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Abstract

Despite the large contribution of rangeland and pasture to global soil organic carbon

(SOC) stocks, there is considerable uncertainty about the impact of large herbivore

grazing on SOC, especially for understudied subtropical grazing lands. It is well

known that root system inputs are the source of most grassland SOC, but the

impact of grazing on partitioning of carbon allocation to root tissue production com-

pared to fine root exudation is unclear. Given that different forms of root C have

differing implications for SOC synthesis and decomposition, this represents a signifi-

cant gap in knowledge. Root exudates should contribute to SOC primarily after

microbial assimilation, and thus promote microbial contributions to SOC based on

stabilization of microbial necromass, whereas root litter deposition contributes

directly as plant-derived SOC following microbial decomposition. Here, we used

in situ isotope pulse-chase methodology paired with plant and soil sampling to link

plant carbon allocation patterns with SOC pools in replicated long-term grazing

exclosures in subtropical pasture in Florida, USA. We quantified allocation of carbon

to root tissue and measured root exudation across grazed and ungrazed plots and

quantified lignin phenols to assess the relative contribution of microbial vs. plant

products to total SOC. We found that grazing exclusion was associated with dra-

matically less overall belowground allocation, with lower root biomass, fine root

exudates, and microbial biomass. Concurrently, grazed pasture contained greater

total SOC, and a larger fraction of SOC that originated from plant tissue deposition,

suggesting that higher root litter deposition under grazing promotes greater SOC.

We conclude that grazing effects on SOC depend on root system biomass, a pattern

that may generalize to other C4-dominated grasslands, especially in the subtropics.

Improved understanding of ecological factors underlying root system biomass may

be the key to forecasting SOC and optimizing grazing management to enhance SOC

accumulation.
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1 | INTRODUCTION

Due to rising concern about anthropogenic climate change (Mann &

Gleick, 2015), there is increasing demand for greenhouse gas mitiga-

tion services from agricultural land, especially soil carbon sequestra-

tion (American Carbon Registry, 2014; Lal, 2010). Globally, pastures

and rangelands occupy more than 22% of ice-free terrestrial land

area and account for a similar fraction of total soil organic carbon

(SOC, Scurlock & Hall, 1998; Ramankutty, Evan, Monfreda, & Foley,

2008), but they also contribute substantially to atmospheric carbon

pools through loss of SOC (Foley et al., 2011; Lal, 2004). Strategic

management of pastures and rangelands can enhance sequestration

of SOC (Conant, Paustian, & Elliott, 2001), reverse historic declines,

and potentially offset a significant portion of fossil carbon emissions.

Although there is robust literature on the role of large herbivores in

shaping grassland plant composition, structure, and productivity

(Fuhlendorf & Engle, 2001; Fuhlendorf, Engle, Elmore, Limb, & Bid-

well, 2012; McNaughton, 1984; McNaughton, Banyikwa, &

McNaughton, 1997), there remains considerable uncertainty about

how large grazers affect belowground carbon allocation (Augustine,

Dijkstra, Iii, & Morgan, 2011; Derner, Boutton, & Briske, 2006;

McNaughton, Banyikwa, & McNaughton, 1998), and SOC stocks

(McSherry & Ritchie, 2013).

Despite the vigorous debate over how best to manage livestock

grazing to achieve both ecological and economic sustainability and

profitability (Bestelmeyer & Briske, 2012; Kothmann, Teague, D�ıaz-

Sol�ıs, & Grant, 2009; Provenza, 2008; Teague, Provenza, Kreuter,

Steffens, & Barnes, 2013; Teague et al., 2011), there are surpris-

ingly few studies on the long-term impacts of grazing on SOC.

Across various ecosystems, grazing has been associated with higher,

lower, and no difference in SOC compared to ungrazed areas (Der-

ner, Briske, & Boutton, 1997; Derner et al., 2006; Milchunas &

Lauenroth, 1993). In a meta-analysis of grassland SOC studies with

controlled grazing/no-grazing treatments, McSherry and Ritchie

(2013) identified several patterns that help account for conflicting

results on grazing-SOC relationships. Somewhat contrary to an ear-

lier hypothesis that grazing effects on grassland SOC may only be

positive where precipitation is low (Derner & Schuman, 2007),

McSherry and Ritchie (2013) found an interaction with precipitation

and soil texture whereby higher precipitation on coarse-textured

soils was associated with a positive effect of grazers on SOC. By

contrast, higher precipitation on fine-textured soils was associated

with losses of SOC under grazing. In general, C4 grasslands appear

to sequester SOC in response to grazing whereas C3 grasslands

lose SOC (Derner et al., 1997, 2006; McSherry & Ritchie, 2013),

with grazing-driven shifts in plant composition to more C4 grasses

often credited for cases where grazing has increased SOC (Derner

et al., 2006; Pi~neiro, Paruelo, Oesterheld, & Jobb�agy, 2010). How-

ever, the mechanisms underlying these patterns are unclear, making

it difficult to generalize grazing-SOC patterns globally, especially to

understudied tropical and subtropical grasslands (McSherry &

Ritchie, 2013). Additionally, lack of mechanistic insight precludes

development of effective grazing management strategies across a

range of environments to optimize SOC.

Grazing may influence SOC directly via effects on plant carbon

allocation and soil resource availability, and indirectly via effects on

long-term plant community composition (Pi~neiro et al., 2010). In the

short term, root carbon allocation is often lower under grazing in

favor of rapid re-establishment of photosynthetic tissue (Briske &

Richards, 1995; Dawson, Grayston, & Paterson, 2000), but the long-

term effects of grazing on belowground biomass vary considerably

(Bardgett, Wardle, & Yeates, 1998; Hafner et al., 2012; Milchunas &

Lauenroth, 1993). As such, root biomass may be critical for sustain-

ing SOC (Rasse, Rumpel, & Dignac, 2005), especially in grasslands

where aboveground tissue is lost to grazing or fire. Grazing may also

influence the partitioning of root C allocation between synthesis of

new root tissue and loss of C through fine root exudation. Fine root

exudation can increase in the hours and days following grazing or

mechanical defoliation (Augustine et al., 2011; Hamilton & Frank,

2001; Hamilton, Frank, Hinchey, & Murray, 2008); however, long-

term implications of grazing for fine root exudation are unknown. In

general, the degree to which long-term grazing effects can be attrib-

uted to plant composition shifts (McSherry & Ritchie, 2013), plant

carbon assimilation, belowground carbon allocation (BCA), or soil

microbial processing, is unclear.

Grazing effects on SOC depend on plant carbon allocation, and

also interactions among carbon inputs, soil microbes, and the soil

mineral matrix. Traditional models of SOC turnover emphasize the

importance of biochemically recalcitrant fractions of litter for accu-

mulation of SOC, whereas recent attention has focused on the role

of labile carbon inputs in stimulating microbial growth and contribu-

tion to long-term pools of SOC (Bradford, Keiser, Davies, Mersmann,

& Strickland, 2013; Cotrufo, Wallenstein, Boot, Denef, & Paul, 2013;

Schmidt et al., 2011). Considerable evidence suggests that the physi-

cally protected SOC pool is dominated by simple organic molecules,

and is not composed of the complex supra-molecular structures pre-

viously thought responsible for long-term stabilization of SOC (Kle-

ber, Sollins, & Sutton, 2007; Prescott, 2010; Schmidt et al., 2011;

Stockmann et al., 2013). Thus, a large proportion of stabilized SOC

may consist of microbial products that accumulate during litter

decomposition (Grandy & Neff, 2008), or that result from direct

input of labile carbon in the form of fine root exudates (Bradford

et al., 2013; Jones, Nguyen, & Finlay, 2009; Paterson, Midwood, &

Millard, 2009; Strickland, Wickings, & Bradford, 2012). Moreover,

labile carbon inputs stimulate microbial growth more efficiently com-

pared to more recalcitrant litter, and hence should optimize SOC

accumulation by virtue of greater microbial necromass entering into

stabilizing associations with the soil mineral matrix (Cotrufo et al.,

2013; Kallenbach, Grandy, Frey, & Diefendorf, 2015). These complex

interactions among recalcitrant/labile carbon inputs, microbes, and

physical vs. biochemical protection of SOC have been formalized

into recent process-based computational models for predicting SOC,

such as the MIcrobial-MIneral-Carbon-Stabilization model (Wieder,

Grandy, Kallenbach, & Bonan, 2014). Although the importance of
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microbial carbon in regulating SOC in agricultural systems has

received some attention (Kallenbach et al., 2015), studies that specif-

ically evaluate grazing impacts on SOC in light of recent findings are

needed.

Here, we assessed the effects of grazing on overall BCA, alloca-

tion to root tissue vs. exudates, microbial biomass, and SOC pools

across a system of long-term grazing exclosures and nearby

ungrazed plots in a subtropical pasture system in Florida, USA. We

combine an in situ 13C-CO2 pulse-chase experiment to resolve pat-

terns of carbon allocation within plants and soil microbes (e.g., Brad-

ford, Strickland, DeVore, & Maerz, 2012), with soil surveys inside

and outside of grazing exclosures to quantify SOC pools and charac-

terize their isotopic and molecular composition. We focus specifically

on the role of lignin as a proxy for plant tissue inputs in contributing

to SOC (Thevenot, Dignac, & Rumpel, 2010). The soils in this study

were extremely sandy (~97% sand), similar to the vast majority of

pastureland in south-central Florida (Silveira, Obour, Arthington, &

Sollenberger, 2011), and thus may have low capacity to physically

stabilize SOC (Six, Conant, Paul, & Paustian, 2002; Stockmann et al.,

2013). On the other hand, recent work on similar soils in south Flor-

ida has shown that the mineral-associated SOC fraction constitutes

a disproportionate fraction of the total SOC, despite clay and silt

accounting for only a few percent of mineral mass (Silveira, Xu, Ade-

wopo, Franzluebbers, & Buonadio, 2014). While the molecular com-

position of this SOC fraction has not been specifically assessed in

Florida, synthesis of data from other systems suggests that mineral-

associated SOC is disproportionately of microbial origin (Bradford

et al., 2012; Grandy & Neff, 2008). As such, it is possible that varia-

tions in microbial carbon sequestration could drive variations in min-

eral-SOC and thus explain overall patterns of SOC responses to

grazing.

