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Abstract 
Sustainability transformations—deliberate and radical shifts in values, governance, and management regimes 
to achieve sustainability—are needed in rangelands as in other components of the Earth system. We review 
four concepts comprising an ecological science infrastructure to support such transformations. The foundation 
is standard measurement of rangeland conditions in the field, especially vegetation and soil properties that 
underpin the environmental aspects of sustainability. Big data resources, especially gridded spatial datasets 
produced by models and remote sensing, can be combined with field data and computational approaches to 
upscale information about rangeland conditions and produce additional indicators of ecosystem functions and 
services. State and transition models (STMs) linked to land types provide a means to interpret indicators and 
link interpretations to sustainable land management practices to manage change. Technologies for climate 
adaptation in rangelands also need to be linked to STM databases. Web and mobile technologies can put 
multifaceted science knowledge into the hands of pastoralists worldwide to support transformational changes 
in how rangelands are managed. 

Introduction 
Rangelands and pastoral peoples will face mounting challenges in the years ahead. Climatic change will cause 
increasing aridity, increasing frequency of extreme events, and decreasing productivity in many rangelands 
(Bradford et al. 2020; Godde et al. 2020; Zhang et al. 2020). The effects of climate change will interact with 
accelerating conversion of rangelands to more intensive uses, increasing the demand for resources in the 
remaining rangelands and reducing important ecosystem services in converted rangelands (Barral et al. 2020; 
Mirzabaev et al. 2019). A long standing disregard for the value of rangelands facilitates land use conversion 
and limits investments in management solutions (Hoover et al. 2020; Reynolds et al. 2007). Consequently, 
resource use-climate change interactions are poised to precipitate abrupt and undesirable transitions with long-
lasting impacts on pastoral societies as well as the Earth system (Bestelmeyer et al. 2018; Menges et al. 2019; 
Mirzabaev et al. 2019).  

 The general threats to rangelands are reasonably well understood (Hoover et al. 2020). Pragmatic 
responses to those threats, however, are not. First, while it is clear that global change is altering social-
ecological systems to varying degrees, the specific alterations that determine the severity of loss of ecosystem 
services, and options for adaptation or restoration, are poorly defined. The lack of specificity is especially 
problematic for rangelands, where human use of rangelands, that can have relatively minor impacts on 
biodiversity and ecosystem functions, are classified similarly to far more intensive uses such as deforestation 
or urbanization (Sayre et al. 2017; Williams et al. 2020). The “desertification narrative”, for example, is 
commonly misused such that naturally arid systems are condemned as degraded and the people living in those 
systems are seen as agents of degradation (Davis 2016; Prince and Podwojewski 2020). Second, the urgency 
associated with global change has led to calls for transformation of resource use and agricultural systems 
(Pereira et al. 2020). Strategies to trigger transformation, however, are frustratingly non-specific and lack local 
contextualization (Stafford Smith 2016) or emphasize overgeneralized and over-hyped “one-size-fits-all” 
solutions that are poorly matched to most local situations (Huntsinger 2016).  

 Specific guidelines for achieving sustainability transformations at the local level, particularly in the 
face of ongoing global change, is the greatest challenge facing natural resource professions. There are many 
facets to transformation in rangelands that must be considered, including resource use strategies, enterprise 
structure, power relations, governance, markets, and policies (Meyfroidt et al. 2019; Osinski 2021; Spiegal et 
al. 2020). In this short paper, we consider how ecological science information and technologies can be created, 
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organized, and used to support transformations in rangelands. We base these ideas on our ongoing efforts to 
develop knowledge systems to support rangeland management in the U.S., Mongolia, and Argentina. 

Standard monitoring methods and data 
The foundation of science-based decision making is observation. This might seem trite, but inconsistent 
rangeland monitoring methodologies, compounded by a lack of investment in data management, continues to 
limit a clear understanding of rangeland conditions and, ultimately, what is considered “sustainable”, 
“degraded”, or “restored.” In the United States, standardized assessment and monitoring methods for 
rangelands were collaboratively developed with land management agencies and have been trained to thousands 
of rangeland managers worldwide (Herrick et al. 2017b). A common database structure and well-developed 
data management protocols ensures that vegetation and soil indicators reflect real differences in ecological 
conditions across space, over time, and among different observers (Courtright and Van Zee 2011; McCord et 
al. 2021). For example, there are now 65,000 monitoring plots globally (mostly in the U.S. and Mongolia) that 
use the same methods and are comparable, with time series of up to 20 years. Widely adopted standardization 
also offers opportunities for integration with tools for defining management benchmarks and computational 
tools that add information value to monitoring observations (see below). There are multiple, valid standardized 
monitoring systems (Oliva et al. 2020), but it is important to recognize that comparisons and benchmarks are 
method-dependent. Finally, we acknowledge the varying capabilities for implementing rangeland monitoring 
across world.  For this reason, the Land Potential Knowledge System (LandPKS) mobile apps were developed 
using a simplified methodology that sacrifices some degree of precision and resolution of vegetation 
information, but is accessible to pastoralists in a wide range of socio-economic contexts (Herrick et al. 2017a).  

