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RESEARCH NOTES 

Agricultural soils are a vital resource, and maintaining their long-term viability is essential for 

global food security, environmental stewardship, and the fostering of dignified livelihoods for 

both rural and urban people (Amundson et al., 2015). Agricultural soils have recently garnered 

considerable attention for their potential capacity to sequester atmospheric carbon, which plays 

an important role in combatting the increasingly drastic impacts of global climate change (Lal, 

2016). Despite this nearly ubiquitous understanding, pervasive and escalating trends of 

industrialization continue to spread across our agricultural landscapes, with increasingly high 

usage of non-renewable external inputs and greenhouse gas (GHG) intensive farming methods. 

The widespread industrial intensification of agriculture is well understood to contribute 

substantially, both historically and presently, to anthropogenic climate change and the collapse of 

biodiversity and ecosystem functionality globally (Campbell et al., 2017; Cardinale et al., 2012; 

Harris et al., 2022; Lal, 2015; Lark et al., 2020; Matson et al., 1997; Tilman, 1999; Vermeulen et 

al., 2012; Zabel et al., 2019). These industrial agricultural models are also increasingly 

threatening our soil’s capacity to function, as widespread soil degradation across the world’s 

agricultural landscapes accelerates as a result of the continued intensification of global farmland 

(Kopittke et al., 2019; Pozza and Field, 2020; Song et al., 2018; Wiesmeier et al., 2016; Winkler 

et al., 2021).  

 

Justifications for the hegemony of this agricultural paradigm relate almost exclusively to its 

capacity for the provisioning of material or energy outputs such as food, fiber, and fuel (Altieri, 

2018; Lal, 2015). However, while diversified agroecosystems continue to close the yield gap 

with industrial farming (Lark et al., 2020; Ponisio et al., 2015; Ricciardi et al., 2021), the yields 
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of industrialized farmland appear to have plateaued (Grassini et al., 2013) and their stability 

projects to decline (Challinor et al., 2014; Zhao et al., 2017). Low applications of strategic 

biodiversity and extraordinarily simplified ecological functioning have left these landscapes 

highly vulnerable to a variety of economic and climatic impacts (Altieri, 1999; Altieri et al., 

2015; Tscharntke et al., 2012). These factors combine to not only weaken the capacity of our 

agricultural landscapes to provide essential services that are necessary for the regulation of 

critical planetary functions, but also the longevity, sustainability, and sufficiency of food 

production (Janzen et al., 2021; Lal, 2016).  

 

As such, there is a growing consensus across scientific, policy, and land stewardship 

communities alike that our agricultural management must transition toward paradigms which not 

only reduce environmental degradation, but move beyond to revitalize and enhance soil 

functioning (Bezner Kerr et al., 2022). This is considered necessary to support food production 

and the well-being of communities while improving our adaptive capacity to the increasingly 

adverse growing conditions brought about by natural resource limitations and intense and erratic 

weather events (Keesstra et al., 2018; Kopittke et al., 2022, 2019; Lin, 2011; P. Smith et al., 

2015; Wright et al., 2020). It is also essential toward the endeavor of mitigating global climate 

change, to whatever degree that sequestering atmosphere GHGs may be achieved through 

increasing soil carbon storage across our agricultural landscapes. Given the vulnerability of our 

current agricultural paradigm, as well as its overwhelming contributions to GHG emissions and 

global ecosystem collapse, there is now sobering urgency to transition our working lands toward 

models that improve land stewardship and soil conservation.  
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Recently, growing demand to reorient agricultural research platforms and invest toward resource 

conservation practices in the U.S. has been met with willingness on the part of farmers, yet 

difficulty envisioning accessible transition opportunities (Houser et al., 2020).  While much of 

the advances in industrial farming methods can be credited to high rates of investment in 

research and infrastructure, the same degree of effort and attention has not been paid to the 

advancement of ecological management paradigms (DeLonge et al., 2016; Horlings and 

Marsden, 2011). The implementation of agroecological design and management principles show 

excellent promise to support agricultural transitions toward models that ameliorate much of the 

human-social and environmental costs associated with food production (Altieri, 2018; Rachel 

Bezner Kerr et al., 2022; Houser et al., 2020; Marshall and Brewer, 2020; Petersen-Rockney et 

al., 2021). This remains one of humanity’s most daunting 21st century challenges, and all efforts 

toward this goal are worthwhile of pursuit.  

 

ABSTRACT 

One historically foundational, yet scientifically understudied, agroecological diversification 

strategy is the integration of animals and crops within the same production system (Russelle et 

al., 2007). Integrated crop-livestock (ICL) systems, where animals provide various grazing-based 

services for crop production (Brewer and Gaudin, 2020; Niles et al., 2018; Sanderson et al., 

2013) and the diversification of on-farm income (Garrett et al., 2020, 2017; Niles et al., 2018), 

are common across much of the world’s subsistence farming communities (Entz et al., 2005; 

Garrett et al., 2020). Global practitioners of ICL management rely on extensively developed 

local and indigenous knowledge systems, with regional specificity and complexity in the 
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coordination of components (Altieri, 1992; Altieri et al., 2012; Garrett et al., 2020; Sekaran et al., 

2021b).  

 

However, the industrial intensification of agriculture, especially throughout the last century, has 

increasingly resulted in highly specialized, mechanized, and de-coupled crop and animal 

production throughout much the world’s market-based agricultural systems (Baur and Iles, 2022; 

Garrett et al., 2020, 2017). This is currently understood to contribute to poor nutrient (re)cycling 

within and between agricultural operations, higher rates of external input, reduced adaptive 

capacity, and an increased environmental footprint (GHG emissions, land-use conversion, etc.) 

of both crop and animal productions (Brewer and Gaudin, 2020; Garrett et al., 2017; Lemaire et 

al., 2014; Petersen-Rockney et al., 2021). Current and developing models of ICL systems employ 

diverse, adaptable, and feasible management practices that can be strategically implemented 

across various scales and crop production systems, and may further facilitate transitions from 

petrochemical-intensive and externally-regulated management practices toward more soil-centric 

and internally-regulated management paradigms (Bell et al., 2014; Garrett et al., 2020, 2017; 

Lemaire et al., 2014).  

 

Grazing-based practices have shown potential to improve landscape multi-functionality and 

impact multiple ecosystem processes related to resource utilization and efficiency, 

biogeochemical cycling, and soil organic carbon (SOC) storage and turnover (Rumpel et al., 

2015; P. Smith et al., 2015; Zhou et al., 2017). While cropland-specific impacts are less 

understood, research throughout diverse grazed ecosystems show feedbacks between grazing 

intensity (density and duration) and periodicity (seasonality and frequency) that exert unique 
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selective pressure over understory plant community composition, primary productivity, and the 

allocation of energy and nutrients above- and belowground (Bardgett and Wardle, 2003; Cong et 

al., 2014; Dawson et al., 2009; Rumpel et al., 2015; Tian et al., 2016). Recent research has found 

that these plant-grazer-soil interactions have significant, yet understudied implications for the 

quantity, quality, and spatial distribution of carbon and nutrient inputs – as well as a suite of soil 

microbial community processes that regulate nutrient cycling and SOC transformations (Cotrufo 

et al., 2013; Kibblewhite et al., 2008). However, these grazing dynamics have rarely been 

explored under the context of cropland integration and the potential for SOC storage remains 

largely unknown. 

 

The goal of the research presented here was to narrow critical knowledge gaps specific to 

perennial ICL management outcomes, especially as they relate to soil nutrient cycling and carbon 

flux and storage dynamics within semi-arid climates. Collectively, the experiments in this study 

aim to observe perennial ICL outcomes across both spatial (i.e. bulk vs. rhizosphere soils) and 

temporal (i.e. long-term vs. short-term adoption; intra-seasonal vs. inter-seasonal monitoring) 

scales. The value of this information is in validating the potential usefulness of ICL for the 

purposes of energy and nutrient cycling, soil carbon sequestration, and the provisioning of other 

key soil ecosystem services. More specifically to the cycling of carbon, this research explored if 

and how these more complex and diversified ICL systems impact: (1) functional traits of the 

forage plant community; (2) soil physicochemical characteristics; (3) recycling and retention of 

carbon and nutrients; (4) soil biological activity and carbon substrate utilization; and (5) SOC 

biochemical and physical partitioning into storage pools. This information is critical for 

informing future integrated-systems research platforms and management applications; toward the 
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goal of developing ICL production models with well-coordinated and strategically applied 

grazing practices.  

 

To carry forth this work, a comprehensive review of ICL literature was first conducted (Chapter 

1). The broad aim of this review was to identify the status of ICL research, especially as it 

pertained to biogeochemical dynamics of carbon and nutrients within agroecosystems. Whereas 

the state of ICL literature is currently scarce, the aim of this review shifted toward providing a 

perspective and the development of working hypotheses and potential mechanistic frameworks. 

The goal was to appraise whole-system ICL interactions and their potential to support a suite of 

essential soil ecosystem functions (Brewer and Gaudin, 2020). Next, in-situ and laboratory 

experimental approaches were utilized in a series of California-based integrated sheep-vineyard 

(ISV) research projects. This included a survey of paired vineyards with long-term management 

legacies (Chapter 2) and a short-term (2 year) field monitoring trial (Chapter 3), to assess 

agroecosystem dynamics within vineyards utilizing both sheep-integration (ISV) and 

conventional understory management techniques (CONV).  This contributes novel ISV 

management data by quantifying field-scale shifts in a suite of soil physical, chemical, and 

biological properties over both short- and long-term temporal scales, as well as some first 

insights into the impact of perennial ICL management on above- and belowground understory 

plant community dynamics. This research contributes more mechanistic understanding of how 

perennial ICL management impacts specific plant-grazer-soil interactions and biogeochemical 

properties regulating SOC deposition, storage, and turnover.  

 

Collectively, the experiments and framework development in this study provide some of the first 

insights into the potential SOC storage benefits associated with perennial cropland grazing, 
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particularly within subsoils. Our observations provide early evidence that high-density, short-

duration rotational grazing management in perennial croplands holds significant potential to 

increase SOC storage, with proposed mechanisms related to the rate and efficiency of microbial 

carbon accrual. The paired survey experiment showed significant SOC storage increases within 

long-term ISV sites, including in the persistent mineral-associated organic carbon (MAOC) pool. 

Similar benefits were observed over the course of the two-year monitoring trial, which saw 

significant increases in SOC under ISV management relative to the vineyard utilizing mowing 

(CONV). Across both experiments, there was an extremely strong trend of larger labile SOC flux 

pools and increasing soil C flux rates in vineyards utilizing ISV grazing. In particular, vineyards 

using grazing had substantially larger soil microbial communities. Laboratory incubations 

showed higher rates of soil C mineralization under ISV management across spatial (i.e. bulk vs. 

rhizosphere soil) and temporal (i.e. long-term ICL legacy effects vs. short-term intra-seasonal 

monitoring) scales. However, the carbon use-efficiency of microbial communities varied across 

experimental scales. Microbial energy investment strategies and metabolic utilization patterns 

showed notable differences between grazed and ungrazed vineyards, but will require 

substantially more experimental investigation to accurately identify the underlying mechanisms 

and interpret their meaningful consequences.  

 

Importantly, results from multiple scales indicate that perennial ICL adoption is unlikely to 

provide substantial negative consequences for no-till perennial cropping systems. In the 

comparison of long-term managed ISV sites, soil structural indicators remained similar if not 

slightly improved. Both nutrient retention and plant-available nutrients also appeared to increase 

under ISV management. While intra-seasonal monitoring showed increased rates of soil CO2 
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efflux in grazed vineyards, it is unclear the extent to which this translates to long-term GHG 

emissions; especially when considering observed benefits for SOC storage. However, these 

outcomes are likely influenced by the intensity and periodicity (seasonality and frequency) of 

grazing events, as well as site-specific edaphic and climatic limitations. Soil biogeochemical 

outcomes may therefore be highly variable under different agroecosystem and grazing 

management regimes, and how these components are synchronized across time and space.  

 

Considerations of cropland co-management strategies, such as understory species composition 

and tillage regime, will interact to determine some soil habitat and resource conditions. The 

strategic application of grazing in coordination with knowledgeable shepherding practitioners is 

therefore necessary to optimize potential soil benefits. Where perennial cropland agroecosystem 

design and management may be easily altered to facilitate both spatial and temporal livestock re-

integration, better understanding of the mechanistic pathways between grazing disturbances and 

cropland SOC cycling will be useful toward strategically improving the internal regulation of 

soil functions and increasing longer-term SOC storage. As such, my work highlights certain 

benefits of using updated soil carbon conceptual frameworks for linking SOC flux and storage 

indicators within applied agricultural research contexts. Future ICL research, design, and 

management should continue to develop across multiple spatial scales – the farm, landscape, and 

region – and explore the potential benefits for multifunctional landscape productivity, the 

efficient (re)cycling of energy and nutrients, and the support of various ecologically-based 

benefits that are critical for planetary regulation and societal prosperity. Meanwhile, this early 

research suggests that the adoption of perennial ICL practices should continue to expand, with 

strong potential of beneficial outcomes and preliminary assurance of minimal trade-offs.  
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Chapter 1: Potential of crop-livestock integration to enhance carbon sequestration and 

agroecosystem functioning in semi-arid croplands 

 

Kelsey M Brewer1, Amélie CM Gaudin1 

1. Agroecology Lab, Department of Plant Sciences, University of California Davis, 1 Shields Ave., Davis, CA 

95616, USA 

 

ABSTRACT  

While characteristics of semi-arid climates place limitations on soil organic carbon (SOC) 

storage, there is opportunity and urgency for increasing the quality and long-term persistence of 

cropland SOC content within these agroecosystems. Livestock re-integration into cropland 

shows potential to improve semi-arid agroecosystem functioning through shifts in 

biogeochemical processes and the facilitation of multiple ecosystem services involved in carbon 

and nutrient cycling and use-efficiency. Here we review the characteristics of grazing-based 

Integrated Crop-Livestock (ICL) systems and how various associated management practices may 

interplay with semi-arid agroecological and biogeochemical dynamics to influence soil microbial 

ecology and SOC accumulation and stabilization. We argue that livestock re-integration holds 

notable potential to increase cropland SOC through controls on landscape net primary 

productivity, allocation of biomass belowground, efficient recycling of residual crop nutrients, 

and soil biological activity related to a suite of soil ecosystem services. Achieving the full SOC  

 

* A version of this chapter was published as “Brewer, K.M., Gaudin, A.C.M., 2020. Potential of crop-livestock 

integration to enhance carbon sequestration and agroecosystem functioning in semi-arid croplands” in the journal 

Soil Biology and Biochemistry. 
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accumulation potential of ICL management will require site-specific consideration of feedbacks 

between herbivory, soil microbial ecology, soil disturbance, and forage species interactions. 

Future research should focus on optimizing plant-soil-grazer feedbacks and understanding of 

mechanistic drivers of ICL system outcomes to optimize the design and management of semi-

arid regional ICL systems for enhanced SOC quality and persistence. 

 

1.1 INTRODUCTION  

Livestock reintegration into cropland has been proposed as a strategy to sustainably intensify 

food, fiber, and fuel production systems and reduce the greenhouse gas footprint of agriculture 

(Garrett et al., 2017; Rota and Sperandini, 2009). Integrated crop-livestock (ICL) systems are 

characterized by the utilization of on-site animal services as a resource for crop production 

and/or the use of cropland to support livestock production. These ICL systems are in fact 

foundational components to agriculture for over two-thirds of global farmers, contributing to 

about half of the world’s food production (Herrero et al., 2010). However, market forces have 

led to the decoupling of crop and livestock production systems in industrialized agroecosystems, 

resulting in poor nutrient cycling within and between agricultural operations and an 

underutilization of ecosystem services provided by such integrated systems (Entz et al., 2005; 

Lemaire et al., 2014).  

 

ICL practices employ diverse management tools and can be implemented across various scales 

of cropping systems (Table 1). These grazing- based practices provide economic and biological 

diversification of agricultural operations and use on-site animal-derived services to offset 

external inputs (Bell et al., 2014; Garrett et al., 2017) and minimize detrimental impacts of 
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agricultural intensification on soil properties critical to climate change adaptation (Lemaire et al., 

2014; Russelle et al., 2007). Growing interest in utilizing cropland to sequester carbon may 

provide new opportunities to recouple crop and animal production and help achieve the 

ambitious climate mitigation targets set at the COP21 (UNFCCC, 2015). This is of particular 

importance in semi-arid regions, which contribute substantially to global crop and livestock 

production despite their high vulnerability to the impacts of global climate change (Guan et al., 

2009). While semi-arid climatic and soil characteristics largely determine soil organic carbon 

(SOC) storage and turnover, grazing on cropland nevertheless impacts diverse agroecosystem 

dynamics such as landscape productivity, biodiversity, the adoption of on-farm conservation 

practices, and trophic interactions that are essential considerations for managing SOC (Salton et 

al., 2014; Sanderson et al., 2013). 

 

 

 

Table 1: Characterization of predominant integrated crop-livestock systems 

 

Key Production Services Land-based/within farm integration Examples of ICL system 

• Source of animal feed 

• Labor reduction 

• Nutrient provision and 

cycling 

• Soil carbon deposition 

• Weed management 

• Resource conservation 

• Erosion control 

• Fire suppression 

 

Grazing of crop residues 
• Cotton stubble with sheep or cattle 

• Soy and grain stubble with sheep or cattle 

Grazing dual-purpose forage crop 
• Early-season grazing of alfalfa crop with sheep 

or cattle 

Grazing of cover crops within cash-crop 

rotation 
• Mixed legume-cereal cover crop grazing with 

small and large livestock 

Pasture rotation (phase farming) 

• Cereal crop and forage rotation with sheep or 

cattle 

• Sod intercropping in corn-soy rotation with 

sheep or cattle 

Grazing of understory vegetation in 

perennial cropping systems 

• Vineyards with sheep 

• Fruit and nut orchards with small and large 

livestock 



 4 

This article explores how and to what extent grazing-based ICL practices, along with variable 

co-management components, may i) stimulate soil biological activity, ii) improve essential soil 

ecosystem processes, iii) accumulate additional SOC, and iv) provide co-benefits for climate 

change adaptation within semi-arid production systems. Globally, ICL systems remain 

understudied and, to the best of our knowledge, the underlying agroecosystem and soil biological 

mechanisms have not yet been shown. The body of ICL research is notably limited, and system 

design and agroecological components vary widely (Table 1). Thus, the lack of system-level ICL 

research included in this review is acknowledged. Nevertheless, we draw upon research from 

annual ICL systems – predominately represented by grazing of medium or large ruminants on 

pasture-phase rotations, cover crops, and crop residues – as well as rangeland systems to develop 

working hypotheses and better understand how edaphic, agroecological, and climatic factors may 

affect the regional potential of semi-arid ICL systems to store SOC and support essential soil 

ecosystem services. The emphasis of this review is less to predict specific ICL system outcomes 

and more to further develop mechanistic understanding of how various ICL management 

components could be utilized to maximize SOC persistence in semi-arid cropland. We 

specifically focus on ICL management practices that are instrumental to stimulating biological 

processes and long-term soil carbon sequestration, in order to inform the design of ICL systems 

that effectively support ecological intensification and agricultural production goals.  

 

1.2 SEMI-ARID CROPLAND: AN UNDERUTILIZED SINK FOR SOIL CARBON 

Semi-arid ecoregions cover ~15% of global land surface (Safriel et al., 2005) and climate change 

projections anticipate both substantial expansion of semi-arid global land area and increased 

dryland ecosystem degradation throughout the century (Huang et al., 2016). Semi-arid regions 
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are ecological intermediates between desert and humid regions, with seasonal and highly 

variable mean annual precipitation that is usually below the regional evapotranspiration potential 

(Bailey, 1979). While gaps remain in understanding the primary drivers of SOC dynamics in 

semi-arid production systems, there is a large relative influence of environmental variables such 

as precipitation, temperature, geological parent material, and their compound impact on soil 

morphology and physicochemical characteristics such as soil pH and texture (Hoyle et al., 2016; 

Rabbi et al., 2014).  

 

Temperature and soil moisture are the most significant factors regulating SOC dynamics in semi-

arid agroecosystems (Wiesmeier et al., 2013), with annual precipitation rates very highly 

correlated to SOC storage potentials in non-irrigated landscapes (Liu et al., 2011; Rabbi et al., 

2014). Both temperature and soil moisture partially shape broad ecological features that govern 

the quantity and quality of organic residue inputs, as well as a suite of microbial community 

processes related to litter decomposition and SOC transformation, stabilization, and 

mineralization (Conant et al., 2011; Thiessen et al., 2013). For example, soil moisture and 

temperature-driven decoupling of C, N, and P cycles with increasing aridity (Delgado-Baquerizo 

et al., 2013) place stoichiometric limitations on SOC formation and stabilization (Cleveland and 

Liptzin, 2007; Schmidt et al., 2011), especially in coarse-textured soils (Dlamini et al., 2016; 

Mcsherry and Ritchie, 2013). A sustained decline in soil moisture has been shown to reduce both 

labile and older, recalcitrant SOC fractions (X. Chen et al., 2015).  

 

Climatic variables influence soil microbial communities and their regulation of ecosystem 

carbon storage and turnover in diverse and dynamic ways. For example, prolonged periods of 
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both low and high soil water status may restrict microbial mineralization and SOC formation, 

due to poor carbon substrate and O2 diffusion rates, respectively (Devêvre and Horwáth, 2000; 

Zheng et al., 2019). High mean annual temperatures are characteristic of many semi-arid 

ecoregions and are associated with expedited rates of enzymatic depolymerization and SOC 

turnover (Bond-Lamberty and Thomson, 2010; Giardina et al., 2014; Qi et al., 2016). While 

higher temperatures may increase microbial carbon use-efficiency (CUE) under specific soil 

microbial community and water status interactions, an increase in temperature is more often 

associated with declines in CUE (Conant et al., 2011; Devêvre and Horwáth, 2000; Manzoni et 

al., 2012; Zheng et al., 2019). Whereas high microbial CUE promotes microbial growth and SOC 

stabilization, lower CUE increases soil carbon losses with higher respiration and decreased 

investment in microbial biomass production (Manzoni et al., 2012).  

 

The soil carbon sequestration potential of a given semi-arid cropland will ultimately be regulated 

by the most limiting accumulation factor for SOC formation (Hoyle et al., 2016). When 

precipitation limits biomass production, irrigation technologies are implemented to mitigate 

negative impacts on plant productivity and crop yield. While this may also provide SOC storage 

benefits (Wiesmeier et al., 2013), prolonged use of irrigation is often associated with increased 

salt deposition onto soil surfaces. According to UNEP (2014) estimates, nearly 50% of semi-arid 

irrigated landscapes are experiencing significant impacts of soil salinity. In addition to adverse 

impacts on plant productivity (Munns and Termaat, 1986) and subsequent residue deposition, 

salt-affected soils also tend to have lower microbial CUE (Rietz and Haynes, 2003) and 

enhanced aggregate dispersion (Wong et al., 2010) which can increase SOC accessibility to 

mineralization processes and further exacerbate the potential for SOC losses (Setia et al., 2013).  



 7 

 

Land use and associated management practices are also large regulators of SOC within semi-arid 

systems (Conant et al., 2017) and designing agroecosystems that maximize carbon inputs and 

minimize management induced losses could thus enhance SOC storage (Tautges et al., 2019). 

While some semi-arid ICL systems integrate biodiverse perennial or high-residue annual forage 

rotations into cropland, others utilize grazing more simply as a termination methodology for crop 

residues and weeds (Garrett et al., 2017). These approaches can result in widely different system-

level outcomes. The adoption of diversified systems with prolonged soil cover, high residue 

inputs, tightly-coupled C and N cycling, and low soil disturbance have been shown to improve 

soil carbon sequestration and the provision of ecosystem services within semi-arid irrigated 

cropland (Bowles et al., 2015; Garcia-Franco et al., 2018; Plaza-Bonilla et al., 2015; Schmidt et 

al., 2011). While implementation varies across agroecosystems, many ICL studies consider these 

components essential elements of successful integrated systems (Entz et al., 2005; Herrero et al., 

2010; Lemaire et al., 2014; Russelle et al., 2007).  

 

Although semi-arid ecoregions frequently approach climatic threshold limits for SOC storage 

capacity (Hoyle et al., 2013; Huang et al., 2016), SOC fluxes out of dry semi-arid soils are often 

small and residence time can be long-lasting when not exacerbated by management-induced 

losses (Booker et al., 2013). Given the extent of semi-arid agroecosystems across the globe 

(Safriel et al., 2005) and their significant historical SOC losses, these systems are likely far from 

soil carbon saturation (Ahlström et al., 2015) and provide a large opportunity for global 

atmospheric carbon mitigation through optimizing the SOC storage conditions in managed 

landscapes. While the rate at which SOC sequestration in these regions occurs is generally slow, 
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ICL systems offer varying management approaches that may be a highly effective avenue for 

largescale carbon storage. This is particularly worthwhile when considering residence time and 

the potential ecosystem services and production co-benefits resulting from soil quality 

improvements in semi-arid regions.  

 

1.3 PATHWAYS FOR SOIL ORGANIC CARBON ACCUMULATION IN CROP-

LIVESTOCK SYSTEMS  

Grazing alters numerous fundamental landscape dynamics and ecological relationships that 

regulate SOC storage potential. Variation in edaphic properties, co-management and their 

interactions with grazing means that SOC can increase, decrease, or remain unchanged under 

diverse grazing practices (Bardgett and Wardle, 2003; Lal, 2002; Orgill et al., 2017; Pineiro et 

al., 2010). However, most studies implementing grazing best management practices, across 

various climates and agroecosystems, have reported SOC accumulation in ICL systems relative 

to non-integrated, less diverse cropping systems (Acosta-Martínez et al., 2004; Assmann et al., 

2014; Boeni et al., 2014; Carvalho et al., 2010; Da Silva et al., 2014; Fernández et al., 2011; 

Fultz et al., 2013b, 2013a; Muniz et al., 2011; Souza et al., 2010; Tian et al., 2010; Tracy and 

Zhang, 2008). Some ICL publications have attributed potential SOC accumulation to improved 

rotational complexity, biodiversity, and synergistic feedbacks among ICL production 

components (de Faccio Carvalho et al., 2010; Entz et al., 2005; Lemaire et al., 2014; Salton et 

al., 2014).  

 

However, the specific mechanisms influencing SOC stabilization and persistence under ICL 

management remain unclear. This is especially true in semi-arid ICL systems, resulting from a 
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lack of grazing-specific studies within cropland and large variation in co-management practices 

and site-specific agroecological processes. Literature from both systems-level studies and 

management-specific approaches, using examples from within and outside of semi-arid regions, 

offer insight into potential ICL agroecological and biogeochemical pathways underlying SOC 

control mechanisms. Pineiro et al. (2010) proposed several mechanistic pathways that could 

govern the grazing influence on SOC storage, including shifts in i) forage net primary 

productivity and carbon deposition; ii) N stocks and cycling; and iii) decomposition rates. 

Furthermore, grazing is proposed here to induce alterations in SOC through additional shifts in 

agroecosystem and biogeochemical mechanisms of iv) plant community composition and 

biodiversity; v) forage photosynthate allocation and input stoichiometry; and vi) soil physical 

structure (Figure 1a).  

 

Figure 1: Potential agroecological outcomes of ICLS and the underlying soil biogeochemical mechanisms
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(A) Potential changes in functional ecological and biogeochemical relationships with ICL adoption. Grazing directly 

influences plant community dynamics and organic carbon inputs (green) and indirectly alters root photosynthate 

allocation and decomposition (red), microbial community functioning (blue), and soil particle aggregation and 

physical structure (yellow) with feedbacks to soil organic carbon (SOC) formation and stabilization. SOC 

persistence is increased as residues and animal excreta are processed through microbial transformations and 

stabilized through the soil mineral matrix or within soil aggregates. Where grazing may decouple carbon from 

essential nutrients, increasing bioavailability and reactivity, alterations in plant and microbial productivity will 

influence recoupling of C and N. In tandem, these counteracting forces will determine ICL agroecosystem carbon 

and nutrient use-efficiency. (B) Schematic representation of the agroecological implications of livestock integration 

under best management. Ideal forage species mixtures are biodiverse and include legumes and high-residue C4 

perennial grasses. Best grazing management utilizes high density, short duration rotational grazing practices at 

strategic and site-specific forage growth periods. When managed properly and in tandem, these practices provide a 

suite of aboveground agroecological and belowground productivity and SOC accumulation benefits. Letters on 

below text boxes represent influential practices (aboveground). 

