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[bookmark: _Toc5027033]Abstract
The need for a national ecosystem monitoring system for the Australian rangelands has been regularly identified. Against a background of natural variability, rangeland ecosystems face both short and longer-term impacts. These pressures, including overstocking, climate change, deforestation, altered fire regimes and invasion by feral species, are expected to drive changes to the structure, function and composition of native vegetation, and significantly impact fauna populations and ecosystem fluxes. A national monitoring framework is required to report where and when change is occurring, what is changing and the direction and magnitude of change, all of which underpin understanding the causes and viable management interventions required to mitigate undesirable outcomes.  
In this paper we articulate criteria for a national monitoring system that provide the essential information to assess environmental change and detail how such a system will enable change to be assessed at local to global scales. The system should incorporate a range of scales of monitoring, detect changes in ecosystem structure, function and diversity and measure key environmental variables. It should encourage the standardisation of data collection, the collection of environmental samples for downstream analysis and the integration of new technologies to improve data collection, analysis and delivery. Our vision includes the provision of free, widely accessible data and the publication of methods, data and rationale in peer reviewed literature. The framework also needs to meet a variety of State, Territory and national legislative and international reporting requirements. Finally, the framework will be built on, and incorporate the best of existing monitoring programs and will be supported long-term as part of the national science infrastructure. 
Whilst these system design elements appear difficult to achieve, there are many reasons to be optimistic that this vision can become a reality. 
Additional keywords: rangeland monitoring, biodiversity monitoring, monitoring types, future monitoring needs, environmental reporting.

[bookmark: _Toc5027034]Introduction to the Australian Rangelands 
Rangelands make up 81% of the Australian continent, and are characterised by variable rainfall, temperature, evapotranspiration and seasonality (Asner et al. 2004, Bastin and the ACRIS Management Committee 2008). These areas have been subjected to significant environmental change, and suffer from a range of ongoing degrading processes including overstocking, climate change, deforestation, altered fire regimes and invasion by feral species (Smyth and James 2004, Bastin and the ACRIS Management Committee 2008).  These processes lead to a range of impacts including soil compaction and erosion, desertification, loss of ground cover, encroachment by woody species and/or decline in palatable or harvestable species (Bastin et al. 2009). 
Although Australia’s rangeland ecosystems are widespread, economically important and biodiverse, the threatening processes they face are relatively poorly studied, and significant information gaps remain (Morton et al. 2011, Sparrow et al. 2014). Sparse information and few widespread monitoring programs make the detection and reporting of change difficult (Bastin and the ACRIS Management Committee 2008, Eyre et al. 2011), and there is a clearly a critical need for this kind of information at different spatial scales (Smyth and James 2004). Specifically, monitoring information is required at a local and regional level to inform management decisions, at regional and State/Territory scale to inform on change within those jurisdictions, and to assist legislators in tracking Australia’s performance against national and international legislative commitments (Smyth and James 2004, Bastin and the ACRIS Management Committee 2008).
One of the problems with a whole-of-rangelands management approach in Australia is that the responsibility for rangeland management activities rests at the relevant jurisdictional level (i.e., principally the Northern Territory and the States of New South Wales, Queensland, South Australia and Western Australia), rather than the Federal Government (Bastin and the ACRIS Management Committee 2008). While regional programs have done well to deliver information on the state and trajectory of rangelands ecosystems to relevant authorities, a consistent national approach has been harder to synthesise, yet is needed to detect major changes at a continental level and to provide compatible data to meet continental and international reporting obligations (Bastin and the ACRIS Management Committee 2008, Bastin et al. 2017).

Our Aim
In this paper we aim to review what can be learnt from previous programs and suggest a path forward that leverages their benefits. We articulate the case for a national rangeland monitoring system that builds on excellent preceding work, whilst aiming to provide a more holistic system of monitoring into the future to address a range of local, regional, national and international questions that are likely to be asked of such data. It is important to note that components of this current system already exist, and we can build on their success whilst acknowledging their limitations.

[bookmark: _Toc5027035]Why we need monitoring in rangelands
Australian land managers, including pastoralists, indigenous communities, mining companies and governments, have a responsibility to effectively maintain and manage rangeland environments to enable sustainable production or wild harvest (principally of meat and wool, but also native plant products);(Walsh and Douglas 2011) whilst maintaining biodiversity assets including unique species and relatively intact habitats and ecological communities (Bastin and the ACRIS Management Committee 2008). Rangeland monitoring (which we use here to mean all types of environmental monitoring occurring in rangelands) can provide useful information on where, when and how environments are changing, information that underpins complex management decisions. Providing managers with useful, actionable information, suited to their management needs, and based on objective information is crucial to our economy and essential to the sustainable use of natural resources. 
Over the past several decades, there has been an increasing trend towards large-scale land management (van Etten 2013). Large pastoral companies, mining companies and not-for-profit environmental management and conservation organisations now own or manage large land areas in multiple jurisdictions which each have their own environmental legislation and data requirements. This makes monitoring, reporting and compliance complex (Minerals Council of Australia 2006). The variables, quality and volume of data that each jurisdiction requires are different, making analysis and subsequent management decisions difficult. Large organisations also have internal needs for high quality, compatible monitoring data to manage their land holdings across the continent. Delivering on these requirements would be simplified by access to a nationally compatible system. 
There is increasing pressure and desire to report on rangeland and environmental change at the national (Bastin and the ACRIS Management Committee 2008, Jackson et al. 2017) and international level (FAO 2016). The United Nations Sustainable Development Goals (Department of Public Information 2018), the Convention on Combatting Desertification (United Nations 2018) and the System of Environmental Economic Accounting (United Nations) are now also significant policy drivers, mainly due in part, to the realisation that the growing human population will put pressure on production lands (Lee 2011).
Whilst Australia does not currently have a monitoring system that readily provides the information needed to understand the location, extent and cause of change over the entire continent, we do not need to create this system in its entirety. In Australia, there is a long history of pastoral and biodiversity monitoring programs (usually conducted at the State level) that have achieved their stated aims well and could, under the right framework, provide crucial parts of a more holistic monitoring system to answer a range of important questions on environmental change in the Australian rangelands. . 

