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Abstract. Soil C and N dynamics were studied in a sequence of old fields of incrcasing age to
determine how these biogeochemical cycles change during secondary succession. In addition, three
different late-successional forests were studied to represent possible “‘steady state™ conditions.
Surface 50il samples collected from the fields and forests were analyzed for total C, H,0O-soluble C,
total N, potential net N mineralization, potential net nitrification, and microbial biomass. Above-
and belowground plant biomass was estimated within each of the old field sites.

Temporal changes in soil organic C, total N and total plant biomass were best descnbed by a
gamma function [y = ar® ¢ + f] whereas a simple exponential model [y = a(l — ¢™*) + ]
provided the best fit to changes in H,0-soluble C, C:N ratio, microbial C, and microbial N.
Potential N mineralization and nitrification linearly increased with field age; however, rates were
variable among the ficlds. Microbial biomass was highly correlated to soil C and N pools and well
correlated to the standing crop of plant biomass. In turn, plant biomass was highly correlated to
pools and rates of N cycling.

Patterns of C and N cyclmg within the old ficld sites were different from those in a northern
hardwood forest and a xeric oak forest; however, nutrient dynamics within an oak savanna were
similar to those found in a 60-yr old field. Results suggest that patterns in C and N cycling within
the old-field chronosequence were predlctable and highly correlated to the aocrual of plant and
microbial bxomass . .

Introduction

Carbon (C) and nitrogen (N) cycles within terrestrial ecosystems are intimately
linked through patterns of plant and microbial activity. Plant productivity is
often limited by the rate at which microbes liberate ammonium (NH} ) from soil
organic matter; a limitation that has been studied within numerous ecosystems.
In turn, microbial growth within the soil is often constrained by the quantity of
labile C (Grey & Williams 1971) supplied through the above- and belowground
production of plant litter. The common limitation of N for plant growth and C
for microbial growth suggests that temporal patterns of plant and mlcrobxal
activity should be closely related.
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Old-field succession sometimes begins on nutrient poor soils that are low in
organic matter (Odum 1960; Gay & Dwyer 1965; Golley 1965; Monk & Gabriel-
son 1985; Inouye et al. 1987; Tilman 1987). For example, N contents of forest
and prairie soils are often twice those of recently abandoned agricultural fields
in east-central Minnesota (Inouye et al. 1987; Pastor et al. 1987). As a result, the
composition and pioductivity of seral plant communities in this region are often
limited by quantities of soil N (Inouye et al. 1987; Tilman 1986, 1987). Although
N availability can restrict plant productivity, total soil N gradually increases
during secondary succession (Inouye et al. 1987) accompanied by a concomitant
increase in N mineralization (Pastor et al. 1987). Within N-limited ecosystems,
microbial biomass dynamics should be highly correlated to patterns of plant
growth because plant production provides the primary substrate for hetero-
trophic metabolism.

Several models have been used to describe changes in ecosystem dynamics
during secondary succession (Odum 1969; Botkin et al. 1972; Bormann &
Likens 1979; Gorham et al. 1979; Covington 1981; Peet 1981; Pastor & Post
1986). Most functions predicting changes in ecosystem production and nutrient
accrual show a relatively linear increase after disturbance, followed by a satu-
ration or a “dynamic steady-state” condition late in secondary succession.
Although numerous studies have investigated temporal patterns of primary
production and nutrients, few have focused on the processes regulating micro-
bial biomass within the soil (Insam & Domsch 1988).

We hypothesized that accrual of plant and microbial biomass are highly
correlated during secondary succession because of the reciprocal nature of C
and N cycles (Pastor & Post 1986). We reasoned that low rates of plant
production and high rates of decomposition should cause soil organic C and N
to decline early in secondary succession, accrue during mid-sucesssion when
production exceeds decomposition, and reach an equilibrium when rates are
equivalent late in secondary succession (Covington 1981). Therefore, the “carry-
ing capacity” of the soil for microbial biomass (van Veen et al. 1985) should
directly reflect this pattern because heterotrophic growth is contingent on C
inputs from plant production. To test this, we determined pools and fluxes of
C and N, along with plant and microbial biomass, in an old-field chrono-
sequence where plant production is limited by N availability. In addition, we
studied three forests to compare soil C and N dynamics of relatively late
successional ecosystems with those of the old fields; we considered the forests to
represent possible “steady state” conditions.

