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OLD-FIELD SOIL N AND C ACCUMULATION 

TABLE 1. Multiple backwards elimination regression for the dependence of soil carbon, soil nitrogen, and the carbon: 
nitrogen ratio in 1995 on field age and the abundances of major plant functional groups. 

Carbon Nitrogen Carbon: Nitrogen 

Parameter Partial Parameter Partial Parameter Partial 
Variable estimate P correlation estimate P correlation estimate P correlation 

Intercept 0.292 0.000 0.0295 0.000 10.98 0.000 
Field age 0.0130 0.000 0.422 0.000753 0.000 0.377 0.0481 0.000 0.378 
C3 grasses 0.00656 0.000 0.130 0.000867 0.000 0.252 -0.0427 0.000 -0.198 
C4 grasses 0.00411 0.000 0.098 0.000189 0.003 0.068 0.0348 0.000 0.195 
Forbs 0.00318 0.010 0.059 0.000358 0.000 0.100 -0.0176 0.001 -0.078 
Legumes eliminated eliminated eliminated 
Cryptograms -0.0128 0.000 -0.257 -0.000817 0.000 -0.249 -0.0341 0.000 -0.167 

Notes: Carbon regression: df = 5, 1894; F = 169.9, P = 0.000, R2 = 0.308. Nitrogen regression: df 5, 1894; F = 173.4, 
P = 0.000, R2 = 0.312. Carbon: nitrogen ratio regression: df = 5, 1894; F = 214.3, P = 0.000, R2 = 0.360. 

on the following criteria: variance inflation factors were 

<1/(1 - R2), eigenvalues were not close to zero, con- 
dition index values were not large (e.g., >30), and 
variance proportions were not close to one (Freund and 
Littell 1991). 

RESULTS 

Dynamics observed over 12 yr within fields 

We calculated the average carbon and nitrogen con- 
tent of each field in 1983 and 1995. We used these to 
calculate the accumulation rate for each field as the 
instantaneous rate of change (yr-1) for the time period 
from 1983 to 1995 in Eq. 1. Field accumulation rates 
varied from 0.0009 to 0.0295 yr-1, with a mean of 
0.0167 yr-1 (i.e., 1.67% per year) for carbon and from 
-0.0017 to 0.0233 yr-1 with a mean of 0.0130 yr-1 
(i.e., 1.28% per year) for nitrogen. Fields differed sig- 
nificantly in both carbon and nitrogen accumulation 
(Kruskal-Wallis; carbon x2 = 218, n = 19, P < 0.000, 
nitrogen X2 = 209, n = 19, P < 0.000), but there was 
no significant relationship between the accumulation 
rate of either carbon or nitrogen and field age (n = 19, 
carbon P = 0.903, nitrogen P = 0.360). 

Dynamics observed over 12 yr within plots 

The functional group composition of the vegetation 
in the fields (C3 grasses, C4 grasses, forbs, legumes, 
and cryptograms) differed significantly among fields; 
bare ground and forbs decreased, and sedges, C4 grass- 
es, and woody plants increased with field age. A mul- 

tiple regression with backward elimination showed that 
field age and the average cover at the three sampling 
dates of C3 grass, C4 grass, and forbs had a positive 
significant influence on the total soil carbon and nitro- 
gen in 1995. Legume abundance had no influence on 
soil carbon or nitrogen and cryptograms had a negative 
effect (Table 1). The C:N ratio in 1995 was also sig- 
nificantly and positively related to field age and to the 
C4 grass abundance, but negatively to C3 grass, forb, 
and cryptogram abundance (Table 1). Thus, in addition 
to an increase with time in the soil nitrogen and carbon, 
the vegetation composition also was correlated with 

the actual levels of soil carbon, nitrogen, and the C:N 
ratio of the soil organic matter. 

