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Preface to ”Multiple Roles for Landscape Ecology in

Future Farming Systems”

As the world’s population continues to grow and we face increasing challenges to meet the basic

food requirements of this population against the backdrop of global environmental issues such as

climate change, the future of farming systems is of utmost concern.

Farming systems must be intensified to be able to provide for the growing global population

whilst continuing to generate livelihoods for the farmers that manage them in addition to supporting

other important ecosystem services that can help to mitigate the impacts of climate change, reduce

biodiversity loss, and maintain water quality.

To achieve this, future farming systems will need to be informed by a wide range of scientific

and technological developments to rise to the challenges that lie ahead. Landscape ecology is well

positioned to utilize its transdisciplinary focus to present some guidance on how to plan, design,

and modify landscapes to achieve sustainable landscapes and livelihoods. It can help to provide

appropriate tools, approaches, and frameworks that can be applied to better understand the dynamics

of the landscape whilst also facilitating the development of new knowledge and improved advice that

can bring about change.

Landscape ecology has the potential to provide scientific evidence and theory that can assist

farmers in the creation of future farming systems that meet societal needs whilst also responding

to environmental challenges. This book is a result of the Special Issue of Land entitled “Multiple

Roles for Landscape Ecology in Future Farming Systems”, dedicated to the symposium of the same

name held at the 10th IALE World Congress in Milan in 2019, at which some of the many areas

in which landscape ecology can assist in the development of future sustainable farming systems

were discussed. Roles for landscape ecology range from creating a better understanding of how

habitat change impacts on individual species, utilizing concepts of ecosystem services to quantify the

impacts of transforming agricultural landscapes, incorporating indigenous and cultural knowledge

into agricultural production, through to helping to design multifunctional landscapes. This book

also throws down the gauntlet to landscape ecologists across the world to apply their knowledge and

experience of this useful meta-discipline to help farmers across all areas of the globe—be they small or

large in scale—to play their vital part in ensuring both food security and environmental sustainability.

Diane Pearson, Richard Aspinall, Julian Gorman

Editors
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1. Introduction—Challenges Facing Future Farming Systems

Farming faces new and urgent pressures, with an array of mounting social, envi-
ronmental and economic challenges, and growing public and political expectations for
improved stewardship of natural resources. Responses demanded of farming include
changes that reduce greenhouse gas emissions, improve environment quality, restore and
increase biodiversity, feed a growing global population, and support national economies,
all while providing livelihoods for farmers themselves. Further, there is an immediacy
and urgency to respond to an array of challenges as multiple planetary boundaries are
exceeded or approached [1] while tackling important sustainable development goals which
largely rely on sustainable future food production and livelihoods at local, regional and
global scales.

Future farming systems need to respond to a recognition that a changing climate
is impacting the capacity of farming and forestry across nations and regions [2]. This
has implications for production and supply of food and fibre as the century progresses,
with both flooding and drought events increasing in frequency [3], and water quality and
quantity becoming increasingly problematic. We are also in an era where biodiversity and
ecosystem services provided by the natural environment are declining, as land clearing
continues to open up new land for cultivation and land cover change occurs associated
with intensification of land use. Threats to biosecurity are proliferated with the movement
of people and products, and are exacerbated by the implications of climate change. Market
and consumer influences and preferences are changing as people become more aware
of animal welfare issues, concerns about biodiversity loss and the need for sustainable
production. Compounding this is a growing public awareness and dissatisfaction with the
environmental impacts that result from high input and intensified agricultural production,
and an increasing preference for products that identify as sustainable that are produced by
businesses with environmental credentials. Agriculture also needs to respond to heightened
concerns around the relationships between animal protein and human health issues, whilst
recognising trends towards increased plant-based protein and flexitarian diets.

These pressures and demands challenge current patterns and practices of land use
worldwide, and require development of sustainable agriculture and land-use practices
that can address the climate, biodiversity, population, and water, energy, and food security
issues [4,5]. Deliberate and directed change in land systems and practice requires clear
and careful thought and guidance based on the best available evidence. Although farming
continuously responds to market and other signals, it is perhaps less responsive to signals
from factors typically considered as externalities, such as costs to natural capital. A growing
body of information from a diverse set of disciplines and perspectives is being generated
and has the potential to inform choices and decisions for future farming. Knowledge of
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the greenhouse gases associated with different farming types and activities have been
established, the impacts of land clearing and intensification on biodiversity are well-known,
although the specific details are contested, and the impacts of land management on ero-
sion and water quality and quantity are becoming increasingly recognised. The task of
assembling, synthesising and integrating these multiple evidence bases, objectives and
priorities to make informed decisions about specific land, land uses and practice change,
requires support.

Although this support will come from multiple sources, landscape ecology can play a
particularly significant role. The interconnected variety of issues currently faced requires
understanding based on “whole system” approaches. A number of authors have discussed
the relationships, overlap and complementary perspectives of land systems science, land-
scape ecology, and political ecology, as well as their links to sustainability science [6–9].
All are interdisciplinary in scope and approach, recognise and address land as a coupled
human–environment system, and all have a focus on land system dynamics. Landscape
ecology also has a well-developed set of tools and methodologies for analysis across multi-
ple spatial, temporal, and organisational scales. The holistic and interdisciplinary nature of
landscape ecology positions it not only to address the specific human and environmental
challenges facing agriculture, but also to offer advice on how to plan, design, modify
and develop understanding for new land-use patterns and farming systems in specific
geographic landscapes that can function with the best environmental, economic and social
outcomes in mind [6]. Landscape ecology can provide appropriate tools, approaches and
frameworks that can facilitate the action, knowledge and advice required to help work
towards the creation of future farming systems that meet societal needs, respond to the
environmental challenges and that can sit within sustainable landscapes and societies.
However, it is important that these can be practically applied and are seen to be relevant
for policy makers and farmers to be able to implement.

2. Contributions of these Special Issue Papers

The papers in this Special Issue explore the potential for these contributions and
discuss the evolving roles for landscape ecology in future agricultural systems. Papers
individually focus on specific parts of the challenges facing farming for the future. Biodi-
versity and its management and role in agricultural systems is examined in studies on the
potential for improving land management to support pollination across Portugal, using
approaches based on land cover data and modelling tools [10] and modelling impacts of
habitat changes on Skylarks in Hungary [11]. Changes in land funds at regional scales in
Russia [12] and exploration of the benefits of agroforestry systems in southern Brazil [13]
address habitats and land covers associated with land uses, while other papers report on
the roles and potentials for a new method of scaling from customary harvests at local scales
to wider markets [14]. The concept of ecosystem services is used to assess the impacts
associated with the transformation of agricultural landscapes in the European Alps [15],
and the use of geodesign and the theoretical strengths of landscape ecology are explored to
help to design multifunctional landscapes in New Zealand [16]. The ability to monitor and
determine dynamics in farming systems is investigated for the Scottish pastoral and arable
industries between 1867 and 2020 [17], illustrating both endogenous and exogenous drivers
of change which provide important knowledge for managing future farming systems and
understanding how they will respond to future stimuli. Although each of these case studies
use a specific geographic location, they also establish principles that are of general applica-
tion and provide useful foundational knowledge to input into the management of future
farming systems that offer more sustainable solutions to food production. Pearson [18]
builds on the theoretical strengths of landscape ecology in transformative agriculture, using
the environments and agricultural activities in Aotearoa, New Zealand as a case study
in linking theory and practice within farming, to cocreate future farming systems. The
ability for farmers to have some control over the destiny of the systems in which they
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operate will be key to maintaining resilient, functioning farm systems that respond to
global environmental and population challenges.

Taken together, the papers address a variety of questions about the nature of future
farming systems, and the changes necessary to achieve those future systems, as well as
the utility and capacity of landscape ecology as an approach to integrate and synthesize
scientific information for effective regional and global landscape management. Since it is
important that this integration and synthesis aims towards practical outcomes that create
sustainable landscapes and futures for environments and people, landscape ecology needs
to demonstrate its relevance and develop in basic, strategic and applied directions, and in
participatory codesign of land management practices at various relevant scales.

Issues raised and discussed in these papers include: How can landscape ecology
concepts be more practically applied to assist farmers and policy makers in facilitating sus-
tainable land management decisions and planning and designing future farm landscapes?
How can landscape ecology assist in the establishment of effective transdisciplinary projects
that focus on the codevelopment of strategies to identify and address problems? How can
knowledge and cultural connections and values that indigenous people associate with
landscapes be incorporated into more western production systems for more sustainable
outcomes? This includes exploring and better understanding how we determine the po-
tential for diversification of agricultural production systems towards alternative practices,
which integrate with customary knowledge and practice towards the growth and harvest
of novel bushfoods and capitalize on organic practices which are nondestructive. Other
questions raised in the Special Issue include: What are current potentials for geodesign and
geospatial technology to propose and evaluate alternative patterns of farming land uses
and create multifunctional landscapes? What lessons does a long view of land-use change
in agriculture provide for understanding future change management? What are the impli-
cations of changes to the intensity associated with rural land use? What role do pollinators
play in production and how can we incorporate the ecosystem services pollinators play into
farm production? How can we improve agrobiodiversity by incorporating local ecological
knowledge? What are the implications of losing productive land to urban and industrial
use? How do we maintain important ecosystem services within future farming systems?

Key roles for landscape ecology that emerge from the papers in this Special Issue
include the importance of landscape ecology in assisting in the design and creation of
multifunctional landscapes that preserve important biodiversity and ecosystem services,
and the ways in which this can help with the maintenance and preservation of vital
landscape functioning and processes to ensure sustainable production into the future.
The papers also demonstrate that landscape ecology can help with the development and
application of relevant monitoring and evaluation tools to assist in quantifying the status
and condition of farmland and the species that reside within it. Landscape ecology is
also seen to have an important role in the creation of bottom-up approaches that consider
farmers’ and other stakeholders’ world views and perspectives, and facilitate stewardship
of the landscape by embracing cultural connections to landscapes and utilising indigenous
and other forms of traditional knowledge. In doing this, landscape ecology has an important
role to play in linking science and practice and in the coproduction of knowledge for
sustainable futures. As a metadiscipline, landscape ecology can also have an important part
to play in the integration of knowledge and approaches from a variety of disciplines and
in solving agriculture-related environmental problems, thus facilitating transdisciplinary
approaches for transformative outcomes. Further, by considering both socioeconomic as
well as ecological considerations, landscape ecology can help to secure not only sustainable
environmental outcomes but also, very importantly, sustainable business ones too.

3. Conclusions

Overall, the papers in this Special Issue highlight the challenges that farming systems
and rural communities face whilst throwing down the gauntlet for a future landscape
ecological research agenda that can support farming and farmers through important trans-
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formative change, which will help to create future sustainable farming systems that can feed
a growing population. It is hoped that this Special Issue will: inspire landscape ecologists to
explore theory and practical tools that can assist in the planning, design, modification and
development of new farming landscapes with the best environmental, economic and social
outcomes in mind; contribute towards developing land systems and land management
practices for specific landscapes that meet the goals of increased nutritious food produc-
tion in the face of market and climatic variability whilst reducing environmental impacts
and enhancing natural capital; and assist in driving and supporting the transformative
changes required to the socioeconomic and environmental systems of rural areas and food
production for the future.

By exploring these issues through developing research agendas, landscape ecologists
can demonstrate their importance in providing the scientific guidance to ensure farm sys-
tems of the future meet environmental and production targets. By considering the farm
within the broader landscape mosaic in which it sits, and by treating the farm as an impor-
tant, coupled human–environment system, recognising important drivers of change and
acknowledging the farmer/landowner as an important participant in future design making,
it is possible to help farmers and policy makers to be able to address economic requirements
whilst preserving important ecosystem services that ensure sustainable landscapes and
livelihoods into the future.

Author Contributions: Conceptualization, D.P., J.G. and R.A.; writing—original draft preparation,
D.P., J.G. and R.A.; writing—review and editing, D.P., J.G. and R.A. All authors have read and agreed
to the published version of the manuscript.
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Abstract: Aotearoa—New Zealand (NZ) is internationally renowned for picturesque landscapes
and agricultural products. Agricultural intensification has been economically beneficial to NZ
but has implications for its clean green image. Contaminated waterways, high carbon emissions,
and extensive soil erosion demonstrate the downside of high stocking rates and land clearing.
Transformative farming systems are required to address the challenge of balancing production with
the environment. Whilst navigating through the process of change, farmers need to be supported
to make informed decisions at the farm and landscape scale. Landscape ecology (LE) is ideally
positioned to inform the development of future farming landscapes and provide a scientific context to
the criteria against which land-related information can be evaluated. However, to do this effectively,
LE needs to demonstrate that it can link theory with practice. Using NZ as a case example, this paper
discusses the key roles for LE in future farming systems. It looks at the way LE can help quantify the
state of the landscape, provide support towards the co-creation of alternative futures, and assist with
the inclusion of land-related information into design and planning to ensure mitigation and adaption
responses assist in the transformation of farming systems for sustainable outcomes.

Keywords: future farming systems; sustainable landscapes; landscape planning; environmental
challenges; transdisciplinary

1. Introduction

Globally, agriculture finds itself on the brink of transformation. Agriculture needs to respond
with immediate action to the current global environmental challenges like climate change and issues of
contamination from intensively managed land. It also needs to be capable of feeding an increasing
world population [1]. Reformation in terms of agricultural practice is also on the cards due to the
increasing availability of new technological advancements applicable to farming systems and the
changes in consumer preferences towards food products that have greater ethical and environmental
credentials [2]. These challenges and pressures will likely result in a contemporary revolution for
agriculture in which farming practices and systems move to a different paradigm. The imminent
implications and consequences of which will mean landscapes, and the communities residing in them,
will face outcomes and situations that have never been experienced before.

Aotearoa-New Zealand (NZ) is a nation that relies heavily on its tourism as well as its agricultural
exports (beef, lamb, and dairy products). To balance the demands from both sectors, NZ is becoming
increasingly aware of its need to change some farming practices and demonstrate its sustainable
farming systems on a global platform. NZ prides itself on its picturesque landscapes, which are a
drawcard for many of its international visitors. During 2019, international visitor arrivals to NZ were
in the order of approximately 3.9 million [3]. With a population of only approximately 4.9 million [4],
tourist numbers considerably bolster the spending capacity of residents and therefore have a significant

Land 2020, 9, 146; doi:10.3390/land9050146 www.mdpi.com/journal/land7
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economic impact in NZ. To attract tourists, NZ is very proficient at marketing the connection to
nature that is part of its production cycle, especially that associated with its creation of meat products
(e.g., the current “Taste Pure Nature” Campaign) [5]. This ‘natural’ image has been shown to have
considerable market value overseas [6]. With heightened environmental concerns coming to the
forefront of global consumer behaviour, NZ is grappling with the challenges of maintaining its status
as a great primary producing nation and one of landscapes that are environmentally healthy. As a
result, NZ wants to position itself as a leader in the global agricultural sector by demonstrating ‘gold
standard’ environmental practice. However, knowing exactly what to do to have the best outcomes
is currently difficult for farmers who are presented with lots of reasons to change their practices but
not much information on the best way to change to have the biggest environmental impact whilst
maintaining a viable livelihood.

Landscape ecology (LE) has a long association with agriculture and farming systems through its
early focus on landscape pattern, habitat fragmentation, and the impact on biodiversity caused by
productive and human-modified landscapes [7,8] However, the focus of LE research to date, especially
in NZ, has largely been one of considering LE in terms of biodiversity loss, habitat fragmentation,
restoration of natural systems, and trying to improve degraded landscapes and enhancing conservation
outcomes at the landscape scale [9–11]. There is little evidence to date to demonstrate the potential
LE has in NZ to work alongside farmers towards future farm system design. There appears to be
untapped potential for a role in creating both sustainable production systems and sustainable local
landscapes. This means appropriately advising farmers on how to improve production outcomes for
their farms as well as environmental ones.

The holistic and transdisciplinary nature of landscape ecological science positions it well to not
only address the environmental challenges facing the broader landscape but also to contribute to
production issues by providing advice on how to plan, design, modify and develop new landscapes
(both at the farm and wider landscape or catchment scale) with best environmental, and livelihood
outcomes in mind. However, despite LE theory having been developed and extensively discussed over
the last 20–30 years, it has not had the on-ground impact that it perhaps would have been expected to
have [12].

This paper builds on the work of Opdam et al. [12] that makes recommendations for how LE can
become ‘a science for action’ at the local landscape scale. Their narrative intended to “reinvigorate and
refocus the aim of landscape ecology towards cooperative knowledge production in order to better
integrate landscape science into local practice and to adjust scientific methods to better support actions
at the local level” [12] (pg. 1444). Given that individual farm systems operate at a local level but
collectively have significant broad landscape impacts, this call for action is particularly important to
guide the research agenda for LE in the context of farm systems. This paper also expands on ideas
developed 20 years ago by Meurk and Swaffield [13] around sustainable agriculture in New Zealand.
In doing this, the paper reflects on the position of LE in NZ in terms of being able to effectively
demonstrate its practicality as an applied science with local impact and direct relevance to NZ farmers
and the challenges that that farmers face around landscape sustainability in the 21st century.

This paper uses NZ as a case example, to explore how the science of LE can capitalise on
its potential to work closely with, and appropriately inform, an agricultural sector facing difficult
challenges and radical change. The most significant challenge for agriculture being an ability to increase
food production in the face of market and climatic variability whilst reducing environmental impact.
The paper first provides the context for agricultural change by describing the main issues facing
agriculture globally and in NZ. It then goes on to identify some key roles for LE, and recommends
some priorities that should be addressed to help make LE science more useful for farmers. Finally,
whilst reflecting on progress to date, the paper presents advice that can contribute to a LE research
agenda that can support farming systems and rural communities through the transformative change
that is required to address the challenges they face.
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2. The Need for Agricultural Change

2.1. The Global Situation

McCalla [14] stated that agriculture globally would face three challenges in the 21st century. These
challenges are: i) food security, ii) poverty reduction, and iii) sustainable natural resource management.
However, facing challenges is not something new for the agriculture sector. The challenge of increasing
production has proved to be something that agriculture has been able to respond to. In the past,
the ability to keep pace with a growing population has included expansion of production onto ‘new’
land, technological advancements, and policy incentives [14]. Agricultural production more than
tripled between 1960 and 2015 as a result of these responses [15]. However, 21st-century challenges
for agriculture look likely to be more difficult to address than the ones that came before because
individual issues are compounded. Challenges now include addressing wicked problems like being
able to cope with an expected global population increase to almost 10 billion people by 2050 [15,16];
the impacts of climate change; and economic growth in low and middle-income countries that is likely
to facilitate the transition in these countries to a diet consisting of more meat, fruit, and vegetables [2,15].
All these challenges will put increasing pressure on the world’s natural resource base [15]. The ability
to adequately address the issues associated with food security and environmental concern will require
the creation of sustainable farming systems that can double their production whilst maintaining
environmental integrity [14]. Farming systems will also need to have the ability to adapt to and
mitigate impacts of climatic variability of unknown quantity and severity. For this to happen, there is a
lot of pressure on farmers to make the right choices for their businesses, in terms of both production
and the environment [2]. As custodians of the land, the role of farmers and their land use will
become increasingly more important as they attempt to increase production whilst curtailing their
own environmental footprint [2]. Farmers will also have to work for the greater good by putting in
place strategies around carbon sequestration that can help to mitigate carbon emissions at both the
global and national level [2]. Ensuring that farmers get the best advice possible to assist them to make
the optimum decisions will be crucial for the sustainability of their livelihoods and the environment.

2.2. The Situation in Aotearoa—New Zealand

Aotearoa - New Zealand (NZ) covers a landmass of 268, 021 km2 (26.8 million hectares) [17].
It comprises of 3 main islands – North Island, South Island, and Stewart Islands plus some smaller
islands including the Chatham Islands. The main islands are located geographically between a latitude
of 34 and 47S and a longitude of 166 to 179E and from the very top to bottom NZ covers approximately
1600 km and is 450 km wide at its widest point [18]. Most of the population of NZ is focused around
major population centres (e.g., Auckland, the biggest city in NZ, had a population of 1.657 million in
2017, and the next biggest and capital city of Wellington had just under 500,000), leaving approximately
78% of the total area of NZ described as having “no inhabitants recorded per square kilometer” [19],
demonstrating the rural and remote nature of much of the country.

