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Determining the dynamics of carbon (C) as a function of vegetation and residue inputs is important for predicting changes in ecosystem functions and the
global C cycle. Litter and soil samples were analyzed from plantations of eastern red cedar (Juniperous virginiana) and ponderosa pine (Pinus ponderosa)
and native prairie at the Nebraska National Forest to evaluate the impact of
different types of land management on soil C contents and turnover rates.
Total soil C to a depth of 1 m was greatest in the cedar stands. Pine ecosystems stored more C in the tree biomass and litter but lost more native prairie
C from the soil. The soil 13C content showed 82% of the original, and prairie C remained under cedars compared with ~45% under pine. Soil cation
contents were greatest overall in cedar soils and lowest in pine. The C content in cedar soils was strongly related to Ca content. Differences in microbial community fatty acid profiles were related to vegetation type, and nutrients explained ~60% of the variation in profiles. Our research indicates that
changes in soil C and nutrient content following conversion from prairie to
forest are dependent on tree species planted, characteristics of the plant litter, and cation cycling in the plant–soil system.
Abbreviations: EL, ester-linked; FAME, fatty acid methyl ester; MRT, Mean residence time;
PCA, principal components analysis; SOC, soil organic carbon.

C

oncern over the impacts of anthropogenic disturbance on the global
C cycle has focused attention on soil organic C (SOC) dynamics.
Disturbances such as land use change, acid deposition, and alterations
to climate patterns impact SOC content, turnover rates, and controls on SOC
dynamics. Soil C pool dynamics, currently used for modeling of global climate
change scenarios, invoke the known controls on SOC dynamics to infer C pools
and flux rates. However, studies suggest that controls are not adequately understood across the ever changing set of land use change scenarios (Pacala et al., 2001;
Schmidt et al., 2011; Smith et al., 2012).
Many studies over the last 20 yr have focused specifically on alterations to
SOC content and dynamics as a consequence of land use change. Large areas of agriculture, pasture land, and native landscapes, such as prairie, have been converted
to forested landscape either as a consequence of intentional management decisions
(plantation, shelterbelt) or through invasion of native or nonnative species (encroachment). Afforestation currently affects large areas of temperate ecosystems
as a result of regrowth of forest on former agricultural lands and tree invasion of
prairies. Post and Kwon’s (2000) review of global afforestation research found that
soil C accumulation rates ranged from -0.141 to 0.617 Mg C ha-1 yr-1, with
large differences occurring in a few sites. Returning land from agriculture to forest
generally increases ecosystem C stocks by 2.4 Mg C ha-1 yr-1 with coniferous
trees showing the greatest variability in C accrual (Guo and Gifford, 2002; Paul
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et al., 2003; Morris et al., 2007, 2010). Studies, such as those of
Johnson (1992), Ellert and Gregorich (1996), and Hooker and
Compton (2003), found increases in aboveground litter and soil
C in deeper soil horizons but not in the shallow layers of pine
soils, which can show significant SOC loss (Pregitzer and Palik,
1997). Sandy soils tended to lose C under pine stands, with the
exception of those with higher Ca levels (Paul et al., 2003). These
studies have failed to provide general understandings or principles by which we understand the impacts of land use change on
SOC. This suggests that our current knowledge of the effects of
afforestation on SOC is not adequate ( Johnson, 1992; Post and
Kwon, 2000; Berthrong et al., 2009; Morris et al., 2010).
In this study, we examined factors that affect SOC pools in
afforested eastern red cedar and ponderosa pine plantations established on native sand prairie at the Nebraska National Forest
at Halsey, NE. The plantations were established as described by
Pool (1953) in the early 1900s on C3–C4 grasslands; therefore,
the SOC contains a 13C signature that allows changes in prairie
C to be differentiated from C contributed by the tree plantation species. Previous studies suggest that afforestation of prairie
has significant consequences for C pools. Studies of woody encroachment of native grasslands provide evidence that changes
in ecosystem and soil C occur as a result of tree invasion in these
systems (Harrison et al., 1995; Houghton et al., 1999; Jackson et
al., 2000; Norris et al., 2001a, 2001b). In one study of eastern red
cedar invasion into C4 grassland, the d13C content suggested a
42% turnover of C4 to C3 SOC in the 0- to 2.5-cm layer and 6%
at lower depths (Smith and Johnson, 2003). However, the total
C content did not significantly change at any depth. Pacala et al.
(2001) found that more than 1 Mg C ha-1 yr-1 accumulated
in areas of woody encroachment such as juniper woodlands. The
difference between these findings could be due to the increase
in soil C stocks in areas with low precipitation and a decrease in
areas with high precipitation in areas with woody encroachment
( Jackson et al., 2002).
Controls on SOC dynamics are difficult to study as they include climate, time, vegetation, topography, and parent materials. Studies, such as ours, that involve a single soil type sampled
at a single slope position with the same aspect, hold many of
these interactive controls constant allowing the impacts of vegetation on SOC dynamics to be more easily evaluated. In terms
of modeling, texture, which would be included as a component
of parent material in the above list, is considered an important
control on SOC content and turnover (Eusterhues et al., 2003).
There is ample evidence that silt and clay content acting as part
of the “matrix stabilization” contribute to long-term storage of
SOC through protection in soils (Baldock and Skjemstad, 2000;
Kögel-Knabner et al., 2008). The soil present on the site chosen
for this study has 95 to 98% sand content. The high sand content of the prairie soil on this site will minimize the effects of
texture on SOC level and composition. The Century model uses
soil clay, and at times sand and silt content, as a surrogate for the
sum of mineral-organic interactions. When this was combined
with abiotic factors, litter and SOC quality the model output
1614

