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Abstract

The formation and stabilization of soil organic matter (SOM) are major concerns in the context of global change for

carbon sequestration and soil health. It is presently believed that lignin is not selectively preserved in soil and that

chemically labile compounds bonding to minerals comprise a large fraction of the SOM. Labile plant inputs have

been suggested to be the main precursor of the mineral-bonded SOM. Litter decomposition and SOM formation are

expected to have temperature sensitivity varying with the lability of plant inputs. We tested this framework using

dual 13C and 15N differentially labeled plant material to distinguish the metabolic and structural components within

a single plant material. Big Bluestem (Andropogon gerardii) seedlings were grown in an enriched 13C and 15N environ-

ment and then prior to harvest, removed from the enriched environment and allowed to incorporate natural abun-

dance 13C–CO2 and
15N fertilizer into the metabolic plant components. This enabled us to achieve a greater than one

atom % difference in 13C between the metabolic and structural components within the plant litter. This differentially

labeled litter was incubated in soil at 15 and 35 °C, for 386 days with CO2 measured throughout the incubation. After

14, 28, 147, and 386 days of incubation, the soil was subsequently fractionated. There was no difference in tempera-

ture sensitivity of the metabolic and structural components with regard to how much was respired or in the amount

of litter biomass stabilized. Only the metabolic litter component was found in the sand, silt, or clay fraction while the

structural component was exclusively found in the light fraction. These results support the stabilization framework

that labile plant components are the main precursor of mineral-associated organic matter.
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Introduction

Soil organic matter (SOM) is a fundamental resource

to humanity, for the many ecosystem services it pro-

vides (Smith et al., 2015), yet it is extremely vulnera-

ble to climate and land use change. Accurate

forecasting of future SOM contents and dynamics

requires a clear understanding on how the decompo-

sition of different litter chemical components is

affected by climate change, and would then contribute

to SOM formation. Our understanding of the litter

components contributing to and the mechanisms

involved in SOM formation has been changing (Sch-

midt et al., 2011; Lehmann & Kleber, 2015). New

experimental approaches are needed to help clarify

these changing viewpoints. Some of the questions that

arise with these changing views are: (i) is it useful to

discuss plant litter decomposition and its contribution

to SOM in terms of labile and recalcitrant litter pools?

(ii) If so, will climate warming differently affect the

decomposition of biochemically labile vs. recalcitrant

plant components? and (iii) What is their ultimate fate

in SOM and is it affected by warming? We addressed

these questions by an innovative isotopic approach,

consisting in the dual 13C and 15N differential labeling

of the metabolic and structural components within the

same plant material.

Measured plant litter decomposition rates most often

fit either one or two pool exponential models. Common

biogeochemical models, such as Century (Parton et al.,

1987), Roth-C (Jenkinson et al., 1987), and MIMICS

(Wieder et al., 2014), partition plant litter into a meta-

bolic portion which is higher quality litter and quick to

decompose and a structural portion which is lower

quality and slower to decompose (Cotrufo et al., 2009).

Measuring these modeled litter pools along with track-

ing their contribution to C losses to the atmosphere or

gains into SOM can be challenging and has many of

the same challenges that are associated with SOM

dynamics (e.g., Smith et al., 2002).
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Various fractionation methods have been utilized to

isolate different plant components that can represent

different organic matter pools. Hot water extracts

(HWE) are commonly used to isolate the labile portion

of organic C. In soils, they have been found to correlate

positively to total carbohydrates (Ghani et al., 2003),

and to be largely composed of carbohydrates and N-

containing compounds such as amino-N species,

amides (Leinweber et al., 1995), and proteins (Balaria

et al., 2009). HWE were found to linearly correlate with

dissolved organic matter production during litter

decomposition and greater amounts of HWE were

found in faster decomposing litters (Soong et al., 2015).

Based on this previous work, we utilized hot water

extraction to partition the litter into a metabolic and a

structural component, and use partial isotopic labeling

to differentially label those two fractions, to verify if

these two measured fractions corresponded to the two

metabolic and structural pools used in many biogeo-

chemical models.

Kinetic theory would predict that more complex

molecules that have slower decomposition rates have

higher activation energies and therefore are more tem-

perature sensitive (Bosatta & Agren, 1999; Davidson &

Janssens, 2006). The complexity of the SOM matrix

can cause a discrepancy between the inherent temper-

ature sensitivity that we expect to occur and the

apparent temperature sensitivity that we measure

(Davidson & Janssens, 2006), likely causing contrast-

ing study results (Giardina & Ryan, 2000; Fang et al.,

2005; Knorr et al., 2005). Some studies have compared

temperature sensitivity with regard to lability by com-

paring materials that tend to be more biochemically

labile or resistant like various chemical compounds

(Fierer et al., 2005; Frey et al., 2013), roots vs. shoots

from the same plant that tend to vary in decompos-

ability (Fierer et al., 2005), litters that vary in aromatics

and tannins and tend to have differing labilities (Wal-

lenstein et al., 2012), or freshly senesced vs. old litter

that have different proportions of labile and recalci-

trant compounds (Suseela et al., 2013). These

approaches can still have confounding factors making

results difficult to interpret. Differential labeling of the

labile and recalcitrant components of the same plant

material can be an innovative approach to study their

specific temperature sensitivity within a single plant

material as this will allow us to directly track the

decomposition and stabilization of labile and recalci-

trant compounds.

