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a b s t r a c t 

While increasing numbers of ranchers are striving to demonstrate sustainable ranching operations geared to- 

ward a healthy landscape, companies are seeking to advance sustainability along beef supply chains and con- 

sumers are making more environmentally oriented purchasing choices. Yet there is a need for greater clarity 

on which indicators are most effective for assessing and monitoring sustainable management and continuous 

improvement of ranching operations. Our objective was to synthesize existing guidance on monitoring and 

assessing ranch-scale sustainability in the United States and to identify core ecological, social, and economic 

indicators that could identify well-managed ranching, support adaptive management, and demonstrate pro- 

ducers’ sustainability and continuous improvement to retailers and consumers. We evaluated 21 range and 

pastureland assessments from nongovernmental organizations, agencies, and academics that totaled 180 indi- 

cators. From this, we selected 20 commonly used “core” indicators (12 ecological and 8 socioeconomic). We 

identified indicators that are designed to detect change over time for management practices, common among 

many approaches, and/or critical indicators for outcomes of common interest to producers, companies, and 

consumers. The synthesis of indicators across many guidance documents offers insight into what a diverse 

set of range professionals and institutions see as critical to demonstrate and track ranch-level sustainability, 

and producers, consumers, and companies may find a subset of these indicators to be relevant for their op- 

eration and region, values, and/or company sustainability goals. The synthesis also highlights the need for 

more integration and agreement on socioeconomic indicators of ranch sustainability. We acknowledge that 

socioeconomic indicators are context dependent and discuss the pitfalls of not integrating them into ranch 

assessments. Finally, we identified four issues to consider in operationalizing widespread use of common in- 

dicators: 1) who bears the cost, 2) agreement on simple and robust standardized protocols, 3) developing 

region-specific thresholds, and 4) issues of data privacy and sharing agreements for data use. 

© 2021 The Authors. Published by Elsevier Inc. on behalf of The Society for Range Management. 
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Downlo
Terms o
ntroduction 

Rangelands in the United States provide both livestock pro- 

uction and ecosystem services. Rangelands cover approximately 

70 million acres in the United States, and about 404 million of

hose acres are privately owned ( USDA 2020a ). Livestock grazing is

he dominant land use for rangelands ( National Research Council 

994 ), supporting livelihoods and providing nourishment for mil- 

ions of people. In 2018 alone, the US beef industry produced over

6 billion lb of beef and supported 2.1 million jobs ( NASS 2019 ).

ntact, well-managed rangelands also maintain large soil carbon 

tocks (e.g., Spawn et al. 2019 ), support a wide range of biodiver-

ity (e.g., Pogue et al. 2018 ), and reduce erosion and nutrient runoff

e.g., Flynn et al. 2017 ). Socioeconomic benefits include preserving

pen space ( Kline 2006 ), cultivating a sense of place ( Ellingston

t al. 2011 ), and keeping money in small rural economies. Proper

razing and land management is critical to ensure these bene-

ts continue and to avoid or reverse rangeland degradation re- 

ulting in sustainable operations. We use the term “sustainable”

o include ecological, social, and economic (socioeconomic) compo- 

ents ( Young 1997 ; Elkington 1998 ). Regenerative ranching, which

eeks to enhance and restore functional and resilient ecosystem 

rocesses, has emerged as an alternative framing for understand- 

ng sustainability ( Gosnell et al. 2019 ), but for consistency, we use

he term sustainability throughout. 

The United States has a rich history of rangeland management

esearch and monitoring, technical support through agencies, ex- 

ension offices, producer-led organizations, professional societies, 

nd peer-to-peer learning among rangeland managers. Monitoring 

s needed to inform land managers on how best to implement and

daptively manage practices aimed at improving ecological func- 

ion of rangelands and socioeconomic factors for ranch operations 

nd communities. The Natural Resource Inventory led by the Natu- 

al Resource Conservation Service (NRCS) began in the 1930s with 

urveys on soil erosion and progressed to extensive assessment of 

onfederal rangeland conditions by the mid-1980s ( Schnepf and 

lanagan 2016 ). In the mid-1990s, rangeland and soil health re-

orts from the National Research Council ( National Research Coun- 

il 1993 , 1994 ) and efforts to unify rangeland assessment concepts

rom the Society for Range Management ( Task Group on Unity in

oncepts and Terminology Committee Members 1995 ) stimulated 

ffort s to coordinate research, data collection, and interpretation 

f rangeland condition principles. These coordinated efforts have 

ed to standardized protocols for assessing ecological condition of 

angelands (e.g., Herrick et al. 2017 ) used by a number of govern-

ent agencies (e.g., Bureau of Land Management [BLM], National 

ark Service [NPS]) that roll up to evaluate rangeland condition at

 large scale (e.g., Toledo et al. 2014 ). These data are also now be-

ng integrated with other datasets, such as land cover and remote

ensing products, and being used with new technology and ma- 

hine learning techniques to track trends in rangeland resources 

e.g., the Rangelands Assessment Platform https://rangelands.app/ , 

he Rangeland Production Monitoring Service https://www.fuelcast. 

et , RangeSat https://www.rangesat.org/ ). These efforts have cre- 

ted general agreement on the ecological components important 

o rangeland health and some methods for assessing those. In ad-

ition, numerous approaches (e.g., certification standards, sustain- 

bility guidelines) have been developed to translate these range- 

and health principles into an adaptive management framework 

o support sustainable ranching practices for individual operations 

nd for informing outcomes for the supply chain. Today, efforts

ontinue to further develop and communicate sustainable graz- 

ng land management, with heightened interest from constituents 

hroughout the beef supply chain. 

The US beef supply chain is one of the most complex

ood systems in the world, currently with little traceability, 
aded From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 02 De
f Use: https://bioone.org/terms-of-use
aking translating on-ranch sustainability outcomes into eco- 

omic incentives for ranchers challenging. Yet there is mo- 

ivation and, increasingly, commitments by companies to ad- 

ance sustainability across their supply chains ( Rotz et al. 2019 ).

or example, in 2016 Walmart committed to source beef more 

ustainably by 2025 ( https://corporate.walmart.com/newsroom/ 

020/08/07/grazing-toward-a-sustainable-beef-supply-chain ), and 

argill has committed to a 30% greenhouse gas (GHG) reduction 

n its North American beef supply chain by 2030 ( https://www.

argill.com/story/cargill- aims- to- beefup- sustainability ). The domi- 

ant conventional production system (accounting for ≈95% of beef 

roduced in the United States) supply chain starts on the ranch

r farm where cows graze while calves nurse, followed by a back-

rounding period when weaned calves may continue to graze or 

tart to be fed silage and grain. When they reach specified weight,

attle are transported to a feedlot and fed rations consisting pri-

arily of grain and agricultural byproducts until they reach a fi-

al weight. Processing then occurs at meatpacking facilities, af- 

er which beef is distributed to retailers to be sold to consumers

t the supermarket. The environmental impacts of beef produc- 

ion across the supply chain have been well documented ( Lupo

t al. 2013 ; Poore and Nemecek 2018 ; Rotz et al. 2019 ), and it

s not our intention to revisit that here. Instead, we propose that

 better understanding of sustainability at the ranch scale would 

e of value across the entire supply chain, as such understand-

ng would better equip ranchers with the information necessary 

o communicate what “sustainability” means and how it is being 

chieved. Organizations such as the US Roundtable for Sustain- 

ble Beef ( www.usrsb.org ) are working across the supply chain to

mprove sustainability but currently lack uniform on-the-ground 

anch-level measurements that can inform decision makers (i.e., 

anchers, retailers, consumers). Simultaneously, the multitude of 

pproaches to monitoring and the variability in the indicators in- 

luded within those approaches complicates the ability to monitor 

nd communicate in a unified manner. 