had an r2 of 0.93 between simulated and observed SOC levels
for the Grassland Biome worldwide (Parton et al., 1993). In humid regions with soils that are low in exchangeable Ca, the SOC
content can be related to iron and aluminum concentrations of
weathered products that form metastable intermediates (Masiello et al., 2004). The presence of a large amount of oxide specific surface area and absorption to micropores is assumed to be
responsible for their ability to stabilize SOC (Eusterhues et al.,
2005). This mechanism of stabilization is considered dominant
in acidic, sandy forested soils (Kaiser et al., 2002) but Masiello et
al. (2004) also argued that this process can also apply in humid
grasslands where weathering has occurred. It is of greater significance at depth than in surface horizons (Eusterhues et al., 2007).
Clay–Ca–sesquioxide interactions are also of importance in
SOC stabilization but these have yet to be accurately determined
(Kay and Angers, 2000). Accumulation of SOC in sandy soils
has been found to be greater on the surface as a consequence of
litter inputs (Zinn et al., 2007) suggesting that depth by mineral
by tissue input interactions may be an important consideration
when evaluating mechanisms of SOC retention in soils.
The extremely low clay content on the study site will minimize textural and mineral controls on SOC storage allowing
changes to the SOC as a consequence of specific vegetation types
to be identified. Vegetation has been a well-recognized controller
of soil formation since the understanding of soils as a science was
initially developed by scientists such as Müller and Dokuchaev
(Feller and Bernoux, 2008). In this study, evaluating plantation
stands of different tree types with known history in the same climate on a native grassland with a 13C signal reduces confounding factors and allows the differences in the impacts of tree type
on soils to be detected. Morris et al. (2007, 2010) found significant effects of tree type (deciduous versus conifer) on SOC
retention. The amount of C stored under each tree type on the
same soil type differed and those differences were interactively
related to Ca content and texture. The mechanisms by which soil
chemistry interacts with vegetation type to alter SOC retention
requires further study.
The goals of our study were to examine SOC content in
prairie, pine, and cedar stands at the Nebraska Forest in a manner that would provide data on current content and C accrual
following land use change, and provide some understanding of
how soil and plant chemistry and litter microbiology influence
that change. We hypothesized that C content under cedar and
pine would differ from that of the native prairies and that the
impacts on SOC would differ for each species planted. We expected that differences in specific characteristics of the trees such
as the quantity and quality of litter and root derived substrates
and/or symbionts would have consequences for C accrual rates
on this site. Studies to date have suggested that the effects of land
use change on SOC pools cannot yet be generalized in a manner
that will produce a set of specific controls by which to parameterize models. To address these limitations, our study also examined
some of the controls on SOC accrual in soils. The second hypothesis evaluated in this study was that the importance of speSoil Science Society of America Journal

cific soil chemistry controls and soil microbiota for SOC accrual
would differ between the species studied. We predicted that increased levels of Ca and associated changes in litter microbiota
would result in greater prairie C retention and SOC contents
in the cedar soils than the pine, especially at depth. To address
this hypothesis we collected additional data on microbial community composition, soil nutrients, and vegetation chemistry.
Improved knowledge of the effects of specific vegetation changes
on SOC pools should allow a more realistic set of controls to be
used in modeling efforts.

Materials and Methods
Site Description and Sampling

The sites selected for study were located at the Nebraska National Forest at Halsey, NE (41°52¢ N; 100°20¢ W). Pool (1953)
provides documentation of the development of the site including
information on research goals and a history of initial plantings.
The 90,444 acre forest is composed of stands of a variety of species including ponderosa pine and eastern red cedar interspersed
with areas of sand prairie providing large replicated stands across
the expanse of the research area. The area is currently managed by
the Bureau of Land Management as grazing land for cattle. The
soil series sampled was Valentine and the soil contained between
95 and 98% sand.
Soil samples were collected from three pine plantations
(72 yr), three older cedar plantations (55 yr), three younger cedar
plantations (25 yr), three areas planted with alternating rows of
pine and cedar, and three prairie areas that were treated as replicates. In each area, six samples were collected to a depth of 30 cm.
These cores were divided to reflect three depths of 0 to 5, 5 to 15,
and 15 to 30 cm. Each of those six samples, representing an independent field replicate for that area, consisted of six composited
cores collected from not more than 1 m2 in area. One soil sample
of two composited cores was also taken from 30 to 50 and 50 to
100 cm for each area. All samples were taken at midslope from
a moderate, north facing sloping site (~20% slope). All samples
were returned to the lab and refrigerated at 4°C.
Soils were sieved to 2 mm and visible plant material was removed. Soil moisture content was determined on a subsample of
known weight by drying at 105°C. Dry soil weight (corrected
for moisture) was then divided by the area sampled (soil core
volume) to determine bulk density. Six litter samples were taken
in each plantation by removing litter on the soil surface using a
15-cm diameter litter sampler. Litter was oven dried at 60°C and
then weighed. Soils from the pine, older cedar, and prairie sites
were evaluated using the complete suite of analyses described
below; the stands with pine/cedar mixed and young cedar trees
were only evaluated for soil and litter C and N content, 13C, and
bulk density.

Carbon, Nitrogen, Carbon-13, and
Nutrient Content
Samples were ground using a roller mill with soil ground
against steel bars in sealed jars to pass a 180-mm sieve (Harris and
www.soils.org/publications/sssaj

Paul, 1989). Soil was analyzed for organic C and total N using
combustion analysis with a Carlo Erba NA 1500 CN Analyzer
(Carlo Erba, Milan, Italy). Samples were tested with HCl and examined for gas loss. The samples failed to react with HCl suggesting that inorganic C was not present in these soils, so values are
presented here as organic C (Paul et al., 2001). Carbon content
of litter samples was determined using a Leco Truspec CN analyzer (St. Joseph, MI) and scaled to Mg ha-1 using bulk density
calculated for each sample. Isotopic analysis was measured using
a Carlo Erba NA 1500 CN Analyzer coupled to a GV Isochrom
mass spectrometer (GV Instruments, Manchester, UK) (Harris
and Paul, 1989). The percentage of prairie C remaining in pine
and cedar stand soils was calculated using the d13C value of the
prairie soils sampled at each depth, the d13C of pine and cedar
input litter (-26.6), and d13C of pine and cedar soil (Ccurrent)
for each stand of interest (O’Leary, 1981) as in Eq. [1].