We tested two general pathways by which grazing may impact

SOC pools, and infer the impacts of grazing by comparing grazed

pasture to adjacent long-term ungrazed pasture. Given previous

observations that cattle grazing enhances microbial biomass in these

systems (Wang, McSorley, Bohlen, & Gathumbi, 2006), we hypothe-

sized that grazing stimulates allocation of carbon into the rhizo-

sphere, especially in the form of fine root exudates, at least partially

accounting for greater microbial biomass. Therefore, we speculated

that grazing-induced changes in this pathway of labile carbon input

could lead ultimately to greater accumulation of microbial necromass

in these soils, thus promoting SOC accumulation over the long term

(hereafter the “exudate-microbe pathway”). By contrast, grazing

effects on SOC may be best accounted for by impacts on fine root

biomass and turnover given the substantial evidence that root litter

inputs are conserved in SOC more effectively than shoot litter

(Rasse et al., 2005). Thus, if grazing promotes root system produc-

tion, hence root litter deposition, we hypothesized that this effect

would be associated with larger SOC pools, and vice versa (the “root

litter pathway”). Critically, neither pathway requires that total NPP

be greater in response to grazing (Briske & Richards, 1995;

McNaughton, 1983), only that grazing induces alterations in absolute

root system biomass or exudation patterns.

2 | MATERIALS AND METHODS

2.1 | Study site

This study was conducted at the MacArthur Agroecology Research

Center (MAERC) in Lake Placid Florida, USA just north of Lake

Okeechobee (lat 27°090N; long 81°120W). MAERC operates a full-

scale commercial cow-calf ranch (~3000 head) to study ecological

aspects of cattle ranching, a dominant land use in the Northern Ever-

glades watershed (Bohlen et al., 2009; Silveira et al., 2011). Average

annual precipitation is 1300 mm, mostly falling in the summer rain

season (May–October). Mean annual temperature is 24°C. MAERC

utilizes both planted Bahiagrass (Paspalum notatum Fluegge) pastures

and seminative pastures, although here we focus on the planted pas-

ture due to their greater agronomic and regional relevance. In the

region, and at this site in particular, planted pastures are utilized pri-

marily during summer growing season, using continuous grazing

management, while dormant season grazing is concentrated on semi-

native pastures (Arthington et al., 2007). Like on most ranches in S.

Florida, the soils are mostly from Spodosol and Entisol orders and

are uniformly coarse-textured with clay+silt fraction accounting for

2–3% of total mineral mass, while various grades of sand account for

the remainder (i.e., there is no significant stone content) (Silveira

et al., 2014).

2.2 | Overview of field studies

To infer the impacts of grazing, we analyzed plant, microbial, and soil

responses to grazing exclusion across long-term 10 9 10 m grazing

exclosures at MAERC. Grazing management in the pastures sur-

rounding the grazing exclosures is representative of the ranch as a

whole (e.g., Arthington et al. 2007; Swain, Boughton, Bohlen, & Lol-

lis, 2013): moderate-density mostly continuous grazing during the

summer growing season, and occasional utilization during the winter

dormant period. Overall grazing intensity on the planted pastures is

moderately high, about 0.6 ha/animal-unit (Gene Lollis, ranch man-

ager, personal communication), but well within standard commercial

ranges for south-central Florida (Silveira et al., 2011). Four exclo-

sures were established in a paired-plot design in Bahiagrass pastures

in 2002, and have since undergone various pathways of plant suc-

cession, with significant consequences for plant and soil carbon

pools (J. Maki, unpublished data), including succession to dominance

of species other than Bahiagrass.

Sufficient Bahiagrass (i.e., at least three spatially distinct patches

with area >1 m2) remained in three out of the four exclosures to

compare soil under Bahiagrass inside the exclosure to soil under

Bahiagrass outside exclosures in grazed patches, and thus test for

long-term impacts of grazing exclusion on SOC. In one exclosure,

overall Bahiagrass cover exceeded 70% and thus permitted a full-

scale replicated field experiment to resolve variations in carbon allo-

cation above and belowground using stable isotope 13C pulse-chase

methodology (Hafner et al., 2012). Thus, to test our hypotheses

about the impact of grazing on BCA and SOC stocks in the context
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of subtropical pasture at MAERC, we combined two field studies, a

background survey of soils in each of the three exclosures, and a

replicated pulse-chase experiment at one exclosure, where we tested

the impact of grazing exclusion on belowground carbon allocation

and rates of fine root exudation.

2.3 | Background soil survey

To quantify grazing exclusion effects on SOC and soil organic nitro-

gen (SON) stocks, we randomly sampled three locations inside (un-

grazed) and outside (grazed) of each exclosure (N = 18 total) to a

depth of 5 cm using a hammer core (AMS 5.08 9 15.24 cm Signa-

ture SCS Complete/354.26). Soils were oven-dried, sieved (2 mm),

and analyzed for %C/N, d13C/d15N, and total lignin phenols (more

details below). Bulk density computation is explained in

Appendix S1.

2.4 | Pulse-chase experiment

At one site, we randomly located four 1-m2 plots inside and outside

the grazing exclosure to conduct a 13C-CO2 pulse-labeling experi-

ment. Inside the exclosure, cover of Bahiagrass exceeded 95% in all

plots utilized for pulse labeling, while plant composition was some-

what more mixed in the grazed pasture. A previous detailed plant

community composition survey found that Bahiagrass cover was

86% in the grazed pasture at this site, with a low-level presence of

sedges (e.g., Cyperus spp.), and other graminoids (Julia Maki, personal

communication). In turn, this plant composition is very typical of

grazed planted pasture at this site (e.g., Arthington et al. 2007; Will-

cox, Tanner, Giuliano, & McSorley, 2010), and in south-central Flor-

ida more generally (Bohlen et al., 2009; Silveira et al., 2011; Swain

et al., 2013).

Pulse labeling occurred over a 2-week period in early Septem-

ber 2016, when each 1-m2 plot was pulse-labeled once. In order to

minimize temporal sampling effects, we blocked our pulse events,

so that pulse labeling occurred for one plot inside and one plot

outside the exclosure on the same day, alternating the order in

which these events occurred each day. Thus, our comparisons of

carbon allocation patterns inside vs. outside the grazing exclosure

were not influenced by day-to-day variation in environmental fac-

tors (e.g., soil moisture or solar radiation). Moreover, since our goal

was specifically to study the long-term consequences of grazing

exclusion on carbon allocation, rather than short-term impacts (e.g.,

Hamilton & Frank, 2001), we located plots on patches that had

been grazed earlier in the season, but that had a minimum of

10 cm Bahiagrass regrowth.

For each pulse-labeling event, we installed a wooden frame base

fitted with a forged steel cladding that was trenched 5 cm into the soil

to prevent gas exchange from outside the plot. A 1-m3 plexiglass

chamber was placed on the base and all seams were sealed using a

combination of pipe insulation foam and duct tape to ensure no air

infiltration. The chamber was fitted with a closed-loop air conditioning

system to maintain ambient temperature inside the chamber and low

enough humidity to prevent condensation and fogging of chamber

walls and maximize photosynthetically active radiation (PAR). More

details of chamber design and operation are given in Appendix S2.

Each labeling event lasted 3 h. We introduced 430 mg of 13C-

C as CO2 by reacting 3 g of 99 atom% 13C-NAHCO3 with 10%

acetic acid and flushing the CO2 into the chamber through plastic

tubing (Bev-A Line Tubing, United States Plastic Corp., Lima, OH)

using a vacuum pump. To generate a more consistent supply of
13C-CO2 during each run, we split the 3 g dose into two 1.5 g

doses and added the second dose after 1.5 h. We monitored 12C-

CO2 levels inside the chamber as a proxy for photosynthesis and

measured respiration with an EGM-3 environmental gas monitor

(PP Systems, Cambridge, MA), while PAR was tracked with an

ACCUPAR LP-80 linear ceptometer (Decagon Device Inc., Pullman,

WA, USA).

Immediately after each pulse, we sampled aboveground bio-

mass to quantify initial label uptake via photosynthesis. Then, for

each plot, we performed successive harvests of plants and soils at

two, seven, and 32 days postpulse, and separately resolved shoots,

rhizomes, roots, and soils. For the 2 and 7 day harvests, we col-

lected two replicate subsamples per plot, and then harvested one

final sample at 32 days due to space constraints. For shoots, we

harvested 7.5 9 100 cm swaths to account for spatial heterogene-

ity. For belowground pools, each replicate consisted of four cores

to 5 cm depth along each harvested swath and then combined

into one aggregate sample. Field moist soils were sieved to sepa-

rate roots and rhizomes from soil, and shoots, roots, and rhizomes

were dried at 60°C until constant mass, weighed, and then

homogenized in a mill (Mini Wiley Mill, Thomas Scientific, NJ)

prior to analysis.

After wet sieving, soil was divided into two samples, one half for

extraction of microbial biomass, while the other half was dried to

constant mass at 60°C for elemental and isotopic analysis. At the

end of the experiment, all oven-dried soil samples from each plot

were pooled, and re-sampled prior to analysis. Thus, for soil analyses

we have four independent replicates inside and outside the grazing

exclosure (N = 8), which we ultimately combine with the background

soil survey (N = 18) to infer long-term consequences of grazing

exclusion. Note that each pooled sample is expected to represent its

plot well as an aggregation across 20 soil cores in an area of only 1-

m2. After drying to constant mass, soils were homogenized in a ball

mill (Win-L-Bug, Dentsply) prior to analysis. Samples were then ana-

lyzed for the same soil parameters as in the background survey: %C/

N, d13C/d15N, and lignin phenols.