The landscapes of NZ have many famous tourist destinations. Tourism currently contributes
approximately 20% of foreign exchange earnings [20], making it NZ’s biggest export industry.
The financial injection tourism provides to the economy consists of a direct annual contribution to
GDP of $16.2 billion, or 5.8% of GDP [20], and a further indirect contribution of $11.2 billion, another
4% of GDP [19]. Despite being worth less than tourism, agriculture is also hugely important to the NZ
economy. The benefit of agriculture to the NZ economy consists of an annual contribution of around
$11 billion, approximately 4% of gross domestic product (GDP) [21], with the dairy sector contributing
3.5% or $7.8 billion to NZ’s total GDP [22].

Farming dominates the land use of NZ, with 45.3% of the total land area of NZ (i.e., 12.1 million
ha) being utilised for agriculture or horticulture and 7.8 million ha of this farmland being grassland [23]
(see Table 1 summarising the proportions of the major land uses in NZ). Livestock farming dominates
agricultural land use, with sheep and beef farming occupying approximately 32% of land and dairying
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nearly 10% [20]. As of June 2019, NZ farmed 10.3 million cattle (3.9 million beef cattle and 6.4 million
dairy cattle) and NZ farmed 26.7 million sheep [24]. In comparison, less than 0.5% of NZ’s total land
area is under fruit and berry production and 0.3% was used for growing vegetables [23].

Table 1. The proportion of the New Zealand (NZ) total land area occupied by major land use types
(This work is based on/includes Stats NZ’s data which are licensed by Stats NZ for reuse under the
Creative Commons Attribution 4.0 International licence [23]).

Major Land Use Type Proportion of NZ Total Land Area

Agriculture 45%

Conservation 32%

Forestry 8%

Urban 0.8%

Compared with neighbouring Australia, NZ has a relatively recent history of human settlement.
The Polynesians who developed the Māori culture first settled NZ about 750 years ago, with European
settlers arriving nearly 200 years ago. Impacts on biodiversity and land cover change started with early
Māori deforestation but the expansion of the European settler population had the most significant
impact on land use and land cover change, as they cleared the landscape to make way for more
intensive agricultural production. By 2016, 55,473 farm holdings were recorded in NZ with an average
size of 252 ha [25]. Since European settlement, the rural landscape has largely been dominated by the
‘family farm’ [26].

Despite NZ farming mostly being undertaken by farmers of European settler origin, the
contribution of Māori agriculture to the farming economy is significant. About 5% of the total
land area of NZ is Māori land. Of this, a total of 49.5% is administered by ahu whenua trusts (a land trust
that promotes the use and administration of one or more Māori land blocks) [27] and 13.7% by Māori
incorporations [28]. Most of the incorporations and a big share of the ahu whenua trusts have interests
in agriculture. In 2016, 450,600 ha of land was categorised as being Māori farms used for primary
production and of this, nearly half the total was under grassland or pasture (218,000 ha), followed
by forest plantation (at 110,400 ha), bush and scrub (at 75,400 ha), and horticulture (at 2700 ha) [29].
Agriculture is estimated to account for about 20% of Māori authority enterprises [29]. In early 2000
more than 15% of NZ sheep and beef exports came from Māori farming interests [28]. The Treaty of
Waitangi Te Tiriti o Waitangi signed in 1840 between the British Crown and Māori chiefs also plays a
significant role in influencing land use and land rights in NZ [30].

The policy context for agriculture in NZ is presented in Swaffield [31]. In terms of land use change,
significant events to drive change over the last 50 years include Britain entering the European Union in
1973, which affected the market for meat, wool, and dairy produce, and agricultural subsidies being
removed in 1984, which has meant that agriculture has since operated under a free market system
where consumer demand and markets started to drive agriculture change. The population of NZ has
been steadily rising, with the resident population increasing from 3.5 million in 1991 to its near 5 million
today [4]. During this time on-ground, observed changes to the land system have been recorded with
a 10% increase in urban areas between 1996 and 2012 corresponding to a growing population and a 7%
decrease in land used in agriculture production between the same time [21]. Between 2002 and 2016,
there was also an approximate 20% decrease in land used for beef and sheep farming and during the
same period there was a 40% increase in land used for dairy production [21] (see Figure 1 for change in
land use during this time). However, despite less land being used for agriculture, there has been a
continued intensification of farming with higher stocking rates on dairy farms over the last 15 years
(the total number of dairy cattle increased 68.6%, from 3.84 million in 1994 to 6.47 million in 2017) [21].
The amount of nitrogen applied in fertiliser has also seen a more than a six-fold increase, with figures
going from 59,000 tonnes in 1990, to 429,000 tonnes in 2015 [21].
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Figure 1. Area covered by main agricultural and horticultural land use types in NZ during 2002–2016
(This work is based on/includes Stats NZ’s data which are licensed by Stats NZ for reuse under the
Creative Commons Attribution 4.0 International licence [23].

When marketing NZ overseas, Tourism New Zealand has used the “100% Pure New Zealand”
campaign since 1999 to deliver the ‘story of NZ’ to overseas consumers, the travel industry, and the
media. This is a story of landscapes and a range of visitor activities and experiences that are unique to
NZ [32]. This story is similarly replicated in the marketing campaign for Beef and Lamb NZ, which
utilises the phrase “Taste Pure Nature” attached to its grass-fed meat products [33]. Although not
intentionally focusing on the environment, by creating an image of “100% Pure” and “Pure Nature”,
NZ inadvertently lays claim to considerable environmental credentials, which may be in question given
the country is currently facing many environmental challenges. Of note are issues associated with
water quality (nitrate leaching from agricultural soils was estimated to have increased 29% percent
between 1990 and 2012) [34] and erosion (the modelled rate of soil erosion is 720 tonnes per square
kilometre per year) [35]. Increased erosion and soil loss (44% of soil lost per year from exotic grasslands)
also increases the concentration of sediment in rivers, lakes, and coastal environments [21].

Another key environmental challenge faced in NZ includes the large-scale land clearance that
has occurred to make way for agriculture. NZ is now in a situation where only 26% of its native
forest remain, mostly in hilly and mountainous areas and less than half of the land area of NZ today
is covered in some form of indigenous vegetation [36]. Whilst approximately 32% of the total land
area is classed as having protected area status [23,36], just 10% of wetlands remain [35]. Added to
this, 40% of the land cover of NZ is now under exotic pasture and exotic forest covers 8% of the land
area [35] (see Figure 2 for a breakdown of the share of NZ total land by land cover [23]). With degraded
ecosystem services provided by the fragmented native vegetation that remains, it is no surprise that
nearly 80% of land vertebrates are now classified as threatened or at risk of extinction [37].

An intensive agriculture industry also has implications for emissions. The per-person rate of
greenhouse gas (GHG) emissions is one of the highest for an industrialised country. This is in a country
where 85% of electricity production comes from renewable sources, primarily from hydroelectric
schemes [38]. Most emissions in 2017 were reported to have come from livestock and road transport
with agriculture and livestock producing about half of NZ’s total GHG emissions (see Figure 3) and
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of the 80,873 kilo-tonnes of greenhouse gases produced, most were methane and nitrous oxide (see
Figure 4) [39].
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Figure 2. The percentage share of NZ total land area by main land cover types in 2012. (This work
is based on/includes Stats NZ’s data which are licensed by Stats NZ for reuse under the Creative
Commons Attribution 4.0 International licence [21]).

 

Figure 3. Breakdown of contributing sources of greenhouse gas (GHG) emissions in NZ (This work
uses material sourced from the Ministry for the Environment, Stats NZ, and data providers, which is
licensed by the Ministry for the Environment and Stats NZ for re-use under the Creative Commons
Attribution 3.0 New Zealand licence. [39]).
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Figure 4. Percentage gas contribution to gross GHG emissions in 2017 (This work uses material sourced
from the Ministry for the Environment, Stats NZ, and data providers, which is licensed by the Ministry
for the Environment and Stats NZ for re-use under the Creative Commons Attribution 3.0 New Zealand
licence [39]).

In 2016, livestock digestion was responsible for 82% of all methane emissions, whilst 94% of
all nitrous oxide emissions were from agricultural soils, mainly from the urine and dung of grazing
animals. In comparison, carbon dioxide emissions in 2017 were mainly attributed to having come from
using fossil fuels in road transport and manufacturing [39]. Even though total agricultural emissions
have increased by nearly 14% since 1990, efforts have been made by NZ farmers to reduce emissions
and absolute emissions from the beef and sheep sector have been declining over the last 20 years and
in 2017 were 30% below 1990 levels [39]. However, the 90% increase in the dairy herd, and a 650%
increase in fertiliser use since 1990, has had a significant impact on GHG emissions [39], so considerable
work still needs to be done to meet GHG targets. Under the Paris Agreement, NZ agreed to reduce its
greenhouse gas emissions by 30% below 2005 levels by 2030 [40]. Recently (November 2019) the NZ
government passed climate change legislation with bipartisan support to create a framework for NZ
to develop climate change policies to meet targets agreed under the Paris Agreement. The resultant
Climate Change Response (Zero Carbon) Amendment Act 2019 aims to “reduce all GHGs (except methane)
to net zero by 2050” and to “reduce emission of biogenic methane within the range of 24–47% below
2017 levels by 2050 including to 10% below 2017 by 2030” [41] and to enable NZ to prepare for and
adapt to the effects of climate change [42,43]. This poses a big challenge to farming in NZ as each farm
will need to be able to determine current emissions and come up with farm-specific plans that can
demonstrate a reduction in emissions via a change in practice and management regimes.

Given the related nature of many of the environmental challenges facing agriculture, a holistic
approach to farm management is required which addresses all issues (water quality, erosion, loss of
biodiversity and ecosystem services, and GHG emissions). To addresses these challenges, farmers will
need to be better at capturing and quantifying data relating to on-farm emissions and understanding
approaches that can help to mitigate emissions. To date, accurate baseline monitoring data is limited
with some modelling and farm management systems such as Overseer FM [44] being heavily relied
upon to quantify emissions but their accuracy is dependent on what data are available. Overseer
FM is currently used to generate models based on stock numbers and soil data that are based on
broad-scale landscape monitoring. The outputs from which are being used to advise the process of
creating farm environment plans with regulation determined under the Resource Management Act 1991
(RMA 1991) [45] and jurisdictional control of Regional Councils. The creation of farm environmental is
increasingly being used as a management approach for environmental sustainability in NZ but with
limited fine-scale data, the ability of these to give accurate paddock-scale information is constrained.
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More accurate and frequent data capture and modelling approaches will be required to improve
modelling capability and to assist with better farm decision making into the future.

Another important challenge facing agriculture in NZ is that due to its free-market economy, it is
under a great deal of pressure to respond to trends both domestically and from its global markets without
buffering from government intervention. The most recent of these pressures that is currently recognised
to be influencing the future development of NZ agriculture is an enhanced environmental consciousness
as well as changing consumer views and preferences towards environmental sustainability and
measurement of environmental effects and impacts from farming. This means that there are increasing
consumer demands around the consideration of ethical production, environmental effects, and
provenance/traceability. There are also faster mechanisms by which to spread and communicate
these views e.g., via social media and internet-based news stories, meaning they can have a powerful
influence both regionally and globally. The recent increase in urban land use and the rising urban
versus rural population is also having a significant impact on expectations around farming. It has been
noted that as the urban population grows, there is an increasing urban–rural divide when it comes
to understanding agricultural production and the ethics around the use of animals as a food source
as more people lose their connection to the land and become disconnected with where food comes
from [2]. This is contributing to a demand for higher ethical standards around animal welfare and some
change in consumer preferences. To maintain its market position, NZ agriculture must be suitably
equipped to respond to these pressures and changing consumer trends. The result of a survey of key
export consumers revealed that the NZ clean green image has “a significant export value” and that the
environmental image of NZ is important to its goods and services in the international marketplace [6]
(pg. 4). This means that the environmental credentials of NZ are vital not only for the sustainability of
landscapes but also from a marketing perspective.

Other pressures being placed on NZ agriculture come from recent trends in transformational
science associated with developments in genomics, and alternative proteins [2]. The changes that these
are likely to make to farming and to the meat industry will no doubt impact further on consumer
demand into the future. NZ meat consumption has already decreased by 57% in the last 10 years [2]
and the rise of the “flexitarian” diet is becoming more evident in NZ and overseas [46]. A recent report
commissioned by Beef and Lamb NZ showed that alternative proteins were likely to increasingly
compete with meat, which has implications for NZ agriculture especially in the next five years, by which
time alternative meat burgers are expected to be mainstream [46].

Other trends set to impact on agriculture include a rise in precision and digital agriculture.
Developments and expansion in the uptake of on-farm technology to improve production are likely to
lead agriculture into a new revolution [2]. Precision agriculture offers the ability to irrigate and apply
chemicals with far greater accuracy and where they are needed most. Increasingly, farm machinery
is supplied with onboard sensors that can provide spatial and temporal data useful for determining
production [47]. Precision agriculture also offers opportunities for more sustainable management of
inputs and thus has potential implications for more effective environmental management [2,47].

There is also a growing need to adapt and respond to a changing global climate. Climate change
has the potential to bring about change that is to the detriment of some forms of agriculture in NZ
whilst others might be provided new opportunities, with climate influencing where and what things
will be able to be grown and produced into the future [41]. It is important to note that these trends and
challenges are interlinked and interdependent and therefore are likely to compound each other and
have multiple and far-reaching impacts. Farmers, therefore, need to be equipped with knowledge,
tools, and approaches that are able to respond to these.

In summary, the challenges that NZ farming systems face are around i) ensuring sustainable
production which will involve reducing nitrate emissions, reducing the loss of sediment into river
systems and reducing GHG emissions especially methane; ii) dealing with the impacts of climate
change which could prove to have both positive and negative consequence for NZ agriculture;
iii) responding to an increasing disconnect between a growing urban population and the rural one
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and changes to consumer requirements along with the increasing need to demonstrate a social licence
to operate; iv) increasing agricultural production to feed a growing global and domestic population
and v) responding to a digital farming revolution. The implications for farmers associated with these
challenges are that they will need to make different farm management decisions, with changes to
land use being inevitable. Business decisions for the future will need to not only be based on profit
and livelihood considerations but also on environmental outcomes. Overall, the new end goal for a
sustainable future agriculture industry needs to be “maximising productivity within environmental
constraints” [2] (page 26). As NZ farmers grapple with this, they are caught up in the dilemma of
responding to open market agendas that push them to intensify to meet consumer demand and the
need to meet sustainability agendas and preserve NZ’s unique environmental integrity. Farmers will
need access to the best information and relevant science to assist them to make informed decisions and
to help them to navigate through the necessary transformation.

3. Landscape Ecology and Farming Systems

3.1. An Overview of Landscape Ecology in An Agricultural Context

Landscape ecology (LE) can be seen to be a science that is still relatively in its adolescence. It is
characterised as a science that since its relatively recent inception in the mid-20th century has primarily
focused on landscape structure, function and change [7]. Its main emphasis has been on the “spatial
heterogeneity and pattern”, “how to characterise pattern”, “where pattern comes from”, “why pattern
matters”, and “how pattern change over time” [48] (pg. 1170). However, the scientific theory behind
LE has been evolving. Recent years have seen a change to the paradigm it represents with a move
towards a stronger emphasis on socio-economic elements of landscapes. There is now a greater
understanding of human nature relationships and a recognised need to quantify landscape/ecosystem
service provision from an anthropogenic as well as environmental perspective [49].

Early roles for LE were largely concerned with focusing on conservation, restoration, and trying to
improve degraded landscapes with biodiversity in mind [6]. Within this the links between LE and farm
biodiversity are long-established. The relationship between habitat fragmentation and agriculture has
been studied and reported [50], and literature can be found calling for an increased provision of habitat
and connectivity in amongst a matrix of agricultural landscapes [51]. LE has also been discussed in
terms of the role it can play in agroecosystem management [52]. In this context, LE can be seen as
having a role to play in recognising and supporting regulatory landscape services like soil fertility and
pollination that will ultimately impact on the biophysical capacity of the farm system. It is also seen
to be considering the spatial arrangement and makeup of landscape features that support ecological
systems separate to the farm. The credentials of LE towards informing the preservation and restoration
of ecological integrity and biodiversity in the farm setting are widely acknowledged. An example of
this type of application is demonstrated in recent research by Ekroos et al. [53]. They illustrate a role
for LE in establishing an ecological focus over parts of the farm through the application of “greening”
measures, where the specific placement of these measures across the landscape can enhance potential
benefits to birds.

In recent times, LE has seen a shift in its predominant focus. The focus has moved from one of
improved management strategies to facilitate the preservation of important landscape pattern and
process [54–57] towards a stronger emphasis on the role of LE in landscape sustainability. This has
resulted in LE increasingly incorporating planning and design as important considerations in its
theory [48,58]. Within this is a stronger focus on the socio-economic aspects of landscapes and on
the importance of livelihoods, value, and culture in framing future landscape systems. Associated
with this is a recognition of the crucial role of community participation in problem-solving [48,59].
Applying this new holistic paradigm for LE [48] has great applicability to assist farmers who require
socio-economic considerations in their decision making in order to develop sustainable landscapes and
farming systems of the future. There is increasing debate on how LE can be integrated with current
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thinking related to on-farm system management and the need to consider landscape-scale functioning
to assist in the development of more sustainable agriculture [60,61], presenting more opportunity for
greater expansion into this area.

Despite having great potential to be applied in agricultural planning, LE has not had much
opportunity to work in a more constructive sense and play a role in creating future farm landscapes.
It has also had sparse practical flow through to on-ground farm planning and management and links
between landscape science and farm system design are limited [62,63]. However, taking a landscape
ecological approach to the integrated analysis of landscape function has the potential to help provide
farmers and land managers with approaches, information, and important knowledge that can guide
future management strategies and assist in land use decision making [64]. In this paper, I argue that
landscape ecologists should be exploiting this potential and striving to assist farmers in places like NZ
as they plan their future farm systems.

3.2. Landscape Ecology and Farming Systems in NZ

The idea that there is a role for LE in assisting farming systems to work towards more sustainable
agriculture in NZ is not new. Twenty years ago, Meurk and Swaffield [13] made recommendations
around a landscape ecological framework for the regeneration of indigenous vegetation in rural
NZ, aspects of which were also discussed at the International Association of Landscape Ecology
(IALE) World Congress in 1999. Meurk and Swaffield [13] stated that nature conservation and
agri-business should not be seen as separate to each other, as they had been become viewed in
association with the agricultural landscape in NZ. They suggested an alternative future vision for
NZ agricultural landscapes where ecological integrity was reinstated via regeneration of indigenous
vegetation within an exotic matrix. This is in keeping with the idea that the more a landscape resembles
its natural state and maintains some key landscape features of importance, the more likely it is to have
resilience and greater functionality, which ultimately assists with its sustainability [65]. Their vision
promoted the establishment of landscape elements which enabled the integration of production and
conservation. In this vision, they suggested creating a matrix of indigenous species along edge features
that create functional elements like riparian systems and road verges. They also suggested having
areas made up of predominantly indigenous species that could be useful for both production and
functional purposes [13]. Theirs was an integrated vision in which natural processes and communities
provide the underlying framework for the landscape rather than intensive agriculture dominating the
landscape [13]. These ideas were expanded upon by Swaffield [26]. He argued for a strategy to create
a long-term matrix of sustainable and self-regenerating ecosystems within which productive land uses
can be undertaken. He suggested an 80:20 target i.e., for every 80 ha of production at least 20 ha should
be allocated to regenerative functions such as biodiversity, riparian margins for water quality, shelter,
and carbon sequestration. These sorts of ideas are becoming much more widely debated in the realm
of regenerative and restorative farming [66–68].

Fundamental to a landscape ecological approach and the ideas put forward by Meurk and
Swaffield [13] is a recognition of the interrelationships between landscape elements and how these
interrelationships affect landscape function. The relationship between landscape structure and
process/functioning is one that has received considerable attention in LE worldwide with the notion that
patchiness in the landscapes is a way to help mitigate dysfunctional effects of intensive production [69].
Ideas put forward by Meurk and Swaffield [13], which focus on creating integrated landscapes, with
a patchwork of landscape elements consisting of natural features and native species co-existing in
unison with production in the landscape, is one of encouraging multifunctionality. The idea of creating
multifunctional landscapes by applying LE principles has been widely discussed [70–73] and there is
great potential to consider this more strongly in the planning and design of future farming systems
especially in response to some of the challenges facing NZ [63].