 

1.3.1 Net primary productivity and carbon deposition 

The accumulation of SOC is a function of the balance between carbon deposition – from plant 

residues, animal excreta, root exudates, and external inputs – and microbial decomposition and 

SOC stabilization (Jastrow et al., 2007). Increases in landscape net primary productivity (NPP) 

deposit more organic carbon into the agroecosystem and are positively correlated with SOC 

accruement in semi-arid rangelands and croplands (Briske et al., 2011; Hoyle et al., 2013). 

Increases in soil carbon deposition stimulate belowground trophic networks (Hoyle et al., 2013; 

Peterson and Lajtha, 2013) and microbially-regulated mineralization processes that can enhance 

soil C-, N-, P-, and S- cycling rates and nutrient availability (Leff et al., 2012). In turn, these 

processes increase plant nutrient uptake (Baligar and Fageria, 2015) and positive plant-soil 
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feedbacks on system productivity and SOC accumulation (Flavel and Murphy, 2006; Lal, 2002; 

Ryals and Silver, 2013; Ryals et al, 2015).  

 

Grazing of cash crop residues, cover crops, and understory biomass provide an opportunity to 

enhance NPP by maintaining longer vegetation cover and managing for forage quality and 

composition, especially by promoting the use of forage legumes (Garrett et al., 2017; Lemaire et 

al., 2014; Reddy and Reddy, 2016; Rota and Sperandini, 2009). Additionally, grazing has been 

shown to impact NPP (Bardgett and Wardle, 2003; Briske and Noy-Meir, 1998) through i) 

shifting photosynthate allocation toward roots (Assmann et al., 2014; W. Chen et al., 2015; 

Pineiro et al., 2010); ii) defoliation, removal of senescent tissues and greater light availability for 

actively photosynthesizing vegetation (Klumpp et al., 2009; Reeder et al., 2001; Rumpel et al., 

2015); iii) changes in litter C-to-N ratios (Pineiro et al., 2010) and residue transformation rates 

(Breland and Eltun, 1999; W. Chen et al., 2015; Shariff et al., 1994); and iv) shifts in plant and 

soil microbial community structure and biomass (Bardgett and Wardle, 2003; Hanke et al., 

2014). While livestock integration into cropland will export a small percentage of C and 

nutrients, in the form of livestock gains and respiration (Sulc and Franzluebbers, 2014), precision 

management may increase nutrient turnover rates and bioavailability (de Faccio Carvalho et al., 

2010) to the extent that subsequent crop yields have been shown to be maintained or increased 

(Bell et al., 2014; Peterson et al., 2020). 

 

Whereas increases in NPP are essential for improving SOC, there is a diminishing soil carbon 

sequestration benefit of increasing NPP beyond a site-specific threshold. A 20-year trial that 

artificially doubled plant residue inputs within unmanaged systems found that bulk SOC storage 
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did not significantly increase, especially in more protected and stable SOC pools with slower 

turnover periods (Lajtha et al., 2014). This may partially be explained by a priming effect, where 

the decomposition of older SOC is stimulated by low concentrations of microbially-accessible N, 

or excessive N mineralization from recently deposited low C-to-N litter causing increased 

microbial competition for substrate (Kuzyakov, 2002; Qiao et al., 2016; Zatta et al., 2014). The 

introduction of grazing may increase priming, as defoliation triggers root senescence and quick 

bursts of belowground N-rich residue deposition (Bardgett and Wardle, 2003). Adversely, where 

best grazing practices and species selection choices promote the proliferation of living roots, 

exudates and other rhizodeposits may contribute more to long-term SOC storage through 

preferential and efficient utilization by soil microbes (Sokol et al., 2019). While the stimulation 

of NPP and maintenance of residue inputs within semi-arid ICL systems are important for SOC 

regulation, further increases in SOC storage will further depend on short- and long-term 

variability in aboveground and belowground diversity, residue quality and input stoichiometry, 

and spatial distribution (Peterson and Lajtha, 2013; Qiao et al., 2016). 

 

1.3.2 Forage composition and biodiversity   

A growing body of literature has observed a positive relationship between plant composition 

richness and soil carbon sequestration (Cong et al., 2014; De Deyn et al., 2008; Fornara and 

Tilman, 2008; Lambers et al., 2004; Lange et al., 2015; Steinbeiss et al., 2008). This benefit is 

associated with improvements in NPP, exudate release rate and diversity, and microbial 

functioning (Cardinale et al., 2012; Dijkstra et al., 2006; Lange et al., 2015; Steinbeiss et al., 

2008), which result from shifts in trophic interactions and resource use and allocation among 

multiple species (Fornara and Tilman, 2008; Hooper et al., 2005). For instance, increased plant 
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species richness has been shown to increase root architectural diversity and belowground 

biomass production, altering the spatial and temporal deposition of belowground carbon inputs 

(Cong et al., 2014; DuPont et al., 2014; Lange et al., 2015) and promoting the formation of soil 

micropores that may partially determine the storage capacity of C inputs (Kravchenko et al., 

2019). More diverse plant assemblies have also been shown to enhance soil pathogen 

suppression, which may partially drive diversity-productivity relationships (Maron et al., 2011).  

 

The introduction of grazing alters forage biodiversity and quality through ecological selection 

pressures, resulting in shifts in plant functional niche relationships and biogeochemical cycling 

(Hanke et al., 2014; Rumpel et al., 2015; Rutherford and Powrie, 2013; Stahlheber and 

D’Antonio, 2013). Heavily stocked and continuously grazed systems tend to reduce plant species 

richness (Pavlů et al., 2006; Rutherford and Powrie, 2013) and might shift vegetation 

compositions toward annual and exotic forbs and grasses (Díaz et al., 2007; Stahlheber and 

D’Antonio, 2013; Waters et al., 2017). However, this does not necessarily translate to reductions 

in vegetation cover or biomass accumulation (Stahlheber and D’Antonio, 2013). Precision 

grazing practices, such as rotational grazing with managed exclusion periods, are common under 

ICL (de Faccio Carvalho et al., 2010) and have been shown to conserve or improve plant 

diversity within semi-arid landscapes (Bakoglu et al., 2009; Pineiro et al., 2010), especially 

under conditions of low precipitation (Abdalla et al., 2018).  

 

Variation in grazing intensity and periodicity also exert unique selective pressures over specific 

plant functional groups (Hart, 2001; Reeder, J.D, Schuman, G.E, Morgan, J.A., Lecain, D.R, 

Hart, 2001; Reeder et al., 2004). The plant species composition and biodiversity of grazed lands 
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may be controlled with proper grazing management (Sanderson et al., 2005; Stahlheber and 

D’Antonio, 2013). For example, persistence of annual species may be lowered by late season 

heavy grazing through direct hindrance of seed production (Briske and Noy-Meir, 1998), 

whereas perennial species tend to decrease in continuously grazed systems, as maturing buds are 

removed and tiller replacement is constrained (Briske and Noy-Meir, 1998; Gutman et al., 2002). 

Once established, perennial and C4-dominated grasslands appear more resilient to grazer-

induced disturbances than annual and C3-dominated grasslands, in terms of maintaining 

biodiversity (Hanke et al., 2014; Reeder, J.D, Schuman, G.E, Morgan, J.A., Lecain, D.R, Hart, 

2001), annual biomass production (Gutman et al., 2002; Zatta et al., 2014; Zheng et al., 2011), 

and SOC accumulation (Abdalla et al., 2018; Beniston et al., 2014). 

 

1.3.3 Decomposition, nutrient cycling and stoichiometry  

Reports throughout different pedoclimatic conditions outline the significance of the nitrogen 

cycle in regulating SOC formation and turnover processes (Oren et al., 2001; J. Six et al., 2002; 

Van Groenigen et al., 2006). The stability of these SOC pools, and resulting soil carbon storage 

potential, not only depends on the cycling of nutrients during formation and turnover processes, 

but the consistency and narrow range of C, N, P, and S ratios as well (Cleveland and Liptzin, 

2007; Hessen et al., 2004; Kirkby et al., 2013, 2011; Schmidt et al., 2011). Consumption of plant 

biomass by grazers significantly alters stoichiometric relationships in agroecosystems (Elser and 

Urabe, 1999; Metcalfe et al., 2014), profoundly impacting N and P cycling mechanisms by i) 

removal, transformation, return, and redistribution of N and P through urine and dung deposition 

(Parsons et al., 2013; Pineiro et al., 2010; Rumpel et al., 2015); ii) decoupling of C with N and P 

through animal metabolic processes (Parsons et al., 2013; Soussana and Lemaire, 2014); iii) 
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modification of NPP, forage root activity, and C input quality (Gao et al., 2008; Hamilton et al., 

2008; Hamilton and Frank, 2001; Klumpp et al., 2009; Rumpel et al., 2015); and iv) changes in 

compaction and aeration of top soil from hoof action (Beukes and Cowling, 2003) that 

differentially alter denitrification and soil respiration rates (Sexstone et al., 1985). Understanding 

the impacts of livestock integration on agroecosystem nutrient dynamics is therefore necessary to 

manage ICL systems for greater SOC accumulation.   

 

High intensity grazing in grasslands has been shown to increase soil C-to-N ratios, as N is 

exported by animal biomass and expedited litter decomposition rates alter soil C and N 

mineralization (Hassink, 1994; Klumpp et al., 2009; Tracy and Zhang, 2008). This increase in 

soil C-to-N may decrease microbial CUE (Manzoni et al., 2012), thereby decreasing the relative 

allocation of soil C toward microbial growth (Kallenbach et al., 2016) and therefore SOC 

storage. Additionally, spatially heterogeneous build-ups of reactive soil N, from patches of urine 

and dung deposition (Afzal and Adams, 1992), can accelerate the initial stages of microbial litter 

decomposition (Berg, 2000; Berg and Meentemeyer, 2002). This build-up of reactive soil N may 

also increase the potential for N losses through leaching, denitrification, and volatilization of 

NH3 (Núñez et al., 2007; Pineiro et al., 2010). Alternatively, there may be significant 

agroecosystem N removal upon grazing (Parsons et al., 2013) and potential N limitation for SOC 

stabilization. Where this occurs, N fertility management is likely to mitigate constraints within 

ICL systems (Janssen, 2006; Zhu and Chen, 2002). Removal of residual inorganic N with the 

introduction of ICL management may actually help to improve N use-efficiency and 

environmental outcomes relative to continuous cropping (Janssen, 2006; Snyder et al., 2009). 
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This is achieved when ICL best management practices promote forage root biomass production 

and greater net ecosystem N uptake (Pineiro et al., 2009).  

 

A majority of consumed biomass is returned to the soil as dung and urine, where carbon and 

nutrients are stoichiometrically decoupled and present in more labile and bioavailable forms 

(Eldridge et al., 2017; Rumpel et al., 2015). As stocking rates increase, nutrient decoupling by 

animals can outpace the C, N, and P coupling gained through greater NPP (Lemaire et al., 2014). 

However, significant increases in microbial biomass and enzymatic activity under ICL 

management (Acosta-Martínez et al., 2010, 2004; da Silva et al., 2015; Franzluebbers and 

Stuedemann, 2008; Muniz et al., 2011; Salton et al., 2014) may facilitate a recoupling and 

balancing of stoichiometric relationships (Drinkwater and Snapp, 2007; Rumpel et al., 2015). 

This stoichiometric balancing of C, N, and P is not only important for determining SOC 

ordination, quality and stability of freshly deposited carbon, but also for the mineralization of 

older, stable SOC stocks (Schmidt et al., 2011). The stoichiometric relationships of plant-grazer-

soil interactions are mediated by species-specific herbivore metabolic processes and body size 

managed according to plant community composition and productivity. Whereas herbivore 

metabolic processes might exacerbate stoichiometric decoupling, other characteristics of ICL 

systems, such as enhanced agroecosystem NPP and microbial activity, can help recouple soil C 

with N and P and provide new avenues to prevent reactive soil N build-up and losses.  

 

1.3.4 Soil physical structure and SOC occlusion  

Physical protection of SOC, through intra-aggregate occlusion and mineral sorption, promotes 

stabilization longevity of SOC through reduced access to microbial mineralization and oxidation 
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(Brodowski et al., 2006; Dungait et al., 2012; Kaiser and Guggenberger, 2000; Schmidt et al., 

2011; J. Six et al., 2002). The strength of mineral sorption is related to the collective surface area 

and bonding properties of the mineral phase and the lability and aromaticity of SOC compounds 

(J. Six et al., 2002). While conventional understanding suggested that recalcitrant, lignin-derived, 

and aromatic organic C inputs contribute more to mineral-associated organic carbon (MOC), a 

protected and persistent pool of soil C (Kaiser and Guggenberger, 2000; Lavallee et al., 2020; 

Smith et al., 1997), recent research emphasizes the contributions of labile and non-structural 

compounds toward MOC stabilization (Cotrufo et al., 2015; Kallenbach et al., 2016). Ruminant 

conversion of plant structural components, such as lignin, cellulose, and hemi-cellulose (Jung 

and Allen, 1995), into more labile carbon compounds (Rumpel et al., 2015) might enhance MOC 

accumulation (Cotrufo et al., 2015; Kallenbach et al., 2016) under ICL. There may be a positive 

feedback between MOC stabilization and soil aggregate formation, where physically occluded 

intra-aggregate SOC is composed predominantly of MOC, and is further protected from 

microbial degradation (Bongiovanni and Lobartini, 2006; Kallenbach et al., 2016, 2015; Lavallee 

et al., 2020). 

 

While the existing literature is scarce, multiple ICL studies have shown improvements in 

aggregate stabilization (Acosta-Martínez et al., 2004; Fultz et al., 2013b; Maughan et al., 2009; 

Salton et al., 2014) and occluded intra-aggregate SOC (Boeni et al., 2014; Fultz et al., 2013b; 

Salton et al., 2014) relative to continuous cropping. However, other studies have found no 

increase in intra-aggregate SOC from ICL adoption (Assmann et al., 2014; Franzluebbers and 

Stuedemann, 2008). Souza et al. (2010) monitored three grazing intensities under integrated no-

tillage soybean/pasture rotations and found that light and moderate grazing intensities 
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substantially improved macroaggregate (4.67 to 9.52 mm) formation, while having a non-

significant impact on microaggregates (<1 mm). They hypothesized that animal integration 

stimulated pasture root biomass and exudate release, resulting in higher soil particle aggregation 

and modest increases in total SOC content – corroborating recent findings on the relative 

contributions of living roots and rhizodeposits to SOC accumulation (Kallenbach et al., 2016; 

Sokol et al., 2019). Fultz et al. (2013a) observed significant relative increases in recalcitrant, 

intra-aggregate SOC pools within semi-arid ICL systems, further highlighting the potential soil 

carbon sequestration benefit with improved aggregate size and stability.  

 

Aggregate formation is enhanced by biological activity, due to the particle binding dynamics of 

microbially-derived decomposition products (Chotte, 2005; Kallenbach et al., 2015) and the 

physical effects of roots and fungal hyphae (Rillig and Mummey, 2006; Tisdall et al., 1997). In 

addition to an increase in total microbial biomass and activity, ICL management may promote a 

shift toward more fungal dominated populations (Acosta-Martínez et al., 2010; Davinic et al., 

2013). Improvements in particle aggregation and SOC physical protection under ICL 

management are also attributed to increases in organic inputs, reductions in mechanization, and 

increases in root growth due to forage integration into previously continuously cropped land 

(Acosta-Martínez et al., 2004; Salton et al., 2014; Souza et al., 2010).  

 

The introduction of livestock to cropland does provide concern over soil compaction and 

associated decreases in water and air conductivity (Hamza and Anderson, 2005). Whereas some 

field studies (Lobry De Bruyn and Kingston, 1997) and modeling approaches (Kaine and Tozer, 

2005) have shown reduced soil porosity and infiltration with increased livestock trampling, other 
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studies have found no effects of increasing stocking rates on soil physical condition (Monaghan 

et al., 2005). Some studies suggest that higher earthworm abundances – that result from higher 

stocking densities and subsequent manure deposition – could partially counter the compaction 

impacts from trampling (Curry et al., 2008; Schon et al., 2008). While compaction has been 

observed in ICL systems with cattle integration (Tracy and Zhang, 2008), the extent of 

compaction is drastically reduced when animal traffic occurs during dry and thawed soil 

conditions, as compared to wet and frozen periods (Bell et al., 2011; Drewry et al., 2004). 

Additionally, increases in compaction under ICL management are generally isolated to shallow 

soil depths, may be ameliorated through root growth and conservative tillage (Bell et al., 2011; 

Tracy and Zhang, 2008), and do not appear to decrease subsequent crop yields (Bell et al., 2011; 

Rakkar et al., 2017; Tracy and Zhang, 2008). Although it remains unclear to what extent ICL 

displacement of mechanization, such as tillage, weed cultivation, and mowing, will contribute to 

improvements in subsurface soil compaction (Soane et al., 1982), the degree to which ICL itself 

contributes to soil compaction largely depends on grazing management and co-management 

practices.  

 

1.4 MANAGING INTEGRATED CROP-LIVESTOCK SYSTEMS FOR SOIL ORGANIC 

CARBON SEQUESTRATION  

Based on the fundamental understanding described above, there are various opportunities that 

exist to optimize ICL systems for enhanced SOC accumulation including management of i) 

grazer stocking intensity, frequency, and duration; ii) vegetation composition and coverage; and 

iii) soil disturbance levels (Figure 1b). While the potential impacts of ICL adoption on SOC 

storage remain inconclusive, much of the literature underscores the value of controlled grazing 
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management and some of the co-management conservation practices frequently implemented 

within ICL systems (Da Silva et al., 2014; Ryschawy et al., 2017; Salton et al., 2014).  

 

1.4.1 Stocking intensity and rotational grazing 

Grazing intensity is a function of grazer density and duration and is one of the main management 

drivers of SOC accumulation or decline within grazed ecosystems (Holechek et al., 1995; Zhou 

et al., 2017). The response of plant communities and SOC to grazing is highly context specific 

and dependent on interacting agroecological, edaphic, and climatic conditions (Mcsherry and 

Ritchie, 2013; Pineiro et al., 2010; Stahlheber and D’Antonio, 2013). However, the magnitude of 

these impacts will largely be determined by management with respect to the timing (periodicity 

and frequency) and intensity with which livestock are grazed. ICL systems may utilize either 

continuous grazing, where livestock graze for extended periods of time with no or infrequent rest 

periods, or rotational grazing where livestock are rotated frequently amongst smaller sections, 

allowing for longer vegetation rest periods. When compared to grazing exclusion, some studies 

have found a positive relationship between stocking density and SOC accumulation under both 

continuous and rotational grazing regimens (Conant et al., 2003; Derner et al., 2006; Dubeux et 

al., 2006; Manley et al., 1995; Reeder et al., 2004; Schuman et al., 2002). However, there is a 

site-specific threshold at which stocking rates become inversely associated with SOC storage 

(W. Chen et al., 2015; Da Silva et al., 2014; Dlamini et al., 2016; Ernst and Siri-Prieto, 2009; 

Mcsherry and Ritchie, 2013; Plaza-Bonilla et al., 2015; Teague et al., 2011), especially for labile 

SOC fractions (Cao et al., 2013; Silveira et al., 2013). For instance, grasslands dominated by C3 

and mixed C3-C4 species are more sensitive to SOC losses at higher grazing pressures (Frank et 

al., 1995; Mcsherry and Ritchie, 2013) than those dominated by C4 grasses.  
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Under continuous grazing, lower intensity may help maximize the potential SOC accumulation 

provided by animal integration while minimizing the detrimental impacts of heavier grazing 

intensities. High intensity, continuous duration grazing practices have been shown to reduce 

vegetation biodiversity (Teague et al., 2011; Waters et al., 2017) and landscape productivity (W. 

Chen et al., 2015; Plaza-Bonilla et al., 2015; Schönbach et al., 2011), while light or moderate 

intensity grazing can maintain or improve biodiversity and aboveground biomass productivity 

compared to grazing exclusion (Cui et al., 2005). Heavy stocking rates may enhance litter 

decomposition and turnover rates through (i) shifts in forage population toward fast-growing 

species with low lignin and high N content (Rumpel et al., 2015); (ii) return of carbon in more 

labile forms as dung and urine (Rumpel et al., 2015); and (iii) physical breakdown and 

incorporation of residues with animal traffic (Schuman et al., 2002, 1999). However, 

belowground productivity and carbon deposition appears to benefit from light to moderate 

grazing, relative to high intensity or grazing exclusion (W. Chen et al., 2015; Zhou et al., 2017). 

A meta-analysis by Zhou et al. (2017) found that, while heavy and moderate intensity grazing 

decreased SOC pools, light intensity grazing significantly increased microbial biomass and total 

SOC compared to grazing exclusion. The importance of grazing intensity management is even 

more pronounced in arid and semi-arid ecoregions, where sustained high intensity grazing may 

result in rapid SOC decline (Dlamini et al., 2016).  

 

Depending on the type of ICL system, rotational grazing may be essential to maintain or improve 

SOC (Figure 1b). Within semi-arid agroecosystems the adoption of rotational grazing practices, 

which incorporate periods of rest between short and intensively stocked grazing periods, have 

been observed to increase SOC (Briske et al., 2011; Conant et al., 2003; Teague et al., 2011; 
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Waters et al., 2017) and maintain topsoil (Mcsherry and Ritchie, 2013; Sanjari et al., 2008; 

Teague et al., 2015) relative to continuous grazing. Though some experimental results are mixed 

(Briske et al., 2008). Intensive rotational grazing can result in reduced animal selectivity and 

more uniform and homogenous grazing (Dumont et al., 2007; Leigh and Holgate, 1978; Teague 

and Dowhower, 2003). When best management practices are utilized, this can result in a shift 

toward more beneficial pasture composition for SOC accumulation (W. Chen et al., 2015; 

Teague et al., 2011; Waters et al., 2017), with higher perennial grass content (Kemp et al., 2000) 

and soil coverage (Earl and Jones, 1996; Teague et al., 2011). Longer periods of rest can also 

enhance vegetation recovery (Sanderman et al., 2015), improve aboveground (Briske et al., 

2011; Teague et al., 2011) and belowground productivity (W. Chen et al., 2015), enhance 

nutrient retention (W. Chen et al., 2015; Conant et al., 2003; Teague et al., 2011; Waters et al., 

2017), and reduce soil erosion potential (Kemp et al., 2000; Sanjari et al., 2008).  

 

1.4.2 Forage species selection  

Forage species may be chosen to provide annual or short term-cover, such as through cover 

cropping, or as part of longer perennial understory or pasture-phase rotations. The adoption of 

pasture-phase rotations have been shown strong evidence to maintain or improve cropland SOC 

(Conant et al., 2017; Franzluebbers et al., 2014; Glover et al., 2010; Jarecki and Lal, 2003; 

Salton et al., 2014), especially under conservation tillage management (Da Silva et al., 2014; De 

Souza et al., 2008; Gamble et al., 2014). Pasture-phase rotations are also more efficient than crop 

phases at recycling and retaining residual crop nutrients (Lemaire et al., 2014; Rumpel et al., 

2015; Russelle et al., 2007), providing direct benefits for subsequent crop yields (Maughan et al., 

2009; Tracy and Zhang, 2008). Choice of forage species for pasture or cover cropping is an 
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important consideration when implementing ICL systems (Figure 1b), as specific plant 

functional groups have been shown to strongly mediate SOC storage potentials (Lange et al., 

2015; Oelmann et al., 2007; Steinbeiss et al., 2008; Temperton et al., 2007; Wu et al., 2017).  

 

Pasture-phase rotations are often dominated by cool or warm-season perennial grasses, 

sometimes incorporating leguminous N-fixing species (Bell et al., 2014; Bell and Moore, 2012; 

Russelle et al., 2007). Perennial grasses have more extensive root development and prolonged 

soil cover compared to annual pastures or cropland (Beniston et al., 2014; Glover et al., 2010; 

Schipanski and Drinkwater, 2012). Studies have consistently shown that root-deposited C has a 

longer residence time than aboveground-derived carbon (Mazzilli et al., 2015; Rasse et al., 

2005), potentially due to increased physico-chemical protection and sorption interactions during 

decomposition (Rasse et al., 2005). Additionally, increased biological activity from fine root 

development and rhizosphere exudation also promote microaggregate formation and subsequent 

enhancement of SOC physical occlusion within the soil matrix (Jastrow et al., 2007, 1998; Johan 

Six et al., 2002). Perennial pastures have also been shown to (i) mitigate soil carbon loss from 

erosion (Robertson et al., 2009; Russelle et al., 2007; Schipanski and Drinkwater, 2012); (ii) 

improve water holding capacity and use-efficiency (Bell et al., 2014; Tracy and Zhang, 2008); 

(iii) and increase microbial biomass and activity (Acosta-Martínez et al., 2010, 2004; Beniston et 

al., 2014; DuPont et al., 2014) relative to annual-dominated pastures and continuous cropland, 

potentially providing positive feedbacks for SOC accumulation.  

 

While plant community composition strongly affects SOC storage processes, the influence of 

specific plant functional groups within more complex and diverse communities remains poorly 
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understood. Introducing legumes may partially mediate belowground productivity and turnover 

as well as a suite of biogeochemical functions that benefit SOC storage. Semi-arid grassland 

communities containing legumes show increases in plant functional complementarity and 

facilitation that reduce competition for soil N (Wu et al., 2017), increase leaf N uptake 

(Temperton et al., 2007), and enhance P bioavailability (Drinkwater and Snapp, 2007). 

Drinkwater et al. (1998) found that even though leguminous mixtures did not increase 

aboveground biomass production, these systems still resulted in higher accumulation of new 

SOC compared to non-leguminous mixtures. However, other studies have found that 

predominately leguminous plant mixtures negatively affect SOC storage (Lange et al., 2015). 

This may be due to reduced root biomass production and rhizosphere activity (Bessler et al., 

2009; Lange et al., 2015) or decreasing C-to-N ratios accelerating the decomposition of resident 

SOC (Kuzyakov, 2002; Qiao et al., 2016).  

 

Different forage legumes do not perform equally to grazing disturbances (Kleen et al., 2011; 

Schwinning and Parsons, 1996) and species selection is therefore an important BMP 

consideration. Annual re-planting of red or white clovers may provide an optimal outcome, due 

to their preferential selection by grazers (Dumont et al., 2007) and positive performance under 

grazing pressure with respect to total forage productivity (Sanderson et al., 2005) and protein 

content (Kleen et al., 2011). The pairing of grass species, especially C4 grasses, with legumes 

appear to maximize ecosystem functional niche complementarity and SOC accumulation 

benefits, especially compared to monocultures (Fornara and Tilman, 2008). This is likely 

achieved through increased access and provision of N by legumes and greater N uptake and use-

efficiency by C4 grasses, in both high and low diversity plant communities (Fornara and Tilman, 
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2008). In addition, landscapes dominated by C4 and perennial grasses show greater adaptation to 

heavier stocking rates. Their higher root-to-shoot ratios and subsequent increases in belowground 

carbon deposition have been shown to sequester additional SOC with grazing (Dubeux et al., 

2006; Mcsherry and Ritchie, 2013; Orgill et al., 2017; Waters et al., 2017). 

 

1.4.3 Tillage disturbance and residue retention 

Heavy tillage co-management is likely to reduce the SOC accumulation potential of semi-arid 

ICL systems (de Faccio Carvalho et al., 2010; Franzluebbers and Stuedemann, 2008; Siri-Prieto 

et al., 2007; Sulc and Franzluebbers, 2014), especially at shallow soil depths (Acosta-Martínez et 

al., 2004; Fultz et al., 2013b). However, the use of controlled grazing and the introduction of 

forage plants can assist in noxious weed suppression and residue management (Schoofs and 

Entz, 2000; Schuster et al., 2016; Sean Clark and Gage, 1996; Tracy and Davis, 2009), 

potentially reducing the use of mechanical disturbance and better facilitating a transition to 

conservation tillage management within semi-arid cropland (Smith et al., 2015).  