Methods
Study site

The Cedar Creek Natural History Area (CCNHA) is located approximately
50 km north of Minneapolis, Minnesota in east-central Minnesota. The climate
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of the study area is continental with a mean annual temperature of 6°C and
annual precipitation of 66 cm (Grigal et al. 1974). The present landscape formed
during the last glacial retreat (ca. 12,000 yrs B.P.) and is composed of well-

sorted outwash sands, often exceeding 20 m in depth. The regional water table

lies within several meters of the soil surface in the highest elevations and is near

or at the surface in low-lying areas. As a consequence, the CCNHA is composed -

of a mosaic of upland and wetland ecosystems. The dominant ecosystems
consist of oak savanna, prairie, upland forest, marsh, and swamp (Cushing
1963). ... . .

We studied C and N dynamics in a series of fourteen old fields that ranged
in age from 1 to 60 years following agricultural abandonment (Table 1). The
1-10yr old fields form a series of adjacent plots (0.2 ha) that were sequentially
abandoned over the past 10 years. The 1-yr-old field was planted to rye in 1985,
maintained in fallow during 1986 by repeated disking during the growing
season, and was then abandoned in 1987. In addition to the old field sites, we
studied three different late-successional forests that commonly occur in east-
central Minnesota. The forests we studied included an oak savanna, a forest
dominated by upland pin oak (Quercus ellipsoidalis E.J, Hill), and a northern
hardwood forest (Table 1). There was no recent evidence of disturbance within
the forested sites and all probably regenerated following fire. Ovington et al.
(1963) and Reiners (1972) have described the savanna and upland pin oak forest
in detail.

In addition to occurring within a single climatic regime, the sites we studied
all occurred on the same landform and all had similar patterns of soil develop-
ment. Soil in the 60-year-old field was an Alfic Udipsamment, whereas the soil
of the remaining fields and forests was a Typic Udipsamment (Grigal et al.
1974). The differences in plant community composition and structure primarit y
result from disturbance history and its influence on resource (N) availability
(Inouye et al. 1987). We therefore propose that the old field sites constitute a
valid chronosequence; differences among them result from disturbance history
and not from differences in climatic or edaphic conditions.

Soil analysis

. In each of the old-field and forest sites, we randomly established a 25-m,
north-south transect for soil sampling, Sample points were located at 5-m
intervals along the transect, and three soil samples were collected at a distance
of 1.0m and at an azimuth of 0° 120°, and 240° from each point. Samples
consisted of a core 3.8cm in diameter and 10cm in (depth collected from the
surface of the mineral soil. The three cores collected at each point were com-
posited in the field, refrigerated, and returned to the laboratory for analysis. One

additional soil sample was collected at each sampling point to determine soil

bulk density. All soil sampling was conducted on 23 April 1987.
Samples used for biological and chemical analyses were homogenized by
repeated mixing within polyethylene bags. Total N, organic-C and H,0-soluble

)
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Table 1. Site characteristics of fourteen old fields and three forests used to determine patterns of

carbon and nitrogen dynamics during secondary succession.

Site

Age!
(r)

Soil?
pH

Dominant vegetation

1. O field’

46-3

46-5

46-9

46-10

10

4.5

50

53

53

53

54

53

52

Ambrosia artemisiifolia
Setaria lutescens
Mullugo verticillata
Polygonum convolvulus

Agrostis scabra
Ambrosia artemisiifolia
Crepis tectroum

_Digitaris ischaemum

Polygonum convolvulus

Agropyon repens
Agrostis scabra
Ambrosia artemisiifolia
Crepis tectorum
Digitaris ichaemum
Hedeoma hispida
Polygonum convolvulus

'Agropyon repens

Agrostis scabra
Digitaris ichaemum
Hedeoma hispida
Polygonum convolvulus

Agrostis scabra
Agropyon repens
Digitaris ichaemum
Hedeoma hispida
Polygonum convolvulus

Agropyon repens
Agrostis scabra
Ambrosia artemisiifolia
Digitaris ichaemum
Hedeoma hispida
Polygonum convolvulus

Agropyon repens
Agrostis scabra
Ambrosia artemisiifolia
Digitaris ichaemum
Hedeoma hispida
Polygonum convolvulus

Agropyron repens
Agrostis scabra
Ambrosia artemisifolia
Digitaris ichaemum
Hedeoma hispida
Polygonum convolvulus



115 ..

Table I (continued). .

