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Abstract Due to the geographical expanse of grass-

lands with depleted organic matter stocks, there has

been growing interest in the management of these

ecosystems for C sequestration to help mitigate

climate change. It is generally accepted that manage-

ment practices intending to increase forage production

(e.g. decreasing grazing density) result in increased

soil C stocks by increasing the return of biomass inputs

to the soil organic carbon (SOC) pool. However, the

contribution of C inputs to stable SOC versus GHG

losses, and how this is affected by soil properties,

remains largely unknown, particularly within subtrop-

ical biomes. To investigate the role of soil texture and

mineralogy on SOC stabilisation, we identified three

different soil types with varying physical properties in

close proximity (\ 2 km2) to each other. We used

isotopically labelled plant material (13C), placed on

the soil surface versus incorporated within the mineral

soil, to trace the fate of fresh residue inputs into SOM

fractions that differed in their degree of protection and

mechanistic interactions with the soil matrix. Weekly

GHG measurements (CO2, N2O and CH4) were taken

to understand the overall GHG balance resulting from

C inputs (i.e. SOC accrual versus GHG losses in CO2

equivalents). In finer textured soils with a greater

smectite content, SOC accrual was greater but was

significantly outweighed by GHG losses, primarily

from native SOC priming. The incorporation of

residue within the soil increased residue-derived

SOC accrual by 4- to 5-fold, whilst also suppressing

the priming of native SOC. This improved under-

standing of how soil texture and residue placement

affect the global warming mitigation potential of

subtropical grassland soils will be important in

determining identifiable regions that should be tar-

geted for SOC restoration efforts by increasing C

inputs.
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Introduction

Grasslands cover more than 30% of terrestrial lands

(Derner and Schuman 2007), with livestock grazing as

the primary, and often only viable economic use,

supporting the livelihoods of approximately 1 billion

people (Sayre et al. 2013). Due to the geographical

expanse of grasslands with depleted soil organic

carbon (SOC) stocks (* 11% of Australia’s

49 M ha of grassland is considered degraded, (Conant

and Paustian 2002)) there has been growing interest in

the management of these ecosystems for C sequestra-

tion to help mitigate climate change (Asner et al. 2004;

Conant et al. 2017; Lipper et al. 2010; Morgan et al.

2010; Ryals et al. 2014), whilst improving ecosystem

services (Byrnes et al. 2018).

It is generally accepted that management practices

intending to increase forage production (e.g. decreas-

ing grazing density) result in increased SOC stocks by

increasing the return of biomass inputs to the SOC

pool (Conant et al. 2017). The majority of these C

inputs are mineralised by soil microorganisms and

respired to the atmosphere over short time scales.

However, a portion of added C cycles slowly through

the soil, persisting for decades, centuries or even

millennia as it is ‘protected’ from further microbial

degradation (Krull et al. 2003; Trumbore 2000).

Understanding how biomass inputs contribute to

‘protected’ versus ‘unprotected’ SOC allow inferences

to be made on the likely persistence and functioning of

the SOC accrued from increased C inputs (Lavallee

et al. 2019).

A key mechanism for the protection or stabilisation

of C in soils is by chemical interactions with soil

minerals, particularly silt and clay particles (Kleber

et al. 2015; Six et al. 2002; Torn et al. 1997). The

presence of sorptive mineral surfaces also contribute

to the formation of soil aggregates that encapsulate

SOC, physically separating C from the decomposer

community, whilst limiting the diffusion of oxygen,

water and enzymes required for the breakdown of

organic matter (Six et al. 2002). The reactivity of clay

minerals is also dependent on their type (expandable

2:1 versus non expandable 2:1 or 1:1 phyllosilicate

clay minerals) with, for example, soils rich in smectite

protecting more OC than kaolinite rich soils (Hassink

1997; Wattel-Koekkoek et al. 2001).

Labile plant inputs are thought to be important in

the accumulation of stable SOC as they are readily

accessed and efficiently used by soil microbes, with

the eventual microbial necromass forming an impor-

tant precursor to stable SOC (Cotrufo et al. 2013).

Paradoxically, these same labile inputs may stimulate

microbial decomposition of native SOC (the C prim-

ing effect) (Fontaine et al. 2004; Jenkinson et al. 1985;

Kuzyakov 2000), resulting in the mineralisation of

native C to gaseous or soluble forms that are then lost

from the soil system. Priming may enhance the

decomposition of ‘unprotected’ native SOC or may

act to destabilise ‘protected’ SOC. For example, low

molecular weight organic acids released as dissolved

organic carbon (DOC) can destabilise native adsorbed

SOC frommineral surfaces (Kaiser and Kalbitz 2012).

Enhanced decomposition of native SOC can persist

long after the exhaustion of the added organic matter,

ultimately resulting in a net carbon loss (Fontaine et al.

2004; Ohm et al. 2007). Furthermore, labile plant

inputs may also affect soil microbial populations

responsible for processes such as denitrification

(Azam et al. 2002; Morley and Baggs 2010; Weier

et al. 1993) and methane consumption (Goldman et al.

1995).

In this study we aim to further the understanding of

C inputs and their effect on the balance between the

processes SOC stabilisation and destabilisation (C

priming) as a function of soil type and residue

placement. This was presented as an overall GHG

balance (expressed in CO2 equivalents) through the

inclusion of N2O and CH4 fluxes that occurred as a

result of residue addition. Residue placement was

manipulated (surface applied versus incorporated

within soil) to provide a greater process level under-

standing of how the placement of residue interacts

with soil properties to alter the GHG balance.

