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Litter Input Controls on Soil Carbon in 
a Temperate Deciduous Forest

North American Forest Soils Conference Proceedings

Globally, approximately 60% of terrestrial C storage occurs in forests 
(McKinley et al., 2011), with soils containing more C globally than plant 
biomass and the atmosphere combined (Houghton, 2005). Forest soils 

are seen as particularly promising reservoirs for storing additional C and reduc-
ing the atmospheric load of CO2. Presently, it is estimated that atmospheric CO2 
concentrations would be much greater if not for the C sequestration that occurs 
within the terrestrial biosphere (Heinsch et al., 2006), and managed forests are 
estimated to have a large potential to sequester additional atmospheric C (Lal, 
2005). To sequester additional C, it has been suggested that forests should be man-
aged to enhance processes that increase soil C storage ( Johnson and Curtis, 2001; 
Sohngen and Mendelsohn, 2003; Lal, 2005). However, there are currently large 
gaps in our fundamental understanding of factors that control C storage in soils 
(Lal, 2005), and interactions among biological, chemical, and physical processes 
regulating soil organic matter (SOM) accumulation, stabilization, and turnover 
are poorly quantified (von Lützow et al., 2006, 2007). This makes it difficult to 
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Above- and belowground litter inputs in a temperate deciduous forest were 
altered for 20 yr to determine the importance of leaves and roots on soil C and 
soil organic matter (SOM) quantity and quality. Carbon and SOM quantity and 
quality were measured in the O horizon and mineral soil to 50 cm in five treat-
ments (control, double litter [DL], no litter [NL], no roots [NR], no inputs [NI]). 
After two decades of doubled litter addition, soil C and SOM did not increase. 
However, leaf litter exclusions reduced soil C (O and mineral horizons com-
bined) by 24% in NL and 33% in NI treatments. In the mineral soil, the largest 
declines occurred in the 0- to 10-cm depth (0.93–2.01 kg C m−2), although 
losses were observed throughout the entire solum. The NR treatments showed 
no losses of C. Thermal characterization of SOM quality differed among 
treatments in the 0- to 10-cm depth. Patterns of CO2 evolution during SOM 
combustion revealed differences in SOM quality between surface and deeper 
horizons. Our work shows that the sources of litter are important in controlling 
soil C. Leaf litter made important contributions to maintaining current stocks 
of soil C; increased leaf litter did not increase soil C, but decreases in litter 
inputs resulted in rapid soil C declines. Root litter may ultimately provide more 
stable sources of soil C. Management activities or environmental alterations 
that decrease litter inputs in mature forests can lower soil C content; however, 
increases in forest productivity and the resulting increased litter production 
seem unlikely to increase soil C sequestration.

Abbreviations: DL, double litter; DSC, differential scanning calorimetry; EGA, evolved gas 
analysis; LOI, loss-on-ignition; NI, no inputs; NL, no litter; NR, no roots; SOM, soil organic 
matter; TG, thermogravimetry.
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predict how soil organic C pools will respond to climate change 
and changes in land use and management.

Organic C inputs into soil are derived from aboveground 
organic matter sources, including leaves, twigs, seeds, and coarse 
woody debris, as well as belowground inputs from roots, root exu-
dations of C compounds, and organic matter from the rhizospher-
ic microbial community (Nadelhoffer et al., 2004; Ekberg et al., 
2007). Most of these inputs decompose rapidly and are respired 
back into the atmosphere as CO2 within a few years. However, 
microbial decomposition of these inputs is incomplete, and the 
metabolites and microbial necromass are stored in the soil, which 
leads to an accretion of SOM (Coomes et al., 2012). Inputs to 
the soil C pool are driven by rates of above- or belowground litter 
decomposition, which are influenced by chemical signatures in 
the litter that influence decomposability (Kögel-Knabner, 2002; 
Mendez-Millan et al., 2010; Andreetta et al., 2013). However, 
the degree to which decomposition products are stabilized in soil 
depends on environmental factors and biological processes that 
control the interaction between SOM and the mineral matrix 
(Sollins et al., 2006, 2009; Schmidt et al., 2011). Furthermore, 
differences in chemistry between above- and belowground litter 
inputs can influence the relative importance of litter sources in 
long-term C sequestration and the vulnerability of soil C stocks 
in response to disturbance or climate change. For example, in a 
temperate deciduous forest, root-derived aliphatic compounds 
were a source of SOM with greater relative stability than leaf in-
puts (Crow et al., 2009a). In contrast, roots in an old-growth co-
niferous forest soil were an important source of soil lignin-derived 
phenols, but needle-derived, rather than root-derived, aliphatic 
compounds were preferentially preserved.

The ability of forest management to increase net forest C 
uptake is incompletely understood ( Jandl et al., 2007). Increases 
in forest productivity can lead to increases in litter inputs to the 
forest floor, but the long-term ability of forest soils to sequester 
C is not well known (Nadelhoffer et al., 2004), as C stored in 
biomass or transferred to the forest floor does not necessarily 
lead to long-term changes in soil C storage (Sulzman et al., 2005; 
Crow et al., 2009a). Afforestation efforts can increase soil C (e.g., 
Xie et al., 2013), but the ability to increase soil C in extant forests 
is less well quantified (Nave et al., 2013). The upper limit of the 
C sequestration capacity of soils is driven by factors that enhance 
the ability of C to be physically and chemically protected from 
the microbial community (Six et al., 2002; Stewart et al., 2007; 
Mayzelle et al., 2014).