 

A decrease in mechanical cultivation abates the turnover of macro- and microaggregates that 

facilitate the physical occlusion and protection of SOC, thereby reducing the exposure of older, 

stable SOC to microbial decomposition (Mikha and Rice, 2004; Six et al., 2000). This is 

particularly critical for semi-arid ICL systems where increases in occluded intra-aggregate SOC 

are proposed to be a significant part of the SOC accumulation benefit. In addition to increasing 

SOC storage potential, conservation tillage practices can increase microbial biomass (Acosta-

Martínez et al., 2004; Angers et al., 1993; Franzluebbers et al., 1995) and activity (Acosta-

Martínez et al., 2010; Deng and Tabatabai, 1997) and promote the proliferation of soil fungi 
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(Frey et al., 1999) which have shown to be critical for stable SOC formation (Kallenbach et al., 

2016; Liang et al., 2019). A 13-year study comparing the relative outcomes of different semi-arid 

annual cropping systems found 22% more SOC in the 0—15 cm depth fraction under no-till 

(NT) ICL management than conventional tillage (CT) continuous cropping, with significantly 

more SOC within occluded intra-aggregate pools (Fultz et al., 2013a). A study by Carvalho et al. 

(2010) also observed significantly higher SOC accumulation in multiple depth fractions down to 

25cm under NT ICL management relative to both CT ICL and continuous cropping systems. 

Larger amounts of retained surface residues under NT also help reduce soil surface exposure, 

thereby improving soil water conservation and soil temperature regulation (Lal and Kimble, 

1997; Ramakrishna et al., 2006) and reducing soil erosion potential (Lal and Kimble, 1997; 

Plaza-Bonilla et al., 2015).  

 

1.5 ECOSYSTEM SERVICES AND CO-BENEFITS 

The overwhelming thrust of agronomic research and technological development over the last half 

century has focused on improving the productivity and sustainability outcomes of agricultural 

systems that are increasingly specialized in crop or livestock production. Nevertheless, a growing 

body of literature suggests that reintegrating livestock at the farm-scale can provide economic 

and environmental benefits while reducing risks associated with manure nutrients and market 

and weather variability (Garrett et al., 2017). In the face of increasing resource scarcities, climate 

change, and societal demands for a broad set of sustainability outcomes, ICL systems offer the 

potential to advance agriculture toward several key sustainability goals that are essential for 

climate change resilience, including: (i) improved net landscape carbon sequestration; (ii) 

increased growth of total agricultural productivity per unit of land; (iii) significant gains in N and 
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P nutrient use-efficiency; (iv) improved erosion control; and (iv) reduced vulnerability to crop 

and livestock losses associated with environmental stresses. For instance, pasture-phase rotations 

in annual cropping system and prolonged maintenance of understory vegetation in perennial 

cropping systems enhance landscape NPP, reduce erosion and surface runoff, and increase 

nutrient recycling efficiency through deep and fibrous forage rooting that reintroduce leached 

nutrients back into the crop rooting zone. This further reduces groundwater contamination and 

external input requirements.  

 

When managed properly, the introduction of forages and grazing have also been shown to 

suppress weed pressure, mitigating the use of mechanical and chemical pest control methods. 

Additionally, multiple ICL studies have observed the maintenance or improvement of subsequent 

crop yields following the introduction of grazing and pasture-phase integration (Maughan et al., 

2009; Peterson et al., 2020; Tracy and Zhang, 2008). Improvements in soil structure increase 

infiltration rates and facilitate groundwater recharge while prolonging the period before initiation 

of seasonal irrigation requirements, with significant benefit for semi-arid producers. However, 

more ICL-specific research must be conducted to quantify the co-outcomes – including potential 

improvements in soil health, decreases in chemical inputs and labor, and potential tradeoffs such 

as compaction, stoichiometric nutrient decoupling and the build-up of reactive soil N. 

 

1.6 CONCLUSION AND KNOWLEDGE GAPS  

With a diversity of applications and management options, ICL systems have significant global 

adoption opportunity and climate change mitigation potential. Livestock re-integration may 

impact cropland SOC dynamics through modifying (i) above- and belowground biomass 
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production; (ii) recycling of residual crop nutrients; (iii) biological activity and trophic networks 

complexity; (iv) soil structure and SOC physical protection; (v) accumulation of labile SOC 

fractions; and (vi) impacts on noxious weed cycles and subsequent use of mechanical cultivation 

(Lemaire et al., 2014; Salton et al., 2014; Vilela et al., 2011). The direction and magnitude of 

these impacts will largely be determined by climate and soils as well as interactions with other 

agroecosystem management components including plant species composition and cover, crop 

rotations, fertilization regimens, and soil disturbance.  

 

Maximizing SOC accumulation potential under ICL management will require consideration of 

the important feedback between herbivory, soil microbial ecology, and forage species 

interactions (Figure 1a). While various findings of this overview were drawn from isolated 

management approaches, and may contradict or be altered over time, the existing body of 

research strongly supports the use of no-till management to capitalize on other potential SOC 

accumulation mechanisms of semi-arid ICL systems. Research also supports the utilization of C4 

and perennial or high-residue annual forages, legumes, and light to moderate intensity rotational 

grazing practices for building SOC within semi-arid cropland (Figure 1b). Managing for 

enhanced biodiversity and tighter nutrient control will also assist in capitalizing on proposed 

SOC benefits of ICL.  

 

However, specific knowledge gaps remain in optimizing plant-soil-grazer feedback and co-

management practices to improve SOC quality and quantity. While much of the literature 

highlights potential changes in total SOC stoichiometry and quantity under ICL management, it 

is still unclear to what extent simply increasing SOC content provides short, medium, and long-
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term benefits. The accumulation of SOC may be central to realizing the climate change 

mitigation potential of agriculture, especially in semi-arid ecoregions where SOC storage 

potentials are rarely achieved (Ahlström et al., 2015) and often limit improvements in soil health 

and agroecosystem resilience to climate change. However, the utilization of SOC for its nutrients 

and energy to conduct microbial functions is an essential consideration. In this case, the quality 

of SOC may be much more important than the total quantity sequestered, and long-term 

persistence and stabilization of SOC, especially to mineral surfaces, may come as a trade-off for 

microbial accessibility. 

 

As discussed, the integration of ruminant grazing into cropland may alter many SOC 

transformation pathways, and further research should focus on better understanding the 

mechanistic drivers of these outcomes, especially relating to semi-arid SOC quality, turnover, 

and stabilization dynamics. Additionally, the breadth of ICL research must expand across diverse 

climatic, edaphic, and agroecological conditions while placing a stronger emphasis on the 

biogeochemical outcomes of systems-level analyses. The extent to which specific ICL system 

practices, or combinations of management decisions, provide SOC benefits still remains unclear, 

and more long-term research is necessary to develop a comprehensive and interdisciplinary 

understanding of how these specific agroecological systems may benefit producers, the 

environment, and society at large. 
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Chapter 2: Long-term integrated crop-livestock grazing stimulates soil ecosystem carbon 

flux, increasing subsoil carbon storage in Mediterranean perennial agroecosystems 

 

Kelsey M Brewer1, Mariana Muñoz-Araya1, Ivan Martinez1, Krista N Marshall1, Amélie CM 

Gaudin1 

1.  Agroecology Lab, Department of Plant Sciences, University of California Davis, 1 Shields Ave., Davis, CA 

95616, USA 

 

ABSTRACT 

The strategic use of ruminant grazing in perennial cropland is steadily increasing throughout 

Mediterranean perennial agroecosystems. Integrated sheep-vineyard (ISV) management, where 

small ruminant livestock graze on understory vegetation, is viewed by some practitioners as a 

feasible opportunity to transition toward less petrochemically intensive understory management 

paradigms. However, our knowledge of soil carbon dynamics associated with grazing in 

perennial integrated crop-livestock (ICL) agroecosystems is notably limited, especially within 

Mediterranean contexts. Here, we use a representative set of on-farm paired surveys to assess 

soil ecosystem habitat and resource conditions related to SOC flux and storage in vineyards 

utilizing sheep-integration (ISV) and conventional understory management techniques (CONV), 

with otherwise similar edaphic, climatic, and co-management characteristics. Our results show 

that long-term grazing increased the quantity of active, labile, and soluble carbon (C), nitrogen  

 

* A version of this chapter was submitted for publication as “Brewer, K.M., Muñoz-Araya, M., Martinez, I., 

Marshall, K.M, Gaudin, A.C.M., 2022. Long-term integrated crop-livestock grazing stimulates soil ecosystem 

carbon flux, increasing subsoil carbon storage in Mediterranean perennial agroecosystems” to the journal Geoderma 

and was under review at the time of writing. 
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(N), and phosphorus (P)within ISV soils. Vineyard soils with sheep grazing had much higher 

quantities of microbial biomass carbon (MBC) and phospholipid fatty acid (PLFA) biomarkers, 

particularly amongst core functional groups related to decomposition. Soil microbial 

communities under ISV showed higher C mineralization rates as well as higher carbon use-

efficiency, as indicated by less CO2-C respired relative to the size of the MBC pool. ISV 

microbial communities also showed altered metabolic investment strategies related to nutrient 

acquisition, with lower P-cycling enzyme activity and higher N-cycling enzyme activity. The 

ISV sites showed increases in SOC storage at subsoil depths, including increased 

physicochemical stabilization of mineral-associated organic carbon (MAOC) in the deepest 

measured subsoil layer (30–45 cm). We observed no differences in soil structure between 

treatments nor differences in the carbon fractions associated with four distinct aggregate size 

categories. We propose a framework to explain observed shifts in SOC dynamics of perennial 

ICL systems that include i) deposition of C and nutrient inputs with higher lability and solubility; 

ii) ruminant-induced decoupling of C from N and P, resulting in increased nutrient 

bioavailability; and iii) altered metabolic investment strategies of soil microbial communities 

toward more efficient biomass accumulation. These findings show strong potential of ICL 

grazing to enhance soil functioning and increase SOC storage in Mediterranean perennial 

agroecosystems.  

 

2.1 INTRODUCTION 

Agricultural resource conservation incentives, especially in utilizing cropland to sequester 

additional SOC, are providing new opportunities to explore underutilized farming methods for 

their potential agronomic and environmental benefits (Minasny et al., 2017). Perennial integrated 
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crop-livestock (ICL) management, where ruminant livestock forage on understory plant 

communities during prolonged periods of vegetative growth, provide one such opportunity as a 

feasible agroecological alternative to current petrochemically-intensive understory management 

practices (such as mowing, herbicides, and tillage). Whereas much of the world’s crop-livestock 

agroecosystem components are still managed in tandem, with animals providing diverse grazing-

based services for crop production, the industrial intensification of U.S. agriculture has resulted 

in highly specialized and de-coupled farm-scale crop and livestock components (Entz et al., 

2005; Garrett et al., 2020; Sanderson et al., 2013).  

 

While more rigorous inquiry is necessary, crop-livestock de-coupling is currently understood to 

contribute to poor nutrient cycling within and between agricultural operations and an increased 

environmental footprint of both crop and livestock production (Garrett et al., 2017; Lemaire et 

al., 2014). As such, the re-integration of crop and livestock system components has been 

proposed as a strategy toward improving the environmental conservation and resource efficiency 

outcomes of agricultural landscapes (Russelle et al., 2007). However, the potential of this re-

integration, with respect to the comparative benefits and/or trade-offs of this agroecological 

approach relative to conventional practices, is highly underexplored within industrial agricultural 

contexts (Garrett et al., 2017). Amongst several notable agronomic and environmental 

uncertainties, there are key knowledge gaps related to the impact of cropland grazing on 

ecological processes related to soil carbon dynamics.  

 

A core proposition of agroecological farming models relate to efficiency increases in the 

utilization of externally-applied resources, through retention and (re)cycling processes that are 
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endogenous to the agroecosystem’s design and, therefore, internally regulated (Altieri et al., 

2015; Garcia-Franco et al., 2018; Lipper et al., 2014; Lovell et al., 2010; Snapp, 2017; Wagg et 

al., 2020). This internal regulation of agroecosystems – defined as its capacity to tightly couple 

energy and nutrient (re)cycling (King and Hofmockel, 2017; Prommer et al., 2020; Tamburini et 

al., 2020) – depends upon the facilitation of critical ecosystem functions and their underlying 

biological processes, especially those related to energy and nutrient turnover (Lal, 2016; Power, 

2010; Snapp, 2017; Tamburini et al., 2020; Xu et al., 2020). Soils play an essential role in 

agroecosystem internal regulation – most notably related to the flux of soil carbon (energy) and 

nutrients, as well as the eventual formation and stabilization of soil organic carbon (SOC).  

 

The strategic integration of diverse plant and animal communities across multiple spatial (e.g., 

field, farm, and landscape) and temporal (e.g., inter- and intra-seasonal) scales have been shown 

to promote resource use-efficiency through internal regulation pathways (Altieri et al., 2015; 

Griesser et al., 2022; Lange et al., 2015; Prommer et al., 2020; Snapp, 2017; Wagg et al., 2020). 

This may occur in many forms related to increasing the presence of diverse carbon (C) and 

nutrient utilization pathways and, thereby, improving synchronicity in the utilization of deposited 

C and nutrients within soil ecosystems (Griesser et al., 2022; Lange et al., 2015; Prommer et al., 

2020; Snapp, 2017; Wagg et al., 2020). Some key underlying mechanisms relate to the 

facilitation of interconnected ecological interactions that include, but are not limited to, niche 

partitioning and niche complementarity (Altieri et al., 2019; Garland et al., 2020; Petersen-

Rockney et al., 2021; Ponisio et al., 2015; Snapp, 2017).  
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The impacts of grazing will affect multiple ecosystem processes related to nutrient utilization 

and the pathways regulating SOC flux and storage (Figure 1) (Brewer and Gaudin, 2020; de 

Faccio Carvalho et al., 2010; Jarvis, 2009; Lemaire et al., 2014; Rumpel et al., 2015). 

Specifically, animal re-integration into cropland can alter carbon and nutrient flows directly 

through (1) transformation of aboveground residues into soluble, nutrient-rich, and labile dung 

and urine, where carbon and nutrients are more stoichiometrically decoupled (Jarvis, 2009; Jung 

and Allen, 1995; Rumpel et al., 2015); (2) biomass removal that triggers shifts in forage 

productivity and the reallocation of resources above- and belowground (Dawson et al., 2009); 

and (3) residue deposition and incorporation due to the trampling effect and hoof action of 

animal traffic (Acosta-Martínez et al., 2004; Greenwood and McKenzie, 2001; Wei et al., 2021) 

(Figure 1). It may also alter carbon and nutrient flows indirectly via (4) inter- and intra-seasonal 

shifts in plant community composition (Chen et al., 2018) and (5) changes in soil structure, 

which alter transport and spatial distribution of soil carbon and nutrients as well as their physical 

protection from continual degradation through occlusion within aggregates (Erktan et al., 2020; 

Lavallee et al., 2020; Six et al., 2000).  
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Figure 1: Conceptual framework for soil carbon flux and storage pathways in perennial integrated crop-

livestock systems 

 

Potential direct mechanisms by which sheep grazing on understory forage alters carbon (C) flows into perennial 

cropland soils (black). Once deposited (C influx), labile and physically-accessible soil organic carbon (SOC) is 

fluxed (blue) through the soil ecosystem via the microbial carbon pump (MCP). Within the MCP, soil C is 

continually transformed and (re)cycled through assimilation within microbial biomass carbon (MBC), the release of 

dissolved organic carbon (DOC) substances and/or formation of microbial necromass, and re-assimilation back into 

MBC. This potentially mineralizable carbon (PMC) may continually cycle within the MCP or “leak” from the pump 

through either respiration (CO2 efflux) or various soil carbon storage pathways (red). SOC storage pathways include 

mineral stabilization via formation of mineral-associated organic carbon (MAOC) or aggregate occlusion and 

physical protection as aggregate-associated C. Particulate organic carbon (POC) may also enter the MCP through 

fragmentation and depolymerization or may take a more direct storage pathway via aggregate occlusion. Storage 

pools may also re-mobilize into flux pools via soil carbon priming.  



 36 

These modifications to agroecosystem carbon and nutrient inputs may also impact microbial 

ecological processes such as growth rates and community assembly, substrate utilization and 

resource acquisition, and investment strategies such as stress responses and the production of soil 

exo-enzymes (Malik et al., 2020). Since the partitioning of SOC into different biochemical and 

physical pools is mediated by the quantity, quality, and spatial distribution of substrates entering 

the soil ecosystem (Lavallee et al., 2020; Rasse et al., 2005; Schmidt et al., 2011; Sokol et al., 

2019; Sokol and Bradford, 2019), it is likely that the plant-grazer-soil interactions associated 

with ICL adoption have significant implications for cropland carbon and nutrient dynamics. This 

partitioning will ultimately impact the fate of carbon within soil ecosystems – particularly with 

respect to how it will be utilized by soil microbes and if it will persist as long-term sequestered C 

(Cotrufo et al., 2013; Liang et al., 2019; Schmidt et al., 2011; Zhu et al., 2020). 

 

The strategic design of ICL systems for improving SOC storage and other conservation 

outcomes will require heightened understanding and consideration of carbon and nutrient flows 

through the agroecosystem (Brewer and Gaudin, 2020) (Figure 1). Microbial communities 

largely drive these biogeochemical flows within soils, as they rely on energy from soil carbon 

decay channels to power nutrient cycling processes (Janzen, 2006; Kopittke et al., 2022; Zhu et 

al., 2020). Increasing the flux rate of carbon (energy) through soil ecosystems is therefore 

necessary in order to increase rates of ecological functioning. Since microbial utilization of SOC 

for biomass growth (anabolism) is generally associated with respiration and, therefore, CO2 

efflux (catabolism), it has been argued that storing soil carbon is inherently in tension with 

microbial functioning (Janzen, 2006). However, the accumulation of stable and long-term 

stabilized mineral-associated organic carbon (MAOC) has increasingly been shown to require 
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the formation of microbial necromass, and is therefore dependent on the continual turnover of 

labile and accessible carbon (Dynarski et al., 2020; Lehmann and Kleber, 2015; J. Six et al., 

2002; Six et al., 2004) – a concept known as the microbial carbon pump (MCP). In fact, recent 

studies have shown that the MCP and its microbially-derived anabolic compounds are the 

predominate source of stabilized MAOC (Basile-Doelsch et al., 2020; Kallenbach et al., 2016; 

Liang et al., 2019). Stabilized soil carbon may therefore be viewed predominately as a reservoir 

of previously processed microbial products, with stored chemical energy which may be accessed 

later by soil microbial communities when the habitat and resource conditions of the soil 

ecosystem are altered (Erktan et al., 2020) – a process understood as soil carbon priming 

(Kuzyakov, 2010). As such, the evaluation and interpretation of soil carbon storage as static and 

relatively inert stocks must be complimented by an understanding of soil carbon flows – as flux 

processes and an energy source for biological functions. These stocks and flows are of course 

related, as the production of microbial biomass and accumulation of microbial necromass is 

critical toward building long-term SOC storage. 

 

The goal of this study was to evaluate the soil carbon flux dynamics and storage potential of 

perennial integrated crop-livestock systems within the context of working landscapes, with 

farmer implementation by early adopters who have integrated grazing for periods of multiple 

years. The use of precision grazing in perennial cropland is steadily increasing throughout 

California and beyond, particularly within Mediterranean integrated sheep-vineyard (ISV) 

systems (Ryschawy et al., 2021). However, mechanistic understandings of the legacy effects 

associated with grazing on nutrient cycling and SOC flux and storage within perennial cropland 

are lacking. This is especially true in semi-arid Mediterranean landscapes, which have unique 

features that regulate carbon flows and storage pathways (Brewer and Gaudin, 2020; Garcia-
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Franco et al., 2018; Hoyle et al., 2016, 2013). Conducting on-farm studies across a representative 

sample of early-adopter ISV practitioners facilitates the important endeavor of evaluating the 

longer-term impacts of perennial cropland grazing practices within working landscapes (Garrett 

et al., 2017; Ryschawy et al., 2021) and deepens our understanding of the SOC storage potential 

associated with perennial crop-livestock re-integration. 

 

We established an on-farm survey study across a spectrum of ISV early-adoption systems to 

evaluate the longer-term impacts of perennial cropland grazing practices on SOC fluxes and 

measurable benefits and/or trade-offs related to soil carbon storage. We explored the hypotheses 

that sheep grazing of winter soil covers will 1) increase the quantity of carbon most readily 

available for processing by the soil food web; and 2) increase soil carbon flux indicators 

related to organic carbon turnover; which should 3) increase soil organic carbon storage 

dynamics, especially the fraction stored stably to the soil mineral matrix as mineral-associated 

organic carbon (MAOC). Better understanding of grazing impacts on SOC and biogeochemical 

processes will facilitate the development of best management practices (Garrett et al., 2017; 

Niles et al., 2018), inform widespread adoption of beneficial perennial ICL practices, and our 

understanding of the climate change mitigation and soil C sequestration potential of perennial 

cropland grazing (Brewer and Gaudin, 2020). 

 

2.2 MATERIALS AND METHODS  

Ethics statement 

Permission for site access was previously granted by landowners. All sites were privately owned 

and no permits were required. 
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2.2.1 Study region and management characteristics 

A soil survey of paired vineyard sites was conducted in the Northern California coastal foothills 

at three locations in 2018 and one location in 2021, between the months of January and March 

(Figure 2). The paired sites sampled in 2021 were added to strengthen and validate the initial 

findings from the 2018 sampling. Paired vineyard sites at each sampling location consisted of 

one ‘non-integrated’ vineyard (understory vegetation managed through mowing; CONV) and 

one adjacent ‘integrated’ vineyard (understory vegetation managed through grazing for 10+ 

years; ISV) – with one location in Sonoma County (home to Wappo and Patwin native peoples), 

two in Lake County (home to Pomo, Lake Miwok, and Patwin native peoples), and one in 

southern Mendocino County (home to Pomo and Yuki native peoples) (8 paired vineyards across 

4 locations) (Figure 2). This Mediterranean climate is classified as a semi-arid Köppen-type Csc 

(Beck et al., 2018). It is characterized by mild cool winters, warm and dry summers, and 

seasonal mean annual precipitation that is lower than the regional evapotranspiration (ET) 

potential. The annual regional precipitation for sites in 2017 and 2020 was 739 mm and 368 mm, 

respectively. The mean maximum and minimum temperatures were 21.9°C and 5.7°C in 2017 

and 25.8°C and 5.3°C in 2020, respectively. This contributed to an annual potential 

evapotranspiration (ETo) of 1145 mm (2017) and 1406 mm (2020) and, therefore, a 1.5x (2017) 

and 3.8x (2020) higher potential water demand than the regional precipitation supply.  

As was the case for all vineyard sites within this study, the vast majority of Northern California 

regional vineyard systems utilize micro-irrigation, especially surface drip systems (Tindula et al., 

2013), to match vine ET demand during the warm, dry vine growing season (Prichard, 2000). 

This growing season generally begins in March (bud break) and goes throughout August to 

October (harvest), depending on the winegrape varietal. Irrigation was not applied to the 
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interrow space, where ISV grazing predominately occurs (Niles et al., 2018; Ryschawy et al., 

2021). The understory vegetation growing season is instead limited to periods of sustained 

precipitation, which typically occurs between November and April, during which 91% of all 

regional rainfall has occurred over the last 20 years (http://www.cimis.water.ca.gov/). This is 

also the period in which the vast majority of sheep grazing in regional vineyards occurs, 

including the ISV sites utilized within this study.  

 

Figure 2: Map of study region 

 

Paired vineyard sites (4 locations) consisted of one ‘non-integrated’ vineyard (understory vegetation managed 

through mowing; CONV) and one adjacent ‘integrated’ vineyard (understory vegetation managed through grazing; 

ISV), with one location in Sonoma County (1), two in Lake County (2 & 3), and one in southern Mendocino County 

(4), California, USA. Photos show vineyard comparisons immediately after occurrence of grazing (ISV) and 

mowing (CONV) events. Aerial imagery of the study area was derived from Google Earth Pro.  
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Most typically, sheep-vineyard grazing within this region is used as an understory plant growth 

termination methodology, similarly to the application of mowing, and is most often implemented 

immediately before vine bud break (Niles et al., 2018; Ryschawy et al., 2021). Though less 

common, sheep grazing sometimes occurs multiple times across the understory growing (vine 

dormancy) and vine growing seasons, where it is strategically applied to achieve additional 

management benefits such as vine leaf thinning and removal of suckering trunks (Niles et al., 

2018; Ryschawy et al., 2021). The grazing strategies on all four of the integrated vineyards in 

this study were characterized as high-density, short-duration rotational grazing management (de 

Faccio Carvalho et al., 2010). This rotational grazing strategy incorporate small paddocks that 

are grazed with high animal density and rotated frequently amongst larger sections of the overall 

landscape. This strategy facilitates longer forage rest periods and increased competition amongst 

grazing ruminants (Teague et al., 2008). This has been found to lower the duration of grazing per 

unit of land area and reduce grazing selectivity and the spatial heterogeneity of grazing pressure 

(Teague et al., 2008; Teague and Dowhower, 2003).  

 

Briefly described, temporary electrical fencing was erected to establish 1-acre sized grazing 

paddocks, where ~250 ewes were grazed for 1-2 days within each paddock before rotating to the 

next temporary paddock. Grazing generally occurred once during vine dormancy. The timing of 

grazing events varied with precipitation and understory plant growth rates, but generally 

occurred sometime between early March through late April, before vine bud break and a 

coinciding decrease in regional precipitation rates. Each grazing event aims to remove roughly 

80% of understory biomass from the vineyard as a seasonal “termination” of the vineyard 

understory plant community, which remained dormant throughout the warm, dry vineyard 
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growing season. In some years, grazing occurred two or more times throughout the dormant 

season (November to April), during periods of higher precipitation and forage productivity. In 

the years before transitioning to sheep grazing of understory vegetation, sites were managed by 

mowing, which generally occurred at the same time of year as grazing. Beyond the grazing (ISV) 

and mowing (CONV) treatments, there were some differences in management across sites. The 

undervine row of all four CONV vineyards and one ISV vineyard (Site 3) were managed using 

synthetic herbicide applications (Table 1). Both the ISV and CONV vineyards at Site 1 used 

conservation tillage, with shallow (<10 cm depth) tillage of every other row in alternating years 

(Table 1).  