Big data, data integration, and upscaling 
“Big data” resources provide new opportunities for accessing information on ecological conditions from local 
to global extents. Big data products leverage spatial data layers, remote sensing, and standardized monitoring 
data to create gridded estimates of biophysical variables at fine scales (e.g. 900m2-4km2) and at a continental 
extent. In the case of dynamic variables, including climate and vegetation, estimates have been produced over 
long time periods (1984-) at annual resolution (Bestelmeyer et al. 2020). These products provide a broadened 
perspective on sustainability and allow upscaling of observations from points to landscapes and regions. For 
example, standardized monitoring data have been used to train machine learning algorithms that estimate 
vegetation cover and production from remotely-sensed and modeled covariates (Allred et al. 2020; Jones et al. 
2018). Using the computational power of Google Earth Engine, Landsat imagery dating to 1984 constitutes 
the basis for yearly and spatially continuous estimates of vegetation cover and production by plant functional 
group at a 30-m resolution, which users can query and visualize with a custom web application 
(https://rangelands.app/). Such tools can not only provide information on locations in the vast spaces between 
monitoring points, but they can provide information on landscape patterns needed to understand the impacts 
of livestock movements, spatial variations in weather, and other spatial processes (Bestelmeyer et al. 2011). 

Continuous soil and vegetation predictions, in turn, can be combined with models to predict and scale 
up other processes of management interest, such as soil erosion. For example, bare soil cover, canopy gap 
distribution, and vegetation height estimates modeled in fractional cover products can be used as inputs in a 
sediment transport model to produce spatially-explicit dust flux estimates (Webb et al. 2020). It is important 
to recognize that the models underpinning such “value-added” indicators are ultimately based on (often 
distributed) long-term experiments carried out at research stations throughout rangelands of the world. 

The integration of gridded climate data with remotely-sensed estimates of production are especially 
useful indicators of ecosystem function and services in rangelands, particularly Precipitation Use Efficiency 
(the ratio between aboveground net primary production and precipitation) and the Precipitation Marginal 
Response (the slope of the linear relationship between annual aboveground net primary production and 
precipitation) (Verón et al. 2018). These useful indicators can be made available to land managers globally 
using existing open access data. 

Ultimately, consideration of multiple indicators is needed to base decisions on the multiple ecosystem 
services provided by rangelands and the synergies and tradeoffs associated with particular management 
decisions (Power 2010). For example, the removal of shrubs might marginally increase grasses and livestock 
forage production, but at the expense of carbon sequestration, wildlife habitat value, or protection of the soil 
surface from wind erosion (Archer et al. 2011). Thus, what is considered sustainable should be based on 
multiple types of ecosystem process and ecosystem service indicators (Manning et al. 2018), yet we often 
judge the merits of management decisions using narrower perspectives. Big data-based indicators reflecting 

https://rangelands.app/
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/net-primary-production
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various ecosystems services need to be made more widely available to land managers and pastoralists around 
the world to enable better decisions, which is now eminently possible via cloud computing and web and mobile 
services (Herrick et al. 2013; Jones et al. 2018). 

Indicator interpretation via state and transition models 
While state and transition models (STMs) were initially conceived to link rangeland management to the 
emerging concepts of ecosystem non-equilibrium and catastrophic transitions (Walker and Westoby 2011), 
they have become widely used as pragmatic tools for understanding and forecasting change in many types of 
ecosystems (Hobbs and Suding 2009). STMs represent the multiple potential states of a particular land type, 
where states are defined by vegetation, soil, or other dynamic characteristics and distinctions among states 
reflect differences in the ecosystem services provided as well as the risks and opportunities for change in 
ecosystem services provision (e.g., ecological thresholds) (Bestelmeyer et al. 2017). STMs also provide an 
opportunity for collaboration between scientists and pastoralists and for addressing power imbalances by the 
inclusion of diverse stakeholders in STM development (Kachergis et al. 2013).  