Multiple audiences along the supply chain are looking for easy- 

o-use indicators of the sustainability of a ranching operation: pro- 

ucers who want to continuously improve the impact of their 

anagement on the land and their business, companies who want 

o quantify the environmental impacts of their supply chain, con- 

umers who want some confidence that the products they buy 

re sustainable, and public interest environmental organizations 

ho seek to incentivize sustainable ranching and educate their 

embers in how to distinguish well-managed operations. Range- 

ands are complex socioecological systems, with significant varia- 

ion in climate, soils, dominant vegetation, land use and evolution- 

ry histories, cultures, availability of technical and financial sup- 

ort, operation structure, and rancher values ( Roche et al. 2015 ),

nd accurate, easy-to-use indicators of ranching sustainability are 

ot immediately obvious. Furthermore, ownership of US range- 

ands is diverse (federal, tribal, state, nongovernmental organiza- 

ion [NGO], and private landowners), and with the diversity in 

wnership comes a combination of management approaches. This 

s further complicated when different rules or permit terms exist 

n leased public grazing lands that may also be grazed by multiple

arties, compared with private lands, and ranchers must employ 

ifferent grazing management strategies to meet sustainability tar- 

ets or are limited in doing so. As governments, organizations, cor-

orations, and individuals increasingly recognize the importance of 

racking and communicating sustainability outcomes, the need for 

reater clarity on which indicators would be most important to 

se to assess sustainability and to monitor and track improvement

ver time is warranted. In connecting on-the-ground management 

o supply chains, we need indicators that are actionable at the

anch level, measure progress toward sustainability goals of inter- 

st to companies and consumers, and therefore, facilitate increased 
c 2024
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Downloade
Terms of U
ompensation for ranchers on the basis of these sustainable

utcomes. 

To understand which measurements are commonly used to in-

icate rangeland condition and sustainability, we synthesized ex-

sting guidance on indicators for ranch-level sustainability and ex-

lored how those indicators relate to common company, consumer,

nd public sustainability interests. Our focus was on summarizing

ommonly used ecological, social, and economic indicators, as rec-

mmended in various rangeland management resources that could

nform adaptive management toward enhanced sustainability. We 

ocused on the grazing lands aspect of the supply chain (with an

mphasis on rangelands) and not the supplemental feed or feed lot

omponents. We recognize this emphasis leaves out aspects of the

eef production system that consumers also care about, but we fo-

used on grazing lands because this is the base of the supply chain

nd offers significant conservation opportunity given the spatial

xtent of grazing lands in the United States. Our goal was to iden-

ify which indicators were not only commonly recommended but

lso useful to inform on-ranch adaptive management, as well as

ommunicate sustainability outcomes for conservation practition- 

rs and other interested audiences. As the stewards of such a vast

rea of land, cattle ranchers need to be equipped with the tools

ecessary to measure, manage, and communicate the sustainability

f their ranch, especially given the intensifying environmental, eco-

omic, and social consequences of climate disruption and increas-

ng societal attention to the provenance of food. In the synthesis,

e examined both certification programs and rangeland health as-

essments with and without protocols. Great time and effort went

nto developing existing approaches, and our intention was not to

reate new certification schemes or replace existing protocols but

imply to evaluate commonality. This also was not an exercise in

dentifying the best universal indicators of ranch sustainability, as

hat would depend on the values and specific contexts for indi-

idual producers and communities, companies, and customers. In-

tead, our goal was to understand which on-ranch sustainability

ndicators were identified most and potential gaps in indicators

cross the many technical assistance documents to inform sustain-

bility effort s. 

ynthesis Approach 

Many different approaches exist for monitoring and evaluating

ustainability of grazing lands, and we consulted as many of these

ocuments as were publicly available. We sought to understand

hich indicators had broad support and where there might be

aps. Because many rangeland assessment documents are outside

f the peer-reviewed literature, we did not use a traditional litera-

ure review approach. Instead, we started with a few of the widely

sed or known assessments and reached out to experts working

n this arena to augment the list. We limited our synthesis to as-

essments that were free and publicly available, which meant ex-

lusion of guidance from companies focused on ranch profitabil-

ty (e.g., ranching for profit), which could have affected the indica-

ors captured. We focused primarily on livestock production sys-

ems on unimproved grasslands, rangelands, and pasture in the

nited States and assessments that were broad in geographic scope

nd not limited to local- or state-focused assessments. Ultimately,

e evaluated 21 different sets of indicators used for assessment

nd monitoring by a wide range of organizations, including fed-

ral agencies, ranching organizations, and conservation organiza-

ions ( Table 1 ). 

These documents ranged from on-the-ground monitoring pro- 

ocols to detailed certification programs, and, therefore, the indica-

ors emphasized or the way in which they were measured varied

idely. Furthermore, the process used to identify indicators, in-

luding who was included and how, was likely different in each
d From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 02 Dec 20
se: https://bioone.org/terms-of-use
ase. In a couple of instances, the indicators were preliminary. The

ong-Term Agroecosystem Research (LTAR) network is still refining

heir indicators for evaluating sustainable intensification via a na-

ionwide “Common Experiment” in rangelands, croplands, and in- 

egrated crop-livestock systems across the United States ( Spiegal et

l., in review ). The inclusion of Field to Market’s indicators ( Field

o Market 2018 , 2019 ) within this assessment are limited to eval-

ating synergies between indicators for grazing lands and improv-

ng feed production sustainability related to the backgrounding and

nishing phases of beef production. 

In other instances, we combined indicator sets to facilitate com-

arison. For example, because the BLM Assessment Inventory and

onitoring (AIM; Herrick et al. 2017 ) and Natural Resource Inven-

ory protocols ( USDA 2020b ) overlap almost completely, we com-

ined the two approaches in the output (see Table 1 ). Finally, for

wo of the terrestrial approaches we evaluated, we were aware

f complementary freshwater approaches (i.e., BLM AIM terrestrial

Herrick et al. 2017] and lotic [BLM 2017] protocols; Interpreting

ndicators of Rangeland Health [Pellant et al. 2020] and Proper

unctioning Condition [Dickard et al. 2015] ). Although these terres-

rial and aquatic protocols are not always used together, we com-

ined them in the output for this synthesis (see Table 1 ). 

For clarity, we follow the Conservation Measures Partnership

efinition of “indicator” ( Conservation Measures Partnership 2020 ).

ndicators should be a measurable quality related to a specific in-

ormation need. Indicators can be quantitative or qualitative and,

mportantly, could be measured using different methods or met-

ics. Metrics are specific measurable attributes. For example, water

uality could be an important indicator for ranchers and compa-

ies, and metrics such as abundance of macroinvertebrates or ni-

rate values in the water could both be used to report on the water

uality indicator. 

We reviewed each document and identified 180 indicators and

etrics tracked by at least one approach (Table S1 available online

t [insert URL here]). Although we define metrics as a subset of in-

icators, we treated them equally in our list because these terms

ere sometimes used differently and some approaches may have

ocused on one or the other. Some approaches used mainly indica-

ors, some focused more on specific metrics, and some included

oth. The certification standards added the most indicators and

etrics to the list as they more often included indicators for ani-

al and worker well-being ( Western Sustainability Exchange 2016 ;

udubon 2018 ; Savory Institute 2018 ; Field to Market 2018 , 2019 ;

rasslands Alliance 2019 ). 

Many approaches tracked the same or similar indicators or met-

ics, and after compiling the complete list, we reviewed each indi-

ator and metric on the list, combined similar metrics into indi-

ators (e.g., litter depth and % bare ground were grouped into the

ndicator ground cover). For ecological indicators we included in-

icators that were included in at least five of the approaches re-

iewed. For the socioeconomic indicators, there was less overlap

mong the approaches in indicators used, yet operational energy

se, forage utilization, and capacity to experiment had some agree-

ent among approaches. A core team created five categories of

ndicators that reflected the common groupings or themes of in-

icators included across the approaches: livestock-related income, 

on −livestock-related income, rancher satisfaction with livelihood, 

ancher connection to community, and community health. These

ategories and all indicators were reviewed by the full team. 