The classical view of SOM formation was that lig-

nin-like compounds in plant material that resisted

decomposition were complexed or ‘humified’ and

eventually form stable SOM (Stott et al., 1983; Steven-

son, 1994; Berg & Mcclaugherty, 2008). In the past

decade, the application of new techniques has sup-

ported Waksman’s (1932) statement that SOM is

mostly comprised of microbial products and plant

material in various stages of decomposition (Kelleher

& Simpson, 2006). Lignin is not selectively preserved

in soil (Preston et al., 2009), while ‘humic-like’ macro-

molecules are considered an artifact of the extraction

technique (Lehmann & Kleber, 2015) These findings

have changed how we view SOM recalcitrance (Kle-

ber et al., 2011) and what causes the persistence of

SOM (Schmidt et al., 2011; Lehmann & Kleber, 2015).

The Microbial Efficiency-Matrix Stabilization (MEMS)

framework was proposed (Cotrufo et al., 2013) to re-

emphasize earlier understanding on this subject,

according to which mineral-associated SOM is

formed from the microbial processing of plant inputs,

and subsequent bonding of microbial products on

mineral surfaces. From this model, Cotrufo et al.

(2013) proposed that labile litter components would

result in proportionally more mineral stabilized SOM.

Recent field evidence suggests that this occurs

through a dissolved organic matter pathway, while

recalcitrant litter residues enter the SOM via physical

transfer and result primarily in the formation of

coarse particulate organic matter (Cotrufo et al.,

2015). Earlier evidence that glucose-derived SOM was

more stable than wheat residues (Voroney et al.,

1989) is supported by the MEMS hypothesis that

more labile litter results in mineral stabilized SOM

(Hatton et al., 2015).

Differential labeling of plant material has been uti-

lized to track labile and recalcitrant plant components

incorporation into soil (Fahey et al., 2011), but no stud-

ies have done the direct tracking of plant components

into different mineral stabilized SOM fractions. Here,

we propose a novel method of differentially labeling

plant material with 13C and 15N to distinguish the

labile and recalcitrant components within a single

plant material and determine their specific tempera-

ture sensitivity along with their fate as they decom-

pose and form different SOM pools. By utilizing dual-

labeled litter (e.g., 13C and 15N), we were able to parti-

tion the contribution of metabolic and structural litter

into the SOM, using a three-pool mixing model (Phil-

lips & Koch, 2002).

Our overall goal in this study was to respond to the

three above questions. Specifically, our objectives were

to: (i) differentially label and fractionate the metabolic

and structural plant litter components within the same

litter material, (ii) verify if they correspond to com-

monly modeled litter kinetic pools, (iii) test if they have

different temperature sensitivities to decomposition,

and (iv) track their fate in soil and stabilization in

different SOM pools.
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Materials and methods

Differential labeling

Big Bluestem (Andropogon gerardii) seedlings were grown in a

dual isotopic labeling chamber as described by Soong et al.

(2014). 13C enriched CO2 was pumped into the sealed chamber

constantly to achieve a CO2 concentration of 360–400 ppm

and a target 13C labeling of 4 atom%. The plants were watered

with 15N-labeled Hoagland’s solution weekly. Fertilizer

amounts were increased as plant biomass increased, and had

a 15N labeling of 7 atom%. The uniformly labeled plants were

grown in the labeling chamber until harvest. To distinguish

between the labile metabolic vs. the recalcitrant structural lit-

ter components during decomposition, we also produced dif-

ferentially labeled plant material. The differentially labeled

plants were removed from the labeling chamber 22 days prior

to harvest and were allowed to incorporate natural abundance
13CO2 in their metabolic (fast recycling) components, while

the structural, already formed, components remained highly

enriched. Similarly, plants were fertilized weekly with natural

abundance 15N Hoagland’s solution. Both the uniform and

differentially labeled plants were harvested 5 months after

planting. Three plants were combined for one replicate with a

total of three replicates per treatment. Aboveground material

was clipped, air dried, cut into approximately 1 cm pieces and

well mixed, prior to use for the laboratory incubation.

Litter chemical analyses

A subsample of each replicate was finely ground on a Wiley

mill equipped with a 0.75 mm-mesh screen and dried to

60 °C. A hot water extraction described by Nkhili et al. (2012)

was used to isolate relatively labile metabolic organic material

(hot water extract) vs. a more recalcitrant structural organic

material (residue remaining). For each sample, 2 g of oven

dried litter and 50 ml of deionized water were added to an

Erlenmeyer flask and placed on a preheated stirrer plate

heated to 60 °C and stirred at 200 rpm for 30 min; this extrac-

tion temperature and time were found to maximize yield and

enrichment of organic chemicals while minimizing alteration

of organic matter (Nkhili et al., 2012). The extract was then fil-

tered through a 20 lm nylon mesh filter and freeze-dried. The

remaining residue was rinsed with deionized water and oven

dried at 60 °C. Weights were taken of both components. The

freeze-dried and oven-dried material was measured on a Cost-

ech elemental combustion system coupled to a Thermo Scien-

tific Delta V Advantage Isotope Ratio Mass Spectrometer

(IRMS) for %C, %N, 13C atom%, and 15N atom%.

Soil and litter incubation

Both the uniform and differential litters were incubated with

soil from the Konza prairie long-term ecological research sta-

tion in Kansas where Big bluestem is the dominant vegetation.

The soil at this site is a silty clay Mollisol (Soong & Cotrufo,

2015). The mean annual temperature of the site is 12.8 °C with

daily lows in January reaching �20 °C and daily highs in July

reaching 39 °C (http://http://www.konza.ksu.edu). Soil

cores were collected from the R20B site (Soong & Cotrufo,

2015) from 10 to 40 cm, sieved through a 2 mm sieve to

remove all visible plant material and air-dried. A subsample

of the air-dried soil was finely ground and measured on a

Costech elemental combustion system coupled to a Thermo

Scientific Delta V Advantage IRMS for %C, %N, d13C, and
d15N. Prior to the start of the incubation, the soil had a %C of

3.08, a %N of 0.26, a d13C of �11.62, and a d15N of 6.11.