Embedding residue within the soil potentially mimics

the impact of animal trampling which has been

reported to enhance the physical break down and

incorporation of plant residue in the mineral soil

(Sanjari et al. 2008; Schuman et al. 1999; Southorn

2002), with grazing management strategies (e.g.

adaptive multi-paddock grazing (Provenza, 2008))

affecting the distribution and intensity of trampling.

We hypothesise that soil physical properties will be

a strong determinant of residue decomposition through

their control on the soil moisture content in semi-arid

grassland soils. Finer textured soils will favour greater

soil moisture retention and hydraulic connectivity,

meaning that microsites of potential decomposition
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are more readily connected with one another for the

diffusion of C and other resources such as enzymes

and nutrients required for decomposition (Guo et al.

2012). Greater residue decomposition in finer textured

soils will result in a greater transfer of labile residue to

the soil, which will likely increase SOC stabilisation

as mineral-associated organic matter (MAOM)

(Cotrufo et al. 2013). Labile C may also increase

native SOC priming, but this may be supressed in finer

textured soils as due to the greater protection of SOC

by mineral surfaces—thereby limiting the access of

SOC and nutrients to soil microorganisms and their

enzymes (Dungait et al. 2012; Six et al. 2002). A

greater availability of labile C and N, combined with

higher soil moisture content in finer textured soils,

may also affect microbially mediated processes such

as denitrification and methane consumption. We

expected that the incorporation of residue will amplify

the above effects, as the incorporation of residue will

expedite the transfer of above-ground inputs to all

SOC fractions (Mitchell et al. 2016, 2018). It is

expected that the mixing of residue within the soil will

increase the priming of native SOC by disrupting soil

structure thereby exposing new surfaces to microbial

attack (Six et al. 1999). A greater understanding of

how soil texture and residue placement affect the

overall GHG balance of semi-arid grassland soils is an

important step in identifying regions that should be

targeted for SOC restoration efforts.

Methods

Experimental site

This experiment leveraged the work of a previous

experiment that was conducted on a vertisol on a long-

term pasture near Crows Nest, Queensland, Australia

(278 160 S 1528 030 E) (Mitchell et al. 2018). This

experiment used two additional pasture soils within

close proximity to the original site (all sites\ 2 km

apart) that varied in soil texture and mineralogical

properties. The three different soil types, hereafter

referred to as CLAY, LOAM and SAND, were

classified according to the USDA soil texture survey

(Soil Survey Division Staff 1993) (Table 1). Livestock

were excluded from the study sites by temporary

fences for the duration of the experiment (February

2014–February 2015). The climate is subtropical with

warm wet summers and dry winters with a mean

annual temperature of 17 �C. Total precipitation over

the experimental period was 665 mm, with the highest

levels of rainfall received in the summer months

(December–February). Soil bulk density (BD) on the

three different soil types was determined on four

replicates by the soil core (10 cm) method. Temper-

ature was measured using HOBO data loggers (Onset,

Bourne, Maryland, USA) placed at a depth of 10 cm

for each soil type and daily rainfall was collected using

a manual rain gauge.

Isotopically labelled residue production

and analyses

To trace fresh residue-derived C into SOM fractions

that varied in their turnover time, 13C labelled Rhodes

grass tops (Chloris gayana) were used as this was the

dominant grass species at the site. The grass was

grown within a continuous labelling chamber under

controlled conditions, as described in Mitchell et al.

(2016). Once the Rhodes grass had reached maturity,

the chamber was opened and aboveground biomass

was cut at 10 cm from the soil surface. This biomass

residue was then air-dried, cut to 10 cm pieces and

homogenised. Residue moisture content was mea-

sured on three oven-dried (60 �C) subsamples for dry

weight correction. The oven-dried subsamples were

mill-ground and used for the determination of C (44%)

and N (3.1%) concentrations and their isotopic

composition (13C = 3.8 atom %) by elemental analysis

and isotope ratio mass spectrometry (EA-IRMS,

Sercon Limited, UK).

Experimental design

On 13 February 2014, the air-dried labelled residue

(10 cm strips) was placed inside PVC collars (10 cm

in diameter, 15 cm height) inserted to a depth of

10 cm at a rate of 10 t ha-1 in the same experimental

set up as described in Mitchell et al. (2018). Above-

ground vegetation had been previously removed from

inside the collars by clipping. Collars were covered by

a 2 mm polyethylene mesh to prevent loss of the

labelled residue or input of external plant material.

To explore the effect of soil properties and residue

placement on residue-derived SOM formation and

associated GHG fluxes, we established a two-way

fully factorial experiment. Factor 1 explored the effect
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of soil texture and mineralogy on SOM and GHG

fluxes with 3 soil types (CLAY, LOAM, SAND) and 4

replicates. Factor 2 examined the effect of residue

placement on SOM formation and GHG fluxes, with

residue either being incorporated with the topsoil

(MIX) or placed on the soil surface (SUR) on all three

soils (CLAY, LOAM, SAND). In order to incorporate

the residue with the soil for the MIX treatment, the

surface 10 cm of soil was removed and placed in a

plastic bag where the soil was manually broken apart

into large macroaggregates (* 1–2 cm in diameter).

The labelled residue was then added to the soil and

mixed to ensure an even distribution before being

returned to the PVC tube. Two Controls were estab-

lished; (1) no residue added, (2) no residue added but

soil disrupted to a depth of 10 cm as inMIX treatment.