[bookmark: _Toc5027036]Questions a national rangeland monitoring system will need to address.
A coordinated national system for monitoring rangelands needs to be capable of assessing key questions (Sparrow et al. 2019) such as: 
· Where is change occurring in our rangelands?
· When is change occurring in our rangelands?
· What components of the environment are changing?
· What is the direction and magnitude of the change that is occurring?
· Why is that change occurring?
· How do we manage that change? 

We argue that gathering the data needed to answer such questions at a range of scales can be achieved through a combination of remote sensing, distributed field sampling and targeted monitoring of ecological processes(Sparrow et al. 2019). We advocate for including these components in a flexible, adaptive system that can make maximum use of previous effort, whilst ensuring key monitoring components are in place to answer these important questions for Australia’s rangelands.

[bookmark: _Toc5027037]Key objectives of a national monitoring system.
A monitoring system capable of informing these questions also needs to: 
· incorporate a range of scales of environmental monitoring;
· monitor and report on changes to biodiversity;
· measure key environmental variables that can be utilised for a range of purposes;
· contribute to international and nationally consistent reporting obligations; 
· take advantage of new technologies where they provide new information or current information in a more efficient manner;
· provide findable, accessible, interoperable and reusable (FAIR) data;  
· be justified (preferably in peer reviewed literature).
· be resource-efficient and funded for the long term.
· collect samples for subsequent analysis
· collect objective data using standardised methods where possible, and collect compatible data where it is not appropriate to use standardised methods.
· build on previous work where possible 

[bookmark: _Toc5027039]What has existing rangeland monitoring taught us?
Much of our current understanding of the state of rangeland environments (National Land and Water Resources Audit 2001, Bastin and the ACRIS Management Committee 2008) is derived from pastoral monitoring programs (Foulkes et al. 2014), which are State or Territory based and primarily focused on production systems. Under Australia’s constitution, land management is primarily a State or Territory, rather than Federal, responsibility. Often, aspects of land management are included in multiple legislative acts which are administered by different government departments within a single jurisdiction. Each department has therefore developed different sampling protocols or requirements tailored to their intended purpose. 

[bookmark: _Toc5027040]In regard to 'When and where are rangelands changing?'
Questions of where rangelands are changing are difficult to answer with traditional field survey as these programs typically only sample small areas that are then assumed to be representative of the larger landscape. Since the widespread availability of data from the NASA Landsat mission in 1972, satellite imagery and image processing techniques have been utilised to assess where change occurs in rangelands (e.g. Graetz et al. 1976). A range of subsequent advances enabled the increased use of this technology for rangelands assessment including: widespread uptake of GIS analysis (Tueller 1992); the availability of GPS technology for accurate field location of validation sites (Kerr 1996); the removal of selective availability to make GPS technology more accurate; the US government provision of  free satellite image data  (Woodcock et al. 2008); massive increase in computing power, the widespread use of cloud based image analysis (Gorelick et al. 2017); and the resulting ability to realistically conduct remote sensing based temporal analysis (Bastin et al. 2017) at local to global scales.
Many Australian researchers and Government agencies have utilised these technologies to track changes in our rangelands. Applications have included informing on landscape resilience to assist pastoral land management (Bastin et al. 1996), separating short term impacts from climate variability (Barnetson et al. 2017); assessing land condition (Karfs et al. 2009); and mapping woody vegetation (Gill et al. 2017). 
Such studies provide insights into where change is occurring in the rangelands, and more recently when that change is occurring. Remote sensing techniques utilise a correlation between an environmental phenomenon of interest and the detection of light reflected from the land. They require good quality ground validation data to determine what actual change is occurring; this information is obtained from another scale of monitoring. 
Increasingly, however, analyses that utilise monitoring data are conducted at the continental (Herrick et al. 2006, Paul et al. 2016) or global (Liang et al. 2016, Bastin et al. 2017, Bruelheide et al. 2019) scales, spurred on partly by technological advances in the acquisitions and processing of satellite imagery (Yoccoz et al. 2001, Pettorelli et al. 2014). Analysis at this scale is enabled by consistent or at least compatible (easily federated) field datasets to assist image validation.