Recent work shows that alterations to organic matter inputs 
do not have a linear effect on SOM (Crow et al., 2009b; Sulzman 
et al., 2005). For example, the addition of organic matter to soil 
can lead to soil priming—stimulation of decomposition to rates 
greater than would be expected by the rate of organic matter 
inputs (Kuzyakov, 2002; Kuzyakov et al., 2000). When aboveg-
round litter inputs in a coniferous forest were experimentally 
doubled, there was a 187% increase in respiration over the rate 
expected due to the additional C inputs (Sulzman et al., 2005). 
These findings suggest that an increase in C inputs can lead to a 

negative feedback loop wherein organic matter inputs stimulate 
C release rather than increase C storage.

Because most SOM and tree roots are concentrated in up-
per soil horizons and because decomposition of aboveground 
litter inputs occurs at the soil surface (Schlesinger, 1995), most 
research on soil C has focused on the top 20 cm of soil (Eswaran 
et al., 1995; Johnson et al., 2011). However, failure to include 
deeper soils can exclude a large fraction of soil C ( Johnson et al., 
2011; Zabowski et al., 2011; Kramer and Gleixner, 2008). This 
deep SOM is generally considered to be stable, but C dynam-
ics in deeper pools are poorly understood (Rumpel and Kögel-
Knabner, 2011). There is also evidence that processes attenuating 
C mineralization, such as protection within soil aggregates, dif-
fer between surface and subsurface soils (Sanaullah et al., 2011). 
After 5 yr of experimentally doubled aboveground litter inputs 
in a temperate forest, C levels in the surface soils corresponded 
positively to litter inputs, whereas deeper mineral soils respond-
ed slowly or not at all (Nadelhoffer et al., 2004).

The purpose of this study was to determine the relative im-
portance of above- and belowground litter contributions to the 
soil C pool in a temperate deciduous forest and to assess the re-
sponse of soil C quality and mass to altered litter inputs.

MATERIALS AND METHODS
Site Description

The Detritus Input and Removal Treatments (DIRT) exper-
iment was established across a range of forest ecosystems to ex-
amine the sources and stability of forest SOM (Nadelhoffer et al., 
2004). Site locations include the Harvard Forest (Massachusetts) 
(established 1990), Bousson Experimental Research Reserve 
(Pennsylvania) (established 1991), H.J. Andrews Experimental 
Forest (Oregon) (established 1997), Síkfökút Forest (Hungary) 
(established 2000), and University of Michigan Biological 
Station (Michigan) (established 2004). This study investi-
gated the DIRT experiment at the Allegheny College Bousson 
Environmental Research Reserve, approximately 16 km south-
east of Meadville, PA (41°36¢ N, 80°2¢ W).

Bousson is characterized by a temperate climate, with 
mean daily temperatures (1961–1991) of −4.1°C in January 
and 23.6°C in July (U.S. Climate Data, 2013). Precipitation 
(?1125 mm yr−1) is seasonal, averaging 6.2 cm in January and 
12.1 cm in June (National Climatic Data Center, 2012). The site 
has approximately 4 mo of snow cover and a 4-mo growing sea-
son (Bowden et al., 2000). Tree species composition of the for-
est is 60% black cherry (Prunus serotina Ehrh.) and 28% sugar 
maple (Acer saccharum Marshall), with American beech (Fagus 
grandifolia Ehrh.) and red oak (Quercus rubra L.) constituting 
most of the remainder (Bowden et al., 2000) of the aboveground 
biomass (428 Mg ha−1). The forest is approximately 80 to 100 
yr old and is sited on what was probably pasture before develop-
ment of the current forest. Soils are Cambridge series (coarse-
loamy, mixed, superactive, mesic Oxyaquic Fragiudalfs; 75% 
sand, 23% silt, 2% clay), and the contributing parent material is 
glacial till that overlies shale and sandstone.
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Experimental Design
The experiment consists of five treatments: control, no litter 

(NL), double litter (DL), no roots (NR), and no inputs (NI), each 
with three replicate 3- by 3-m treatment plots located under complete 
forest canopy cover. Control plots receive normal above- and below-
ground inputs. Aboveground inputs include leaves, twigs, seeds, flow-
ering parts, and woody inputs <1-cm diameter. Belowground inputs 
include roots and root exudates. In NL and NI plots, aboveground 
litter was excluded using a plastic mesh fabric placed on the plots 
from late September until late October (when 95% of all litterfall oc-
curs). After senescence was complete, the leaves were removed from 
the plots. Any aboveground litter that fell on the plots outside of the 
autumn and winter period was removed monthly by hand.