The incubation experiment consisted of three litter treat-

ments: only soil (control), soil + differential litter, and

soil + uniform litter, two temperatures: 15 and 35 °C, and

four harvest times: 14, 28, 147, or 386 days. Due to limited

availability of litter at 15 °C, there were only two harvests at

28 and 386 days. The 15 °C incubation temperature was

used to be close to the mean annual temperature and the

35 °C incubation temperature was used to be close to the

maximum daily temperature found at the site where the soil

was collected. There were three replicates, in all treatments,

for a total of 108 units. For each experimental unit, soil

(32 g) was incubated inside a plastic cup in 1 L mason jars

fitted with septa and, for the litter treatments, mixed with

0.64 g of either type of litter, corresponding to a rate of 2%

by weight, and then wetted up to 50% water filled pore

space (Linn & Doran, 1984). Water was added to the bottom

of each mason jar to maintain humidity and the soil mois-

ture was periodically checked and soils rewetted throughout

the incubation.

Respiration measurements and rate estimates

CO2 concentrations were measured on the units harvested at

386 days with a Li-COR Gas Hog IRGA (LI-COR Biosciences,

Lincoln, NE, USA) every 1–4 days for the first 2 weeks,

weekly for the first 3 months and then monthly for a total of

29 measurements. All the jars were flushed with CO2 free air

after every measurement. 13C atom% CO2 was measured

every other CO2 measurement, using a GV-Optima dual inlet

stable isotope mass spectrometer (GV Instruments, Manch-

ester, UK) for a total of 15 measurements. The 13C atom% of

the CO2 was assumed to be the average of the prior and latter

measurement at time points when the 13C atom% of the CO2

was not measured.

We used an exponential decay model to determine if litter

respiration dynamics were consistent with the existence of

two pools, with sizes matching our hot water extract and

residue litter fractions. We also used this same exponential

decay model to compare respiration dynamics between the

incubated litter and soil. We fit the respiration rates of the

litter and soil separately to the rate form of a two-pool first-

order exponential decay model as described by Haddix et al.

(2011):

DCcum

Dt
¼ Cl � klðe�kl�tÞ þ Cr � krðe�kr�tÞ ð1Þ

where DCcum/Dt is in units of lg C g�1 material day�1, Cl

and Cr are the size of the labile and resistant pool

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 2301–2312
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respectively, and kl and kr are the decomposition rates for

the labile and resistant pools. The size of the labile and resis-

tant pools adds up to the total amount of C in the material

(soil or litter); causing Cr to be determined by the difference

of the total C and the labile pool C. This method of curve fit-

ting implies that changes in respiration rate over time are

due to changes in C lability. The uniform and differential lit-

ter treatments had the same respiration throughout the incu-

bation for both temperatures (Fig. 1a, c), thus we used

the isotopic approach to partition respiration fluxes (see

below), treating total litter respiration from the uniform or

differential litter indistinctly.

Respiration partitioning and temperature sensitivity of
respiration fluxes

To partition the litter respiration into a metabolic and a struc-

tural components’ flux, we had to subtract the soil respiration

from the litter respiration in the differential litter treatment.

We thus used the soil + uniform litter treatment to determine

if the addition of litter had modified the rate of soil respira-

tion, i.e. had induced any priming (Fontaine et al., 2004). We

compared the respiration of the soil only treatment to the res-

piration of the soil in the soil + uniform litter treatment using

a mixing equation (Boutton, 1996) to determine the proportion

of respiration that arose from the uniform litter vs. the soil in

the soil + uniform litter treatment.

FUL ¼ atom% 13Cm � atom% 13CS

atom% 13CUL � atom% 13CS
ð2Þ

In this equation, FUL is the fraction of C from the uniform

litter, atom% 13Cm is the percent 13C of the C–CO2 of the mix-

ture, atom% 13Cs is the percent 13C–CO2 of the soil only treat-

ment, and atom% 13CUL is the percent 13C of the C in the

uniform litter. We found no priming at either temperature

(Fig. 1b). Thus, we subtracted the average soil respired CO2 of

the soil only unit from that of the differential litter unit to

determine the differential litter respiration (CO2S+DL).

To partition the respired litter CO2 into its metabolic and

structural components in the differential litter, we first deter-

mined the atom% of the total differential litter respired (atom

% 13CDL) using the following mass balance equation:

atom% 13CDL ¼

ðatom% 13CSþDL � CO2SþDLÞ � ðatom% 13CS � CO2SÞ
CO2SþDL � CO2S

ð3Þ

where atom% 13CS+DL and CO2S+DL are the atom% and the

concentration, respectively, of the CO2 of the soil + differen-

tial litter treatment, atom% 13CS and CO2S are the atom% and

the concentration, respectively, of the CO2 of the soil only

treatment. We then used the atom% 13CDL to determine the

fraction of metabolic litter respired (FM) using the following

mixing model equation:

FM ¼ atom% 13CDL � atom% 13CHWR

atom% 13CHWE � atom% 13CHWR
ð4Þ

where atom% 13CHWR is the atom% of the hot water residue,

our structural fraction, and atom% 13CHWE is the atom% of the

hot water extract, or metabolic fraction. We then determined

the metabolic litter respiration (CO2M) as:

CO2M ¼ FM � ðCO2SþDL � CO2SÞ ð5Þ
and the structural litter respiration (CO2S) as:

CO2S ¼ ð1� FMÞ � ðCO2SþDL � CO2SÞ ð6Þ
We calculated the temperature sensitivity of the decomposi-

tion of the metabolic and structural litter components using

the Q10-q method (Conant et al., 2008). Q10-q is calculated by

determining how much time it takes to respire a given amount

of C. The total amount of C respired at the cooler temperature

for the structural fraction was smaller than for other

Fig. 1 Cumulative respiration for (a) soil only and soil + litter

units, (b) soil in soil only and the soil + uniform litter units, and

(c) litter in differential and uniform litter units for both incuba-

tion temperatures, during the course of the 386 day incubation.