[bookmark: _Toc5027041]In regard to: 'What is changing, and what is the direction and magnitude of that change?'
Australian State and Territory jurisdictions have effective pastoral monitoring programs (e.g., (Watson et al. 2007) with a primary aim of informing on the state and trajectory of systems so that management agencies can intervene to prevent long-term, irreversible degradation due to inappropriate grazing and land management practices. These programs have primarily been carried out by State and Territory Government agencies directly, using program-specific protocols that are often incompatible with each other. Historically, there have also been differences in methods and variables measured between biodiversity and pastoral monitoring programs implemented by the same government (Day 2007). Typically information on the methods employed, or data analysis from the programs is rarely published in peer reviewed literature (with the notable exception of WARMS in WA (Watson et al. 2007)), nor is data from these tax payer funded programs widely available.  
A few programs in Australia have started to address compatibility issues at a continental scale. ACRIS (The Australian Collaborative Rangelands Information System; (Bastin et al. 2009) aimed to increase reporting on the Australian rangelands at the national level. Later a biodiversity assessment component was added, and a great deal of work was put into collating data from the States and Northern Territory into forms that could be analysed together (Bastin and the ACRIS Management Committee 2008), although the ability to report consistently nationally was hampered by gaps and incompatible data. Unfortunately, this system was underfunded from its inception and subsequent funding has not been forthcoming.
Ecological surveillance monitoring began through TERN (Terrestrial Ecosystem Research Network) in 2010. TERN is funded through the National Collaborative Research Infrastructure Strategy (NCRIS), a program tasked with providing enduring access to world-class research infrastructure to meet a range of research, industry and government end-user needs. The program has added several novel aspects to the ACRIS legacy. TERN collaboratively arrived at the standardised 'Ausplots' monitoring method (White et al. 2012, Sparrow et al. 2019) for use across Australia. Whilst the program objectively collects many of the variables collected by previous programs, it also includes novel data collection techniques (3D photopoints, LAI measures, soil metagenomic sampling, and electronic data collections), along with sample collection (vegetation, soils and genetic samples), all of which are made freely available for researchers who wish to conduct further laboratory analysis.
Although TERN Ecological Surveillance is ongoing and has made some significant headway, it still falls short of an ideal continental-scale monitoring program. The program is currently collecting and managing data and samples from 750 plots across the Australian continent, which is significant, but clearly inadequate coverage for a landmass of 7.6 million square kilometres. At the time of writing, 94 of these plots have been revisited at least once and some up to four times. Work is progressing on assessing environmental and ecological gaps in data collection and prioritising sites for revisit. This is likely to consist of a mix of site re-visits and new site establishment over the coming years (Guerin et al. 2017). Feasible re-visit frequency and statistical power to detect change will both be considered in future design and sampling.
Currently the program collects information on vegetation and soils although faunal protocols have been developed (O'Neill et al. 2017) and it is hoped fauna survey will be included in the near future. In addition, the use of DNA meta-barcoding analysis of currently collected soil samples may make some limited faunal monitoring possible from historical samples. 
Recently the Australian Government announced a decade of funding for this initiative (until 2028 at which stage NCRIS will have been operational for two decades), a long-term commitment that is essential for the success of environmental monitoring programs. It would appear unlikely that government support for such research infrastructure would not continue beyond that, given the huge reliance of the research and management communities on the infrastructure delivered.

[bookmark: _Toc5027042]In regard to: 'Why change is occurring and how do we manage it?'
Understanding why change is occurring in the environment is essential for determining which factors to manage to influence environmental outcomes. Directly determining cause and effect in ecological systems can be complex and requires good experimental design in which treatments and controls are applied across replicates, for example to compare the effect of removing grazing on groundcover (e.g. via a fencing manipulation) to controls (e.g. Lunt et al. 2007). 
Experimental studies are useful for determining cause and providing insight into potential prevention or mitigation strategies. For example, Eldridge and Greene (1994) assessed the effect of cryptogram cover on the susceptibility of soil to erosion, and determined that it reduces the amount of splash erosion. They suggest that drought feeding stock in restricted areas should be avoided as it decreases vegetation and cryptogram cover, and hence increases susceptibility to erosion (see also Graetz and Tongway 1986). Undertaking targeted, experimental sampling locally within a national monitoring framework provides datasets that are representative and statistically robust for synthetic analysis at larger spatial scales, where that is possible (van Dam-Bates et al. 2018) and would capture valuable data from smaller programs more effectively. 

[bookmark: _Toc5027043]Advantages of current monitoring programs
[bookmark: _Toc5027044]Programs make good use of advances in remote sensing science.
Across Australia there is increased use of remote sensing programs to understand where and when environmental change is occurring. Scarth et al. (2017) present a range of online tools that enable landholders to assess their land both spatially and temporarily and to separate the effects of climate from management. Other studies (Bastin et al. 1996, Karfs et al. 2009) provide analyses relevant to effective management of rangelands. More recent studies (Barnetson et al. 2017, Gill et al. 2017, Scarth et al. 2017) include temporal analysis that enable climatic and management impacts to be determined. Continued technological advancements in imagery, computing analysis and analysis techniques will improve the application of remote sensing technologies to rangeland management in the foreseeable future. 

[bookmark: _Toc5027045]Programs have affected on ground management practices.
Previous monitoring has enabled environmental problems to be identified and have underpinned management decisions aimed at improving environmental outcomes. Remote sensing programs have identified areas where the most change has occurred, enabling field staff to investigate in more detail, and following up with practical management advice where a remediation technique exists. Governments can provide landholder assistance and training on management practices to mitigate environmental degradation (e.g. Stevens 2015). Whilst there is clear anecdotal evidence that these programs underpin and influence management, these outcomes are rarely published. 