 Three advances in STMs will increase their utility for supporting sustainability transformations. First 
is the development of a global web-based platform to guide STM development, which is being led by the 
USDA-ARS Jornada Experimental Range in partnership with the USDA Natural Resources Conservation 
Service and New Mexico State University. The Ecosystem Dynamics Interpretive Tool (EDIT) is a database 
for housing state-and-transition models linked to land classifications and spatial data to make STM information 
available via the web and mobile devices (https://edit.jornada.nmsu.edu/). Application programming interfaces 
(APIs) allow STM data to be linked to a variety of other web and mobile applications, such as LandPKS. Once 
STMs are developed in EDIT, a pastoralist with a mobile phone will be able to relate a location to the 
appropriate STM and access tools for indicator interpretation and management options. Second, STMs are 
being linked to quantitative benchmarks that allow standardized monitoring data to be interpreted according 
to STMs. For example, STMs developed for Mongolia include quantitative criteria for states based on 
vegetation cover indicators, such that computational “keys” can classify a monitoring record to an ecological 
state in a rigorous and repeatable fashion (Densambuu et al. 2018). Such rigor is essential for a community-
wide understanding of progress toward or away from sustainability goals. In addition, benchmarks can be 
included for “value-added” and other indicators discussed earlier, such as wind erosion potential. For example, 
STMs could communicate how subtle changes in vegetation structure within a particular soil type create non-
linear increases in wind erosion susceptibility beyond benchmark value (Webb et al. 2020). Third is the linkage 
of STMs to sustainable land management (SLM) practices and other tools (Briske et al. 2017; Giger et al. 
2018). STMs can provide a logic that winnows practices that are mismatched to the reference conditions and 
ecological drivers and feedbacks bearing on a particular state transition. For example, one would not consider 
a woody plant removal practice as progress toward sustainability for an STM in which woody plants 
characterize the reference state (Romme et al. 2009). The construction of a comprehensive database of 
evidence-supported SLM practices for rangelands that can be linked to STMs will be a priority of ours for the 
coming years. 

Climate adaptation to steer transformation 
The “elephant in the room” facing local sustainability transformation is how to cope with social-ecological 
drivers emerging from broader scales that cannot be affected by management decisions. State transitions 
associated with regional changes in climate and hydrology (i.e. novel ecosystems) do not have restoration 
options, only adaptation options. In this sense, adaptation is a means to direct inevitable transformation along 
the most desirable course available, even if we’d prefer to avoid transformation altogether (Bestelmeyer and 
Briske 2012). A variety of rangeland adaptation and mitigation strategies have been developed including 
traditional options at the enterprise, human and social levels (Joyce et al. 2013). In addition, novel 
technological solutions are emerging. Especially promising in rapidly responding to changing climatic 
conditions is the application of technological monitoring solutions and precision technologies, such as 
phenocams (Browning et al. 2019) and sensors for dust monitoring, cattle tracking, trough water level 
surveillance and fine-scale precipitation variability monitoring (Spiegal et al. 2020). Agrivoltaics, or producing 
solar energy in combination with agricultural enterprise and dual land uses, such as wind energy or bioenergy 
(i.e. algae), are creative options for novel, non-traditional revenue streams and reducing reliance on traditional 
energy sources. 

A recent inventory by co-author E. Elias found more than 520 livestock and rangeland decision tools 
globally. A simple process to allow managers to find the most useful of these tools to address their local 

https://edit.jornada.nmsu.edu/
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management challenge is critical to support climate-informed decision-making. Web-based and mobile tools, 
such as EDIT and LandPKS described earlier, could help serve this role. “Big data” type tools, such as Grass-
Cast that provides an annual projection of above ground net primary productivity at a local scale, could be 
used for coping with climate uncertainty in rangelands throughout the world (Hartman et al. 2020). 

Conclusions 
Development of an ecological science infrastructure to support sustainability transformations in rangelands 
should be a priority for international rangeland science community, and similar calls have been made in the 
past (Verstraete et al. 2011). The proposed infrastructure is complex, but we now have the accumulated 
science, technologies, and ideas to make it a reality. The vision for the infrastructure we described is also 
incomplete, as societal indicators and benchmarks should also be included as well as mechanisms for using 
this infrastructure in collaborative decision-making (Reid et al. 2021). We also need to mobilize government, 
academic, and industry resources to support these uses.  Nonetheless, our proposal can support a new narrative 
for the role of ecological science in rangeland (and dryland) sustainability. Not a story of degradation and 
helplessness that leads to paralysis and not Pollyannish silver-bullet solutions that distract and detract from 
real progress. In the words of (Stafford Smith 2016), “we need a narrative that presages solutions and 
empowerment”. Thoughtful organization of technological resources can be a part of this new narrative. 
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