Data are averages with bars as SE (n = 3).
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treatments. To stay consistent among treatments, we calcu-

lated Q10-q for the first 20% of added litter respired for the

metabolic and structural components using the partitioned

respiration described above.

Soil fractionation

At harvest, the remaining visible litter residue from each unit

was picked out of the soil. The litter was allowed to air-dry

and then ashed at 600 °C for 6 h to correct litter remaining

weight for soil contamination. This ash-corrected litter weight

was used to determine litter mass loss. After the litter was

removed, the harvested soil was then thoroughly mixed and

allowed to air-dry.

To determine the contribution of metabolic and structural

litter components to the formation of primary organo-mineral

SOM fraction, at incubation day 14, 28, 147, and 386, a subset

of samples were harvested; and after separating by density,

the uncomplexed light fraction (LF) and the organo-mineral

fraction were separated into a sand-sized, a silt-sized, and

clay, as described in Soong & Cotrufo (2015). For each sample,

5 g of oven dried soil was shaken for 6 h with 25 ml of

1.85 g cm�3 sodium polytungstate and glass beads to disperse

aggregates and then centrifuged and the supernatant filtered

through a 20 lm nylon mesh filter, and stored as the LF. The

heavy organo-mineral fraction was washed three times with

deionized water to remove remaining sodium polytungstate

and then rinsed over a 53 lm sieve, and the fraction on the

sieve taken as the sand-sized fraction. The smaller than 53 lm
fraction was centrifuged to separate silt from clay (Soong &

Cotrufo, 2015). All three organo-mineral fractions were oven-

dried and weighed. SOM fractions along with the whole soil

were finely ground and analyzed for %C, %N, 13C atom%,

and 15N atom% as described above for the litter.

Partitioning litter contribution to SOM using a three
pool model

Since our litter was dually labeled with 13C and 15N, we were

able to partition how much of the C, N and total mass of the

metabolic and of the structural components were stabilized in

the different SOM fractions using the concentration-weighted

linear mixing model developed by Phillips & Koch (2002).

This model assumes that for each element, in our case C and

N, a source’s contribution is proportional to the contributed

mass times the elemental concentration of that source. The

model also assumes that for each element, the contribution of

a source to a consumer is proportional to the assimilated bio-

mass times the elemental concentration in that source. For

each fraction and the whole soil, we determined how much of

each of our three sources – soil, metabolic, and structural com-

ponents – contributed to each fraction over time and at the

two different temperatures. At each temperature and harvest

point, we used the corresponding control soil treatment frac-

tion %C, %N, 13C atom%, and 15N atom% for our first source

and the %C, %N, 13C atom%, and 15N atom% of the hot water

extract and hot water residue for the other two sources, i.e. the

metabolic and structural litter components, respectively. The

fraction of litter C, N, and biomass from the metabolic and

structural components determined by this mixing model was

then multiplied by the corresponding mass of each soil frac-

tion to determine how much C, N and biomass of each litter

component was stabilized in the soil.

The overall SOM stabilization efficiency of the litter was cal-

culated as the total litter biomass in the organo-mineral frac-

tion divided by the total litter biomass lost at each harvest

point calculated by the ash-corrected litter weight remaining

subtracted from the total amount of litter added at the start of

the incubation.

Statistics

Best fit parameters (Cl, kl, and kr) for the litter and soil respira-

tion using the two-pool model were estimated using non-lin-

ear regression of the CO2 evolved with time in SAS v9.3 with

the Gauss method. The only restriction imposed on parame-

ters is that the values had to be greater than zero. Comparison

on the resulting model parameters was done using a two-way

comparison in the Mixed Procedure (SAS v9.3) where incuba-

tion temperature and litter treatment were compared for each

parameter. Statistical comparisons on litter chemistry and lit-

ter stabilization were done using repeated measures in the

Mixed Procedure in SAS v9.3. For the litter, a two-way compar-

ison was used comparing litter type (uniform and differential

litter) and litter fraction and for the litter stabilization, a three-

way comparison was used comparing incubation temperature,

incubation day, and soil fraction. Statistical comparisons of

the stabilization efficiency of the litter were done using a two-

way comparison of incubation temperature and day in the

Mixed Procedure (SAS v9.3).

Results

Dual differential labeling of metabolic and structural
plant components

By removing our Big bluestem plants from the continu-

ous 13C and 15N labeling chamber to a nonenriched

environment, we were able to successfully, differen-

tially label the metabolic and structural components of

the plant material (Table 1). There was a significant dif-

ference in 13C by litter type (P < 0.0001) and by litter

fraction (P < 0.0001) with the 13C of the hot water

extract and the hot water residue for the differential lit-

ter being more than one atom% different between the

two (Table 1). There was a slight, but significant differ-

ence (P = 0.0121) in the 13C between the hot water

extract and residue for the uniform litter. This differ-

ence in the uniform litter is likely due to the natural dis-

crimination of 13C among plant morphological

components, with sugars being more enriched in the
13C isotope than lignin (Benner et al., 1987). For the 15N,

there was a significant difference in the label by litter

type (P = 0.0001), but not a significant difference by

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 2301–2312
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litter fraction (P = 0.5343), indicating that we were not

able to differentially label the 15N within the plant as

strongly as the 13C label. There was no significant dif-

ference in component mass (P = 0.6752), %C

(P = 0.6620), and %N (P = 0.2015) between the uniform

and differential litter, indicating that we did not change

the litter chemistry while differentially labeling, but

only changed the isotope enrichment.