Overall, we focused on indicators that evaluated outcomes of

razing management that would change over time in response to

anagement. We did not attempt to address sustainability bench-

arks for each indicator, as desired values for each indicator

ould be regionally and context specific. We excluded ranch at-

ributes critical for planning, such as stocking rates, grazing rota-

ions, acreage of ranch or native range, and status of infrastruc-
24
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Table 1 

Twenty-one 1 range and pastureland assessments reviewed for ecological and socioeconomic indicators to assess grazing land condition (gray boxes indicate related but separate approaches). Indicators are ticked (“X”) to identify 

inclusion in the applicable assessment(s). 

Certification-type programs Approaches with protocols Approaches w/o protocols 

Category Indicator Audubon 

–Bird 

Friendly 

Land 

Field to 

Market 2 
Grasslands 

Alliance 

Savory 

Ecological 

Outcome 

Verification & 

Holistic 

Mgmt. Plan 

Western 

Sustain- 

ability 

Exchange 

BLM 

AIM/NRI 

& AIM 

Lotic 3 

Interpreting 

Indicators of 

Rangeland Health 

& Proper Function 

and Condition 3 

Soil 

Health 

Insti- 

tute 4 

First 

Nations 

Develop- 

ment 

Institute 

Long- 

term 

Agroe- 

cosystem 

Research 

Noble 

Research 

Institute, 

LLC 5 

Point 

Blue 

Resource 

Manage- 

ment 

Services, 

LLC 

Sustainable 

Rangelands 

Roundtable 

–Criteria & 

Indicators 

Sustainable 

Rangelands 

Roundtable 

–Guidebook 

FAO – Bio- 

diversity 

& 

Livestock 

Sector 

Sustainable 

Intensifica- 

tion 

US 

Roundtable 

for 

Sustainable 

Beef –

Cow-Calf 

Sector 6 

Total 

Ecological 

indicators 

Abundance and/or 

diversity of invasive 

plants 

X X X X X X X X X X X X X X X X X 17 

Abundance and/or 

diversity of native 

plants 

X X X X X X X X X X X X X X X X 16 

Ground cover (e.g., bare 

ground) 

X X X X X X X X X X X X X X X X 16 

Soil stability X X X X X X X X X X X X X 13 

Soil carbon X X X X X X X X X X X X 12 

Plant productivity X X X X X 7 X X X X X X X 12 

Animal species of 

interest (e.g., concern, 

pollinators, game 

species) 

X X X X X X X X X X X X 12 

Water retention (e.g., 

infiltration) 

X X X X X X X X X X 10 

Extent & condition of 

riparian systems 

X X X X X X X X X 9 

Water quality (e.g., 

nutrient loading) 

X X X X X X X X X 9 

Soil compaction (e.g., 

bulk density) 

X X X X X X X X 8 

Bird diversity X X X X X 5 

Ecological 

indicators 

Socioeconomic 

indicators 

Forage utilization X X X X X X X X 8 

Livestock related income X X X X X X X 7 

Operational energy use X X X X X 5 

Non −livestock-related 

income 

X X X X X 5 

Rancher connection to 

community 

X X X X 4 

Community health X X X X 4 

Capacity to experiment X X X 3 

Rancher satisfaction 

with livelihood 

X X X 3 

1 References for all 21 approaches are included in Supplemental Information. 
2 Harmonizing Sustainable Grazing Indicators with Field to Market’s Sustainable Feed Indicators. 
3 Terrestrial and aquatic protocols included in these columns even though they are separate documents and not always used together. 
4 Soil Health Institute are all lab analyses. 
5 Land Stewardship Pilot Project. 
6 USRSB does not require these indicators, but they are recommended as part of a grazing management plan. 
7 Only NRI uses productivity as part of their core methods. 
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Figure 1. This conceptual diagram shows the direct relationships between core indicators identified through the synthesis (individual boxes) and how they relate to ranch 

and company sustainability goals (colored bubbles). Because these indicators are intricately connected, we only visualized direct connections between indicators. The native 

and invasive plant indicators were combined for this diagram. Each arrow between indicators represents a recognized, direct effect. Some effects are one-directional, whereas 

others are two-directional (i.e., each indicator influences the other). Some indicators are not directly linked by arrows but aso connected through other indicators (e.g., soil 

compaction affects soil carbon through its effects on plant productivity and soil stability). The large gray arrows surrounding the figure indicate the overall linkage between 

ecological indicators and socioeconomic indicators. Indicators are organized by the sustainability goals they most closely relate to (red for climate; green for biodiversity; 

blue for water; and purple for social & economic well-being). Indicators in boxes with a bolded border and text are also in and of themselves sustainability outcomes (e.g., 

bird diversity). 
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ure or water sources, but we acknowledge tracking these types

f ranch attributes is essential for understanding the context of

he outcomes measured by the identified indicators. Furthermore,

ome of these attributes might also be indirect socioeconomic in-

icators as well. We then illustrated the relationships among these
d From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 02 Dec 20
se: https://bioone.org/terms-of-use
ndicators to visualize which indicators were directly linked to

ach other ( Fig. 1 ). 

Each individual approach used their own criteria for determin-

ng which indicators to include in their assessment or monitor-

ng protocol, and many, though not all, of the approaches we re-
24
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Table 2 

Corporate sustainability goals and the ecological indicators (see Table 1 ) in each category. Some individual ecological indicators could be used to inform multiple sustainability 

goals (e.g., soil stability relates to potential for long-term carbon storage, as well as water quality impacts from erosion). In addition, while some indicators are in and of 

themselves outcomes (plain text below), others track key processes that inform outcomes ( italics below). 

Climate Water Biodiversity 

Abundance and/or diversity of native plants 

Ground cover (e.g., bare ground, litter) 

Plant productivity 

Soil carbon 

Soil stability 

Extent & condition of riparian systems 

Soil compaction 

Soil stability 

Water quality (e.g., nutrient loading) 

Water retention (e.g., infiltration) 

Abundance and/or diversity of native plants Animal 

species of interest (e.g., concern, game species, 

pollinators) 

Bird diversity 

Extent & condition of riparian systems 
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Terms o
iewed made those criteria explicit in their documents. The most 

idely used criterion for selection was that the indicators have

ocumented relationships with the ecosystem functions or social 

ystem the assessment or monitoring protocol was designed to 

ddress. Beyond the clear link to environmental or social factors 

f interest, five other commonly used criteria were sensitivity to 

hange, repeatability among observers, standardized protocols al- 

eady exist and are widely used, cost, and ease of interpretation.

e discuss the resulting indicator list in the context of these com-

on indicator selection criteria where relevant. Instead of develop- 

ng our own list of criteria, our approach here was to synthesize;

e attempted to draw out the commonalities. 