 

Table 1: ISV survey site characteristics of 8 paired vineyards in Sonoma, Lake, and Mendocino Counties, 

California, USA 

 

 

 

Site 

Understory 

management 

treatment 

Length of 

current 

management 

(years) 

Vine 

[varietal/rootstock] 

(vineyard plant date) 

Soil 

texturea 

(% clay) 

Soil typeb 

(% slope) 

Soil 

disturbancec 

Synthetic herbicide 

applicationd 

CCOFe 

organic 

certification 

status 

1 

 

ISV 17 

Pinot Noir 

[UCD 12 / 1103P] 

(2001) 

Loam 

(22%) 

Haire 

(0-9%) 
High 

 

No 

 

Yes 

CONV 21 

Pinot Noir 

[UCD 13 / 1103P] 

(1997) 

Loam 

(21%) 

Haire 

(0-9%) 
High Yes No 

2 

ISV 14 

 
Cabernet Sauvignon 

[337 / 1103] 

(2001) 

Clay 
Loam 

(28%) 

Benridge-
Sodabay 

(15-30%) 

Moderate No No 

CONV 8 

Cabernet Sauvignon 

[15 / 1103] 

(1998) 

Clay 

Loam 

(28%) 

Benridge-

Sodabay 

(15-30%) 

Low Yes No 

3 

ISV 14 

Cabernet Sauvignon 

[08 / 110R] 

(1992) 

Clay 

Loam 

(33%) 

Sobrante-

Guenoc-

Hambright 

(15-30%) 

Moderate Yes No 

CONV 21 

Cabernet Sauvignon 

[CS7 /110R] 

(1996) 

Clay 

Loam 

(29%) 

Sobrante-

Guenoc-

Hambright 
(15-30%) 

Low Yes No 

4 

ISV 17 

Chardonnay 

[76 / 5C] 

(2001) 

Loam 

(25%) 

Cole 

(2-5%) 
Low No Yes 

CONV 10 

Chardonnay 

[76 / 5C] 

(2003) 

Loam 

(27%) 

Cole 

(2-5%) 
Low Yes No 
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a Based from hydrometer measured sand, silt, and clay particle content (0–15 cm) 

b Haire clay loam (0 to 9% slope): clayey, mixed, thermic Typic Haploxerults; Benridge-Sodabay loams (15 to 30% 

slope): (Benridge) fine, mixed, thermic Mollic Palexeralfs / (Sodabay) fine-loamy, mixed, thermic Mollic 

Haploxeralfs; Sobrante-Guenoc-Hambright complex (15 to 30% slope): (Sobrante) fine-loamy, mixed, thermic 

Mollic Haploxeralfs / (Gueonic) fine, kaolinitic, thermic Typic Rhodoxeralfs / (Hambright) loamy-skeletal, mixed, 

thermic Lithic Haploxerolls. Collected from the USDA-NRCS SoilWeb app 

(https://casoilresource.lawr.ucdavis.edu/)  

c Soil disturbance is categorized as Low (infrequent mow or graze), Moderate (combination of infrequent mow + 

graze), and High (combination of infrequent mow or graze + conservation tillage [i.e. shallow tillage of every other 

row in alternating years]) 

d  Applications occurring in vineyard interrow (not undervine row) 

e California Certified Organic Farmers (CCOF) – United States Department of Agriculture certifying agency 

* No vineyards contained either organic or synthetic fertilizer amendments within vineyard interrow 

 

2.2.2 Site selection and participatory engagement 

Study sites were first selected based on identifying early adopters of ISV management – 

vineyards that had a long-term legacy of grazing sheep – and selection of participating vineyards 

was confined to the Northern California coastal foothill region to reduce climate and soil 

variability (Table 1). While perceptions of ISV management are increasingly favorable among 

adopters and non-adopters alike (Ryschawy et al., 2021), vineyard grazing is still considered a 

niche production system compared to the dominant technological regimes (Garrett et al., 2020; 

Ryschawy et al., 2021) and early adopters of ISV practices in California are rare. Producers 

utilizing ISV management were identified using directories from the LandSmart collaborative 

(http://landsmart.org) and grower networks from the Community Alliance with Family Farmers 

(CAFF). Four integrated vineyards (ISV) were selected based on grower knowledge of long-term 

sheep grazing and co-management legacy. These ISV growers expressed interest in participating 

https://casoilresource.lawr.ucdavis.edu/
http://landsmart.org/
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and worked with the study’s authors to identify the adjacent non-integrated vineyards (CONV) 

for comparison. A participatory survey was conducted to collect management information for 

each vineyard (vine/rootstock varietal, understory vegetation management, external amendments, 

irrigation, and tillage) to assess and minimize variability between paired sites (Table 1). Soil type 

and topography data was collected from the USDA-NRCS SoilWeb app 

(https://casoilresource.lawr.ucdavis.edu). At the time of the study, two of the ISV vineyards (Site 

1 & 4) were organic certified through the California Certified Organic Farmers (CCOF) program.  

 

Sampling plots (2 ha) within each paired integrated (ISV) and non-integrated (CONV) vineyard 

site were selected to maximize the edaphic and co-management similarity of paired sites and 

isolate the impact of sheep grazing. Wine vineyards provide a unique opportunity for soil 

surveying, in that tightly controlling management variability, especially related to water and soil 

fertility, is essential for improving wine grape quality. Vineyard growers strategically limit 

irrigation and N uptake at certain stages of vine phenology to control vegetative growth and 

mitigate various perceived tradeoffs between vine vigor and wine grape quality (Spayd et al., 

1994; Wheeler and Pickering, 2003; White et al., 2007). As such, excessive water and N 

availability is generally avoided by reducing inputs (Gaiotti et al., 2017; Lazcano et al., 2020). 

When inputs are utilized they are most often applied in small doses, timed only during when vine 

demand is highest, and delivered directly under the vine (Peter Christensen et al., 1994; Spayd et 

al., 1994). Consequently, while cover crops are increasingly utilized to prevent soil erosion and 

stabilize soil quality (Novara et al., 2019; Rodrigo-Comino, 2018), wine vineyards are otherwise 

often low-input agroecosystems, especially within the vineyard interrow, and thus have less co-

management variability than other perennial agroecosystems. 

https://casoilresource.lawr.ucdavis.edu/
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2.2.3 Soil collection and processing 

Soil sampling occurred once per vineyard site and was timed before the seasonal understory 

forage termination event(s) to maximize the soil acclimation period between the last graze or 

mow events. Soil samples were collected from eight randomly selected points per 2 ha plot in a 

“W” pattern (Moebius-Clune et al., 2016). Sub-plots (1 m2) were set-up at each sampling point, 

surface residues were removed, and three soil cores (5 cm diameter) were taken at three depths 

(0–15 cm, 15–30 cm, and 30–45 cm) in the vine interrow. Samples were weighed in the field, 

homogenized and composited for each sub-plot, and placed in a cooler for transport. Soils were 

processed promptly through 4 mm sieves and stored at 4 °C until further analysis, except for ~75 

g of soil that was separated and stored at −80°C for PLFA and enzyme assays. Approximately 10 

g of field moist soil was sieved (2 mm) and oven dried (105°C) to a constant weight to determine 

soil gravimetric water content (GWC). Surface soil (0–15 cm) bulk density (BD) was determined 

for each soil core using mass of oven-dried soil (105 ∘C, 24 h or until consistent weight) and total 

volume of each soil core (Blake and Hartge, 1986). Another 250 g of soil was subsampled for 

chemical analysis and ~100 g was used to determine texture and soil aggregate characteristics.  

 

2.2.4 Soil chemical properties 

A subsample of ~300 g was sent to a certified laboratory (Ward Laboratories – Kearney, NE) for 

analyses of soil texture (sand:silt:clay) by hydrometer; pH (1:1 v/v method); soil salinity by 

electrical conductivity (EC; dS/m); available P (mg kg-1) via Olsen bicarbonate extraction; and 

cation exchange capacity (CEC) (Meq 100 g-1) based on ammonium acetate extraction and pH. 

All soil depth fractions were dried to constant mass, ball-milled, and weighed for total elemental 

C and N using combustion (Costech ESC 4010 Elemental Analyzer – Valencia, CA, USA). Soil 
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NH4
+ and NO3

- were extracted from 5 g of fresh soil with 20 ml 2 M KCl solution and measured 

using colorimetric assays on a BioTek Synergy HTX (BioSPX B.V. – The Netherlands) 

microplate reader. Mineral nitrogen is the sum of soil NH4
+ and NO3

-. Soil organic carbon (SOC) 

and nitrogen (SON) were measured by subtracting HCl inorganic C extraction measurements and 

inorganic N pools (NO3
- and NH4

+) from total elemental C and N analyses described above.  

 

2.2.5 Soil aggregate size distribution and aggregate-associated carbon 

Aggregate size categorization was performed on air-dried soils by wet sieving to separate water-

stable aggregates into four size categories: large macro-aggregates (2000 μm), small macro-

aggregates (250-2000 μm), micro-aggregates (530-250 μm), and the silt and clay fraction (<53 

μm) (Cambardella and Elliott, 1993; Kemper and Rosenau, 1986). Each soil was submerged in 

deionized water for 10 minutes before wet-sieving, and a sub-sample was taken to assess soil 

gravimetric water content (g g-1) after saturation. A 40 g sub-sample of saturated soil was then 

transferred to a vibratory sieving tower with rainfall simulator (Fritsch Analysette 3 Pro – Idar-

Oberstein, Germany), with vibration amplitude set at 0.1 μm and frequency at 50 Hz. Sieving 

lasted until the deionized water used to wash soils on the sieve was flowing clear, which was 

generally around 60 seconds. The remaining fractions on each sieve (2000, 250, and 53 μm), as 

well as the soil-water suspension passed through the 53 μm sieve (<53 μm), were dried at 60° C 

to dry until reaching constant weight. The mass recovery threshold was set between 0.98 – 

1.02% and was calculated as follows (1): 

 

(𝟏) 𝐌𝐚𝐬𝐬 𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐲 (%) =  
𝐛𝐮𝐥𝐤 𝐬𝐨𝐢𝐥 (𝐠) − (𝐛𝐮𝐥𝐤 𝐬𝐨𝐢𝐥 (𝐠) ∙ 𝐆𝐖𝐂 (𝐠 𝐠−𝟏)) 

 ∑ 𝑨𝟒
𝐢=𝟏 𝒊

(𝐠)
 ∙ 𝟏𝟎𝟎 
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where bulk soil (g) is the mass of the soil used for wet-sieving of each sample; GWC (g g-1) is 

the gravimetric water content of the soil used for wet-sieving; and Ai is the oven-dry weight (g) 

of each aggregate fraction. When samples did not meet the mass recovery threshold, the samples 

were repeated. Mean weight diameter (MWD), a weighted-average index of aggregate stability 

(van Bavel, 1950), was calculated as follows (2): 

 

(𝟐) 𝐌𝐖𝐃 =  ∑ �̅�𝒊  ∙  𝑨𝒊

𝟒

𝒊=𝟒

 

 

where Xi is the average diameter (μm) for particles of each i-level aggregate fraction and Ai is the 

weight percentage of the fraction in the bulk soil. SOC content was measured for each aggregate 

fraction using combustion analysis (Costech ESC 4010 Elemental Analyzer – Valencia, CA, 

USA). The proportional concentration of SOC in each aggregate fraction was calculated as 

follows (3): 

 

(𝟑) 𝐌𝒊 =  
𝐀𝒊 ∙ 𝐒𝐎𝐂𝒊

∑ 𝑨𝒊  ∙  𝐒𝐎𝐂𝒊
𝟒
𝒊=𝟏

 

 

where Mi is the relative SOC concentration of each i-level aggregate fraction (%); Ai is the oven-

dry weight (g) of each aggregate fraction; and SOCi is the relative SOC concentration of each i-

level aggregate fraction. The SOC stock for each aggregate fraction was calculated as follows 

(4): 

 

(𝟒) 𝐌𝒊 = 𝐂𝒊  ∙  𝐒𝐎𝐂𝒊  ∙ 𝐁𝐃 ∙ 𝐇 ∙  𝟏𝟎−𝟏 
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where Mi is the SOC stock of each i-level aggregate fraction (t hm−2); Ci and SOCi are the 

relative fraction and SOC concentration each of i-level aggregate fraction, respectively; BD is 

the soil bulk density (g cm−3) and H is the thickness of soil layer, which was 15 cm for this 

measurement. 

 

2.2.6 Soil organic carbon size fractionation 

Soil organic carbon was separated into particulate organic carbon (POC), and mineral-associated 

organic carbon (MAOC) using aggregate dispersion, wet sieving, and particle-size fractionation 

method (Six et al., 1998). In short, 20 g of air-dried soil was dispersed with 100 ml of 5% (w/v) 

sodium hexametaphosphate (Na6(PO3)6) and an 18-hour rotary shaking for sufficient dispersion. 

Dispersed soils were washed through a 53 μm sieve on a vibratory sieve shaker (Fritsch 

Analysette 3 Pro – Idar-Oberstein, Germany) as described in Section 2.5. The fraction retained 

on the sieve was considered as POC, while the finer fraction that passed through the sieve was 

considered as MAOC. Both POC and MAOC fractions were dried at 60° C until reaching 

constant weight, then ground, and analyzed for total C on an elemental analyzer (Costech ESC 

4010 Elemental Analyzer – Valencia, CA, USA). The final content of POC or MAOC in bulk 

soil was calculated based on the recovered mass. For example, POC (mg C g-1 bulk soil) was 

calculated with two formulas as follows (5) and (6):  

 

(𝟓) 𝐌𝐚𝐬𝐬 𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐲 (%) =  [(𝐏𝐎𝐂 (𝐠) +  𝐌𝐀𝐎𝐂 (𝐠)) / 𝐛𝐮𝐥𝐤 𝐬𝐨𝐢𝐥 (𝐠)]  × 𝟏𝟎𝟎 

 

(𝟔) 𝐏𝐎𝐂 (𝐦𝐠 𝐂 𝐠−𝟏 𝐛𝐮𝐥𝐤 𝐬𝐨𝐢𝐥) =
𝐏𝐎𝐂 (𝐠) ∙ 𝐏𝐎𝐂 (𝐦𝐠 𝐂 𝐠−𝟏)

𝐛𝐮𝐥𝐤 𝐬𝐨𝐢𝐥 (𝐠) ∙ (𝐦𝐚𝐬𝐬 𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐲 ∙  𝟎. 𝟎𝟏)
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where bulk soil (g) is the mass of the soil used for wet-sieving of each sample; POC and MAOC 

(g) are the masses of the POC and MAOC fractions recovered after the wet-sieving, respectively; 

and POC (mg C g-1) is the C concentration measured in the POC fraction.  

 

2.2.7 Soil microbial biomass and dissolved organic carbon 

Soil microbial biomass carbon (MBC) was measured using the fumigation-extraction method 

(Horwath and Paul, 1994). Fresh soil was sieved to 4 mm and two replicates of 6 g were weighed 

into glass vials. One replicate was fumigated for 24 h with chloroform (CHCl3) and the other 

sample (unfumigated) was immediately extracted using 30 ml 0.5 M K2SO4. After chloroform 

fumigation, the fumigated sample was also extracted using 30 ml 0.5 M K2SO4. The extracted 

solutions were filtered with Q5 filter paper and then analyzed for TOC and TN (Elementar 

TOC/TNb – Ronkonkoma, NY, USA). Microbial biomass C was calculated as the difference in 

dissolved C concentration between fumigated and unfumigated samples, using a Ke conversion 

factor of 0.35. The dissolved C content in the unfumigated samples represent the dissolved 

organic C (DOC) fraction (Jones and Willett, 2006). The microbial quotient (Qmic) represents the 

ratio of MBC relative to SOC (ug MBC/ug SOC) (Sun et al., 2020). 

 

2.2.8 Carbon mineralization  

A 35-day (Haney et al., 2008) incubation was conducted to determine C mineralization (Cmin) 

over time, as well as potentially mineralizable C (PMC; the flush of CO2 during a 72-hour 

incubation (Wade et al., 2018)) using rewetted air‐dried soils. Three technical replicates were run 

per sample to account for potential methodological variability (Wade et al., 2018). Briefly, 15g 

of air-dried soil (0-15 cm depth) was sieved (4 mm) and weighed into 50‐ml glass beakers. Each 
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sample was rewetted from above to 50% water‐filled pore space, placed inside a 0.4 L mason jar, 

capped with a metal lid and a rubber septum, and incubated at 25 °C for 35 days. Respired CO2 

was determined by sampling the headspace gas using a continuous-flow CO2/H2O gas analyzer 

(LI850 – LI-COR Biosciences, Lincoln, NE, USA) at 1, 3, 7, 14, 21, 28, and 35 days. 

Respiration for each sampling date was calculated as the difference between a sample and a 

control, using the ideal gas law and adjusting for the total headspace. Net respiration was 

calculated as the sum of the respiration measurements up to each sampling date. Jars were 

opened every 7 days to equilibrate with the atmosphere and allow replenishment of oxygen, but 

otherwise remained sealed with no air flow. The water loss by evaporation was added at days 14 

and 21 by re-weighing soils and adding deionized water accordingly. The metabolic quotient 

(Qmet) represents the ratio of microbial respiration to microbial biomass, and was determined by 

dividing the 24-hour basal respiration (Mresp; ug CO2-C g-1 dry soil) by MBC (ug MBC g-1 dry 

soil) (Anderson and Domsch, 1993).   

 

2.2.9 Microbial community structure and exocellular soil enzymes 

Soil microbial community structure was characterized using phospholipid fatty acid (PLFA) 

analysis (Ward Laboratories – Kearney, NE) using a chloroform-methanol extraction and gas 

chromatograph with a 25 m Ultra 2 (5%-phenyl)-methylpolysiloxane column (Bossio and Scow, 

1998). Community structure biomarkers for PLFA were distinguished into bacterial groups 

including Gram-positive (Gram(+)) and Gram-negative (Gram(-)) bacteria, actinomycetes, and 

fungal groups including saprophytic fungi and arbuscular mycorrhizal fungi (AMF) using 

methods outlined in Hamel et al. (2006). The Gram(+)/Gram(-) and fungal/bacterial (F/B) ratios 
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represent the relative distribution of Gram(+)-to-Gram(-) bacterial biomass and fungal-to-

bacterial biomass, respectively. 

Exocellular enzyme potentials included BG: β-Glucosidase (glycoside hydrolysis), CB: β-D-

cellubiosidase (cellulose decomposition), LAP: L-aminopeptidase (peptide hydrolysis), and 

PHOS: Alkaline-Phosphatase (phosphate hydrolysis) were measured using fluorescence 

microplate assays (Bell et al., 2013). Briefly, 2.75g of soil was blended with 91 ml of 50 mM 

sodium acetate buffer and pH adjusted to the average pH of soil samples from a given vineyard. 

The soil slurry was then mixed on a stir plate as 800 μl were transferred into a deep 96-well 

plates. Substrate concentrations and incubation time were determined based on calibration tests 

to capture the maximum potential enzyme activity. 600 μM of fluorescently labeled substrates 

were added for all enzymes assayed, except LAP, where 400μM were added. A 200 μL aliquot 

of substrate was pipetted into the sample and incubated for 3 h at 25°C. Standard curves were 

prepared for each sample using 4-methylumbelliferone or 7-amino-4-methylcoumarin for LAP. 

After incubation, assays were centrifuged for 3 min at 1500 rpm and 250 μL of supernatant was 

pipetted into black 96-well plates. Substrate fluorescence was measured on a BioTek Synergy 

HTX microplate reader (BioSPX B.V. – The Netherlands) at wavelengths 365 nm (excitation) 

and 450 nm (emission). Urease (urea hydrolysis) was measured using a standard colorimetric 

assay method (Kandeler and Gerber, 1988). The enzyme activity was calculated based on the soil 

dry weight and incubation time (unit: nmol g–1 h–1).  

 

2.2.10 Statistical analysis and mixed model selection 

Statistical analyses were conducted using the statistical software R, version 3.6.3 (R Core Team, 

2021)  Linear mixed-effect regression models were used to measure univariate treatment effects 
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across all vineyard pairs, as well as difference between treatments within each vineyard pair. 

Models were fit using fixed effects for ‘treatment’ (ISV vs. CONV) and ‘location’ as well as 

their interaction term (treatment(x)location) to estimate differing treatment effects on response 

variables across locations with the lmer and lmerTest packages (Bates et al., 2015; Kuznetsova et 

al., 2017). We accounted for our sampling design by using a nested ‘plot’ (vineyard sampling 

zone nested within location) as a random effect, which yielded the lowest Akaike information 

criterion (AIC) score when included. Depth was not included as a factor in the model. Instead, 

each depth was analyzed independently using the model described above. Given the degree of 

multiple comparison testing associated with this univariate approach, MANOVA was conducted 

for soil carbon response variables as a false discovery rate (FDR) controlling approach using the 

dplyr package, in order to correct for random events that falsely appear significant as revealed by 

our univariate assessments (Benjamini and Hochberg, 1995). Before conducting MANOVA, the 

mvnormtest package was used to conduct a Shapiro-Wilk test for multivariate normality and the 

absence of multicollinearity was checked by conducting correlations among the response 

variables, which all measured R2 ≤ 0.80 and therefore presented no concern. Our MANOVA 

revealed similar patterns in soil carbon response variables to our univariate approach. 

 

We further tested factors associated with the climatic and edaphic differences (i.e., MAP, 

MAT, %clay) among vineyards as covariates. These covariates were left out from final models 

as none of the environmental factors were significant or strongly influenced our main model 

effects. Residuals were checked for normality and homogeneity of variance. When variables 

were non-normally distributed or had unequal variance, data were log or square root transformed 

prior to calculation of means and back-transformed for visualization. Fixed effects were 
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investigated with means comparisons and considered p-value < 0.001(***) as highly significant, 

p-value < 0.01(**) as significant, and p-value < 0.05(*) as marginally significant. Non-

significant means comparisons with p-value < 0.10 were considered as a ‘trend’ (Hurlbert and 

Lombardi, 2009; Wasserstein et al., 2019). Tukey’s pairwise comparisons were used to assess 

differences between each treatment within each of the four study locations. Values in tables and 

graphs are reported as comparisons within each site, whereas values reported in the results 

section are averages across sites. Box plots were graphed using the ggplot2 package in R. The 

horizontal line is the mean, and upper and lower sectors are the first and third quartiles, 

respectively. Upper and lower ‘whiskers’ extend to the highest or lowest value, respectively, 

within 1.5 times the inter-quartile range (the distance between the first and third quartiles).  

 

2.3 RESULTS 

2.3.1 Soil physicochemical habitat 

Management treatment (ISV vs. CONV) had a significant effect on several key soil 

physicochemical parameters (Table 2). On average across all vineyards, the ISV treatment 

increased dissolved P (19.8±1.7 vs. 11.5±1.3 ug g-1; p<0.001), Total N (TN;2.1±0.08 vs. 

1.6±0.06 g kg-1; p=0.013), and salt content (EC; 0.21±0.02 vs. 0.12±0.006 dS m-1; p=0.058) in 

surface soils (0–15 cm) compared to CONV management. The increase in P was significant in all 

four paired vineyards and EC values were significantly higher in three out of four of the paired 

vineyard surface soils. Dissolved P, TN, and EC were not significantly different in subsoil depth 

zones (15–30 and 30–45 cm). The mineral N fraction (NH4
+ + NO3

-) was significantly higher 

under ISV management at subsoil depth (30–45 cm) (5.1±0.4 vs. 3.3±0.3; p=0.042). While 

mineral N values reported higher under ISV in the 0–15 cm (14.1±1.2 vs. 8.6±0.8; p=0.183) and 

15–30 cm (6.3±0.5 vs. 4.1±0.3; p=0.211) depths, these increases were non-significant. Grazing 
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did not significantly affect soil pH or CEC at any depth zone, although treatment effects for CEC 

varied between locations (treatment(x)location p=0.041). 

 

Table 2: Physicochemical properties from integrated sheep-vineyard (ISV) and conventional understory 

(CONV) managed soils 

 

Soils were sampled across 8 paired vineyards (4 locations). Soils cores were separated into three depths zones (0–

15 cm, 15–30 cm, and 30–45 cm) and measured for total N (TN), mineral N (NH4
+-N plus NO3

—N), extractable 

phosphorous (P), bulk density, soil water content, pH, electrical conductivity (EC), and cation exchange capacity 

(CEC). Means are followed by standard error in parentheses. Shown are the treatment and treatment(x)location 

statistical significance across sites (n=64). For each location, a Tukey-Kramer means (n=16) comparison was used 

to evaluate significant pairwise difference between each treatment. Asterisks (*) denote significant treatment 

differences at each depth increment. 

* p <0.05; ** p <0.01; *** p < 0.001. 
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The physical characteristics of surface soils (0–15 cm) as indicated by compaction (BD; 

1.32±0.03 vs. 1.37±0.03 g cm−3; p=0.634; Table 2) and aggregate stability (MWD; 1.47±0.13 vs. 

1.44±0.12; p=0.953; Supplementary Figure 1) were not affected by management across any of 

the four locations. There was also no difference in the relative size distribution of surface soil (0–

15 cm) aggregates (Supplementary Figure 1) between ISV and CONV treatments for 

macroaggregates (>2000 um; 21.2±2.5% vs. 19.9±2.3%; p=0.959), large microaggregates (250–

2000 um; 32.6±2.4% vs. 36.4±2.7%; p=0.791), small microaggregates (53–250 um; 22.5±1.9% 

vs. 20.2±1.6%; p=0.835), or the silt and clay fraction (<53 um; 23.7±2.3% vs. 23.5±2.4%; 

p=0.635). Soil water content at the time of sampling was also alike in both treatments, indicating 

similarities in hydrological cycling characteristics in all depth zones: 0–15 cm (0.21±0.01 vs. 

0.18±0.1 g g-1; p=0.798), 15–30 cm (0.21±0.01 vs. 0.19±0.01 g g-1; p=0.777), and 30–45 cm 

(0.22±0.01 vs. 0.23±0.01 g g-1; p=0.851). 

 

2.3.2 Soil microbial community structure and enzymatic activity 

The surface soil (0–15 cm) abundance (ng g-1) of total phospholipid fatty acid (PLFA) 

biomarkers, an indicator of viable microbial biomass, significantly responded to long-term 

grazing (Table 3;  p<0.001). Individual vineyard pairs ranged from 24.6% to 64.9% higher total 

PLFA abundance under ISV (3543±304) than CONV (2543±234) management, with 

significantly higher total PLFA abundance in three out four paired vineyards. Community 

structural biomarkers showed higher abundance of both bacterial (1497±149 vs. 956±102; 

p<0.001) and fungal (385±49 vs. 263±33; p=0.004) biomass in ISV vineyards across sites. Mole 

percent distribution (mol%) also indicated an increase in bacteria abundance (38.9±1.8% vs. 

34.5±1.6%; p<0.001), but no changes for fungi under long-term grazing (9.1±1.0% vs. 
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9.1±1.2%; p=0.991). While total bacterial biomarkers increased under ISV in three out of four 

paired vineyards, total fungal biomarkers treatment response did not differ across locations 

(Table 3), despite a significant main treatment effect. One location (Site 4) showed very low total 

fungal biomarker abundance values in both the ISV (7±6 ng g-1) and CONV (12±9 ng g-1) 

treatments. The relative abundance of bacterial and fungal groups was not affected by grazing 

(F/B; 0.22±0.02 vs. 0.22±0.02; p=0.887).  

 

Table 3: PLFA biomarkers and biological ratios from integrated sheep-vineyard (ISV) and conventional 

understory (CONV) surface soils (0–15 cm depth) 

 

Phospholipid fatty acid (PLFA) profiles indicative of fungi, arbuscular mycorrhizal (AM) fungi, saprophytic fungi, 

bacteria, and actinomycetes, as well as the relative ratios of fungi-to-bacteria and stress indicator ratios Gram(+)-

to-Gram(-) bacteria and saturated-to-unsaturated fatty acids. Ratios are unitless, while PLFAs are given in both ng 

g soil-1 and mole percent distribution (mol%). Means are followed by standard error in parentheses. Shown are the 

treatment and treatment(x)location statistical significance across sites (n=64). For each location, a Tukey-Kramer 
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means (n=16) comparison was used to evaluate significant pairwise difference between each treatment. Asterisks 

(*) denote significant treatment differences at each depth increment. 

* p <0.05; ** p <0.01; *** p < 0.001. 

 

The main treatment effect varied for specific fungal and bacterial functional groups, with higher 

abundances under ISV for saprophytic fungi (261±35 vs. 170±23; p=0.004) and actinomycete 

(232±21 vs. 141±16; p<0.001), but no significant difference between ISV and CONV for 

arbuscular mycorrhizal (AM) fungi (124±15 vs. 91±17; p=0.544). There was also no significant 

main treatment effect between ISV and CONV for Gram(+)/Gram(-) ratio (1.49±0.13 vs. 

1.37±0.10; p=0.384) and saturated/unsaturated fatty acid ratio (3.93±0.79 vs. 3.85±0.72; 

p=0.909), although the saturated-to-unsaturated fatty acid ratio treatment(x)location interaction 

(p=0.021) indicated variability in the treatment response between paired vineyards. 

 

The surface soil (0-15 cm) exocellular enzymatic activity potentials (nmols g OD soil-1 hour-1; 

Figure 3) related to nitrogen cycling were higher under ISV compared to CONV management for 

both L-aminopeptidase (peptide hydrolysis) (30.9±2.6 vs. 21.1±2.1; p<0.001; Figure 3A) and 

Urease (urea hydrolysis) (26.6±1.8 vs. 14.7±1.2; p=0.001; Figure 3B). Pairwise comparisons for 

Urease activity showed significant treatment effects at three out of four paired vineyards, while 

L-aminopeptidase was higher in the ISV treatment at only one paired vineyard. Phosphatase 

(phosphate hydrolysis) was lower under ISV management compared to CONV (79.2±8.1 vs. 