Living roots entering the NR and NI treatments were severed 
when trenches were excavated in 1991 around each plot to a depth 
of 1.4 m, approximately 0.4 m below the depth of tree roots at the 
site. Plastic barriers were then inserted into the trench; the plastic 
extended vertically down the face of the trench and then extended 
horizontally at the bottom of the trench, projecting away from plot, 
to thwart roots from reentering the plots. Severed roots within the 
plots themselves were not removed. Trenches were lined with im-
pervious plastic root barriers (Griffolyn) and then refilled. We point 
out that at the time of sampling for this work, we discovered roots 
within the NR and NI plots, indicating that the root barriers were 
not completely successful in preventing roots from entering the plot. 
In essence, then, these are reduced root treatments that are not com-
pletely devoid of root inputs. Double-litter plots receive twice the 
annual input of aboveground litter; litter collected monthly or dur-
ing autumn senescence from a nearby NL or NI plot is placed on the 
DL plots. No trees existed within any of the plots. The surfaces of all 
plots were kept free of ground vegetation via hand weeding. In the 
first few years of the experiment, when herbaceous vegetation (esp. 
Podophyllum peltatum L.) was most abundant, light applications of 
glyphosate [0.14%; N-(phosphonomethyl)glycine] were applied to 
control vegetation. Single applications were made in early spring via 
hand spraying directly on new seedlings during the first 3 to 4 yr fol-
lowing plot establishment. Since that time, new seedlings (mostly 
black cherry) have been removed from the plots by hand each spring. 
After spring seedling removal, a few new plants germinate in the 
plots. In the NI and NL plots, yearly light burning with a propane 
torch was used, beginning in the 12th yr, to control a small popula-
tion of mosses that grew directly on the mineral soil. On these plots, 
20 yr of aboveground litter exclusion has resulted in the complete 
loss of the O horizon, thus allowing establishment of mosses.

Annual aboveground litter inputs across the site were es-
timated from 2001 through 2012 (excluding 2003 and 2004, 
which had incomplete collections) using 1- by 1-m litter traps lo-
cated within 2 m of each of the 15 treatment plots. The traps were 
emptied monthly during snow-free periods; the litter was dried 
at 105°C to constant weight. Litter input estimates for plots re-
ceiving aboveground litter were derived from the traps nearest 
each plot. Total DL treatment litter inputs were calculated as 
equal to the litterfall mass in the adjacent litter trap added to the 
litterfall mass at the nearby NI or NL plot that was assigned to 

provide the added litter inputs. The C content of the litter was 
estimated by measuring the C concentration of litter collected 
during senescence in the fall of 1991. Dried litter was ground on 
a Thomas Scientific Wiley Mini-Mill to pass a 0.85-mm screen 
and analyzed using a Leco CNS-2000 elemental analyzer.

Soil Organic Matter and Carbon Content
We chose two sampling locations randomly within each of the 

treatment plots and sampled in October 2012. At each location, 
we removed the O horizon by hand using 15- by 15-cm wooden 
templates (except for the NL and NI plots, which do not have O 
horizons). A gas-powered 9.62-cm-diameter diamond-bit stainless 
steel soil corer (Earthquake, 9800B) was used to collect the min-
eral soil. Mineral samples were extracted at the following depths 
below the O horizon: 0 to 10, 10 to 20, 20 to 30, and 30 to 50 cm.

Soils were collected and returned to the laboratory. The O 
horizon samples were passed through a 5.6-mm sieve and sorted 
into roots, rocks, other organic matter, and soil (Robertson et al., 
1999). Mineral soil was passed through a 2-mm sieve and sorted 
into roots, rocks, and soil. Soil bulk density was determined as 
the soil mass within the sample corer, corrected for rock volume 
within the corer. Rocks were weighed, and a mass–volume rela-
tionship (via water displacement) of rocks was calculated to de-
termine the corrected soil bulk density.

The <2-mm soil samples were mixed thoroughly be-
fore subsamples (approximately 10 g for surface samples and 
100 g for deep samples) were removed for soil moisture analysis. 
Subsamples were weighed, dried at 105°C for at least 48 h, and 
then reweighed (Grand and Lavkulich, 2011).

Approximately 2.0-g subsamples from each soil sample were 
combusted in a muffle furnace at 550°C for 4 h (Heiri et al., 
2001) to determine the organic matter content of the soil sam-
ples (i.e., loss-on-ignition [LOI]). Soil C concentrations of dry 
soil samples (?0.2000 g for O horizon, ?0.1000 g for 0–30-cm 
soil, and ?0.3000 g for 30–50-cm soil) were measured.

Root Biomass
We measured root masses for all treatments and depths to 

examine the influence of litter amendments on the root distri-
bution and amount. For both the O horizon and mineral soils, 
extracted roots were rinsed with tap water, dried at 105°C for 
at least 48 h, sorted into two size classes (<1 and 1–2 mm), and 
weighed (Robertson et al., 1999). We determined C concentra-
tions of dry root samples (?0.2000 g).

Soil pH
We measured the soil pH using a slurry of 30 mL of deion-

ized water and 15 g of field-moist soil (Robertson et al., 1999). 
Thirty minutes after mixing the slurry, the pH was measured 
with a Fisher Scientific Accumet Model 10 pH meter.