[bookmark: _Toc5027046]Previous research helps us to understanding ecosystem processes and the causes of environmental change. 
There has been a large amount of world-class research in Australian rangelands over a long period of time that informs our understanding of ecosystem processes. These programs are well designed and provide insight into the cause and effect of various environmental phenomena. Once these effects are well understood they become part of “conventional wisdom” with the primary research not being identified. Significant examples include the causes, effects and appropriate management actions suitable to address dryland salinity (e.g. Clarke et al. 2002); the importance of retaining groundcover to mitigate against erosion (e.g. Sanjari et al. 2009); and the effect of water point provision on the grazing habits of livestock (e.g. Foran 1980). This information becomes critical to combine with surveillance and landscape information to provide the process information in our proposed holistic framework. 

[bookmark: _Toc5027047]Programs have been largely effective for their intended purpose. 
Whilst it is impossible to review all relevant literature (particularly given the grey literature problem in this field) most operational programs appear effective in achieving the objectives they were designed to address. Often when these programs are critiqued, they are assessed against contemporary criteria, not the criteria that they were designed to achieve. This creates a problem where programs are assessed to be ineffective against criteria that they were never designed to address. Commonly, when programs are deemed ineffective for their intended purpose, resource constraints rather than poor design are the prime cause, exacerbated by widespread lack of understanding on the importance of long term environmental monitoring information. The major compilation of this kind of work in Australia (Bastin and the ACRIS Management Committee 2008) was careful to articulate the limits in assessing rangeland monitoring across different jurisdictions whilst being careful not to critique individual programs. 

[bookmark: _Toc5027048]These programs already exist and can inform on historical change in environments.
One of the major advantages of existing programs is that, in many cases, they have been collecting information for a significant period of time. This enables historical analysis of phenomena that are currently occurring (Bastin and the ACRIS Management Committee 2008). This is particularly relevant for questions regarding what has changed, the magnitude and cause of that change, although we do have some ability to look retrospectively with satellite imagery to inform on where and when components have changed historically (Bastin et al. 2014). 

[bookmark: _Toc5027049]Disadvantages of current monitoring programs.
[bookmark: _Toc5027050]They are not designed to work across a range of scales.
Whilst a few agency-based pastoral monitoring programs successfully integrate both remote sensing monitoring and surveillance-based monitoring, other rangeland monitoring programs fall squarely within one of these monitoring types. When these programs were designed, many of the continental and global analyses referred to in this paper were not possible, and so were never considered during their design. Designing a holistic monitoring system with the monitoring components explicitly designed to link together will enable the system to be utilised at a range of scales from the local level to global scale analyses.  

[bookmark: _Toc5027051]Their design is often project specific, limiting subsequent use.
Current monitoring programs often have specific design criteria to address their intended aims. Whilst appropriate for their intended use, this often limits the ability to re-use data for different purposes. In many circumstances it is possible to slightly change collection methodology to make data more compatible with other data streams without compromising the utility of the data for its intended purpose. An example is the widespread use of categories for collecting vegetation cover information, which greatly limits subsequent data re-use, whereas vegetation cover information collected as percentage cover (continuous data) is far easier to re-use for a wide variety of analyses – given the ability to apply a range of categories to the data post hoc. Often these programs do not take advantage of new techniques that may collect similar information in a more rapid or accurate manner. 

[bookmark: _Toc5027052]Methods vary significantly between programs, even those with similar aims.
Methods employed by monitoring programs vary significantly between programs and jurisdictions (Bastin and the ACRIS Management Committee 2008). This causes problems when trying to federate data across large areas (Hampton et al. 2013), with measures, units and methods often being incompatible. Even when methods are similar but subjective there becomes a compatibility problem. Subjective assessments can be reasonably accurate with field calibration, however, the ability to effectively cross-calibrate field staff becomes difficult if the methods are employed across large areas by many teams. 

[bookmark: _Toc5027053]Many programs are either poorly resourced or their funding ceases prior to achieve their stated aims.
Most programs that have been set up to monitor rangelands have struggled with resource constraints. These fall into two major types of funding constraints. First, programs are often not funded to a level where they can effectively address their intended mandate, with method accuracy or site location being strongly influenced by pragmatic decisions around financial constraints. Second is the inability to sustain such programs in the long term. It is difficult to attract political support for sustaining ongoing monitoring when there is minimal constituent interest and there is political pressure to announce new and innovative programs in lieu of supporting established long term monitoring programs. Poor design is rarely the cause of programs failing to be sustained. 

[bookmark: _Toc5027054]Programs are implemented only at state or regional level, limiting their ability to contribute to continental or global analyses. 
The programs identified above are all somewhat restricted in spatial extent, with some focusing on small areas and others informing on entire jurisdictions. The combination of spatial restriction and their lack of consistent or compatible methodology makes it difficult to utilise these data for continental or global analyses. This history of eclectic monitoring styles operating under different legislation means data are not comparable across state borders nor compatible with national benchmarking. This has been acknowledged as a shortfall of existing monitoring programs (Watson et al. 2007). The most recent state of environment report also identifies the same issue (Cresswell and Murphy 2016, Metcalfe and Bui 2016) although it is identified that new national environmental infrastructure, technological advances, and improved computing tools and facilities provide a significant opportunity to make contributions in this area in the near future (Metcalfe and Bui 2016). 