For all plant and soil samples, we analyzed %C/N and d13C/d15N

with a Carlo Erba NA1500 CNS Elemental Analyzer (EA) coupled to

a Thermo Finnigan DeltaPlus XL ratio mass spectrometer at the

University of Florida stable isotope laboratory.

To quantify patterns of carbon allocation among shoots, roots,

rhizomes, and microbes, we combined masses of carbon with their

delta values to generate a measure of “13C label” (i.e., amount of

label mass recovery in each pool). First, we converted all delta values

into atom %, as:
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atom% ¼ Rstd
d13Csamp

1000
þ 1

 !
= 1þ Rstd

d13Csamp

1000
þ 1

 ! !
(1)

where d13Csamp is the measured delta 13C value for a given C pool,

and Rstd is the 13C/12C ratio of the standard (i.e., VPDB). Then, we

multiplied the mass of carbon in a pool (Cpool) by the difference

between the atom % in the enriched pool and the atom % of the

background, un-enriched pool to estimate 13C label recovered as fol-

lows:

13Clabel ¼ Cpool � ðatom%enriched � atom%backgroundÞ (2)

This metric of ‘13Clabel’ allows us to quantify patterns of carbon

allocation within plants and between plants and microbes, and natu-

rally accounts for variation in biomass carbon observed in various

pools. By contrast, only examining isotopic enrichment (i.e., d13C)

would not allow us to estimate the “sink strength” of various bio-

mass compartments, since a small enrichment over a large biomass

can represent a larger sink than a large enrichment over a small bio-

mass.

2.5 | Microbial biomass and isotope quantification

We measured microbial biomass using the modified slurry chloro-

form fumigation and extraction (sCFE) method (Fierer & Schimel,

2002, 2003). To determine microbial biomass carbon and d13C, we

freeze-dried fumigated and unfumigated extracts, and analyzed their

%C and d13C with a Carlo Erba NA1500 CNS Elemental Analyzer

(EA) coupled to a Thermo Finnigan DeltaPlus XL ratio mass spec-

trometer at the University of Florida stable isotope laboratory. We

computed the mass of microbial C using the difference between

fumigated and unfumigated samples. To deconvolute the isotopic

signature of the microbial biomass pool from the total extractable

pool, we used the mass-balance equation from Dijkstra et al.,

(2006),

d13Cmic ¼ ðd13Cfum � Cfum � d13Cex � CexÞ=Cmic (3)

where, Cfum represents the mass of C measured in the fumigated

samples (including both microbial biomass and extractable carbon,

i.e., DOC), and Cex is the extractable carbon. After computing the

d 13C for microbial biomass, we converted to atom % using equa-

tion 1 and estimated isotopic enrichment due to pulse labeling with

equation 2.

2.6 | Quantification of exudation

A primary goal of this study was to quantify exudation rates inside

and outside of the long-term grazing exclosure. Unfortunately, there

is no reliable method for directly capturing and measuring root exu-

dates in the field, so we infer root exudation based on microbial

uptake. Root exudation of recent photoassimilates in graminoids is a

rapid process, normally reaching a maximum within 12–24 h (Brad-

ford et al., 2012; Johnson, Leake, Ostle, Ineson, & Read, 2002; Kai-

ser et al., 2015; Kuzyakov & Gavrichkova, 2010). Thus, we consider

recovery of label 13C at 48 h our best index of exudation rates in

pulse-labeled plots.

Observed 13C label is a significant under-estimate of true exuda-

tion rates because chloroform fumigation-extraction is known to be

only about 50% efficient at extracting microbial C (Bradford et al.,

2012). Moreover, because we cannot account for variations in

microbial growth yield efficiency (GYE, i.e., fraction of exudates

incorporated into microbial cells rather than lost to respiration, gen-

erally estimated around 0.6 for glucose, Thiet, Frey, & Six, 2006;

Blagodatskaya, Blagodatsky, Anderson, & Kuzyakov, 2014), we

assume that GYE = 0.6 in all plots. We estimate total exudation as

Cexudate ¼ 13Clabel � ð1=0:5Þ � ð1=0:6Þ

and compute proportion of BCA of exudates as,

Exudatefrac ¼ Cexudate=ðCroot þ CexudateÞ

2.7 | Soil lignin extraction

To quantify the relative importance of plant tissue vs. microbial

products in SOC, we extracted lignin phenols from all soil samples

using the alkaline oxidation method (Hedges & Ertel 1982; Shields,

Bianchi, G�elinas, Allison, & Twilley, 2016). In brief, samples were

loaded into stainless-steel reaction vessels along with cupric oxide,

ferrous ammonium sulfate hexahydrate, and 2 N sodium hydroxide,

reacted at 150°C for 3 h, acidified, and then liquid–liquid extracted

with ethyl acetate. Ethyl acetate extracts were filtered through

sodium sulfate columns, dried, redissolved in pyridine, and aliquots

were derivatized by reaction with N,O-Bis(trimethylsilyl)

trifluoroacetamide + 1% trimethylchlorosilane at 70°C for 1 h. Sily-

lated derivatives were analyzed on a Thermofisher Trace 1310 gas

chromatograph coupled to a TSQ8000 mass spectrometer. Ethyl

vanillin was used as an internal standard and was added to the reac-

tion vessels directly following alkaline oxidation.

All three major families of lignin phenols (vannilyl, syringyl, and

cinnamyl, VSC) were quantified and normalized both to unit dry

mass of soil (VSCsoil) and to 100 mg OC (carbon-normalized lignin or

VSCOC). Regressing SOC concentration against VSCsoil informs the

extent to which variations in SOC concentration are coupled to

input and retention of plant tissues, whereas VSCoc is used to infer

variations in the relative importance of plant inputs in sustaining

SOC pools between our treatments. Moreover, comparing VSCoc

between plants and soils indexes the degree to which nonplant (i.e.,

microbial) sources are likely contributing to SOC. We also examine

Ad:Alv (acid-aldehyde ratio of the vannilyl family), which reflects

decomposition status of the lignin and provides additional informa-

tion on the balance between input and decomposition rates across

our treatments (Jex et al., 2014). Additionally, we analyzed lignin in

pooled samples of plant tissue, separately resolving shoots, roots

and rhizomes from both grazed and excluded plots. Since lignin phe-

nols are extracted from the most recalcitrant fraction of plant litter,

differences in the carbon-normalized lignin concentrations between
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plant tissue sources and soils can inform the contribution of decom-

posed plant litter vs. microbial sources to bulk SOC.

2.8 | Statistical analysis

2.8.1 | Plant and microbial pools

Overall, our goal in this study was to estimate the effect of grazing

on belowground carbon allocation and carbon pools by comparing

grazed pasture with adjacent ungrazed pasture inside long-term graz-

ing exclosures. Since grazing exclusion is the experimental manipula-

tion, our statistical models treat grazed pasture as the reference or

baseline condition. Then, to estimate the effect of grazing exclusion

on plant and microbial biomass pools in the pulse-chase plots, we

parameterized Bayesian general linear mixed effects (i.e., hierarchical)

models. We modeled all responses with a normal sampling distribu-

tion. We constrained the mean of the sampling distribution to be a

function of both a (fixed) treatment indicator for grazing treatment

(i.e., grazed/ungrazed), and included varying intercepts for both har-

vest day and plot to account for the spatial and temporal structure

of observations (Gelman & Hill, 2007). Therefore, our fixed effect

estimates (i.e., effect of grazing exclosure) represent average treat-

ment effects across days and plots.

Moreover, to better account for any systematic differences

between the plots inside and outside the exclosure, we let both

data-level (i.e., sampling distribution) and plot-level variance compo-

nents differ based on treatment (i.e., grazing indicator) (Gelman &

Hill, 2007). In practice, this strategy allows the variation both among

and within plots to systematically vary inside vs. outside the exclo-

sure, which should help to account for the possibility that plots

inside the exclosure may vary as a function of several unmeasured/

unknown covariates beyond the simple presence/absence of grazing.

For the binary (0/1) treatment indicator, we assigned the reference

0 value to the grazed plots, and 1 for the exclosure treatment. Our

coefficient for treatment effect therefore represents the estimated

effect of grazing exclosure, and we thus infer the effect of grazing

by the effect of its removal from the system.

All coefficients were assigned weakly informative priors to

improve computational efficiency and stabilize inference (Gelman,

Jakulin, Pittau, & Su, 2008). For the treatment coefficients, we set

the prior scale based on observed scale (SD) of data multiplied by 5

(for the intercept, i.e., baseline) or 2.5 (for the effect), both of which

constrain estimation to the same order of magnitude but are rela-

tively uninformative within that range. For the hierarchical effects,

we set the hyper-prior for scale based on the observed data scale,

but within a fat-tailed Student T distribution with 4 degrees of free-

dom, which allows for large deviations from the prior where sup-

ported by data. Finally, the components of the sampling model

variance were assigned Normal(0,5) priors which are effectively unin-

formative over the entire conceivable range of values for sampling

variance. Although we present our choice of priors here in the inter-

est of full transparency, we found that our inferences were not sen-

sitive to prior specification. For comparison, we have included code

to implement a similar model using maximum likelihood in our sup-

plemental code file.

In statistical notation, our basic model has the following form:

yjb0;bg;x0;x1;gday;gplot �Normalðb0 þ bg � EXC
þgday þ gplot; e

x0þx1�EXCÞ

gdayjrday � Student Tðdf ¼ 4;0;rdayÞ

gplotjrplot�g;rplot�e �Student T df ¼ 4;0;rplot�g;rplot�e

� �

rday � Student Tðdf ¼ 4;0; pdayÞ

rplot�g;rplot�e �Student Tðdf ¼ 4;0;pplotÞ

b0 �Normalð0; pintÞ

b1 �Normalð0; pgÞ

x0 �Normalð0;5Þ

x1 �Normalð0;5Þ
where, y is our response variable, b0 is the model intercept (i.e., ref-

erence value of the grazed treatment), bg is the coefficient for treat-

ment effect (of exclosure), EXC is the 0/1 indicator for Exclosure,

gday are the random effects of harvest day (postpulse), gplot are the

random effects of plot identity, {x0;x1} are the coefficients for sam-

pling variance model (constrained to be positive via the log-link),

rday and rplot are the variance components for the random effects

of day and plot with hyper-priors pday;pplot, and pint and pg are priors

for treatment effects.