Site R Age' - Soil? .Dominant vegetation
- ‘ : o) . pH -
29 19 5.7 Agropyron repens
’ T - Berteroa incana -
2 _ 30 52 Schizachyrium |
: T t ” : - scoparium * T

7% 0 C 0t r3s 54 .. " " Schizachyrium " < -
R T scoparium - v .o .
. . - .. Ceanothus americanis
Teat . ' : v._ -~ Solidago numeralis
. . . . . Solidago speciosa
35 T o 46 . 54 - Andropogon gerardii .
. s o -+ Artemisia ludoviciana
- Ce . Carex sp. .
Cyperus siliculmis

69 . 53 54 Schizachyruim
scoparium L
: . o Artemisia ludoviciana
72 - . 60 54 . Andropogon gerardii
. Artemisia ludoviciana
" - Poa pratensis
Rubus spp.
11. Forest . S .
Oak savanna - 5.0 Quercus macrocarpa
s ’ Artemisia ludoviciana

. Carex muhlenbergii
Sorghastrum nutans

Upland pin oak - 52 : Quercus ellipsoidalis
. - Corylus americana
Carex muhlenbergii

Northern hardwood - © 4.7 Quercus rubra
. . ’ Acer saccharum

Acer rubum )
Oryzopsis asperifolia

!Field age in 1987

zDetermined by a 1:1 soil-deionized water paste. .

3Soil of the 60-year-old field was an Alfic Udipsamment, whereas the soil of the remaining fields and
forests was a Typic Udipsamment. :

C were determined using air-dried soil, whereas field-moist samples were used
for analysis of microbial biomass, net N mineralization, net nitrification and
extractable NH;} and NO; . Total soil N was determined by digesting air-dried
soil in a block digester with concentrated H,S0, and HgO as a catalyst.
Ammonium-N in the digest was determined colorimetrically with a Technicon
Autoanalyzer II (Technicon 1977a). Organic carbon was determined by com- .
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bustion in a LECO automatic C analyzer (LECO Corp., St. Joseph, Michigan,
USA) and H,0-soluble C was measured following the procedure of Buford &
Bremner (1975). Soil pH was measured using-a 1:1 soil-deionized water paste.
A 10-g subsample of field-moist soil was oven dried at 105°C to determine
gravimetric moisture content; all nutrient contents are expressed on an oven-dry
weight basis. '

Microbial biomass C and N were estimated using the CHCI, fumigation-
incubation procedure (Jenkinson & Powlson 1976, Voroney & Paul 1984). A
20-g subsample from each core was fumigated for 18 h with ethanol-free CHCl;,
then inoculated with 0.3 g of fresh soil. A second 20-g subsample, which served
as a control, was kept at room temperature in a moist desiccator during the 18h -
fumigation. After a 10-day incubation in air-tight glass jars, a gas sample was
removed for CO, analysis by gas chromatography. Fumigated and control
samples were extracted with 1 M KCl and analyzed for NHf -N and NO; -N
with a Technicon Autoanalyzer II (Technicon 1977b, 1978). Microbial C was
determined by dividing the flush of CO,-C in fumigated samples by 0.41
(Voroney & Paul 1984). The quantity of CO,-C evolved from unfumigated
controls was not subtracted from fumigated samples. Microbial N was esti-
mated by dividing the flush of N (N in fumigated samples minus N in control
samples) by a correction factor (k,). Correction factors were calculated for each
sample using’ the equation of Voroney and Paul (1984; k, = —0.014 (C;/
N + 0.39, where: Crand N;are the flush of C and N from fumigated samples,
respectively). - :

Potential net N mineralization and net nitrification were estimated by an
aerobic laboratory incubation (Vitousek et al. 1982). A 10-g subsample of field
most soil was extracted with 2M KCl and analyzed for NH{ -N and NO; =N
using a Technicon Autoanalyzer II (Technicon 1977b, 1978). A second 10-g
subsample was incubated at 30°C for 8 weeks in the dark. Incubated samples
were maintained at field capacity (0.03 MPa) by daily additions of deionized
H,0. Following the 8-week incubation, samples were extracted and analyzed for
NH; -N and NOj -N as described above. Potential net N mineralization was
calculated as the difference in inorganic N concentrations between incubated
samples and initial values. Potential nitrification was calculated by subtracting
initial NO; concentrations from those in incubated samples.

Plant biomass

Plant biomass was measured along a scparate transect, 100 m in length, estab-
lished within each old field. The transects used for plant sampling were located
adjacent (ca. Sm) to those used to collect soil samples. Aboveground plant
biomass was sampled by clipping (at the soil surface) the entire contents of five
0.1-m? plots equally spaced along each transact. Belowground plant biomass
was estimated by collecting three soil cores 4.8cm in diameter and 30cm in
depth from within each 0.1-m? plot. Plant roots were separated from soil
material by hand, and both above- and belowground-plant tissues were oven
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dried at 80°C to a constant weight. Plant biomass is the sum of above- and
belowground tissue per unit area (gm~2). All plant sampling was conducted
from 13 to 30 July 1987. ’

Statistical analyses

Regression analyses were used to correlate changes in C and N dynamics with
old field age. Data were fit to a linear function, simple exponential equation
[y =a(l —e™*) + ] and a gamma function [y = a® ¢ + f]; ¢ in each
equation represents time in years. The regression analyses were performed using
the Marquardt procedure (Bard 1974) and best fit was determined as the model
which produced the smallest residual mean square. Linear regression analysis
was used to correlate plant and microbial biomass with soil nutrient contents
(Snedecor & Cochran 1967). Both linear and nonlinear regression analyses were
performed using the Statistical Analysis System (SAS) for personal computers
(SAS Institute 1987). Significance of the regression analyses was accepted at
alpha = 0.01. Soil moisture, pH, and nutrient data from the fields and forests
were analyzed using principal components analysis (SAS Institute 1987).