Residue and soil collection

At 12 months, all recognisable residue on the soil

surface (not applicable to MIX treatment) was care-

fully removed by hand, dried at 60 �C, weighed and

pulverized for further analyses. All soil cores (depth

10 cm) were excavated intact, placed in pre-labelled

plastic bags and kept refrigerated (4 �C). Soil was

sampled to a depth of 30 cm (therefore soil samples

were taken 20 cm below the core extraction site). Soil

(0–10 cm) were sieved to 2 mm prior to fractionation.

Any organic matter[ 2 mm in 0–10 cm layer was

removed and analysed as part of the litter fraction (i.e.

residue remaining on the soil surface in SUR and

within the soil profile forMIX). Bulk soil analyses was

conducted on 10–30 cm depth. A representative

subsample from each soil sample was dried in an

Table 1 Selected properties for the 3 soil types at Crows Nest site (CLAY, LOAM, SAND) at depth 0–10 cm

Soil name CLAY LOAM SAND

Soil texture (% composition)

Sand (coarse) (250–1000 lm) 0 9.1 16.3

Sand (medium) (100–250 lm) 5.4 23.1 26.2

Sand (fine) (50–100 lm) 12.8 16.1 18.1

Silt (coarse) (20–50 lm) 11.2 8.4 5.2

Silt (fine) (2-20 lm) 21.7 11.2 5.1

Clay (\ 2 lm) 49.2 31.2 30.1

pH (water) 5.3 5.1 5.1

Organic C (%) 3.7 (± 0.2) 3.3 (± 0.3) 1.9 (± 0.3)

C: N 12.9 10.4 13.1

POM (% of TOC) 15 (± 3.3) 27 (± 3.5) 36 (2.5)

SA (% of TOC) 4 (± 1.8) 8 (± 1.9) 3 (1.2)

SC (% of TOC) 81 (± 4.1) 65 (± 3.5) 61 (2.7)

Exchangeable cations

Ca? 17 12 6

Mg? 2 3 1

Na? 0.2 0.2 0.1

K? 0.8 3 0.8

CEC cmol ( ?) kg-1 20.6 19.1 9.2

BD (g cm-3) 1.4 1.3 1.3

Dominant clay mineralogya 1:1 Smectite (23%) 2:1 Kaolinite (40%) 1:1 Smectite (20%)

Soil texture defined according to USDA soil textural triangle (Soil Survey Division Staff 1993)

POM particulate organic matter, SA sand and aggregate associated C, SC silt and clay associated C
aDetailed soil mineralogy data available in the supplementary material
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oven at 60 �C, pulverised and used for elemental and

isotopic analyses.

Soil (0–10 cm) was physically fractionated by size

and density to obtain SOM components that were

fundamentally different in terms on their formation,

persistence, and functioning. We obtained (1) a light

particulate organic matter (POM) fraction, which was

comprised primarily of identifiable plant material that

is chemically similar to its source and characterised by

a relatively short turnover time as it is not protected

within the mineral soil, (2) a sand-sized fraction

([ 53 lm), which also contains OM physically pro-

tected within microaggregates, and (3) a silt and clay

sized (\ 53 lm) fraction where OM is physical-

chemically associated with mineral surfaces. Fractions

(2) and (3) are collectively referred to as mineral-

associated organic matter (MAOM).

Briefly, 30 g of soil (\ 2 mm) were added to

150 ml water and dispersed using a weak ultrasonic

treatment (output energy of 22 J ml-1) to disrupt

macro aggregates, leaving more stable microaggre-

gates intact (Amelung and Zech 1999). Low energy

sonication should also act to preserve fragile partic-

ulate organic matter (POM) from artificial spreading

within the size fractions (Stemmer et al. 1999). The

dispersed suspension was then wet sieved over a

53 lm aperture sieve until the rinsing water was clear.

The fraction[ 53 lm, containing the sand and

microaggregates (SA) together with POM, was dried

at 40 �C and weighed. The suspension\ 53 lm was

filtered through a 0.45 lm aperture nylon mesh and

the material[ 0.45 lm (silt and clay fraction, SC)

was dried at 40 �C and weighed. The filtrate

(\ 0.45 lm) containing soluble organic carbon was

not directly measured, but was estimated as the

difference between total 13C content in the bulk soil

and the sum of 13C recovered in the three measured

soil fractions (POM, SA, SC). Particulate organic

matter was isolated by stirring the fraction[ 53 lm
with sodium polytungstate (SPT) at a density of

1.8 g cm-3. The mixture was centrifuged at

10009g for 15 min and the light fraction (POM)

was decanted, washed with deionised water to remove

all SPT, dried at 40 �C and weighed. All fractions

were pulverized and analysed for C and N elemental

and isotopic concentrations by EA-IRMS, as

described above for the residue.

Clay mineralogy was determined by X-ray diffrac-

tion of oriented samples of bulk soil (ARL, EQUINOX

100). Quantitative analysis (percent mineralogy of

bulk soil) was determined using the mineral intensity

factors (MIF) in combination with the 100% approach

(Moore and Reynolds Jr 1989). On the supposition that

all phases present in the sample have been identified

and that the sum of all phases is 100%, the propor-

tional weight of each phase can be calculated using

equation:

W/ ¼ ðI/= MIF/Þ=
X

In= MIFnð Þ

where I� is the intensity of a selected peak from

phase � in the mixture, MIF� the mineral intensity

factor for phase � , Inthe intensity of a selected peak

from any phase n in the mixture and MIFn the mineral

intensity factor for phase n (Kahle et al. 2002).