Soil Organic Matter Quality
Thermal analyses were performed to characterize the SOM 

quality under the assumption that thermal stability is related 
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to biogeochemical stability (e.g., Plante et al., 2011). Analyses 
were performed using a Netzsch simultaneous thermogravim-
etry (TG) and heat flux differential scanning calorimetry (DSC) 
thermal analyzer (STA 409PC Luxx) equipped with a type-S 
(Pt/PtRh) TG-DSC sample carrier supporting a PtRh10-Pt 
thermocouple (Netzsch-Gerätebau GmbH). Samples were 
weighed into a 85-mL Pt/Rh crucible covered with a lid con-
taining a pinhole to allow venting of the sample. An identical 
empty crucible was used as a reference. Samples were heated to 
105°C at 10°C min−1 and held at this temperature for 15 min 
to eliminate sample moisture. Heating then continued to 750°C 
at 10°C min−1. The furnace atmosphere consisted of CO2–free 
Ultra-Zero air flowing at 30 mL min−1 and N2 protective gas 
flowing at 10 mL min−1. Carbon dioxide evolved gas analysis 
(CO2–EGA) was performed by coupling an LI-840 CO2/H2O 
infrared gas analyzer (IRGA, LI-COR Biosciences) to the outlet 
of the thermal analyzer. More details on the TG-DSC and IRGA 
coupling can be found in Fernández et al. (2012).

Thermogravimetric mass loss, exothermic heat flux, and 
CO2 evolution in the temperature range between 125 and 650°C 
was attributed to SOM combustion. The temperature at which 
half of the thermogravimetric mass loss occurred (TG-T50) was 
determined as an index of the energy required for SOM com-
bustion and therefore of SOM quality and stability. The DSC 
thermograms were baseline corrected using the nonparametric 
baseline fitting function of Peakfit software (Systat Software 
Inc.) before the calculation of DSC-based indices of SOM qual-
ity. The energy content of SOM (in mW) was determined by 
integrating the baseline-corrected DSC heat flux thermograms 
over the exothermic region 125 to 650°C. Energy content was 
then normalized by the mass of C present in the sample as de-
termined by elemental analysis to calculate the energy density of 
the sample (expressed in J mg−1 C). The temperature at which 
half of the heat is released (DSC-T50) was also calculated from 
DSC thermograms. The CO2–EGA thermograms were inte-
grated to determine the total amount of C evolved from sample 
combustion and detected by the IRGA. The thermograms were 
then normalized by the total amount of C evolved to remove the 
effect of differing initial sample SOM concentrations. The EGA 
C yield was determined by dividing the total amount of evolved 
C by the sample C concentration as determined by elemental 
analysis. Lastly, the temperature at which half of the CO2 was 
evolved (CO2–T50) was determined using total CO2–evolved 
normalized data as an index of SOM quality similar to that of 
DSC-T50. The use of CO2–EGA greatly improves the resolu-
tion of SOM characterization by thermal analysis. We consider 
CO2–T50 superior to DSC-T50 because DSC data can be affect-
ed by thermal reactions not associated with SOM combustion 
such as the dehydroxylation of kaolinite (Fernández et al., 2012).

Statistical Analyses
We used SigmaPlot Version 12.5 to perform one- and two-

way ANOVAs to compare treatment and depth differences. 
Data that were not normally distributed or were not homosce-

dastic were natural logarithm transformed before analysis when 
possible. Nonparametric rank-order analyses were used for 
non-normally distributed data. Tukey’s post-hoc analyses were 
used to separate differences among means. Similarly, ANOVA 
was used to compare TG-T50, energy density, DSC-T50, and 
CO2–T50 values among treatments. Analyses were performed 
separately by depth because an initial two-way ANOVA showed 
significant differences attributable to depth and the treatment ´ 
depth interaction. Principal component analysis of the complete, 
normalized CO2–EGA thermograms with a 1°C resolution 
was used as an integrative means of characterizing differences 
in SOM quality among samples. Principal component analyses 
were performed using R 2.13.2 with the ade4 package (Chessel 
et al., 2004; R Core Team, 2012).

RESULTS
Soil Organic Matter and Carbon

Litter inputs were 239 ± 2.8 g C m−2 yr−1 in the control 
plots, 239 ± 9.8 g C m−2 yr−1 in the NR plots, and 477 ± 15.1 
g C m−2 yr−1 in the DL plots. Mean litter input at the site was 
243 ± 0.5 g C m−2 yr−1.

Soil organic matter concentrations (Fig. 1) differed by depth 
(p < 0.001) and by treatment (p = 0.010). Concentrations in the O 
horizon ranged from 477 g C kg−1 (control) to 544 g C kg−1 (DL) 
compared with SOM concentrations ranging from 72.3 g C kg−1 
(NI) to 127 g C kg−1 (control) in the 0- to 10-cm mineral soil. 
Averaged across all treatments, SOM in the mineral soil at the 0- to 
10-cm depth was 2.8 times higher than SOM concentrations at 30 
to 50 cm. Among treatments, pairwise comparisons showed that 
DL and control treatments did not differ. Control treatments had 
significantly greater concentrations than the NL (p = 0.005) and 
NI (p < 0.001) treatments but not the NR treatment. The SOM 
concentrations in the NR and NI plots did not differ.

Soil C concentrations (Table 1) followed patterns similar to 
those of SOM, with C decreasing significantly with depth (p < 
0.001) and affected by treatment (p = 0.008). Among treatments, 
post-hoc comparisons revealed trends similar to the SOM con-
centration data: DL and control treatments were not different; 
control plots had higher concentrations than NI (p < 0.001) but 

Fig. 1. Soil organic matter concentration by depth and treatment in 
DIRT treatment plots at Bousson Experimental Forest (n = 3, bars are 
standard errors).
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not NR or NL. Carbon concentrations in the NR plots were also 
greater than concentrations in the NI plots (p = 0.049).