Respiration of soil and litter components

After 386 days of incubation, the soil only treatment

respired 3% of soil C at 15 °C and 9% of soil C at 35 °C
(Fig. 1b). By the end of the experiment, 43% and 40% of

the litter was respired for the uniform and differential

litter, respectively, at 15 °C. At 35 °C, 56% and 58% of

the uniform and differential litter, respectively, were

respired (Fig. 1c). We compared modeled respiration

parameters for the soil only and the soil in the

soil + uniform litter treatments and found no signifi-

cant difference by treatment for the size of the labile

pool (P = 0.6857), labile pool decomposition rate

(P = 0.2577), and the decomposition rate of the resistant

pool (P = 0.6327) (Table 2), indicating that no priming

occurred (Fig. 1b).

When we fit the litter respiration to a two-pool expo-

nential equation, we found that the labile pool of the

differential litter comprised 7.7% of the total litter C at

15 °C and 14.8% of the total litter C at 35 °C (Table 2)

with a mean residence time for the labile pool of

14 days at 15 °C and a mean residence time of less than

1 day at 35 °C. Whereas the hot water extractible frac-

tion of the differential litter comprised 18.7% of the

total litter C (Table 1). There was no significant differ-

ence between the total amount of litter respired

between the uniform and differential litter within one

temperature treatment in the size of the labile pool

(P = 0.9929), labile pool decomposition rate

(P = 0.9295), and the decomposition rate of the resistant

pool (P = 0.3518) (Table 2). There was a significant tem-

perature effect of the litter respired for all three param-

eters (Ca P = 0.0153, ka P < 0.0001, kr P < 0.0001) with

temperature increasing the size of the litter labile pool

and decomposition rates (Table 2).

When the respiration was partitioned into the two

components, by 13C tracer identification, for the differ-

ential litter, respiration varied greatly between litter

components and incubation temperatures. At 15 °C,
27.9 and 37.5 mg C were estimated to be respired from

the extractable metabolic litter component by 28

(Fig. 2a) and 386 days, respectively (Fig. 2b). For the

35 °C incubation temperature, 31.4 and 57.0 mg C

were estimated to have been respired by the

extractable metabolic litter by 14 (Fig. 2a) and 386 days,

Table 1 C and N concentration and isotopic composition of litter chemistry of uniform and differential litter (average � 1

standard error, n = 3)

Litter type Litter fraction Mass % % of Total C %C %N 13C atom% 15N atom%

Uniform Whole litter 46.63 � 0.96 1.30 � 0.06 4.46 � 0.02 6.72 � 0.03

Hot water extract 24.0 � 0.3 18.53 � 0.28 35.64 � 0.60 1.42 � 0.07 4.59 � 0.04 6.75 � 0.03

Hot water residue 76.0 � 0.3 81.47 � 0.28 49.64 � 0.82 1.00 � 0.12 4.37 � 0.06 6.73 � 0.02

Differential Whole litter 47.05 � 1.09 1.50 � 0.09 3.35 � 0.06 6.32 � 0.03

Hot water extract 24.2 � 0.3 18.65 � 0.37 36.14 � 0.74 1.27 � 0.13 2.37 � 0.03 6.25 � 0.06

Hot water residue 75.8 � 0.3 81.35 � 0.37 50.46 � 1.06 1.42 � 0.08 3.66 � 0.05 6.36 � 0.01

Table 2 Size of the labile and resistant pool and the decomposition rates for both pools for the partitioned litter respiration and

soil respiration at the two different incubation temperatures (average � 1 standard error, n = 3)

Respiration Treatment

Temperature Labile pool Resistant pool Labile pool decay rate Resistant pool decay rate

°C % Total C % Total C day�1 day�1

Litter Differential 15 7.7 � 1.2 92.3 � 1.2 0.071 � 0.018 0.00004 � 0.00002

Litter Differential 35 14.8 � 4.7 85.2 � 4.7 1.362 � 0.305 0.00262 � 0.00040

Litter Uniform 15 7.1 � 0.6 92.9 � 0.6 0.075 � 0.007 0.00011 � 0.00002

Litter Uniform 35 15.6 � 0.8 84.4 � 0.8 1.328 � 0.120 0.00209 � 0.00024

Soil Soil only 15 1.1 � 0.0 98.9 � 0.0 0.114 � 0.004 0.00006 � 0.00000

Soil Soil only 35 1.3 � 0.2 98.7 � 0.2 0.500 � 0.111 0.00031 � 0.00004

Soil Uniform 15 1.0 � 0.1 99.0 � 0.1 0.108 � 0.010 0.00007 � 0.00000

Soil Uniform 35 1.5 � 0.1 98.5 � 0.1 0.664 � 0.066 0.00032 � 0.00004
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respectively (Fig. 2b). At the cooler incubation tempera-

ture, the metabolic component’s respiration leveled off

by the end of the incubation. At 35 °C, the metabolic

component’s respiration leveled off earlier, but started

to increase again at day 200 and continued for the

remainder of the incubation (Fig. 2b). By the end of the

incubation, we calculated 68% of the metabolic litter

respired at 15 °C and 103% at 35 °C. For the structural

component, 82.3 mg was respired at 15 °C and

117.8 mg at 35 °C by the end of the incubation (Fig. 2b).