We estimated treatment effects using the posterior mean calcu-

lated from 30000 MCMC samples, along with their standard errors

and 95% uncertainty intervals (Table 1).

2.8.2 | Fine root exudates

To better understand the long-term effects of grazing on fine root

exudation, we tested our estimates of exudation (based on ‘13C label’

in the microbes 48 h postpulse) with a linear mixed effects model

that included both a treatment indicator (for exclosure) and mea-

sured root biomass C as a continuous covariate. We fit this linear

mixed effects model using the “lme4” (v1.1-12) package in R

(v.3.3.2). We present fitted regression lines and R2 from these mod-

els (specifically, marginal or fixed effect only R2 calculated using the

“MuMIn” package, v. 1.40.0).

2.8.3 | Soil properties

We modified the Bayesian GLMM model described above to com-

bine and analyze the soil data collected from both the pulse-chase

plots and from the background survey of three exclosures. We

added an indicator to identify whether the observed data-point was
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collected during the background survey, or as part of the pulse-chase

experiment, eliminated the inapplicable random effects of day and

plot, added a random effect of site, and modified the sampling vari-

ance to also account for variations between background survey and

pulse-chase plots, where the latter should have lower sampling vari-

ability due to averaging over many cores per plot.

All Bayesian models were estimated using Hamiltonian Monte

Carlo programmed in the Stan language (Carpenter et al., 2017)

linked to R (v. 3.3.2, R Core Team) via the ‘rstan’ package (v.2.14.1).

For each model, we ran 12 chains of 5000 iterations each. Our tar-

get was to achieve effective sample size (Neff) >4000 for all esti-

mands of interest. All chains were monitored for convergence via

use of the R_hat < 1.01 statistic, and absence of computational

pathologies via the diagnostics built into Stan, and visual inspection

of chains.

3 | RESULTS

3.1 | Plant carbon

Shoot biomass carbon was twice as large inside the grazing exclo-

sure (98.0 � 20.8 g/m2) compared to outside the exclosure

(48.0 � 13.2 g/m2, Figure 1a, Table 1). Average shoot d13C post-

pulse was also greater in exclosure plots (Figure 1b), as was total

label uptake (Figure 1c); however, both responses showed a great

deal of variability, and thus their 95% credible intervals overlap zero.

By contrast, root biomass C was 74% lower inside the exclosure

(83.1 � 32.1 g/m2 compared to 274.4 � 51.8 g/m2, Figure 1d).

Thus, overall root:shoot ratios were lower under grazing exclusion

(1.2 inside exclosure compared to 5.3 outside exclosure). Although

root d13C values were only around 3 per mil lower in excluded than

grazed plots (Figure 1e), total label 13C enrichment was sevenfold

lower in excluded plots compared to grazed plots after accounting

for biomass C differences (Figure 1f, Table 1). Thus, root systems

were a significantly stronger carbon sink in grazed pasture compared

to ungrazed pasture.

3.2 | Microbial carbon

Microbial biomass C was lower by half in excluded plots vs. grazed

plots (0.16 vs. 0.37 mg/g) and did not vary substantially over the

harvest dates (Figure 1g). We observed a spike in d13C at the two-

day harvest, which was particularly evident in the grazed plots (Fig-

ure 1h) and grazed plots showed a larger enrichment of +8.4 per mil

compared to a smaller enrichment of +3.7 per mil for exclosure

plots. Similar to root label enrichment, average 13C enrichment of

the microbes was 6.5-fold lower in excluded plots compared to

grazed plots (0.2 mg/m2 vs. 1.3 mg/m2, Figure 1i).

3.3 | Exudation

Our estimate of exudation varied from 1.0 mg/m2 in the excluded

plots to 5.3 mg/m2 in the grazed plots. Grazing exclosure did not

predict root exudation after controlling for root biomass, which

explained 79% of the variance in exudation estimates (Figure 2a).

Allocation of carbon to root tissues was positively correlated with

TABLE 1 Model results for all responses in the study. Grazed and exclosure values are means (standard errors) marginalized across all dates.
Model coefficients (representing estimates of differences in means) are reported under Effect column with mean (standard error), and [95%
uncertainty interval]. The last column is % effect size of Exclosure compared to the Grazed baseline. NA = % effect comparison is more
misleading than helpful, since d values by definition represent a sort of concentration (relative to standard), and we are already comparing to a
reference value of �13.5

Pool Measure

Treatment Exclosure effect

Grazed Exclosure Mean (SE) (95% interval) %

Shoots Mass C (gm�2) 48.0 (13.2) 98.0 (20.8) 50.0 (19.4) [11.6; 88.2] +104%

d13C (ppt, relative to �13.5) 68.3 (25.1) 47.2 (24.2) �20.4 (21.0) [�61.9; 21.9] NA

13C Label (mg/m2) 40.8 (17.8) 68.4 (22.2) 27.6 (17.6) [�7.5; 62.7] +68%

Roots Mass C (gm�2) 274.4 (51.8) 83.1 (32.1) �191.3 (52.9) [�295.8; �86.6] �74%

d13C (ppt, relative to �13.5) 4.1 (1.5) 1.2 (1.6) �2.9 (1.9) [�6.6; 1.0] NA

13C Label (mg/m2) 11.8 (2.8) 1.6 (2.1) �10.2 (3.1) [�16.3; �4.1] �86%

Microbes Mass C (mg/g) 0.37 (0.06) 0.16 (0.04) �0.21 (0.07) [�0.34; �0.07] �57%

d13C (ppt, relative to �13.5) +8.9 (1.7) +4.3 (1.8) �4.6 (1.7) [�7.9; �1.3] NA

13C Label (mg/m2) 1.3 (0.3) 0.2 (0.2) �1.1 (0.3) [�1.6; �0.5] �85%

Soil C (%) 8.6 (1.2) 6.8 (1.3) �1.8 (0.9) [�3.6; 0] �21%

N (%) 0.5 (0.1) 0.4 (0.1) �0.12 (0.05) [�0.2; 0] �23%

d13C (ppt, relative to �13.5) �1.3 (0.2) �2.7 (0.3) �1.4 (0.2) [�1.9; �1.0] NA

d15N 1.9 (0.3) 2.1 (0.3) 0.2 (0.1) [0; 0.5] NA

C-Normal Lignin (%) 4.8 (0.3) 4.2 (0.3) �0.6 (0.2) [�1.0; �0.1] �12%

Ad:Al(v) 0.54 (0.02) 0.59 (0.02) 0.05 (0.01) [0.03; 0.08] +9%
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exudation (r = 0.82, Figure 2b). Overall, we estimated that mass of

carbon as exudates was around 40–50% of the mass incorporated

into root tissue, suggesting that exudates accounted for 25–30% of

total carbon allocated into root systems.

3.4 | Soil carbon and nitrogen

After pooling across both the background survey of three exclosures,

and the plots included in the pulse-chase experiment, we found less

SOC (6.7% vs. 8.5%) and SON (0.4% vs. 0.5%) in the exclosure plots

(Table 1). Given comparable bulk density estimates inside and out-

side the exclosure, there was 22% lower SOC/SON stock in exclo-

sure compared to grazed plots after 15 years. d13C was more

depleted in excluded (�2.73) than grazed (�1.29) plots (compared to

plant and microbial reference values of �13.5), while the d15N was

heavier in excluded (+2.05) than grazed (+1.83) (Table 1).

3.5 | Soil lignin markers

As a proportion of SOC total lignin phenols were lower in the exclu-

sion (4.2/100 mg OC) compared to grazed (4.8/100 mg OC) plots

(Table 1). Lower VSCoc in exclosure soils was consistent across all

three major groups of phenols (vannilyl, syringyl, and cinnamyl). By

comparison, plant source material was highly enriched in lignin in

both treatments, with values ranging from 7.2–10.6 mg/100 mg OC.

Across both treatments, lignin-phenol concentration (on a soil weight

basis) explained nearly 90% of the variation in SOC concentration

(Figure 3). At the same time, acid:aldehyde (Ad:Alv) ratios were

higher in the exclosure (0.59) than grazed (0.53) plots, although the

effect size was small (11% difference, Table 1).

4 | DISCUSSION

Large herbivore grazing may modify belowground carbon allocation

into root tissue or into microbes via root exudation, or both, with

potentially significant consequences for grassland SOC pools. Our

in situ 13C pulse labeling of subtropical pasture revealed that long-

term grazing exclusion resulted in substantially lower allocation of

carbon to both new root tissue and fine root exudation than in

grazed areas, even in the absence of significant shifts in plant com-

position. In turn, lower carbon allocation into and through roots
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where grazing was excluded was associated with substantially less

standing root biomass, microbial biomass, and lower SOC/SON

stocks. Moreover, molecular characterization of soils revealed that

SOC/SON stocks were closely coupled to plant tissue inputs across

both excluded and grazed plots. There was greater contribution of

lignin to SOC with grazing, suggesting that a significant fraction of

the larger SOC pools in grazed plots was plant-derived. Thus, our

results are consistent with the hypothesis that higher rates of root

litter deposition account for the higher SOC observed under grazing

in this system, given the much larger root biomass sustained under

grazed pasture. We found that grazed plots had higher rates of fine

root exudation than excluded plots, but this pathway of carbon input

appears to scale closely with standing root biomass and does not

appear to be the primary reason for greater SOC under grazing.