% Prairie C remaining = 1-

(d13C current - d13C prairie )

(d

13

C tree litter - d13C prairie )

[1]

Mean residence times (MRTs) of prairie C in the cedar
and pine soils were calculated as in Eq. [2] assuming first order kinetics (Paul and Clark, 1996) based on the amount of
prairie C remaining in the various sites at the time of sampling
(SOCsampling ) relative to that in the prairie at this site which estimates the C present at the time of planting (SOCplanting ) using
Eq. [2] and reported as MRT (years) = 1/k.

SOCsampling = SOCplanting e-kt 		

[2]

Assumptions involved in this calculation were that (i) the
SOC and 13C content of the native prairie were the same at the
time of our sampling as when the prairie was converted to trees;
(ii) the decomposition rate of native prairie SOC under trees
followed first order kinetics; (iii) the suggested differences in
decomposition of C3 and C4 derived grasses (Wynn and Bird,
2007) and the 13C fractionation at the root, microorganism,
SOC decomposition, and mineral matrix interactions (Werth
and Kuzyakov, 2010) are not so great that the soil 13C signal does
not represent that of the input plant materials (Boutton, 1996);
and (iv) the differences in tracer exposure times that affect MRT
calculations (Paul et al., 2006) in the pine and cedar soils did not
invalidate our conclusions based on a comparative analysis on a
single soil type. These assumptions are further addressed in the
discussion section. The measured 13C signal of both the cedar
and pine litter (-26.6‰.) was used for the calculation of tree
inputs at all soil depths.
Soil cations, Bray P, and pH were analyzed at the Michigan State University Soil and Plant Nutrient Laboratory using
standard methods (Brown, 1998). The plant tissue cation and P
content were determined at the A and L Great Lakes Laboratories Incorporated (Fort Wayne, IN). Litter, cation, and P con1615

tent were determined at the Soil Testing Lab located at Colorado
State University using a plant digestion in nitric and perchloric
acid. Soil characteristics are presented per sampled horizon depth
based on bulk density and sample depth. For the purposes of
evaluating differences in ecosystem contents as a consequence of
land use change specifically, soil characteristics are also presented
on a total profile basis using bulk density and profile depth as
corrected for equivalent weights. The differences in soil weight
that are inherent as a consequence of the impacts of land use and
vegetation on soils require adjustments in soil weight so that differences in content are not an artifact of differences in total soil
profile weight magnified through differences in bulked density
summed over several depths. Corrections for equivalent weight
were made in a manner consistent with other studies (Ellert and
Gregorich, 1996; Paul et al., 2001; Six et al., 2002) by summing
the total profile weight for all soils and correcting to the weight
of the preexisting condition which in this case was the prairie.
Profile soil weights were corrected by adjusting the depth of the
50 to 100 cm depth so that the total profile is equivalent to that
of the prairie profile weight.

Tree Biomass
The diameter at breast height of trees was measured and
used to determine total aboveground biomass C using the allometric equations of Means et al. (1994) for the ponderosa pines
and Schnell (1976) for the eastern red cedar. Biomass values were
scaled to forest area using conversion factors from Birdsey (1992).

Fatty Acid Methyl Ester Extraction Analysis
Fatty acid methyl ester (FAME) extractions were conducted
at the University of Nebraska on litter samples collected using
sterile technique and immediate refrigeration using the methods
of Grigera et al. (2007) for ester-linked (EL) FAME extraction.
This method (EL-FAME) uses a mild alkanolysis procedure to
hydrolyze EL fatty acids directly from their parent compound
(e.g., neutral, glycol-, and phospholipids) within microbial cells
without prior removal of the cells from the soil. Recovery of fatty
acids from microbial cells is higher with this procedure compared
with other methods since it includes more than just phospholipids and avoids extraction efficiency issues with removal of intact
phospholipids from microbial cells within the soil. This method
also gives a more complete picture of fungal fatty acids, particularly those from arbuscular mycorrhizal fungi (Olsson, 1999;
Grigera et al., 2007). Fatty acid methyl esters were assayed by gas
chromatography using an internal standard, methyl-nonadecanoate (0.05 mg mL-1), and converted to nmol FAME g-1 soil
(Grigera et al., 2006). Individual FAMEs were related to microbial populations using biomarkers previously determined by Vestal
and White (1989), Olsson et al. (1995), Zak et al. (1996), Bossio
and Scow (1998), Bååth (2003), and Högberg et al. (2007) (see
Table 8). Fatty acids are differentiated by the number of C atoms, counted from the omega end of the fatty acid chain, and
the number of double bonds. The prefixes i, a, and cy denote iso,
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anteiso, and cyclic, respectively. The numbers in parentheses are
the carbon atoms where two double bonds or a cyclic ring exists.

Data Analysis
Univariate data were evaluated to confirm they met the assumptions of ANOVA. Log and inverse transformations were
necessary for a number of variables to meet the assumptions of
normality. Differences among sampled variables were evaluated
using ANOVA (Proc GLM) (SAS, 1995). All differences reported were significant at p < 0.05.
The relationships of soil cations, Bray P, and pH to C and
N content were evaluated using Amos 4.0 (Small Waters Corporation, Chicago, IL), a system for structural modeling and
causal analysis often referred to as path analysis (Arbuckle and
Wothke, 1999). Traditional multiple regression models require
many degrees of freedom as a result of the diverse array of interaction terms that occur with multiple, covarying environmental
variables. Even if power is available in a multiple regression model, the use of a large number of interaction terms often produces
complex models that are not consistent with real-world scenarios
(Arbuckle and Wothke, 1999). Because of the path construction,
exploratory path analysis does not require large sample sizes or
number of interaction terms. The path model was built using
combinations of variables that significantly covaried with either
the dependent variable or each other. Exploratory path analysis
allows variables to be arrayed in hierarchical arrangements that
allow for quantification of direct and indirect effects of environmental variables.
Litter FAMEs were analyzed by principal components analysis (PCA) after normalizing the data as relative mol %, using the
PC-ORD statistical package (version 6, MjM Software, Gleneden
Beach, OR). Soil pH and nutrients (C, N, Ca, P, K, and Mg) were
correlated with principal components in PC-ORD to identify associations between soil variables and litter FAME profiles.