Concerning the challenges faced by NZ agriculture, Swaffield [26] felt that a new vision for rural
NZ was needed. That is one that could respond to some of the 21st century’s greatest global challenges
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around the environment and sustainability and one that was developed with bottom-up considerations.
He stated that being able to take this vision to reality required more integrated research, greater
enhanced modelling of ecological processes within multifunctional landscapes, and the development
of guidelines that could help to determine optimum locations where landscape reconstruction would
be beneficial for the overall functioning of the landscape [26]. Thus, greater ‘whole of landscape’
thinking is necessary, and the redesign of rural landscapes is required to be able to transition from
a divided landscape (production and environment as separate considerations) to an integrated one
(where production and environment are equal and considered in unison) [26].

3.3. Landscape Ecology and Agroecology

During the late 20th and early 21st centuries, agroecological theory has developed in parallel to LE.
Agroecology (AE) has been a term and a consideration that has increasingly been applied over the last
30 years [74]. It arose within the discipline of agriculture out of a need to address some of the growing
concerns around intensification and the environmental impacts that result from a heavy production
focused land management system. Recognising the importance of the whole agroecosystem, AE has
been described as an integrative study that takes a holistic approach to look at the ecology of food
systems [75]. It is an approach that works towards ecological, economic, and social sustainability
considering the processes involved in food systems from farm gate to the plate [76]. Like LE, AE has
evolved, in more recent years, to focus more heavily on transdisciplinary approaches, participation,
and change-oriented research [74,76]. Differences between LE and AE have been described as relating
to the scale of investigation associated with the management unit i.e., AE has tended to focus at the
finer resolution of the farm or field scale (the ecosystems in which farm services are delivered) whilst
LE has largely looked at the broader landscape or catchment scale [77] of which farm systems are just
a part.

Since farm systems have been described as integrated components of rural landscapes [78],
both AE and LE have been evolving to consider integrated models and approaches that help to
understand and manage human-dominated landscapes [79]. Fundamental to agroecological thinking
is the importance of a certain structure on-farm which can maintain key functionality that can play a
part in overall sustainability. Gliessman [65] (page 300), in line with some of the arguments of Meurk
and Swaffield [13], stated that “the greater the structural and functional similarity of an agroecosystem
to the natural ecosystems in its biogeographic region, the greater the likelihood that the agroecosystem
will be sustainable”.

Dalgaard [78] (page 8) when discussing landscape agroecology stated “The ecological, economic,
wildlife and visual functions of landscapes within modern society are determined by processes that
operate over a range of scales in space and time. Integrating knowledge of these processes into tools that
can be used by people who have stewardship over the land, such as farmers and regulators, requires
an interdisciplinary approach. Such an approach demands significant effort as it must work against
the trend of specialisation and fragmentation of knowledge that has occurred over the recent centuries.
It also requires, substantial technical developments, relating to data collection from disparate sources,
data manipulation, and integration of information about the multiple landscape functions”. This
statement recognises the need to preserve important landscape functioning in the farm context. It also
emphasises the lack of collaboration and tools required for the collection of useful information that is
important to progress the application of AE approaches for more sustainable agriculture. Dalgaard [78]
also acknowledged the need for greater work across disciplines to pull together knowledge and
approaches to develop new strategies for farm and landscape management. Even though as far
back as 1992, Flora [80] recognised that sustainable agriculture required transdisciplinary teams
which included farmers working together to address research priorities, there is still a need for more
cross-disciplinary collaboration to address knowledge gaps. The call for greater farmer-researcher
partnerships, as they strive to balance environmental outcomes, agricultural production farm profit,
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and community wellbeing, is still very valid today. Similarly, the fact that limiting uptake of practice
change was put down to there being a lack of good indicators of sustainability [78].

Whilst more sustainable on-farm management is important for individual farms, just preserving
or improving within farm ecosystem processes and functioning will have limited benefit for the
wider landscape unless other farms adopt similar strategies. Collaboration on strategies and group
action to improve functioning across a broader landscape will be more effective in having much more
far-reaching and beneficial environmental outcomes that individual activity. Given the similarity of
interest and focus between LE and AE and the requirement for landscape sustainability to incorporate
across-scale activity, it would seem sensible for greater collaboration and integration of ideas not just
between farmers but also between disciplines as they work towards addressing the gaps in research
and application required for more sustainable future farming systems. An ideal platform for this
being through concepts of designing and managing multifunctional landscapes [77] where landscape
consideration is given at both the farm and catchment scale.

The merger of the disciplines of AE and LE has been described by the term agro-landscape ecology
which has been mooted for some time [81–83] but with growing farm-based challenges, the integration
of agro-landscape ecology into addressing problems through farm environment planning appears to
be coming increasingly more relevant and important. A stronger integration of concepts and theories
and scales of operation presents an excellent opportunity to expand the application of LE and to
bring a more scientific context to both farm and catchment scale planning processes currently being
undertaken in places like NZ. This is becoming increasingly more relevant in NZ as farmers are joining
forces to create community catchment management groups and are reaching out to scientists to provide
both relevant farm and catchment scale advice. Greater integration of AE and LE science make both
disciplines better placed to aid farm decision making. Bringing together the combined thinking from
both AE and LE has the potential to ensure greater on-ground benefits across scales. Working with
colleagues in AE can help landscape ecologists to determine what good indicators of agricultural
sustainability might look like and how to measure and quantify effectively on-ground farm-scale
change that has beneficial environmental outcomes at both the farm and landscape scale. Greater
collaboration between AE and LE also has the potential to enable scientists within the field of LE to
obtain a clearer understanding of a farm system issues and considerations that can help to make them
become a more effective advisory and supportive science towards transformative agricultural change.

LE is increasingly being recognised as an important framework capable of assisting in the planning
and design of future landscapes [72,84–87]. In this context, LE has an important role to play in
providing appropriate tools, approaches and frameworks that can facilitate the planning, design, and
advice required to help work towards the creation of future farming systems that meet societal needs,
respond to the environmental challenges and that can sit within sustainable landscapes. Despite its
obvious potential in this area, LE has only recently started to be practically applied in this context to a
NZ setting [62,63].

4. Identifying Future Key Roles for Landscape Ecology that Can Help Progress
Sustainable Agriculture

4.1. Key Roles

4.1.1. An Informing and Decision-Making Science

Recognising some unrealised potential for LE to date, one of its key roles for future farming
systems is that of placing itself at the forefront of being an informing science around landscape
sustainability. It needs to provide the scientific context for informed farm and catchment decision
making, whilst acknowledging the increasing recognition in the farming sector of the importance of
AE and regenerative agriculture. This means that LE needs to demonstrate its ability to ‘value add’ to
agroecological studies through a collaboration that clearly illustrates the importance of landscape and
catchment scale studies for farm system sustainability.
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In helping to work towards sustainability of farm systems, LE has an important role to play
in helping with the definition of land use optimisation. By informing the pattern of land use and
making suggestions around the allocation and reallocation of land, it is possible for LE to help to create
multifunctional agricultural landscapes that have sustainability in mind. To do this effectively, LE
needs to demonstrate its ability to quantify information relating to process and function. LE also needs
to provide advice around the management of landscapes to preserve important landscape services
and functioning on-farm and across the broader landscape. This means helping to create models and
strategies that define important landscape characteristics that need to be maintained and preserved,
as well as being able to provide advice around the positioning of introduced landscape features that
could assist with sustainability. A good example of this for NZ could be around identifying key
locations for reconstructed wetlands (as mentioned previously, NZ currently has a situation where 90%
of its wetlands have been drained with significant impact on nutrient flows into river systems [35]).
Reconstructed wetlands can put back into the landscape important functionality that can improve
environmental outcomes by reducing the loss of nitrates from intensive farming practices like dairy
farming that cause considerable pollution of rivers [2,21].

LE also has a key role to play in being able to easily incorporate the scientific evaluation of
land-related information into design, planning, and decision making through helping to provide
a scientific context to the criteria against which land-related information can be evaluated for
sustainability decision making. This will be vital for informed planning and design of future
agricultural landscapes capable of providing appropriate mitigation and adaptation responses to some
of the biggest environmental challenges. LE should be ideally positioned to guide process informed
and value influenced planning and design within a theoretic framework guided by LE principles to
assist with more holistic farm environmental planning. Linked to this is the potential for LE to assist
with the creation of spatial decision support tools. Suggested approaches include the application
of a spatial decision support framework using approaches that can build on important LE concepts
and design agendas in a spatial planning context to work towards the creation of multifunctional
landscapes [63,88].

Geodesign [89–91] offers a framework for smart planning in a spatial environment that enables
the analysis of multiple data layers so that planning proposals can be evaluated, and new scenarios
tested. This type of approach paves the way for an integrated holistic approach to farm and landscape
planning which is vitally needed in NZ [62,63]. Such a framework can provide a basis under which it is
possible to analyse the impacts of on-farm land use change prior to a change being implemented. This
type of modelling approach can help to integrate concepts of ecosystem/landscape services into farm
and landscape-scale planning by incorporating information on functioning as an important data layer
used in the model. The model created in a geodesign framework can help to spatially visualise patterns
of land use and land cover that enable important landscape functions (economic and environmental)
to operate side by side. The generation of future alternative scenarios for farm system management
enables farmers to see and contribute towards the development of visualisations of what sustainable
utilisation of the landscape might look like both on their farm and in the surrounding landscape. It can
also allow them to subsequently evaluate the economic feasibility of different scenarios. Generating
scenarios that suggest optimal sustainable land use could contribute towards designing an appropriate
future landscape pattern that is based on process and economic analysis and the idea of creating
multifunctional landscapes at the farm and landscape/catchment scale.

4.1.2. Tools and Techniques for Farmers

Change to land use and farming systems is inevitable but knowing what practice change is
best, with environmental and business sustainability in mind, and therefore how to change, is crucial
if farmers are to have optimum (livelihood and environmental) outcomes. This is where LE has a
potentially pivotal role to play. It can position itself to provide valuable advice to farmers and land
management policymakers in terms of the ‘what’ and ‘how’ when it comes to creating healthy and
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sustainable landscapes. Fundamental to fulfilling this role, especially in countries like NZ that face
challenges of demonstrating their environmental sustainability, will be the ability to assist farmers
through their transformation by providing the necessary tools and techniques. These will be needed to
quantify the current state of landscape and audit environmental sustainability (at both the farm and
landscape scale) so baseline data can be established, and on-going monitoring achieved. Often there is
little baseline data from which to start monitoring. A lack of good baseline data makes it difficult to
quantify changes that might occur or have occurred due to improved practice. This is a problem facing
on-farm climate change mitigation responses in NZ as good current baseline data on GHG emissions at
the farm-scale are currently not available, yet farmers have only a few years to demonstrate beneficial
change. The provision of baseline data provides an opportunity for LE to offer better mechanisms to
capture the landscape situation for baseline assessments and approaches to monitor change as ‘best
practice’ activity is undertaken.

In NZ tools like Overseer FM [44] have become standard to assist in recommendations around
nitrate emissions. This is because tools like this give a measure and a figure that farmers can work
within an ongoing capacity to address their land management challenges. Overseer FM is currently
being expanded to have more GHG emission monitoring capability which will widen its application to
assist farm decision-making LE has the potential to provide similar quantification and measurement
capability through the many metrics that have been applied to quantify pattern and process. Aspinall
and Pearson [92] outline a suite of indicators and metrics based on the assessment of landscape
characteristics that have been used in LE research and can be applied to quantify catchment condition
and how it changes over time, many of which could equally be applied at the farm scale. However,
despite the extensive application of LE metrics, there has been criticism about their ability to adequately
quantify the links between pattern and process and the sensitivity of some processes to structural
changes to the landscape [93–95]. The scale of the data used and the scale at which analysis is conducted
are also fundamentally important to the reliability of the results. This is a challenge for places like NZ
where mostly only broad-scale data exists, with only a small number of farms having fine-scale soil
data available.

LE research agendas need to take note that work is still required to develop innovative mechanisms
to help to capture the current landscape situation at an appropriate scale and to quantify what is
happening on the ground in a relevant form by farmers and also their regulators (e.g., Regional
Councils in NZ). This is important if LE is going to be able to proactively provide the necessary tools
and techniques for application at the farm scale. It also important to allow farmers and regulators
to appropriately monitor change as land use and agricultural practice changes occur. Measures and
tools that are only capable of being used by scientists or are at too broad a scale will have limited
application in on-ground farm system management situations. Ease of use and capability that is
tailored to farm system applications and solutions is of utmost importance in demonstrating relevance
to both regulators and farmers. Greater engagement and collaboration around tool and indicator
development will help to develop approaches to make LE a more actionable science [12].

LE also needs to consider further work on determining and quantifying landscape/ecosystem
services present in agricultural landscapes [96] and how these change over time. Recent research by
Dominati et al. states that “the supply of multiple ecosystem services from farmland and agroecosystems
and trade-offs between service remains under-researched” [61] (pg. 704). They feel that this impacts
on the ability to determine how well farm systems can achieve environmental sustainability outcomes
whilst maintaining economic profitability. This means that more work is needed to determine how
multifunctionality aspirations within farm systems can work alongside farm profitability goals for
mutually beneficial outcomes [61]. As a result, there appears to be a role for LE to work more closely
with AE to contribute towards developing better solutions towards more effective monitoring and
evaluation of functioning and processes on agricultural land using appropriate indicators and measures.

Techniques need to be developed that can monitor the condition of processes and how this relates
to function [64]. In line with recognised LE principles, it is important that these techniques should
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be able to adequately and easily capture information relating to state (condition), trend (changes
across space and time), and function (stability, resilience, and sensitivity) at appropriate scales. Where
possible, these need to be simple measures that represent key components of the system and have
meaning beyond the attributes that are directly measured. For ease of capture, many of these indicators
need to be capable of measurement from on-ground and remote sensing data sources and be spatially
and temporally explicit offering opportunities to link to data capture for precision agriculture. It is also
important that scenarios be developed for increasing functionality and that these can also be related to
measures associated with raising profit. This is important to adequately understand the impacts of
increasing landscape services and functioning on a farm and determining the relevance of actions that
increase landscape functioning for long term farm and environmental sustainability.

4.1.3. Integrating Value and Cultural Perspectives into Landscape Analysis and Decision Making

Recognising values and cultural perspectives as well as landscape functioning is important for
landscape management and therefore sustainable farming systems [59,97–100] so as to ensure the
creation of future landscapes that can adequately support a diversity of values. This means that it is
crucial that LE has mechanisms that consider the value of production from an economic and livelihood
context and can incorporate key stakeholder involvement in processes to advise on the make-up
of future farming systems. In doing this, LE needs to draw on its strength as a transdisciplinary
science and put greater emphasis on developing the support mechanisms required for transdisciplinary
approaches to problem-solving in an on-ground capacity. This means that there is an essential role
for LE to be able to guide the effective on-ground application of real transdisciplinary projects that
bring together a variety of stakeholders and recognise different values, beliefs, and perspectives.
However, LE still needs to rise to the challenge laid down by Wu and Hobbs, Opdam et al., and
Swaffield [12,98,101] around integrating science and practical application and outreach. This means
that landscape ecologists should also be striving towards making LE a facilitating discipline i.e., one
that takes the initiative to bring together other science disciplines with key stakeholders to work to
generate solutions to some of the complex issues facing farming systems and is not afraid to promote
bottom-up stakeholder-led research.

LE also has a key role to play in recognising culture as an important aspect of landscape
management [100]. In places like NZ not enough attention to date has been paid to Māori perspectives
and relationships between people and landscapes and what this can bring to future farmsystem design.
Māori relations with landscapes are expressed through kaitiakitanga. Kaitiakitanga is a Māori term that
encompasses guardianship and stewardship for the environment. This includes the responsibility
to ensure sustainable harvest and fair distribution of resources. Incorporating kaitiakitanga into
cultural functional assessment and an appreciation of value will help to derive a more broadly
integrated stewardship focused approach to land management that is likely to provide for generational
sustainability. Other important environmental concepts in Māori culture include Ki uta ki tai, which is
a Māori whole-of-landscape approach similar to the concept of integrated catchment management
that looks at resources and ecosystems from the mountains to the sea; Te Ao Turoa which is an
intergenerational concept of resource sustainability; and Whakapapa which is concerned with the
connection, lineage, or genealogy between humans and ecosystems and all flora and fauna [102].
Māori seek to understand the total environment or whole system and its connections through
whakapapa, meaning that this perspective towards human and environment interactions is holistic
and integrated [102]. An example of where Māori cultural perspectives are being integrated into NZ
primary production has come from the recent (December 2019) launch of the vision for future NZ
Primary Industries ‘Fit for a better world’ by the Primary Sector Council which centres on the Māori
concept of Taiao which emphasises “respect for and harmony with the natural world” [103]. These
concepts and perspectives are very much in line with LE thinking, so NZ is in the unique and exciting
position of being able to capitalise on its Māori cultural heritage and the values and perspectives it can
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encourage in order to direct future sustainability. Landscape ecologists in NZ have the potential to
help to bring these to the forefront to be implemented in helping to determine farm system change.

4.2. Past Impediments to LE Uptake and What Can Be Done to Improve This?

Given that LE has such an evident role to play in assisting in the environmental management
of agricultural landscapes, it seems obvious to ask why we have not up to now seen a far greater
integration of LE principles and practices into the management of current farming systems? And why
in particular, we still have work to do on sustainable farm systems in NZ given that landscape
ecologists like Meurk and Swaffield [13] were giving advice 20 years ago on how to create more
multifunctional and sustainable farm landscapes. To answer this, several potential reasons can be
identified. Acknowledging and recognising limitations can be useful for the future implementation
of LE in the agricultural context. The reasons appear to be largely related to an ongoing disconnect
between science, policy, and practice [12,98,104].

LE has shown its strength in providing good quality research on the theory of landscape
management but regrettably, there has not been much flow through to practical on-ground application
relevant to farm management. In 1997, Hobbs [104] concurred with this statement when he reported
that LE did not at the time truly meet the criterion of being an applied science. More recently,
in 2013, Opdam et al. [12] questioned LE’s on-ground applicability. They highlighted the need for
LE to deal more effectively with the science-policy gaps. Opdam et al. [12] also pointed out that
many papers published in the journal Landscape Ecology are analytical in approach. The shortfalls
associated with a lack of public involvement in the co-production of science-based solutions were
also demonstrated in Seppelt et al. [49] in regard to research on ecosystem services. In 2002, Wu and
Hobbs [98] highlighted the reasons that limit LE’s applicability as being issues of integration between
basic research, applications, and outreach and communication with the public and decision-makers.
LE appears to be still struggling to address key issues around integration and outreach which would
make it more applied and landscape ecologists still do not seem to have adequately addressed these
challenges. Work is still required to make LE more applicable to on-ground action [105]. This means
that despite prompting by leading landscape ecologists LE has stayed very in a much more theoretical
and scientific realm rather than a practical context. To address some of the shortfalls, Opdam et al. [12]
highlighted the need for additional topics of investigation in LE. The topics for further research looked
at ‘the local landscape as a boundary object that builds communication among disciplines and between
science and local communities’, ‘iterative and collaborative methods for generating transdisciplinary
approaches to sustainable change’ and ‘the effect of scientific knowledge and tools on local landscape
policy and landscape change’ [12]. Given the lack of follow up commentary in the LE literature that
adequately addresses these topics of investigation, it appears that LE is still struggling to effectively
address these topics in a research capacity. The result being that these challenges for LE could be
equally listed on a research agenda today.

Some of the disconnect between science and practice is evident through the fact that to date
the theoretical concepts and methods have not transitioned well into useful and practical tools and
techniques for non-scientists. These are approaches that can help farmers and policymakers to compose
better-informed decisions through capturing good monitoring data and translating it into useful
information that can guide practice change and thus assist with environmental management at the
farm and catchment scale [98]. Another potential problem has been the lack of relevant information
made available in a manner that can be digested by farmers and policymakers. Most LE research is
presented in journal format restricting its readability by land managers. There is also an inability to be
able to adequately relate ‘the cause to effect’ when it comes to issues on the ground [2], which is crucial
to demonstrate the overall worth of approaches for any farmer-based change. An inability to do this
restricts a farmer’s ability to make good decisions and practice change based on a knowledge that
certain practices will cause problems whilst others will help. Also, the advances in science have helped
us know more about the problem but are failing to suggest appropriate mitigation responses that can
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clearly demonstrate the cause and effect relationships to farmers. So suggested change to practice
cannot always be definitively related to better environmental outcomes.