94.9±8.8; p=0.017; Figure 3C), with significant effects at only one site. There was no significant 

treatment effect for enzymes related to carbon cycling – β-Glucosidase (glycoside hydrolysis) 

(54.1±6.1 vs. 38.0±4.8; p=0.524; Figure 3D) and β-D-cellubiosidase (cellulose decomposition) 

(10.3±1.2 vs. 9.8±1.2; p=0.639; Figure 3E).  
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Figure 3: Management impact on soil exo-enzyme activity potential from surface soil (0–15 cm depth) 

 

Impact of integrated sheep-vineyard (ISV) and conventional vineyard understory (CONV) management on surface 

soil (0 – 15 cm depth) exo-enzyme synthesis potential for (A) L-aminopeptidase, (B) urease, (C) phosphatase, (D) ß-

glucosidase, and (E) ß-cellubiosidase. Shown are the treatment and treatment(x)location statistical significance 

across sites (n=64). For each location, a Tukey-Kramer means (n=16) comparison was used to evaluate significant 

pairwise difference between each treatment. Error bars represent standard error. Asterisks (*) denote significant 

treatment differences at each depth increment. 

* p <0.05; ** p <0.01; *** p < 0.001. 

 

2.3.3 Soil carbon flux pools and metabolic activity indicators  

Soil carbon flux pools, indicative of labile and active soil carbon (Figure 1), were strongly 

impacted by animal grazing. Although soil carbon flux pool values were generally highest in 

surface soils (0–15 cm) across both treatments, ISV management was most significantly 

impactful in subsoil depths (Figure 4). Microbial biomass C (MBC; ug g-1) was significantly 
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higher under ISV management compared to CONV at all depth zones: 0–15 cm (454±30 vs. 

245±22; p=0.050; Figure 4A), 15–30 cm (174±15 vs. 94±9; p=0.008; Figure 4B), and 30–45 cm 

(150±12 vs. 70±7; p<0.001; Figure 4C). While there was no significant main treatment variation 

in dissolved organic C (DOC; ug g-1) or potentially mineralizable C (PMC; ug g-1) at all depths, 

DOC contents trended higher in the 30–45 cm depth of the ISV treatment (98±5 vs. 76±5; 

p=0.118; Figure 4F). PMC also trended higher at both the 15–30 cm (10.9±0.8 vs. 6.7±0.3; 

p=0.064) and 30–45 cm (5.5±0.3 vs. 4.4±0.3; p=0.081) depths (Figure 4H-I). 

 

Figure 4: Soil carbon flux pools in integrated sheep-vineyard (ISV) and conventional understory (CONV) 

managed soils 

(A-C) Microbial biomass C (MBC), (D-F) dissolved organic C (DOC), and (G-I) 3-day potentially mineralizable C 

(PMC) were measured at three depths zones (0–15cm, 15–30cm, and 30–45cm) from integrated sheep-vineyard 

(ISV) and conventional vineyard understory (CONV) managed soils. Shown are the treatment and 

treatment(x)location statistical significance across sites (n=64). For each location, a Tukey-Kramer means (n=16) 
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comparison was used to evaluate significant pairwise difference between each treatment. Error bars represent 

standard error. Asterisks (*) denote significant treatment differences at each depth increment. 

* p <0.05; ** p <0.01; *** p < 0.001. 

 

The soil microbial quotient (Qmic; MBC:SOC) was significantly higher in ISV surface soils (0–

15 cm) compared to CONV (0.018±0.001 vs. 0.012±0.001; p=0.034; Figure 5A). The Qmic main 

treatment effect was non-significant in both subsoil depths: 15–30 cm (0.016±0.002 vs. 

0.011±0.001; p=0.241; Figure 5B) and 30–45 cm (0.024±0.003 vs. 0.016±0.002; p=0.269; Figure 

5C). The soil metabolic quotient (Qmet; Mresp:MBC) was also impacted by long-term grazing 

similarly across sites. ISV management significantly lowered Qmet values compared to CONV in 

0–15 cm surface soils (0.023±0.003 vs. 0.056±0.019; p=0.049; Figure 5D). While Qmet values 

also trended lower in the 30–45 cm subsoil depth of ISV vineyards (0.021±0.003 vs. 

0.036±0.005; p=0.104), Qmet was not significantly affected by treatment in the 15–30 cm depth 

0.038±0.020 vs. 0.44±0.006; p=0.240) (Figure 5E-F). Soil carbon mineralization (Cmin) rates, 

measured via respiration over a 35-day incubation period, showed similar trends between ISV 

and CONV in surface soils (0–15 cm) with a cumulative rate of 1.28±0.11 vs. 1.09±0.12 ug CO2-

C g soil-1 day-1, respectively (p=0.853; Figure 6A). The Cmin rate was significantly higher under 

ISV in the 15–30 cm subsoil depth (1.89±0.29 vs. 1.46±0.18 ug CO2-C g soil-1 day-1; p=0.048; 

Figure 6B), though not significantly different at 30–45 cm (0.37±0.04 vs. 0.33±0.03 ug CO2-C g 

soil-1 day-1; p=0.397; Figure 6C). 
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Figure 5: Microbial quotient (Qmic) and metabolic quotient (Qmet) of integrated sheep-vineyard (ISV) and 

conventional understory (CONV) managed soils 

 

(A-C) Microbial quotient (Qmic) and (D-F) metabolic quotient (Qmet) were measured at three depths zones (0–15cm, 

15–30cm, and 30–45cm) from integrated sheep-vineyard (ISV) and conventional vineyard understory (CONV) 

managed soils. Shown are the treatment and treatment(x)location statistical significance across sites (n=64). For 

each location, a Tukey-Kramer means (n=16) comparison was used to evaluate significant pairwise difference 

between each treatment. Error bars represent standard error. Asterisks (*) denote significant treatment differences 

at each depth increment. 

* p <0.05; ** p <0.01; *** p < 0.001. 
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Figure 6: Soil carbon mineralization rates over a 35-day incubation from integrated sheep-vineyard (ISV) 

and conventional understory (CONV) managed soils  

 

Soils were incubated and measured for C mineralization (Cmin) via microbial respiration rates (umol CO2 g soil-1) at 

seven time points (1, 3, 7, 14, 21, 28, and 35 days) in soils from three depth zones (A) 0–15cm, (B) 15–30cm, and 

(C) 30–45cm. Treatment and treatment(x)location significance was calculated across sites (n=64). Asterisks (*) 

denote significant treatment differences within a time point. 

* p <0.05; ** p <0.01; *** p < 0.001. 

 

2.3.4 Soil carbon stabilization and storage pools 

Total SOC (g kg-1) was highest in the surface soils (0–15 cm) and decreased in total quantity 

with increasing depth in both ISV and CONV treatments, (Figure 7A-C). The main treatment 

effect on soil carbon storage pools was generally most significantly impactful in subsoil depths 

(15–30 and 30–45 cm) and we observed no significant differences in total SOC content of 

surface soils (0–15 cm; 26.1±1.2 vs. 21.4±0.9; p=0.197; Figure 7A). Within subsoils, SOC 

content trended higher in the 15–30 cm depth (12.4±0.6 vs. 8.9±0.5; p=0.063) and was 
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significantly higher at 30–45 cm (8.3±0.6 vs. 6.2±0.6; p=0.003) under ISV management (Figure 

7B-C). The main treatment effect followed a similar pattern for MAOC, with no significant 

variation between ISV and CONV treatments at both 0–15 cm (15.8±0.6 vs. 13.3±0.6; p=0.168; 

Figure 7D) and the 15–30 cm subsoil depth (11.0±0.5 vs. 8.6±0.5; p=0.185; Figure 7E) but 

significant increases under ISV management in the 30–45 cm subsoil depth (8.1±0.6 vs. 5.9±0.5; 

p<0.001; Figure 7F). The POC fraction showed opposite trends with a significant main treatment 

effect at 0–15 cm and higher surface soil POC under CONV management (3.5±0.3 vs. 6.2±0.5; 

p=0.012; Figure 7G), but no significant effects in either the 15–30 (1.0±0.1 vs. 1.0±0.2; p=0.620) 

or 30–45 cm (0.4±0.04 vs. 0.5±0.06; p=0.472) subsoil depths (Figure 7H-I).  

 

Figure 7:  Soil carbon stabilization and storage pools in integrated sheep-vineyard (ISV) and conventional 

understory (CONV) managed soils 

 

(A-C) Total soil organic C (SOC), (D-F) mineral-associated organic C (MAOC), and (G-I) particulate organic C 

(POC) were measured at three depths zones (0–15 cm, 15–30 cm, and 30–45 cm) from integrated sheep-vineyard 
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(ISV) and conventional vineyard understory (CONV) managed soils. Shown are the treatment and 

treatment(x)location statistical significance across sites (n=64). For each location, a Tukey-Kramer means (n=16) 

comparison was used to evaluate significant pairwise difference between each treatment. Error bars represent 

standard error. Asterisks (*) denote significant treatment differences at each depth increment. 

* p <0.05; ** p <0.01; *** p < 0.001. 

 

There was no impact of long-term ISV grazing on absolute SOC values (g kg-1) in surface soils 

(0–15 cm) for the macroaggregate (>2 mm; 6.7±0.9 vs. 5.7±0.8; p=0.964; Figure 8A), large 

microaggregate (250–2000 um; 8.6±0.7 vs. 8.6±0.7; p=0.706; Figure 8B), and silt and clay 

fractions (<53 um; 5.4±0.4 vs. 4.2±0.3; p=0.219; Figure D) across sites. The ISV treatment did 

trend higher than CONV for the aggregate-associated C content within small microaggregates 

(53–250 um; 5.1±0.5 vs. 3.4±0.3; p=0.107; Figure 8C). Management treatment also did not shift 

the relative distribution (% of total C; Supplemental Figure 2) of surface soil (0–15 cm) SOC 

across macroaggregates (>2000 um; 25.3±2.9% vs. 21.8±2.2%; p=0.447), large 

microaggregates (250–2000 um; 31±2.4% vs. 39.7±2.1%; p=0.621), small microaggregates 

(53–250 um; 20.9±2.1% vs. 15.9±1.2%; p=0.149), and the silt and clay fraction (<53 um; 

22.6±2.3% vs. 22.6±2.6%; p=0.871).  
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Figure 8: Aggregate-associated C pools in integrated sheep-vineyard (ISV) and conventional understory 

(CONV) managed surface soils (0–15 cm depth) 

 

Surface soils (0–15 cm depth) were measured for the total C content associated with four soil aggregate physical 

size fractions (>2000um, 250-2000um, 53-250um, and <53um; A-D). For A-D, the dashed bar represents the CONV 

treatment mean for each paired site. Boxes above or below the line represent the relative increase or decrease in 

ISV values (Δ) for each site. Shown are the treatment and treatment(x)location statistical significance across sites 

(n=64). For each location, a Tukey-Kramer means (n=16) comparison was used to evaluate significant pairwise 

difference between each treatment. Error bars represent standard error. Asterisks (*) denote significant treatment 

differences within site at each size fraction. 

* p <0.05; ** p <0.01; *** p < 0.001. 

 

2.4 DISCUSSION  

This study sought to evaluate the soil carbon flux dynamics and storage potential of long-term 

perennial integrated crop-livestock management. We were particularly interested if, and to what 

degree, ICL in perennial systems affects the partitioning of SOC into distinct biochemical and 
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physical pools. Further, we sought to understand whether long-term perennial ICL legacy effects 

impact microbial ecological characteristics such as community structure, soil carbon utilization, 

and investment strategies related to biomass accumulation, stress tolerance, and the production of 

soil exo-enzymes. We provide here strong supporting evidence that small ruminant grazing can 

increase stable carbon storage within perennial cropland soils, especially when accounting for 

subsoil depth zones. Further, our findings show that the continuous year-after-year use of 

perennial cropland grazing altered soil carbon quality, with a higher total quantity and greater 

relative proportion of soil carbon allocated toward biologically active carbon flux pools – the 

carbon most readily available and utilized by soil microbial communities. We argue that this 

stimulation in soil carbon flux is likely to be the dominant driver of potential SOC accumulation 

in perennial ICL systems, due to enhanced production of microbial necromass and increased 

stabilization as MAOC. These results indicate strong potential of perennial ICL management to 

invigorate internal agroecosystem processes, with significant relevance for climate change 

mitigation and adaptation goals in Mediterranean perennial croplands.  

 

2.4.1 Perennial cropland grazing increased the active flux of soil carbon throughout the soil 

profile 

Our study shows that the introduction of sheep grazing increased the pool of actively fluxed soil 

carbon across four distinct paired vineyards. This was the case both in terms of the concentration 

of total SOC and the relative proportion (% of total SOC) allocated toward labile carbon flux 

pools, especially within the microbial biomass carbon (MBC) pool. This corroborates findings 

from other studies across ICL systems, where positive impacts of cropland grazing on the size of 

soil microbial communities are commonly reported (Acosta-Martínez et al., 2004; Bansal et al., 
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2022; da Silva et al., 2015; Franzluebbers and Stuedemann, 2008; Sekaran et al., 2021; Silva et 

al., 2022; Tracy and Zhang, 2008). The benefits of sheep grazing for soil microbial growth were 

observed at all depths, with an average MBC increase of 82%, 65%, and 99% at the 0–15, 15–30, 

and 30–45 cm depths, respectively (Figure 4B-C). While the MBC pool comprised a notably 

higher relative proportion of total SOC at the surface soil (0–15 cm) under ISV (+49% Qmic; 

Figure 5A), the MBC pool was otherwise most significantly impacted by ISV management at 

deeper subsoil layers.  

 

Increases in MBC may be attributed to shifts in the grazed plant community’s composition, 

productivity, and the allocation of energy and nutrients above- and belowground (Bardgett and 

Wardle, 2003; Cong et al., 2014; Dawson et al., 2009; Rumpel et al., 2015; Tian et al., 2016). 

While cropland-specific impacts are less understood, research throughout diverse grazed 

ecosystems show that feedbacks between grazing intensity (density and duration) and periodicity 

(seasonality and frequency) exert unique selective pressure on plant communities and the rate 

and quality of carbon influxes (Figure 1). Numerous studies have documented higher rates of 

rhizodeposition immediately following high-intensity grazing events (Dawson et al., 2009; 

Gavrichkova et al., 2008; Hamilton et al., 2008; Hamilton and Frank, 2001), which increases the 

availability of labile and soluble carbon substrates and facilitates preferential and efficient 

utilization by soil microbial communities (Cheng and Kuzyakov, 2015; Gavrichkova et al., 2008; 

Ota et al., 2013; Wilson et al., 2018). Observed increases in MBC under ISV management may 

also be facilitated by the mineralization of aboveground plant residues within the ruminant of 

grazing animals – where significant quantities of recalcitrant plant structural compounds such as 

cellulose and lignin are fragmented, depolymerized, and returned to the soil as more labile, 
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soluble, and nutrient-dense excreta (dung and urine) (Faissal et al., 2017; Jarvis, 2009; Soussana 

and Lemaire, 2014). Ruminant mineralization and trampling of plant residues also likely explain 

the lower quantities of POC found in the surface soils of the ISV treatment (Figure 7G). 

 

The effects of ISV management on the availability and active microbial utilization of labile soil 

carbon were generally most pronounced in deeper subsoil layers, which may result from 

increased leaching of soluble DOC compounds into deeper subsoil layers. This assumption is 

supported by our observations of increased trends in dissolved organic carbon (DOC) content 

(Figure 4F) and potentially mineralizable carbon (PMC; Figure 4H-I) in subsurface soil depths 

under ISV relative to CONV understory management, as well as other studies reporting higher 

DOC concentrations under various ICL management systems (Sekaran et al., 2021; Tian et al., 

2010). Due to their heightened transport within soil solution, compounds in the DOC pool are 

generally more spatially accessible to microbial processing (Erktan et al., 2020; Nakhavali et al., 

2021; Neff and Asner, 2001; Ota et al., 2013; Rumpel and Kögel-Knabner, 2011). The lower 

molecular weight and activation energy requirements of compounds in the DOC pool also 

facilitate quick microbial assimilation and utilization than the complex and less nutrient-rich 

structural compounds associated with the POC pool (Blagodatskaya et al., 2011; Kallenbach et 

al., 2016, 2015; Kok et al., 2022; Lavallee et al., 2020; Shahbaz et al., 2017; Weiss et al., 1991). 

The relevancy of this concept is supported by increased soil carbon mineralization (Cmin) rates 

measured in the 15–30 cm subsoils depth under ISV management (Figure 6B). The larger MBC 

pool within the ISV treatment may further be more primed to quickly utilize deposited DOC 

compounds compared to the CONV managed soils (Geyer et al., 2020). This, along with 

leaching, may partially explain the lack of observed differences in DOC content between 
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treatments at shallow soil depths, despite the presumably large quantities of soluble excreta 

deposited through grazing.  

 

Whereas nutrients from excreta may be more readily transformed and assimilated by soil 

microbes than ungrazed plant residues (Kooch et al., 2020; Wang et al., 2018), ruminant 

mineralization of plant residues has also been shown to increase the bioavailability of soil N and 

P for plant and microbial uptake as a result of high-intensity grazing disturbance events (Costa et 

al., 2014; Tracy and Frank, 1998; Wu et al., 2011; Zhang et al., 2020). We observed substantially 

higher quantities of extractable P at surface soil depths and soluble mineral N content (NH4 and 

NO3) in subsoils at all ISV sites (Table 2), reflecting differences in solubility between N and P 

and their physical transport pathways within soil solution. The increased bioavailability of soil N 

and P, coupled with intra-ruminal conversion of POC (celluloses, hemi-celluloses, lignin, etc.) to 

DOC and altered C influx pulses from rhizodeposition, are potential mechanisms underlying 

observed increases in soil microbial biomass and their rates of carbon mineralization under ISV 

management.  

 

2.4.2 Grazing shifted the resource investment strategy of surface soil microbial communities 

toward efficient biomass accumulation 

Our results showed that perennial cropland grazing increased the size of soil microbial 

communities, which may occur through ameliorating soil habitat conditions that would otherwise 

orient metabolic investment strategies toward stress tolerance and/or acquisition of limited 

resources (Malik et al., 2020). In addition to higher MBC in ISV surface soils, the total quantity 

of PLFA biomarkers was also remarkably higher – with a 47% increase compared to the CONV 
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treatment (Table 3). We further observed a 41% reduction in metabolic quotient (Qmet) values 

(Figure 5C) in surface soils of grazed vineyards, which indicates higher microbial carbon use-

efficiency (CUE) as less CO2-C is respired relative to the size of the MBC pool (Dilly and 

Munch, 1998; Sinsabaugh et al., 2017). Increased availability of soil N and P have been shown to 

lower Qmet values across climatic and soil management gradients (Xu et al., 2017). Increased 

microbial growth efficiency and investment in biomass accumulation under ISV management is 

further supported by the substantially higher proportion of MBC relative to total SOC (+49% 

Qmic) within the 0–15 cm depth (Figure 5A). Higher Qmic values are associated with a greater 

potential for soil microbes to transform energy sources via increased availability of soil carbon 

and nutrients (Sparling, 1992; Sun et al., 2020). Trends toward higher PMC values are also 

indicative of increased energy source availability in the grazed vineyards, as this pool measures 

the reservoir of readily available soil carbon that drives microbial functions (catabolism) and 

biomass accumulation (anabolism) (Levi-Minzi et al., 1990). These findings corroborate another 

recent ICL study, which showed higher microbial biomass in grazed cropland that was similarly 

attributed to increased availability of carbon and nutrient substrates (Sekaran et al., 2021). Given 

the role of microbial necromass in the formation of stable MAOC, these efficiency and growth 

indicators suggest a higher net SOC storage potential under ISV management. 

 

As another indicator of microbial investment, the production of metabolically-costly extra-

cellular enzymes represent shifts in resource acquisition strategies in response to growth factor 

limitations through altering energy and nutrient availability within the near-cell soil environment 

(Nannipieri et al., 2002; Zheng et al., 2020). While the availability of soil P was higher in surface 

soils of the ISV treatment (Table 2), we observed significantly lower enzymatic activity related 
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to P cycling (phosphatase; Figure 3C). The composition of sheep excreta has high inorganic P 

content (Arnuti et al., 2020) and soil applications of inorganic P have been shown to reduce 

phosphatase activity (Oshima et al., 1996), as this enzyme cleaves phosphate (PO4) groups from 

proteins and becomes an increasingly unnecessary investment under high P availability 

conditions. These observations indicate an increased accessibility of soil P and reduced microbial 

investment in P acquisition (Nannipieri et al., 2011) in perennial croplands with grazing. At the 

same time, we observed significantly higher N cycling enzymatic activity in the ISV treatment as 

measured by aminopeptidase (peptide hydrolysis) and urease (urea hydrolysis) enzymes (Figure 

3A-B). The increase in urease activity corroborates previous findings across various grazed 

ecosystems (Acosta-Martínez et al., 2010; McNaughton et al., 1997; Sekaran et al., 2021) as a 

result of urea degradation, the dominant N constituent found in urine (Bristow et al., 1992). The 

release of aminopeptidase enzymes could indicate potential limitation in microbial N availability 

and an increased metabolic investment in N acquisition (Schimel and Bennett, 2004). However, 

both the mineral N (NO3 and NH4) pool and the higher total N content of ISV surface soils (0–15 

cm) do not indicate reduced availability of soil N (Table 2). Alternatively, recent research has 

suggested that soil microbial communities also use aminopeptidase enzymes as a means to 

access protein-derived carbon – a potent energetic resource for cellular growth (Norman et al., 

2020).  

 

Shifts in microbial processes may reflect differences in the abundance of core functional groups 

such as those related to decomposition (Bhatti et al., 2017; Setälä and McLean, 2004), which 

were higher in the ISV treatment across both fungal (+53% saprophytic fungi) and bacterial 

(+64% actinomycete) groups (Table 3). While neither fungal/bacterial ratios nor the mole 
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percent distribution (mol%) of fungal PLFAs were significantly different between treatments, we 

did observe a significant increase in mol% of bacterial PLFAs. Although we observed benefit for 

both bacteria and fungi with vineyard grazing, relative increases in bacterial groups under ISV 

nevertheless suggest a soil ecosystem (habitat and/or resource) shift that preferentially benefit 

consumers of labile substrates and fast energy channels. Traditional soil food web models 

assume distinct and preferential utilization of recalcitrant (slow energy channel) and labile (fast 

energy channel) carbon substrates by fungal and bacterial groups, respectively (Hunt et al., 

1987). Under this view, changes in the quantity and quality of organic inputs should therefore 

induce shifts in soil fungal/bacterial ratios (Wardle et al., 2004). Alternatively, emerging 

empirical evidence has shown that multi-channel omnivores are the dominant constituency of 

both fungal and bacterial communities and the presence of these omnivores help to stabilize soil 

food web communities (Kramer et al., 2016; Wolkovich, 2016). There may also be instances in 

which these trophic relationships do not behave consistently, with conceptual models also 

indicating that fungal and bacterial communities can coexist in a stable state under the presence 

of large labile carbon pulse inputs, such as the input of dung and urine over the course of a 

grazing event (de Vries and Caruso, 2016). Nevertheless, empirical evidence indicates that 

bacteria still likely hold a competitive advantage in utilizing these substrates (Ho et al., 2017; 

Xun et al., 2018).  

 

Within bacterial communities, the Gram(+)/Gram(-) ratio is thought a useful indicator of 

environmental disturbance along the r-K-strategist spectrum. Gram(+) bacteria are generally 

more adapted to heavily disturbed soil environments (habitat and/or resource limitation) and 

often less dependent than Gram(-) bacteria on the continuous input of labile carbon compounds 
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(De Vries and Shade, 2013; Fanin et al., 2019). We observed no significant variation in the 

Gram(+)/Gram(-) ratio between treatments which, when analyzed in tandem with 

fungal/bacterial ratios, suggests no variation in the stress response of soil microbial communities 

as a result of cropland grazing. This is further supported by other measured soil physicochemical 

indicators such soil water content, pH, and compaction (bulk density; BD) – which were similar 

amongst treatments and indicate physical habitat conditions that are relatively alike (Table 2).  

 

2.4.3 Integrated crop-livestock grazing increased perennial cropland soil carbon storage in 

subsoils 

Total SOC storage trended higher in the ISV treatment at both subsurface depth zones. The 

treatment effect was more significant with increasing depth and resulted in a 39% and 34% 

increase in SOC under ISV compared to the CONV treatment at 15–30 and 30–45 cm, 

respectively (Figure 7B-C). The introduction of sheep grazing into perennial cropland increased 

the physicochemical stabilization of soil carbon within the mineral matrix (MAOC) of the 

deepest measured subsoil layer (30–45 cm) by 37% compared to the CONV treatment (Figure 

7F). The larger soil carbon storage response in subsoil depths with grazing reflect changes in soil 

carbon flux pools and are likely related to the increased solubility of deposited animal excreta 

and deeper spatial distribution of DOC and nutrient substrates (Gross and Harrison, 2019; 

Rumpel and Kögel-Knabner, 2011). The higher CUE of grazed soils, as indicated by lower Qmet 

values under ISV in the 0–15 and 30–45 cm depths (Figure 5E-F), should theoretically build the 

capacity for SOC storage. Where both the rate and efficiency of microbial carbon utilization is 

higher for labile urine and manure inputs than plant structural compounds (POC) (Cai et al., 

2016; Hossain et al., 2017), these properties have been shown to facilitate a more direct pathway 
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toward long-term MAOC stabilization and persistence (Cotrufo et al., 2015, 2013; Dynarski et 

al., 2020; Haddix et al., 2016; Lavallee et al., 2020; Liebmann et al., 2020). The incorporation of 

litter-derived POC by animal trampling has also recently been shown to increase its microbial 

utilization, expediting its decomposition rate and promoting increased physiochemical 

stabilization of MAOC (Wei et al., 2021). 

 

However, the introduction of ruminant grazers did not result in significant alterations to surface 

soil (0–15 cm) aggregation (Figure 3), despite both the physical disturbance of animal trampling 

and grazing-induced reductions in POC content (Figure 7G). This is notable, given that POC is 

essential as a nucleus in the formation and stability of soil macroaggregates (Six et al., 2000). 

We also did not show significant differences in surface soil (0–15 cm) aggregate-associated C 

between ISV and CONV treatments, as represented by both the total C content (g kg-1) 

associated with soil aggregate size fractions (Figure 8A-D) and the relative distribution (% of 

total C) across those size fractions (Supplementary Figure 2). As a measurement of the SOC pool 

associated with four distinct aggregate size categories, aggregate-associated C is an indicator of 

SOC physical protection via occlusion within aggregates. As such, this study does not indicate 

that aggregate occlusion of SOC is strongly impacted by perennial ICL grazing.  

 

Our results corroborate some previous ICL research findings, where increases in SOC have been 

reported under crop-livestock integration across a spectrum of crop production systems (Acosta-

Martínez et al., 2010, 2004; Bansal et al., 2022; Da Silva et al., 2014; de Faccio Carvalho et al., 

2010; Franzluebbers et al., 2014; Fultz et al., 2013a; Maughan et al., 2009). Given the variability 

in ICL grazing intensity (density and duration) and its interactions with climatic, edaphic, and 
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co-management components across agricultural systems, other studies across diverse ICL 

systems have also found negligible (Fernández et al., 2011; Liebig et al., 2020; Tian et al., 2010)  

and even negative (Tobin et al., 2020) SOC storage benefits associated with cropland grazing. As 

empirical evidence increasingly shows the positive relationship between soil microbial growth 

and SOC formation and stabilization (Bradford et al., 2013; Kallenbach et al., 2016, 2015; Wang 

et al., 2021), agroecosystem design and management characteristics that stimulate microbial 

biomass formation and necromass preservation may be central toward increasing SOC storage 

(Lange et al., 2015; Liang et al., 2019; Prommer et al., 2020; Wilson et al., 2018). When 

metabolic investment trade-offs (i.e. less energy to invest elsewhere) are satisfied through 

ameliorating soil habitat and nutrient limitations, this may facilitate efficient microbial biomass 

accumulation strategies (Malik et al., 2020). The increased allocation of soil carbon toward 

active microbial pools, with higher use-efficiency, may indicate a determinant mechanism 

necessary for increasing SOC accumulation within grazed perennial cropland (Figure (9). 
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Chapter 3: Short-term integrated crop-livestock grazing increases carbon cycling activity 

in the rhizosphere of three distinct forage species with minimal impact on bulk soil 
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ABSTRACT 

The adoption of sheep grazing in perennial vineyard systems is steadily increasing throughout 

multiple regions of California. A partial driver of adoption is the perception of improved 

agronomic and environmental outcomes associated with integrated sheep-vineyard (ISV) 

management, especially related to potential soil carbon storage benefits. While ISV systems are 

receiving more scientific interest, processes and outcomes of these perennial integrated crop-

livestock (ICL) systems have yet to be investigated under an experimental monitoring approach. 