Because of the variability of coarse fragments among samples, 
the mineral soil mass differed among treatments (p = 0.004). 
However, even though differences occurred in mineral SOM con-
centrations across treatments, we did not find significant differenc-
es in corrected mineral soil bulk density across treatments (Fig. 2). 
Hence, to provide site-based mineral soil estimates of SOM and C 
mass, we calculated a single, site-wide estimate of mineral soil mass 
for each soil depth using all soil mass measurements across the 15 
plots. For site-wide O horizon estimates of SOM mass and C, we 
used an average O horizon mass for each treatment.

Soil organic matter mass (Fig. 3) differed by depth (p < 0.001) 
and treatment (p < 0.001). Total SOM mass was lowest in the O 
horizon, with the 0- to 50-cm mineral soil containing 10 times more 
SOM than the O horizon. Across treatments, SOM mass did not 
differ between the control and DL treatments but was greater in 
controls that in any of the decreased input treatments (NI: p < 0.001; 
NL: p = 0.003; NR: p = 0.04). In the 0- to 10-cm mineral soil, SOM 
content in the control treatment was 10.94 ± 0.42 (SE) kg m−2 
compared with 7.52 ± 0.42 kg m−2 in the NI treatment. There were 
no significant differences among the low-input treatments.

Soil C mass in the mineral soils (Table 1) decreased with 
depth (p < 0.001) and litter loading (p < 0.001). Similarly, total C 
(Fig. 4) for all mineral soil depths combined differed significantly 

among treatments (p = 0.019), with only 72% as much C in the NI 
plots as in the controls.

Root Biomass
Root mass (Table 2) declined significantly by depth for 

both root size classes (0–1 mm, p < 0.001; 1–2 mm, p = 0.005). 
Root mass varied among treatments for both size classes (0–1 
mm, p < 0.001; 1–2 mm, p < 0.001), with the NR treatment 
having significantly fewer roots in both size classes than the 
DL and control treatments (p values ranging from <0.016 to 
<0.001). Furthermore, within the finest root size class (<1 
mm), there was a significant difference among the DL, control, 
and NI treatments (p = 0.015) in the mass of roots above the 
20-cm soil depth.

It is important to note that the NR and NI treatments were 
not devoid of roots, as had been intended. Tree roots had appar-
ently entered into the plots from beneath the 1.4-m-deep root 
barriers, and these roots certainly added exudates, litter, and or-
ganic matter contributions from the rhizospheric community to 
the pool of SOM. However, the total standing root mass in the 
DL plots was more than threefold greater than in the NR plots 
and more than 20-fold greater than in the NI plots, so by com-
parison, any root C inputs into the reduced root plots will be far 
less than in the treatments with roots.

Table 1. Soil C concentration and content by depth and treatment in DIRT experiment at Bousson Experimental Forest (n = 3 plots 
per treatment).

Depth Units
Soil C

Double litter Control No litter No roots No inputs
Mean SE Mean SE Mean SE Mean SE Mean SE

cm

O horizon
g kg−1 298.8 42.4 278.7 66.1 NA† NA 278.9 46.0 NA NA
kg m−2 1.06 0.15 1.09 0.26 NA NA 0.74 0.12 NA NA

0–10
g kg−1 56.8 3.3 60.4 3.4 49.5 4.3 56.8 4.5 38.9 3.4
kg m−2 4.87 0.28 5.17 0.30 4.24 0.37 4.87 0.39 3.33 0.29

10–20
g kg−1 31.6 0.9 31.3 5.3 27.0 0.4 31.3 1.1 27.0 0.4
kg m−2 3.31 0.09 3.28 0.55 2.83 0.04 3.28 0.12 2.83 0.04

20–30
g kg−1 20.7 3.1 22.5 5.0 18.2 0.4 20.7 2.1 17.5 0.9
kg m−2 2.42 0.36 2.63 0.58 2.12 0.04 2.42 0.24 2.03 0.10

30–50
g kg−1 9.9 1.9 12.4 1.6 9.4 1.1 9.9 1.1 8.1 0.8
kg m−2 2.73 0.53 3.40 0.44 2.57 0.29 2.71 0.313 2.23 0.23

† NA, not applicable.

Fig. 2. Corrected mineral soil bulk density by depth and treatment in 
DIRT treatment plots at Bousson Experimental Forest (n = 3, bars are 
standard errors).

Fig. 3. Soil organic matter mass by depth and treatment in DIRT 
treatment plots at Bousson Experimental Forest (n = 3, bars are 
standard errors).
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Soil pH
The soil pH in the O horizon ranged from 3.22 to 3.43 and 

was lowest in the 0- to 10-cm-depth mineral soil (3.12–3.25). 
There was a gradual decrease in mineral soil acidity as depth in-
creased from 0 to 50 cm (ln-transformed H+ data; p < 0.001), 
but the soil pH did not vary by treatment. At the 30- to 50-cm 
depth, the pH ranged from 3.69 to 3.88.