The receptiveness of farmers will also influence the uptake of science-based solutions. The factors
that influence the decision-making processes of farmers are complex. Failure to adequately contemplate
worldviews of farmers and livelihood considerations are also significant in terms of uptake of
scientifically based approaches to landscape management. Suggesting landscape options that are
not financially viable for farmers is not going to facilitate uptake as fundamentally farmers must
maintain livelihoods and lifestyles for themselves and their families. A lack of political will to drive a
pro-environmental agenda in many first world countries also has implications for implementation of
on-farm landscape sustainability responses especially when the emphasis is placed on maintaining
production without risking economic impact.

Both Hobbs [104] and Opdam et al. [12] said that if landscape ecology was to be more widely
applied in a practical sense it would require increased engagement with policy and management
when it comes to future landscape design strategies and approaches particularly at the local scale. It is
evident that LE has come a long way in the last 30 years and progress has been made but more work is
needed if LE is to have a bigger impact in helping to design future farming landscapes. More directed
effort is needed to make a coherent link between science, policy, and practice [58] and to help to remove
some of the barriers which have prevented the adoption of LE to real-world problems [105].

4.3. Understanding Farmer Behaviour and Motivations and Their Role in Changing Farming Systems

As noted above, a key problem for LE is linking the science to practice and recognising the role
of the farmer in the implementation of science-based solutions. With increasing pressure on farmers
to change practices for greater environmental outcomes, it is vital that the science that advocates for
change can understand the constraints on farmers as well as their motivators and drivers that will
encourage behaviour change. A report that was undertaken by AgFirst (Independent Agriculture
and Horticulture Consultant Network) on farming decision making in NZ about climate change
action discusses farmer behaviour and response to change in detail [106]. This report states that being
able to understand farmer change and their ability to change practice and uptake new innovations
and technologies as part of new farming systems requires recognition of i) “farmer awareness of the
innovation”; ii) “ease of trialling an innovation on-farm”; iii) the “perception that an innovation is
worth trialling”; and iv) “the value of the innovation in achieving the farmers’ objectives” [106]. These
recommendations have been substantiated by research findings from Pannell et al. [107], who looked
at the adoption of conservation practices by farmers in Australia. He found that innovations were
most likely to be adopted when they could demonstrate “high relative advantage” i.e., benefit returned
from innovation over current practice, and when they were readily “triable” on-farm. The AgFirst
report also stated that other important aspects of an innovation that interact with farmer decision
making include i) “compatibility” i.e., degree to which the innovation is comparable with current
farm system; ii) “complexity” i.e., the perceived difficulty to understand or implement the innovation;
and iii) “observability” i.e., the visibility of the results of the change [106]. This means that action
to bring about change needs to focus on increasing awareness and understanding, highlighting the
advantages of mitigating impacts, emphasising the compatibility, encouraging and making trialability
easier, and making the significance of change more obvious.

Other social factors that need to be considered when it comes to farmer behaviour change and
uptake of new ideas include i) at the individual level considerations like time availability, level
of education, approach to risk, advice sought and from whom, as well as personal and family
circumstances [106–108]; and ii) at the wider social level, they include considering that farming is a
socio-cultural practice i.e., it is a way of life and that the notion of sustainability for most farmers
means staying on-farm rather than having environmental outcomes [106–108]. It is also important to
consider that not all farmers are the same i.e., that the farming community is very socially diverse [108].
Also, that farmers might not distinguish environmental issues from other farm management issues,
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and that farmers often create their own knowledge through experience and that their key source of
information is other farmers [108]. This means that effective extension requires an understanding of
the worldview of the farmer. Further complicating this for NZ is the challenge of bringing together
worldviews of Pakhea farmers (of European descent) and Māori farmers, plus the worldview of other
migrant farmers.

The review that was undertaken by Journeaux et al. [106] also revealed that extension promoting
change needs to emphasise the need to provide whole farm system-level solutions to the farmer so
any change that is to be promoted needs to be explained within the context of the system as a whole.
Making things difficult for farmers is the shift in farming focus i.e., from a system concerned with
development and production to one of production within environmental constraints. Whilst the
public perception of farm sustainability tends to focus on environmental sustainability, farmers who
grapple with the concept of sustainability are required to consider both economic and environmental
implications of their actions, and these can often conflict with each other.

If LE is to be useful to farmers, it is important that it recognises farmer’s needs and aspirations
and recognises that farmers need to be better supported to make informed farm and landscape-scale
management decisions. To better support change in agricultural practice, LE research agendas need to
focus on transdisciplinary and collaborative approaches that have a greater emphasis on understanding
markets and consumer preferences and demand. Also important to individual farmer adoption of
changes to their practices is having access to useful and relevant information and advice that is easy
to collect, understandable, and implementable by the farmer himself. Overall, it is paramount to
recognise that when considering or instigating farmer change there are lots of legitimate reasons
for non-adoption of change and generally farmers need to feel valued as they embark on their
transformation journey [106].

4.4. The Way Forward

As we face increasing environmental challenges around intensive agricultural production,
population rises and the potential for natural disasters to occur more frequently and with unprecedented
consequences, the science to support agricultural sustainability needs to deal with unpredictable
situations and be able to move quickly [2]. To address these challenges, it is becoming increasingly
more important to find solutions that look not only at the farm but also beyond the farm i.e., to consider
the broader landscape mosaic of which the farm is a part. By working more closely with AE, LE can
prove itself as a science to guide and inform farm and landscape decision making for more sustainable
landscape management both in NZ and elsewhere at scales that are relevant. However, to do this
effectively, it must be able to link to policy and practice and understand farmer needs and aspirations.
To ensure this occurs, it is important that stakeholders become more involved in landscape research
and that they participate from the inception of future farm systems and landscape planning and
design processes. With wide-ranging participation, a transdisciplinary approach that can link the latest
analysis and monitoring tools and techniques with LE theory and spatially informed design principles,
will have the ability to suggest a recommended spatial structure and function for farm systems that
can help with problem-solving [64]. Working with, and embracing, cultural values like kaitaikitanga
presents an excellent opportunity for NZ agriculture to capitalise on Māori values, using this important
sense of stewardship towards the land when developing strategies for future farming systems in NZ to
ensure long term sustainability.

A good example of an application that effectively makes the link between science and practice in
an agricultural context and addressed the issue of how to bring about farm-scale change is reported in
Bohnet et al. [109]. This is a useful illustrative example of a transdisciplinary LE-focused collaborative
project which was undertaken between scientists and graziers in North Queensland, Australia.
The study looked at grazier change in relation to sediment and nutrient flow into the Great Barrier Reef
and identified broad types of farmers within the study. These types were identified as “traditionalists”,
“diversifiers”, and “innovators” [109]. Understanding the values and motivations underlying the types
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of farmer was shown to have an impact in terms of on-ground action. This study demonstrates that
land management strategies are the result of an interaction between how farmers view their land, their
experiences, their knowledge, their values, their motivations and their socio-economic situation [109].
Understanding what provides the context for farmer decision making is important when attempting to
effectively link science and practice. As Leopold [110] (page 263) said in 1939 – “the landscape of any
farm is the owner’s portrait of himself ”. Therefore, it is crucial to understand farmers and their individual
and collective worldviews when trying to change land management practice. Simply applying ‘a one
rule fits all’ approach will not work [109]. This means that LE needs to be better at recognising and
dealing with stakeholder differences.

It is crucial to understand that a sustainable future for farming systems will consist of considering
the range of values that agricultural landscapes have to offer and managing them in a different
way. This means treating landscapes as being ‘healthy’, ‘attractive’, and productive’ and places
were people and nature are capable of thriving and prospering alongside each other [111]. It is also
important to recognise that agricultural landscapes need to support ‘profitable enterprises’, and ‘vibrant
communities’, as well as being in good physical condition [112]. In order to achieve this, a changing
approach to agribusiness is required and a shared vision needs to be built collaboratively with farmers
whilst developing the important mechanisms to achieve the vision. LE with its ability to be ‘more
than just another discipline’ has the opportunity to rise to the challenges laid down. It can cross the
boundaries of other more traditional disciplines to view land management issues from a more holistic
context that considers social and natural sciences [113]. This means that LE can work to stimulate the
integration of a variety of disciplines to solve problems. To do this well will require capitalising on its
transdisciplinary nature and being a facilitator of science to help drive the sustainability agenda. It also
means guiding the effective on-ground application of projects and approaches that bring together a
variety of stakeholders. It also means recognising different values, beliefs, and perspectives, as well as
working more readily with colleagues in AE to jointly advance the knowledge, science, and application
of sustainable solutions for future farming systems.

From a practical sense, LE science also needs to back up the facilitation role it can provide by
offering better mechanisms to practically capture and quantify the current landscape situation and
monitor change as land use and practice changes occur. This, as discussed above, will require the
development of tools and indicators that can help with understanding landscape processes especially
tools that evaluate ecosystem and landscape services and monitoring if a situation is deteriorating or
improving. This will also require supporting mechanisms that enable the incorporation of relevant
science into design, planning, and decision making. This is vital for informed planning and design of
future landscapes to provide appropriate mitigation and adaptation responses. If LE can do this, it has
great potential to make a strong contribution to the development of future farming systems.

5. Conclusions

Landscape ecologists to date have been responsible for developing some excellent science and
theories which have the potential to help agriculture respond to future challenges and play some key
roles in the management and design of future sustainable farming systems. However, as Flora [80]
(page 38) said “sustainable agriculture is as much a process as an endpoint”. So despite the fact that LE
has always had on-ground relevance and strong applicability to heavily modified and agricultural
landscapes, more work needs to be done on the “process”’ of helping farmers to transition to more
sustainable enterprises. This will require ensuring that the current science and methods are more
frequently applied to practical farm management situations so what we already know in LE is taken
out of the ‘ivory tower’ and becomes more widely recognised as a practical tool for farm sustainability
rather than a theoretical construct. This means increasingly focusing on bridging the divide between
science and practice and working more closely with the farming related community.

It is also important that landscape ecologists rise to the challenge of directing future research
agendas towards developing LE-informed practices and techniques that are relevant and easy to apply
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for those engaging in on-ground landscape management. Above all, LE needs to demonstrate that it
can be more practically applied to farmers and farming systems for both business and environmental
sustainability. This will potentially mean engaging with the relevant stakeholders to undertake more
‘bottom-up’ research. In doing this, an area of focus for LE should be to provide easy to use tools and
techniques for quantifying the state of the environment at the farm and landscape scale that can be
integrated into business management systems to advise around holistic farm sustainability. Capturing
good baseline data is fundamental to determining what is happening on the ground and what happens
in response to practice change. So, LE also needs to focus on providing measures that relate landscape
pattern/cover to ecosystem services/landscape functioning as well as providing ongoing monitoring
tools to evaluate on-ground activity. Monitoring approaches that reflect pattern, process, and change
relevant to farm systems need to be further developed and innovative ways to analyse monitoring data
captured through farming mechanisms such as precision agriculture practices need to be explored for
their use towards determining environmental outcomes as well as production outcomes. After data
acquisition, LE needs to demonstrate an ability to turn relevant spatial and temporal data into useful
information for decision support and be able to actively contribute towards generating adaptive
management advice and planning techniques to assist in the creation of multifunctional landscapes.
LE also has an important role to play in contributing towards the generation of spatial decision support
tools to assist planning (scenario and visualisation) at the farm and landscape scale that combine
concepts and theory of LE framed within the context of business support systems. This is particularly
important for places like NZ, which has an intensive agriculture industry backed up by a strong
rural-based economy and population and an important tourism industry.

With a strong desire to maintain their place in the global tourism and food markets, NZ needs to
demonstrate its environmental credentials and the idea that “Pure NZ” and “Taste Nature” are a reality
and reflected in landscape management, not just marking campaigns. This means that NZ farmers
need to increasingly factor more integrated ways to manage the land into their business management
approaches. These are approaches that work in association with nature to reduce emissions and
maintain healthy landscapes and waterways. For farmers searching for answers on how best to do
this, LE is ideally positioned to work with them to develop future farming systems. These systems can
be not only multifunctional and environmentally healthy, but also work towards creating sustainable
business enterprises that are capable of increasing productivity outcomes to the point required to
bolster farming livelihoods and to feed a growing global population. There is plenty of good science
out there within the disciplines of both LE and AE and extensive knowledge amongst farmers about
their farm systems. Collaboration and the co-production of integrated interventions and solutions that
plan and design future farm systems with people and the environment in mind appears to be the best
way forward for achieving sustainable agricultural production, both in NZ and globally.
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Abstract: Landscape modification associated with agricultural intensification has brought
considerable challenges for the sustainable development of New Zealand hill country farms.
Addressing these challenges requires an appropriate approach to support farmers and design
a better landscape that can have beneficial environmental outcomes whilst ensuring continued
profitability. In this paper we suggest using geodesign and theories drawn from landscape ecology to
plan and design multifunctional landscapes that offer improved sustainability for hill country farm
systems and landscapes in New Zealand. This approach suggests that better decisions can be made by
considering the major landscape services that are, and could be, provided by the landscapes in which
these farm systems are situated. These important services should be included in future landscape
design of hill country by creating a patterning and configuration of landscape features that actively
maintains or restores important landscape functioning. This will help to improve landscape health
and promote landscape resilience in the face of climate change. Through illustrating the potential of
this type of approach for wider adoption we believe that the proposed conceptual framework offers a
valuable reference for sustainable farm system design that can make an important contribution to
advancing environmental management globally as well as in New Zealand.

Keywords: multifunctional landscapes; landscape services; geodesign; landscape ecology;
agricultural landscape planning

1. Introduction

The green revolution in agriculture that occurred during the second half of the 20th century
has greatly contributed to increased global food and fiber production, which has enabled a rapidly
growing world population to be fed [1]. In order to increase productivity, agricultural intensification
has taken the form of an increase in single crop cultivation and chemical and mechanical inputs [2].
This has led to negative impacts on the environment, evident through a loss of biodiversity and a
decline in soil and water quality [3]. In response to the resultant environmental issues and the need to
feed a growing population, agriculture needs to evolve from a production paradigm that has focused
primarily on productivity and profitability to a more sustainable paradigm that focuses on how to
ensure productivity can support human needs whilst also preserving important land resources and
environmental integrity [4]. Recently, society and the market have initiated a shift from a focus on
agricultural productivity and intensification to a focus on sustainable farming (with an emphasis
towards efficiency, sustainability and resilience) [5]. New Zealand (NZ) is a good example of an
agriculturally-focused nation that faces sustainable production challenges. It has achieved great
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improvements in agricultural productivity and product quality over recent decades [6] but progress
has come with significant environmental costs [7].

Although New Zealand is accredited as one of the more sustainable countries in the world and
was ranked 11th globally in 2019 for sustainable development [8], its agricultural sector is facing a
number of significant issues, such as soil degradation [9], water pollution [10], greenhouse gas (GHGs)
emissions [11,12] and soil erosion [13]. Moreover, the possible impact of climate change (e.g., increased
flood risk, storm damage and drought severity) is also a crucial threat to agricultural production [14].
To respond to these environmental issues farmers are now faced with a situation of having to operate
farm systems that are productive and profitable as well as being sustainable with limited impacts on
the environment [15]. This is a major challenge facing NZ farmers, as agricultural production could
potentially become increasingly constrained by environmental regulations [16] as governments also
respond to growing environmental concerns.

The environmental challenges facing future farming systems are likely to strongly impact upon NZ
hill country farming. This is because environmental issues compound already high concerns for these
farms, which are associated with the contemporary impacts of increasing production costs, market
volatility, climate change, highly variable topography and climatic conditions, and more dispersed and
isolated families and communities [17]. This means that future hill country farming systems will need
to improve its profitability and build resilience in order to be able to adapt to a changing climate whilst
reducing its impacts on the environment. To do this, farmers will need good support systems to help
with land use decision-making. However, current land use planning and management approaches
that support farm and landscape decision-making in NZ reveal several limitations, such as lack of data
and model transparency, insufficient collaboration capability among researchers, policy-makers and
other end users, and are limited in terms of the communication of modeling results to end-users [18].
Additionally, some land and environmental planning tools are not simple to implement, as farmers
are overwhelmed with information and the process required to develop the land and environmental
plans [19]. Consequently, these limitations will reduce the effectiveness of land and environmental
planning strategies. Therefore, the development of an effective landscape design approach will be
central to helping farmers develop profitable and sustainable farming systems in the future.

The multiple objectives of sustainable agriculture require a multifunctional agricultural landscape
that promotes agricultural production whilst ensuring environmental standards are met [20],
and landscape ecology can have an important role to play in this [21]. Developing a multi-functional
agriculture landscape that provides multiple landscape services (i.e., ecosystem services) for society
in addition to the service of food and fiber production [22] has become a key focus for sustainable
agricultural research and policy-making, and this has been widely discussed internationally [23–26].
However, there is a gap between theory and practice [27], and transferring the concept of creating
multifunctional landscapes into the practice of landscape planning and management has proved to be
challenging [28]. The reason for this is that agricultural landscape planning needs to be implemented
for a specific geographical region that is strongly associated with local knowledge [29]. This needs the
planning process to involve the considerations of local people and therefore requires participation and
collaboration of the main stakeholders [30]. Often this does not happen and as a result, local people
(or "people of the place") may not agree or may not be able to afford the future landscape scenarios
proposed by landscape planners [31], so it is critical that the relevant different stakeholder groups can
actively contribute to designing the future landscape by bringing their knowledge and aspirations to
the table [32]. It is important that effective landscape planning and scenario development involves an
iterative collaborative process and that a design-driven perspective is taken [33].

Recently, geodesign has emerged as an efficient instrument for the implementation of sustainable
landscape planning [34]. Geodesign integrates geospatial technologies and scientific methods
(e.g., geospatial science, environmental science) to inform spatial decision-making based on the
knowledge and information obtained from spatial data [35]. By integrating multiple layers of geographic
information and spatial analysis models, geodesign enables the identification and development of a
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future landscape that has an appropriate spatial pattern or configuration of landscape features [36].
This also enables the rapid generation of future landscape scenarios for a study area, the ability
to visualize change scenarios, and the assessment of the impacts of future landscape designs
on multiple landscape functions and services [37]. In addition, visualization tools and iterative
quantitative modeling used in geodesign can promote collaboration between participants, as they
enable stakeholders to enter into the discussion and express their opinions and aspirations as part of
the design procedure [38]. Among the geodesign frameworks that have been published, the operation
framework developed by [31] has been disseminated to a wide range of landscape and environmental
design situations [39]. This framework considers landscape design as an iterative process in which
the collaboration among the group of people involved in the design process (which includes design
professionals, the people of the place, information technologists and geographic scientists) is an integral
part of the design procedure, and the relevant stakeholders play a central role in all of the design
stages [40].

The adaptation of the framework outlined by Steinitz offers a potential solution to guide farm
system decision-making for the creation of multifunctional landscapes. This paper develops these ideas
by proposing a landscape design approach for the sustainable land use planning and management of
hill country farms in NZ. The approach developed utilizes geodesign and the concepts of landscape
function and services as informed by landscape ecology. The specific objectives of this paper are
to: (i) define the major challenges facing current and future agriculture in the NZ hill country that
need to be considered in future farm landscape planning; and (ii) design a framework that can assist
in the creation of multifunctional landscapes for sustainable agricultural production. In doing this,
the paper highlights the benefits of integrating geodesign into multifunctional landscape planning for
the creation of multifunctional farm landscapes in NZ. This research offers a valuable reference for
sustainable farm system design that can make an important contribution to advancing environmental
management globally as well as in NZ.

2. Multifunctional Landscape and Geodesign

2.1. Multifunctional Landscapes and its Application in Agricultural Landscape Planning

A multifunctional landscape is seen as being one capable of providing a wide range of landscape
services (i.e., ecosystem services) covering three main areas relevant to landscape management,
i.e., ecological, cultural and production functions [41]. Natural and semi-natural landscapes are
considered as multifunctional landscapes because they provide a variety of goods and services to
people, such as food and fiber, climate regulation and water purification [42]. However, multifunctional
landscapes of the past have been transformed into more simple landscapes (e.g., single-function
landscapes), which have a dominant land use type (e.g., croplands). This is because land managers
and decision-makers have focused on increasing agricultural productivity rather than considering the
benefits that can be provided by a multifunctional landscape [43]. The transformation of a natural
landscape into an agricultural landscape, especially one that is farmed intensively, leads to landscape
simplification. This occurs as diverse stands of native vegetation are cleared and replaced with a
monoculture, resulting in a loss of biodiversity and a reduction in landscape functions and services [44].
Many studies have demonstrated the negative effects of landscape simplification, such as an increase of
insecticide use [45], loss of habitats [46] and a reduction in biological control [47]. As such, developing
a multifunctional landscape is increasingly being recognized as offering an appropriate solution for
solving the issues and challenges that have arisen from agricultural intensification (i.e., landscape
simplification) [20].