Notably, all of the approaches included ecological indicators, but 

ot all approaches included economic and social indicators. Our 

ynthesis therefore reflects this emphasis, although we do still in- 

lude the economic and social indicators that were common to 

everal of the approaches and explore why they were less repre-

ented. 

ore Indicators 

Our synthesis resulted in a list of 20 indicators (12 ecological

nd 8 socioeconomic; see Table 1 ). Some indicators are themselves

utcomes, whereas other indicators track important processes and 

an inform adaptive management toward desired outcomes. Relat- 

dly, some indicators take time to demonstrate change (e.g., 3 −5

r), whereas others are more sensitive and demonstrate change 

uickly (e.g., within a growing season). Not all approaches included 

ll 20 indicators, and all approaches included indicators not in- 

luded in the final list of 20. Yet it was clear that all approaches

ere focused on measuring outcomes toward similar sustainabil- 

ty goals based on the consistency of certain indicators and the

tated goals of the programs and approaches assessed. While this 

ist may not include all the indicators that would be important for

very producer, operation, company, NGO, or consumer, it captures 

 common set of indicators that would be useful for aiding ranch-

rs in measuring their own sustainability on the ranch, guiding 

daptive management plans to meet their needs, and communi- 

ating core tenants to other parts of the supply chain ( Table 2 ). 

cological indicators 

All approaches (or combinations of approaches) reviewed in- 

luded at least three of the ecological indicators (range = 3 −12;

ee Table 1 ). Within the ecological indicators, soil, water, vegeta-

ion, and biodiversity indicators were common categories included. 

oil indicators such as soil carbon, ground cover, plant productivity, 

r soil stability were important in all approaches. Within ground 

over, we included various measures of residual vegetation (e.g., 

itter depth and residual cover), and not surprisingly this was one

f the most common indicators for assessing ranch management 

utcomes. Estimates of residual dry matter or litter depth have

een important ways of evaluating pasture utilization for many 

ears ( Tsalyuk et al. 2015 ), and this indicator would score well
aded From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 02 De
f Use: https://bioone.org/terms-of-use
or all five common indicator selection criteria. Many different in- 

icators for water quantity and quality were covered among the 

arious methods (e.g., aquatic invertebrate community indicators, 

easures of water contamination, volume of water available on 

he ranch). We included two common indicators, water quality and 

ater retention, where we thought annual variability would pro- 

ide regular feedback to ranchers for adaptive management deci- 

ions. Water quality indicators can be assessed with many different 

etrics ( Saether 1979 ; Khalil et al. 2010 ; Roche et al. 2013 ; BLM

017 ), and which of these metrics is most appropriate will likely

epend on the geographic and ecological context of the ranch. For

xample, ranches that primarily use surface versus groundwater 

ources will likely need to assess water differently. 

Nearly all (94%) the guidance documents included indicators 

elated to invasive plants. The other most common (89%) indi- 

ators were the cover and/or abundance of native plant species 

nd ground cover. Given that vegetation as forage production for 

ivestock operations is foundational ( Holechek et al. 2010 ), this is

ot surprising and why plant productivity was also a common 

67%) indicator. Understanding how ranch productivity responds to 

hanges in management is one of the most basic adaptive manage-

ent feedbacks a rancher can use for decision making ( Teague et

l. 2011 ; Derner and Augustine 2016 ). Although indicators of the

lant community are common, complete, species-specific assess- 

ents of the plant community will require botanical expertise that 

ill increase the cost for these indicators. We considered riparian 

abitats separately because these plant communities tend to be 

ulnerable to overuse ( Kauffman and Krueger 1984 ; Trimble and

endel 1995 ; Sarr 2002 ; Lucas et al. 2004 ). Moreover, because of

he water resources and generally higher levels of forage produc- 

ivity provided by riparian habitats, they are of great importance 

ithin ranching operations. 

The plant community is also a frequent indicator because it is

enerally assumed that if you create the appropriate habitat, an- 

mal species will thrive ( James and Shugart 1970 ). This is a rea-

onable assumption but does not always hold true due to loss of

onnectivity or other external factors like disease ( Antolin et al.

0 02 ; Knowles et al. 20 02 ), conspecific attraction ( Ahlering and

aaborg 2006 ), or in some cases targeted mortality ( Freilich et al.

003 ). Monitoring animal populations themselves is often neces- 

ary to understand impacts. Many of the approaches we evaluated 

ncluded indicators for some type or taxa of animals (67%), specif-

cally grassland bird diversity and abundance (28%). The species 

f birds present on a ranch can be good indicators of vegetation

tructure because many species have specific habitat structure re- 

uirements ( Cody 1981 ; Knopf and Samson 1997 ). Monitoring for

ny of these indicators can be done outside the scope of a given

pproach, but this may be especially true for animal population 

onitoring due to the oftentimes more intense effort, and thus 

reater cost, required for accurate data collection. 

In addition to informing ranch management, ecological indica- 

ors can be readily related to corporate sustainability goals, which 

e have simplified into three general categories following common 

riorities: climate, water, and biodiversity ( TNC 2020 ). We classi-

ed each of the ecological indicators into at least one of these cat-
c 2024
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gories, combining the abundance and/or diversity of native and

nvasive plants into one indicator (see Table 2 ). A few of these in-

icators could be used to track progress toward more than one cor-

orate sustainability category. For example, soil stability is an im-

ortant indicator for understanding both carbon storage and water

nfiltration ( Six et al. 1998 ; Printz et al. 2014 ; Schilling and Drob-

ey 2014 ; see Fig. 1 ), and the extent and condition of riparian areas

ould be used to track goals related to both water and biodiversity.

n addition, although not a direct indicator for climate, restoration

nd management of riparian areas can have many benefits for cli-

ate mitigation ( Dybala et al. 2019 ; Matzek et al. 2020 ). 

Within each corporate sustainability goal category, some indica-

ors are also outcomes (e.g., soil carbon), whereas other indicators

rack critical processes related to outcomes (e.g., soil stability). Cor-

orate sustainability goals around climate are generally related to

educing greenhouse gas (GHG) emissions along their supply chain,

nd therefore, we included all indicators relevant to quantifying

r tracking carbon storage and maintenance in the climate cate-

ory. We recognize that this list falls short of identifying all GHG

ources (i.e., methane emissions), but that was beyond the inten-

ion of this synthesis. Sustainability goals for water may vary de-

ending on whether a corporation wants to reduce or offset their

ater use or whether their activities are likely to have impacts on

ater quality. Therefore, we included indicators for water quality

nd water retention in the water category. Finally, biodiversity is

 relatively new but burgeoning category of corporate sustainabil-

ty ( Bull and Strange 2018 , e.g., https://op2b.org ) and will likely

ary among companies based on the products they source, such as

rops that rely on pollinators or where rare species coexist in graz-

ng lands. Biodiversity can be challenging to quantify, but tracking

lant communities and certain taxa of interest are common biodi-

ersity indicators. 

ocioeconomic indicators 

Though economic and social outcomes are as important for sus-

ainable ranching as ecological outcomes ( Pretty 2008 ; Maczko et

l. 2012 ), the inclusion of metrics used to measure them varied

ubstantially across approaches and generally were less common

see Table 1 ). Of the 21 approaches reviewed, all had ecological

ndicators but only 11 had economic indicators and 5 had social

ndicators. When socioeconomic indicators were included, they of-

en were highly specific (e.g., number of visitor days by activity or

ublic beliefs and attitudes about natural resources; Table S1, avail-

ble online at …). We therefore combined and categorized some

f the more common types of socioeconomic indicators included

mong the approaches evaluated, as we did with the ecological in-

icators, focusing mainly on indicators relevant at the individual

anch scale. 

Economic indicators at the ranch level were the most com-

on of the socioeconomic indicators included across approaches

valuated. We summarized economic indicators into two direct

conomic indicators, livestock-related income and non −livestock- 

elated income, and three indirect economic indicators: capacity

o experiment, operational energy use, and forage utilization. The

on −livestock-related income indicator was chosen to represent

he various indicators across approaches used to quantify the di-

ersification of income streams for a ranching operation (e.g., an-

ual removal of native hay, nonforage plant, woody product and

ther saleable material; see Table S1). All the economic indica-

ors identified through this synthesis are ranch level and likely

he most useful for supporting adaptive ranch management and

ontinuous improvement. This ranch-level data could inform eco-

omic modeling for a typical ranch, which could in turn be aggre-

ated into regional economic modeling to understand community-

evel economic sustainability. Other economic indicators, such as
d From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 02 Dec 20
se: https://bioone.org/terms-of-use
overty rate, income inequality, and employment diversity (among

thers), have been suggested as useful at a community scale

 McCollum et al. 2010 ) but were not included here because of the

anch-level focus. Although economic security is clearly critical to

he success and sustainability of a ranch, these types of indica-

ors are extremely sensitive and include private information, which

uggests there would be limited interest in communicating these

ndicators to other parts of the supply chain. 