[bookmark: _Toc5027055]Program outcomes are difficult to enforce or are rarely acted upon.
Evidence of impaired stewardship is rarely published by organisations with legislative responsibilities preferring to encourage behavioural change. If change is still not forthcoming, then they have a very high burden of proof before legal proceedings are attempted. Holmes (1997) indicates that much of the NT Pastoral Lands Act is difficult to enforce, given the sharing of responsibility between lessees and government. Many of the provisions in the Act are also worded in ways that are unmeasurable and hence unenforceable, relying on an obligation to “protect and conserve” and “prevent degradation”: without defining what those concepts mean (Pastoral Land Act 1992 (NT)). There is also the suggestion (Ledgar 1994) that governments have a history of failure to enforce lease conditions, and penalties are relatively minor in relation to the severity of the offences. Further information on the enforcement of stewardship requirements is not published and is therefore difficult to obtain.

[bookmark: _Toc5027056]Programs monitor a restricted set of taxa. 
Rangeland monitoring programs regularly collect a restricted suite of environmental variables to answer questions related to their intended purpose. This enables them to inform on their question of interest well, but significantly impedes their ability to assess entire ecosystems for  biodiversity-based questions. This is not surprising given the difficulty in surveying all taxa, with many programs failing to record fauna due to the expensive nature of collecting this kind of information using traditional trapping methods (Garden et al. 2007). Newer methods provide some opportunity to significantly broaden the scope of taxa sampled by including sample collection for subsequent e-DNA analysis (Jarman et al. 2018, Meyer et al. 2019). 

[bookmark: _Toc5027057]Data from these programs are not findable, accessible, interoperable or re-usable. 
Data from many programs are not made publicly available. This makes it difficult for other scientists to check or reproduce results. A variety of causes underpin this. Some datasets are massive, making it difficult (until relatively recently) to make them publicly available. Many of the more widespread monitoring programs are government-based, and collect information on privately owned or managed lands, and have a reluctance to share this information publicly for privacy reasons. More targeted research-based investigations are often undertaken by a small group of researchers who are reluctant to make data available prior to publication. Concerns over inappropriate data use are also often cited as a reason for not making data available (Lindenmayer and Scheele 2017). These reasons are all valid, although there are many processes and procedures (discussed later) to mitigate against most of these threats. Peters et al. (2014) identify that ecology has traditionally been conducted by individual researchers at specific study sites and that data sharing and collaboration have not traditionally been part of ecological culture. 

[bookmark: _Toc5027058]Methods or results are rarely published in peer reviewed literature.
With the notable exception of the WARMS program in western Australia (Watson et al. 2007), we were unable to find information detailing the methods and rationale used in Jurisdiction rangeland monitoring programs in peer-reviewed literature, although some jurisdictions had reasonably detailed information available on government department websites (DENR 2017). Most of this information was method-based with little information on the rationale for particular aspects of data collection, and the information that it could be used to inform. This creates a problem of “Grey Literature” where information on current programs is difficult to acquire. One cause of this is that most large-scale programs are run by government jurisdictions where there is pressure to “do” an operational program and little support for publication or widespread justification of program methods or goals.
[bookmark: _Toc5027059]What does a national system need to achieve?
Reviewing the advantages and disadvantages of these historical programs provides insight into the criteria necessary for a national rangeland monitoring system that provides the information needed for a range of uses. Below, we detail the key design features of such a program. 

[bookmark: _Toc5027060]The national rangeland monitoring system needs to incorporate a range of scales of monitoring.
Current thinking defines three major types or scales of monitoring (Eyre et al. 2011), each providing essential information to a holistic monitoring program, as described below. These are known as Landscape, Surveillance and Targeted monitoring. An effective continental-scale monitoring system for Australian rangelands will need to combine aspects of each of these three scales of monitoring. 

[bookmark: _Toc5027061]Landscape monitoring 
An effective monitoring system will incorporate landscape monitoring which provides information at regional to continental scales and is characterised by data across the whole Australian continent. Data are most commonly provided by a range of remote sensing analysis techniques and often incorporate GIS and modelling products. This type of information now provides us with widespread information that is calibrated to environmental change surrogates that are manifest in changes to reflectance from the Earth. This provides spatial context to our management decisions, i.e., in which areas should management interventions be focused? This also enables a reasonably high temporal resolution with some information available daily or weekly, allowing the ability to track large scale change through time, with operational examples including bushfire distribution (Giglio et al. 2009), landcover change (Guerschman et al. 2015) and flooding (Mueller et al. 2016). It also allows us to map the distribution of a range of essential biodiversity variables (Pereira et al. 2013), and relate that to field data for validation from other monitoring types (detailed below). Landscape monitoring enables us to answer questions relating to where and when rangeland change is occurring.