A landscape ecological approach based on the concept of the multifunctional landscape has
been widely applied in sustainable agricultural landscape planning [48–51]. In the European Union
(EU), multifunctional agriculture is significantly encouraged, as it is a key concept of the Common
Agricultural Policy for the EU countries [52]. This concept is also applied in many developed countries,
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like the United States of America, Canada and Australia (as cited in [48]). The overall goal of agricultural
landscape planning that is based on the concept of the multifunctional landscape is to develop future
or alternative landscapes that can enhance and increase the multifunctionality of the current landscape,
in order to achieve a better balance between agricultural production and other landscape services [53].

A landscape services approach has been applied in order to examine a wide range of issues in
NZ, such as biological control [54], biodiversity [55] and land use planning and management [56–58].
However, some limitations have been identified, such as the obstacles associated with incorporating the
landscape services concept into agricultural land use decision-making and the lack of participation and
contribution of farmers in the creation of a future multifunctional landscape [59]. Another important
limitation is the inadequacy of the link between landscape service supply and demand. For instance,
there is a lack of research that assesses the imbalance between landscape service supply and non-market
demand in a spatially explicit manner (e.g., where and to what extent in the landscape are certain
services generated by agro-ecosystems needed to maintain desirable environmental conditions) [59].
In addition, current research involves limited measurements of landscape services (e.g., biodiversity)
other than production services (e.g., food and fiber) across small areas (e.g., farm scale) [60]. Therefore,
the ability to fully integrate multiple landscape services into land use planning and the implementation
of a collaborative planning process will provide a greater opportunity to address these gaps.

In this research we have used the terms landscape functions and landscape services instead of
ecosystem functions and ecosystem services. Although these concepts are often used as synonyms, it is
advocated that the use of the terms landscape functions and landscape services is more appropriate,
as these terms are more attractive to people outside the ecological sciences and may be more related to
local people [61]. In addition, landscape functions and services are more appropriate to landscape
planning, which is strongly associated with human involvement, whereas ecosystems are often
perceived as merely natural and semi-natural systems [62].

2.2. Geodesign

Geodesign is defined as “a design and planning method which tightly couples the creation
of design proposals with impact simulations informed by geographic contexts, systems thinking,
and digital technology” [37] (p. 29).

Geodesign often involves collaboration among essential groups (e.g., the design experts,
geographical information system (GIS) scientists, information technologists and the stakeholders) to
develop and decide sustainable scenarios for the future landscape of their area [31]. These groups
comprise a geodesign team, and collaborate based on a set of questions and methods, typically within
a framework that consists of six key questions [63]:

1. How should the landscape be described in content, space and time?
2. How does the landscape operate?
3. Is the current landscape working well?
4. How might the landscape be altered? By what policies and actions, where and when?
5. What differences might the changes cause?
6. How should the landscape be changed?

Six models are employed to answer each of the six questions, ranging from the description of the
study area to the decision on a desired future landscape. The process presented in the framework is
an integrated and continuous procedure, because the outcome of each phase serves as an input for
the subsequent phase, and all the stages of the design (understand study area, specify methods and
perform study) are incorporated into one unified system.

Recently, geodesign has emerged as an innovative design approach, developed to provide
alternative scenarios for future landscapes, based on a rich knowledge base about the environment [35].
Geodesign has been extensively applied to different landscape planning and management case studies,
such as urban development [64–66], environmental management [67,68], and sustainable agricultural
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land use [69–71]. This approach is also flexible in terms of the scale of application (e.g., a street,
a farm, small town, catchment and regional scales) [72,73]. Various examples of geodesign applications
were discussed at the Geodesign Summit in 2019 [74]. In the case of agricultural landscape planning,
a typical example of the application of geodesign is illustrated through the use of the approach to
increase food production and biofuel commodities and improve water quality and habitat performance
in the Seven Mile Creek watershed, Minnesota, United States [75]. At the farm scale, another example
is a geodesign project that utilizes 3D modeling and geospatial analysis to design strategies for climate
change mitigation on a farm in Iowa, United States. This project applies geodesign for real-time
scenario development and interactively evaluating alternative farm design [76].

In New Zealand, GIS tools and techniques have been widely applied to solve environmental
problems [77–81], but the tools and approaches that link design and GIS have not been readily
available [82] and there is a limited number of applications that follow the geodesign framework to
solve problems in landscape planning, especially at the farm scale. For instance, only one previous
paper was identified that applied geodesign to plan a route for visitor access across a farm in NZ [83].
Meanwhile, there is an absence of geodesign applications that focus on developing a multifunctional
agricultural landscape. Hence, research that utilizes geodesign procedures in an agricultural landscape,
especially at the farm scale, has the potential to contribute to environmental management studies in
NZ but has not yet been fully explored.

2.3. The Benefits of Integrating Geodesign into Multifunctional Landscape Planning

Geodesign offers an efficient solution to implement the adaptive design of multifunctional
landscape planning. It is an effective approach because it can (1) promote collaborative and adaptive
landscape design among different stakeholders, (2) advance landscape multifunctionality in agricultural
landscape planning and (3) enable the implementation of the landscape design problem on a large
scale. One key advantage of geodesign compared to traditional landscape planning approaches is that
it allows for collaboration among researchers, policy-makers, and other end users, because it divides
the landscape planning into different processes (with six distinct phases) and allows the participants
involved to provide feedback and suggestions at any step in the process [84]. With the latest geospatial
technologies (e.g., WebGIS application, human–computer interaction tools), participants can directly
interact with both the data and the analysis procedure. This is considered an efficient way to initiate
discussion among different stakeholders about alternative futures or visions for the new landscape [85].
In addition, a geodesign framework includes a decision model [63] so this can make the application of
landscape planning more adaptive and practical. It supposes that decision-makers may agree with or
oppose the proposed change, so the decision model that includes a negotiation process (e.g., discussion)
and method (e.g., Delphi method) will be able to effectively build consensus among decision-makers
and other stakeholders, as well as able to suggest necessary modifications to the proposed changes or
the development of new adapted plans [40]. Additionally, alternative landscape plans are not always
going to provide a first and ultimate fix, so decision-makers can iteratively discover the trade-offs and
synergies inherent in different design scenarios until a final decision is achieved [27]. In the case of
NZ, where agricultural land is under private ownership and farmers are the final decision-makers,
the inclusion of a decision model in landscape planning is critical because it increases the role of farmers
in the landscape design process. This can potentially facilitate the approval by private landowners of
proposed landscape change and therefore make the implementation of future landscape change more
feasible [86].

Compared to other landscape design methods and techniques, geodesign has a great potential
to break new grounds in the design industry, as it is based on advanced geospatial technologies [87].
State-of-the-art remote sensing, image processing, and GPS tools and techniques enable the collection
and processing of large amounts of biophysical data in high spatial and temporal resolution. This means
that geodesign can be implemented at various scales [88]. This is an asset in the case of NZ hill
country, where geospatial data, and especially data for farm scale application, is poor. For instance, it is
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common that there is a lack of detailed land use land cover (LULC) data at the farm scale, so in this case
high-resolution remotely sensed data can be used to produce necessary LULC information. In addition,
a wide range of tools, techniques, and models that have arisen from GIS, geospatial information,
spatial statistics and computer programming can be incorporated into one spatially informed planning
platform so as to allow comprehensive landscape design issues to be resolved (as it is a multidisciplinary
or transdisciplinary problem) and to provide a more efficient communication mechanism for the
modeling processes and results [89]. Geodesign can also integrate different kinds of environmental and
socio-economic models to quantitatively and spatially measure the cost and benefit of implementing
alternative land use scenarios [90]. The outcome from each geodesign question, such as landscape
structure and pattern, environmental sensitivity and risk, and future landscape scenarios, are presented
in a meaningful and intuitive visualization (e.g., dynamic map, table and graph) so as to provide better
assistance for decision-makers. Once the farmers can see the environmental issues on their farms and
measure how much they must invest and can benefit from the future landscape, they will be more
confident to make a decision.

In order to effectively co-design future multifunctional landscapes, non-technical people
(i.e., farmers) may require an understanding of the basic landscape concepts, such as different
socio-economic and ecological landscape functions and services [34]. Through collaboration with other
participants, farmers can receive support from technical people (e.g., scientists) to acquire the necessary
knowledge. More importantly, geodesign employs GIS models, tools and applications to incorporate
numerous layers of geospatial information and transfer the key multifunctional landscape concepts into
realistic visualization forms (e.g., map, graph) [91], as well as to develop future landscape scenarios,
visualize them and analyze the impacts of the different proposed landscapes on multiple landscape
services [37]. This may encourage farmers to pay attention to not only commerce and food production
but also the role of the non-trade functions of agricultural landscapes. In addition, the adaptive design
capability of geodesign enables farmers’ priorities to be considered, as their preferences or requirements
can be set in the land change model and this can subsequently increase the ability to reach a consensus
between farmers and other stakeholders on future multifunctional landscape scenarios.

3. The Case Study

3.1. Introduction to New Zealand Hill Country and its Environmnetal Challenges

New Zealand hill country is defined as land with slopes above 15◦ and located below an altitude of
1000 m above sea level [92]. This landscape type covers a variety of land class types, climatic conditions,
geology, and topography properties [93]. The hill country landscape is a mixture of steeplands, rolling
land and flat land [94] (Figure 1).

 

Figure 1. Hill country landscape: (a) earth flow; (b) slump/earth flow; (c) steep slopes > 25◦; (d) flat
topped ridges; (e) hilly slopes 15–25◦. Photographed by Duy X. Tran in 2019.
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Most of the hill country is classified as land use capability classes (LUC1) 5–7, which are suitable
for pastoral grazing, tree crops or production forestry [95]. Other LUC (e.g., classes 3, 4 and 8) often
occupy a small proportion of hill country land. Overall, approximately 10 million hectares of NZ’s total
land area is classified as hill country (approximately 37.5% of the NZ land surface), with the majority
located in the North Island (6.3 million hectares or 23.5% of NZ’s total area) [96]. Approximately half of
the hill country land (5 million hectares or 18% of NZ’s total area) is allocated to pastoral farmland used
for sheep and cattle farming [97]. It has been reported that sheep and cattle farms, the bulk of which
are located on hill country, also own some 25% of the total native vegetation remaining in NZ [98].
This significant proportion of native vegetation plays an important role in carbon sequestration and
biodiversity conservation [99].

In recent years, hill country farms have become increasingly concerned about environmental
issues [100]. For instance, Beef and Lamb NZ, an industry organization representing NZ’s sheep and
beef farmers, has defined four pillars for an environment strategy (created in 2018) for sheep and
cattle farms. These include working towards cleaner freshwater, healthy and productive soils, thriving
biodiversity and reduced emissions in order to achieve the goal of being carbon neutral by 2050 [98].
However, several environmental problems and the negative effects of climate change are challenging
the sustainable development of this type of farming [17,101].

Understanding the major environmental challenges facing hill country farming is vital to ensure
that good planning for future landscape and farm systems is made for the future. In the following
section, the five major issues that need to be considered prior to landscape planning in order to make
progress towards a more sustainable future for hill country farming are examined in the discussion
below. These are land use change and deforestation, soil erosion, climate change, agricultural
intensification and change in consumers preferences.

Large areas of native forests and shrubland on the steep erodible terrain of NZ hill country
were cleared for pastoral farming by the European settlers [102]. Although limited deforestation has
occurred since the 1980s, the response to historic deforestation and land clearing is still affecting the
current landscape and environment [103]. The negative impact of deforestation has been reflected in a
significant increase in soil erosion [104]. Over the last three decades, reforestation and regenerating of
native vegetation has been increasingly implemented on hill country [105] to reduce sediment loss
from steep slopes into river channels [106] and to increase the capacity for climate change mitigation
and adaptation [107]. Plantation forestry has a number of positive effects on the environment, such as a
reduction in soil erosion and flooding, an increase in carbon sequestration and a reduction in the GHGs
emissions, and it has also reduced pressure on native forests for timber [108]. For instance, a report on
erosion-prone hill country (for the period of 1997 to 2002) reported that the area prone to soil erosion
had been reduced by 36,000 hectares (3% of the total erosion-prone area) due to the planting of exotic
forest or through reversion to native shrublands [104]. However, removal of forest cover at harvest
on steeplands can result in significant environmental impacts, such as landslides, debris flows and
significant impacts on water quality due to sediment loss into waterways [102].

Over the period of 1990–2015, the total area of hill country sheep and beef farms decreased by
approximately 1.3 million ha [100]. This is because the more productive land was converted to dairy
farming or higher-value horticultural crops [97] whilst the steeper, less productive land, which is more
vulnerable to erosion and generates lower financial returns [109], was converted to an alternative land
use, such as forestry, manuka2 for honey production or retirement and a return to native vegetation [17].
Recently, carbon farming, which is a conversion from pasture to forest, is emerging as an alternative
to sheep and beef farming in hill country due to the dramatic increase in the price of carbon credits,
and this conversion can bring high economic profit if this occurs in eligible areas (the land areas where

1 LUC class 1 is flat highly productive land and LUC class 8 is very steep unproductive land.
2 Manuka honey is a monofloral honey produced from the nectar of the manuka, a native tree (Leptospermum scoparium)

that grows in New Zealand and parts of Australia.
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there has been a net land use conversion to new forests since 1 January 1990) [110]. Therefore, it is
important that relevant scientific information (e.g., mapping of suitable areas for alternative land use
options) is available so as to allow landowners to make appropriate decisions [111].

In the NZ hill country, soil erosion is a critical issue that contributes to land degradation [112].
The hill country has a high level of both natural and human-induced erosion [113] due to the
amalgamation of coarse-textured soils, high slope terrain, high precipitation and agricultural
intensification [114]. Soil erosion presents a significant problem to the practices of current pastoral land,
and it is especially severe on hill country, which has substantial areas of steep slopes and erodible rocks
(e.g., soft rock) [115], especially in combination with high rainfall and high-intensity rainstorms [104].
It is estimated that 192 million tons of soil are lost every year because of erosion and 44% of this takes
place on grassland [116]. Soil erosion does not only represent a reduction in NZ’s natural resources,
but it also results in a decline in soil productivity and a reduction in water quality [113]. In relation to the
economic cost, the effects of soil erosion on hill country can be on-site (e.g., a reduction in productivity)
and off-site (e.g., an increase in flood damage in downstream regions) [95]. The cost of erosion control
and mitigation has often surpassed the value of the production that can be obtained from that land [117],
and an increase in vegetation cover (e.g., regenerating native trees, tree planting and reforestation) has
been described as being the most efficient solution for this problem [118]. For instance, it is argued
that the reforestation of unstable and degraded land can not only effectively control current erosion
problems, but also preclude the formation of new forms of erosion [106]. For these reasons, soil
erosion control is important in land use planning and management in hill country. Characterizing the
detailed spatiotemporal pattern of soil erosion and the capability of landscape options to reduce this
environmental problem are central to managing this issue.

Climate change is recognized as one of the significant challenges facing agricultural development
in NZ hill country [109], as the country’s land-based economy is profoundly reliant on climatic
conditions for the growth of pasture and crops [119]. Increased frequency of intense rainfall events
is a threat to soil erosion, predominantly on hill country steepland [113]. The expected increase in
drought frequency and intensity in some drier regions may severely affect the water supply, agricultural
production and magnitude of wildfire risk [120–123]. Climate change may also directly affect pastoral
production, because the seasonal variation of pasture growth is influenced by rising temperatures, CO2

fertilization and changes in rainfall patterns [119]. Thus, climate change may result in greater variation
in sheep and cattle growth and productivity [124]. Adaptation solutions have been developed to reduce
risks and build resilience to climate change impacts in NZ. Some of the major adaptation strategies put
emphasis on a long-term perspective and suggest an integration of climate change adaptation into the
decision-making process [125].

The impacts of climate change on hill country farming may also be off-site and long-term [126].
For example, climate-concerned international consumers or markets might result in an increased
demand for the outputs from production that has low GHGs emissions [127], which will mean
that NZ agricultural production will have to change accordingly to maintain their market share.
Considerable effort has been made by both the public and private sector to determine climate change
mitigation solutions in NZ, and central to this is to reduce the GHGs emissions caused by agricultural
production [128]. For instance, in the agricultural sector it is suggested that changes to land use and
pasture management will be key solutions for reducing GHGs emissions along with other strategies
(e.g., innovation in animal genetics and breeding) [129]. It is therefore suggested that multiple land use
options (e.g., pasture, forestry, horticulture) need to be considered in relevant areas of the hill country
and the integration of climate change scenarios needs to be made into future land use plans for more
comprehensive land use planning and management models capable of addressing issues related to
climate change.

Intensive pastoral farming in hill country increased rapidly from the late 1940s to early 1980s.
This was due to the increasing demand and rising prices for meat and wool products on the world
market [130]. It was also supported by government subsidies for land development, as well as the
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emergence of new technological developments (e.g., aerial topdressing—application of aircraft for
fertilizers spreading and pasture seeding) [131]. Intensive farming during this period was reflected
in a re-clearance of a substantial area of native vegetation that was planted in pasture grass for meat
and wool production, an extensive application of fertilizers and agrichemicals, and a high stocking
rate [132]. Agricultural intensification and inappropriate agricultural practices in the hill country have
resulted in negative impacts on the environment. This includes an increase in soil erosion on steeplands
where native bush and shrubs were cleared for pasture, a decrease in biodiversity [133], an increase of
nutrient leaching [134], a reduction in water quality [135] and a reduction of future carbon stocks [136].

Since 1984, hill country farming has undergone a dramatic reduction in sheep numbers, as more
productive pastoral land was converted to other land use types, and farmers also reduced the
stocking rate [130]. Recently, sustainable practices such as organic farming have also been increasingly
implemented on some NZ hill country farms [137]. These sorts of changes have resulted in both
productivity improvement and better environmental outcomes [138,139]. However, despite these
successes, some hill country farms have been managed intensively to improve economic profitability
and unsuitable agricultural practices are still happening [140,141]. For example, farmers tend to
eliminate the reinvading bush, shrubs and exotic weeds in some high-altitude farms, or marginal land
is not fenced off, and this limits the restoration of native forest, which can cause problems associated
with soil erosion as well as reducing future carbon stocks [136].

With increasing concerns about the environmental impacts of agricultural intensification and
the need to mitigate the impacts of climate change, it is necessary to promote a wider uptake of
more sustainable agricultural practices in the hill country [131,142]. Several studies have shown that
applying appropriate farming practices, such as developing shelterbelts and hedges, using native
plants, or riparian plantings can significantly enhance the provision of landscape services (e.g., increase
biodiversity, pest control, water purification) [143–146]. Moreover, by applying appropriate land
management decisions it is possible to increase farm productivity whist reducing the impacts on the
environment [147]. For instance, using soil data, topographic maps and spatial analysis can help to
determine optimum fertilizer application to the appropriate areas and assist in the reduction of nitrate
runoff [148]. Making informed decisions requires good land use planning and management tools,
which can provide detailed land use and environmental information at the farm scale.

Meat and fiber from NZ hill country farms are well recognized on the world market because they
are safe, nutritious and grass-fed [109]. However, international consumers are increasingly becoming
aware of environmental issues that arise from intensive agricultural production and are requesting
more eco-friendly agricultural products or products that respect environmental standards [149,150].
Therefore, the way food is produced (i.e., considering factors such as environmental impact, animal
welfare and carbon footprint) is becoming an important focus of consumer preference that now needs
to be considered alongside the more traditional values associated with high quality [109]. Subsequently,
environmental and sustainability standards are being added to the traditional quality and health
standard requirements for produce. As a result of changes in consumers’ preferences, NZ hill country
farmers are required to adopt more sustainable farming systems that take into account the impact of
their practices on the environment [151,152]. Adopting more sustainable farming practices will not
only improve the environmental health of NZ hill country; it also presents an opportunity for farmers
to capitalize on the growing market for environmentally-friendly products. The utilization of effective
tools for land use planning and appropriate resource allocation will contribute to solving many of the
issues faced by NZ’s hill country.