Here, we used a multi-year monitoring trial with coupled factorial design to evaluate, across 

multiple spatial (bulk vs. rhizosphere soil) and temporal (intra- vs. inter-seasonal) scales, the use 

of integrated sheep-vineyard (ISV) grazing as contrasted against conventional vineyard mowing 

practices (CONV). We measured indicators of root morphology and rhizosphere carbon (C) 

cycling for three understory forage plants species (A. sativa, T. aestivum, and G. dissectum) 

throughout the course of a single season (intra-seasonal), in tandem with C cycling indicators in 

bulk soils across multiple seasons (inter-seasonal). Whole-soil ecosystem respiration (CO2-C 

efflux) was also measured multiple times throughout a single season (intra-seasonal) and surveys 
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of the understory plant community were conducted (intra- and inter-seasonal) to evaluate shifts 

in community composition and structural diversity over time. Our results show that ISV grazing 

induced substantial intra-seasonal shifts in rhizosphere C cycling across all plant species – 

including increases in microbial biomass carbon (MBC), dissolved organic carbon (DOC), 

potentially mineralizable carbon (PMC), and carbon mineralization rates (Cmin) though decreases 

in rhizosphere carbon use-efficiency (CUE; as indicated by increased CO2-C respired relative to 

MBC pool size). There was minimal divergence between the rhizosphere C cycling responses of 

individual species to management treatments. Further, increases in rhizosphere C cycling 

indicators under ISV did not translate to substantial alterations in inter-seasonal bulk soil C 

cycling. Although we observed inter-seasonal shifts in bulk soil organic carbon (SOC) storage, 

differences between treatments largely depended on the year with not a clear trend over time. We 

also observed reductions in intra-seasonal understory plant community total canopy cover 

(total%) and increases in bare soil exposure (bare%) under ISV grazing. While overall 

biodiversity of the understory forage community did not differ between treatments, the relative 

canopy area of forage species (species%) shifted intra-seasonally with increasing prevalence of 

A. sativa grasses over time. These outcomes support findings from Chapter 2, which indicate 

enhanced rates of carbon (energy) and nutrient flows and potential SOC storage benefits with the 

adoption of perennial ICL grazing. Our findings also highlight the heterogeneity of carbon pools 

and processes when evaluated at diverse spatial and temporal scales. 

 

3.1 INTRODUCTION 

The introduction of ruminant grazing into agroecosystems is well understood to facilitate novel 

disturbances that both directly and indirectly impact energy and nutrient flows, with potential 
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consequence for soil organic carbon (SOC) formation and stabilization outcomes. Several 

grazing disturbance mechanisms are linked to defoliation, including removal of both actively 

photosynthesizing vegetation and senescent tissues, as well as alterations in light availability and 

absorption (Wade and Carvalho, 2009). These mechanisms directly impact net primary 

productivity (NPP) while also introducing selective pressures over forage plant species 

community structure and functional trait assembly (Bardgett and Wardle, 2003; Chen et al., 

2018; Dawson et al., 2009). Given that the accumulation of SOC is fundamentally a function of 

the balance between carbon (C) influx (inward flow) and efflux (outward flow) processes, 

landscape NPP and plant functional traits are strong drivers of SOC accruement in cropland soils 

(Cong et al., 2014; De Deyn et al., 2008; Fornara and Tilman, 2008; Hoyle et al., 2013; Jastrow 

et al., 2007).  

 

Another crucial grazing disturbance mechanism is the intra-ruminal transformation of 

recalcitrant, particulate materials from aboveground biomass into soluble, labile, and nutrient-

dense animal dung and urine. Through this process, dissolved organic carbon (DOC) and 

nutrients are stoichiometrically decoupled relative to their plant material origins, and are more 

easily diffused and transported throughout the soil profile (de Faccio Carvalho et al., 2010; 

Eldridge et al., 2017; Rumpel et al., 2015). This has functional relevance for soil microbial 

communities, both in terms of the physical accessibility of substrates and the energy investment 

requirements necessary for microbial processing. The energy required to depolymerize and 

assimilate simple, soluble, and labile substrates is much less than that of complex and recalcitrant 

compounds (e.g. cellulose, lignin, etc.). As such, grazing-induced alterations in the quality of 

inputs into the soil ecosystem may trigger shifts in the microbial community’s energy investment 
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strategies (Kallenbach et al., 2015; Kravchenko et al., 2019; Malik et al., 2020; Schimel et al., 

2007) and their carbon use-efficiency (CUE) (Cotrufo et al., 2013; Kallenbach et al., 2015; 

Kirkby et al., 2013; Manzoni et al., 2012), with downstream impacts on the accumulation of 

SOC.  

 

An additional category of grazing disturbance mechanisms relate to process shifts in the 

allocation of carbon (energy) and nutrients between above- and belowground plant fractions 

(Dawson et al., 2009; Lemaire and Agnusdei, 2009; Pineiro et al., 2010). The belowground plant 

fraction is composed of both root litter (e.g., root hairs, root residues) and living root inputs 

known as rhizodeposits (e.g., root exudates, secretions) (Rasse et al., 2005). Grazing-induced 

defoliation and alterations in soil nutrient availability are strongly associated with response shifts 

in belowground investment strategies related to root morphology and architecture (Dawson et al., 

2009; Klumpp et al., 2009), which are compensated through changes in specific root length 

(SRL), diameter, and/or root branching (Poorter et al., 2012). Grazing is also documented to 

impact rates of rhizodeposition and root senescence and turnover in the period immediately after 

disturbance (Dawson et al., 2009; Hamilton et al., 2008; Hamilton and Frank, 2001). However, 

the prolonged effects of grazing on rhizodeposition throughout the course of a season are less 

understood. These rhizodeposits are diverse and dynamic in composition and can be either water-

soluble – such as sugars, amino acids, and organic acids – or water-insoluble – such as cell well 

components, lipids, and mucilage (Canarini et al., 2019). It is estimated that 5 to 20% of all 

photosynthetically fixed carbon is transferred to the rhizosphere in the form of root exudates 

(Walker et al., 2003). A growing body of literature has recently highlighted how plant controls 

over metabolite rhizodeposition may also regulate the composition of rhizosphere 
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microorganisms, recruiting from throughout the bulk soil to improve essential rhizosphere 

functions and plant fitness in response to environmental conditions (de Vries and Wallenstein, 

2017; Zhalnina et al., 2018). 

 

All of the aforementioned mechanisms have potential downstream impacts on soil stoichiometric 

(C:N:P) ratios (Bardgett and Wardle, 2003; Pineiro et al., 2010; Rumpel et al., 2015), the 

physical accessibility of organic substrates (Erktan et al., 2020), and rates and efficiency of 

carbon and nutrient transformations (Lemaire and Agnusdei, 2009; Wang et al., 2018). The 

importance of roots, in particular, is highlighted by recent research showing that, relative to 

carbon inputs from aboveground plant materials, the presence of living roots may increase 

stabilization between belowground SOC inputs and soil mineral surfaces (Sokol et al., 2019; 

Sokol and Bradford, 2019), promote greater accumulation of particulate organic carbon (POC) 

(Mazzilli et al., 2015), and therefore improve longer-term persistence of SOC (Jackson et al., 

2017; Schmidt et al., 2011). While still a current topic of scientific exploration, this may relate to 

the deposition of aliphatic and nutrient-rich DOC substances (such as root exudates and 

arbuscular mycorrhizal fungi (AMF) cytoplasm) directly into the rhizosphere and adjacent soil 

mineral matrix regions (Farrar et al., 2003; Sokol and Bradford, 2019), with less physical 

transport and a more abundant microbial community that can directly stabilize these lower 

molecular weight compounds (Cotrufo et al., 2015; Lajtha et al., 2014). In particular, soluble 

rhizodeposits such as exudated sugar and organic acids have shown quick soil carbon 

stabilization pathways, through direct sorption to mineral surfaces (Angst et al., 2021; Liang et 

al., 2017; Sokol et al., 2019). Various plant-soil-microbe interactions within the rhizosphere may 

also impact nutrient availability (Dotaniya and Meena, 2015) and the microbial assimilation 
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efficiency of carbon inputs relative to the bulk soil at-large (Rasse et al., 2005; Schmidt et al., 

2011; Sokol et al., 2019).  

 

A growing body of literature has explored the comparative impacts of agricultural management 

on bulk soil relative to the rhizosphere. Whereas agricultural management may be a dominant 

factor for determining outcomes in both bulk and rhizosphere soils, biogeochemical processes 

occur dynamically at different spatial (bulk vs. rhizosphere soil) and temporal (intra-seasonal vs. 

inter-seasonal) scales, which require distinct experimental approaches in order to detect and 

untangle (Goss-Souza et al., 2020; Saliendra et al., 2018; Yang et al., 2013). For instance, the 

biogeochemical cycling rates of rhizosphere microbial communities have been shown to occur 

much quicker, and with differing magnitudes, than those of bulk soil communities (Liu et al., 

2022). As such, different sampling schemes are required to capture dynamic shifts in these 

varying communities. This is particularly notable within ecosystems with biodiverse plant 

community compositions, in which each individual species may illicit distinct rhizosphere 

responses to agricultural management disturbances (Schmidt et al., 2019).  

 

We established an integrated sheep-vineyard (ISV) monitoring trial and utilized in-situ and 

laboratory methods to analyze if and how grazing alters intra-seasonal (within season) whole-soil 

C efflux patterns, as well as root and rhizosphere functional traits related to C cycling across 

three dominant forage plant species. We further conducted two years of inter-seasonal (across 

season) monitoring within the same ISV trial to analyze shifts in plant community structure and 

bulk soil characteristics related to C cycling. We aimed to explore the hypotheses that sheep 

grazing in vineyards will 1) increases the size of labile C pools within rhizosphere soils (intra-
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seasonally) and bulk soils (inter-seasonally) and 2) increases the rate of C flux throughout the 

soil ecosystem (intra-seasonally), with the assumption that this 3) increases bulk soil carbon 

storage (inter-seasonally) across longer time periods. We also had the objectives of 

understanding if potential changes in C cycling occurred in the presence of 4) shifts in soil 

microbial C substrate utilization patterns (intra-seasonally) and/or whether ISV grazing 5) 

alters the understory forage plant community’s composition (intra- and inter-seasonally) 

and/or root morphological development patterns across each forage species’ lifespan (intra-

seasonally). Developing our understanding of perennial integrated crop-livestock (ICL) system 

outcomes and mechanisms related to understory forage community dynamics and 

biogeochemical cycling will work to address critical knowledge gaps. These knowledge gaps 

currently inhibit the adoption of ICL management, our understanding of its potential strategic 

applications, and the development of best management practices across diverse agricultural 

contexts.  

 

3. 2 MATERIALS AND METHODS 

3.2.1 Study region climate characteristics 

Our study was conducted in the Northern California coastal foothills at a location in Napa, CA. 

This Mediterranean climate is classified as a semi-arid Köppen-type Csc (Beck et al., 2018). It is 

characterized by mild cool winters, warm and dry summers, and seasonal mean annual 

precipitation that is lower than the regional evapotranspiration (ET) potential. The average 

annual precipitation for years one and two of the inter-seasonal experimental period was 271 mm 

and 222 mm, respectively (http://www.cimis.water.ca.gov/). The mean maximum and minimum 

temperatures were 22.0°C and 6.4°C in year one and 23.1°C and 6.0°C in year 2, respectively. 
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This contributed to an annual potential evapotranspiration (ETo) of 1284 mm (year 1) and 1215 

mm (year 2) and, therefore, a 4.7x (year 1) and 5.5x (year 2) higher potential water demand than 

the regional precipitation supply. 

 

The average daily air temperature throughout the intra-seasonal experimental period (February 

through April) was 10.5±0.3 °C (Supplementary Figure 1A) and total precipitation was low 

(Supplementary Figure 1B; 47.0 mm). The potential evapotranspiration (ETo) was fairly 

consistent across throughout the season, averaging 3.4±0.1 mm day-1 (Supplementary Figure 

1B). Low precipitation and consistent ETo resulted in a decline of the climate ratio over time, 

ranging between 1.33 to 0.49 (Supplementary Figure 1C). This culminated in a 269% reduction 

in the moisture balance from beginning to end of the 65 day experimental period. Accordingly, 

while the rhizosphere GWC did not vary across treatments, it steadily declined over time from 

0.31±0.01 to 0.06±0.01 g H20 g-1 soil over the intra-seasonal experimental period 

(Supplementary Figure 1B; Time, P<0.0001).  

 

3.2.2 Field trial design and study system characteristics 

Our ISV field trial began in November 2018 on previously ungrazed vineyard blocks at the 

Huichica Creek Sustainable Demonstration Vineyard in Napa, CA. The vineyard was planted in 

1991 with Chardonnay (Old Wente (101-14)) and has since been managed homogenously with 

no-till, the maintenance of self-recruiting winter resident vegetation (with no planted species) in 

the interrow, and mowing used to terminate resident vegetation in all areas of the vineyard. The 

field trial was established using a three-step factorial strip-plot design to control for spatial 

variability of soil conditions (Dutta et al., 2009; Tanaka et al., 2008). Two farm management 
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treatments were applied to four replicated and randomized 1-acre plots (4 experimental units): 

grazed (ISV) or mowed (CONV) management of understory plant communities within the 

vineyard interrow space. Five sub-plots were randomly selected from with each plot (30m x 

10m; 20 sub-plots total), from which all plant and soil sampling occurred. Each sub-plot was 

then subdivided into three sections (sub-sub-plots; 10m x 10m; 60 sub-sub-plots total), with each 

sub-sub-plot assigned to one of three different forage plant species (Avena sativa, Triticum 

aestivum, and Geranium dissectum) from amongst the mixed vineyard understory community. 

These three forage plant species were part of the resident, naturally-occurring vineyard 

understory plant community and were selected based on their ubiquity and representation of 

distinct plant morphological categories (one forb and two C3 grasses). Other species within these 

plant community mixtures were not individually sampled, but their presence was noted and 

categorized as ‘other species’ for use in later plant community analyses. This experimental 

design allowed us to investigate responses to farm management (ISV or CONV) over seasons 

(inter-seasonal), as well as the interaction of management across three different understory plant 

species (A. sativa, T. aestivum, and G. dissectum) within seasons (intra-seasonal).  

 

For the ISV treatment, rotational grazing occurred twice annually through the vine dormancy 

period, during the regional precipitation period when understory growth reaches peak 

productivity. One grazing occurred during the understory mid-growing season and the second 

graze was conducted as an understory plant termination method. Briefly described, temporary 

electrical fencing was erected to establish ~2-acre sized grazing paddocks, where ~250 ewes 

were grazed for 0.5–1.0 days within each paddock before rotating to the next paddock. This 

grazing strategy has been found to lower the duration of grazing per unit of land area and reduce 
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grazing selectivity and the spatial heterogeneity of grazing pressure (Teague et al., 2008; Teague 

and Dowhower, 2003). The timing of both grazing events varied with precipitation and 

understory plant growth rates, but always occurred between mid-January and early-April (before 

vine bud break) for the duration of the trial. Grazing of experimental plots in the ISV treatment 

generally took 3–4 days to completion. The understory vegetation in the CONV plots were 

mowed once annually at termination, which occurred during the same period as the ISV 

termination graze. For the final year of this study (2021), the two grazing events occurred from 

2/26/21–3/1/21 and 4/5/21–4/8/21. The mowing termination event occurred on 4/9/21. The inter-

seasonal monitoring occurred from trial establishment in 2018 through 2021, while the intra-

seasonal monitoring occurred during a 65-day period from 2/21/21 to 4/28/21. 

 

3.2.3 Understory forage community survey 

A quadrat sampling method was used to monitor vineyard understory forage plant communities 

from 2019–2021 (Barbour et al., 1987; Cox, 1990). Briefly described, quadrats (1 m2) were 

established randomly within sub-plots to delimit an area in which forage species ID (i.e. A. 

sativa, T. aestivum, and G. dissectum), total number of individuals per forage species, area cover 

per forage species (species%), and total area cover (total%) were measured. Understory forage 

community sampling occurred in January, February, and March of each year. Quadrat sampling 

was conducted independently by two or more people, and the average estimates for a given area 

was calculated to obtain a more accurate census. Area cover per forage species (species%) was 

defined as the percentage of quadrat area covered by the canopy of a given species when viewing 

from an overhead aerial perspective. When overlap of two or more species occurred, the cover of 

only the overlying species was recorded (Barbour et al., 1987). For areas without canopy cover, 
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bare soil exposure (bare%) and residue coverage (residue%) were measured. The total dry weight 

(g) of forage biomass was also taken from quadrats during each sampling time. Briefly, the 

biomass within each quadrat was cut and removed, placed in a cooler for transport, and promptly 

oven-dried (60°C) to a constant weight and recorded. Forage species richness (Rp) was calculated 

as the total number of species present. Forage community diversity and evenness were calculated 

using the Shannon index (Hp) and Simpson index (Dp), respectively, as follows: 

 

𝐒𝐡𝐚𝐧𝐧𝐨𝐧 𝐈𝐧𝐝𝐞𝐱 (𝐇) =  − ∑ 𝒑𝒊 𝐥𝐧 𝒑𝒊 

 

𝐒𝐢𝐦𝐩𝐬𝐨𝐧 𝐈𝐧𝐝𝐞𝐱 (𝐃) =  𝟏 − ∑ 𝒑𝒊
𝟐 

 

where p is the proportion (n/N) of individuals for a species (n) divided by the total number of 

individual plants found (N). The species diversity (H) is a measure based on the number of 

species present (richness; R) and the number of individuals per species (abundance), whereas the 

evenness (D) is a measure of the degree to which species composition is equally distributed (i.e. 

dominance). 

 

3.2.4 Soil and root sampling scheme 

We measured bulk soil physicochemical properties (inter-seasonal) in November, 2018 at trial 

establishment (baseline; Year 0) and twice annually thereafter during the months of March/early-

April and July/early-August. The first sampling (Year 0.5) occurred in July, 2019 and the last 

sampling (Year 2) occurred in March, 2021. The winter season annual soil sampling (Year 1 and 

2) occurred quickly after the forage termination (vine dormancy) to capture immediate impacts 
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of grazing or mowing, whereas the summer sampling (Year 0.5 and 1.5) occurred during vine 

growing season to represent bulk soil conditions after an acclimation period. One soil sample 

(each a composite of 3 individual soil cores) was taken in the vineyard interrow of each sub-sub-

plot (n=60). Samples were taken to a depth of 15 cm and divided into two depth increments (0-7 

and 7-15 cm). Samples were weighed in the field, homogenized and composited for each sub-

sub-plot, and placed in a chilled cooler for transport. Bulk soils were processed promptly and 

stored at 4 °C until further analysis, except for ~75 g of soil that was separated and stored at 

−80°C for PLFA. 

 

Roots and rhizosphere soil (intra-seasonal) were sampled four times throughout the vine dormant 

season in 2021 (65-day period from 2/21/21 to 4/28/21) within the same sub-sub-plots to reduce 

spatial heterogeneity. Samples were taken 3 days before (T1-/T2-) and 3 days after (T1+/T2+) 

the occurrence of two separate 3-day vineyard grazing events (day(s) 1, 9, 41, and 50 of 

experimental trial). Whole root and soil profile transects (~0.5 m3) were removed from randomly 

selected areas of the vineyard interrow within each sub-sub-plot using a destructive sampling 

broadfork technique. Briefly described, two broadforks (Meadow Creature – Washington, USA) 

with 50 cm tines were driven into the soil profile and simultaneously leveraged to lift out a 

50(length)x50(width)x50(depth) cm transect that contained both roots and soil (bulk and 

rhizosphere). Transects were processed in the field and whole plant samples (shoot and root) for 

each distinct species (A. sat., T. aes., and G. dis.) were carefully separated. Only the soil 

adhering to the roots was considered as rhizosphere soil (Nazih et al., 2001), which was collected 

by shaking off loose soil before gently brushing off the attached rhizosphere soil from roots. 

Rhizosphere soil samples for each species were sieved to remove rocks and large roots (>2mm), 
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homogenized and composited for each sub-sub-plot, and placed in a chilled cooler for transport. 

Immediately following the in-situ collection of rhizosphere soil, shoots were cut off and the roots 

were immediately stored in 50ml Falcon Tubes with a 65% ethanol solution. Rhizosphere soils 

were processed promptly and stored at −80°C until further analysis, except for ~45 g of soil that 

was subsampled for chemical analysis. 

 

Figure A: Photo of whole root and soil profile transect being extracted 
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3.2.5 Bulk soil microbial community structure 

Bulk soil microbial community structure was characterized using phospholipid fatty acid (PLFA) 

analysis (Ward Laboratories – Kearney, NE) using a chloroform-methanol extraction and gas 

chromatograph with a 25 m Ultra 2 (5%-phenyl)-methylpolysiloxane column (Bossio and Scow, 

1998). PLFA community structure bioindicators were used to distinguish major fungal and 

bacterial groups including saprophytic fungi, arbuscular mycorrhizal fungi (AMF), Gram-

positive (Gram(+)) bacteria, Gram-negative (Gram(-)) bacteria and actinomycetes. The 

Gram(+)/Gram(-) and fungal/bacterial (F/B) ratios represent the relative distribution of Gram(+)-

to-Gram(-) bacterial biomass and fungal-to-bacterial biomass, respectively.  

 

3.2.6 Biogeochemical properties of bulk and rhizosphere soils 

Soil properties were measured for both bulk (inter-seasonal) and rhizosphere (intra-seasonal) soil 

samples. Approximately 10 g of field moist soil was sieved (2 mm) and oven dried (105°C) to a 

constant weight to determine soil gravimetric water content (GWC). A subsample of 10 g was 

sent to a certified laboratory (Ward Laboratories – Kearney, NE) and used for analyses of 

available P (mg kg-1) via Mehlich-III extraction. Soil NH4
+ and NO3

- were extracted from 5 g of 

fresh soil with 20 ml 2 M KCl solution and measured using colorimetric assays on a BioTek 

Synergy HTX (BioSPX B.V. – The Netherlands) microplate reader. Mineral nitrogen is the sum 

of soil NH4
+ and NO3

-. Soil microbial biomass carbon (MBC) was measured using the 

fumigation-extraction method (Horwath and Paul, 1996). Fresh soil was sieved to 4 mm and two 

replicates of 6 g were weighed into glass vials. One replicate was fumigated for 24 h with 

chloroform (CHCl3) to kill all soil microorganisms and the other (unfumigated) was immediately 

extracted using 30 ml 0.5 M K2SO4. After chloroform fumigation, the fumigated sample was also 
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extracted using 30 ml 0.5 M K2SO4. The extracted solutions were filtered with Q5 filter paper 

and then analyzed for TOC and TN (Elementar TOC/TNb – Ronkonkoma, NY, USA). Microbial 

biomass C was calculated as the difference in dissolved C content between fumigated and 

unfumigated samples, using a Ke conversion factor of 0.35. The extracted C content in the 

unfumigated samples represent the dissolved organic C (DOC) fraction (Jones and Willett, 

2006). 

 

3.2.7 Rhizosphere soil carbon mineralization 

A 35-day incubation was conducted for both bulk and rhizosphere soils to determine C 

mineralization (Cmin) over time (Haney et al., 2008), as well as potentially mineralizable C 

(PMC; the flush of CO2 during both a 72-hour (Wade et al., 2018)) using rewetted air‐dried soils. 

Three technical replicates were run per sample to account for higher potential methodological 

variability (Wade et al., 2018). Briefly, a 15g portion of air-dried soil (0-15 cm depth) was sieved 

(4 mm) and weighed into 50‐ml glass beakers. Bulk density and the standard particle density of 

2.65 g cm–3 were used to calculate the pore space. Each sample was rewetted from above to 50% 

water‐filled pore space and placed into 0.4 L mason jars with a metal lid and a rubber septum 

before being incubated at 25 °C for 35 days. All jars additionally had 20 mL of water added to 

the base of the 50-ml beakers to reduce the vapor pressure deficit between the wetted soils and 

air within the jar. Respired CO2 was determined by sampling the headspace gas using a 

continuous-flow CO2/H2O gas analyzer (LI850 – LI-COR Biosciences, Lincoln, NE, USA) at 1, 

3, 7, 14, 21, 28, and 35 days. Respiration for each sampling date was calculated as the difference 

between a sample and a control (empty jar with 20 mL of water), using the ideal gas law and 

adjusting for the total headspace. Net respiration was calculated as the sum of the respiration 
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measurements up to each sampling date. Jars were opened every 7 days to equilibrate with the 

atmosphere and allow replenishment of oxygen. The water loss by evaporation was added at 

days 14 and 21 by re-weighing soils and adding deionized water accordingly. The metabolic 

quotient (Qmet) represents the ratio of microbial respiration to microbial biomass, and was 

determined by dividing the 24-hour basal respiration (ug CO2-C g-1 dry soil) by MBC (ug MBC 

g-1 dry soil) (Anderson and Domsch, 1993).   

 

3.2.8 Rhizosphere community-level physiological profiling 

Rhizosphere soil samples were analyzed on Biolog® EcoPlate™ microplates to quantify carbon 

utilization of 31 distinct carbon sources. To prepare the samples for microplates, 5 g of soil 

frozen to -80°C was shaken in a tube with 50 mL 1.8% sterile sodium pyrophosphate solution 

(Na4P2O7·10H2O) for 30 min. After incubating at 4°C overnight, the tubes were shaken again for 

30 min and left to settle at 25°C for another 30 min. The solution was diluted 10-to-2 using 

sterile saline solution, pipetted into the microplates, and left to incubate in the darkness at 25°C. 

Microplate readings were taken every 12 h at wavelengths of 590 nm and 750 nm using a 

microplate reader (BioTek Synergy HTX multimode reader). Absorbances at 144 h were chosen 

for all samples as the peak absorbance values were found at that time increment. Each Biolog® 

EcoPlate™ has 3 replicates of the 31 carbon sources with water used as a control blank. The 

blank value was subtracted from all values to minimize background noise. Optical densities (Ci) 

for each carbon source were calculated by subtracting the absorbance value measured at 750 nm 

from the absorbance value measured at 590 nm. EcoPlates were analyzed for their different rates 

of color development after a specific incubation period (144 h), expressed as average well color 

development (AWCD). Each of the 31 carbon sources were categorized into one of six different 
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metabolic functional groups (amines, amino acids, carbohydrates, carboxylic acids, phenolic 

acids, or polymers) and substrate utilization richness (Rs; # of wells with avg Ci values > 0.25), 

Shannon diversity (Hs), and Simpson evenness (Ds) indices were calculated. 

 

3.2.9 Root functional traits 

After washing to remove soil particles, root image analysis was conducted using WinRhizo 

software (Pro version, Regent Instruments Inc., Québec City, QC, Canada) at a resolution of 

1200 dpi on an Epson Expression 10000XL scanner (Tokyo, Japan). WinRhizo was used to 

measure root morphological characteristics including total root length (cm), surface area (cm2), 

average diameter (mm), and volume (cm3) for each plant root system (Arsenault et al., 2019; 

Chassot et al., 2001). Roots were then dried at 60°C until reaching constant weight (g). Specific 

root length (SRL; m g-1) and specific root surface area (SRA; m2 g-1) were calculated by dividing 

root length and surface area by their root dry mass, respectively (Lõhmus et al., 1989; Ostonen et 

al., 2007). Root tissue density (RTD; g cm-3) was calculated by dividing each root system dry 

mass by its root volume (Birouste et al., 2014).  

