at a rate of 
34 g C m−2 yr−1. ! is estimate of soil C accumulation represents 
11% of the primary production. It seems unlikely that soil C ac-
cumulation will be sustainable for long periods of time because 

Fig. 5. Root C accumulation across the 74-yr chronosequence at soil depths of (a) 0 to 10 cm, (b) 10 to 20 cm, (c) 20 to 40 cm, (d) 40 to 60 cm, 
(e) 60 to 80 cm, and (f) 80 to 100 cm. The circles represent the fi eld means at each sampling interval. The slopes of the regression lines indicated 
that root C is positively related to fi eld age at four out of six sampling depths. Estimated accumulation rates are given  (in g C m!2 yr!1) in the 
upper left corners of the panels for signifi cant regressions.



SSSAJ: Volume 73: Number 6  •  November –December 2009 2103 

long-term C storage is limited by the rate of soil humus formation 
(Schlesinger, 1990; Schlesinger and Lichter, 2001), the mineralo-
gy of the soil (Richter et al., 1999; Torn et al., 1997), and the soil N 
(Knops and Tilman, 2000), which is involved in the formation of 
humic substances. In addition, the clay content is very low in these 
sandy soils and we found no indication of any biochar or charcoal.

At current rates of N inputs, we predict that it will take 
180  yr for the soil N to reach predisturbance levels at Cedar 
Creek, while the recovery of soil C will take 230 yr (Knops and 
Tilman, 2000). Soil N accumulation appears to be limited only 
by the amount of N coming into the system, suggesting that add-
ing more N may increase the rates of both N and C storage; how-
ever, this e$ ect is not likely to be sustainable for long periods of 
time (Amundson, 2001). Previous work has shown that as soil 
pools approach their equilibrium, the accumulation of N and C 
slows (Knops and Tilman, 2000; Torn et al., 1997).

Finally, although a large proportion of the C accumulation 
is occurring in the top 20 cm of soil (Fig. 4), our cumulative data 
for the 1-m depth suggest that the soil C pools deeper in the soil 
may re' ect a positive response to " eld abandonment (Fig. 4) since 
the top 20 cm of soil only accounts for half of our estimated C ac-
cumulation rate. ! is trend is consistent with other studies, which 
have shown that land use changes a$ ect C stocks down to 1 m 
(Guo and Gi$ ord, 2002; Veldkamp et al., 2003). Veldkamp et al. 
(2003) demonstrated that conversion of a forest to pasture result-
ed in losses of soil C below 1 m, although there was little change 
or a slight gain of C from 0 to 30 cm. Although soil C storage at 

any depth may be limited by the rate of soil N accumulation, our 
results, along with the results of others, emphasize the importance 
of understanding the dynamics of C below 20 cm before making 
a prediction about a soil’s potential to be a sink or source of CO2.
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