Results

Soil Organic Matter Dynamics
Soil bulk density was generally greatest under pine
(Table 1). In the 0 to 5 cm layer, old cedar stands had greater
SOC (6.43 Mg ha-1) relative to pine (4.06 Mg ha-1), while
pine did not differ from prairie (3.67 Mg ha-1). Old cedars
had 0.65 Mg N ha-1, whereas pine had the lowest soil N at
0.34 Mg N ha-1. The other land use types were intermediate
(Table 1). The deeper soil layers did not differ from each other in
soil C or N content except under pine stands, where deeper soils
had lower C and N content.
Changes in SOC content from residue incorporation and
prairie C loss, resulting from vegetation change, could be estimated using the native prairie d13C as the d13C at time of planting. The upper layer of cedar (-23.31‰) and pine (-23.74‰)
soil did not differ significantly, although both were significantly
more negative than the prairie d13C value of -19.63‰ (Table
1). The 13C values of cedar C relative to prairie C indicated that
82% of the original prairie C remained in the cedar soil at the time
Soil Science Society of America Journal

of sampling. As the cedar soil contained a Table 1. Bulk density, C and N content, d13C, percent original remaining prairie C cal13
total of 6.43 Mg C ha-1 compared with culated from d C, and mean residence time for soils under stands of old cedar, young
cedar,
mixed
(cedar
and pine), pines, and from prairie soils at the Nebraska National
the 3.67 Mg C ha-1 currently under the Forest, NE, for each depth of 0 to 5, 5 to 15, and 15 to 30 cm.†
prairie, it was estimated that older cedars
% of
had accumulated 3.42 Mg ha-1 of cedar C
original
Amount
Bulk
prairie C
of tree C
in addition to retaining 3.01 Mg C ha-1
C
N
d13C
remaining accumulated MRT
prairie C in the top 5 cm since planting. Vegetation density
-3
-1
yr
g cm
—— Mg ha ——
Mg ha-1
The pines added 2.41 Mg ha-1 but re0–5 cm
tained only 45% of the original prairie C.
Cedar old
1.04a
6.43b
0.65c
82.03
3.42
278
-23.31d
Given these values, the MRT of prairie C
b
a
bc
Cedar young
1.16
3.70
0.61
78.19
0.83
102
-21.15b
was estimated to be 278 yr in the old ceMixed
1.23bc
4.36a
0.55bc
79.12
1.46
107
-21.92c
dar stands versus 90 yr in the pine (Table Pine
1.28c
4.06a
0.34a
45.03
2.41
90
-23.74d
1). Similar values occurred for the cedar Prairie
1.13ab
3.67a
0.44ab
-19.63a
soils at depth but the pine soils lost even
5–15 cm
more of the original prairie C resulting in Cedar old
1.32a
6.64bc
0.87bc
69.48
1.66
151
-20.38c
a
bc
b
shorter MRTs for the original prairie C in Cedar young
1.31
6.22
0.75
77.86
0.64
100
-19.16b
Mixed
1.33a
5.82b
0.74b
70.89
0.74
73
the deeper soils.
-19.36b
1.44b
4.61a
0.55a
33.82
2.19
66
-22.24d
Soil C contents, to an equivalent Pine
1.36ab
7.17c
0.93c
-18.31a
weight of 1 m based on the cumulative Prairie
15–30 cm
mass of the prairie soil, differed among
Cedar old
1.45a
6.97b
0.78b
81.89
1.11
275
-18.28c
sites. The old cedar soil contained the
a
b
b
Cedar young
1.40
6.63
0.79
85.48
0.51
159
-17.47b
-1
most C with 37.0 Mg ha (Table 2).
Mixed
1.40a
6.58b
0.76b
79.91
0.86
111
-18.00bc
The young cedar, mixed stand, and prairie
Pine
1.53b
4.48a
0.44a
35.94
1.91
70
-20.92d
soils were lower than the old cedar soils Prairie
1.42a
7.16b
0.96c
-16.71a
and did not differ from each other. The
† Mean residence times (MRTs) based on 55 yr for cedars, 72 yr for pines and 25 yr for mixed and
pine soil profile contained the least C
young sites. Means followed by different superscript letters differed significantly at p < 0.05.
with 25.1 Mg ha-1 (Table 2). The cedar
stands contained 51.4 Mg C ha-1 in above ground biomass,
differences are not as large. These trends coincided with a change
9.85 Mg C ha-1 in litter, and 37.0 Mg C ha-1 in the soil for an
in cations, especially Ca in the upper layer of cedar and mixed
ecosystem C content of 98.2 Mg C ha-1. Given an ecosystem C
soils when compared with prairie and pine soils. The higher meacontent of 36.7 Mg ha-1 for the prairie system, there was an insured available P content in the two upper depth increments of
crease in ecosystem C content of 61.5 Mg C ha-1 on the old cethe pine soils could be associated with the drop in pH or changes
dar sites. The older cedars were planted on this site 55 yr before
in Ca content through root uptake at those depths (Table 4).
sampling resulting in an accrual rate of 1.12 Mg C ha-1 yr-1.
The analysis of cations in the litter showed cedar litter to
The pine ecosystem storage was slightly greater than cedar at
contain more Ca than pine or prairie. All other nutrient ions
1.39 Mg C ha-1 annual accrual (Table 2).
(Mg, P, and K) were not significantly different for pine and cedar
Soil N across the profile showed a slightly different pattern
litter with prairie litter containing less of all nutrient ions (Table
than observed for C. The prairie and cedar soils had greater total
5). Analysis of the vegetation showed three- to five-fold higher
profile N than the pines; however, the soil C to N ratio did not
concentrations of Ca in the needles and branches of the cedar
differ between cedar and the pine soils (Table 3). Overall, litter
compared with pine. The other nutrient elements sampled (K,
C and N content were greatest in the pine stands and lowest
Table 2. Plant biomass C, litter C, soil profile C, ecosystem C, and
in the prairie (Tables 2 and 3). On the basis of C to N ratio C accrual per year under stands of old cedar, young cedar, mixed
estimates of 126:1 for cedar (Norris et al., 2001b) and 265:1 for (cedar and pine), pine, and prairie at the Nebraska National Forest
pine (Kaye et al., 2005) biomass, cedar sites had more biomass at Halsey, NE.†
N than the pine. The prairie biomass had little N compared
Vegetation Biomass C Litter C
Soil C Ecosystem C‡ C accrual§
with pine or cedar. On the basis of the different stand ages as for
Mg ha-1 yr-1
——————— Mg ha-1 ———————
C above, the cedar site accrued N at a rate of 11 kg N ha-1 yr-1 Cedar old
51.4
9.85b
37.0c
98.2
1.12
b
b
-1
-1
Cedar
young
7.37
30.5
while the pine site lost 10 kg N ha yr .