 

3.2.10 Whole-soil carbon flux 

In-situ whole-soil respiration (intra-seasonal) was measured eight times between 2/21/21 and 

4/23/21 – occurring on days(s) 1, 8, 11, 22, 41, 50, 53, and 65 from the start of the first 

measurement. Respired CO2 was determined by sampling the headspace gas of a closed dynamic 

chamber system using a portable CO2/H2O gas analyzer (LI850 – LI-COR Biosciences, Lincoln, 

NE, USA). Briefly described, an opaque chamber (10 cm in diameter by 24.4 cm tall) connected 

to the gas analyzer was placed on PVC collars 10 cm diameter by 10 cm tall using an air-tight 
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rubberized band (Rochette et al., 1997). Each sub-plot was equipped with three collars 

permanently embedded to a depth of 5 cm previous to trial establishment to minimize CO2 efflux 

induced artificially by soil disturbance. CO2 in the collar headspace was measured for four to six 

minutes, depending on the CO2 flux rate (Hicks Pries et al., 2017). The CO2 flux was calculated 

using the rate of change of CO2 concentration (umol CO2 m-2 s-1) in the chamber over time under 

a closed-loop continuous gas flow (Heinemeyer and McNamara, 2011). The CO2 flux was 

converted to its equivalent quantity CO2-C flux (Fc) using a conversion factor of 0.273. The 

LI850 gas analyzer also collected real-time data for temperature (°C), pressure (kPa), and water 

vapor (mmol H2O mol-1) within the chamber, which was used to calibrate CO2 efflux 

measurements using the calculation:  

 

𝐅𝒄 =  
𝐕 ∙ 𝐏𝟎 

𝐑 ∙ 𝐒 ∙ 𝐓𝟎
 ∙

𝐝𝐂

𝐝𝐭
 

 

where Fc is the soil CO2 flux; V is the volume of air (cm3); P0 is the initial pressure (kPa); R is 

the gas constant; S is the surface area (cm2); T0 is the initial temperature (K); and dC/dt is the 

initial rate of change in CO2 mol fraction. 

 

3.2.11 Statistical analyses 

Statistical analyses were conducted using the statistical package R, version 3.6.3 (http://cran.r-

project.org/). For inter-seasonal effects (bulk soil and forage community variables), we analyzed 

the effect of ‘farm management’ (ISV vs CONV), ‘time,’ and the response of each treatment 

across time (‘treatment(x)time’ interaction) using a linear mixed-effect regression model with 

lme4 and lmerTest packages (Bates et al., 2015; Kuznetsova et al., 2017). This model was fit to 

http://cran.r-project.org/
http://cran.r-project.org/
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account for our experimental design, which included the use of ‘plot,’ ‘sub-plot,’ and ‘sub-sub-

plot’ as random effects. A similar model was used to evaluate intra-seasonal effects of treatment 

and time on whole-soil carbon efflux. A separate model was created to analyze other intra-

seasonal effects (rhizosphere soil and roots), which considered the impact of ‘farm management’ 

(ISV vs CONV), ‘species’ (A. sat., T. aes., and G. dis), ‘time’, as well as their two-way 

(‘treatment(x)time,’ ‘treatment(x)species,’ and ‘species(x)time) and three-way 

(‘treatment(x)species(x)time’) interaction terms, as fixed effects. We again used ‘plot,’ ‘sub-

plot,’ and ‘sub-sub-plot’ as random effects for this model.  

 

An analysis of variance (ANOVA) for each model was conducted using type II Wald Chi-square 

tests on the car package (Fox and Weisberg, 2019). Tukey’s pairwise comparisons were 

conducted using the emmeans package to assess differences between combinations of treatments 

and species across each time point (Midway et al., 2020). Residuals were checked for normality 

and homogeneity of variance. When variables were non-normally distributed or had unequal 

variance, data were log or square root transformed prior to calculation of means and back-

transformed for visualization. Fixed effects were investigated with means comparisons and 

considered p-value < 0.001(***) as highly significant, p-value < 0.01(**) as significant, and p-

value < 0.05(*) as marginally significant. A Pearson’s correlation analysis was also conducted to 

evaluate coefficients (r2) between some select variables (Rodgers and Nice Wander, 1988). Box 

plots and line plots were graphed using the ggplot2 package and heatmaps were constructed 

using the reshape and ggplot2 packages.  
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3.3 RESULTS 

3.3.1 Plant response to grazing  

3.3.1.1 Plant community structural diversity (intra- and inter-seasonal) 

While there was high annual variability in total canopy cover (total%; Year, P<0.001) and the 

relative canopy cover distribution of different plant species (species%;Year, P=0.003), this 

variability was similar between management treatments across the inter-seasonal experimental 

period (Supplementary Table 1). On the other hand, management significantly altered total% 

across the intra-seasonal timescale (Figure 1A; Treatment(x)Month, P<0.001). On average, the 

month-to-month total% under ISV decreased between January to February by 5% and increased 

between February to March by 11%. This differed from the CONV treatment, which saw 

increases in total% of 11% and 4% over the same time periods, respectively. Shifts in species% 

across months were also significantly different between treatments (Treatment(x)Species(x) 

Month, P=0.029). In particular, the relative shift in distribution of A. sativa (A.sat%) across the 

intra-seasonal experimental period (between the months of January and March) was 59% higher 

under ISV compared to CONV management (Figure 1A; Treatment(x)Month, P=0.015). There 

were also significant intra-seasonal treatment differences for bare soil exposure (bare%; 

Treatment(x)Month, P=0.008). This was particularly notable during the month of January, which 

showed 11% higher bare% under ISV compared to CONV (Figure 1A). Significant shifts in 

plant community structure, residue coverage (residue%), and bare% were not observed between 

management treatments (ISV vs. CONV) across the inter-seasonal experimental period (Figure 

1B). 

 

Forage community richness, diversity, and evenness were not affected by management treatment 

across either months or years (Supplemental Table 1). Across management treatments, the 
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understory plant community richness (Rp) did increase from month-to-month (Figure 1C; Time, 

P=0.001), though it remained steady across years (Figure 1D). The Shannon diversity index (Hp) 

also shifted across months (Figure 1E; Time, P=0.009) as well as years (Figure 1F; Year, 

P<0.001), with a 33% increase from the beginning to end of the inter-seasonal experimental 

period (3 years) across both treatments. Otherwise, the Simpson index (Figure 1G-H) did not 

significantly change across either intra-seasonal or inter-seasonal timescales. 

 

Figure 1: Understory plant community composition and structural diversity (intra- and inter-seasonal) 

 

 
 

The composition and structural diversity of understory plant communities were evaluated for three years, during the 

months of January, February, and March. Understory plant communities were measured in the vineyard interrow 

space of two treatments (ISV vs. CONV) for total canopy cover area (total%) and canopy cover area per forage 

species (species%). Where no canopy cover was present, the area of soil with residue coverage (residue%) and bare 

soil exposure (bare%) were measured. Figure 1A-B show the total canopy cover (total%) as well as the distribution 

of A. sativa (A.sat%), T. aestivum (T.aes%), and G dissectum (G.dis%) as their relative proportion(s) of total%. 

Where total% is <100, the area of bare soil (bare%) and soil covered by residues (residue%) are shown such that 
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the sum of total%, bare%, and residue% are equal to 100%. Species richness (B-C), Shannon index (D-E) and 

Simpson index (F-G) were also calculated. For each sampling time, a Tukey-Kramer means comparison was used to 

evaluate significant pairwise difference between treatments. 

* p <0.05; ** p <0.01; *** p < 0.001. 

 

3.3.1.2 Plant root morphological diversity (intra-seasonal) 

Management had minimal impacts on the root morphological development of species over time 

(Supplementary Table 1). While we did observe a divergent management effect on the specific 

root area (SRA) of each species (Figure 1A; Treatment(x)Species, P=0.011), there was no 

significant pairwise variation in SRA between treatments for A. sativa (Tukey’s Treatment, 

P=0.56), G. dissectum (Tukey’s Treatment, P=0.79), or T. aestivum (Tukey’s Treatment, 

P=0.98). Though non-significant, there was also a notable divergent management trend for the 

specific root length (SRL) of each species (Figure 1B; Treatment(x)Species, P=0.094). However, 

there was again no significant pairwise variation between treatments for the SRL of A. sativa 

(Tukey’s Treatment, P=0.94), T. aestivum (Tukey’s Treatment, P=0.39), or G. dissectum 

(Tukey’s Treatment, P=0.99). These treatment effects were also not found to significantly alter 

intra-seasonal species responses across time (Treatment(x)Species(x)Time), and there were 

otherwise no variations in the response of management across species or time (Supplementary 

Table 1).  

 

Root morphological characteristics of each species nevertheless showed substantial diversity in 

their developmental patterns throughout the intra-seasonal period, with significant variation in 

specific root area (SRA; Figure 2A; Species(x)Time, P<0.001), specific root length (SRL; Figure 

2B; Species(x)Time, P<0.001), root diameter (Figure 2C; Species(x)Time, P=0.007), and root 
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tissue density (RTD; Figure 2D; Species(x)Time, P=0.039). For SRA, values were much higher 

for T. aestivum (8.5±0.4 m2 g-1) than A. sativa (4.6±0.3 m2 g-1) and G. dissectum (2.2±0.4 m2 g-1) 

across treatments (Figure 2A). The SRL values showed similar trends (Figure 2B) with values in 

descending order: T. aestivum (143.3±7.8 m g-1) > A. sativa (41.7±3.8 m g-1) > G. dissectum 

(12.4±2.8 m g-1). The average root diameter (Figure 2C) followed an opposing trend, with values 

in descending order: G. dissectum (0.75±0.07 mm) > A. sativa (0.41±0.02 mm) > T. aestivum 

(0.22±0.02 mm). As for the RTD, we observed higher values for G. dissectum (0.35±0.04 g cm-3) 

and T. aestivum (0.31±0.03 g cm-3) than for A. sativa (0.24±0.01 g cm-3) (Figure 2D). We also 

found a strong linear correlation between SRL and SRA (Supplementary Figure 2A; P<0.001; r2 

= 0.90), and a logarithmic correlation between SRL and root diameter (Supplementary Figure 2B 

P<0.001; r2 = 0.72). This provides support for the methodological rigor of root sampling and 

imaging analysis (Khan et al., 2021; Kramer-Walter et al., 2016). 
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Figure 2: Root morphological characteristics (intra-seasonal) 

 

The (A) specific root length (SRL), (B) specific root area (SRA), (C) root diameter, and (D) root tissue density 

(RTD) of understory plant species were measured four times throughout a 65-day time period (intra-seasonal) 

across three species (A. sativa, T. aestivum, and G dissectum) and two treatments (ISV vs. CONV). The times 

(T1/T2) represent the occurrence of the first graze and second graze/termination mow event(s), respectively. The (-

/+) represent 3-days before and 3-days after the graze/mow event(s), respectively. For each sampling time, a Tukey-

Kramer means comparison was used to evaluate significant pairwise difference between treatment(x)species 

interactions. No significant pairwise differences were found. 
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3.3.2 Rhizosphere soil response to grazing (intra-seasonal) 

3.3.2.1 Size of rhizosphere microbial communities 

The intra-seasonal rhizosphere microbial biomass carbon (MBC) pool was significantly higher 

under ISV relative to CONV management (Supplementary Table 2; Treatment, P<0.001). The 

rhizosphere MBC pool trended higher under ISV across time (Treatment(x)Time, P=0.102), with 

an 81% (T1) and 14% (T2) more positive response to intra-seasonal grazing events relative to the 

CONV treatment (Figure 3B). However, there was significant variation between rhizosphere 

soils of each species (Species, P<0.001), with divergent trends in their immediate responses over 

time (Species(x)Time, P=0.100) and their responses to management treatments over time (Figure 

3A; Treatment(x)Species(x)Time, P=0.121). While high in variability, we observed a substantial 

MBC increase in rhizosphere soils of A. sativa during the immediate period following ISV 

grazing at both T1 (+234±85 ug g-1) and T2 (+280±136 ug g-1) (Tukey’s Treatment, P=0.088). 

We observed an opposing trend in the rhizosphere soils of T. aestivum, with decreases in MBC at 

both T1 (-71±109 ug g-1) and T2 (-115±89 ug g-1) in the period immediately following ISV 

grazing (Tukey’s Treatment, P=0.073). The MBC management response was most variable in 

rhizosphere soils of G. dissectum, with an increase at T1 (+164±109 ug g-1) and decrease at T2 (-

73±82 ug g-1) under ISV that was non-significant in pairwise treatment comparisons (Tukey’s 

Treatment, P=0.74). 

 

Rhizosphere microbial biomass nitrogen (MBN) pools also diverged under ISV compared to 

CONV (Supplementary Table 2; Treatment, P<0.001), though they did not show consistent 

patterns throughout the intra-seasonal experimental period (Figure 3C). The MBN response did 

not significantly differ across species throughout the intra-seasonal experimental period 
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(Supplemental Table 2). Otherwise, while the rhizosphere MBC:N ratio significantly increased 

across time across all rhizosphere soils (Figure 3D), by an average of 71% from beginning to end 

of the experimental period (5.4±0.3 vs. 9.3±0.4; Time, P<0.001), no significant variation was 

observed across treatments or species (Supplemental Table 2). 

 

Figure 3: Rhizosphere soil biogeochemical indicators (intra-seasonal) 

 

 
 

The rhizosphere soil (A-B) microbial biomass carbon (MBC), (C) microbial biomass nitrogen (MBN), (D) 

MBC:MBN ratio, (E) potentially mineralizable carbon (PMC), (F) dissolved organic carbon (DOC), (G) total 

dissolved nitrogen (TDN), (H) DOC:TDN ratio, and the (I) metabolic quotient (Qmet) of understory plant species 

were measured four times throughout a 65-day time period (intra-seasonal) across three species (A. sativa, T. 

aestivum, and G dissectum) and two treatments (ISV vs. CONV). Results for (A) MBC are shown with significant 

species interaction, whereas results for (B-I) are averages across species. For each sampling time, a Tukey-Kramer 

means comparison was used to evaluate significant pairwise difference between treatments or treatment(x)species 

interactions.  
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*, P < 0.05; **, P < 0.01; ***, P < 0.001.  

 

3.3.2.2 Rhizosphere carbon and nitrogen pools 

Intra-seasonal rhizosphere soil organic carbon flux pools were higher under ISV compared to 

CONV management, including increases in dissolved organic carbon (DOC) and potentially 

mineralizable carbon (PMC) over time. However, there were no significant management 

treatment differences in rhizosphere soil carbon and nutrient pools across forage species 

(Supplementary Table 2). The PMC pool increased by 82% under ISV relative to CONV 

management from beginning to end of the experimental period (Figure 3E; Treatment(x)Time, 

P=0.001). The rhizosphere DOC pool also shifted over time (Treatment(x)Time, P<0.0001), with 

significant increases in immediate response to grazing at both T1 (+103±15 ug g-1; Tukey’s 

Treatment P=0.008) and T2 (+142±9 ug g-1; Tukey’s Treatment P<0.001) time points (Figure 

3F). Further, the intra-seasonal rhizosphere pool of total dissolved nitrogen (TDN) increased 

with ISV grazing (Treatment(x)Time, P=0.018), including significant pairwise increases after 

grazing at T1 (+75%; Tukey’s Treatment P<0.001) relative to the CONV treatment (Figure 3G). 

Overall, the rhizosphere DOC:TDN ratio increased over time under ISV relative to CONV 

(Figure 3H; Treatment(x)Time, P=0.011). 

 

3.3.2.3 Rhizosphere carbon mineralization and use-efficiency 

The efficiency of the rhizosphere microbial community (metabolic quotient, Qmet) decreased 

under ISV over the intra-seasonal experimental period (Figure 3I; Treatment(x)Time, P<0.001), 

with more CO2-C respired relative to the size of the MBC pool (Dilly and Munch, 1998; Xu et 

al., 2017) over time. Simultaneously, the intra-seasonal ISV treatment increased the rate of 

carbon mineralization (Cmin) in rhizosphere soils across species and over time (Figure 4A-D; 



 103 

Treatment(x)Time, P<0.001), especially in period immediately after T2 grazing (Figure 4D; 

Tukey’s Treatment, P=0.003). On average across T1 and T2, the rate of rhizosphere Cmin 

increased under ISV by 74% compared to CONV for soils sampled immediately after grazing 

occurred (4.94±0.76 vs. 8.59±1.16 ug CO2-C g soil-1 day-1). Notably, there was also a 

significantly positive relationship between Cmin and the size of both the rhizosphere DOC (Figure 

4E; P<0.001; r2 = 0.48) and MBC (Figure 4F; P<0.001; r2 = 0.34) pools over the course of the 

intra-seasonal experimental period. 

 

Figure 4: Soil carbon mineralization (intra-seasonal) 
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(A-D) Rhizosphere soils were incubated and measured for C mineralization (Cmin) via microbial respiration rates 

(umol CO2 g soil-1) at four time points (T1(-/+) and T2(-/+)). For each sampling time, a Tukey-Kramer means 

comparison was used to evaluate significant pairwise difference between treatments.  

*, P < 0.05; **, P < 0.01; ***, P < 0.001 

 

3.3.2.4 Rhizosphere microbial metabolic diversity 

The intra-seasonal metabolic capacities of rhizosphere microbial communities, assessed via the 

relative utilization efficiency of six biochemical categories (amines, amino acids, carbohydrates, 

carboxylic acids, phenolic acids, and polymers), did not considerably differ across species 

though did vary in their treatment responses over time (Supplemental Table 3). The relative 

utilization amino acids, phenolic acids, and carbohydrates showed no significant treatment 

responses throughout the intra-seasonal experimental period (Figure 5A-D). Alternatively, 

comparisons from beginning to end of the experimental period showed increased utilization of 

carboxylic acids (+61%; Treatment(x)Time, P=0.041) and polymers (+37%; Treatment(x)Time, 

P=0.050) under ISV relative to CONV management (Figure 5E-F). The utilization of amines 

also significantly differed over time, with diverging species responses to management 

(Treatment(x)Species(x)Time p=0.004) though no pairwise significance amongst individual 

species (Figure 5G). We observed no significant treatment variation in pairwise comparisons 

between pre-graze (-) vs. post-graze (+) values for any biochemical category in either T1 and T2 

grazing events. 
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Figure 5: Rhizosphere microbial substrate utilization of six carbon biochemical categories (intra-seasonal) 

 

 

 

Rhizosphere soils were incubated and measured for microbial metabolic diversity via community-level physiological 

profiling (Biolog EcoPlate). (A-D) The relative utilization efficiency (%) of six biochemical substrate categories 

calculated at four time points (T1(-/+) and T2(-/+)). Shown are also optical density (Ci) measurements for (E) 

carboxylic acids, (F) polymers, and (G) amines. Results for (G) amines are shown with significant species 

interaction. For each sampling time, a Tukey-Kramer means comparison was used to evaluate significant pairwise 

difference between treatments or treatment(x)species interactions. No significant pairwise differences were found. 

 

There was no significant treatment variation amongst any one of the 31 unique substrates. 

Further, the utilization of all 31 individual substrates was generally similar with rhizosphere soils 

of each species over time. Out of all substrates, only Putrescine (amino acid; Species, P=0.033*) 

and Threonine (amine; Species, P =0.048*) showed significant species variation in microbial 

utilization (Figure 6). Average well color development (AWCD) values also generally followed 
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the same pattern across time, and did not differ based on treatment or species (Supplemental 

Table 5). Otherwise, while the Shannon index (Hs), the Simpson index (Ds), and substrate 

richness (Rs) all varied across species and time, there was no significant treatment variation in 

the intra-seasonal metabolic diversity of rhizosphere communities (Supplemental Table 4). 

 

Figure 6: Rhizosphere microbial substrate utilization of 31 carbon substrates (intra-seasonal) 

 

Heat map based on Biolog EcoPlate carbon source utilization patterns of rhizosphere microbial communities. The 

optical density (Ci) absorbance readings of all 31 carbon substrates for the final incubation time point (144 hours) 

were calculated at four time points (T1(-/+) and T2(-/+)).  
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3.3.3 Whole-soil carbon efflux (intra-seasonal) 

Intra-seasonal patterns of in-situ soil carbon efflux were highly variable throughout the season 

(Figure 7; Time, P<0.001), with higher treatment values (Treatment, P=0.009) though similar 

treatment response patterns throughout the experimental period (Treatment(x)Time, P=0.660). 

Nevertheless, the ISV treatment showed higher CO2-C flux rates (umol C m-2 s-1) under ISV for 

all measured time points. Notably, we also observed significantly higher soil carbon flux under 

ISV (1.80±0.16 umol C m-2 s-1) compared to CONV (1.19±0.14 umol C m-2 s-1) on day 51 of the 

experimental period (Figure 7; Tukey’s Treatment, P=0.032) – one day after the final graze and 

mow events for both ISV and CONV treatments, respectively.  

 

Figure 7: Whole-soil ecosystem carbon efflux (intra-seasonal) 
 

 
 

Whole-soil CO2 production rates were collected from chamber measurements on days(s) 1, 8, 11, 22, 41, 50, 53, and 

65 of the intra-seasonal experimental period. Total CO2-C production corresponds to CO2 efflux rates from the soil 

surface. Dashed lines represent the occurrence and duration of graze (red) and mow (blue) events. For each 

sampling time, a Tukey-Kramer means comparison was used to evaluate significant pairwise difference between 

treatments.  

*, P < 0.05; **, P < 0.01; ***, P < 0.001 
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3.3.4 Bulk soil response to grazing (inter-seasonal) 

3.3.4.1 Size of bulk soil microbial communities 

The bulk soil MBC pool (Figure 8A) did not significantly change throughout the inter-seasonal 

experiment period (Supplementary Table 3), nor did the MBN pool (Figure 8B) or MBC:N ratio 

(Figure 8C). Management (ISV vs. CONV) also did not significantly shift MBC and MBN pools, 

nor the MBC:N ratio over time. Similarly, while the total inter-seasonal abundance (ng g-1) of 

phospholipid fatty acid (PLFA) biomarkers, an indicator of viable microbial biomass, did change 

over the inter-seasonal experiment period (Supplementary Table 6; Time, P=0.041), it did not 

significantly respond to the management treatment across seasons (Figure 9A). 

 

3.3.4.2 Bulk soil carbon and nitrogen pools 

There were no significant shifts in inter-seasonal bulk soil DOC pools (Figure 8E) across 

treatments or time (Supplementary Table 6), nor for the TDN pool (Figure 8F) and DOC:TDN 

ratio (Figure 8G). However, there were significant differences between treatment responses for 

inter-seasonal bulk soil SOC concentrations (Figure 8D; Treatment(x)Time, P=0.011). While 

SOC did show a 31% increase across the entire intra-seasonal experimental period under ISV 

relative to CONV (-4.3 vs. +4.4 mg C g soil-1, respectively), differences between treatments 

largely depended on the year with not a clear trend of the treatments over time. 

 

. 

 

 

 

 



 109 

Figure 8: Bulk soil biogeochemical indicators (inter-seasonal) 

 

 

The bulk soil (A) microbial biomass carbon (MBC), (B) microbial biomass nitrogen (MBN), (C) MBC:MBN ratio, 

(D) total soil organic carbon (SOC), (E) dissolved organic carbon (DOC), (F) total dissolved nitrogen (TDN), and 

(G) DOC:TDN ratio were measured twice per year across two treatments (ISV vs. CONV). For each sampling time, 

a Tukey-Kramer means comparison was used to evaluate significant pairwise difference between treatments.  

*, P < 0.05; **, P < 0.01; ***, P < 0.001 
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3.3.4.3 Bulk soil microbial community structural diversity 

Inter-seasonal bulk soil PLFA structural biomarkers showed similar trends over time and across 

management treatments (Supplementary Table 7). Structural biomarkers showed similar 

abundances of both total bacterial and fungal groups under ISV and CONV management. There 

were also no significant treatment effects across seasons for the fungi:bacteria ratio (Figure 9B) 

or the Gram(+):Gram(-) ratio (Supplementary Table 4). The only significant differences in 

functional groups between management treatments was for actinomycetes, with higher 

abundances (ng g-1) under ISV (Figure 9C; Treatment, P=0.035). While the actinomycete 

treatment response also trended differently over time, it was not significant (Treatment(x)Time, 

P=0.099). Otherwise, there was no significant treatment effects for any other fungal or bacterial 

functional group (Supplementary Table 7).  
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Figure 9: Bulk soil PLFA biomarkers (inter-seasonal) 

 

 
 

Phospholipid fatty acid (PLFA) indicators indicative of (A) total biomass, (B) fungi-to-bacteria ratio, and (C) 

actinomycete biomass. Ratios are unitless, while PLFAs are given in ng g soil-1. For each sampling time, a Tukey-

Kramer means comparison was used to evaluate significant pairwise difference between treatments. No significant 

pairwise differences were found. 

 

3.4 DISCUSSION 

This study aimed to identify whether the introduction of grazing into vineyards (ISV) would 

substantially alter soil C cycling patterns relative to the conventional method of mowing 

vineyard understory plant communities (CONV). To do so, we monitored SOC pool and process 

shifts at distinct temporal and spatial scales (i.e. rhizosphere soil within a single season (intra-
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seasonal) and bulk soil across multiple seasons (inter-seasonal)) with goal of understanding the 

extent of potential shifts, the timescale at which they may occur, and whether these shifts 

translated similarly across these distinct scales. We also sought to evaluate some drivers and 

linkages between potential outcomes, namely whether microbial community composition and C 

utilization patterns, forage community composition, and/or root morphological traits shift in 

response to management treatments. We hypothesized that the size of labile SOC pools and the 

rate of C fluxes would increase under ISV, and that this would translate to early indications of 

increases in SOC storage. 

 

3.4.1 Grazing decreases forage canopy cover with minimal impact on plant community 

structure and root morphology 

Structural indicators of community composition in the vineyard understory shifted significantly 

over time, with distinct developmental patterns amongst forage plant species across both months 

and years. However, the understory community composition mostly shifted in similar ways 

under ISV relative to CONV management. Notably, we observed significant intra-seasonal 

treatment differences in total forage canopy cover (total%) with a higher coverage under CONV, 

especially in earlier months of the productive forage season. (Figure 1A). We also observed 

higher intra-seasonal bare soil exposure (bare%) under ISV within the early months of the forage 

growth period, as well as an increasing trend in more bare% exposure in grazed vineyards across 

years (Figure 1B). While this study did not measure biomass production, other studies have 

observed notable effects of grazing on forage productivity (Lemaire and Agnusdei, 2009; 

Matches, 1992). These grazer-plant-soil interactions may result in positive, negative, or in many 

cases neutral impacts on forage productivity that are often contextualized within specific grazing 
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intensities and edaphic, climatic, and forage community composition dynamics (Bardgett and 

Wardle, 2003; Dawson et al., 2009; Matches, 1992).  

 

Experimental studies have shown relative similarities in the productivity of forage species 

subjected to similar intensities of grazing and mowing disturbances (Cuykendall and Marten, 

1968; Mládková et al., 2015). On the other hand, where nutrients within forage residues undergo 

intra-ruminal mineralization and deposition back into soil ecosystems in soluble and bioavailable 

forms via animal excreta, this may improve forage productivity up to certain animal densities 

and under low soil nutrient availability contexts (Rumpel et al., 2015). Amongst studies that 

compare forage biomass production under different grazing intensities, both forage productivity 

and bare ground exposure are often linked to the frequency and magnitude of grazing 

disturbances (Patton et al., 2007; Schönbach et al., 2011; Teague et al., 2011; Teague and 

Dowhower, 2003). While these grazer-forage productivity dynamics are phenotype-specific, 

underling mechanisms may be most directly linked to defoliation intensity. When surpassing a 

context-specific threshold of animal densities, higher grazing pressure may trigger longer forage 

recovery intervals and therefore reduce forage accumulation rates (Martins et al., 2020). 