When the plot-by-plot instantaneous rates of carbon 
and nitrogen change were determined for all 1720 plots, 
the accumulation rates of both carbon and nitrogen 
(1983 to 1995) were significantly and negatively re- 
lated to the actual carbon and nitrogen in the plots 
(1989) (Eqs. 2 and 4, Fig. 1). Thus, the rate of nitrogen 
and carbon accumulation declines as nitrogen and car- 
bon accumulate (Eqs. 3 and 5, Fig. 2). The integrated 
forms of these equations (Eqs. 3 and 5) also include 
the average total soil carbon and nitrogen in newly 
abandoned fields (Co = 0.418 and No = 0.0431), which 
we directly observed from field measurements: 

Cd= 0.02171 - (2) Cdt 3.754) 2 

3.754 
() 1 + 7.981e-00217t 

dN ( N N 
Ndt 0.0223 1 0.1715 

0.172 
() 1 + 2.979e-00223' 

(3) 

(4) 

(5) 

The annual rates of both carbon and nitrogen ac- 
cumulation were also significantly influenced by plant 
species composition. The carbon accumulation rates 
had a significantly positive partial correlation with C4 
grass and legume abundance, significantly negative 
with C3 grasses and forb abundance, and none with the 
cryptogram abundance (Table 2). For the rate of nitro- 

gen accumulation, we found a significantly positive 
partial correlation with legume abundance, C3 grass, 
and forb abundance and none with C4 grass and cryp- 
togram abundance (Table 2). This vegetation influence 
on the rate of accumulation corroborates the pattern of 
the vegetation correlation with the actual levels of soil 
carbon and nitrogen (Table 1). 

Patterns observed in the chronosequence 
Soil total carbon, nitrogen, and the carbon: nitrogen 

ratio (C:N) all were significantly positively correlated 
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TABLE 2. Multiple backwards elimination regression for the dependence of carbon or nitrogen accumulation rate from 1983 
to 1995 on soil carbon or nitrogen in 1989, field age, and the major plant functional groups. 

Carbon accumulation Nitrogen accumulation 

Parameter Partial Parameter Partial 
Variable estimate P correlation estimate P correlation 

Intercept 0.0268 0.000 0.0282 0.000 
Nitrogen, 1989 not included -0.0897 0.000 -0.104 
Carbon, 1989 -0.00514 0.000 -0.089 not included 
Field age, 1989 eliminated -0.000108 0.017 -0.057 
C3 grasses -0.00295 0.000 -0.090 -0.000240 0.000 -0.095 
C4 grasses 0.000167 0.015 0.059 eliminated 
Forbs -0.000336 0.000 -0.098 -0.000242 0.001 -0.080 
Legumes 0.000599 0.004 0.070 0.000577 0.002 0.074 
Cryptograms eliminated eliminated 

Notes: Carbon regression: df = 5, 1712; F = 20.7, P = 0.000, R2 = 0.057. Nitrogen regression: df = 5, 1712; F = 17.7, 
P = 0.000, R2 = 0.046. 

DISCUSSION 

Chronosequence, sequential sampling, and adjacent 
habitats 

There are several ways to estimate the dynamics and 
eventual equilibrial levels of soil organic matter after 
a prolonged disturbance, such as cultivation. Direct ob- 
servation over the necessary century or two is im- 
practical. Alternatively, this can be done indirectly (1) 
by using measured rates of change for analytical pre- 
dictions, or (2) by inference based on a chronose- 
quence, or (3) by comparing disturbed areas to adjacent 
undisturbed areas. Each of these indirect methods 
makes different assumptions about the process of soil 
recovery; (1) assumes that relatively short time mea- 
surements of rates of accrual (e.g., 12 yr) and the de- 

pendence of these rates on pool sizes can accurately 
predict long term changes, (2) assumes that fields only 
differ in their age, undergo the same successional se- 