3.2. Tools and Approaches for Supporting Sustainable Land Use Planning used in New Zealand

Government organizations, research institutions and the private sector have developed a wide
range of land use models and tools to help to address some of the impacts associated with land
use issues and environmental concerns in NZ [153] as well as supporting farm and landscape
decision-making in hill country [154]. Various types of models have enabled the user to deal with

41



Land 2020, 9, 185

specific environmental concerns, such as carbon sequestration [155], greenhouse gas emissions [12],
soil erosion [156], nutrient loss [157] or water use [158]. There are also various applications to help
farmers deal with the issues of farm production: AgInform [159], BiomeBGC [160], MitAgator [161]
and Farmax [162]. There are more complex land use models (e.g., Agent-Based Rural Land Use New
Zealand (ARLUNZ) [163], New Zealand Forest and Agriculture Regional Model (NZ-FARM) [164],
Waikato Integrated Scenario Explorer (WISE) [101]), which can take into account different factors,
such as land use information, socio-economic conditions and environmental parameters (climate, water
quality and biodiversity) to provide projected outcomes for land use and environmental, economic and
demographic indicators.There are also Whole Farm Plans (WFP), which are a long-established land
management tool that is being widely used across NZ to deal with both economic considerations and
environmental constraints on farming systems [165]. Recently, the Land and Environment Plan (LEP)
was developed by Beef and Lamb NZ to support sheep and beef farmers to have a better understanding
about the land and environmental issues that exist on their farms so that they can develop a land use
and environment plan to manage these issues [154].

Land use and environmental planning tools and models have contributed significantly to
agricultural development as well as supporting farmers in decision-making to address sustainability
issues in NZ [18]. However, several improvements are required to increase the effectiveness of the
model outcomes. A review conducted by Motu Economic and Public Policy Research in 2018 [18]
pointed out some gaps that NZ land use modeling needs to take into account in order to improve
its usability. These include increasing the reliability of the data and increasing model transparency,
improving collaboration capability among researchers, policy-makers and other end-users, enhancing
the communication associated with the model results to stakeholders and enabling a climate change
mitigation framework in the land use planning process [18].

Of upmost importance for improving model reliability is the use of data with a better spatial and
temporal resolution. It was conceded that NZ lacks good GIS data when compared to many other
developed countries [18]. Using data that are too generalized means that it is not possible to achieve
accurate analysis, especially at the finer scales (e.g., farm and paddock) [166], as it will fail to capture
the variability present at the a farm scale in relation to factors such as variations in slope, soil types,
soil fertility and effective rainfall [97]. Therefore, it is important to consider acquiring better data at
a high resolution so that land use optimization models can adequately represent the environmental
and ecosystem services variability within small farm-scale areas [59]. It is also important to have an
appropriate amount of time-series data to enable trends in environmental issues to be examined over
time [167]. This is critical for predicting change to the future environment and is an important basis on
which to develop long-term land use and environmental planning.

It is also important that land use planning takes into account the collaboration between different
stakeholders so that they can be involved in the planning process [18]. Farm system research has
evolved to recognize that there needs to be a shift towards more trans-disciplinary approaches to farm
system management, which require collaboration and integration of knowledge and ideas between
different people, disciplines and methods [168]. A framework that allows the collaboration among
researchers, policy-makers and users will enable them to easily and actively be involved in the planning
process and develop a comprehensive land use plan that satisfies multiple objectives (i.e., socio-cultural,
economic and environment issues).

A land use planning framework needs to enable the integration of different models and tools to
better solve different aspects of land use planning. Various tools and applications have been developed
to deal with a wide range of the land use and environmental issues in NZ, and these continue to
receive support and investment from the government, research institutions and the private sector [169].
However, the integration of different models into a single framework to solve interdisciplinary questions
has been limited in NZ [169]. Hence, future land use models need to consider the synergies between
different models and techniques so that they can be utilized to solve real world problems.
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It is necessary to improve the communication of both the modeling processes and the outcomes
from this process. Some land use and environmental planning tools are not simple to implement,
as they require farmers to prepare and enter a large and complicated set of data into the model.
Such models may also use several complex spatial analysis processes (e.g., map overlay, multicriteria
analysis) to define environmental issues on a farm, which are often difficult to interpret [170]. In fact,
land and environmental planning is a spatially complex problem, since it requires the integration of a
wide range of geographic information (e.g., soil, land use types, climate variables) to define issues
and allocate and plan resource use. Without an appropriate spatial support system, the process is
intimidating for farmers, as they are overwhelmed with information [19]. An adaptive spatial-based
decision support system incorporating spatial analysis tools and techniques would provide models
with the capability to capture, store, manipulate, analyze, manage and visualize land resources and
environmental data and information [171]. This would make the results more transparent to the
various decision-makers through the use of different forms of visualization (such as interactive maps,
graphs and reports).

3.3. Why Have Multifunctional Landscapes on Hill Country Farms?

Landscape simplification is significant in the hill country landscapes in NZ, as there has been
extensive conversion of the natural vegetation to pastoral land associated with the expansion of
agriculture since European settlement [172] (Figure 2). The area under pasture has increased
rapidly from less than 70,000 hectares in 1861 to 1.4 million hectares in 1881, 4.5 million hectares in
1901, and 7.7 million hectares in 2016 [173,174]. The conversion of natural ecosystems (e.g., forest,
shrubs) to pasture has led to a degradation of landscape functions in the sense that provisioning
services (e.g., grazing production) are dominant and increasing, whereas regulating services are weak
and declining. In other words, the human need to produce food has eroded the capacity of the
ecosystems to produce other essential services (e.g., regulating services) [175]. The negative impacts of
landscape intensification on hill country are well documented, such as the impacts on the provision of
freshwater [176], soil and plant biodiversity [177,178] or soil biogeochemical cycling of nutrients [179].

  

Figure 2. Example of NZ hill country landscapes: high simplification with low regulating services
(left); low simplification with high regulating services (right). Photographed by Duy X. Tran in 2019.

It is suggested that the issues that originate from landscape simplification due to agricultural
intensification could only be solved by taking into account the redesign of agricultural landscapes [180].
The goal of the approach suggested in this paper is to redesign (or plan) the agricultural landscape to
achieve a better balance between ecological, cultural and production functions [180]. The cultural and
production functions reflect the capability of the landscape to produce goods and services that support
human demand from a socio-economic perspective [181]. Whereas maintaining and improving the
ecological functions of the landscape is thought to increase biodiversity and landscape connectivity,
which has important conservation and landscape resilience implications, including the ability to adapt
to climate change and disturbance [182–185]. The creation of this kind of landscape is expected to be
an effective solution to solve the problems related to landscape simplification in NZ hill country farms.
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The justification for this is that a multifunctional agricultural landscape that is made up of a mosaic of
natural habitat areas and agricultural production areas could help to maximize the balance of ecological
and socio-economic demands and minimize the conflicts between them [186]. This allows the landscape
to provide multiple services and achieve multiple objectives (both agricultural production demand
and environmental standards) [51,187]. By diversifying farming activities, farmers can secure various
income sources whilst at the same time promoting the cultural and natural heritage [188]. For instance,
a sustainable multifunctional agricultural landscape may provide the option to develop agritourism or
environmental education. Consequently, this contributes to an added income for farmers and increases
public interest in the social and environmental values that the farms bring to the community. However,
the challenge comes in determining how to implement the multifunctional landscape approach as
a practical application to develop a sustainable agricultural landscape where different land use and
land cover types (e.g., wetland pasture, forest, and horticulture) co-exist and the land use pattern is
appropriate to maintain and promote sufficient heterogeneity so that different landscape functions
work properly [189,190].

4. A Conceptual Framework that Combines Multifunctional Landscapes and Geodesign Concepts
for Sustainable Agricultural Landscape Planning

In this paper, we propose a conceptual framework for sustainable agricultural landscape
planning (Figure 3) that integrates the concept of multifunctional landscapes with a geodesign
approach. It also draws on several studies that have focused on developing a framework for landscape
planning [87,187,191]. The geodesign processes in this framework follows the approach outlined by
Steinitz [31], which comprises six phases. These phases are: (1) Landscape description, (2) Landscape
process; (3) Landscape evaluation; (4) Future landscape scenarios development; (5) Impact assessment
of alternative landscape scenarios; and (6) Decision-making. Within this framework, the basic concepts
of a multifunctional landscape and a landscape services approach can be fully integrated.

4.1. Landscape Description

The landscape description phase is used to describe a general picture of the study area. The first
task is to define an appropriate boundary for the study area. It is suggested to consider both the social
and ecological boundaries (i.e., boundaries that cover both the ecological and socio-political/cultural
functions of the landscape) when defining the boundary for the study area [192,193]. The ecological
boundary of the study area may be determined based on ecological processes or biophysical constraints
(e.g., land management unit, catchment or sub-catchment boundaries) [194]. The cultural functions
of the landscape sometimes may not align with the boundary of the ecological functions, so it is
recommended to work with the “people of the place” to properly define an appropriate boundary [192].
In NZ, a catchment group is a community network of farmers who operate in a particular catchment.
They are increasingly committed to tackling environmental issues and responding to a long-term
sustainable development plan for the catchment [195,196]. Working with such groups offers the
potential to assist in developing a relevant cultural boundary.

Once the study area boundary is defined, the next step is collecting necessary physical and
socio-economic data, especially data for characterizing landscape services and environmental issues
(e.g., soils, topography, LULC, climate). In the case of NZ hill country, the lack of data is a limiting
factor for analysis. To navigate around this requires an integration of multiple data sources that may
come from the government, research institutions, remote sensing and field surveys. In fine-scale
applications, such as those undertaken at the farm and paddock scales, information provided by
farmers (e.g., stocking unit, grazing rotation) is an important source of data. The integration of local
and global data to model landscape services is therefore a valuable option to address data deficiencies
in remote and data-poor areas [197]. In addition, data are normally archived in different formats,
standards and scales, so data standardization is an important step to make sure multiple data layers
can be appropriately integrated and used.
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Figure 3. A conceptual framework for a multifunctional landscape-based geodesign for sustainable
landscape planning, adapted from Steinitz [31].

A representation model (e.g., a raster-based 2D data model) is used to organize and visualize data
collected for the study area through space and over time. For example, maps visualize LULC types of a
farm or rainfall and temperature patterns in a catchment from 20–30 years ago to the present. This gives
a general understanding of the landscape (from the past to the present) and provides necessary input
for the other stages of the framework. Data resolution and availability will affect all other processes of
landscape design, as the difference in the resolution and level of data accuracy in the input process
could lead to completely different results. For instance, small landscape features (e.g., small plots of
shrubs or ponds) play an important role in a farm, such as providing biodiversity, water resources and
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shade for stocks. However, these features are often eliminated in the low-resolution data (e.g., LULC at
the catchment or smaller scale), so landscape services provided by these features may not be quantified
when using such coarser data.

4.2. Landscape Process/Operation

The landscape process phase aims to define key processes in the study area that include both
physical/ecological drivers and socio-economic drivers. The first step is spatially and quantitatively
characterizing major landscape functions, services, and values. This provides insights into the landscape
operation in which important landscape characteristics are examined. An example of major landscape
functions or services supply and their indicators on a hill country landscape in NZ is presented in
Table 1. It is important that landscape service supply is estimated in monetary units so that the overall
benefit that a landscape provided can be easily measured. Various economic valuation methods have
been used for estimating the value of landscape services, such as market prices, replacement cost and
provision cost [57]. For instance, the market price method can be applied directly to convert several
landscape services (e.g., pasture and timber production, carbon sequestration) to appropriate monetary
units. Many indirect use services (e.g., drought mitigation, flood mitigation, nutrient retention) may
require using provision cost or replacement cost methods to transfer their qualities to monetary value.
Additionally, the economic value of landscape aesthetics in an area can be evaluated by estimating
people’s willingness to pay for visiting heritage or tourist sites distributed in the landscape.

Table 1. Example of landscape services in the hill country New Zealand.

Landscape services Indicators Units/Measurements

Provisioning

Stock feed production Pasture productivity Pasture yield (kg Dry matter/ha/yr)

Timber production Timber productivity Volume of harvest (tons/ha/yr)

Provision of Manuka honey Honey production Honey yield (kg/ha/yr)

Fresh water supply Water availability for irrigation
or drinking Water supply (m3/yr)

Regulating

Erosion control Capacity of landscape for
retaining sediments Retained soil (ton/ha/yr)

Flood regulation Rainfall absorbed by soil Runoff (mm/ha/yr)

Drought mitigation Capacity of landscape for
retaining moisture Drought severity (mm/ha/yr)

Carbon sequestration Landscape capacity to
trap/absorb carbon Sequestered carbon (ton/ha/yr)

Nutrient retention Part of nutrient retained by
the soil Retained N and P (kg/ha/yr)

GHG emissions mitigation Amount of GHG
emissions regulated CO2, N2O, CH4 (tons/ha/yr)

Supporting

Forest biodiversity Landscape capacity to support
natural habitats Native/natural forest (%/ha)

Plant habitat Rare, endemic, and indicator
plant species Conservation Value index

Information
Aesthetic and amenity values Sites of beauty and heritage Number of interest points/km2

Recreation and ecotourism Attractive landscape for
recreation activities Recreation activities suitability

Sources: adapted and revised from [57–60,206,207].

After that, the spatial interaction between the provision of landscape services and landscape
simplification and LULC dynamics are analyzed to determine how these processes are linked to each
other. A substantial number of studies have stated that the provision of landscape services has been
significantly affected by LULC dynamics [198–203]. Quantifying these relationships will be a key
to transferring a multifunctional landscape design to a future land use plan. Landscape indicators
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that reflect the landscape simplification (i.e., agricultural intensification) well (e.g., the proportion of
cropland and semi-natural land obtained from LULC data [45]), the variations in landscape services
provision (e.g., landscape services change index [204] or multifunctionality index [205]) and spatial
regression analysis will be used to characterize the spatial interactions between the change in LULC
and variations in landscape services.

Quantifying and mapping landscape services can help farmers recognize and understand the
multiple values of their farms. This is an advantage compared to using land cover information, as many
landscape services may not be directly quantified by using land cover data alone [208]. Understanding
major landscape processes and the interaction between them is the key basis for designing a sustainable
multifunctional landscape.

4.3. Landscape Evaluation

The landscape evaluation phase seeks to assess whether the landscape is working well or not [28],
in other words, assessing the overall quality of the landscape [209]. In a multifunctional landscape
this can be understood as assessing the quality of goods and services that a landscape provides to
humans and the environment. To determine landscape quality, an evaluation model that utilizes
comprehensive indicators will be used to evaluate the attractiveness, vulnerability and sustainability of
the study area. Attractiveness refers to the advantages that landscapes may have for a specific land use
purpose or for socio-economic activities (e.g., suitable soil and climate conditions for fruit production).
The vulnerability relates to characteristics that negatively contribute to socio-economic development
or the environment (e.g., impacts of extreme climate and steep slopes on agricultural production,
or negative effects of agricultural intensification on water quality and biodiversity). Sustainability
reflects the landscape’s capacity for steadily supplying long-term landscape services that are critical
for maintaining human and environmental well-being (e.g., a landscape that has different functions
and services that co-exist and balance) [210].

Landscape assessment indicators, which can be of various types, including single (e.g., GHG
emissions mitigation index), multiple (e.g., a combined-index integrating several parameters, such as
soil erosion control, carbon sequestration and drought mitigation), static (the sustainable threshold
being classified into a fixed category) and dynamic (the sustainable threshold being subjected to
the dynamic interaction between indicators) [87,211], and come from various sources (e.g., expert
consultant, environmentalist, empirical analysis, law and regulation) [31], could be used to assess past
and present situations of a study site, monitor the design process and compare design alternatives [87].
Hence, choosing appropriate indicators is important for the success of a landscape design project.
Suitable landscape indicators should satisfy several requirements, such as the capability to reflect
a wide range of landscape services to analyze the trade-offs between landscape service provision
and land use change options [212], providing reliable, detailed, understandable, comparable and
spatially explicit information to support decision-making [213], and providing cost-effective indicators
by utilizing available data or employing low-cost generated data and models [214].

Landscape evaluation models also need to reside within the geographical context in the sense that
assessment indicators should recognize and align with existing legitimized environmental strategy and
policy and reflect major landscape processes in the study area. For example, in the case study of hill
country in NZ, water quality, soil erosion control, drought mitigation, pasture productivity and GHGs
emission mitigation could be used as some of the indicators for landscape sustainability assessment.

4.4. Future Landscape Scenarios Development

Based on the results achieved from the landscape evaluation process, change models will be
used to define a series of alternative future scenarios for the proposed multifunctional landscapes.
In this stage, stakeholders can follow the scenarios developed by scientists or propose their scenarios
(a user-defined plan) for the future landscape. Alternative scenarios for future landscape design can be
implemented by applying the following procedure:
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First, the information on landscape process (characters, services and values) as well as major
socio-economic drivers and environment issues are used to define how the landscape should be
changed. Determining the expected future landscape is based on several assumptions, such as the
preferences of local people, the landscape functions or services that the future landscape will be
capable of providing, and the implications of policies and regulations [215]. In agricultural landscapes,
the design goal for future landscapes is mainly based on the level of agricultural intensification
(or landscape simplification) [216]. Landscapes that have been highly simplified may need to be
redesigned in order to restore integrity between provisioning, supporting, regulating and cultural
services, whereas the likely design goal for less simplified landscapes is to increase provisioning
services while maintaining current levels of other services [180]. Climate change scenarios can be
integrated in this step to measure how the changes in climate variability can affect the landscape
operation through the interaction with landscape functions.

Afterwards, a design strategy that could take an offensive approach (where the design goal
is utilizing the advantageous or attractive landscape characteristics to develop a future landscape),
or a defensive approach (where the development of a future landscape is based on one that avoids
vulnerability or risks), or a combination of these approaches, will be used to create a specific change
model to simulate future change for the landscape [31]. There are different methods of designing for
landscape change, such as rule-based, optimized, and agent-based approaches (see [31] (pp. 56–59) for
further details). Among these, the use of multi-criteria decision-making (MCA) can be an efficient
method to propose future landscape scenarios in the study area, as the creation of a future landscape
can be regarded as a complex MCA process [217]. Each land use scenario or option often requires
multiple objectives (e.g., erosion control, carbon sequestration, pasture productivity, GHGs emission)
and the final decision will be a compromise between the interests of the different stakeholders involved
in the design process. The results from these approaches are maps showing the future landscape with
the distribution and pattern of different LULC types. Associated with each LULC map will be the
provision of landscape services and landscape multifunctionality maps. For each scenario and stage,
different alternatives can be created and reassessed iteratively until consensus is achieved.

4.5. Impact Assessment

In the impact assessment of alternative landscape options, the criteria and indicators used in
landscape evaluation will be applied to assess the positive and negative impacts (benefits, risks
and sustainability) of the future landscape. In a geodesign project, an environmental impact
assessment is often implemented to characterize the consequences of the proposed change. In the
context of developing a multifunctional agricultural landscape, the impact assessment is related
to quantifying the costs and benefits (including both socio-economic and environmental costs) of
recovering landscape functions or re-designing the landscape to increase landscape diversification
(or landscape multifunctionality). The results of this stage include maps and statistical data showing
the cost–benefit ratio of each alternative landscape option. For instance, associated with each land use
scenario will be maps showing landscape services provision and value of carbon sequestration, GHGs
emissions, erosion control, drought mitigation and pasture productivity, as well as the total benefit
(value) of that scenario. This includes the cost to implement such a landscape (e.g., loss of pastoral
area, fencing cost, tree planting cost). This will be critical for the decision-making stage.

4.6. Decision-Making

In the last phase, the scenario analysis and group discussion will be conducted with the public,
experts and stakeholders. The results of the future landscape scenario development and impact analysis
will be utilized for discussion, and this will from a basis for making the final decision. According
to Steinitz [31], participants in the geodesign process might give different answers, including “Yes”,
“Maybe” and “No”, in response to proposed scenarios. If decision-makers agree with one of the
proposed plans, the next stage is to develop the implementation plan. In case stakeholders are not sure
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about their decision, further study or analysis is needed to provide more information to help them
decide. Sometimes decision-makers may not approve the designed landscape. If this is the case it
is necessary to get comments and feedback on why this is so. This will be valuable information to
integrate into the landscape project in the future.

The proposed framework in this research inherits the major advantages exhibited by a geodesign
approach. These include the fact that it can be a continuous procedure, a multidisciplinary
or transdisciplinary approach, and a participatory collaborative planning technique. Moreover,
this framework integrates concepts drawn from landscape ecological theory (such as incorporating
information on landscape functions and services, landscape simplification and landscape pattern).
This means that the theory provides the scientific context to informed and collaborative decision
support processes for farm systems that are faced with the need to change in response to environmental
pressures and market influences.