. Results

The accumulation of soil organic C and total N in the old field chronosequence
was best described by the gamma function (Figures 1a and 1b). One year
following agricultural abandonment, soil organic C and total N were 1170 and
80 gcm 2, respectively. These values declined during the first 6 years of succes-
* sion and then increased to 2120 gm~? of organic C and 110 gm™2 of total N in
the 60-yr-old field. Organic C in the late successional forests ranged from
2880gCm~2 in the oak savanna to 4590gCm™2 in the northern hardwood
stand (Table 2). Total N was 132gNm~2and 189 gNm2in the oak savanna
and northern hardwood forest, respectively. The upland pin oak forest was
intermediate in both cases. .

The simple exponential model explained the largest proportion of variability
in soil C:N (R? = 0.603) and H,0-soluble C (R? = 0.912) in the old field
chronosequence (Figs. 1c, 1d). Soil C:N was relatively low*(15) in the 1-yr-old
field and increased to approximately 18 in fields 10 to 60 years old. Carbon to
N ratios in the forests were much higher and ranged from 21 in the upland pin
oak forest to 24 in the northern hardwood stand. Water-soluble C was 3.3 gm™2
in the 1-yr-old field and increased to 5.9gCm™? in the 19-yr-old field. Pools
were relatively constant (ca. 6.0 g Cm™?) for fields ranging in age from 30 to 60
years. Water-soluble C was 6.3 gCm™? in the oak savanna and was similar to
the values measured in the older fields. In contrast, pools in the upland pin oak
(9.5g Cm™?) and northern hardwood forests (10.7 g Cm~2) were much greater
(Table 2). - . .

The simple exponential model also explained a large proportion of the vari-
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Table 2. Carbon and nitrogen dynamics of three relatively late-successional forest ecosystems
common to the Cedar Creck Natural History Area in east-central Minnesota, Values listed are the
mean of five composite soil samples collected in April 1987 within each forest; standard errors are
in parenthescs.

Oak savanna Upland pin oak Northern hardwood
site mean .
Moisture content 7.0 11.3 . 12.6
% 0.7) . 0.7) (0.9)
Soil pH . 5.0 52 47
" (0.3) ©.1) (0.3)
Organic C 2880 3145 . 4590
(gm~?) (496) (108) . 156y
Total N 132 151 188
(gm™?) . (19) a7 (23)
C:N Ratio 22 21 : 24
@ No) 0]
H,O Soluble C 6.3 9.5 10.7
(gm™?) 0.41) (1.35) (1.19)
Microbial C 317 37.7 41.7
(gm~?) (7.95) (5.97) (3.30)
Microbial N 7.1 8.8 9.8
(gm~?) : (2.98) (1.53) (3.20)
Exractable 39 36 34
Inorganic N . (12.6) (1.8) (2.6)
(mgm~?)
Extractable NOy 34 32 32
(mgm~2) 0.6) 7 (1.7
Potential N 34 50 84
Mineralization (4.6) (6.8) (10.5)
(ugg™)
Potential 13 8 20
Nitrification 2.7 (6.6) (2.0)
(ugg™) :

ability in microbial biomass C (R? = 0.779) and N (R? = 0.734) among the old
field sites (Figs. 1e, 1f). The smallest pools of microbial C (29gCm~2) and N
(0.3 g N m™?) were measured in the 1-yr-old field. Microbial pools increased up
to approximately 30 years following abandonment, after which they remained
relatively constant. The C:N ratio of microbial biomass ranged from 9.8 (1 yr
. old field) to 3.7 (60 yr old ficld), and microbial C consistently composed less than
1% of total organic C. Microbial C in the forested sites was much greater than
pools in the old fields, and ranged from 31.7gCm~2 in the oak savanna to
41.7 gm™? in the northern hardwood forest. Microbial N displayed an identical
pattern (compare Fig. 1f and Table 2). However, there was a poor agreement
between maximum microbial C (19.0gCm™?) and N (5.2gNm~2) contents
predicted from the saturating exponential model and those measured within the
forested ecosystems (compare figures le and If with Table 2). In general,
microbial C and N were 1.5 to 2.0 times greater in the forested sites compared
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