All ranchers will have different personal objectives for their

anches and their lifestyles, and these differences are particularly

elevant when it comes to social indicators. While there is grow-

ng agreement around social indicators of rangeland sustainabil-

ty ( McCollum et al. 2010 ), it may be challenging to standard-

ze common indicators across the production system when per-

onal objectives differ. Furthermore, many of these personal ob-

ectives and well-being indicators are also sensitive and include

rivate information when reported at the ranch scale (e.g., years

f education). Among the approaches reviewed, social indicators

t both the ranch level and aggregated across larger spatial scales

ere prevalent (see Table S1). Given our focus on ranch-level sus-

ainability, we included two categories of social indicators at the

anch level: rancher satisfaction with livelihood and rancher con-

ection to community. Because social indicators measured at the

anch scale were less common than indicators measured at larger

patial scale, we did include one social indicator measured at a

arger scale than the individual ranch, community health, which

an also influence the ranch-level indicators identified. Commu-

ity health can be measured using many different attributes (e.g.,

overty rate, income inequality) but generally tries to understand

he local economic and social structure, well-being, and capacity

 McCollum et al. 2010 ). Although only one of the certification ap-

roaches included indicators related to rancher and community

ell-being as we grouped them here, the authors think it is crit-

cal for understanding overall sustainability. Larger-scale social in-

icators (e.g., community health) are important for consumers and

orporations who are interested in supporting rancher well-being

nd rural communities but would be difficult to certify in con-

ection to any specific ranch. This mismatch in scale between so-

ial well-being indicators that consumers care about and ranch-

evel indicators that can be tied to a specific producer is a chal-

enge that requires additional attention. In particular, identifying

hich ranch-level social indicators could be aggregated to inform

ommunity-scale social well-being would be valuable to commu-

icating across parties with different objectives and interests. An-

ther option around this mismatch would be to certify ranches

ithin a certain community or region so that certification schemes

etter match with the scale of socioeconomic systems. 

Ranchers track socioeconomic indicators such as income and

atisfaction regularly as part of their business management. How-

ver, socioeconomic outcomes are notably absent from corporate

ustainability goals for beef sustainability. For example, across the

1 approaches evaluated, only three included indicator(s) related to

quity, fair treatment, and employee rights for ranch workers (see

able S1): Grassland Alliance ( Grasslands Alliance 2019 ), Sustain-

ble Intensification ( Musumba et al. 2017 ), and the US Roundtable

or Sustainable Beef framework ( USRSB 2019 ). The act of choosing

ndicators is embedded in relationships of power ( Constance et al.

018 ) and in turn is performative in the sense that it influences

ow people see reality and structure systems ( Hale et al. 2019 ).

t has been suggested that one way to get around these inher-

nt power dynamics is to focus on deliberative rather than tech-

ocratic forms of governance, which better develop relationships

nd mutual understanding ( Hatanaka 2020 ). It is important to ask

hy these indicators are not prioritized. It is possible that it is

ecause socioeconomic indicators are less developed, more costly,

nd more challenging to standardize, or it could be perceptions of
24
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Table 3 

Number of direct connections leading to and from each indicator as depicted in Figure 1 and the originating and destination category of those arrows. 

Indicator No. of arrows TO indicator Category of TO arrows No. of arrows 

FROM Indicator 

Category of FROM arrows 

Rancher satisfaction with livelihood 8 5 SEW 

2 BIO 

1 W 

3 3 SEW 

Water retention (e.g., infiltration) 6 2 CLM 

1 W 

1 CLM/W 

1 CLM/BIO 

1 W/BIO 

3 1 CLM 

1 W 

1 CLM/BIO 

Community health 5 1 W 

4 SEW 

2 2 SEW 

Plant productivity 4 3 W 

1 CLM/BIO 

5 2 W 

1 CLM/W 

2 CLM 

Ground cover (e.g., bare ground) 4 1 SEW 

1 CLM/BIO 

1 BIO 

1 CLM 

3 1 W 

2 BIO 

Soil stability 4 1 CLM 

1 W 

1 W/BIO 

1 CLM/BIO 

3 2 W 

1 CLM 

Soil carbon 4 1 CLM 

1 CLM/W 

1 W/BIO 

1 CLM/BIO 

2 1 SEW 

1 W 

Bird diversity 4 1 SEW 

1 W/BIO 

1 CLM/BIO 

1 CLM 

1 1 SEW 

Abundance and/or diversity of plants 

(native & invasive lumped) 

3 1 W 

1 W/BIO 

1 BIO 

8 3 CLM 

1 W 

1 W/CLM 

1 W/BIO 

2 BIO 

Animal species of interest (e.g., 

concern, pollinators, game species) 

3 1 CLM 

1 CLM/BIO 

1 W/BIO 

5 1 CLM/BIO 

1 W/BIO 

2 SEW 

1 CLM 

Non −livestock-related income 3 1 BIO 

1 CLM 

1 SEW 

4 4 SEW 

Water quality (e.g., nutrient loading) 3 1 CLM/W 

1 W/BIO 

1 W 

3 1 CLM 

2 SEW 

Rancher connection to community 3 3 SEW 2 2 SEW 

Capacity to experiment 3 3 SEW 1 1 SEW 

Extent & condition of riparian systems 2 1 BIO 

1 CLM/BIO 

7 1 CLM 

2 W 

2 BIO 

1 CLM/BIO 

1 CLM/W 

Livestock-related income 2 2 SEW 4 4 SEW 

Forage utilization 2 1 CLM 

1 SEW 

3 1 SEW 

1 BIO 

1 CLM 

Soil compaction (e.g., bulk density) 2 2 CLM 3 1 CLM 

1 W 

1 CLM/W 

Operational energy use 0 — 2 2 SEW 

SEW indicates social & economic well-being; W, water; BIO, biodiversity; CLM, climate. 
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ack of customer demand or assumptions that socioeconomic well- 

eing flows from other measures of sustainability. This review has 

ighlighted a gap in the way that rangeland sustainability is con-

eptualized and measured. 

elationships among indicators 

Overall, the indicators are intricately connected (see Fig. 1 , 

able 3 ). By visualizing the direct connections between indicators, 

e see the extent of these connections (i.e., the number of arrows
aded From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 02 De
f Use: https://bioone.org/terms-of-use
n Fig. 1 ; Table 3 ) and also that some are especially informative

or other indicators or outcomes of interest (i.e., boxes with many

rrows extending outward in Fig. 1 ). For example, plant produc-

ivity influences forage utilization (which is the basis of the social

nd economic well-being indicators), water retention (which is im- 

ortant for water quality), soil stability (which has implications for 

ater quality and carbon storage), soil carbon, and ground cover 

which affects bird diversity). In contrast, soil compaction affects 

lant productivity, soil stability, and water retention. Although soil 

ompaction is certainly important for those processes, between the 
c 2024
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wo, plant productivity may be more impactful to measure. It is

mportant to note that the total number of arrows in or out of a

ox does not necessarily make it the most important; this will de-

end on the goals and specific context of a rancher’s operation. 