Soil and Litter Chemical Characteristics
The old cedar soils had a greater pH in the upper two soil
layers and a lower pH at depth compared with prairie soils (Table 4). The differences between old cedar and prairie soils are
also observed in the young cedar and mixed soils; however, the
www.soils.org/publications/sssaj

Mixed
Pine
Prairie

87.6
9.7¶

14.2c
23.6d
1.3a

30.1b
25.1a
32.5b

136
36.5

1.38

† Means followed by different superscript letters differed significantly at p < 0.05.
‡ To depth of 1 m corrected for equivalent weight of the prairie profile.
§ Accrual based on 55 yr for cedar and 72 yr for ponderosa pine.
¶ Estimated from Burke et al. (2008).
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Table 3. Plant biomass, litter, soil profile, ecosystem N, accrual per year, and litter and soil C to N ratios under stands of old cedar,
young cedar, mixed (cedar and pine), pine and prairie at the Nebraska National Forest at Halsey, NE.†
Vegetation

Biomass N

Litter N

Mg ha-1
0.408¶

Mg ha-1
0.39c
0.21b
0.42c
0.66d
0.04a

Cedar old
Cedar young
Mixed
Pine
Prairie

0.331#
0.062††

Litter C/N

Soil N‡

25.70a
33.86bc
33.19b
34.90bc
36.81c

Mg ha-1
3.86bc
3.57bc
3.42b
2.37a
3.95c

Soil C/N

Ecosystem N

N accrual§

Mg ha-1
4.66

Mg ha-1 yr-1
0.011

10.18b
8.56a
8.88a
10.83b
8.32a

3.36
4.05

-0.010

† Means followed by different superscript letters differed significantly at p < 0.05.
‡ To depth of 1 m corrected for equivalent weight of the prairie profile.
§Accrual based on 55 yr for cedar and 72 yr for ponderosa pine.
¶ Estimated based on values from Norris et al. (2001b).
# Estimated based on values from (Kaye et al. 2005).
†† Estimated from Burke et al. (2008).

Mg, and P) did not differ between trees but again were concentrated in the needles and branches rather than the bole (Table 6).

Relationships of Soil Carbon and Nitrogen
Pools to Soil Chemistry
Structural analysis produced statistically significant models describing the relationship of soil C and N content to other
variables measured; however, the strength and contributing characteristics differed depending on vegetation type (Table 7). The
analysis of the old cedar soils produced the strongest model with
85% of the variation in soil N best described by Ca and K and
90% of the variation in soil C described by Ca, N, and Mg (Fig.
1). The model strength for C and N based on the soil chemistries sampled was lower for other vegetation types (Table 7). In
general, C was more strongly described for cedar sites (old ceTable 4. Soil pH, cation content, and P from soils under stands
of old cedar, young cedar, mixed (cedar and pine), pine and
from prairie soils at the Nebraska National Forest at Halsey,
NE, for each depth of 0 to 5, 5 to 15, and 15 to 30 cm.†
Vegetation

pH

Cedar old
Cedar young
Mixed
Pine
Prairie

7.12d
6.37c
6.30c
4.98a
5.72b

Cedar old
Cedar young
Mixed
Pine
Prairie

6.28b
5.88a
5.69a
5.68a
5.85a

Cedar old
Cedar young
Mixed
Pine
Prairie

5.54a
5.54a
5.51a
5.98b
6.15b

Ca

K

Mg

P

————————— kg ha-1 —————————
0–5 cm
624.51d
79.02c
60.15cd
4.15ab
407.72c
65.37b
54.80bc
3.86a
463.75c
75.43c
68.13d
4.82b
237.01a
46.50a
53.16b
9.59c
308.96b
65.00b
46.23a
4.30ab
5–15 cm
684.09b
160.95c
134.55c
7.95b
567.37b
129.65b
117.27ab 7.37ab
625.45ab
133.50b
121.45b 7.04ab
534.17a
90.53a
119.04ab 10.84c
722.53b
130.92b
105.09a
6.30a
15–30 cm
589.57a
206.49c
198.31c 13.59c
706.38ab
160.55b
161.44ab 10.24b
942.08c
175.37bc
171.12b
9.30b
858.57bc
131.43a
157.83ab 10.31b
1057.15c
164.13b
147.23a
6.37a

† Means followed by different superscript letters differed significantly
at p < 0.05.
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dar, young cedar, all cedar) with squared multiple correlations
of 0.88, 0.43, and 0.74, respectively. The N content was more
strongly described for sites with pine (pine, mixed, and all pine)
with squared multiple correlations of 0.72, 0.56, 0.68, and the
prairie with 0.842 (Table 7).