Thermal Analysis
Thermogravimetric mass losses in the 125 to 650°C tem-

perature range were strongly correlated with LOI mass losses and 
sample C concentrations, particularly for mineral soils (Fig. 5). 
While the regression between LOI and TG mass loss fell very 
close to the 1:1 line (slope = 1.02; Fig. 6a), the slope of the re-
gression between C concentration and TG mass loss was 0.581, 
which was actually closer to the conventional 1.74 multiplier 
used to convert C to SOM (Pribyl, 2010) than the regression 
between LOI and C concentration. These results confirm that 
thermal reactions in this temperature range were dominated by 
organic matter combustion.

The TG-T50, energy density and DSC-T50 values (Fig. 6) 
showed similar trends as a function of depth. The TG-T50 values 
appeared to reach a minimum in the 10- to 20-cm depth, but the 
error around values from the 30- to 50-cm depths was substantial, 
probably due to low C concentrations at depth. Thermal indices of 
SOM quality did not differ among treatments at depth (>10 cm). 
In the surface mineral horizon (0–10 cm), energy density did not 

differ among treatments. Differences in TG-T50 and DSC-T50 
values were small but statistically significant. The TG-T50 values 
ranged from 340.7°C (NI) to 346.7°C (control) and DSC-T50 
values ranged from 347.3°C (NI) to 360.3°C (control).

The EGA C yields were substantially greater for O horizon 
samples (>93% of total C as measured by elemental analysis) 
than for mineral soil samples (72–83%) for all treatments com-
bined, suggesting that the mineral-dominated matrix prevented 
the complete combustion of all soil C under the dynamic heating 
conditions used in the thermal analyses. The EGA C yields did 
not differ among treatments, and showed no relationship with 
initial sample C concentrations in the mineral soils (data not 
shown). Principal component analysis (PCA) of the CO2–EGA 
thermograms showed no separation by treatment but a clear sep-
aration of the litter (O) horizon samples from the mineral soil 
samples on PC1 (Fig. 7) due to the greater proportion of CO2 
evolved during combustion at 400 to 450°C, typically attributed 
to lignin combustion. The large separation of litter and mineral 
soils (PC1 accounted for 80.3% of the variability) clearly dem-
onstrates the effects of organic matter composition and sample 
matrix on the results of thermal analysis. It is important to note 
that the CO2–EGA thermograms were normalized by the total 
CO2 evolved, and therefore differences are not attributable to 
C concentrations but reflect differences in SOM quality only. 
Excluding O horizon samples and focusing on the mineral soil, 
the 0- to 10-cm-depth samples were again well differentiated 
from the deeper soil horizons on PC1 and PC2 (Fig. 8) due to 
the greater abundance of CO2 evolved at 400 to 450°C (Fig. 8) 
and to the lower contribution of CO2 evolved at around 500°C, 
a thermal range typically attributed to stabilized SOM that is 
likely to be more abundant in deeper horizons.

The CO2–T50 values were higher in the O horizon than 
the mineral soil horizons and relatively similar for the 0- to 10-, 
10- to 20-, 20- to 30-, and 30- to 50-cm-depth horizons (Fig. 
8). Similar to TG-T50 and DSC-T50, the differences among 
treatments were significant only for the 0- to 10-cm horizon 
(p < 0.001), with significantly greater CO2–T50 values for the 
controls than the NL, NR, and NI treatments and significantly 
greater CO2–T50 for the DL treatment compared with the 
NI treatment.

Fig. 4. Total soil C mass by treatment in DIRT treatments at Bousson 
Experimental forest (n = 3, bars are standard errors).

Table 2. Root mass for roots 0- to 1- and >1- to 2-mm diameter in DIRT treatment plots at Bousson Experimental Forest (n = 3 
plots per treatment).

Depth
Root 
size

Root mass
Double litter Control No litter No roots No inputs

Mean SE Mean SE Mean SE Mean SE Mean SE
cm mm ——————————————————————— g m−2 ———————————————————————

O
0–1 48.99 12.11 39.04 8.77 NA† NA 13.15 8.12 NA NA

>1–2 9.29 0.38 11.97 3.23 NA NA 3.69 3.30 NA NA

0–10
0–1 74.27 17.39 47.45 11.07 62.09 15.86 31.23 15.87 5.97 5.00

>1–2 50.08 22.96 48.72 7.35 24.19 8.81 18.20 9.30 3.52 2.82

10–20
0–1 49.29 7.53 38.28 8.84 42.71 8.07 19.86 10.30 4.02 3.28

>1–2 63.17 32.61 51.52 16.01 21.66 6.50 11.04 5.63 2.45 1.75

20–30
0–1 35.62 5.68 31.18 9.71 25.65 1.37 9.42 4.75 0.44 0.35

>1–2 32.63 13.36 24.57 2.31 13.02 3.20 9.21 5.81 0.60 0.60

30–50
0–1 24.31 3.86 31.14 9.64 24.92 0.85 8.04 4.31 1.92 1.03

>1–2 49.47 15.77 23.71 8.09 17.80 1.02 5.28 2.66 0.94 0.56
† NA, not applicable.
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DISCUSSION
Contrary to our expectations, 20 yr of doubled above-ground 

litter inputs, which also resulted in an increase in total fine root 
mass within the O horizon and upper 20 cm of mineral soil, did 
not increase SOM and C concentrations or mass. These results 
are consistent with results reported for other temperate deciduous 
or coniferous forests. For example, after 20 yr of doubled aboveg-
round litter inputs to temperate deciduous forest soils at a DIRT 
experiment site at the Harvard Forest Long-Term Ecological 
Research (LTER) site, there were no changes in mineral soil C 
(Lajtha et al., 2014a). Similarly, tripling aboveground litter inputs 
for 4.5 yr in a temperate deciduous forest in Tennessee (Garten, 
2009) and doubling inputs for 15 yr at an old-growth coniferous 
forest located at the H.J. Andrews LTER site (Crow et al., 2009b) 
resulted in no difference in mineral soil C.