By the end of the incubation, 34% of the structural com-

ponent was respired at 15 °C and 48% at 35 °C.

Temperature sensitivity of litter component

When we calculated Q10-q for the first 20% of litter

respired for each component, there was no significant

difference in the temperature sensitivity between the

two components (P = 0.576). The Q10-q for the meta-

bolic component was 2.35 � 0.18 and 3.16 � 0.99 for

the structural component. There was very high variabil-

ity in the CO2 for the structural component for the three

replicates at 15 °C with the total respiration of the

structural litter respired by the end of the experiment

varying between 20% and 45% for the three replicates.

Soil organic matter fraction and litter stabilization

When we fractionated the soil only treatment over the

course of the incubation, we found that the silt fraction

contributed to the majority of the total soil C with 49–
54% of the total soil C coming from the silt fraction

(Table 3).The LF and sand-sized fraction combined con-

tributed only 8–12% of the total soil C and the remain-

ing 32–45% was comprised of the clay fraction

(Table 3).

We used the differential litter to track the contribu-

tion of the metabolic and structural litter components

to soil primary organo-mineral fractions. After 14 days

of incubation at 35 °C, we found the metabolic litter

component in all fractions with approximately equal

concentrations in all three fractions with 4–7% of the C

in the sand, silt, and clay fractions being litter-derived

C. When this fraction of litter C is scaled up by the mass

of each fraction, we found almost equal amounts of

metabolic litter C in the silt and clay fractions (Fig. 3a).

At the 15 °C incubation temperature, we found the

metabolic litter C in all three fractions at the first har-

vest point. The same trend seen at 35 °C was also seen

at the 15 °C incubation temperature with 5–7% of the C

in the sand, silt, and clay fractions being litter-derived

C and the mass of litter C being equal in the silt and

clay fractions (Fig. 3b). There was no noticeable

increase of metabolic-derived litter in these fractions

over time and, in fact, there was a slight decline in the

amount stabilized by the end of the incubation,

although there was no significant effect of incubation

temperature (P = 0.717) or incubation day (P = 0.718)

on the amount of metabolic litter C stabilized in the

fractions. By the end of the incubation, on average 82%

of the metabolic litter added was estimated to be in the

organo-mineral fraction.

Freshly assimilated litter N, which we are calling

metabolic litter N, behaved similarly to C with 2–4% of

the N in the fractions being litter derived at 15 and

35 °C and the N being found equally in all three frac-

tions. When N was scaled up by fraction mass, the

greatest amount of metabolic litter N was found in the

clay fraction at both temperatures with 1.5–2.0 mg of N

in the clay fraction compared to 0.7–1.0 mg in the silt

fraction with a significant effect of the amount of meta-

bolic litter N by fraction (P < 0.0001) (Fig. 4). There was

no significant effect on the amount of metabolic litter

N found in mineral associated fractions by incubation

temperature (P = 0.8963) or by incubation day (0.7843).

On average, 90% of the metabolic litter N was

Fig. 2 Cumulative respiration of added litter isotopically parti-

tioned into the metabolic and structural components for both

incubation temperatures over (a) the first 35 days of the incuba-

tion and (b) the entire incubation period. Data are averages with

bars as SE (n = 3).
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estimated to be in the organo-mineral fractions by the

end of the incubation. We did not find any stabilization

of the structural litter C or N in the soil organo-mineral

fractions with our model actually estimating a slight

negative amount in those fractions and we found the

structural litter in the light fractions only (Table S1).

Stabilization efficiency is the ratio of how much litter

biomass was stabilized vs. the total amount of litter bio-

mass lost during decomposition. By the end of the incu-

bation, 61% of the total litter mass was lost at 15 °C and

71% was lost at 35 °C. On average, more of the litter

biomass was respired than stabilized with stabilization

efficiencies ranging from 25% to 58% (Fig. 5). Over the

incubation, litter stabilization in the organo-mineral

Table 3 Percent contribution of C in each SOM fraction to the total soil C, for soil only treatment at the two incubation tempera-

tures over the incubation (average � 1 standard error, n = 3)

Inc. temp Harvest Soil Light fraction Sand fraction Silt fraction Clay fraction

°C Day %C %C %C %C %C

15 28 2.81 � 0.01 4.98 � 0.44 3.33 � 0.21 49.44 � 1.67 44.58 � 4.04

15 386 2.84 � 0.01 7.16 � 0.57 3.56 � 0.22 53.79 � 3.40 31.77 � 2.72

35 14 2.85 � 0.04 5.95 � 0.24 3.47 � 0.15 53.8 � 0.46 37.37 � 3.19

35 28 2.89 � 0.01 6.77 � 0.42 3.06 � 0.12 53.26 � 0.37 36.88 � 2.88

35 147 2.84 � 0.02 5.62 � 0.49 3.61 � 0.10 52.36 � 1.28 35.47 � 2.91

35 386 2.75 � 0.09 9.65 � 2.11 2.83 � 0.13 51.35 � 0.87 34.76 � 4.55

Fig. 3 Mass of metabolic litter C associated to soil mineral frac-

tions or lost through soil respiration at (a) 35 °C and (b) 15 °C

incubation temperature. Data are averages with bars as SE

(n = 3). Respiration is reported as a negative loss from the

system.

Fig. 4 Mass of metabolic litter N associated to soil mineral frac-

tions at (a) 35 °C and (b) 15 °C incubation temperature. Data are

averages with bars as SE (n = 3).
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fractions decreased slightly and litter mass continued

to be lost due to respiration causing slight declines in

stabilization efficiencies, although there was no signifi-

cant effect of harvest day (P = 0.1721) or incubation

temperature (P = 0.241) on stabilization efficiency.