Observed reductions in total% and increases in bare% within grazed vineyard plots may relate 

more directly to the presence of two grazing events (under ISV) relative to one mowing event 

(under CONV) within our study design. In this case, hindrance of forage recovery responses 

from the increased quantity of disturbance events may be most plausible rather than inherent 

differences in dynamics between the two types of disturbance events.  
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While our study showed similar responses of T. aestivum (T.aes%) and G dissectum (G.dis%) 

against both grazing and mowing disturbances throughout both the intra- and inter-seasonal 

timescales (Supplementary Table 1), we observed a distinct increase in the distribution of A. 

sativa (A.sat%) grasses from beginning to end of the intra-seasonal experimental period (Figure 

1A). However, this did not translate to significant shifts in the presence of each species across 

multiple seasons. Further, forage community diversity indicators – which account for the 

presence of all forage species amongst the entire community composition during the time of 

sampling – did not significantly shift across either measured timescale (Figure 1). Previous 

studies have concluded that grazing and mowing act as similar ecological filters, with equivalent 

capacities to maintain or improve grassland biodiversity when applied in analogous ways 

(McKenzie et al., 2016; Ren et al., 2012). On the other hand, empirical studies have shown 

strong evidence that grazing supports the dominance of grasses while mowing favors that of forb 

phenotypes, which potentially result from preferential and selective grazing of legumes and forbs 

as well as short rather than tall vegetation (Díaz et al., 2007; Dumont et al., 2007; Mládková et 

al., 2015; Schuman et al., 1999). Our results corroborate both these assumptions, as we observed 

a slight shift toward increasing dominance of grass species under ISV grazing but minimal 

impact to the overall diversity of the vineyard understory plant community.  

 

Observed values for traits related to root length, area, diameter, and density trended parallel to 

forage structural dynamics, with notably distinct intra-seasonal development patterns amongst 

plant species but otherwise similar responses across management treatments (Figure 2). Our 

sampling scheme – which measured root traits in the period immediately before and after grazing 

and mowing events – gives strong indication that intra-seasonal morphological strategies did not 
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vary either in immediate response to management disturbances nor after longer periods of 

recovery and acclimation. Whereas root morphological traits and growth patterns are shaped by 

many interacting ecosystem properties – especially in response to the density and architecture of 

neighboring plant species’ roots – it is notable that similarities in forage community composition 

may further explain observed parallel root development responses between management 

treatments (Chen et al., 2020; Garlick et al., 2021).  

 

Another potential driver of root trait development is in response to soil nutrient availability 

(Grossman and Rice, 2012; Mommer et al., 2012). Under the root economic spectrum (RES) 

model, increases in specific root length (SRL; increased root length-to-mass ratio) and specific 

root area (SRA; increased root areas-to-mass ratio) are considered to optimize biomass 

investment for nutrient capture (especially in low soil P and N conditions), as higher surface area 

increases the capacity for nutrient absorption (Dawson et al., 2009; Kramer-Walter et al., 2016). 

As such, relative shifts in SRL and SRA are often considered to occur in response to plant 

nutrient availability, with increased fine root development in low nutrient conditions (Ostonen et 

al., 2007; Paterson and Sim, 1999). While the availability of rhizosphere inorganic P did not 

change across the intra-seasonal experimental period (though was continuously higher 

throughout), the intra-seasonal availability of both TDN (Figure 3G) and inorganic N 

(Supplementary Table 2) increased over time under ISV. However, we did not observe relative 

shifts in root length or area measurements between management treatments. Under the RES 

model, traits positively associated with nutrient uptake capacity (i.e. SRL) should correlate 

negatively with tissue investment (i.e. RTD) and positively with rhizosphere metabolic activity 

(Bardgett et al., 2014; Kramer-Walter et al., 2016). Higher investment in fine root development 
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has also been associated with increased rhizodeposition (Dawson et al., 2009). While we 

observed a relationship between SRL and RTD across species (Supplementary Figure 2C), we 

did not observe a correlation between SRL and rhizosphere microbial metabolic activity (i.e. 

Cmin; Supplementary Figure 3A) nor between SRL and DOC (Supplementary Figure 3B). 

 

3.4.2 Grazing quickly increases rhizosphere carbon flux across forage species while bulk soil 

carbon dynamics remain stable 

Our results show that, despite similarities between treatments in root morphological traits over 

time, rhizosphere activity related to C cycling was substantially higher under ISV and shifted 

quickly in response to grazing disturbances across forage species. Overall, the quantity of 

dissolved organic carbon (DOC), potentially mineralizable carbon (PMC), microbial biomass 

carbon (MBC) and nitrogen (MBN), and total dissolved nitrogen (TDN) were all higher in the 

rhizosphere soil of grazed vineyard plots. Notably, we observed substantial and rapid relative 

increases in DOC (Figure 3F) and TDN (Figure 3G) across forage species during the 6-day 

period between both pre-graze and post-graze sampling events (T1-/+  and T2-/+, respectively). 

While mowing (CONV) also occurred during the T2 sampling period, we did not observe a 

comparable increase in active rhizosphere SOC pools or C cycling activity relative to grazing 

(ISV). 

 

Grazing is well documented to impact rates of rhizodeposition in the period immediately 

following defoliation (Hamilton et al., 2008; Hamilton and Frank, 2001). While the allocation of 

carbon above- and belowground depends on forage phenotypes and interacting growing 

conditions, it is estimated that grasses (i.e. A. sativa and T. aestivum) allocate roughly 30–40% 
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of photosynthetically-fixed carbon belowground, of which 5–10% is deposited as root exudates 

in the rhizosphere (Farrar et al., 2003; Pausch and Kuzyakov, 2018). The allocation of 

belowground C may even proportionally increase in response to low nutrient availability, 

conditions commonly found in soils within the low-input interrow space of vineyards (Jones et 

al., 2004; Paterson and Sim, 1999; Whitehead, 2020). Notably for our study, defoliation from 

grazing has consistently been found to increase root exudation of soluble DOC compounds 

(Dawson et al., 2009; Hamilton et al., 2008; Henry et al., 2008). One study observed this 

occurrence for periods of 3–5 days following defoliation events (Paterson and Sim, 1999). This 

defoliation effect has recently been found to increase both the quantity and stability of newly 

assimilated belowground carbon in soils under moderate grazing intensity (Zhao et al., 2022). 

 

Although the MBC pool trended higher over time under ISV, it was less responsive to grazing 

disturbance (Figure 3B) and further showed divergent patterns amongst species (Figure 3A). 

Overall, A. sativa showed increases in MBC over time, especially in response to the T2 grazing 

event, while patterns for T. aestivum and G. dissectum were less clear. Stimulation of 

rhizosphere microbial biomass upon defoliation is well documented, especially in grass species, 

and is generally correlated with increased exudation of soluble, labile C and nutrient substrates 

(Hamilton et al., 2008; Hamilton and Frank, 2001; L. Mawdsley, R. D. Bardgett, 1996). It has 

been shown that fungal communities are less affected by rhizodeposition from defoliation, which 

has been taken to indicate that defoliation promotes fast carbon cycles that preferentially favor 

bacterial growth (Bardgett et al., 1998; Grayston et al., 2001; L. Mawdsley, R. D. Bardgett, 

1996). While our study did not indicate shifts in bulk soil fungi:bacteria ratios across the longer 

inter-seasonal experiment period, we did observe significantly higher quantities of actinomycete 
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bacteria under ISV over the same time span (Figure 9D). Actinomycetes, a quick-cycling 

functional group related to decomposition (Bhatti et al., 2017; Setälä and McLean, 2004), were 

the only PLFA biomarker to show a significant treatment response over time.  

 

Overall, soil C fluxes were much larger and more rapid under ISV relative to CONV. In addition 

to increases in SOC pools, microbial carbon mineralization (Cmin) rates were higher under ISV 

and substantially increased in quick response to grazing disturbances (Figure 4A-D). This may 

be directly linked to higher rhizodeposition of exudates, which are composed of relatively simple 

sugars, amino acids, phenolics, and organic acids that may be quickly processed and assimilated 

by soil microbes (Farrar et al., 2003; Guo et al., 2016). Intuitively, carbon mineralization (Cmin) 

rates were correlated with the availability of C sources (DOC; Figure 4E) and the size of 

microbial communities (MBC; Figure 4F). We observed congruent patterns during intra-seasonal 

whole-soil CO2 efflux monitoring, with higher rates in ISV plots throughout the entire season, 

but especially during the sampling point immediately after T2 graze and mow events on day 52 

(Figure 7). While CO2 efflux rates were higher under ISV at all measured timepoints, the efflux 

patterns were similar between treatments across time and tended to follow patterns of 

environmental conditions throughout the intra-seasonal experimental period (Supplementary 

Figure 1).  

 

Whereas we did observe higher deposition of rhizosphere DOC in response to ISV grazing, the 

composition of this soluble C pool remains unknown. Community-level physiological profiling 

(via Biolog EcoPlate) revealed relatively similar microbial utilization of carbon substrates 

amongst different forage species, with some variation between treatments (Supplementary Table 
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3). Amongst six biochemical substrate categories, the utilization of carboxylic acids (Figure 5E) 

and polymers (Figure 5F) responded differently over time with higher rates observed under ISV 

management. Compared to other carbon source functional groups in this analysis, carboxylic 

acids and polymers are considered relatively complex and recalcitrant compounds (Teng et al., 

2020), which generally indicate higher utilization of stabilized SOC substrates rather than 

freshly-deposited exudates (Grayston et al., 2001, 1998, 1997; Teng et al., 2020). We also 

observed forage species-dependent alterations in the utilization of amines (Figure 5G), with 

higher metabolic rates over time for G. dissectum (forb) and lower rates for A. sativa and T. 

aestivum (grasses) under ISV relative to CONV management. Enhanced utilization of polymers 

and amines have been shown to correlate in another study, which was interpreted as a heightened 

potential capacity of soil microbes to process recalcitrant materials (Brandstaetter et al., 2022). 

One potential explanation for the higher utilization of carboxylic acids, polymers, and amines in 

grazed vineyard plots is the bolstered capacity of rhizosphere microbes to process structural 

compounds and materials associated with root senescence and biomass turnover (Horwath, 2007; 

Iyyemperumal and Shi, 2008). While measurements of root traits in our study were not suitable 

to determine root turnover dynamics, increased rates of root senescence are commonly 

associated with defoliation from grazing (Dawson et al., 2009; Hamilton et al., 2008; Hamilton 

and Frank, 2001). 

 

Whereas the soil carbon flux in rhizosphere soils was very responsive to grazing disturbances, 

inter-seasonal SOC pool measurements in bulk soils were relatively stable, showing fluctuation 

over time but similar trends between management treatments across seasons (Supplementary 

Table 6). For instance, increases in intra-seasonal rhizosphere DOC content under ISV did not 
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translate to changes in the size of inter-seasonal bulk soil DOC pools (Figure 8E). There were 

also no significant inter-seasonal shifts in the size of soil microbial communities, as represented 

by similar quantities of bulk soil MBC (Figure 8A) and total PLFA biomarkers (Figure 9A) 

between treatments over time. While we did not observe significant variation in bulk soil C flux 

pools at the inter-seasonal temporal scale (with two samplings per year), we did observe 

significantly distinct management responses for total SOC (Figure 8D). While SOC showed a 

relative increasing trend under ISV compared to CONV, differences between treatments largely 

depended on the year – with not a clear trend of the treatments nor an adequate experiment 

duration period to observe meaningful shifts in SOC. Nevertheless, previous research has 

concluded that grazing may be more beneficial for SOC accumulation compared to mowing, up 

to a certain animal density and depending on soil type and pedoclimatic context (Rumpel et al., 

2015). This is potential is considered especially plausible under low-input contexts, in which 

grazing may work to liberate additional nutrients necessary for SOM formation processes.  

 

Notably, these neutral to moderately positive SOC outcomes were observed in ISV plots despite 

higher intra-seasonal whole-soil CO2-C efflux patterns – a predominate SOC loss pathway – as 

well as observed reductions in intra-seasonal rhizosphere microbial carbon use-efficiency (CUE; 

as indicated by higher Qmet) under ISV (Figure 3I). This is a notable finding, as it indicates 

potential neutral-to-positive SOC retention outcomes in grazed vineyards, despite substantially 

more soil C efflux throughout the course of a single grazing season. This may be associated with 

increases in rhizosphere C inputs within grazed vineyard plots, which have been linked to 

improved SOC storage (Angst et al., 2021; Lange et al., 2015) and especially under lower soil 

fertility contexts (Whitehead, 2020). It may also relate to the temporal dynamics of soil C inputs, 
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where belowground carbon deposition occurs as both pulse (more but infrequent, such as root 

biomass turnover) and drip (less but frequent, such as mucilage and exudates) delivery, with 

differing outcomes for SOC stabilization and destabilization (de Vries and Caruso, 2016; Sokol 

et al., 2019). 

 

While our study provides meaningful initial insight into grazer-plant-soil dynamics of perennial 

integrated crop-livestock systems, more experimentation will be required to validate these 

findings and unravel the underlying mechanisms. Ultimately, given the similarities in nutrient 

input levels and co-management characteristics, the interrow space of ISV vineyard plots within 

this study appear to have responded similarly to previous literature from grazing studies in less 

intensively managed grassland systems. As such, where moderate intensity grazing has been 

shown potential to improve SOC outcomes in grassland systems, the positive soil C cycling and 

increases in P and N availability observed here indicate that ISV grazing may offer a notable 

transition opportunity away from petrochemical-intensive alternative understory vineyard 

management regimes such as mowing and/or herbicides. This may be particularly beneficial 

when accounting for: (i) externalities in the environmental and GHG footprints associated with 

alternative management options; (ii) potential increases and diversification of income streams 

associated with integrating vineyard and livestock production components; and (iii) improved 

multifunctionality of land-use and potential benefit for reducing grazing pressure on adjacent 

grassland and pasture systems (Niles et al., 2018; Ryschawy et al., 2021).  
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Appendix 1: Supplementary information for Chapter 2 

Supplemental Figure 1: Aggregate size distribution from integrated sheep-vineyard (ISV) and conventional 

understory (CONV) managed surface soils (0–15 cm depth) 

 

Relative distribution of four soil aggregate physical size fractions (>2000um, 250-2000um, 53-250um, and <53um). 

Shown are mean values for each size category and the mean weight diameter (MWD). For each site, a Tukey-

Kramer means (n=16) comparison was used to evaluate significant pairwise difference between each treatment. 

Treatment and treatment(x)location significance was also calculated across sites (n=64). For MWD, both the 

Treatment (p=0.953) and treatment(x)location interaction (p=0.979) effects were non-significant. Treatment and 

treatment(x)location effects were also non-significant for all size fractions.  
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Supplemental Figure 2: Relative distribution of aggregate-associated C pools in integrated sheep-vineyard 

(ISV) and conventional understory (CONV) managed surface soils (0–15 cm depth) 

 

The relative distribution (% of total C) across four surface soil (0–15 cm depth) aggregate physical size fractions 

(>2000um, 250-2000um, 53-250um, and <53um). For each site, a Tukey-Kramer means (n=16) comparison was 

used to evaluate significant difference between each treatment. Treatment and treatment(x)location significance was 

also calculated across sites (n=64). Treatment and treatment(x)location effects were non-significant for all size 

fractions.  
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Appendix 2: Supplementary information for Chapter 3 

Supplementary Table 1: Model p-value output for the effects of explanatory variables on intra-and inter-

seasonal plant community structure and intra-seasonal root morphology 

 

Explanatory 

variable 

Intra-seasonal 

Root morphological traits Plant community structure 

SRL SRA RTD Diameter species% total% A.sat% T.aes% G.dis% bare% residue% Richness Hp Dp 

Treatment 0.991 0.928 0.692 0.501 0.320 <0.001*** 0.357 0.188 0.343 0.053 0.328 0.743 0.470 0.241 

Species <0.001*** <0.001*** <0.001*** <0.001*** 0.010* -- -- -- -- -- -- -- -- -- 

Month <0.001*** <0.001*** 0.081 <0.001*** 0.877 0.060 0. 226 0.029* 0.135 <0.001*** <0.001*** 0.001** 0.009** 0.151 

Treatment x 

Species 
0.093 0.011* 0.314 0.576 0.280 -- -- -- -- -- -- -- -- -- 

Species x 

Month 
<0.001*** <0.001*** 0.039* 0.007** 911 -- -- -- -- -- -- -- -- -- 

Treatment x 

Month 
0.777 0.502 0.682 0.559 0.485 <0.001*** 0.015* 0.319 0.265 0.008** 0.334 0.999 0.382 0.378 

Treatment x 

Species x 

Month 

0.642 0.305 0.613 0.818 0.029* -- -- -- -- -- -- -- -- -- 

 Inter-seasonal 

Year -- -- -- -- 0.003** <0.001*** 0.011* 0.013* 0.970 0.003** <0.001*** 0.157 <0.001*** 0.563 

Treatment x 

Year 
-- -- -- -- 0.644 0.295 0.594 0.731 0.168 0.112 0.440 0.687 0.262 0.081 

Species x 

Year 
-- -- -- -- 0.078 -- -- -- -- -- -- -- -- -- 

Treatment x 

Species x 

Year 

-- -- -- -- 0.307 -- -- -- -- -- -- -- -- -- 

*, P < 0.05; **, P < 0.01; ***, P < 0.001 
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Supplementary Figure 2: Correlation curves between root morphological traits 

 

 
 

 

 

 

 

Supplementary Table 2: Model p-value output for the effects of explanatory variables on intra-seasonal 

rhizosphere soil properties 

 
Explanatory 

variable 
DOC MBC TDN MBN 

DOC/TDN 

ratio 

MBC/N 

ratio 
Cmin PMC Qmet 

Inorganic 

N 

Inorganic 

P 

Treatment <0.001*** <0.001*** <0.001*** 0.004** 0.674 0.949 <0.001*** 0.353 0.019* 0.873 0.029* 

Species 0.011* 0.001** 0.165 0.004** 0.179 0.893 0.430 0.288 0.170 0.180 0.001** 

Time <0.001*** 0.015* 0.004** <0.001*** <0.001*** <0.001*** <0.001*** 0.026* 0.609 <0.001*** <0.001*** 

Treatment x 

Species 
0.585 0.214 0.886 0.707 0.693 0.591 0.937 0.507 0.962 0.073 0.412 

Species x 

Time 
0.945 0.100 0.634 0.821 0.888 0.313 0.805 0.229 0.794 0.681 0.145 

Treatment x 

Time 
<0.001*** 0.102 0.018* 0.735 0.008 0.241 <0.001*** 0.001** <0.001*** 0.085 0.960 

Treatment x 

Species x 

Time 

0.995 0.121 0.804 0.363 0.702 0.685 0.839 0.516 0.263 0.796 0.958 

*, P < 0.05; **, P < 0.01; ***, P < 0.001 
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Supplementary Table 3: Model p-value output for the effects of explanatory variables on intra-seasonal 

rhizosphere utilization of six biochemical categories 

 
Explanatory 

variable 
Amines 

Amino 

acids 
Carbohydrates 

Carboxylic 

acids 

Phenolic 

acids 
Polymers 

Treatment 0.769 0.226 0.413 0.995 0.847 0.907 

Species 0.554 0.414 0.201 0.701 0.544 0.287 

Time 0.001** 0.748 0.037* 0.258 <0.001*** 0.850 

Treatment x 

Species 
0.067 0.377 0.653 0.905 0.274 0.350 

Species x 

Time 
0.423 0.646 0.519 0.094 0.551 0.674 

Treatment x 

Time 
0.278 0.934 0.067 0.012* 0.995 0.040* 

Treatment x 

Species x 

Time 

0.004** 0.870 0.618 0.617 0.162 0.550 

*, P < 0.05; **, P < 0.01; ***, P < 0.001 

 

Supplementary Table 4: Model p-value output for the effects of explanatory variables on rhizosphere carbon-

source utilization diversity indices for three plant species and two treatments 

 
Explanatory 

variable 
AWCD 

Shannon index 

(diversity) 

Simpson index 

(evenness) 

Substrate richness 

(#Ci>0.25) 

Treatment 0.904 0.759 0.786 0.950 

Species 0.034* 0.029* 0.031* 0.024* 

Time 0.003** 0.002** 0.018* 0.001** 

Treatment x 

Species 
0.416 0.541 0.881 0.486 

Species x 

Time 
0.615 0.773 0.554 0.640 

Treatment x 

Time 
0.847 0.524 0.533 0.498 

Treatment x 
Species x 

Time 

0.979 0.715 0.184 0.700 

*, P < 0.05; **, P < 0.01; ***, P < 0.001 
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Supplementary Table 5: Intra-seasonal rhizosphere carbon-source utilization diversity indices for three plant 

species and two treatments 

 

Species Time Treatment 
AWCD 

 

Shannon index 

(diversity) 

Simpson index 

(evenness) 

Substrate richness 

(#Ci>0.25) 

A. sativa 

T1- 

ISV 0.23 ± 0.04  2.79 ± 0.09 0.92 ± 0.01 11.3 ± 1.9 

CONV 0.23 ± 0.14  2.57 ± 0.29 0.86 ± 0.05 7.3 ± 5.3 

T1+ 

ISV 0.32 ± 0.15  2.88 ± 0.11 0.93 ± 0.01 13.3 ± 4.6 

CONV 0.40 ± 0.11  2.96 ± 0.09 0.94 ± 0.01 17.0 ± 3.6 

T2- 
ISV 0.30 ± 0.04  2.90 ± 0.02 0.94 ± 0.00 14.3 ± 0.9 

CONV 0.60 ± 0.02 3.05 ± 0.04 0.95 ± 0.00 21.5 ± 0.5 

T2+ 
ISV 0.44 ± 0.09  2.90 ± 0.06 0.93 ± 0.01 16.0 ± 2.6 

CONV 0.40 ± 0.08  2.99 ± 0.02 0.94 ± 0.00 17.0 ± 1.0 

T. aestivum 

 

T1- 
ISV 0.30 ± 0.10  2.69 ± 0.10 0.91 ± 0.01 11.0 ± 2.5 

CONV 0.29 ± 0.12 2.86 ± 0.15 0.92 ± 0.01 12.0 ± 5.7 

T1+ 
ISV 0.41 ± 0.07  2.91 ± 0.01 0.94 ± 0.00 17.33 ± 1.2 

CONV 0.36 ± 0.10  2.86 ± 0.16 0.93 ± 0.02 15.3 ± 4.8 

T2- 
ISV 0.54 ± 0.16 2.96 ± 0.19 0.94 ± 0.01 19.33 ± 3.7 

CONV 0.44 ± 0.29  2.86 ± 0.26 0.93 ± 0.03 14.5 ± 7.5 

T2+ 

ISV 0.49 ± 0.21  2.96 ± 0.16 0.93 ± 0.02 17.0 ± 6.0 

CONV 0.52 ± 0.08 3.09 ± 0.02 0.95 ± 0.00 19.3 ± 1.5 

G. dissectum 

 

 

T1- 
ISV 0.22 ± 0.06 2.84 ± 0.12 0.93 ± 0.01 11.0 ± 2.5 

CONV 0.15 ± 0.07 2.54 ± 0.11 0.88 ± 0.02 6.3 ± 2.9 

T1+ 

ISV 0.09 ± 0.02 2.30 ± 0.15 0.83 ± 0.03 3.7 ± 1.2 

CONV 0.21 ± 0.10 2.74 ± 0.17 0.91 ± 0.03 9.7 ± 4.8 

T2- 
ISV 0.47 ± 0.07 2.99 ± 0.06 0.94 ± 0.00 18.3 ± 1.9 

CONV 0.33 ± 0.10 2.82 ± 0.08 0.93 ± 0.01 13.0 ± 2.0 

T2+ 
ISV 0.21 ± 0.07 2.78 ± 0.13 0.92 ± 0.01 10.7 ± 3.3 

CONV 0.26 ± 0.11 2.70 ± 0.34 0.87 ± 0.07 11.7 ± 4.8 

 

 

 

 

 

 

 

 



 128 

Supplementary Table 6: Model p-value output for the effects of explanatory variables on inter-seasonal bulk 

soil properties 

 

Explanatory 

variable 
SOC DOC MBC TDN MBN 

DOC/TDN 

ratio 

MBC/N 

ratio 

Treatment 0.481 0.616 0.203 0.280 0.497 0.060 0.646 

Time 0.290 0. 003** 0.035* 0.007** 0.002** 0.767 0.098 

Treatment x 

Time 
0.010* 0. 591 0.630 0.644 0.690 0.909 0.553 

*, P < 0.05; **, P < 0.01; ***, P < 0.001 

 

Supplementary Table 7: Inter-seasonal bulk soil PLFA properties and model p-value output for the effects of 

explanatory variables  

 

 

Baseline (T0) T1 T2 T3 T4 p-value 

ISV CONV ISV CONV ISV CONV ISV CONV ISV CONV Treatment Time 
Treatment 

x Time 

Total biomass  2731 2210 6829 5173 3473 2543 1367 1789 1694 1927 0.521 <0.001*** 0.285 

Shannon index 1.39 1.33 1.51 1.50 1.36 1.41 1.22 1.09 1.37 1.37 0.803 0.059* 0.456 

F:B ratio 0.33 0.42 0.35 0.36 0.31 0.40 0.12 0.14 0.23 0.27 0.244 0.002** 0.834 

Bacteria biomass 

(mol%) 

1160 

(42.4) 

690 

(40.7) 

2773 

(40.7) 

2024 

(39.1) 

1454 

(40.6) 

1037 

(41.6) 

506 

(35.9) 

678 

(34.7) 

620 

(35.0) 

424 

(22.0) 

0.235 

(0.033*) 

<0.001*** 

(<0.001***) 

0.501 

(0.678) 

Actinomycete 
biomass (mol%) 

123 
(4.8) 

28 
(1.4) 

412 
(6.1) 

298 
(5.6) 

100 
(3.2) 

77  
(3.2) 

110 
(8.0) 

85 
(4.8) 

98 
(5.7) 

82 
(4.2) 

 0.009**  
(0.103) 

0.503 
(0.072) 

0.035* 
(0.253) 

Gram-positive 

biomass (mol%) 

573 

(21.4) 

361 

(16.7) 

1559 

(23.0) 

1086 

(20.8) 

656 

(18.7) 

447 

(17.8) 

344 

(25.1) 

458 

(25.7) 

359 

(21.2) 

269 

(13.6) 

0.156 

(0.032*) 

0.001** 

(0.971) 

0.503 

(0.683) 

Gram-negative 

biomass (mol%) 

587 

(21.0) 

329 

(17.1) 

1213 

(17.7) 

938 

(18.2) 

798 

(21.9) 

590 

(23.8) 

162 

(10.8) 

220 

(8.9) 

346 

(13.9) 

165 

(8.4) 

0.085 

(0.528) 

<0.001*** 

(<0.001***) 

0.452 

(0.895) 

Gram(+):Gram(-) 

ratio 
1.78 1.36 1.31 1.15 0.86 0.75 2.78 3.58 1.80 1.58 0.475 <0.001*** 0.776 

Fungi biomass 

(mol%) 

378 

(13.6) 

302 

(13.6) 

960 

(14.2) 

767 

(14.2) 

490 

(12.8) 

415 

(16.5) 

71 

(4.6) 

106 

(3.2) 

176 

(8.5) 

108 

(5.1) 

0.326 

(0.829) 

<0.001*** 

(<0.001***) 

0.789 

(0.587) 

Arbuscular 

mycorrhizae 

biomass (mol%) 

103 

(3.6) 

70  

(3.4) 

319 

(4.7) 

237 

(4.3) 

155 

(4.0) 

138 

(5.5) 

24 

(1.5) 

45 

(1.5) 

65 

(3.6) 

67 

(3.1) 

0.315 

(0.856) 

0.008 

(0.102) 

0.538 

(0.938) 

Saprophyte 

biomass (mol%) 

274 

(10.0) 

231 

(10.3) 

642 

(9.4) 

434 

(7.7) 

335 

(8.9) 

277 

(11.0) 

47 

(3.0) 

61 

(1.8) 

111 

(4.9) 

41 

(2.0) 

0.363 

(0.834) 

<0.001*** 

(<0.001***) 

0.917 

(0.461) 

Undifferentiated 

biomass (mol%) 

1190 

(43.9) 

1219 

(52.6) 

3061 

(44.6) 

2346 

(46.1) 

1524 

(46.5) 

1090 

(41.9) 

764 

(55.9) 

1027 

(57.4) 

898 

(56.5) 

1385 

(72.9) 

0.475 

(0.177) 

0.021 

(<0.001***) 

0.398 

(0.575) 

*, P < 0.05; **, P < 0.01; ***, P < 0.001 
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Supplementary Figure 3: Correlation curves between specific root length (SRL) and rhizosphere carbon flux 

indicators 

 

*, P < 0.05; **, P < 0.01; ***, P < 0.001 
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