Taken together, these results demonstrate that grazing C4 pasture

grasses can promote root system production and turnover and

thereby higher SOC/SON stocks.

We found little support for the hypothesis that labile carbon

inputs (e.g., fine root exudates) play a unique role in mediating the

impact of grazing on SOC through their effects on accumulation of

microbial carbon. The impacts of grazing-stimulated fine root exuda-

tion depend crucially on the processes regulating SOC turnover in

these grassland systems. In turn, SOC turnover is a function of com-

plex interactions between microbial populations, organic substrates,

and the soil mineral matrix (Cotrufo et al., 2013; Wieder et al.,

2014). Despite finding that grazed plots sustained more than twice

the microbial biomass as excluded plots (consistent with previous

data from other pastures at MAERC, (Wang et al., 2006), the 28%

larger SOC stock in the grazed plots contained roughly 13% more

lignin per unit SOC. This pattern strongly argues that much of the

difference in SOC derives from plant tissue inputs (Thevenot et al.,

2010), and thus is likely to be found more in particulate form rather

than in stabilized mineral associations (Cotrufo et al., 2013). Addi-

tionally, across both grazed and excluded plots, lignin-phenol con-

centration explained nearly 93% of the variance in SOC

concentration (Figure 3). Although this molecular characterization of

the SOC cannot by itself discriminate between various functional

fractions of SOC, or inform on their relative turnover rates, it does

strongly suggest that stabilization of microbial necromass (Kallenbach

et al., 2015) is unlikely to be a primary mechanism underlying graz-

ing-associated increases of SOC in this system.

Our finding that grazing is associated with higher SOC stocks is

consistent with the pattern noted by McSherry and Ritchie (2013),

whereby grazing may especially promote SOC in C4 grasslands

receiving higher precipitation. However, no subtropical sites were

included in their survey, and thus it is encouraging that our results

support this general pattern, suggesting a common underlying mech-

anism. Our large measured SOC concentrations (5–16%) likely reflect

a combination of very high input rates and environmental constraints

to microbial decomposition (Davidson & Janssens, 2006), likely due

to water-logging (i.e., anaerobiosis) during the summer wet season.

Conversely, we found a lignin decomposition status (Ad:Alv) of 0.55,

which is in the middle range of what is expected for grasslands and

croplands (Thevenot et al., 2010), suggesting that decomposition

rates are not seriously impeded. Given the generally accepted rela-

tionship between particle size fraction distribution and capacity to
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physically stabilize labile organic molecules such as microbial prod-

ucts (Grandy & Neff, 2008; Kallenbach et al., 2015; Wieder et al.,

2014), it would stand to reason that our coarse-textured soils (>97%

sand) should contain little stabilized microbial necromass, and that

plant inputs should be predominantly represented in the SOC stock.

Therefore, it is not surprising that our soil lignin concentrations were

high, and were consistent with findings from other sandy soils (The-

venot et al., 2010). However, soil lignin concentrations were less

than half the concentration observed in plant source pools in both

treatments. Theoretically, if all SOC were from plant tissue, the pro-

portion of lignin would increase in SOC relative to source pools,

because the lignin fraction is the most recalcitrant and selectively

preserved pool of plant tissue during decomposition (Six et al., 2002;

Thevenot et al., 2010). Thus, these data suggest a large mass of non-

plant-sourced (i.e., microbial) C is contributing to SOC. Whether this

microbial carbon originates from root exudate flux (Bradford et al.,

2012), or from the microbial decomposition of plant tissues (Grandy

& Neff, 2008) is unclear. However, based on both our lignin data,

and on the compelling relationship between fine root biomass and

estimated exudation, both sources of microbial carbon will be highly

collinear with observed root biomass.

Grazing exclusion dramatically altered plant carbon allocation in

this system. Grazed plots allocated over 59 the C into root systems,

and sustained a standing biomass stock more than 39 as large as

excluded plots. This coincides with a fourfold amplification of root:

shoot ratios, from a relatively low value of around one in the

absence of grazing, to a more typical value around five given grazing.

Given these shifts in root:shoot ratios, it appears that in the absence

of grazing, this pasture community exhibited phenotypic shifts con-

sistent with greater competition for light (e.g., larger leaves, wider

plant spacing), and lower requirement for rapid mobilization of nutri-

ents through fine root system (Milchunas, Sala, & Lauenroth, 1988).

Another possible mechanism is that ungrazed plants may initiate

reproductive structures (e.g., culms) earlier in the season, shifting

allocation priorities from roots to shoots. Consistent with Hafner

et al. (2012), we also found substantially greater rates of rapid

belowground assimilate allocation in grazed plots compared to long-

term ungrazed plots. Indeed, overall flux of carbon as fine root exu-

dates may represent as much as 25% of the total carbon allocated

into root systems, representing a quantitatively significant fraction of

total SOC inputs. Previous literature has documented increases in

fine root exudation as a short-term (scale of days) response to graz-

ing (Augustine et al., 2011; Hamilton & Frank, 2001; Hamilton et al.,

2008), and has suggested an adaptive role for this response as a

nutrient acquisition strategy. Our results from long-term grazing

exclosures strongly suggest that fine root exudation is more closely

coupled to fine root biomass than to grazing status over long time-

frames (Figure 2). Also, unlike the findings reported by Hafner et al.

(2012), we observed a stark contrast in exudation rates even after

controlling for plant species composition by comparing nearly mono-

typic Bahiagrass stands inside and outside of a long-term grazing

exclosure. This pattern strengthens the conclusion that grazing per

se is responsible for radically shifting plant carbon allocation

priorities, with long-term consequences for ecosystem function

including greater stocks of SOC and SON. Clearly, substantial grazing

effects on SOC in C4 grasslands do not require plant compositional

shifts (e.g., increased proportion of C4 plants, Derner et al., 2006;

McSherry & Ritchie, 2013).

Although we observed large impacts of grazing on BCA and SOC

pools, future work will be needed to gain greater mechanistic insight

into the processes regulating SOC turnover, and thus long-term

implications of grazing for carbon sequestration. For instance, our

findings support that plant tissue inputs account for a disproportion-

ate fraction of SOC under grazing, but we do not have data to link

this pattern to any particular fraction of SOC (von L€utzow et al.,

2007; Moni, Derrien, Hatton, Zeller, & Kleber, 2012). We speculate

that it is possible that particulate forms of SOC are promoted by

grazing, while the absolute concentration of mineral-associated C is

similar due to saturation of physical-protection capacity in coarse

sandy soils. Thus, given a larger capacity to stabilize microbial necro-

mass, grazing may be associated with an even greater SOC stock

(i.e., enhancing the ‘microbial carbon pump’ (Liang, Schimel, & Jas-

trow, 2017). On the other hand, grazing-stimulated exudation could

accelerate microbial access to mineral C (e.g., via organic acid

release, Keiluweit et al., 2015), leading to SOC loss via ‘priming

effects’ (Blagodatsky, Blagodatskaya, Yuyukina, & Kuzyakov, 2010;

Cheng, 2009; Cheng et al., 2014; Strickland, Devore, Maerz, & Brad-

ford, 2010). To resolve these possibilities, we recommend that longer

term in situ 13C pulse-chase experiments be conducted using combi-

nations of labeled litter and model exudates (Strickland et al., 2012)

to trace the fate and transformation of these carbon inputs through

various SOC pools, and to test for priming effects across meaningful

environmental gradients (e.g., plant composition, soil moisture).

Our results have potentially significant implications for more

effective stewardship of SOC and carbon sequestration services

(Chapin, 2009; Swain et al., 2013) in subtropical grazing lands. First,

they suggest that plant productivity is indeed a key control point in

the SOC cycle, consistent with previous remote-sensing based find-

ings in this ecosystem (Wilson et al., 2017). Second, it appears that

grazing managers should focus attention on routine monitoring of

fine root biomass to predict SOC. At least for coarse-textured soils

under C4 pasture, we suggest that management of SOC stocks ulti-

mately comes down to optimizing root system biomass and prolifer-

ation. Although we did not evaluate the impact of shifts in plant

composition or grazing pressure on SOC, we suggest their effects

will be readily predictable based on observations of root systems

(Derner & Schuman, 2007). Given the spatial and temporal com-

plexity often characterizing good grazing management (Bestelmeyer

& Briske, 2012; Provenza, 2008; Teague et al., 2013), having a sim-

ple integrative marker (e.g., root biomass) to predict changes in

SOC would be very useful. Overall, it is clear from our results that

large herbivores can be critical for maintaining belowground carbon

stocks in subtropical pasture, which should be carefully considered

when evaluating grazer impacts on global change and their poten-

tial to contribute to greenhouse gas mitigation via soil carbon

sequestration.

10 | WILSON ET AL.



ACKNOWLEDGEMENTS

Jessica Wilson provided significant assistance with pulse-chase field-

work. James Estrada helped construct pulse-chase chamber. Eliza-

beth Boughton and MAERC staff provided access to field-sites and

lodging. Julia Maki generously shared data collected from the same

set of grazing exclosures. This project was funded by NSF DDIG

grant 1501686. All data available on Data Dryad (https://doi.org/

10.5061/dryad.ms2np57) and statistical code available on GitHub

(https://github.com/chwilson/GCB_2018).

ORCID

Chris H. Wilson http://orcid.org/0000-0001-7695-8299

Michael S. Strickland http://orcid.org/0000-0001-5349-0363

Jack A. Hutchings http://orcid.org/0000-0003-3396-6787

Thomas S. Bianchi http://orcid.org/0000-0002-3068-2933

S. Luke Flory http://orcid.org/0000-0003-3336-8613

REFERENCES

American Carbon Registry. (2014). Methodology for Compost Additions

to Grazed Grasslands (v.1).

Arthington, J. D., Roka, F. M., Mullahey, J. J., Coleman, S. W., Muchovej, R.