quence, and that organic matter losses were not cor- 
related with abandonment date, and (3) assumes that 
initially fields and adjacent habitats were similar, that 
uncultivated adjacent areas have not changed, and that 
cultivated fields will recover to a state similar to ad- 

jacent undisturbed habitats. 
We found good agreement between the apparent de- 

pendence of soil carbon and nitrogen on time since 
abandonment observed in the chronosequence fields 
and the dynamics independently predicted by obser- 
vation of carbon and nitrogen dynamics over 12 yr 

within plots (Eqs. 2-5, Fig. 2). Note that the curves 
shown in Fig. 2 are the dynamics predicted by Eqs. 3 
and 5, whereas the data points are from the chrono- 

sequence. The similarity of these independent ap- 
proaches suggests that both the chronosequence and 
the dynamic approach accurately describe the dynamics 
of soil carbon and nitrogen recovery. Using changes 
in soil carbon (dC/Cdt) or nitrogen (dNINdt) within 

plots, relative to the nitrogen or carbon in each plot, 
the best simple model to fit the data was a logistic 
model (Eqs. 2 and 4, Fig. 2). This model predicted an 
eventual steady state of 0.17% soil nitrogen and 3.75% 
soil carbon, with a C:N ratio of 21.9 (Eqs. 3 and 5). 
According to the model, 95% of the steady state is 
reached after 180 years for nitrogen and after 230 years 
for carbon. The logistic model predicts an increase to 
-1.5% soil carbon and 0.11% soil nitrogen after 61 

years, which is similar to that observed in the chro- 

nosequence for the same time period (Fig. 2). The nev- 
er-cultivated adjacent habitats had a mean soil total 
nitrogen level of 0.182% and a median of 0.134%, 
which agrees reasonably well with the prediction of 
0.17% made independently by the soil model. Soil total 
carbon, in contrast, was substantially lower in the ad- 

jacent habitats than projected by the soil model; the 
mean was 2.99% with a median of 2.08%, compared 
with a prediction of 3.75%. This also was reflected in 
the observed C:N ratio of 16.0 (median 15.7), vs. the 
predicted C:N ratio of 21.9. However, our logistic 

TABLE 3. Type III General Linear Model, univariate analysis of variance of the average field total soil carbon, total soil 
nitrogen, and the carbon: nitrogen ratio vs. sampling date (e.g., 1983, 1989, 1995), with the actual field age as a covariate. 

Carbon Nitrogen Carbon: Nitrogen 

Source df F P F P F P 

Corrected model 3 20.3 0.000 14.7 0.000 9.0 0.000 
Intercept 1 45.4 0.000 94.9 0.000 857.4 0.000 
Field age 1 52.7 0.000 38.7 0.000 21.8 0.000 
Sampling date 2 1.3 0.283 0.6 0.528 1.5 0.240 
Error 57 

Note: For carbon, R2 = 0.517; for nitrogen, R2 = 0.437; for C: N R2 = 0.322. 
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Soil C:N ratio and vegetation composition 

The different influence of C4 grass abundance on the 
rate of carbon and nitrogen accumulation leads to the 
question: can vegetation composition influence the 
stoichiometry of elements in the soil and thereby have 
a qualitative influence on the soil organic matter. We 
tested this by regressing the C:N ratio of the soil in 
1995 against the vegetation composition measured in 
1983, 1989, and 1994 (Table 1). We found an increasing 
C:N ratio with field age and C4 abundance and a neg- 
ative influence of C3 grass and forb abundance. This 
corroborates the contrasting pattern for C4 grasses with 
the rate of carbon and nitrogen accumulation and sug- 
gests that vegetation composition influences the C:N 
ratio of soil organic matter and the stoichiometry of 
element cycling. 

We also found that the amount of soil carbon and 
nitrogen was positively influenced by the abundance 
of forbs, C3 and C4 grasses, but not influenced by leg- 
umes and negatively influenced by cryptograms. This 
strongly documents that the major three functional 
groups have a positive influence on the soil organic 
matter, most likely through their litter inputs (Gorham 
et al. 1979) and that the soil organic matter increases 
with time, which is the same pattern that we observed 
along the chronosequence (Fig. 2) and has been doc- 
umented in other ecosystems (Goh et al. 1976). 