GHG sampling and isotopic analyses

Soil CO2 efflux measurements were carried out on a

weekly basis for one year from February 2014 to

February 2015. Measurements were taken using a

portable soil CO2 flux system (LI-COR 8200, LI-

COR, Lincoln, Nebraska, USA). CO2 flux rates were

calculated using the instrument’s software (LI-COR

Viewer 1.3.0) from the linear increase in CO2

concentration over time (chamber closure period of

2 min). For N2O and CH4 fluxes, gas samples were

also taken using the static closed chamber approach

(Parkin and Venterea 2010). Manual gas sampling was

carried out weekly and within 24 h of the cessation of

heavy rain events to try and ensure peak N2O fluxes

were captured.

For each measurement, an airtight PVC lid was

placed on the collar and a sample drawn from the

chamber headspace (5 cm) through a septum in the lid

after 30 and 60 min. Samples were immediately

injected into previously evacuated glass vials

(12 ml) (Exetainer, Labco, High Wycombe, Bucking-

hamshire, UK) with a double wadded Teflon/silica and

rubber septa. Gas samples were analysed for absolute

concentration of N2O and CH4 using a gas chro-

matograph equipped with an ECD detector for N2O

and a FID for CH4 (Agilent 7890A). Flux rates of N2O

and CH4 were calculated from the slope of the linear

increase in gas concentration during the closure period

as described by Scheer et al. (2014). The coefficient of

determination (r2) was used as a quality check for

linearity and flux rates were discarded if r2 was\ 0.85
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for N2O and CH4. In order to calculate the d
13C of the

respired CO2, gas samples were analysed for 13CO2

using an IRMS linked to a Cryoprep trace gas

concentration system (Sercon Limited 20–20, UK).

Data analyses

The residue-derived C and N contribution to the bulk

soil, SOM fractions and CO2 fluxes was assessed using

the isotopic mixing model (Subke et al. 2004):

fresidue ¼ ðds�dcontrolÞ=ðdresidue�dcontrolÞ

where fresidue is the fraction of the residue-derived C

contributing to the bulk soil, SOM fractions and CO2.

The dS and dcontrol are the d
13C of the specific bulk soil,

SOM, or gas sample from the residue (dS) and the

Control (dcontrol) treatment respectively. For bulk soil

and SOM fractions, the dcontrol average values across

all Control plots are used. The dresidue is the d
13C of the

initial residue.

The amount of residue-derived C in these pools

were obtained by multiplying the fresidue values to

corresponding C pools or fluxes. Residue-derived C

pools in the SOM fractions were calculated for the

0–10 cm soil depth by summing the respective 0–5

and 5–10 cm pool sizes. Soil-derived C fluxes were

determined as the difference between total C flux and

residue-derived C flux.

Daily soil CO2 fluxes were determined fromweekly

measurements using a linear interpolation following

Ngao et al. (2005). Daily N2O fluxes were determined

by linear interpolation between weekly sampling

points, except for the days directly following a major

emission pulse when an exponential decay curve was

applied. The decay curve was calculated based on high

resolution (hourly) N2O flux data from a different

experimental site, but using the same experimental set

up in the same climatic zone (Mitchell et al. 2016).

SOC formation was measured as the amount of

‘new’ (added) 13C left in the SOC pool after one year

of in situ decomposition (all fractions). SOC stabili-

sation was measured as the amount of new (added) C

recovered in the mineral-associated pools (SA and

SC), collectively referred to as MAOM, after one year

of in situ decomposition. The priming effect was

calculated as the difference between soil-derived CO2

flux in treatment and Control (no residue added). In

order to calculate the overall GHG balance we used the

IPCC (IPCC 2013) global warming potentials (GWP)

factors over a 100 year time horizon to calculate CO2-

equivalents (CO2 e) ha-1 year-1 for the estimated

balance between (1) SOC formation (all fractions), (2)

treatment induced priming of soil C, and (3) treatment

induced N2O and CH4 fluxes, using the following

equations (Six et al. 2004):

SOCformation all fractions;POM; SA; SCð Þ

¼ SOC all fractionsð Þ �
44

12
� �1ð Þ

SOCprimed ¼ CO2 soil�derived C flux treatmentð Þ
�

�CO2 soil�derived C flux controlð Þ
�
� 44
12

N2O ¼ ðN2O total flux treatmentð Þ � N2O total flux controlð ÞÞ
� 298

CH4 ¼ CH4 total flux treatmentð Þ � CH4 total flux controlð Þ
� �

� 34

The overall GHG balance was calculated using the

equation:

GHGbalance ¼ SOC formationþ SOC primed

þ N2Oþ CH4

Only primed CO2 was considered in the GHG

balance (omitting residue-derived 13CO2) as added

residue C was considered as previously sequestered in

plant material. Therefore, for the balance, only the

additional decomposition of existing SOC generated

by the input of plant residue was used in GHG

accounting. Negative C priming (i.e. soil-derived C

flux was greater in the control treatment) was not

considered in the overall GHG balance as C inputs did

not contribute to additional C loss. To combine

uncertainties for the GHG balance calculation, we

converted the individual variances into CO2 equiva-

lents and summed those values using the equation:

Var GHGbalance ¼ Var SOCð Þ þ Var SOC primedð Þ
þ Var N2Oð Þ þ Var CH4ð Þ:

The square root of this sum is the estimated

standard deviation. This computation of uncertainty

implicitly assumes that the three components of total

GWP are uncorrelated (Six et al. 2004).