Microbial Analysis and Relationship to Soil
and Litter Chemistry
Analysis of microbial fatty acids found in the litter showed
that the cedar litter contained more microbial markers in almost
every category, including the ubiquitous fatty acid 16:0 (Table
8). The sum of the fatty acids can be used to estimate total microbial biomass with 410 nmol g-1 in the cedar, 358 in the pine,
and 295 in the prairie litter. Cedar litter also contained significant amounts of the marker for arbuscular mycorrhizal fungi
(16:1w5c) showing that hyphae and/or roots colonized by arbuscular mycorrhizal fungi have permeated the litter layer. The
lack of this marker in the prairie litter suggests that the roots and
arbuscular mycorrhizal hyphae remain largely in the mineral soil.
Litter FAME profiles separated out by vegetation type when
analyzed by PCA explained nearly 60% of the variability within
the FAME data set (33.0% for PC 1 and 26.5% for PC 2) (Fig. 2).
Compared with pine and prairie litter, cedar litter was enriched
in several gram-positive (iso-branched) bacterial fatty acids and
the arbuscular mycorrhizal fungal biomarker (16:1w5c). Cedar
FAME profiles were also strongly correlated with soil Mg and Ca
contents; these nutrients had Pearson correlation values of -0.798
and -0.779, respectively, for PC 1. With regards to PC 2, soil pH
had the greatest Pearson correlation with PC 2 (r = -0.912) and

Table 5. Cation content in kg ha-1 for litter (O Layer) under
stands of cedar, pine, and in prairie at the Nebraska National
Forest at Halsey, NE.†
Vegetation
Cedar
Pine
Prairie

Ca

K

Mg

P

124.9a

56.2a

66.0a

67.4b

61.7a

80.6a

49.0b

6.9b

5.5b

24.4a
25.7a
1.9a

† Means followed by different superscript letters differed significantly
at p < 0.05.
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was positively associated with the cedar and prairie FAME profiles
and negatively associated with the pine FAME profiles.

Table 6. Cation content (%) of trunk, needles, and branches
of cedar and pine trees at the Nebraska National Forest at
Halsey, NE.†
Tree Section Vegetation

Discussion
We hypothesized that C content under cedar and pine
would differ from that of the native prairies and that the impacts on SOC would differ for each species planted. We found
significant differences in the amount of SOC stored, the rate of
storage, and the location of stored SOC as a consequence of tree
type planted. Cedar had greater SOC content through the profile, while the pine had less C in the soil and greater amounts of
C stored in litter on the surface. While it is not surprising that
litter incorporation may differ for these species it is important to
identify what influences the rate at which tree C becomes SOC
so that vegetation effects may be more accurately modeled.
In addition to evaluating the amount and location of C
stored under cedar and pine, our study also allowed the amount
of C remaining from the former land use type, prairie, to be
identified. On our site, the pine soils lost over half the prairie C
and replaced a portion of it with pine C. In contrast, cedars have

Ca

K

Mg

P

Bole

Cedar
Pine

0.08a
0.09a

Old Needles

Cedar
Pine

1.76a
0.31b

Young Needles

Cedar
Pine

1.40a
0.33b

Inner Branch

Cedar
Pine

1.37a
0.33b

Middle Branch

Cedar
Pine

1.06a
0.34b

Outer Branch

Cedar
Pine

1.37a
0.41b

0.02a
0.05a
0.32a
0.35a
0.22a
0.25a
0.18a
0.20a
0.20a
0.22a
0.21a
0.14a

0.00a
0.02a
0.14a
0.11a
0.09a
0.09a
0.08a
0.08a
0.07a
0.07a
0.08a
0.06a

0.01a
0.01a
0.07a
0.09a
0.05a
0.06a
0.05a
0.05a
0.05a
0.05a
0.05a
0.05a

† Means followed by different superscript letters differed significantly
at p < 0.05.

added C to the soil while retaining 82% of the original prairie C.
The young and old cedar have retained approximately the same
amount of prairie soil C suggesting that losses in the cedar stands

Table 7. Squared multiple correlations from structural analysis using Amos for C and N, and C with N, as a model component for
predicting C for each area (old cedar, young cedar, mixed (cedar and pine), pine and prairie) and each vegetation type (all cedars,
all pines) at the Nebraska National Forest, NE.†
Model

Squared mean correlation

Drivers

Allowed to covary in Model‡

Cedar old
C
N
Cwith N driver

0.878
0.854
0.901

Ca
Ca, K
Ca, N, Mg*

Ca < - > Mg, Ca < - > pH, pH < - > K,
Mg < - > pH, Mg < - > K, Ca < - > K, Ca < - > P,

Cedar young
C
N
Cwith N driver

0.425
0.406
0.638

Mg*
Ca, Mg*
N, pH, Ca*

K < - > Mg, K < - > Ca

Mixed
C
N
Cwith N driver

0.366
0.559
0.563

Ca, Mg,
Ca, K, P, Mg*
Ca, N, P

Ca < - > Mg, Ca < - > pH, pH < - > K,
Mg < - > pH, Mg < - > K, Ca < - > K, Mg < - > P,

Pine
C
N
Cwith N driver

0.281
0.715
0.313

K*, pH*
K, Ca*, P*
K*, P*, pH*

Mg < - > pH, Mg < - > K, pH < - > K,
Mg < - > P, Ca < - > Mg, Ca < - > pH+,

Prairie
C
N
Cwith N driver

0.255
0.842
0.419

K*
Ca, K
Ca, N

Mg < - > pH, Mg < - > K, pH < - > K,
Mg < - > P, Ca < - > Mg,

All Cedar
C
N
Cwith N driver

0.743
0.293
0.757

Ca, pH, P, Mg,
K, Ca
Ca, pH, Mg, P

Ca < - > Mg, Ca < - > pH, pH < - > K,
Mg < - > pH, Mg < - > K, Ca < - > K, Ca < - > P,