Discussion

Is it useful and feasible to partition plant litter in a
‘labile’ and a ‘recalcitrant’ component?

By growing our plant material in a continuously

labeled 13C and 15N chamber from seedling to maturity

and then subsequently removing the plant material

from the chamber to a nonenriched environment for

22 days prior to harvest, we were able to successfully

differentially label the labile metabolic and the recalci-

trant structural litter components. Our method worked

well for the 13C, where we were able to achieve a

greater than 1 atom% difference between the metabolic

and structural litter fractions, but less so for the 15N.

This difference between 13C and 15N differential label-

ing is likely due to abrupt change in 13C CO2 when

removing the plant from the labeling chamber whereas

with the 15N the plants were only watered weekly and

there may have been residual enriched 15N remaining

in the potting media causing the smaller change in the

atom% of the 15N for the metabolic and structural litter

fractions. One way to potentially increase the 15N dif-

ference in the differentially labeled litter would be to

flush the potting media with water after removing from

the labeling chamber to remove residual enriched 15N

fertilizer before fertilizing with natural abundance

fertilizer. A study of protein turnover in barley leaves

using K15NO3 found a 100-fold difference between half-

lives of proteins (Nelson et al., 2014). This high variabil-

ity in turnover with N containing compounds might

also contribute to the minimal change in 15N within the

N components.

We found similar hot water extractable mass

amounts for the uniform and differential litter along

with %C and %N values for the hot water extract and

residue. Respiration dynamics were similar between

the differential and uniform litter. These results indi-

cate that during our differential labeling process, we

did not change the chemistry of the litter, only the iso-

topic signature.

At the 35 °C, incubation temperature utilizing a two-

pool model of the respiration approximately 15% of the

total litter C was partitioned into the labile pool. The

hot water extract was approximately 19% of the total

litter C. There is only a 4% difference between the two

methods of estimating the labile litter C. This indicates

that hot water extraction is a close approximation of the

labile metabolic and recalcitrant structural components

of the litter. At 15 °C, almost half as much of the total

litter C was attributed to the labile pool as at 35 °C, con-
firming that temperature may alter the amount of sub-

strate that would be considered easily decomposable

for microbes (Zogg et al., 1997; Zak et al., 1999; Dalias

et al., 2003; Rasmussen et al., 2006).

At the 35 °C, incubation temperature halfway

through the incubation, the respiration of the metabolic

component began to increase after leveling off causing

an estimation that all the metabolic C litter was lost as

respiration by the end of the incubation (Fig. 2),

although we did not see this increase in respiration at

the 15 °C incubation temperature. This complete loss to

respiration was an overestimation because metabolic

litter biomass was also stabilized in the soil. We may

have also overestimated the metabolic component in

the mineral stabilized fraction, since the three-pool

model estimated a negative contribution of the struc-

tural components that may have inflated the estimation

of metabolic components contribution. Also, our esti-

mation of the total metabolic fraction may be low since

we only did one hot water extraction and multiple

extractions would have possibly increased the esti-

mated size of the metabolic C, but one must balance the

completeness of the extraction relative to the possibility

of bringing out some otherwise nonreadily soluble

material. This overestimation also indicates that there is

possibly a third component that was being decomposed

during the later stages of the incubation that we are

attributing to the metabolic component. The structural

component is in fact mostly made of cellulose and lig-

nin, which would decompose at different times and are

Fig. 5 Litter mass stabilization efficiency over time for the two

incubation temperatures. The stabilization efficiency is the

amount of litter-derived mass recovered in the sand, silt, and

clay fractions divided by the total litter mass loss. Data are aver-

ages with bars as SE (n = 3).
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known to have natural abundance differences in 13C

(Benner et al., 1987). Finally, the atom% 15N values for

the metabolic and structural component only differ by

2%, which may have lowered the accuracy of the reso-

lution of the three-pool model.

Overall, differential labeling coupled to HWE was

demonstrated to be a feasible approach to separate

plant litter in a metabolic and a structural component

and that this separation is sound and useful since these

two components behave differently during decomposi-

tion with the first being more decomposable and identi-

fiable with the ‘labile pool’ of respiration models, and

the second being more ‘recalcitrant’. However, the

structural component will need to be further parti-

tioned into a cellulose and lignin pool to fully under-

stand its fate during decomposition.

Do labile and recalcitrant compounds have different
temperature sensitivity to decomposition?

Our metabolic litter component had a lower but not sta-

tistically different Q10q than the structural component,

but the CO2 variability was high in the structural frac-

tion at 15 °C. Our study only utilized three sample

replicates and possibly with more replicates we might

have seen a significant difference in the temperature

sensitivity between the two litter components.

Although our study is unique in its design, Suseela

et al. (2013) utilized a similar approach to study climate

effects on litter decomposition by comparing newly

senesced litter and old standing dead litter where the

new litter had a higher proportion of labile compounds

compared to the old litter. They found that early in

decomposition the old litter which had a smaller pro-

portion of labile compounds was more sensitive to cli-

mate than the new litter, supporting the idea that more

recalcitrant litter is more temperature sensitive. Also

supporting this idea, multiple studies that measured

the temperature sensitivity of pure compounds found

the more recalcitrant compounds to be more tempera-

ture sensitive (Fierer et al., 2005; Frey et al., 2013).

Further work with differentially labeled litter may

give us more insights into climatic effects on litter

decomposition.

Do labile and recalcitrant plant components contribute
differently to SOM formation, and is the latter affected by
warming?