M., Lollis, L. O., & Hitchcock, D. (2007). Integrating ranch forage produc-

tion, cattle performance, and economics in ranch management systems

for southern Florida. Rangeland Ecology & Management, 60, 12–18.

Augustine, D. J., Dijkstra, F. A., Iii, E. W. H., & Morgan, J. A. (2011). Rhi-

zosphere interactions, carbon allocation, and nitrogen acquisition of

two perennial North American grasses in response to defoliation and

elevated atmospheric CO2. Oecologia, 165, 755–770. https://doi.org/

10.1007/s00442-010-1845-4

Bardgett, R. D., Wardle, D. A., & Yeates, G. W. (1998). Linking above-

ground and below-ground interactions: How plant responses to foliar

herbivory influence soil organisms. Soil Biology and Biochemistry, 30,

1867–1878. https://doi.org/10.1016/S0038-0717(98)00069-8

Bestelmeyer, B. T., & Briske, D. D. (2012). Grand challenges for

resilience-based management of Rangelands. Rangeland Ecology &

Management, 65, 654–663. https://doi.org/10.2111/REM-D-12-

00072.1

Blagodatskaya, E., Blagodatsky, S., Anderson, T.-H., & Kuzyakov, Y.

(2014). Microbial growth and carbon use efficiency in the rhizosphere

and root-free soil. PLoS ONE, 9, e93282. https://doi.org/10.1371/

journal.pone.0093282

Blagodatsky, S., Blagodatskaya, E., Yuyukina, T., & Kuzyakov, Y. (2010).

Model of apparent and real priming effects: Linking microbial activity

with soil organic matter decomposition. Soil Biology and Biochemistry,

42, 1275–1283. https://doi.org/10.1016/j.soilbio.2010.04.005

Bohlen, P. J., Lynch, S., Shabman, L., Clark, M., Shukla, S., & Swain, H.

(2009). Paying for environmental services from agricultural lands: An

example from the northern Everglades. Frontiers in Ecology and the

Environment, 7, 46–55. https://doi.org/10.1890/080107

Bradford, M. A., Keiser, A. D., Davies, C. A., Mersmann, C. A., & Strick-

land, M. S. (2013). Empirical evidence that soil carbon formation from

plant inputs is positively related to microbial growth. Biogeochemistry,

113, 271–281. https://doi.org/10.1007/s10533-012-9822-0

Bradford, M. A., Strickland, M. S., DeVore, J. L., & Maerz, J. C. (2012).

Root carbon flow from an invasive plant to belowground foodwebs.

Plant and Soil, 359, 233–244. https://doi.org/10.1007/s11104-012-

1210-y

Briske, D., & Richards, J. (1995). Plant responses to defoliation: A physio-

logical, morphological and demographic evaluation. In D. J. Bedunah

& R. E. Sosebee (Eds.), Wildland plants: Physiological ecology and devel-

opmental morphology (pp. 635–710). Denver, CO: Society for Range

Management.

Carpenter, B., Gelman, A., Hoffman, M., Lee, D., Goodrich, B., Betancourt,

M., . . . Riddell, A. (2017). Stan: A probabilistic programming language.

Journal of Statistical Software, 76, 1–32.

Chapin, F. S. III (2009). Managing ecosystems sustainably: The key role

of resilience. In C. Folke, G. P. Kofinas, & F. S. Chapin III (Eds.), Princi-

ples of ecosystem stewardship (pp. 29–53). New York, NY: Springer.

https://doi.org/10.1007/978-0-387-73033-2

Cheng, W. (2009). Rhizosphere priming effect: Its functional relationships

with microbial turnover, evapotranspiration, and C-N budgets. Soil

Biology and Biochemistry, 41, 1795–1801. https://doi.org/10.1016/

j.soilbio.2008.04.018

Cheng, W., Parton, W. J., Gonzalez-Meler, M. A., Phillips, R., Asao, S.,

McNickle, G. G., . . . Jastrow, J. D. (2014). Synthesis and modeling

perspectives of rhizosphere priming. New Phytologist, 201, 31–44.

https://doi.org/10.1111/nph.12440

Conant, R. T., Paustian, K., & Elliott, E. T. (2001). Grassland management

and conversion into grassland: Effects on soil carbon. Ecological Appli-

cations, 11, 343–355. https://doi.org/10.1890/1051-0761(2001)011

[0343:GMACIG]2.0.CO;2

Cotrufo, M. F., Wallenstein, M. D., Boot, C. M., Denef, K., & Paul, E.

(2013). The Microbial Efficiency-Matrix Stabilization (MEMS) frame-

work integrates plant litter decomposition with soil organic matter

stabilization: Do labile plant inputs form stable soil organic matter?

Global Change Biology, 19, 988–995. https://doi.org/10.1111/gcb.

12113

Davidson, E. A., & Janssens, I. A. (2006). Temperature sensitivity of soil

carbon decomposition and feedbacks to climate change. Nature, 440,

165–173. https://doi.org/10.1038/nature04514

Dawson, L. A., Grayston, S. J., & Paterson, E. (2000). Effects of grazing

on the roots and rhizosphere of grasses. In G. Lemaire, J. Hodgson,

A. de Moraes, C. Nabinger, & P. C. de F. Carvalho (Eds.), Grassland

ecophysiology and grazing ecology (pp. 61–84). Wallingford: CABI.

https://doi.org/10.1079/9780851994529.0000

Derner, J. D., Boutton, T. W., & Briske, D. D. (2006). Grazing and ecosys-

tem carbon storage in the North American great plains. Plant and Soil,

280, 77–90. https://doi.org/10.1007/s11104-005-2554-3

Derner, J. D., Briske, D. D., & Boutton, T. W. (1997). Does grazing medi-

ate soil carbon and nitrogen accumulation beneath C4, perennial

grasses along an environmental gradient? Plant and Soil, 191, 147–

156. https://doi.org/10.1023/A:1004298907778

Derner, J. D., & Schuman, G. E. (2007). Carbon sequestration and range-

lands: A synthesis of land management and precipitation effects.

Journal of Soil and Water Conservation, 62, 77–85.

Dijkstra, P., Ishizu, A., Doucett, R., Hart, S. C., Schwartz, E., Menyailo, O.

V., & Hungate, B. A. (2006). 13C and 15N natural abundance of the

soil microbial biomass. Soil Biology and Biochemistry, 38, 3257–3266.

https://doi.org/10.1016/j.soilbio.2006.04.005

Fierer, N., & Schimel, J. P. (2002). Effects of drying–rewetting frequency

on soil carbon and nitrogen transformations. Soil Biology and Bio-

chemistry, 34, 777–787. https://doi.org/10.1016/S0038-0717(02)

00007-X

Fierer, N., & Schimel, J. P. (2003). A proposed mechanism for the pulse

in carbon dioxide production commonly observed following the rapid

rewetting of a dry soil. Soil Science Society of America Journal, 67,

798–805. https://doi.org/10.2136/sssaj2003.0798

Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber, J. S.,

Johnston, M., . . . Balzer, C. (2011). Solutions for a cultivated planet.

Nature, 478, 337–342. https://doi.org/10.1038/nature10452

Fuhlendorf, S. D., & Engle, D. M. (2001). Restoring heterogeneity on

rangelands: Ecosystem management based on evolutionary grazing

WILSON ET AL. | 11

http://orcid.org/0000-0001-7695-8299
http://orcid.org/0000-0001-7695-8299
http://orcid.org/0000-0001-7695-8299
http://orcid.org/0000-0001-5349-0363
http://orcid.org/0000-0001-5349-0363
http://orcid.org/0000-0001-5349-0363
http://orcid.org/0000-0003-3396-6787
http://orcid.org/0000-0003-3396-6787
http://orcid.org/0000-0003-3396-6787
http://orcid.org/0000-0002-3068-2933
http://orcid.org/0000-0002-3068-2933
http://orcid.org/0000-0002-3068-2933
http://orcid.org/0000-0003-3336-8613
http://orcid.org/0000-0003-3336-8613
http://orcid.org/0000-0003-3336-8613
https://doi.org/10.1007/s00442-010-1845-4
https://doi.org/10.1007/s00442-010-1845-4
https://doi.org/10.1016/S0038-0717(98)00069-8
https://doi.org/10.2111/REM-D-12-00072.1
https://doi.org/10.2111/REM-D-12-00072.1
https://doi.org/10.1371/journal.pone.0093282
https://doi.org/10.1371/journal.pone.0093282
https://doi.org/10.1016/j.soilbio.2010.04.005
https://doi.org/10.1890/080107
https://doi.org/10.1007/s10533-012-9822-0
https://doi.org/10.1007/s11104-012-1210-y
https://doi.org/10.1007/s11104-012-1210-y
https://doi.org/10.1007/978-0-387-73033-2
https://doi.org/10.1016/j.soilbio.2008.04.018
https://doi.org/10.1016/j.soilbio.2008.04.018
https://doi.org/10.1111/nph.12440
https://doi.org/10.1890/1051-0761(2001)011[0343:GMACIG]2.0.CO;2
https://doi.org/10.1890/1051-0761(2001)011[0343:GMACIG]2.0.CO;2
https://doi.org/10.1111/gcb.12113
https://doi.org/10.1111/gcb.12113
https://doi.org/10.1038/nature04514
https://doi.org/10.1079/9780851994529.0000
https://doi.org/10.1007/s11104-005-2554-3
https://doi.org/10.1023/A:1004298907778
https://doi.org/10.1016/j.soilbio.2006.04.005
https://doi.org/10.1016/S0038-0717(02)00007-X
https://doi.org/10.1016/S0038-0717(02)00007-X
https://doi.org/10.2136/sssaj2003.0798
https://doi.org/10.1038/nature10452


patterns. BioScience, 51, 625–632. https://doi.org/10.1641/0006-

3568(2001)051[0625:RHOREM]2.0.CO;2

Fuhlendorf, S. D., Engle, D. M., Elmore, R. D., Limb, R. F., & Bidwell, T. G.