While socioeconomic and ecological indicators have influences 

n each other ( Fox et al. 2009 ), there is less research on whether

nd how socioeconomic indicators are linked to ecological sus-

ainability ( Brunson 2002 ; McCollum et al. 2010 ). While Figure

 focuses on direct connections between the included indicators,

here likely exist moderating variables that would indirectly con-

ect them. For example, land use change could result from low-

red income, which could in turn influence ecological indicators

uch as ground cover, water quality, soil compaction, and others.

hile focusing just on direct connections (see Fig. 1 ) suggests that

ocial and economic well-being indicators are mostly supported by

cological indicators, and not the other way around, a more com-

rehensive view that incorporates indirect influences and moder-

ting forces (not depicted in Fig. 1 ) would likely highlight many

ore feedbacks from social and economic indicators to sustainabil-

ty outcomes. Related, it is important to note that socioeconomic

ndicators often fail to match with the temporal and spatial scales

f ecological data ( Fraser et al. 2006 ) and, as a result, feedback be-

ween socioeconomic and ecological indicators could occur across

onger timescales and broader spatial scales than individual indi-

ators. 

sing Core Indicators to Link Across the Supply Chain 

We conducted this synthesis to understand the leading guid-

nce for assessing and monitoring sustainability outcomes on US

anches. In doing so, our goal was to not only understand existing

ecommendations but also identify whether common indicators

reate the opportunity to support ranch-scale adaptive manage-

ent and communicate sustainability gains through supply chains

o companies and consumers. One finding is that there are fewer

ommon socioeconomic than ecological indicators across assess- 

ents, highlighting a gap in current sustainability assessments and

ssociated need for more attention to the reasons why, how to bet-

er include them, and how assessment goals influence indicators.

ere, we discuss how these common indicators could be useful

o producers, corporations, and consumers with an emphasis on

cological indicators because the synthesis revealed that they are

ore widely used and agreed on. 

roducers 

Livestock production is the dominant land use for grassland

asture and rangelands across the United States ( NASS 2019 );

herefore, it is imperative that conservation and sustainability be-

ins at the ranch level. Producers are faced with the difficult task

f maintaining the ecological condition of the ranch while sup-

orting enough grass production that they can economically sus-

ain their livelihood, all while meeting consumer demand. The fo-

us needs to be on data and science that is directly applicable to

and management decisions and can be incorporated into an adap-

ive management framework. The set of indicators identified here

ould enable producers to close the adaptive management loop

etween cattle grazing and ecological condition, while tying this

o the socioeconomic impact of ranch management decisions. 

Achieving a desired ecological condition outcome for a specific

anch context requires a careful evaluation of the ecological pro-

esses that are occurring at the ranch scale. With this information,

roducers can adjust their management to make improvement to-

ard sustainability goals. For example, if the ultimate goal of the

ancher is to produce more grass forage, there is an intricate link
d From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 02 Dec 20
se: https://bioone.org/terms-of-use
etween ecological indicators on this list such as vegetation com-

osition, plant productivity, water retention, and soil carbon con-

ent ( Teague et al. 2011 ; Wang et al. 2016 ; Porzig et al. 2018 ).

hile soil carbon may be slow to register change in response

o changes in grazing management, water retention is sometimes

ne of the most immediate changes and is relatively easy to ob-

erve through changes in water flow patterns ( Pellant et al. 2020 ).

oil carbon can also be measured, though the level of replication

nd cost per measurement typically make it cost prohibitive (see

eplication requirements in Herrick et al. 2009 Volume II appen-

ices). Furthermore, information about the ecological condition of

he ranch can be used to increase resiliency of an operation when

ncorporated into a long-term ranch management plan and adap-

ive management framework ( Derner and Augustine 2016 ). For ex-

mple, precipitation is becoming less predictable than in the past,

ith some regions experiencing increased drought while others

re experiencing more moisture, and extreme weather events are

ecoming common. By regularly and proactively monitoring the

cological condition of the ranch and making management ad-

ustments as needed, one can better prepare for and cope with

rought or other weather events ( Roche 2016 ). 

Understanding the connections between indicators (see Fig. 1 )

ould help identify a subset of indicators to measure based on

oals and other common selection criteria used by individual ap-

roaches, such as cost. Some of these indicators are easy and low

ost to measure (e.g., plant productivity, water retention) while

ome are more time and resource intensive (e.g., soil carbon, bird

iversity, and abundance). Routinely measuring indicators with a

ot of “out” arrows may be especially helpful to inform manage-

ent decisions, given that those indicators will affect multiple pro-

esses. In contrast, indicators with more “in” arrows could be es-

ecially important for demonstrating outcomes. Information from 

he ecological indicators can ultimately be correlated with livestock

roductivity metrics (calving success, daily cattle weight gain, etc.),

hereby improving the socioeconomic indicators, such as livestock

elated income and forage utilization, as well. For producers in-

erested in certification schemes, most of the indicators identified

ere were also used by organizations that certify sustainably pro-

uced beef, though it should be noted the intent of this synthe-

is is not to identify certification criteria. Following a certification

tandard would allow producers access to a small but growing ar-

ay of premium markets among other numerous benefits of in-

reased ranch sustainability. 

orporations 

In addition to use for adaptive management, ranch-scale in-

icators would also be useful to report sustainability outcomes

o companies that purchase and sell beef products. These com-

anies are increasingly under pressure to demonstrate and docu-

ent sustainability in their supply chains. An example of corpo-

ate climate action is the Science Based Targets initiative ( https:

/sciencebasedtargets.org/ ), which is focused on standardizing the

evel of ambition and the process by which companies set green-

ouse gas reduction goals for their operations and their supply

hains. Nearly 1 0 0 0 companies have made commitments to re-

uce their environmental footprint as part of this initiative. Though

xamples of this are less well developed in the land use sec-

or, companies are taking it upon themselves to make actionable

hange. There is a growing movement of companies teaming up

ith NGOs to ensure they are using the best available science and

re being held accountable to their commitments (e.g., Ecosystem

ervices Market Consortium, https://ecosystemservicesmarket.org ). 

he United States does not currently have a robust tracking system

hat can be used to trace individual cattle from a ranch through

 company’s supply chain. Therefore, outside of specific certifica-
24

https://sciencebasedtargets.org/
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Downlo
Terms o
ion programs, companies often do not know where the beef they

re selling was born, how it was raised, or its associated environ-

ental or sustainability impact. In lieu of this, if the common set

f indicators proposed here were to be widely adopted and mea-

ured on numerous ranch operations within a region, the aggre- 

ated data could inform the general range condition from the re-

ion where companies are sourcing. This information could then 

e used to support company commitments to sustainability. For 

xample, the same indicators ranchers use for tracking their de- 

ired ecological condition, plant productivity, water retention, and 

oil carbon could be aggregated and translated to impact metrics 

uch as greenhouse gas emissions across a supply shed to com-

unicate to companies about improvements in climate and water 

ustainability goals over time. 

onsumers 

The final step in the supply chain where the use of ranch-scale

ndicators could be informative is with the consumer. Consumer 

emand for sustainably produced beef, including grass fed and or- 

anic, continues to increase, as illustrated by an expected annual 

rowth rate of 20% from 2009 to 2013 ( Matthews and Johnson

013 ; Sitienei et al. 2020 ) and a doubling of grass-fed beef sales

very year between 2012 and 2016 ( Cheung et al. 2017 ). While the

ntention of this assessment is not to be a certification scheme,

his trend points to consumer demand for more sustainable beef 

roducts. This demand is influencing companies’ desires to achieve 

ustainability goals in their supply chains. However, demonstrat- 

ng an ongoing commitment to land stewardship and continu- 

us improvements to sustainability outcomes on rangelands di- 

ectly to consumers would be beneficial in building trust and sus-

aining a stable consumer base. If more producers are equipped

o monitor range condition in a unified way and use that in-

ormation to demonstrate continuous improvements to their op- 

ration, consumers could be assured that beef production is be- 

ng done in a sustainable manner that promotes greenhouse gas 

itigation, improves water quality, and supports biodiversity. It is 

lso possible that consumers care about and would like to sup-

ort thriving rural economies (particularly given growing aware- 

ess of popularity in Fair Trade certified products; https://www. 

airtradecertified.org/why- fair- trade/our- impact ), which more de- 

eloped socioeconomic indicators could help inform. Furthermore, 

esearch has shown that consumers are willing to pay more for

roducts they know are produced sustainably ( Stampa et al. 2020 ),

nd because the shelf price of a product ultimately dictates the

rofits that are made, starting with a common set of indicators at

he ranch level would be beneficial to all parties along the supply

hain. What is currently a niche market could gain further recog-

ition and increased uptake if such measures were more widely 

dopted. While generally a good thing for sustainability, if pre- 

iums start to disappear as practices are mainstreamed, how re- 

ards and costs are distributed across the supply chain needs to be

onsidered. 

urther Incorporation and Agreement on Socioeconomic 

ndicators Needed 

To achieve ranch sustainability, progress is needed on at least 

wo legs of the sustainability stool ( Young 1997 ; Elkington 1998 ):

conomic and social. Although balance among multiple uses, agri- 

ulture, and/or local communities alongside natural resources is 

eeded, the focus is primarily on ecological indicators ( Popovic

t al. 2018 ). This highlights the gap between what is known

bout the importance of socioeconomic well-being for sustainabil- 

ty ( Brunson 2002 ; McCollum et al. 2010 ) and management guid-
aded From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 02 De
f Use: https://bioone.org/terms-of-use
nce on what to measure over time to support decision making

explored further later). 