Soil carbon and nitrogen after cultivation 

Prairies lose a large amount of organic matter and 
nitrogen during cultivation. Our data show an average 
concentration of 0.043% nitrogen and 0.42% carbon at 
abandonment from agriculture, which implies a net loss 
during agriculture of 75% of original nitrogen and 89% 
of original carbon in the top 10 cm (Fig. 2). Most 
literature studies documenting such losses in temperate 
grasslands use comparisons with adjacent uncultivated 
virgin prairies and show an average loss of 28.6%, 
which is equivalent to 5.5 kg C/m2 from a steady state 
of 19.2 kg C/m2 in the entire soil profile (Schlesinger 
1986). Our steady state for carbon is 3.75% and for 

nitrogen is 0.172% in the top 10 cm, which is equiv- 
alent to a total of 5 kg C/m2 with a loss of 4.45 kg 
carbon. Our estimate is therefore high, but not extreme. 
Most of the carbon losses are specifically from the top 
soil levels and losses from sandy soils are likely to be 
higher because soil organic matter can form decom- 
position recalcitrant complexes with clay minerals 
(Nichols 1984). 

Mechanisms controlling the rate of carbon and 
nitrogen accumulation 

After abandonment, fields at Cedar Creek contain 
soil with a C:N ratio of 11. This implies that a highly 
decomposed soil organic matter fraction with a C:N 
signature close to the microbial turnover signature 
(Waksman 1924) is the only fraction left. This is con- 

sistent with observations that the lighter, easily decom- 
posable soil organic matter fraction has a higher C:N 
ratio than the recalcitrant pools and that the lighter 
fraction declines most sharply under agricultural prac- 
tices (Porter et al. 1964, Martel and Paul 1974, Spycher 
et al. 1983). Litter inputs have a much higher C:N ratio, 
in the order of 40-60 (Wedin and Tilman 1996) and 
this ratio tends to decrease over time in decomposing 
litter, as carbon is mineralized and nitrogen is retained. 
We measured the soil organic matter that is smaller 
than 1 mm, which includes recalcitrant soil organic 
matter and partly decomposed intermediate pools of 
soil organic matter. This retained recalcitrant soil or- 
ganic matter pool and an increasing intermediate soil 
organic matter pool, with a higher C:N ratio results in 
the observed increase in C:N ratio of the soil organic 
matter over time (Fig. 2). This results in an immobi- 
lization of all the nitrogen inputs into the soil organic 
matter, as the lighter soil organic matter fractions with 
a higher C:N ratio increase in the first 61 years after 
field abandonment. This supports the hypothesis that 
abandoned fields initily retain nitrogen inputs and 
essentially have a closed trogen cycle. However, 
eventually long-term nitrogen oses have to reach an 
equilibrium with nitrogen inputs and our logistic re- 
gression implies that this balance is reached after about 
300 years (Fig. 2). This is analogous to a similar pattern 
observed in forest ecosystems during primary succes- 
sion (Odum 1969) and supports the hypothesis of low 
nitrogen retention in old-growth systems (Vitousek and 
Reiners 1975, Gorham et al. 1979). This also supports 
the conclusion of Hedin et al. (1995) "that losses of 
nitrogen from old-growth forest ecosystems are not ex- 
clusively subject to ... direct biotic control, but are 
also subject to indirect biotic control associated with 
the long-term accumulation, humification, and leaching 
of soil organic nitrogen during ecosystem succession." 
This interplay among biotic biomass production, or- 
ganic matter decomposition, and the nature of the lit- 
ter-soil, organic matter pool controls ecosystem carbon 
and nitrogen dynamics. 
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