(2012). Conservation of pattern and process: developing an alterna-

tive paradigm of rangeland management. Rangeland Ecology & Man-

agement, 65, 579–589. https://doi.org/10.2111/REM-D-11-00109.1

Gelman, A., & Hill, J. (2007). Data analysis using regression and multilevel/

hierarchical models (p. 651). Cambridge, England: Cambridge Univer-

sity Press.

Gelman, A., Jakulin, A., Pittau, M. G., & Su, Y.-S. (2008). A weakly infor-

mative default prior distribution for logistic and other regression

models. Annals of Applied Statistics, 2, 1360–1383. https://doi.org/10.

1214/08-AOAS191

Grandy, A. S., & Neff, J. C. (2008). Molecular C dynamics downstream:

The biochemical decomposition sequence and its impact on soil

organic matter structure and function. Science of the Total Environ-

ment, 404, 297–307. https://doi.org/10.1016/j.scitotenv.2007.11.013

Hafner, S., Unteregelsbacher, S., Seeber, E., Lena, B., Xu, X., Li, X., . . .

Kuzyakov, Y. (2012). Effect of grazing on carbon stocks and assimi-

late partitioning in a Tibetan montane pasture revealed by 13CO2

pulse labeling. Global Change Biology, 18, 528–538. https://doi.org/

10.1111/j.1365-2486.2011.02557.x

Hamilton, E. W., & Frank, D. A. (2001). Can plants stimulate soil microbes

and their own nutrient supply? Evidence from a grazing tolerant

grass. Ecology, 82, 2397–2402. https://doi.org/10.1890/0012-9658

(2001)082[2397:CPSSMA]2.0.CO;2

Hamilton, E. W. III, Frank, D. A., Hinchey, P. M., & Murray, T. R. (2008).

Defoliation induces root exudation and triggers positive rhizospheric

feedbacks in a temperate grassland. Soil Biology and Biochemistry, 40,

2865–2873. https://doi.org/10.1016/j.soilbio.2008.08.007

Hedges, J. I., & Ertel, J. R. (1982). Characterization of lignin by gas capil-

lary chromatography of cupric oxide oxidation products. Analytical

Chemistry, 54 (2), 174–178.

Jex, C. N., Pate, G. H., Blyth, A. J., Spencer, R. G. M., Hernes, P. J., Khan,

S. J., & Baker, A. (2014). Lignin biogeochemistry: From modern pro-

cesses to Quaternary archives. Quaternary Science Reviews, 87, 46–

59. https://doi.org/10.1016/j.quascirev.2013.12.028

Johnson, D., Leake, J. R., Ostle, N., Ineson, P., & Read, D. J. (2002). In situ

13CO2 pulse-labelling of upland grassland demonstrates a rapid path-

way of carbon flux from arbuscular mycorrhizal mycelia to the soil.

New Phytologist, 153, 327–334. https://doi.org/10.1046/j.0028-

646X.2001.00316.x

Jones, D. L., Nguyen, C., & Finlay, R. D. (2009). Carbon flow in the rhizo-

sphere: Carbon trading at the soil–root interface. Plant and Soil, 321,

5–33. https://doi.org/10.1007/s11104-009-9925-0

Kaiser, C., Kilburn, M. R., Clode, P. L., Fuchslueger, L., Koranda, M., Cliff,

J. B., . . . Murphy, D. V. (2015). Exploring the transfer of recent plant

photosynthates to soil microbes: Mycorrhizal pathway vs direct root

exudation. New Phytologist, 205, 1537–1551. https://doi.org/10.

1111/nph.13138

Kallenbach, C. M., Grandy, A. S., Frey, S. D., & Diefendorf, A. F. (2015).

Microbial physiology and necromass regulate agricultural soil carbon

accumulation. Soil Biology and Biochemistry, 91, 279–290. https://doi.

org/10.1016/j.soilbio.2015.09.005

Keiluweit, M., Bougoure, J. J., Nico, P. S., Pett-Ridge, J., Weber, P. K., &

Kleber, M. (2015). Mineral protection of soil carbon counteracted by

root exudates. Nature Climate Change, 5, 588–595. https://doi.org/

10.1038/nclimate2580

Kleber, M., Sollins, P., & Sutton, R. (2007). A conceptual model of

organo-mineral interactions in soils: Self-assembly of organic molecu-

lar fragments into zonal structures on mineral surfaces. Biogeochem-

istry, 85, 9–24. https://doi.org/10.1007/s10533-007-9103-5

Kothmann, M., Teague, R., D�ıaz-Sol�ıs, H., & Grant, W. (2009). Viewpoint:

New approaches and protocols for grazing management research.

Rangelands, 31, 31–36. https://doi.org/10.2111/1551-501X-31.5.31

Kuzyakov, Y., & Gavrichkova, O. (2010). REVIEW: Time lag between pho-

tosynthesis and carbon dioxide efflux from soil: A review of mecha-

nisms and controls. Global Change Biology, 16, 3386–3406. https://d

oi.org/10.1111/j.1365-2486.2010.02179.x

Lal, R. (2004). Soil carbon sequestration impacts on global climate change

and food security. Science, 304, 1623–1627. https://doi.org/10.

1126/science.1097396

Lal, R. (2010). Beyond copenhagen: Mitigating climate change and

achieving food security through soil carbon sequestration. Food Secu-

rity, 2, 169–177. https://doi.org/10.1007/s12571-010-0060-9

Liang, C., Schimel, J. P., & Jastrow, J. D. (2017). The importance of ana-

bolism in microbial control over soil carbon storage. Nature Microbiol-

ogy, 2, nmicrobiol2017105.

von L€utzow, M., K€ogel-Knabner, I., Ekschmitt, K., Flessa, H., Guggen-

berger, G., Matzner, E., & Marschner, B. (2007). SOM fractionation

methods: Relevance to functional pools and to stabilization mecha-

nisms. Soil Biology and Biochemistry, 39, 2183–2207. https://doi.org/

10.1016/j.soilbio.2007.03.007

Mann, M. E., & Gleick, P. H. (2015). Climate change and California

drought in the 21st century. Proceedings of the National Academy of

Sciences, 112, 3858–3859. https://doi.org/10.1073/pnas.

1503667112

McNaughton, S. J. (1983). Compensatory plant growth as a response to

herbivory. Oikos, 40, 329–336. https://doi.org/10.2307/3544305

McNaughton, S. J. (1984). Grazing lawns: Animals in herds, plant form,

and coevolution. American Naturalist, 124, 863–886. https://doi.org/

10.1086/284321

McNaughton, S. J., Banyikwa, F. F., & McNaughton, M. M. (1997). Pro-

motion of the cycling of diet-enhancing nutrients by African Grazers.

Science, 278, 1798–1800. https://doi.org/10.1126/science.278.5344.

1798

McNaughton, S. J., Banyikwa, F. F., & McNaughton, M. M. (1998). Root

biomass and productivity in a grazing ecosystem: The Serengeti. Ecol-

ogy, 79, 587–592. https://doi.org/10.1890/0012-9658(1998)079

[0587:RBAPIA]2.0.CO;2

McSherry, M. E., & Ritchie, M. E. (2013). Effects of grazing on grassland

soil carbon: A global review. Global Change Biology, 19, 1347–1357.

https://doi.org/10.1111/gcb.12144

Milchunas, D. G., & Lauenroth, W. K. (1993). Quantitative effects of graz-

ing on vegetation and soils over a global range of environments. Eco-

logical Monographs, 63, 327–366. https://doi.org/10.2307/2937150

Milchunas, D. G., Sala, O. E., & Lauenroth, W. K. (1988). A generalized

model of the effects of grazing by large herbivores on grassland com-

munity structure. American Naturalist, 132, 87–106. https://doi.org/

10.1086/284839

Moni, C., Derrien, D., Hatton, P. -J., Zeller, B., & Kleber, M. (2012). Den-

sity fractions versus size separates: Does physical fractionation iso-

late functional soil compartments? Biogeosciences, 9, 5181–5197.

https://doi.org/10.5194/bg-9-5181-2012

Paterson, E., Midwood, A. J., & Millard, P. (2009). Through the eye of the

needle: A review of isotope approaches to quantify microbial pro-

cesses mediating soil carbon balance. New Phytologist, 184, 19–33.

https://doi.org/10.1111/j.1469-8137.2009.03001.x

Pi~neiro, G., Paruelo, J. M., Oesterheld, M., & Jobb�agy, E. G. (2010). Path-

ways of grazing effects on soil organic carbon and nitrogen. Range-

land Ecology & Management, 63, 109–119. https://doi.org/10.2111/

08-255.1

Prescott, C. E. (2010). Litter decomposition: What controls it and how

can we alter it to sequester more carbon in forest soils? Biogeochem-

istry, 101, 133–149. https://doi.org/10.1007/s10533-010-9439-0

Provenza, F. D. (2008). What does it mean to be locally adapted and

who cares anyway? Journal of Animal Science, 86, E271–E284.

Ramankutty, N., Evan, A. T., Monfreda, C., & Foley, J. A. (2008). Farming

the planet: 1. Geographic distribution of global agricultural lands in

the year 2000. Global Biogeochemical Cycles, 22, GB1003.