While rare, there are prior assessments of social sustainability 

easures within supply chains ( Hutchins and Sutherland 2008 ), 

gricultural commodity production ( Rasmussen et al. 2017 ), and 

or rangeland systems specifically ( McCollum et al. 2010 ). Further-

ore, there is a robust and growing field of socioeconomic and

ell-being −related research in rangelands systems ( Brunson 2002 ; 

cCullum et al. 2010 ). Why, then, do we see a disconnect be-

ween academic scientific understanding and management guid- 

nce on how to best demonstrate and track ranch-level sustainabil- 

ty ( Wilmer et al. 2018 ), as further evidenced by this synthesis? Po-

ential contributors include different or ganizations’ limitations due 

o data privacy and context-dependencies of socioeconomic indica- 

ors. 

Different or ganizations and institutions are bound by different 

olicies and laws dictating the types of data and information they

re permitted to collect. For example, for sustainability certification 

f ranch operations, ranch-level economic and social indicators are 

mportant to the certification process. However, US government 

gencies may have laws preventing them from collecting socioeco- 

omic information unless it is guided by a structured framework, 

uch as a National Environmental Policy Act (NEPA) analysis for 

nvironmental impacts. When socioeconomic indicators are used 

t the ranch level, these data privacy issues are heightened, com-

ared with more community-scale measures of well-being. This 

ould partially explain the smaller number of socioeconomic indi- 

ators identified here applicable to ranch-scale sustainability, given 

hat the focus of this synthesis was on ranch-scale sustainability. 

The literature on social sustainability indicators calls for indica- 

ors that are tailored to local contexts ( Fraser et al. 2006 ; Magee

t al. 2012 ). Prior work on social-economic indicators has sug-

ested that focusing on the local scale may be most appropriate, as

here is large variation between contexts ( McCollum et al. 2010 ).

ven within a state, the cultural, historic, and economic contexts 

an vary dramatically, resulting in a need for localized, context- 

ependent socioeconomic indicators. In some cases, county-level 

ata and indices that might be able to bridge local context with

ational comparison (e.g., the Centers for Disease Control’s so- 

ial vulnerability index; Flanagan et al. 2011 ) exist. Furthermore, 

roducers’ values and ranch objectives differ widely ( Roche et al.

015 ), highlighting the importance of flexibility in indicators. Al- 

hough the context-dependent nature of social-economic indicators 

ends itself well to ranch-level management guidance, it highlights 

ow difficult it may be to identify universally important socioe- 

ological indicators (akin to plant productivity). This also leads to 

calar differences between social and ecological systems ( Fraser et 

l. 2006 ), with socioeconomic systems often more expansive than 

ocal ecosystems, leading to suggestions for a multiscale perspec- 

ive (e.g., McCollum et al. 2010 ). Indeed, the scale at which the so-

ioeconomic indicators were measured varied from ranch level to 

arger spatial scales such as communities or counties. 

Although the selection of specific socioeconomic indicators may 

eed to vary given context ( McCollum et al. 2010 ), without some

greed-on categories (even if broad, like “community health”), it 

s unlikely that socioeconomic indicators will be incorporated in 

anch management guidance developed for regional or national 

cales. The Sustainable Rangelands Roundtable and the LTAR net- 

ork have made great strides in thinking about how to quan-

ify socioeconomic indicators ( Mitchell 2010 ; Hamilton et al. 2011 ;

piegal et al. In review ), and wider adoption and agreement on

ethods and approaches is warranted. 

Inadequate inclusion of socioeconomic indicators may have un- 

ntended repercussions. For example, failure to include them could 

ask potential tradeoffs or unintended consequences of man- 

gement decisions, leading to ecologically beneficial outcomes, 
c 2024
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Downloade
Terms of U
ut outcomes that weaken rural economies and social structure

 Rasmussen et al. 2017 ). If sustainability assessments lack socioe-

onomic indicators, they limit the sphere of their assessment and

ay fail to support producers in meeting their goals or capture

onsumer values such as livable working conditions, thriving rural

ommunities, and family-owned operations. 

Failure to identify socioecological indicators with local commu-

ities may also alienate producers and fail to capture important

ocal dynamics ( Chambers 1997 ; Fraser et al. 2006 ). Identification

f social indicators of sustainability with producers across different

egions and ecosystems may be an effective and worthwhile future

esearch direction. For example, a recent study on the Northern

reat Plains found that lifecycle stages of producers influenced the

mportance of different social sustainability indicators ( Haggerty et

l. 2018 ). Recent explorations that combine top-down effort s at

tandardization with bottom-up awareness of local sustainability

ssues may strike the balance between utility at a local level and

tandardization across locations ( Fraser et al. 2006 ; Magee et al.

012 ). 

mplications—Moving from Indicators to Impact 

To move from a set of common indicators to on-the-ground

mpact—both in supporting adaptive management and improved

utcomes on the ranch and in demonstrating and rolling up sus-

ainability outcomes—there are important implementation ques- 

ions to consider. In particular, who collects the indicator data,

ow will they do so, and how will those data be used or shared?

ow will demonstrations of sustainable grazing management ben-

fit ranchers who are part of the conventional supply chain, whose

eef cattle are typically fed, slaughtered, and sold by geographi-

ally distant corporations? While answers to these questions were

eyond the scope of this synthesis, we recommend further con-

ideration of these important aspects of measuring and tracking

ustainability indicators. Here we focus our discussion on the eco-

ogical indicators, where there was more agreement among ap-

roaches. 

ho executes and finances the data collection, and who accrues the 

eward? 

While some producers may already track some of these indica-

ors on their operations, we would not expect a rancher to mea-

ure and track all these indicators. Similarly, although ranch tech-

ical advisors currently support monitoring of some of these indi-

ators, they may not be trained or familiar with all indicators. For

xample, the animal species of interest indicator may require sur-

eyors with a particular skill set. In addition to questions around

xpertise and who is best positioned to assess and track indica-

ors, it is important to consider the time and resources required

o assess these various aspects of sustainability for an entire ranch

peration. Depending on both time and costs (both of tracking in-

icators and further training to support doing so), there are impor-

ant questions around practicality/feasibility and whose responsi-

ility it is to provide support. For example, if a company is com-

itted to demonstrating retention of soil carbon in operations it

ources from, should the company cover the costs of sampling and

ssessing soil carbon? Or, if an indicator is most useful to inform-

ng on-ranch management and less useful for directly tracking sus-

ainability outcomes of interest to companies or consumers (e.g.,

orage production), would a sourcing company not cover costs re-

ated to assessing plant productivity? 