In our study, losses of added litter occurred both to the

atmosphere as CO2 as well as to the soil, with 61–71%
of litter mass lost after 386 days and 17–22% of that ini-

tial litter mass being recovered in mineral stabilized

SOM. Although many of the natural abiotic and biotic

processes occurring in the soil such as freeze/thaw or

macrofauna are lacking in this laboratory study, the 17–
22% litter mass stabilized in the soil encloses the 19% of

litter C found in the soil after 3 years in a field study

utilizing the same litter and soil type (Cotrufo et al.,

2015). A laboratory incubation following the stabiliza-

tion of isotopically labeled litter on isolated soil

fractions also found a large increase in the amount of lit-

ter-derived C stabilized in a short amount of time (6–
9 days), with a 13% increase in %C in the clay fraction

and a 30% increase in the silt fraction (Lavallee, 2015).

The litter C was recovered in the mineral fraction at

our first harvest point of 14 days and the greatest

amounts of mineral association occurred at the 28 day

harvest for both temperatures, with a slight decline at

the subsequent harvests. All the litter found in the

organo-mineral fraction was from the metabolic litter

component. The structural litter label was only found

in the light fraction of the soil and during the course of

our incubation only contributed to the coarse organic

matter fraction. These results are contrary to traditional

organic matter stabilization theory that the less degrad-

able lignin-like material forms stabile SOM (Stott et al.,

1983). These results support the hypothesis proposed

by Cotrufo et al. (2015) that there are two pathways of

aboveground litter stabilization into SOM (i) a DOM-

microbial pathway occurring in the early stages of

decomposition from labile litter components and (ii) a

physical-transfer pathway of particulate litter at later

stages of decomposition. Our results show that the sta-

bilization of litter-derived C and N on the mineral

matrix occurred early in the incubation (by day 14) and

was composed of only the metabolic litter components.

Although, we cannot say if the plant soluble com-

pounds were directly absorbed on the mineral surfaces

as DOM or processed by microbes prior to stabilization.

A study by Fahey et al. (2011) which also utilized dual

differentially labeled litter found lower C : N values of

labeled litter in the soil and more isotopic enrichment

of microbial biomass for nonstructural litter compared

to the structural litter indicating that the nonstructural

component was more microbially processed. Also, a

study by Paterson et al. (2008) utilizing 13C labeled sol-

uble and insoluble plant fractions found greater sub-

strate incorporation into PLFA biomarkers for the

soluble plant fraction with more utilization by gram-

positive and gram-negative bacterial, also indicating

that the labile fraction is more microbially processed.

Our study focused on aboveground litter decomposi-

tion and stabilization, but we may expect slightly dif-

ferent results if we focused on belowground

decomposition as roots tend to have longer mean resi-

dence times and higher chemical recalcitrance than

aboveground biomass (Rasse et al., 2005). Studies by
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Bird & Torn (2006) and Bird et al. (2008) of dual-labeled

roots and needles found more C retained in the soil by

roots, but more needle 13C in humic and humin frac-

tions (Bird et al., 2008). In contrast to our results, Mam-

belli et al. (2011) utilized the same types of plant

biomass as Bird et al. (2008) and found that microbial

processing of fine root litter had greater initial stabiliza-

tion of C and N into SOM fractions with long turnover

compared to needles. More studies on above vs. below-

ground stabilization are needed to better understand

the stabilization pathways between above- and below-

ground plant material.

There was no significant difference in the overall lit-

ter-derived OM stabilization efficiencies over incuba-

tion time or temperature. We would have expected

stabilization efficiency to be higher earlier in the incu-

bation, as observed for Big bluestem decomposed in

the field (Cotrufo et al., 2015), likely due to declines in

carbon-use efficiency for more recalcitrant compounds

(Manzoni et al., 2012; Frey et al., 2013). Indeed, we

found a tendency for decreased stabilization efficiency

through time at the cooler temperature, which was

however not significant, likely due to the high variabil-

ity with this measurement. A study by Lavallee (2015)

found a difference between short-term and long-term

litter stabilization with temperature with the lowest sta-

bilization of litter-derived C at the warmest tempera-

ture early in the incubation, but later in the incubation

there was no temperature effect on stabilization. For

our experiment, the litter did not reach complete mass

loss. Longer term incubations on more replicates are

required to farther verify if efficiency decrease with

time and lower temperatures.

This experiment is unique in its utilization of dual

differential labeled plant material. There have been pre-

vious studies which have used dual-labeled plant mate-

rial to study plant decomposition (Bird & Torn, 2006;

Bird et al., 2008; Fahey et al., 2011; Mambelli et al., 2011;

Cotrufo et al., 2015; Soong & Cotrufo, 2015), but none to

our knowledge have used a three-pool mixing model of

dually labeled litter to more thoroughly follow litter

decomposition, or have specifically followed isotopi-

cally labeled plant components within various soil frac-

tions. Our novel method of differentially labeling litter

could provide a variety of insights when studying plant

decomposition.

Using this approach, we were able to determine that

the mineral-associated OM was formed solely from

metabolic plant components, while the decomposition

of structural litter components only leads to C mineral-

ization and formation of the light fraction of SOM. This

observation contrasts the view of SOM formation as a

progressive transformation from the lighter coarser

fraction to the finer and heavy mineral-associated

fractions (Guggenberger et al., 1994), while providing

support to the more recently proposed hypothesis of

stable SOM formation from labile litter (Cotrufo et al.,

2013). Given the relevance of this finding for soil man-

agement for C sequestration, there is urgent need to

further test this hypothesis in the field and under differ-

ent climatic conditions.
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