[bookmark: _Toc5027062]Surveillance monitoring
Surveillance monitoring is widespread, consistent monitoring across the entire continent that provides us with information that enables us to answer questions related to what environmental change is occurring where, and the magnitude and direction of that change. It is alternatively known as 'status and trends' monitoring (sensu Reynolds et al. 2016). Being consistent and widespread across the continent enables surveillance monitoring to detect pervasive environmental change that is not evident from satellite imagery, such as changes to species composition, and also to quantify the amount of change that is happening in an ecosystem. Surveillance monitoring information is also important for calibrating and validating the remotely sensed products provided by landscape monitoring. Consistent measures of factors such as species diversity, vegetation structure and ground cover, where possible co-located with sites from previous jurisdictional based programs, provide some opportunity to calibrate historic data to newly collected data to provide larger datasets.  
[bookmark: _Toc5027063]
Targeted monitoring
Lastly, we need good quality quantitative process information. This is provided by targeted monitoring programs that are designed for this purpose (Lindenmayer and Likens 2010). Typically, methods are specifically designed to address and understand the cause or drivers of change in a given environment. It is very rarely possible for this type of information to be nationally consistent, given that particular environments have different drivers and pressures. However, consistent methods can be applied to the measurement of ecosystem fluxes in carbon, water and energy at this scale. This type of monitoring can identify and quantify ecosystem processes and the cause of changes identified in surveillance monitoring and investigate and track ecosystem function at a more detailed level.    
[bookmark: _Toc5027064]
Essential components of a nationally consistent rangelands monitoring system for Australia
A monitoring system that effectively combines these requirements and meets current data needs for assessing our environments at a variety of scales must be able to achieve the following:

[bookmark: _Toc5027065]Enable long-term sustainable production.
Rangelands need to be managed to ensure food security and sustainable production for future generations. Significant and irreversible degradation can occur to a point where land goes out of production over any meaningful timescale. Erosion, salinification and desertification are processes that result in reduced productivity, while overstocking can lead to reduced vegetation cover or altered species composition. Factors such as these related to sustainable production could be readily monitored within a national rangelands monitoring program. The state and trajectory of these measurements would influence management actions to ensure grazing production occurs without degradation of the resource and would enable decisions to be made in consideration of seasonal conditions.

[bookmark: _Toc5027066]Monitor and report on changes to biodiversity. 
A national monitoring system should monitor the right variables and be sensitive enough to detect changes in biodiversity and provide that information in a way that it is readily discoverable and usable as input to environmental impact assessments. Agreeing on these variables has historically been challenging. However, more recently, consensus approaches have been reasonably successful in identifying appropriate variables (Pereira et al. 2013, Sparrow et al. 2019). Having this information collected consistently across the continent would assist anyone who needed to report in multiple jurisdictions. It would also be sensitive enough to alert scientists and land managers to change so that action could be taken to stem or preferably stop further degradation and declines and, if possible, to facilitate recovery.  The monitoring system would monitor a wide variety of taxa to enable researchers to detail changes in flora, vertebrate fauna (Eyre et al. 2011), invertebrate fauna (Andersen and Majer 2004) along with bacteria, archaea and eukaryotes (by taking samples for subsequent analysis) (Bissett et al. 2016).

[bookmark: _Toc5027067]Measures key environmental variables that are utilised for many purposes.
A definitive set of environmental variables needs to be created for such a system and these should be arrived at by an extensive consultation process with a wide range of stakeholders and experts from across the continent (see lesson #4 in White et al. 2012). The process will undoubtedly involve compromise to enable a suite of measures that meet the needs of the greatest number of stakeholders.
However, in a broad sense there is agreement on the range of types of data that such a monitoring systems should collect. Essential Biodiversity Variables are widely accepted as a sensible suite of measures to inform on biodiversity at the global scale (Scholes et al. 2008, Pereira et al. 2013, Kissling et al. 2015, Pettorelli et al. 2016, Brummitt et al. 2017, Pereira et al. 2017, Proenca et al. 2017, Schmeller et al. 2017, Vihervaara et al. 2017). These clearly advocate for collecting information in each of the six areas of Genetic composition, Species populations, Species traits, Community composition, Ecosystem structure and Ecosystem function. Other authors (Turak et al. 2017) identify how essential biodiversity variables are useful to inform on biodiversity nationally, with many programs already measuring many of these variables. With widespread agreement at the broad level, reaching consensus on specific measures, whilst undoubtedly challenging, should be possible, given examples already demonstrated (Sparrow et al. 2019).

[bookmark: _Toc5027068]Meet State/Territory-based legislative and other statutory requirements.
The system needs to be flexible enough to meet the legislative requirements of each contributing State or Territory. For example, the Pastoral Land Act 2016 (Northern Territory) legislates the creation of monitoring sites that assist with the requirement to: "take all reasonable measures to conserve and protect features of environmental, cultural, heritage and ecological significance". Legislation in other States and Territories similarly mandates requirements for environmental management and monitoring. Examples of relevant legislation include the Natural Resources Management Act 2004 (South Australia), the Land Administration Act 1997 (Western Australia) and the Environmental Protection and Biodiversity Conservation Act 1999 (The Commonwealth of Australia). While regional monitoring programs would not be precluded, the national system must be applicable to meeting current regional statutory obligations.