A two-way ANOVA was conducted to examine the

effects of factors (1) soil texture (CLAY, LOAM,

SAND), and (2) residue placement (SUR, MIX) and

their interaction on dependent variables: ((C located in
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different SOC fractions: POM, SA, SC) and GHG

fluxes (CO2, N2O and CH4)). Residual analysis was

performed to test for the assumptions of the two-way

ANOVA. Normality was assessed using Shapiro–

Wilk’s normality test for each cell of design and

homogeneity of variances was assessed by Levene’s

test. Where the assumption of homogeneity of vari-

ances was violated, data was transformed using the

weighted least squares regression approach. The P and

F values are indicated for significant variance in means

across different factors (soil texture and residue

placement) (significance, P\ 0.05). A Tukey’s post-

hoc test was used for pairwise comparisons of means

between each group (significance, P\ 0.05).

Results

Soil properties

The three soils of the study site were chosen due to

their variable physicochemical properties (Table 1).

The soils were named according to their field texture,

with a silty clay loam (CLAY), loam (LOAM) and a

sandy loam (SAND). CLAY had the greatest clay

content (49%) in comparison to LOAM (31%) and

SAND (30%). Although the LOAM and SAND had a

similar clay content, the SAND soil contained a higher

proportion of coarse sand (LOAM = 9%, SAND =

16%), and half as much silt. The LOAM and SAND

soils also differed significantly in (1) initial C and N

content (LOAM C = 3.3%, N = 0.35% in comparison

to SAND, C = 1.9% and N = 0.19% and (2) their

mineralogy, with the LOAM soil containing a signif-

icantly higher proportion of kaolinite (1:1) clay

minerals (* 40%) in comparison to SAND, where

the dominant clay mineralogy was smectite (* 20%)

(Supplementary material). CLAY had the highest

proportion of C in the silt and clay fraction (81% of

TOC) and the lowest proportion of C in the POM

fraction (15% of TOC). In contrast the SAND soil had

highest proportion of TOC in the POM fraction (36%

of TOC) versus 61% in the SC fraction (Table 1).

Residue-derived C recovery

In CLAY there was a significantly greater decompo-

sition of surface residues (in comparison to LOAM

and SAND) that resulted in; (1) a significantly lower

recovery of residue on the soil surface in CLAY, 35%

(± 3.9) compared to 51% (± 5.5) in LOAM and 57%

(± 7.2) in SAND, (2) a significantly higher recovery

of residue-derived SOC (CLAY = 7.6% ± 0.5,

LOAM = 3.3% ± 0.4, SAND = 2.8% ± 0.4, and

(3) a significantly greater residue-derived CO2 flux

(CLAY = 48% ± 3.9, LOAM = 32% ± 4.5 and

SAND = 29% ± 2.8) (Fig. 1). The MIX treatment

resulted in significantly lower recovery of undecom-

posed residue with an average of 33% (± 4.2) of

residue remaining in the soil ([ 2 mm), compared to

an average of 48% (± 5.2) in surface applied

treatments. MIX also resulted in a significant increase

in residue-derived CO2 flux and a four to five-fold

increase in the amount of residue-derived SOC, in

comparison to SUR treatments.

C priming and GHG fluxes

The cumulative CO2 flux was partitioned into native

SOC-derived CO2 and residue-derived CO2 using the
13C tracer method (Fig. 2). In general, the greatest

residue-derived CO2 fluxes occurred in CLAY when

residue was incorporated with the topsoil (MIX) and

these factors were compounded by (1) warm and wet

summer conditions (February to May 2014) and (2)

the time elapsed since residue application as the

greatest fluxes followed fresh residue application in

February 2014 (Fig. 3).

CLAY experienced a significant positive priming

effect over 12 months (i.e. soil-derived CO2

flux[CO2flux control) (Fig. 2) (Table 2), particularly

in the SUR treatment where it increased the soil-

derived CO2 flux by * 10% (indicated by letter (A) in

Fig. 2). The magnitude of the priming effect in CLAY

SUR was almost double SOC accrual over the same

12 month period (total SOC accrual = 2405 kg CO2 e

ha-1, total CO2 primed = 4174 kg CO2 e ha-1)

(Table 3) meaning that SOC accrual was completely

offset by C priming. There was also a positive C

priming effect in CLAYMIX (indicated by letter (B) in

Fig. 2), but this was not of a sufficient magnitude to

offset SOC gains (Table 3). The incorporation of

residue (MIX) significantly reduced the priming effect

across all soil types. There was a significant interaction

between soil type and residue placement whereby

residue incorporation significantly increased C prim-

ing in CLAY, but resulted in a significant decrease in C

priming in SAND (Tables 2, 3).
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The greatest N2O fluxes coincided with large

rainfall events, resulting in two major N2O emission

pulses (Fig. 3). The first emission pulse, recorded one

day after a significant rainfall event (105 mm, 28

March 2014), resulted in N2O fluxes represent-

ing * 50% of annual emissions. Soil texture, but

Fig. 1 Residue-derived C recovery in different compartments

in 3 soil types (CLAY, LOAM, SAND) for the surface applied

treatment (SUR) and the incorporation treatment (MIX) after

365 days of in situ decomposition 0–30 cm. C compartments:

(1) residue-derived CO2 (2) undecomposed residue on soil

surface and coarse organic matter ([ 2 mm) in soil, and (3)

residue-derived SOC (\ 2 mm). Averages with standard errors

are reported (n = 4). Letters indicate significance (p\ 0.05)

between soil types via analysis of variance (ANOVA)

Fig. 2 Cumulative residue and soil-derived CO2 flux for three

soil types (CLAY, LOAM, SAND) and placement (SUR, MIX)

over 12 months of in situ decomposition. C = control,

CM = control mix. a Significant C priming effect (p\ 0.05)

in CLAY SUR treatment (i.e. the difference between soil-

derived CO2 flux and Control). b Significant priming effect in

CLAY MIX (i.e. the difference between soil-derived CO2 flux

and control mix. c indicates the difference in CO2 flux between

control (no residue applied, no soil mixing) and control mix (no

residue applied and soil mixed/ disrupted to a depth of 10 cm).

Therefore (c) indicates the difference in C mineralisation with

the disturbance of soil. Averages with standard errors are

reported (n = 4)
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Fig. 3 a Rainfall and temperature during the study period

(February 2014- February 2015); b temporal dynamics for CO2;

c residue-derived CO2 flux (% contribution to total CO2 flux);

d temporal dynamics for N2O; and e temporal dynamics for

CH4. GHG dynamics are shown for 3 soil types (CLAY, LOAM,

SAND) and 2 treatments (surface applied residue = SUR and

incorporated residue = MIX). Average value of SUR and MIX

are shown for CH4 as residue incorporation had no significant

effect on CH4 flux
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not mixing, had a significant impact on N2O emissions

with a doubling of N2O flux between each soil type

(CLAY = 1445 kg N2O-N ha-1, LOAM = 682 kg

N2O-N ha-1, SAND = 322 kg N2O-N ha-1). There

was a significantly greater uptake of CH4 in CLAY

(0.69 kg CH4-C ha-1) soil versus LOAM and SAND

(average of 0.09 kg CH4-C ha-1) (Fig. 3, Table 2),

with no effect of residue incorporation.

Table 2 A two-way ANOVA was used to determine the statistical significance of the effect of factors (1) soil type (CLAY, LOAM,

SAND) and (2) placement of residue (surface applied, SUR and incorporated, MIX), and their interaction, on dependent variables

Dependent

variable

Soil type (CLAY, LOAM, SAND).

Letters indicate Tukey’s post-hoc

Residue incorporation (MIX, SUR).

Letters indicate Tukey’s post-hoc

Soil type x residue

incorporation

CO2-C P = \ 0.01, F = 12.9

CLAYa LOAMb SANDb

P = 0.425, F = 0.68

MIXa SURa

P = 0.994, F = 0.06

Residue 13CO2 P = \ 0.01, F = 121.9

CLAYa LAOMb SANDb

P = 0.03, F = 5.9

MIXa SURb

P = 0.07, F 0.5

CO2 (primed) P = \ 0.001, F = 219.1

CLAYa LOAMb SANDb

P = 0.05, F = 7.2

MIXa SURb

P = \ 0.001 (see (*)

for explanation)

13C POM P = \ 0.001, F = 9.5

CLAYa LOAMb SANDb

P = 0.01, F = 8.3

MIXa SURb

P = 0.72, F = 0.334

13C SA P = 0.01, F = 9.9

CLAYa LOAMb SANDb

P = \ 0.001, F = 26.7

MIXa SURb

P = 0.814, F = 0.2

13C SC P = 0.05, F = 4.89

CLAYa LOAMb SANDc

P = 0.03, F = 5.3

MIXa SURb

P = 0.89, F = 0.11

N2O-N P = 0.04, F = 8.73

CLAYa LOAMb SANDb

P = 0.754, F = 0.13

MIXa SURa

P = 0.43, F = 0.883

CH4 P B 0.001, F = 19.2

CLAYa LOAMb SANDb

P = 0.516, F = 0.448

MIXa SURa

P = 0.731, F = 0.332

P and F values are reported with letters indicating post-hoc Tukey’s test applied for statistical difference between soil types (CLAY,

LOAM, SAND)

13C isotopically enriched applied residue, POM particulate organic matter, SA sand and aggregate associated organic carbon, SC silt

and clay associated organic carbon

*CO2 primed increased with clay content (CLAY[LOAM[SAND) and significantly decreased with residue incorporation (MIX)

and there was a significant interaction: Residue incorporation (MIX) significantly increased C priming in CLAY but significantly

decreased C priming in SAND, with no significant effect on C priming in LOAM

Table 3 The overall GHG balance over 12 months showing the balance between SOC gain (in all fractions, POM, SA, SC) versus

GHG losses from C priming, N2O and CH4 all expressed in CO2 equivalents (kg CO2e ha-1)

Soil type Residue placement SOC accrual (all fractions) CO2 priming N2O CH4 GHG balance

CLAY SUR - 2405 4174 193 - 0.80 ? 1961 (± 368)

MIX - 9330 1833 231 - 0.92 - 7267 (– 414)

LOAM SUR - 1225 1082 18 - 0.09 - 124 (– 398

MIX - 6467 (- 534) 85 - 0.08 - 6382 (– 579)

SAND SUR - 1031 (- 1471) 16 - 0.23 - 1015 (– 433)

MIX - 5165 (- 3200) 15 - 0.08 - 5150 (– 357)

Overall GHG balance is expressed in (kg CO2e ha-1) with a net positive balance in italic and net negative balance in bold
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Residue-derived SOC formation and stabilisation

Soil texture and the incorporation of residue were both

significant in accounting for the conversion of residue-

C inputs to SOC, with the greatest residue-derived C

content in CLAY when residue was incorporated

(MIX) (Fig. 4, Table 2). The incorporation of residue

(MIX) significantly increased the conversion of

residue inputs to SOC in all fractions (POM, SA and

SC), resulting in a fourfold increase in residue-POM, a

threefold increase in residue-SA, and a 2.5-fold

increase in residue-SC (Fig. 4). CLAY contained a

significantly greater amount of residue-derived SOC

in all fractions, in comparison to LOAM and SAND.