That the Bousson soils did not accrue additional C is at odds 
with recent results showing that Bousson soils can continue to add 
C to some soil aggregate fractions in response to additional litter in-
puts (Mayzelle et al., 2014). Furthermore, other forests have shown 
increases in soil C in response to increased litter additions. Mineral 
soil C increased in response to litter additions in a moist tropical for-
est (Leff et al. (2012), and after 50 yr of doubled litter inputs in a 
Wisconsin temperate deciduous forest, soil C concentrations in-
creased 27 to 38% (Lajtha et al., 2014b). Similarly, at a DIRT experi-
ment site in a Mediterranean oak forest in Hungary, soil C increased 
after 8 yr of doubled litter additions (Fekete et al., 2014).

High rates of litter decomposition at the Bousson site probably 
limit the ability of soluble or particulate decomposition products to 
contribute to increases in soil C. At Bousson, most aboveground lit-
ter is easily degradable, with high concentrations of N. Sugar maple, 
which represents 50% of the litter input, has an N concentration of 
8.6 g kg−1; black cherry, which is 39% of the litterfall input, has an 
N concentration of 9.1 g kg−1. Soil N content and dynamics are also 
conducive to rapid decomposition. The O horizon material in the 
control and DL plots was 16 g kg−1 N, and soil N mineralization 
at this site is high (121.0 kg N ha−1yr−1), with most mineralized N 
being nitrified (Bowden et al., 2000). Collectively, these litter and 
soil conditions drive high rates of decomposition at Bousson, which 
has a decay constant of approximately 0.54 yr−1 (Coble, 2004) for 
the black cherry and sugar maple litter that comprises the major-
ity of litterfall inputs. These rates compare with sugar maple decay 
constants at a Harvard Forest (Massachusetts) temperate deciduous 
forest (0.55–0.64 yr−1, McClaugherty et al., 1985). Black cherry has 
been observed to decay rapidly as well. Lorenz et al. (2004) observed 
that within 6 mo, black cherry litter had been decomposed to 31.7% 
of its initial mass; after 2 yr only 5.4% of the original mass remained. 
At Bousson, high leaf litter N concentrations, along with high rates 
of N mineralization and nitrification, suggest that decomposition is 
not N limited. Rapid microbial processing of added leaf litter inputs 
appears to result in little formation of long-term rapid increases in 
SOM accumulation.

Fig. 5. Relationships between thermogravimetric (TG) mass loss in the temperature range 125 to 650°C with (a) soil organic matter (SOM) concentra-
tion by loss-on-ignition (LOI) and (b) soil organic C (SOC) concentration by elemental analysis. The relationship between LOI and C concentration 
(c) for mineral soil samples from the DIRT experiment at Bousson Experiment Forest yields a conversion factor of 1.85, which is close to the conven-
tional SOC to SOM conversion factor of 1.74 (Pribyl, 2010). Solid lines represent best fit regression lines; dashed lines represent 1:1 correspondence.

Fig. 6. (a) Temperature during thermal analysis at which half of the thermogravimetric mass loss occurred (TG-T50), (b) energy density, and (c) 
temperature at which half of the energy release occurred (DSC-T50) as a function of depth and treatment in the DIRT experiment at Bousson 
Experimental Forest (n = 3, bars are standard errors).
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Soil priming might also inhibit increases in SOM. Previous 
studies have observed that increases in aboveground litter inputs 
promote the decomposition of recalcitrant SOM (Fontaine et al., 
2004; Sulzman et al., 2005; Chemidlin Prévost-Bouré et al., 2010), 
although it appears that such effects may be short-lived (Hoosbeek 
and Scarascia-Mugnozza, 2009; Guenet et al., 2012). After 12 yr of 
doubled litter inputs at Bousson, laboratory incubations showed 
decreased respiration of C in soils from DL plots compared with 
controls (Crow et al., 2009a). Priming may have occurred early in 
this experiment, but at 12 yr into the study, DL soils showed lower, 
not higher rates of soil respiration. Thus, priming effects were tran-
sient but may have reduced soil C during periods of active priming.

Not surprisingly, plots with reduced litter inputs (NL and 
NI) had lower soil C contents than the controls, indicating that 
maintaining soil C requires continual aboveground litter inputs. 
Soil organic matter stocks derived from aboveground litter require 
a steady supply of aboveground litter inputs, and cessation of these 
inputs in concert with a high decomposition rate for this material 
resulted in loss of litter-derived SOM and C from this soil. Overall, 
the NL plots exhibited a 24% reduction and the NI plots showed 
a 33% reduction in total C. These compare with 20-yr results at 
Harvard Forest, where there was a 10% decrease in C content with 
leaf litter removal and approximately a 5% decrease in C content 
with root exclusion (Lajtha et al., 2014a). The soil O horizons dis-
appeared entirely from the NL and NI plots, resulting in a C loss 
of 1.09 kg C m−2. In the mineral soil, the largest declines occurred 

in the 0- to 10-cm depth (0.93–2.01 kg C m−2), although losses 
were observed throughout all soil depths.