12 | WILSON ET AL.

https://doi.org/10.1641/0006-3568(2001)051[0625:RHOREM]2.0.CO;2
https://doi.org/10.1641/0006-3568(2001)051[0625:RHOREM]2.0.CO;2
https://doi.org/10.2111/REM-D-11-00109.1
https://doi.org/10.1214/08-AOAS191
https://doi.org/10.1214/08-AOAS191
https://doi.org/10.1016/j.scitotenv.2007.11.013
https://doi.org/10.1111/j.1365-2486.2011.02557.x
https://doi.org/10.1111/j.1365-2486.2011.02557.x
https://doi.org/10.1890/0012-9658(2001)082[2397:CPSSMA]2.0.CO;2
https://doi.org/10.1890/0012-9658(2001)082[2397:CPSSMA]2.0.CO;2
https://doi.org/10.1016/j.soilbio.2008.08.007
https://doi.org/10.1016/j.quascirev.2013.12.028
https://doi.org/10.1046/j.0028-646X.2001.00316.x
https://doi.org/10.1046/j.0028-646X.2001.00316.x
https://doi.org/10.1007/s11104-009-9925-0
https://doi.org/10.1111/nph.13138
https://doi.org/10.1111/nph.13138
https://doi.org/10.1016/j.soilbio.2015.09.005
https://doi.org/10.1016/j.soilbio.2015.09.005
https://doi.org/10.1038/nclimate2580
https://doi.org/10.1038/nclimate2580
https://doi.org/10.1007/s10533-007-9103-5
https://doi.org/10.2111/1551-501X-31.5.31
https://doi.org/10.1111/j.1365-2486.2010.02179.x
https://doi.org/10.1111/j.1365-2486.2010.02179.x
https://doi.org/10.1126/science.1097396
https://doi.org/10.1126/science.1097396
https://doi.org/10.1007/s12571-010-0060-9
https://doi.org/10.1016/j.soilbio.2007.03.007
https://doi.org/10.1016/j.soilbio.2007.03.007
https://doi.org/10.1073/pnas.1503667112
https://doi.org/10.1073/pnas.1503667112
https://doi.org/10.2307/3544305
https://doi.org/10.1086/284321
https://doi.org/10.1086/284321
https://doi.org/10.1126/science.278.5344.1798
https://doi.org/10.1126/science.278.5344.1798
https://doi.org/10.1890/0012-9658(1998)079[0587:RBAPIA]2.0.CO;2
https://doi.org/10.1890/0012-9658(1998)079[0587:RBAPIA]2.0.CO;2
https://doi.org/10.1111/gcb.12144
https://doi.org/10.2307/2937150
https://doi.org/10.1086/284839
https://doi.org/10.1086/284839
https://doi.org/10.5194/bg-9-5181-2012
https://doi.org/10.1111/j.1469-8137.2009.03001.x
https://doi.org/10.2111/08-255.1
https://doi.org/10.2111/08-255.1
https://doi.org/10.1007/s10533-010-9439-0


Rasse, D. P., Rumpel, C., & Dignac, M.-F. (2005). Is soil carbon mostly

root carbon? Mechanisms for a specific stabilisation. Plant and Soil,

269, 341–356. https://doi.org/10.1007/s11104-004-0907-y

Schmidt, M. W. I., Torn, M. S., Abiven, S., Dittmar, T., Guggenberger, G.,

Janssens, I. A., . . . Nannipieri, P. (2011). Persistence of soil organic

matter as an ecosystem property. Nature, 478, 49–56. https://doi.

org/10.1038/nature10386

Scurlock, J. M. O., & Hall, D. O. (1998). The global carbon sink: A grass-

land perspective. Global Change Biology, 4, 229–233. https://doi.org/

10.1046/j.1365-2486.1998.00151.x

Shields, M. R., Bianchi, T. S., G�elinas, Y., Allison, M. A., & Twilley, R. R.

(2016). Enhanced terrestrial carbon preservation promoted by reac-

tive iron in deltaic sediments. Geophysical Research Letters, 43,

2015GL067388.

Silveira, M. L., Obour, A. K., Arthington, J., & Sollenberger, L. E. (2011).

The cow-calf industry and water quality in South Florida, USA: A

review. Nutrient Cycling in Agroecosystems, 89, 439–452. https://doi.

org/10.1007/s10705-010-9407-z

Silveira, M. L., Xu, S., Adewopo, J., Franzluebbers, A. J., & Buonadio, G.

(2014). Grazing land intensification effects on soil C dynamics in

aggregate size fractions of a Spodosol. Geoderma, 230–231, 185–

193. https://doi.org/10.1016/j.geoderma.2014.04.012

Six, J., Conant, R. T., Paul, E. A., & Paustian, K. (2002). Stabilization mecha-

nisms of soil organic matter: Implications for C-saturation of soils. Plant

and Soil, 241, 155–176. https://doi.org/10.1023/A:1016125726789

Stockmann, U., Adams, M. A., Crawford, J. W., Field, D. J., Henakaarchchi, N.,

Jenkins, M., . . . Wheeler, I. (2013). The knowns, known unknowns and

unknowns of sequestration of soil organic carbon. Agriculture, Ecosystems

& Environment, 164, 80–99. https://doi.org/10.1016/j.agee.2012.10.001

Strickland, M. S., Devore, J. L., Maerz, J. C., & Bradford, M. A. (2010).

Grass invasion of a hardwood forest is associated with declines in

belowground carbon pools. Global Change Biology, 16, 1338–1350.

https://doi.org/10.1111/j.1365-2486.2009.02042.x

Strickland, M. S., Wickings, K., & Bradford, M. A. (2012). The fate of glu-

cose, a low molecular weight compound of root exudates, in the

belowground foodweb of forests and pastures. Soil Biology and Bio-

chemistry, 49, 23–29. https://doi.org/10.1016/j.soilbio.2012.02.001

Swain, H. M., Boughton, E. H., Bohlen, P. J., & Lollis, L. O. (2013). Trade-offs

among ecosystem services and disservices on a Florida ranch. Rangelands,

35, 75–87. https://doi.org/10.2111/RANGELANDS-D-13-00053.1

Teague, W. R., Dowhower, S. L., Baker, S. A., Haile, N., DeLaune, P. B., &

Conover, D. M. (2011). Grazing management impacts on vegetation,

soil biota and soil chemical, physical and hydrological properties in

tall grass prairie. Agriculture, Ecosystems & Environment, 141, 310–

322. https://doi.org/10.1016/j.agee.2011.03.009

Teague, R., Provenza, F., Kreuter, U., Steffens, T., & Barnes, M. (2013).

Multi-paddock grazing on rangelands: Why the perceptual dichotomy

between research results and rancher experience? Journal of Environ-

mental Management, 128, 699–717. https://doi.org/10.1016/j.jenvma

n.2013.05.064

Thevenot, M., Dignac, M.-F., & Rumpel, C. (2010). Fate of lignins in soils:

A review. Soil Biology and Biochemistry, 42, 1200–1211. https://doi.

org/10.1016/j.soilbio.2010.03.017

Thiet, R. K., Frey, S. D., & Six, J. (2006). Do growth yield efficiencies dif-

fer between soil microbial communities differing in fungal: Bacterial

ratios? Reality check and methodological issues. Soil Biology and Bio-

chemistry, 38, 837–844. https://doi.org/10.1016/j.soilbio.2005.07.

010

Wang, K.-H., McSorley, R., Bohlen, P., & Gathumbi, S. M. (2006). Cattle

grazing increases microbial biomass and alters soil nematode commu-

nities in subtropical pastures. Soil Biology and Biochemistry, 38, 1956–

1965. https://doi.org/10.1016/j.soilbio.2005.12.019

Wieder, W. R., Grandy, A. S., Kallenbach, C. M., & Bonan, G. B. (2014).

Integrating microbial physiology and physio-chemical principles in

soils with the MIcrobial-MIneral Carbon Stabilization (MIMICS)

model. Biogeosciences, 11, 3899–3917. https://doi.org/10.5194/bg-

11-3899-2014

Willcox, E. V., Tanner, G. W., Giuliano, W. M., & McSorley, R. (2010).

Avian community response to grazing intensity on monoculture and

mixed florida pastures. Rangeland Ecology & Management, 63, 203–

222. https://doi.org/10.2111/REM-D-09-00092.1

Wilson, C. H., Caughlin, T. T., Rifai, S. W., Boughton, E. H., Mack, M. C.,

& Flory, S. L. (2017). Multi-decadal time series of remotely sensed

vegetation improves prediction of soil carbon in a subtropical grass-

land. Ecological Applications, 27, 1646–1656. https://doi.org/10.1002/

eap.1557

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-

porting information tab for this article.

How to cite this article: Wilson CH, Strickland MS, Hutchings

JA, Bianchi TS, Flory SL. Grazing enhances belowground

carbon allocation, microbial biomass, and soil carbon in a

subtropical grassland. Glob Change Biol. 2018;00:1–13.

https://doi.org/10.1111/gcb.14070

WILSON ET AL. | 13

https://doi.org/10.1007/s11104-004-0907-y
https://doi.org/10.1038/nature10386
https://doi.org/10.1038/nature10386
https://doi.org/10.1046/j.1365-2486.1998.00151.x
https://doi.org/10.1046/j.1365-2486.1998.00151.x
https://doi.org/10.1007/s10705-010-9407-z
https://doi.org/10.1007/s10705-010-9407-z
https://doi.org/10.1016/j.geoderma.2014.04.012
https://doi.org/10.1023/A:1016125726789
https://doi.org/10.1016/j.agee.2012.10.001
https://doi.org/10.1111/j.1365-2486.2009.02042.x
https://doi.org/10.1016/j.soilbio.2012.02.001
https://doi.org/10.2111/RANGELANDS-D-13-00053.1
https://doi.org/10.1016/j.agee.2011.03.009
https://doi.org/10.1016/j.jenvman.2013.05.064
https://doi.org/10.1016/j.jenvman.2013.05.064
https://doi.org/10.1016/j.soilbio.2010.03.017
https://doi.org/10.1016/j.soilbio.2010.03.017
https://doi.org/10.1016/j.soilbio.2005.07.010
https://doi.org/10.1016/j.soilbio.2005.07.010
https://doi.org/10.1016/j.soilbio.2005.12.019
https://doi.org/10.5194/bg-11-3899-2014
https://doi.org/10.5194/bg-11-3899-2014
https://doi.org/10.2111/REM-D-09-00092.1
https://doi.org/10.1002/eap.1557
https://doi.org/10.1002/eap.1557
https://doi.org/10.1111/gcb.14070