Finally, who along the supply chain accrues the benefits from

mplementation of sustainability indicators is an important con-

ideration. From a producer standpoint, economic increases can

ome through a variety of means including, but not limited to,
d From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 02 Dec 20
se: https://bioone.org/terms-of-use
educed input costs, increased production, or a premium for a

roduct. However, premiums for sustainably raised livestock are

ost common through third-party certification programs that en-

ure a safe, ethical, sustainable product ( Hatanaka et al. 2006 ; e.g.,

udubon’s conservation ranching initiative, https://www.audubon. 

rg/conservation/ranching ). Other types of performance-based sus- 

ainability measures may not come with a guaranteed market pre-

ium ( Konefal et al. [in press] ), but indicators useful to a rancher’s

daptive management could help reduce input costs or increase

roduction with improved ecological condition. Given the push for

ustainability indicators from consumers and retailers, it is impor-

ant to consider how the benefits and rewards of this approach will

e distributed across the supply chain to ensure those benefits will

each producers. 

ow should the data be collected? 

Not all indicators will be relevant for all ranches, and the com-

on criteria used by individual approaches to select indicators

ould also inform a rancher’s decision for which indicators to use.

wo of the more common criteria, cost and sensitivity to detect

hange, would be important to consider. For example, soil carbon

an be expensive to quantify and slow to change in response to

anagement while ground cover and abundance or diversity of na-

ive plants can be readily assessed in the field and are likely to

espond more rapidly to changing conditions ( Herrick et al. 2017 ).

inally, as remote sensing technologies improve, prioritizing indi-

ators that are either closely related to or could transition to re-

otely sensed indicators could significantly reduce the cost and

mprove repeatability and standardization of information. For ex-

mple, the spatial and temporal resolution of Normalized Differ-

nce Vegetation Index data is increasingly used to accurately as-

ess plant productivity in grasslands (e.g., Reeves and Baggett 2014 ;

salyuk et al. 2015 ), and advances in remote sensing products are

etter able to predict fractional cover of relevant plant groups, es-

imating vegetation composition ( Allred et al. 2020 ). 

For monitoring selected indicators, we recommend using estab-

ished protocols and national standardization where possible. In-

eed, many of the approaches reviewed have established proto-

ols for the ecological indicators on this list, and a few of these

pproaches even use the same field protocols. For example, BLM,

RCS, and LTAR sites focused on evaluating performance of range-

and production systems, and Point Blue use the line-point in-

ercept method to assess the native and invasive vegetation in-

icators ( Herrick et al. 2017 ; Porzig et al. 2018 ), which also co-

perate with emerging smartphone apps for assessing rangelands

uch as LandPKS ( https://landpotential.org ). Selecting indicators

hat have standardized, well-tested protocols, and can be accepted

y third-party certification schemes if desired, will also increase

he chance that the chosen indicators will be cost effective, sen-

itive to change, repeatable, and easy to interpret and communi-

ate across the supply chain, further improving the adoption of

ustainable practices ( Hatanaka et al. 2006 ). However, how the

ata should be collected is also tied to the question of who ex-

cutes the data collection and their level of expertise. For exam-

le, many existing protocols may require knowledge in plant or

nimal identification that will limit who can collect the data. Al-

hough well-tested protocols may be cost effective for the type of

ata they collect, the cost of implementation of species-specific

rotocols may be prohibitive for individual ranching operations.

inally, using standardized protocols to establish a baseline for a

anch will be important, but establishing region or even more lo-

ally specific benchmarks or thresholds for indicators using estab-

ished protocols would be useful for producers and companies to

rack progress toward specific ecological outcomes. NRCS’s ecolog-
24
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Downlo
Terms o
cal site descriptions will be a good starting place for developing

hese benchmarks ( https://edit.jornada.nmsu.edu/catalogs/esd ). 

ho has access to the data and how will it be used? 

Questions of data privacy and which information is necessary 

or ranchers to adaptively manage their operations versus which 

nformation is necessary for retailers or customers to assess an op-

ration’s sustainability, given company and consumer sustainabil- 

ty objectives (e.g., biodiversity or climate), also needs to be con-

idered. Even for globally remotely sensed data, it is important

o address the issue of who gets to use data that can be ana-

yzed for private lands. Furthermore, as technology advances and 

ata become even easier to access, there is the potential for ac-

ors to leverage data in unintended ways. For example, big data

latforms have been used by corporations to vertically and hor- 

zontally integrate across supply chains, leading to mergers that 

an monopolize sectors of the agrifood industry ( iPES-Food 2017 ;

rause et al. 2020 ). However, potential risks could be ameliorated

y careful considerations up front, such as anonymized data aggre- 

ation, and when used as intended the rewards outweigh the risk.

hatever the mechanism, producers and producer-led groups ab- 

olutely must be part of the decision process for design and devel-

pment of data platforms, as the data ultimately belongs to them

nd doing so will ensure resulting tools and platforms are use-

ul for their management. In certification programs, the indepen- 

ent, third-party verifier translates on-ranch outcomes into sus- 

ainability outcomes communicated via the certification process. 

utside of certification programs, we recommend drawing on ex- 

sting models for data sharing and navigating data privacy issues 

e.g., Findable, Accessible, Interoperable, Reuseable data use prin- 

iples; Wilkinson et al. 2016 ). Similarly, although some indicators

ay not be immediately clear in their utility for retailers or cus-

omers to assess climate, water, or biodiversity outcomes, there are 

ikely ways in which they further enable (or inhibit) conservation 

utcomes (e.g., social and economic vibrancy of communities could 

ave long-term consequences for land management and conserva- 

ion). We suggest further consideration and streamlining of which 

nformation is necessary to inform on-ranch adaptive management 

ersus demonstrating sustainability. 

onclusion 

We identified 12 common ecological and 8 socioeconomic 

anch-level indicators from 21 different assessments and demon- 

trated that many of the same ecological indicators are used across

early all of the approaches reviewed for assessing ranch sus- 

ainability. These indicators are relevant for rangelands across the 

nited States. However, they may be measured differently in dif- 

erent parts of the country, and there are various metrics that

ould be used to represent each indicator depending on ranch con-

ext. Which indicators, and which metrics for those indicators, are 

sed for assessment and/or monitoring should be related to out- 

ome goals, as producers have unique goals for their operations

nd companies have unique goals for driving sustainability in their 

upply chains. Future work related to indicators should use partici- 

atory frameworks to ensure producers’ interests and concerns are 

ront and center and that they have decision-making power. These 

ndicators have the potential to link on-ranch outcomes with cor- 

orate sustainability goals for climate, water, and biodiversity. The 

ynthesis also demonstrated that while there is a growing body 

f knowledge on socioeconomic indicators in the literature, inte- 

ration of these indicators into sustainability evaluation guidance 

ocuments is still somewhat limited. Only 5 of the 21 assessments
eviewed included socioeconomic indicators. 

aded From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 02 De
f Use: https://bioone.org/terms-of-use
While common ecological indicators and even some protocols 

learly exist, there is still a need to achieve more widespread use

nd agreement on metrics of socioeconomic indicators to inform 

daptive management for producers and to link continuous ranch 

nd rangeland improvement outcomes to supply chain sustainabil- 

ty outcomes for companies and consumers. Currently, incentives 

or a “value-added” product that includes rangeland monitoring are 

imited for ranchers outside of certification programs, in part due 

o the disconnect between ranchers and retailers along the con- 

entional beef supply chain ( Spiegal et al. 2020 ). To achieve more

idespread adoption of rangeland monitoring by these ranchers, 

e identify four issues that need to be addressed by the ranching

ndustry as a whole: 1) who bears the costs (e.g., time and money)

or assessing or monitoring these indicators in the field and who

enefits; 2) agreement on simple, robust, and standardized proto- 

ols; 3) region-specific thresholds for those indicators; and 4) is- 

ues of data privacy and sharing agreements and principles. Ulti- 

ately, if these issues were adequately addressed, a select suite of

lear, simple, and easy-to-measure indicators of ranch sustainabil- 

ty could help producers advance biodiversity, water, climate, and 

ocial well-being outcomes in their operations and not only com- 

unicate the benefits clearly to beef retailers and consumers but 

lso provide valuable ecosystem services that benefit nature and 

eople at large. 
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