5. Conclusions

This paper reviewed the major challenges facing NZ hill country farms and proposed an approach
for sustainable agricultural landscape planning. The significant issues facing hill country farming
include land use changes and deforestation, soil erosion, agricultural intensification, climate change
and the impacts of changes in consumers’ preferences. These challenges are considerations for farmers
striving towards the long-term sustainable development of NZ’s hill country. Currently, landscape
simplification associated with agricultural intensification is a significant feature of hill country farms.
This may reduce the landscape’s capacity to mitigate and adapt to the environmental challenges and
climate change effects. Therefore, we have suggested that designing a more sustainable multifunctional
landscape is a possible solution to tackle the issues facing NZ hill country. The development of
multifunctional agricultural landscapes can contribute towards innovative future farming systems
that can deal with emerging environmental issues [218]. In addition, the design of multifunctional
landscapes can improve their resilience to change and disturbance [219], which will be crucial for
ongoing sustainability in NZ hill country.

This is one of the first studies to propose a geodesign framework for sustainable multifunctional
agricultural landscape planning in NZ. By integrating a multifunctional landscape approach in
a geodesign context we offer a solution to address some of the implementation problems that
have restricted uptake. Considering landscape planning in a design-driven perspective, geodesign
embraces collaborative planning (among different stakeholders) as the key to landscape design. It also
enables the incorporation of stakeholder values and aspirations as a central element to this process.
By dividing the landscape design process into different phases and utilizing geospatial technologies
(e.g., human–computer interaction), geodesign allows important stakeholders to be effectively involved
and contribute to the planning process. In addition, geodesign enables the use of multiple sources
of relevant spatial and temporal resolution data for landscape planning, especially in large-scale
applications, as well as being better at dealing with different aspects of land use planning.

The proposed framework in this paper considers the major concepts associated with a
multifunctional landscape approach, including landscape functions and services, landscape supply
and demand, the value of landscape services, sustainable landscape indicators, spatial patterns
and interactions. This facilitates a comprehensive implementation of the multifunctional landscape
approach in land use planning and management. A landscape ecological approach has been talked
about conceptually for landscape sustainability but has not been widely applied practically in NZ.
Therefore, the comprehensive integration of a landscape services approach in landscape planning offers
a solution to address some of the limitations faced by current land use planning and management
practices in NZ [59,60]. The proposed approach and associated framework can provide a scientific
basis towards the development of a future commercial land and environmental planning tool. This will
hopefully give farmers and rural professionals more options to conduct useful land use planning at the
farm scale.
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We believe that the proposed conceptual framework of an integrated landscape ecological
(the scientific theory behind a multifunctional landscape concept) and geodesign approach will be
a valuable reference for future work about agricultural landscape planning. Ideas around creating
multifunctional farm landscapes have been discussed [24,220,221], the role that geodesign can play in
future planning has been explored [34,210] and frameworks for developing sustainable landscape based
on an integration of geodesign and landscape ecology have been proposed [87,222]. However, there is
a lack of a detailed framework that can demonstrate how concepts associated with the generation of
multifunctional landscapes can be incorporated into a geodesign process to create a planning tool at
the farm scale. Hence, the approach proposed in our paper, which covers a comprehensive description
of a type of geodesign process applied to the management of a multifunctional agricultural landscape,
will significantly contribute to environmental management studies and illustrate the potential of this
type of approach for global application.

Although the framework proposed in this paper demonstrates a comprehensive approach for
agricultural landscape planning that can be applied to NZ hill country farms, we acknowledge that
future work needs to consider and investigate the issue regarding the financial resources required to
support the farmers to overcome their economic concerns associated with changes in land use. Farmers
may recognize and be motivated by the great value that extra landscape services can provide and agree
with a proposed landscape design, but a barrier to implementation of this design might be the lack of
the long-term support that is needed to enable them to be able to afford the cost of implementation
and to follow the suggested revised land use and environmental plan. For instance, increasing native
woody vegetation on a farm provides a great range of landscape services, but it may potentially affect
economic profit in the short term due to the fact that it would decrease land available for grazing and
has a low growth rate [223], and thus have less earning capacity in its early life stages. A solution
to this is for policy-makers in NZ to consider payment for landscape services. In many countries a
wide range of regulating and supporting services are estimated in terms of economic value, and the
farmers (i.e., landowners) are able to get a payment for these services [224–226]. Currently, farmers in
NZ can only receive payment for carbon sequestration services, so there are no strong incentives to
encourage farmers to implement a land use plan that promotes multiple landscape services on their
farm. An approach such as the one outlined in this paper can help to demonstrate a proof of concept
to policy-makers so that they recognize the greater environmental value that farmers can provide by
designing future landscapes for multifunctionality and landscape services and therefore build financial
support into future policy-making.
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Abstract: Mountain farming sustains human well-being by providing various ecosystem services (ES).
In the last decades, socio-economic developments have led to worldwide changes in land-use/cover
(LULC), but the related effects on ES have not been fully explored. This study aimed at assessing
the impacts of the transformation of agricultural land on ES in the European Alps. We mapped
19 ES within the agriculturally used areas in the year 2000 and analyzed LULC changes by 2018.
We compared eight regions with a similar development, regarding social–ecological characteristics,
to outline contrasting trends. Our results indicate that the ES decreased most strongly in regions
with a massive abandonment of mountain grassland, while ES in the ‘traditional agricultural region’
remained the most stable. In regions with an intensification of agriculture, together with urban
sprawl, ES had the lowest values. Across all regions, a shift from ES that are typically associated
with mountain farming towards forest-related ES occurred, due to forest regrowth. By relating
differing trends in ES to social–ecological developments, we can discuss our findings regarding new
landscapes and farming systems across the European Alps. Our quantitative and spatially explicit
findings provide a valuable basis for policy development, from the regional to the international/EU
level, and for adopting sustainable management strategies.

Keywords: social–ecological system; mountain region; spatial analysis; land-use change; farming

1. Introduction

The IPBES (Intergovernmental Platform on Biodiversity and Ecosystem Services) con-
ceptual framework names three interactions between human societies and the non-human
world: nature, nature’s benefits to humans, and a good quality of life. To value NCPs
(nature’s contributions to people; defined here as any positive contribution or benefit, and
occasionally negative contributions, losses, or degradations, that humans receive from
nature), the concept of ecosystem services (ES) is often used. Since, NCPs are consistent
with the original use of the term ES in the Millennium Ecosystem Assessment [1], we define
ES as the contributions ecosystems make to human well-being, including the goods and
benefits that people subsequently derive from them. The IPBES further reinforces the need
for initiatives at the science–society interface, aiming at sustainable futures in the light of
global change [2]. Our study applies the ES concept to value the transformation of land-
scapes in this context, contributing to a possible sustainable adaptation of land-use/cover
changes (LULC). Here, we focus on agricultural landscapes, as they are particularly affected
by global change, with wide-ranging consequences for society [3–5]. Agricultural ecosys-
tems contribute to a variety of ES, such as food and fodder provision, soil conservation,
erosion protection, climate regulation, habitat provision, aesthetics, and recreation [6–8]. In
particular, organic or traditional farming systems provide high levels of multiple ES, while
conventional farming systems are focused on food production [9–13]. In mountain regions,
small-scale farming systems and sustainable management practices have been developed
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over centuries to cope with the challenging topographic and climatic conditions [14]. This
has shaped appealing mountain landscapes, which are rich in biodiversity and provide
many ES to local people, tourists, and adjacent lowland populations [15–24]. However,
institutional and political drivers, socio-economic shifts, urbanization, and technical devel-
opments have reduced the competitiveness of these marginal areas and induced a massive
abandonment of alpine pastures and meadows in European mountain regions during
the last century [25–32]. At the same time, less steep areas in the valley bottoms with a
favorable climate and easy access have been intensified, often managed by larger and more
specialized farms [33,34]. Such changes have led to still ongoing transformations in agri-
cultural landscapes, with implications for biodiversity and manifold ES [22,23,35–37]. For
example, the intensification of agricultural land causes a decline in water quality, because
of higher nutrient input, and a reduction in pollination, due to the use of pesticides and
a habitat loss [6,38,39]. In addition to a decline in forage provision, the abandonment of
alpine pastures and meadows leads to a loss of many cultural ES. In contrast, the provision
of timber and non-wood products, and the regulation of the climate and protection from
hazards increase due to forest regrowth [33,36]. Hence, previous conditions and past pro-
cesses not only show an impact on current landscape patterns and functions, but can also
determine, to a great extent, future pathways of landscape change [40].

Such developments require the attention of decision-makers and land managers, to
foster a sustainable development of mountain regions and maintain high levels of multiple
ES provision [41–44]. There is growing evidence that the concept of ES, acknowledging the
human benefits obtained from the interaction with ecosystems, provides a valuable basis to
support landscape planning and management, in various ways [41,45]. This may include
raising the awareness of stakeholders, developing management strategies, and taking
decisions [46]. In particular, ES maps can be supportive for identifying developments of
ES over space and time [36,38,47]. They can be used for revealing synergies and trade-
offs among multiple ES [24,48,49], and consequently, for setting priorities in land-use
decisions; for example, how intensive agricultural use maximizes provisioning ES, while
reducing other ES [50,51]. Maps can also help to identify the spatial separation between
farming activities and consumers, which is responsible for trading agricultural products
globally [19,52,53]. On this basis, decision-makers can develop nature-based solutions,
such as promoting dietary shifts, to strengthen the consumption of local products.

However, quantitative and spatially explicit information on the impacts from the
transformation of agricultural land is often not available [54,55]. One reason is that studies
on LULC in agricultural landscapes are often not sufficiently linked to the concept of ES [51].
Although there is an increasing number of studies dealing with ES in mountain regions
in general, many studies have not considered changes in ES over time [56] or did not
specifically analyze agricultural landscapes [51]. Regarding spatial coverage, most studies
concentrated on the local level, e.g., [28,57–59], or, if carried out at regional or national level,
largely neglected social–ecological differences within and across regions [21]. Consequently,
national or even regional policies fail to consider diverging local developments, which
occur due to the high complexity of large mountain ranges, such as the European Alps, that
include a high variety of climatic, topographic, socio-cultural, and political conditions [14].
Furthermore, many studies focused on a limited number of ES [60]. Data on ES that are
not directly linked to land-use/land-cover (LULC) or that are more difficult to assess (e.g.,
many cultural ES) are largely lacking. Therefore, ES are still rarely integrated into policies
and decision-making [60].

To contribute to a more comprehensive understanding of recent developments in the
European Alps, this study was aimed at assessing the impacts of the transformation of agri-
cultural landscapes on 19 ES. By differentiating eight regions with distinct social–ecological
characteristics, our findings illustrate contrasting developments in ES and highlight diverse
pathways for agricultural landscapes in mountain regions.

64



Land 2022, 11, 49

2. Materials and Methods

2.1. Study Area

The European Alps are the highest mountain chain in Europe and contain a large
variety of landscapes, species, and cultures. They count about 14 million inhabitants and
stretch over eight different countries, including parts of France, Switzerland, Italy, Austria,
Germany, and Slovenia, as well as the countries Liechtenstein and Monaco. The Alps are a
hot spot of biodiversity, and the complex topography influences the natural distribution
of soil, the typology of land, and habitat variety. About 49% of the area is covered by
forest, followed by agricultural land (27%), high mountain landscapes with shrubs, natural
grasslands and rocks (19%), artificial surfaces (3.7%), and water (1.1%).

Due to the high variety of social–ecological conditions across the Alps, the analyses
of this study are based on eight regions with different economic and social structures or
environmental situations [61]. These regions were identified by Tappeiner et al. [61] through
cluster analysis (Ward method, squared Euclidian distance), based on 21 indicators that
reflect the three pillars of sustainability in equal measure (Table S1). The classification refers
to data between 2000 and 2008, as well as between 1990 and 2002 for change indicators.
An updated classification is currently not available. The eight regions (Figure 1) can be
summarized as follows:

• ‘Employment hubs’ are municipalities to which many employed persons commute
daily. They have a good transport infrastructure and offer a good range of jobs in the
secondary and tertiary sectors.

• ‘Residential municipalities’ are typical residential and dormitory municipalities lo-
cated around major employment hubs. Daily commuting is possible without great loss
of time, due to the above-average traffic infrastructure. The residential environment
in these municipalities is attractive, and land prices are affordable, which leads to
increased urban sprawl.

• ‘Important tourist centers’ have very well-developed accommodation facilities; the
employment situation is better than average in the Alps. Most of them are rural
municipalities with largely intact agriculture and an attractive landscape.

• ‘Dynamic rural areas’ are characterized by a rural location and a dynamic labor market.
The employment of women and older persons in particular has improved significantly
here, not least due to the positive development of tourism. Agriculture in these areas
is largely intact. Of concern, however, is the above-average emigration of employed
persons.

• ‘Standard Alpine regions’ reach average values for the Alps in all aspects. Typical
of these are low tourism intensity, a negative commuter balance, and a decline in
agriculture. Balanced migration and birth rates, however, prevent excessive over-
aging in these municipalities.

• ‘Traditional agricultural regions’ are characterized by a severe over-aging of society,
poor traffic infrastructure, and a moderate retreat of, mostly extensive, agriculture
from the area. The poor employment situation in these regions is likely to contribute
to the fact that the number of abandoned farms is limited. Overall, this results in a
rich, traditional landscape.

• ‘Rural retreats’ are characterized by good traffic infrastructure, which residents use to
commute to work while keeping their center of life in the rural hinterland. Agriculture
has largely retreated from the area, creating a slightly fragmented and highly diverse
landscape.

• ‘Forgotten rural areas’ are characterized by significant over-aging and a particularly
strong abandonment of agriculture. A major reason for this is remoteness and poor
traffic infrastructure. The areas show great economic weakness and are threatened by
depopulation.
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Figure 1. Location of the European Alps in Europe (small map), and the eight social–ecological
regions in the study area, as identified by Tappeiner et al. [61] (large map). Authors own elaboration.

2.2. Analysis Steps

We analyzed changes in agricultural land between 2000 and 2018 in the European
Alps for the eight above described social–ecological regions, based on LULC distribution,
and related these developments to 19 ES. The ES mapping and impact analysis in this study
comprised the following three steps (Figure 2):

1. Aggregation of LULC types: We used CORINE Land Cover data (CLC) in raster
format with a spatial resolution of 100 × 100 m for the years 2000 [62] and 2018 [63].
We aggregated the 44 CLC classes to 11 LULC types (Table S2), mainly representing
the first and second level of thematic detail, according to the hierarchical nomenclature
of CLC [62,63]. Based on the LULC distribution in 2000, we selected four agricultural
LULC types (crop cultivation, permanent culture, fertilized grassland, unfertilized
grassland), which we used to extract the aggregated LULC maps in 2000 and 2018 to
the same spatial extent, focusing on agricultural areas.

2. Calculation of ES values: We created ES raster maps by relating the LULC types in 2000
and 2018 to ES values (Table S3). Moreover, we distinguished raster cells with slope <
and ≥30◦ to distinguish flat areas that do not need ‘protection from hazards (R1)’ due
to the presence of steep areas. ES values represent the ES supply, which was weighted
by socio-cultural preferences [50]. Tasser et al. [50] and Schirpke et al. [25] derived
the ES supply from an extensive literature review on ES-relevant ecosystem processes
and functions related to water, soil, plants, animals, microorganisms, agricultural
production, and landscape structure. Socio-cultural preferences (from 1 = low to
5 = high) were obtained from surveys [18,64]. Hence, ES that were more preferred
obtained higher final ES values than those ES of lower importance (for details, see
Tasser et al. [50]). Final ES values are expressed as a dimensionless index, ranging
from 0 to 5, and were used to map ES based on the aggregated LULC types, i.e., each
raster cell of a specific LULC type was associated with the respective ES value of
Table S3.
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3. Impact analysis: To identify differing trends in LULC and ES across the eight regions
with differing social–ecological characteristics, we spatially overlaid the raster maps
(aggregated LULC, ES values) with the eight regions (Figure 1). We calculated area-
weighted mean values for each region in 2000 and 2018, which were used to map and
evaluate changes in LULC and ES values.

 

Figure 2. Conceptual steps for examining trends in ES values across different regions with distinct
social–ecological characteristics in the European Alps, only considering areas that were agriculturally
used in 2000. Authors own elaboration.

3. Results

3.1. LULC Changes

The composition of agricultural land in 2000 varied across the eight regions (Figure 3).
The residential municipalities, employment hubs, the standard Alpine region, and the
traditional agricultural region comprised mostly intensively used LULC types, such as crop
cultivation, permanent cultures, and fertilized grassland, whereas unfertilized grassland
prevailed in the other four regions. LULC changes between 2000 and 2018 generally
consisted in the abandonment of fertilized and unfertilized grassland, and in an increase
in settlement area, forest, and abandoned grassland. Change rates, however, greatly
differed across the eight regions (Figure 3). The smallest changes occurred in the traditional
agricultural region, while the largest changes happened in rural retreats and forgotten
rural areas. Residential municipalities and employment hubs had the largest increases
in settlement areas, while forest increased above average in forgotten rural areas and
rural retreats. Agriculturally used grasslands were frequently abandoned, especially in
the latter two regions, but also in the tourist centers and in the dynamic rural areas,
resulting in forested areas or succession stages towards forest, such as dwarf-shrub habitats
and bushland. In addition, crop cultivation and permanent cultures slightly increased
around the main settlement regions, mainly in residential municipalities and standard
Alpine regions.

3.2. Changes in ES Values

Considering only agricultural LULC types (i.e., crop cultivation, permanent culture,
fertilized grassland, unfertilized grassland) that were present in 2000, ES values varied
across the eight regions (Figures 4 and A1). The lowest ES values occurred in the econom-
ically prosperous employment hubs, including the suburbanization region (residential
municipalities), mainly due to less ecosystems with high ES supply and below-average
values for cultural and regulating ES. In contrast, regions with a high increase in forest or a
high share of unfertilized grassland, including alpine pastures and traditional agro-forestry
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systems, had the highest ES values; in particular, wood production (P5), occurrence of
mushrooms and wild berries (P4), protection against natural hazards (R1), availability of
usable water (R2), preservation of valuable habitats and species (R3, R4, and R5), positive
impact on climate (R9), opportunities for leisure activities (C1), aesthetic experiences (C4),
and cultural heritage (C5). Regions with a high proportion of intensive agricultural land
(i.e., crop cultivation, permanent crops, and fertilized grassland) had lower ES values for
regulating and cultural ES.

Figure 3. LULC distribution across eight social–ecological regions in the European Alps in 2000 (left)
and 2018 (center), as well as LULC changes between 2000 and 2018 (right), only referring to the
area that was covered in 2000 by agricultural LULC types (i.e., crop cultivation, permanent culture,
fertilized grassland, and unfertilized grassland). Wetlands, rivers, lakes are summarized as ‘wetlands
& water’. Authors own elaboration.

 

Figure 4. ES values in 2000 (left), 2018 (center), and change in ES value between 2000 and 2018
(right). Authors own elaboration.

ES values between 2000 and 2018 mostly declined, especially, regulating and cultural
ES, mainly due to LULC changes of agricultural land towards other LULC types, including
abandoned land, forest, and settlement areas. On the other hand, provisioning ES increased
except for fodder production (P1), but the changes in ES values varied across the eight
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regions (Figures 4 and 5). Corresponding to the small LULC changes, the smallest changes
in ES values occurred in the traditional agricultural region. Changes in employment hubs
and residential municipalities were also below average, but there was a further decline in
provisioning ES, due to the increasing urban sprawl. Rural retreats had a particularly strong
decrease in many cultural and regulating ES values, with the exception of the positive effect
on the climate (R9), due to an increase of forests and abandoned land (including heathlands,
transitional woodlands, and shrub) on former agricultural land; however, provisioning
ES also increased above average, apart from fodder production (P1) and agricultural food
production (P2). Across all ES, positive trends only prevailed over negative ones in the
dynamic rural areas and the traditional agricultural regions. In spatial terms, the greatest
changes occurred in the Southern Alps in Italy and Slovenia, and the Western Alps were
more affected by changes than the Eastern Alps.