There was no significant difference in residue-derived

C recovery between LOAM and SAND, except in the

SC fraction, where there was a significantly greater

residue-derived C content in SC fraction in SAND.

Overall GHG balance

In order to gain an understanding of the balance

between residue inputs and resulting GHG losses

(primed CO2 and treatment-induced N2O, and CH4

flux) all values were converted to CO2 equivalents

(CO2 e ha
-1) (Table 3). Overall, residue incorporation

(MIX) resulted in a greater net GHG sink—meaning

SOC accrual was greater than GHG fluxes over a

12 month period. In. CLAY SUR, SOC accrual was

offset by greater GHG losses, primarily due to large

native SOC-priming losses, resulting in a net GHG

source over 12 months (? 1961 kg CO2 ha-1).

Although N2O losses increased with residue addition

(* twofold increase across all treatments), their

magnitude had only a small influence on the overall

GHG balance. CH4 uptake was significantly greater in

CLAY, but again the influence on GHG balance was

minimal.

Discussion

Results reveal a trade-off in the initial stages of residue

decomposition between increasing ‘new’ SOC forma-

tion, whilst simultaneously increasing the vulnerabil-

ity of native SOC stocks by C priming as determined

by soil properties and residue placement. This has

important implications for climate change mitigation

strategies aimed at increasing SOC stocks by increas-

ing biomass inputs.

Greater decomposition in CLAY (as shown by

greater native soil-derived CO2 and residue-derived
13CO2) is in contrast to the conventional concept that

soils with a higher clay content reduce SOC turnover

due to the protection of SOM from microbial decom-

position by mineral surfaces (Burke et al. 1989;

Hassink 1997; Six et al. 2002). We speculate that

CLAY promoted a greater degree of decomposition

due to a more favourable environment for microbial

decomposition by supporting higher moisture reten-

tion (and greater water conductivity from lower soil

layers) than LOAM or SAND (Fissore et al. 2016;

Singh et al. 2017; Thomsen et al. 2003). In contrast, a

lower amount of decomposition in the SAND soil was

likely due a lack of moisture retention as a function of

texture, limiting the diffusion of enzymes and

Fig. 4 13C recovery in SOC fractions. Particulate organic matter (POM), sand and aggregate associated organic carbon (SA), silt and

clay associated carbon (SC) 0–10 cm. Letters indicate statistical significance (p\ 0.05) across soil type using ANOVA
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substrate during the prolonged dry winter periods

(Chivenge et al. 2011; Gentile et al. 2008; Strong et al.

2004).

A greater amount of residue decomposition in

CLAY corresponded to a greater formation of new

‘protected’ residue-derived SOC (1) entrapped within

microaggregates (SA) and, (2) in close contact with

mineral surfaces (SC)—referred to collectively as

MAOM. A greater proportion of MAOM accrual in

CLAY was promoted due to the reactivity of clay-

sized minerals, which allowed organic and mineral

particles to adhere together to form micro-structured

clay and silt-sized compound particles (Chorover et al.

2004). These compound particles then act as compos-

ite building units ofMAOM (Chenu and Stotzky 2002;

Kögel-Knabner et al. 2008; Lehmann et al. 2007).

CLAY also promoted the formation of microaggre-

gates through a greater microbial growth and activity

with the by-products of metabolism being important in

microaggregate adhesion (Chenu 1989; Oades 1993;

Six et al. 2002).

Whilst soil texture was significant in stabilising a

greater amount of residue-derived SOC in the CLAY

soil, it only partially explains why ‘new’ SOC content

in MAOM was significantly greater in SAND versus

LOAM, given their similar clay content (SAND =

31%, LOAM = 30%). The most likely explanation

for this is due to variations in soil properties and

specific characteristics of the mineral phase of each

soil. XRD results confirmed that the LOAM soil was

dominated by 1:1 kaolinite clay mineral (* 40%)

which has a lower surface area and charge density (in

comparison to the smectite-dominated CLAY and

SAND soils) and consequently of less protective of

necromass and metabolite C released during the

decomposition process (Saggar et al. 1996; Torn

et al. 1997).

The incorporation of residue (MIX) was also

significant in the conversion of residue inputs to

SOC (all fractions) indicating the greater efficiency of

the below-ground pathway for SOC formation. Whilst

the effect of animal trampling on residue incorporation

is still debated (e.g. Carter et al. 2014; Savory and

Butterfield 1998), a higher SOC formation from the

belowground residue inputs indicates that grasslands

have a high potential for C sequestration from

increased forage production as they allocate a signif-

icant proportion of their photosynthate belowground

(Silver et al. 2010). Greater SOC formation from

incorporated residue was likely due to the closer

proximity of residue to stabilising mineral surfaces

and increased accessibility of microbes to residue-

derived C as a function of placement (Helgason et al.