[bookmark: _Toc5027069]Contribute to international and nationally consistent reporting obligations.
A national monitoring system would provide consistent information across Australia. This would enable seamless continental products such as new mapping of vegetation types and soils (Gellie et al. 2018), reporting of trends in forest resources, and the ability to directly compare flora and fauna records and trends in similar ecosystems in different jurisdictions. It would also enhance our ability to meet international reporting obligations. The monitoring system would provide information useful in assessing our performance against the Sustainable Development Goals of the United Nations. Australia has endorsed and voluntarily reports on the 2030 agenda for Sustainable Development. Life on Land (Sustainable Development Goal 15) is particularly relevant to our proposed system as it aims to: “Protect, restore and promote sustainable use of terrestrial ecosystems, sustainably manage forests, combat desertification, and halt and reverse land degradation and halt biodiversity loss.”(Department of Public Information 2018)
In Australia, the Federal Department of Environment and Energy, the lead agency responsible for delivering this reporting, is significantly stifled in synthesising information to accurately report on these goals sourced from the disparate rangeland monitoring programs at State level (Cresswell and Murphy 2016, Australian Government 2018). A combined monitoring system, standardised across Australia, would significantly simplify this reporting process by providing compatible data that is analysis-ready. 

[bookmark: _Toc5027070]Take advantage of new technologies where they provide new information or current information in a more efficient manner.
Lesson  7 in White et al. (2012) identifies technological developments in methods, data collection, analysis and storage of data as a significant issue in future rangeland monitoring and that it will require constant updates to implemented systems. 
Recent technological advances have resulted in massive increases in computing power and the miniaturisation of a huge range of technical components, enabling access to field sensors and equipment that are smaller, cheaper, faster and more accurate than those available in the past. Modern data management now makes it relatively simple to collect data digitally (Tokmakoff et al. 2016) and seamlessly upload to cloud databases. Data analysis has also been significantly enhanced by access to cloud computing tools, enabling complex continental analyses that have not been viable previously. 
Camera miniaturisation and the prevalence of smart phones make the collection and online archiving of digital imagery routine. This has also enabled the widespread utilisation of UAV’s for data collection in the field, with the ability to relatively easily obtain Digital Elevation Models, and subsequently vegetation height and structural information from both Lidar Systems (Beland et al. 2019) and Structure from Motion using multispectral information (Wallace et al. 2016), along with the creation of fractional cover products from the ultra-high resolution imagery available from UAV’s (Melville et al. 2019).
Newly available tooling such as the collection and processing of 3D panoramic photo-points (Sparrow et al. 2019)and field data collection directly to a digital device (Tokmakoff et al. 2016) reduce data entry errors and significantly simplify subsequent data management and curation.
The collection of a range of environmental samples enables subsequent genetic analyses that may not have been possible at the time of collection (Meyer et al. 2019). Soil physical, chemical and biological samples along with vegetation voucher and tissue samples can be stored long-term and accessed for a variety of subsequent analyses. The detection of diversity across multiple taxa from environmental DNA in dedicated soil samples (Thomsen and Willerslev 2015), and the subsequent biobanks derived from them (Jarman et al. 2018), give us the ability to rapidly collect significant amounts of data. Many of these methods are becoming feasible as routine tools for systematic monitoring that could be incorporated into a holistic national system. 

[bookmark: _Toc5027071]Provide re-useable, open access, compatible data. 
Data from publicly funded monitoring should be publicly available and easily accessible, yet this has not always been so. Advances in technology mean that data can now be federated and delivered online. Several factors make data publication and re-use more feasible. Firstly, the measurements taken should be quantitative and as objective and representative as possible. Collecting raw data electronically creates a more efficient data pipeline and reduces transcription errors (Tokmakoff et al. 2016). Formal identification and long-term retention of voucher specimens ensures standardised and up to date taxonomically. Finally, it is important that detailed descriptions of methods are available, and that data are adequately described for re-use, including any processing operations (e.g., to calculate indices) that have been included.
The open data agenda has seen significant uptake in the past decade. In many fields of science, data are routinely submitted for publication in parallel to journal manuscripts, either to a reputable online repository or as supplementary data. Many repositories exist (Michener and Jones 2012, Turner et al. 2017) where data and accompanying metadata can be submitted and made available with appropriate licensing and issuing of Document Object Identifiers (DOIs). This leads to citeable datasets and the creation of academic value in the submission of datasets that are made available to others. Monitoring networks need to embrace the open data agenda, providing data freely, easily and openly, with appropriate safeguards for threatened species (Lindenmayer and Scheele 2017, Lowe et al. 2017).
[bookmark: _Toc5027072]Best practice on scientific data management is for data to be made available using the FAIR principles; that it is, Findable, Accessible, Interoperable and Re-usable (Wilkinson et al. 2016). We advocate for these principles to be observed when storing and delivering the rangeland monitoring data detailed here. 

Be justified in the peer reviewed literature.
Methods and rationale for this system should be peer reviewed, providing a justification along with  appropriate methods and protocols. This will ensure that the data collected are of maximum use and suitable for their intended purpose, while important details are not overlooked. Peer review will also promote economic decisions that are made with an appropriate level of scrutiny of the science underpinning them (Gannon 2001).  Details of current monitoring systems are rarely published in the peer reviewed literature, and consequently, they have not been subject to the same level of critique. 