All Pine
C
N
Cwith N driver

0.057
0.675
0.099

No significant drivers

Mg < - > K, Ca < - > pH, Ca < - > P,

K, Ca, Mg
No significant drivers

† The soil chemical constituents that contributed significantly (p < 0.05) or marginally* (0.10 > p > 0.05) to the models developed for C and N for
each site and vegetation group are listed as drivers. Soil characteristics allowed to covary in the models tested are also identified.
‡ E ach of the pairs of soil chemical constituents that were allowed to covary (critical ratio > 1.282 in analysis of covariance) within the model tested is
also listed. The exception to this rule is where Ca and pH were allowed to covary in the pine area. Both Ca and pH significantly covaried with area
(stand level variation). Adding the Ca < - > pH covariance was necessary to produce a reasonable model when area was removed.
www.soils.org/publications/sssaj
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Table 8. Amount of fatty acids (nmol g-1) found in the litter
layer under stands of cedar, pine, and prairie at the Nebraska
National Forest at Halsey, NE.†
Fatty Acid‡
Bacteria
15:0
17:0
18:0
Gram Pos. Bacteria
i14:0
i15:0
a15:0
i16:0
i17:0
a17:0
Gram Neg. Bacteria
cy17:0 w7–8
cy19:0 w9–10
cy19:0 w7–8
16:1 w7c
Fungi

Fig. 1. Structural equation model produced for C and N for the old
cedar sites at the Nebraska National Forest at Halsey, NE. Curved
lines indicate soil chemical properties that were allowed to covary
within the model. Straight lines indicate the relationships that were
tested for C and N in old cedar soils. The values on the straight lines
are the standardized regression coefficients that describe the indicated relationship. The overall relationship is indicated by the squared
multiple correlations for C and N which appear on the upper right
hand corner of each of those boxes.

occurred soon after planting. It is possible on these sites that this
may represent loss due to initial disturbance. Cedar stands appeared to add and stabilize C more as they aged. That half of the
C under cedars was derived from trees is consistent with the findings of Hernandez-Ramirez et al. (2011) where they found that
half of the C in their afforested soils was tree C 35 yr following
plantation; however, their study found increases in SOC stocks
under conifers on fine textured soils.
The assumptions used in calculating the proportion of prairie SOC and its MRT under the two different trees can affect the
interpretation of the data. The study by Wynn and Bird (2007)
that found that C4 vegetation decomposed much more rapidly
than C3 material was based on C3 tree versus C4 grasses. Our
study involved the decomposition of SOC derived from prairie
grasses. It has long been established that the different litter quality as designated by lignin to N ratios in the Century model have
a major effect on decomposition rates. We recently found that
C3 wheat residues under incubation decomposed more rapidly
than C4 maize (Birgé, 2013). In terms of our calculations, we
assumed that both C3 and C4 derived SOC decompose at the
same rate. The d13C content of this sandy prairie was found to
be -19.6‰ at the surface and -16.7‰ at depth. These values
are not as negative as an equivalent native prairie on a 23% clay
soil (-16.1‰ at the surface and -14.7‰ at depth) (Follett
et al., 1997). Werth and Kuzyakov (2010) found in their com1620

Cedar

Pine

Prairie

7.3a
30.4a

6.2b
7.3a
28.4a

6.7ab
7.8a
20.0b

8.7a
13.0a
13.7a
13.6a
3.7a
6.7b

2.3b
9.4a
6.5c
9.5b
2.3b
9.4a

2.2b
8.6a
10.9b
6.9b
1.9b
5.3b

3.8b

5.8a

2.8b
0.5a

18.4a
12.1b

4.0b
13.7b

62.2b
59.6a

47.8b
45.4a

32.0b

47.3a

2.6b

.

69.0a

48.3b

44.1b

15.2c

7.4a

25.3a

78.2a
18:2 w6,9c
51.6a
18:1 w9c
Gram Neg. Bacteria & AM Fungi
17.8c
18:1 w7c
AM Fungi
15.5a
16:1 w5c
Ubiquitous Fatty Acid
16:0
75.5a
Unknown
14:0
53.9a

† Means followed by different superscript letters differed significantly
at p < 0.05.
‡
Fatty acid methyl esters were assigned as biomarkers of specific
microbial populations according to Vestal and White (1989), Zak et al.
(1996), Bossio and Scow (1998), Bååth (2003), Högberg et al. (2007),
and Olsson et al. (1995).

prehensive review of the discriminations between 13C and 12C
that occur during translocation of photosynthate to the root
and root respiration results in an enrichment of 13C of an average of 1.2‰. We did not consider this in our calculations that
were based on a measured litter 13C content of -26.6‰ used
in the end member calculations for all depths. Plant components
especially the fatty acids and lignins can be considerably more
negative than the more decomposable cellulose and amino acids
(Boutton, 1996). Paul et al. (2011) found that the nonhydrolyzable SOC was on average 4‰ more negative than the total soil.
Each passage through a member of the soil food web also results
in discrimination, a factor often used in explanation of the ~3‰
difference with depth. An additional explanation could involve a
change in C3–C4 prairie-species composition with past climate
changes (Follett et al., 1997). On average, the 13C-SOC signal
in the majority of soils is similar enough to that of the associated
vegetation such that this calculation can be employed (Boutton,
1996). Our study was based on one soil type and two closely related species with identical 13C signals planted at approximately
the same time. This allowed us to conduct a comparative analysis
Soil Science Society of America Journal

Fig. 2. Principal components analysis of cedar (solid triangles), pine (solid squares), and prairie (solid circles) litter FAMEs (fatty acid methyl esters). The percent variance explained by each PC is shown in parentheses. Also shown are correlations of individual FAMEs and correlation vectors
of soil pH and nutrients, with litter FAME profiles.