2014). Therefore the incorporation of residue likely

promotes a microbial habitat analogous to the rhizo-

sphere by enhancing the probability of ‘new’ plant C

substrate assimilation by microbes (Sokol et al. 2018)

with microbial by-products subsequently forming

chemical association with proximate mineral surfaces.

Furthermore, a more favourable microclimate for

decomposition likely occurred at depth (Beare et al.

1992), whilst the disruption of the soil structure by

mixing promoted soil aeration.

A greater SOC formation (all fractions) in CLAY

SUR was completely outweighed by the priming of

‘old’ or native SOC resulting in a net C loss. The

priming effect increased CO2 flux by * 10%which is

at the lower end of an average of 37% increase

reported by Luo et al. (2016) and is contrary to

numerous studies reporting lower priming effects in

finer textured soils due to protection of OM by mineral

surfaces (e.g. Fang et al. 2018). Although the mech-

anisms explaining a greater C priming effect in CLAY

cannot be fully elucidated, we speculate that greater

priming occurred due to a higher moisture content in

CLAY which facilitated decomposition and the

release of labile-C inputs, which prompted a greater

growth and activity of microbial biomass. This

alleviated the spatial inaccessibility of microbes to

native SOC, resulting in the decomposition of both

residue-C and native C (co-metabolism) (Bell et al.

2003; Kuzyakov and Bol 2006; Shahbaz et al. 2017). It

cannot be determined whether native SOC was

mineral-bound (MAOM) or free-light non-mineral

associated (POM). However, given that 85% of native

SOC was MAOM in CLAY, we suggest that a portion

of this was mobilised via abiotic reactions, for

example chemical desorption, that may have been

promoted via a higher moisture content in CLAY

(Huang and Hall 2017). The smectite-rich CLAY soil

may have also been subject to a greater degree of

shrinking and swelling, exposing previously occluded

C to microbial attack (Smucker et al. 2007).

The incorporation of residue acted to significantly

reduce the magnitude of the priming effect. This was

presumably due to the preferential utilisation of labile

fresh residue input which limited microbial require-

ment to access nutrients and energy in native SOM
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(Guenet et al. 2010; Kuzyakov 2000). A positive

priming effect still occurred in CLAYMIX despite the

likely antagonistic effect of mixing exposing ‘new’

native SOM surfaces to microbial attack through

aggregate disruption and improved soil aeration

(Beare et al. 1994; Beyaert and Paul Voroney 2011;

Burgess et al. 2002). A reduction in the priming of

native SOC due to the incorporation of residue

highlights the need to further understand the interac-

tions between fresh residue inputs and native SOC in

the context if restoring soil fertility and sequestering

C.

Soil physical properties significantly impacted the

emission of CH4 and N2O; however, the magnitude of

these losses was minor in comparison to C priming

losses (as shown when values were converted to CO2

equivalents). The addition of a high-quality residue to

the soil (C: N ratio 13:1) containing labile C and

organic N greatly increased N2O fluxes associated

with the processes of nitrification and denitrification.

The greatest N2O fluxes occurred in CLAY directly

after heavy rainfall events suggesting the main N2O

loss pathway was denitrification under anaerobic

conditions, which has been demonstrated as a major

N loss pathway in subtropical grassland soils (Rowl-

ings et al. 2015). Therefore the impact of soil texture

on N2O emissions was most likely indirect through O2

availability because soil texture can substantially

shape the size and distribution of soil pores and

therefore influence soil aeration and water content

(Singurindy et al. 2006). A lower CH4 uptake in the

coarser textured soils (LOAM and SAND) was likely

due to lower soil moisture content limiting methan-

otrophic activity (van Delden et al. 2018).

The timeframe of the experiment (limited to

12 months) and the different temporal responses of

C stores and fluxes must be considered in this analysis.

For example, in the SUR treatment, a large proportion

of residue remained undecomposed on the soil surface

(35–57%), with no certainty on its fate beyond the

timeframe of the experiment. We hypothesise that this

remaining residue cannot continue to accrue within

MAOM indefinitely as it is likely that MAOM will

begin to reach a point of saturation (Castellano et al.

2015; Six et al. 2002; Stewart et al. 2007) as

demonstrated over 12 months of decomposition in

Mitchell et al. (2016). Therefore, additional C inputs

from further decomposition beyond 12 months will

likely increasingly accumulate in more labile fractions

(i.e. POM), which is readily accessed by microbes and

lost from the system as CO2. Whilst SOC may reach

saturation, elevated N2O or CH4 emissions (C priming

not considered as demonstrated to act for a short

period) can persist on longer timescales, meaning that

early benefits from SOC gain can be increasingly

offset by other emissions.

In conclusion, a trade-off exists in the short-term

between ‘new’ SOC stabilisation through increased C

inputs and increased GHG losses (in particular prim-

ing of ‘old’ C), as controlled by soil texture and

residue placement. In finer textured soils, SOC accrual

was significantly outweighed by GHG losses (ex-

pressed in CO2 equivalents), primarily from ‘old’

native SOC priming. This GHG balance was improved

through the incorporation of residue, which acted to

(1) increase residue-derived SOC formation by 4- to

5-fold and (2) reduce C-priming losses presumably

due to greater access to fresh C substrate. Increasing C

inputs can result in net C loss in the short-term,

particularly in finer textured soils, highlighting the

need for soil assessments prior to the implementation

of any soil-based mitigation measures that increase

biomass inputs.
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