[bookmark: _Toc5027073]Be resource-efficient and funded for the long term.
A national system as advocated for here must use resources effectively by determining efficient means to collect and disseminate information. Creating the proposed system, in which environmental and production departments in jurisdictions, NGO’s, pastoral companies, consultants and federal government departments all benefit from information collected using the same protocols, would provide significant efficiencies. Data collection, management and delivery could be shared, and automated tooling created for the most common analyses, saving each agency significant time and money. Longevity of funding is often legitimately raised as a concern for any program, however, even legislated programs are not immune from funding decreases or cessation. The associated legislation is often written in a way that enables the subjective interpretation as to the level of rigor required in monitoring methods. Funding continuing in budget forward estimates (the Australian government’s forward budgeting process) is currently the most tangible demonstration of program support.

[bookmark: _Toc5027074]Collect samples for subsequent analysis.
We advocate for the collection of physical samples to be integrated into a future monitoring program. Sample collection, curation and storage greatly enhances data quality now and in the future. Whilst some taxonomic changes can be accommodated in existing datasets, other taxonomic changes cannot be reconciled with existing data unless physical samples are available for re-determination, for example, a single species being recognised as multiple taxa.
Sample collection also enables analysis including that not previously anticipated. For example, environmental and tissue samples enable genetic and isotope analysis to provide insight on phylogeny and evolutionary processes and enable cross-disciplinary analysis that has been difficult to conduct historically (e.g. the assessment of soil samples, their genetic composition and how that might influence drug discovery in the context of a range of environmental variables (Lemetre et al. (2017)). Physical samples will also enable future researchers to conduct analysis in ways that have not yet been determined, or are too costly to routinely implement in a monitoring program. These samples and associated data need to be available for researchers to access and utilise. 

[bookmark: _Toc5027075]Collects objective and compatible data. 
Significantly increased computing power, the ability to process huge datasets using new tools such as Google Earth Engine (Gorelick et al. 2017), and the increase in nationally (e.g., TERN, NEON, SAEON) and internationally distributed research programs (e.g. FAO Drylands  (FAO 2016), NUTnet (Borer et al. 2014), Tea bag index (Keuskamp et al. 2013)) have resulted in a plethora of large-scale data sets and the computing infrastructure to effectively analyse them. As demands for national and global analyses become more frequent (van Dam-Bates et al. 2018), the scientific community is recognising the limitations of combining disparate datasets and, as a result, there is increased desire for data compatibility and standardisation of data collection protocols.
Standardised protocols should be made available to researchers to utilise when they wish to collect particular types of data. Unless there is a clear need for alternate methods, the same information should be collected in the same way, leading to greater data compatibility and more opportunities for data re-use (Gellie et al. (2018). 
Consequently, the data collected in a national system should be as objective as possible (see lesson #8 in White et al. 2012), based on measurement and calculation rather than inference, estimation or expert opinion. We acknowledge that subjectivity can be minimised but not avoided entirely. Whilst expert opinion is valuable when determining where and what to monitor, data collection needs to be precise to ensure repeatability and to minimise sampling artefacts that interfere with the detection of real change. Data obtained objectively also have increased utility and compatibility with other similar data and therefore increased probability of re-use. To this end, methods must be well documented and undergo accuracy testing. 

[bookmark: _Toc5027076]Build on previous work where possible.
There is a great deal of valuable monitoring data already existing that could contribute to this proposed system. It is advantageous to assist these programs to evolve to become more compatible, and contribute to a national system.  
To progress a more comprehensive national rangelands monitoring system for Australia, we are obligated to build on what already exists. State-based and national monitoring programs have made useful advances that we can capitalise on. We should aspire to build a collaborative system that monitors diverse taxa, whilst being realistic about resourcing constraints. We need to collect fundamental data well to provide a basis for adding extra components when resources are available, and work together to maintain support.

Conclusions
The rangelands are an important ecosystem for the prosperity and, indeed, national identity of Australia, and support vast areas of native vegetation and significant biodiversity assets. To manage these lands sustainably, we need to determine the location, time, magnitude, direction and causes of change, and develop potential amelioration techniques to prevent deleterious change.
Australia has a long history of rangeland monitoring, with many successful jurisdictional programs, which, along with national initiatives (such as ACRIS and TERN), provide useful information for this purpose. Even so, more data collected in a nationally consistent manner are needed to effectively manage these lands, fulfil reporting requirements and enable large-scale ecological analysis.
In this paper, we have proposed a system that learns from the lessons provided by previous monitoring programs, whilst identifying areas in which these programs are not appropriate for current reporting requirements. The system implements monitoring at Landscape, Surveillance and Targeted scales to ensure that the strengths and information provided from each of these feeds in to a comprehensive system.
The system records information on key environmental variables, in a consistent manner nationally, that enables data to be relevant to analyses ranging from local to global scales. It takes advantage of recent technological advances, and current best practice in data management and delivery, providing data in an open and transparent way. Its methods are subject to peer review, and it aspires to be funded for the long term. Sample collection for subsequent analysis by research and management agencies is inherent to the system, providing significant advantages and future-proofing of data collection. Objective data collection ensures data is as compatible as possible between collectors and spatial areas, and it builds on the excellent previous work that precedes it.
Creating a widespread national ecosystem monitoring system for Australia is feasible. Indeed, the process has already begun. By taking advantage of novel technologies in the collection, curation, publication and analysis of field data, synthesis can be enabled at local to global scales and a holistic monitoring system such as we outline here is likely to become more viable in the long term.
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