of the contribution of the tree species and the MRT of the remaining native prairie soil.
Poeplau et al. (2011) examined soil C accrual following
conversion of grasslands to forest. Their study only found accrual of C when the forest floor C content was included in the
soil C estimates. In our study, the litter in the pine ecosystem
represented a C sink; however, in general surface litter C is less
protected from disturbance than SOC and may be rapidly lost to
the atmosphere through fire or other disturbance. The cedar litter, unlike the pine litter, enriched the SOC pools to a depth of at
least 30 cm stabilizing a greater SOC pool. Our findings regarding stabilization of C following pine afforestation are not unique.
Berthrong et al. (2009), using a meta-analysis approach, detected
a consistent pattern of C loss associated with pine afforestation.
However, we can go beyond just SOC contents to evaluate the
mechanisms that underlie these different patterns in storage.
Our second hypothesis was that the importance of soil chemistry controls and soil microbiota for SOC accrual would differ
under these tree species. We predicted that increased levels of Ca
and associated changes in litter microbiota would result in greater
prairie C retention and SOC contents in the cedar soils than the
pine, especially at depth. The differences in 13C SOC content with
depth for cedar versus pine relative to the original native prairie
(Table 1) suggests differences in the amount of litter and root inwww.soils.org/publications/sssaj

corporation across the soil depths evaluated. It also represents differences in the amount of prairie C stabilized at these different
depths in agreement with Oades (1988). Path analysis showed Ca
to be a driver of soil C in the cedar stands, but it was not a significant driver in pine or prairie plots, supporting our prediction.
The tissue chemistry data supports a different capacity to retain
and recirculate Ca under cedar versus pine. The litter layer under
cedar litter contained twice the Ca on an area basis than pine. This
provides Ca that can be involved in C stabilization as that litter is
decomposed. The differences in the different tree litters were also
seen in the associated litter microbiota. Cedar may be influencing SOC retention in the surface soil layers by taking up Ca from
lower horizons and concentrating it in litter. Morris et al. (2007)
also found differences in SOC associated with Ca to be tree species
specific. Numerous studies have noted decreases in C mineralization following addition of Ca (Lineres, 1977; Muneer and Oades,
1989a, 1989b; Baldock and Skjemstad, 2000). Brewer (2004)
found that additions of Ca and N increased soil C on a sandy soil
in a pine forest suggesting the mechanism to be stabilization of
SOC by Ca. In the present study, the upper layers of the cedar soils
are receiving the Ca from the lower layers via translocation by the
cedar and needle drop. This is consistent with Pierce and Reich
(2010) who showed that cedar invasion resulted in higher Ca content compared with the adjacent native prairie plots.
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The differences in the predictive models developed with
structural analysis with regards to C and N dynamics support
fundamental differences in processing and retention in the pine
and cedar systems. The capacity to model both C and N contents
were strongest under the cedar, and the capacity to model N under
pine was strong; however, the models for C were poor. Models for
N under pine appeared most strongly related to cations and P. In
terms of net change, planting pine on these sandy soils resulted in
a net loss of N overall. The National Atmospheric Deposition Program site (http://nadp.sws.uiuc.edu/) shows an average inorganic
N deposition of 2.7 kg ha-1 yr-1. Assuming a doubling of that to
account for wet plus dry deposition (Lovett and Lindberg, 1993)
and/or N fixation on the site suggests that N inputs are reasonable
for biomass growth on the site. On the basis of these inputs the loss
of N on the pine site is actually greater than the 10 kg ha-1 yr-1
calculated based on soils and wood. Berthrong et al. (2009) also
found loss of N following afforestation was common especially following afforestation with pine.
Root-mycorrhizal relationships cannot be discounted as
mechanisms for explaining differences in C processing on cedar
vs. pine sites. The mycorrhizal symbionts differ between cedar
and pine with cedar hosting arbuscular mycorrhizal fungi (Liang et al., 2008) and pine hosting ectomycorrhizal fungi (Allen,
1991). Differences in FAME profiles suggest a difference in the
microbial communities under pine, cedar, and prairie especially
in regards to the proportion of arbuscular mycorrhizal fungi (Table 8). Chapela et al. (2001) reported that ectomycorrhizal species introduced with pines following afforestation of grasslands
were related to losses of soil C. Their data showed 13C isotope
values of the ectomycorrhizal fungi were more similar to the
grassland C than the pine C suggesting that the fungi may have
had preferential access to the older C. This is consistent with the
C losses under pine in our study.
In addition to the mycorrhizal communities, other aspects
of the soil microbial community also differed under the cedars
versus the pines. The cedar litter contained more microbes than
the pine. This likely reflects the greater availability of substrate
C in the cedar. The PCA was able to explain nearly 60% of the
variation in FAME profiles among vegetation types, and correlation analysis showed that the FAME profiles could also be associated with differences in soil chemical properties, including Ca,
Mg, and pH. The fact that Ca seems to have a large effect on the
separation of microbial communities by vegetation types correlates well with the general differences in decomposition that may
be leading to differences in C storage in these soils. However, the
additional variability in the FAME profiles (40%) remains unexplained and is likely due to variables not measured in this study.
The role that soils ultimately play in mitigation of elevated
CO2 is dependent on the size and residence time of C in these
pools, which is controlled by species and soil textural class interactions (Paul et al., 2003; Morris et al., 2010). While researchers often quantify above- and belowground C pools, more emphasis must be put on the stability of C sinks (Paul et al., 2011).
Vegetation through its impacts on litter and tissue quality and
1622

placement, and impact on microbial community through exudation impacts decomposition and SOC stabilization. Long-term
effects of these differences as a consequence of vegetation must
be evaluated and included in models created to predict future C
sink capacity of ecosystems (Smith et al., 2012).
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