Reduced inputs of roots in the NR treatments, even after 
20 yr, did not significantly reduce C. This is surprising, but it is 
in agreement with recent work showing that root-derived ali-
phatic compounds were a source of SOM with greater relative 
stability than aliphatic compounds derived from leaf inputs 
(Crow et al., 2009a). Whereas leaf litter may have immediate 
effects on soil C stores, root litter may result in more stable 
sources of C that are chemically or physically protected from 
microbial activity. This would be in agreement with studies 
showing that roots are the primary controllers of soil C pools 
(Oades, 1988; Rasse et al., 2005; Schmidt et al., 2011; Tefs and 
Gleixner, 2012; Clemmensen et al., 2013; Lynch et al., 2013).

A further explanation for the smaller C decrease in the 
NR plots may lie in our incomplete success in eliminating root 
inputs to these plots. We do not know when roots reentered 
the plots, but clearly organic matter derived from these recolo-
nized roots had contributed to SOM inputs.

Processes that alter litter inputs can result in changes not only 
at the soil surface but also at deeper depths. Our work shows that 
failure to sample at depth would drastically underestimate soil C 
changes. At Bousson, 60% of the C mass in the control plots was 
found at the 10- to 50-cm depth, and 55% of the loss of total C 
mass in the NI plots occurred at the 10- to 50-cm depth. Similarly, 
Tefs and Gleixner (2012) sampled to 60 cm and found that there 
was far more storage at depth than in surface horizons.

Despite changes in SOM content, which can alter produc-
tion of organic acids (Sayer, 2006), we saw no change in pH among 
treatments. The conventional paradigm of SOM decomposition 
would suggest that alterations in C input rates would affect labile 
SOM pools more than recalcitrant pools (e.g., Schmidt et al., 2011), 
resulting in substantial shifts in overall SOM quality among the 
DIRT treatments. These predicted shifts in SOM quality were not 
borne out by the thermal analysis data. Interestingly, there were no 
differences (after 12 yr of treatment) in the mean residence time of 
light or heavy soil C fractions at Bousson, indicating that SOM of 
different quality was equally subject to decomposition (Crow et 
al., 2009a). Several thermal indices of SOM quality and an analysis 
of CO2–EGA thermogram shapes showed no significant differ-
ences among treatments but did differ by soil depth. The decrease 
in energy density and DSC-T50 of organic matter with depth can 
be attributed to the decrease in undecomposed plant debris with 
depth, which is typically energy dense and thermally stable due to 
its abundance in lignin combusted around 400°C. It is important 
to note that DSC and TG results can be affected by confounding 
non-SOM combustion thermal reactions, especially in deeper ho-
rizons with lower SOM concentrations. In the current study, how-
ever, CO2–EGA data were consistent with the DSC-based indices 
of SOM stability, and TG mass losses were strongly correlated with 
SOM and C concentrations, suggesting that non-SOM-derived 
thermal reactions did not contribute substantially to the results.

Overall, our work shows that the link between litter inputs and 
soil C storage is neither direct nor linear. Additional litter inputs, as 

Fig. 7. Principal component analysis (PCA) performed on normalized evolved 
CO2 thermograms from Bousson DIRT experiment soils, with analysis of all 
samples in the left-hand column and mineral soil samples only in the right-
hand column: (a) PCA scores for all samples, PCA loadings of (b) PC1 and (c) 
PC2 for all samples, (d) PCA scores for mineral soils only, and PCA loadings 
of (e) PC1 and (f) PC2 for mineral soils only. The PCA scores are grouped into 
95% confidence ellipses by sample depth (n = 3, bars are standard errors).
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might occur with increases in ecosystem productivity, do not trans-
late directly to increases in soil C. Conversely, declines in leaf litter 
inputs can lead to rapid losses of soil C. Importantly, the source of 
litter matters. At this forest, removal of aboveground litter inputs 
decreased soil C content more strongly than did the reduction of 
root inputs, indicating the importance of roots in long-term soil C 
stability and the role of aboveground litter inputs in maintaining ac-
tive soil C pools. However, insofar as other studies have documented 
the importance of roots over leaves in controlling soil C, it becomes 
clear that the primary sources of soil C vary among forests, and fac-
tors controlling the relative importance of those factors among dif-
ferent forests are not well known. Soil C models that quantify SOM 
dynamics will need to consider not only the rates of soil C inputs but 
also the sources of organic matter that contribute to long-term C se-
questration. Differences in SOM quality detected by thermal analysis 
were more strongly associated with soil depth than with the DIRT 
treatments themselves, suggesting that alterations of C input quan-
tities did not substantially change SOM composition or stability, as 
might be implied from the conventional labile-recalcitrant paradigm.

Soil C storage is a slow process, and efforts to manipulate 
forest soils as a means to rapidly increase soil C storage are not 
likely to greatly accelerate net C sequestration in forests. In 
contrast, environmental changes or management decisions that 
decrease above- or belowground litter production can result in 
relatively rapid soil C losses.
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