Figure 5. Changes in ES values between 2000 and 2018 across the European Alps. Only agricultural
LULC types (crop cultivation, permanent culture, fertilized grassland, unfertilized grassland) that
were present in 2000 were considered. Thus, these maps illustrate the changes in agricultural land to
other LULC types (including abandoned land, forest, and settlement areas). Authors own elaboration.
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4. Discussion

4.1. Current Trends in Alpine Agricultural Landscapes

European land management has not been evolving unidirectionally, following pre-
defined trajectories, but rather as path-dependent processes affected by technological,
institutional, economic, and social drivers, including sudden events [31]. This is also true
for the European Alps [30,31]. Since the beginning of the 20th century, the number of farms
in most Alpine regions has decreased by more than 50%, and the share of the population
employed in agriculture has decreased from about 70% to less than 5% [34], while em-
ployment has strongly increased in the secondary, and later in the tertiary, sectors [34,65].
Due to unfavorable growing conditions, such as short growing seasons, steep slopes, and
small property parcels, which necessitate expensive management practices, while hav-
ing low productivity, mountain farming cannot compete in national and international
markets [31,32,59]. Today, many farmers generate their main income outside their own
farm, e.g., in business parks, industrial facilities, shopping centers, and tourism, and the
share of part-time farmers is about 70% in the Alps [61,66]. Therefore, the agricultural
area decreased on average by about 20%, and in some areas up to even 70% [23]. Our
results indicate that this trend is still ongoing. The abandoned grassland areas are currently
subject to a natural succession process towards site-typical climax vegetation (forest up
to the natural timberline, with dwarf shrubs and alpine grassland above) with impacts
on ecosystem structure and processes [67]. Our results also indicate that land use has
been intensified in favorable locations, mainly through conversion to permanent crops or
transformation of agroecosystems into urban or suburban areas. The extent to which these
trends will continue depends not only on socio-economic drivers, but increasingly also on
climate change. At high altitudes, climate warming will lead to a rise in the timberline,
from 300 m (at +2◦K) to 800 m (at +5◦K), resulting in a decrease in alpine grassland [67].
However, the temperature increase will cause only a marginal expansion of forested area
in 84.3% of Alpine municipalities, because they do not have areas in the alpine and nival
belts [68]. Although climate change does have impacts on land use below 2000 m a.s.l.,
economic impacts override climate effects [59,69]. As a result of temperature increase and
regionally lower precipitation, agricultural use will shift from grassland toward arable
farming and permanent crops at lower elevations, whereas grassland farming will intensify
at higher elevations [12,59].

Our results indicate that these transformations of agricultural use can jeopardize ES
provision and may simultaneously aggravate associated disservices, such as increased
leaching of soil nutrients or pests [6,70]. Many ES have declined in recent decades on land
formerly used for agriculture, due to the intensification of use or urban sprawl, resulting in
LULC types that produce fewer regulating and cultural ES, in particular (see also [25,50]).
In addition, some provisioning ES, such as food and fodder production, decreased. In
contrast, if forest growth occurs on formerly used grassland (above all in the Italian and
Slovenian Alpine regions), timber production will increase, but provision of drinking water
(i.e., streamflow) could decrease [71].

4.2. Implications for Management and Decision-Making

Our results show that ES values are reduced in most of the selected regions, but with
different expressions when divided into provisioning, regulating, and cultural ES. This
suggests that increases in ES value can be achieved through targeted regional planning,
which also conserves landscape and species diversity, as well as powerful bundles of ES [72].
Moreover, abandoned land can contribute to sustainable land use transitions, providing
opportunities to nature-based solutions based on biodiversity, cultural, and regulating
services [73]. For management and decision-making, a respective framing must be set
to comprehensively evaluate the impacts of agricultural strategies (i.e., on environment
and economy). Here, the ES concept should be better integrated into existing frameworks
such as the sustainable rural livelihood framework [65]. Moreover, a stronger focus on
transdisciplinary research, including the development of adaptive pathways would enable
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stakeholders to translate ES changes into a tangible local or regional agricultural strat-
egy [74]. To highlight the interdependence of different economic sectors and the need
for collective action at the local/regional level, to successfully tackle future challenges,
the resilience of ES needs to be addressed, in an ecosystem-based approach, in order to
duly incorporate the steadily increasing knowledge of changing ecosystem functions and
ecosystem processes due to climate change [57,75]. This requires a clear commitment to
basic research in the field of global change and the use of promising scientific approaches,
especially in topographically complex areas, in order to have results available quickly at
the landscape level [76,77].

To complete the picture, an appropriate framework must consider the historical de-
velopment of agricultural strategies, and socio-economic and landscape developments,
which means that ‘history’ must be part of future strategies. Results such as those shown
in our study can form the basis and at the same time the starting point for future devel-
opment paths, which are also increasingly taken up scientifically in landscape ecology,
e.g., [40]. However, shifting to more resilient pathways, i.e., developing innovative and
adaptive pathways that can mitigate the negative effects of global change on ES [78], can
pose significant challenges, especially if land use decisions are predominantly based on
agricultural market values. Farmers and decision makers seem to be ‘locked-in’ to their
production-oriented view [40], disregarding the importance of land-use change in promot-
ing other values such as greenhouse gas emissions and sequestration or recreational use
and biodiversity [72].

4.3. Methodological Considerations

In this study, we applied a simple approach for mapping and quantifying ES values
based on LULC maps, which is often applied to generate comprehensive information
suitable for decision-making, because it sufficiently accounts for underlying mechanisms
and directly illustrates possible impacts from LULC changes [79,80]. While this approach
is easily replicable, the results contain some uncertainties that need to be considered.
One issue regards the LULC types that were used to map ES values, as we differentiated
only four types of agricultural use. These are linked to different levels of fertilizer use
and have distinct ecological functions and differing species composition [50]. Further
levels of fertilization of grassland or differently stocked pastures [12,13], as well as specific
types of annual and permanent crops [55,81] could not be distinguished, due to lacking
spatial information at a cross-national level. A further refinement could also include
a distinction between conventional and organic farming systems for annual crops or
permanent cultures [9–11].

There are also limitations with regard to the underlying databases. An updated version
of the classification of the eight Alpine regions was not yet available and the classification
of some municipalities may have changed, as socio-economic indicators, especially, are less
stable than environmental conditions. This may have greater effects on municipalities at low
to medium elevations compared to municipalities located higher [82]. Nevertheless, future
studies should reclassify the Alpine regions using recent data, which would be particularly
important when predicting future agricultural landscapes. Another uncertainty is related
to the LULC maps, which originates from methodological issues during the interpretation
of different remote sensing data over time, for generating the CLC [83]. To reduce mapping
uncertainties, we used the newer versions of CLC. However, in this relatively short time
period, only the immediately visible changes from an intensification of use are reflected,
while long-term effects such as forest regrowth on abandoned grassland can only be
captured over longer monitoring periods [36,67]. Over such short periods as in our study,
only transitional stages to forest (e.g., heathlands, transitional woodland, shrub) could be
considered. In future studies, the results may be improved by differentiating ES values
between young and mature forests. Basing our analysis on earlier time steps with a
greater extent of agriculturally used land would have revealed greater transformations of
agricultural landscapes and related impacts on ES [36,77,84].
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Furthermore, it has to be noted that our results represent the potential ES supply
weighted by socio-cultural preferences, that is, the capacity of ecosystems to provide ES
independently of their actual use [80]. However, many studies indicated spatial mismatches
between ES supply and ES demand, i.e., the demand exceeds the supply at the local or
regional level, requiring the transfer of goods or the movement of people [19,52,85,86]. Such
dynamics need to be taken into account in the development of sustainable management
strategies, and our results should, therefore, be complemented with spatial information on
ES demand [20,24].

5. Conclusions

By applying the concept of ES, the consequences for society can be assessed in a
comprehensive way, highlighting both the direct impacts on agricultural production and
the associated effects on regulating and cultural ES. Our results reveal that the agricultural
area in the Alpine region is under massive pressure, as up to 30% of agricultural land in
some regions has been abandoned or converted to other uses within the last two decades,
despite the efforts made within the framework of the Common Agriculture Policy (CAP)
of the European Union (EU). Consequently, ES values mostly declined between 2000 and
2018, especially, regulating and cultural ES, while some forest-related provisioning ES have
increased. Our results also indicate that LULC change rates and, hence, changes in ES
greatly differed across regions with different social-ecological characteristics. The smallest
changes occurred in the traditional agricultural region, while rural retreats and forgotten
rural areas were affected by the largest changes.

Such quantitative and spatially explicit information on impacts from the transforma-
tion of agricultural land can be used as an information basis for developing sustainable
management strategies and for evaluating underlying policies such the CAP. The frequent
abandonment of mountain grassland, providing an above-average number of ES, also
emphasizes the importance of the Green Deal in the EU, which should be an impulse for
an agricultural and food transition. The Green Deal’s target of 25% ecologically valuable
farmland in agriculture is one of the central and most important targets, and, therefore,
particular attention should be paid to the maintenance of mountain grassland in the Eu-
ropean Alps. Finally, to support decision-making in adopting tangible local or regional
strategies that can maintain cultural landscapes and multiple ES, greater efforts should be
put into transdisciplinary research, allowing for the development of adaptive pathways,
depending on the historical development of agricultural use, and socio-economic and
landscape developments.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/land11010049/s1, Table S1: Indicators selected for cluster analysis; Table S2: LULC types
aggregated from CLC classes; Table S3: ES values (ES supply weighted with socio-cultural preferences)
for different LULC types.
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Appendix A

Figure A1. Distribution of ES values in 2018 across the European Alps. Only agricultural LULC types
(crop cultivation, permanent culture, fertilized grassland, unfertilized grassland) that were present in
2000 were considered. Thus, these maps illustrate the changes in agricultural land to other LULC
types (other agricultural types, abandoned land, forest, settlement areas). Authors own elaboration.
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Abstract: Dynamics of arable and pastoral farming systems in Scotland over the period 1867–2020 are
documented using time series analysis methods, including for nonlinear dynamical systems. Results
show arable and pastoral farming, at a national scale, are dynamic over a range of timescales, with
medium- and short-term dynamics associated with endogenous system forces and exogenous factors,
respectively. Medium-term dynamics provide evidence of endogenous systems-level feedbacks
between farming sectors responding to change in world and national cereal prices as an economic
driver, and act to dampen impacts of exogenous shocks and events (weather, disease). Regime shifts
are identified in national cereal prices. Results show change and dynamics as emergent properties of
system interactions. Changes in dynamics and strength of endogenous dampening over the duration
of the study are associated with dynamical changes from major governmental policy decisions that
altered the boundary conditions for interdependencies of arable and pastoral farming.

Keywords: land system dynamics; emergent properties; time series analysis; nonlinear dynamics;
Recurrence Plots; Scotland

1. Introduction

Much research in land systems science has focused on process–response (cause and
effect) relationships of changes in land use and land cover with a variety of drivers of
change as causal factors [1–4]. Many of these studies have focused on dynamics defined
by change resulting from either land conversion (changes in type of cover and/or use) or
land modification (land use intensification, land degradation, land abandonment) using
snapshots in time and simple differencing between dates to elucidate patterns in observed
changes. Observed changes are hypothesized to be caused by a variety of drivers and
processes. In a whole systems context, however, dynamics are the set of behaviours
exhibited as a result of the interactions of the elements that define land as a system [5].
The nature of land systems as complex systems with dynamic and emergent behaviours
is recognized in, for example, land use transitions and the causal roles of endogenous
forces and exogenous factors [6] and in calls for identification of regime shifts [7,8]. To
date, however, despite recognizing land systems as inherently coupled systems, relatively
few studies of land systems beyond agent-based models [9] have attempted to interpret
dynamics as a function of the structures, interactions, and feedback mechanisms that
define land as a coupled system. Additionally, as Turner and colleagues note, despite wide
recognition of land as an exemplar of coupled human-environment systems [10], these
explanations typically invoke one of the human or environment subsystem explanations in
more detail, and few are rooted in the interactions of human and environment systems [1].

There are three main limitations on the current description and understanding of
dynamics in land systems. First, the short time spans of studies provide a limited set

Land 2021, 10, 1172. https://doi.org/10.3390/land10111172 https://www.mdpi.com/journal/land

77



Land 2021, 10, 1172

of system states recording change, which can allow changes to be mis-characterized [8].
Second, drivers are treated as constants over the short time span of interest, with little
attempt to describe change in drivers over time or feedbacks from the system to the drivers;
this can preclude identification of regime shifts and other dynamic system responses,
particularly if change occurs as a punctuated equilibrium process [7,8] and may lead to
misidentification of mechanisms generating change [11]. Third, in the context of whole
systems approaches to land, land systems are not only dynamic, but also dynamical, in
that their state can change over time even in the absence of changes in use or cover. This
has implications for studies of process–response relationships in land change, since change
may be a result of dynamical responses that are endogenous to the land system, in addition
to being caused by drivers and other exogenous forcing variables.

The dynamic and dynamical nature of land systems are central to understanding land
as a complex, coupled human-environment system. Land conversion and modification are
undoubtedly important, and central to the scientific and applied needs for understanding
land system change and its impacts [12–14]; understanding dynamics and dynamical
changes in land systems is essential for describing functional behaviours of the whole
land system. In dynamic and dynamical systems with many feedbacks and interactions
the linear and sequential distinction between cause and effect becomes weak since each
variable is both a cause and an effect. In this context, explanation of dynamics is based on
system functioning via interaction of structures through uncovering endogenous forces
and measurement of system-level responses to exogenous factors. This is related to the
problem of equifinality, in which there are multiple plausible explanations for an outcome, a
phenomenon well known in environmental science [15], and with an importance recognized
for policy advice and developing models for socio-ecological systems [9].

Description of the dynamics of a system requires data that describe the structures,
funds, flows (inputs, outputs, changes in funds) over time, as well as frameworks that
organize the funds, flows and feedbacks into a system, and mathematical and other
kinds of models that encapsulate functional dynamics of the system. Erb et al., and
Kuemmerle et al., describe potential inputs, outputs, and structures for use to describe
land intensity [16,17], responding to knowledge gaps that limit understanding and charac-
terization of dynamics and patterns of land use intensity, but their conceptual framing is
limited in description of the structure of the land system itself, and no attempt is made to
incorporate feedbacks or land system funds beyond the biophysical structures they identify.
Rahim et al., (2017) describe a causal loop model for analysis of supply and demand in
Malaysian rice production as a complex system but have yet to quantify the model [18].
Elements defining land systems include state descriptors and system drivers, such as the
structures and funds that comprise the system, but also the interactions of these elements,
associated with connections between structures and funds through flows and feedbacks.

The aim of this study is to analyse long-, medium- and short-term patterns in land
system changes, to understand the dynamics associated with interaction of systems at these
different scales. Few studies have attempted formally to characterize multi-scale dynamics
or analyse long time-series of land system data. The study also demonstrates some of the
techniques available for this type of analysis, using a case study for Scotland.

This paper analyses dynamics of farming systems in Scotland, using data describing
farming at a national (Scotland-wide) scale from the last third of the 19th century until
2020. The record of farming in Scotland over this period is well known from studies
contemporary with the changes observed (see, for example, annual publications of the
Transactions of the Royal Highland and Agricultural Society (1790–1969) and Scottish
Agricultural Economics (1950–1960), and reviews and audits of the history [19–25]. The
difference here is that the analysis develops from the perspective of farming as a land
system and spans the full period from 1867 to 2020 within a single quantitative analysis.
Time series analysis, including methods for nonlinear dynamical systems, is used (i) to
examine dynamics of the system over the full timespan and (ii) to characterize internal
feedbacks and coupling of farming as a system at the national scale. These analyses reveal
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some system characteristics and behaviours associated with the evolution of the system
itself. The results also identify regime shifts using analytical and graphical tools for study
of nonlinear dynamical systems.

Analysis is based on the contention that the time series of data recording the history
of land use for farming in Scotland from 1867 to 2020 contain a record of the impacts of
all long-, medium-, and short-term dynamics associated with both endogenous system
forces and exogenous factors that have influenced the land system. Just as spatial patterns
embed all the processes, from many spatial and temporal scales, that are involved in the
production of landscape patterns (Dobson, 1990, 1992), so the temporal record of land
systems contains an embedded record of both the effects of processes acting over long-,
medium- and short- timescales and system responses. Because of this, the temporal scale
at which a land system is studied should be made explicit, as the factors needed for
explanation of changes and dynamics will vary with the time scale of interest. The case
study shows that arable and pastoral farming, at a national scale, are dynamic over a
range of timescales, but that throughout much of the timespan of the study the system
has maintained a pattern of changes consistent with endogenous systems-level feedbacks
between sectors that act to dampen the impacts of exogenous drivers. Changes in these
system dynamics over the timespan are associated with policy changes that altered the
interaction of arable and pastoral farming.

The rest of this paper is structured as follows:

1. Terminology, assumptions, and organizing principles for the data and analyses pre-
sented are defined. These represent pre-analytical decisions and definitions that
prescribe the purpose of analyses and the specific hypotheses investigated.

2. Methods for addressing dynamics in time series data, including for nonlinear dynam-
ics are outlined.

3. The Data section describes the detailed time series of data used; these define dimen-
sions of farming land systems for Scotland as the basis for describing dynamics. The
data represent funds, flows, and drivers of the land system, and data summarize as-
pects of the history of farming. The data are used for decomposition of hierarchically
structured, time-related changes in both (a) the selected drivers of system dynamics
and (b) system funds, structures, and feedbacks.

4. The Results section

(a) reports the results of analysis of time series data to identify trends, cycles,
and random elements at long-, medium-, and short timescales. The short-
term component in the data is treated mathematically and operationally as
statistical noise, but in practice reflects the impacts of real exogenous shocks,
and other perturbations at specific times during the period of interest. This
analysis shows the capacity of time series analyses to reveal the variety of
long-, medium-, and short-term patterns recorded within the data, and ways
in which system variables interact when viewed over various time spans.

(b) analyses time series data for cereal prices, area planted with cereals, and num-
ber of sheep using methods from nonlinear dynamics. This analysis is based
on understanding the interactions of arable and pastoral farming at a national
scale in Scotland over the 19th and 20th Century. Arable and pastoral farm-
ing typically are treated as separate land uses and receive separate economic
treatment as relatively distinct farming sectors in contemporary studies; this
reflects increasing specialization in farming associated with intensification
and modernization [26], and land cover and land management differences.
However, this separation has not always been the case, and the interaction of
pastoral and arable farming has long been widely recognized [21,27–29].

5. Discussion about the results and implications and opportunities of the approaches
used for study of dynamics in land systems.
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2. Terminology, Assumptions, and Organization: Pre-Analytical Definitions

In the discussion that follows, land system implicitly refers to a coupled human-
environment system. The description of the system and definition of system elements are
central to analysis; this forms a necessary and fundamental pre-analytical stage for subse-
quent data collection and analysis. An underpinning conceptual model for land systems
has been described elsewhere [5], using funds and flows to define the system structures
and their interactions. This conceptual representation of the land system describes a series
of sub-systems that are associated with both driving factors, that operate as system pro-
cesses, and different types of capital (human, social, financial, physical/manufactured, and
natural). A suite of human and social factors that influence individual and group decisions
and decision-making is also included within a decision-making subsystem. Funds are
linked by flows, as fluxes and changes in funds. The conceptual model in Aspinall and
Staiano (2017) does not quantify the funds and flows, although it does indicate some of
the time scales over which the fluxes and changes in the system elements operate, from
days, months, and seasons to years and decades, and longer. The model has been used to
underpin an accounting approach for analysis of supply of provisioning services and the
dynamics of agricultural land use in Scotland between 1940 and 2016 [26].

The timespan considered is 154 years (1867 to 2020, inclusive). The time step is 1 year.
The geographic unit used is the aggregate national land use in arable (cereals) and pastoral
(sheep) farming in Scotland. In the example here we are primarily interested in exploring
the nature of change in the land system and in the ways in which structural measures of
the system as well as drivers have changed over the long-, medium-, and short-term, using
data for the period from the last third of the 19th Century to 2020. The long run and annual
time step allow us to measure long-, medium-, and short-term patterns within these data.

Hierarchy theory is helpful in conceptual organization of hypotheses about scale
(Wu, 2013), including the interaction of different time scales, and the use of time series
analyses. Allen and Starr (1982) define hierarchies as a process-oriented framework, and
Allen (2009) lists some general principles for ordering levels in ecological hierarchies.
These include:

1. higher levels operate more slowly and at a lower frequency than lower levels;
2. higher levels exert constraints on lower levels;
3. higher levels function as a context to lower levels.

This hierarchical organization of process embeds and defines relationships between
processes at different levels, based on timescale of processes from fast to slow (short
to long), with dynamics of slower processes at higher levels appearing as a constant
at lower levels, and dynamics of faster processes at lower levels appearing as noise at
higher levels. Hierarchy theory provides, therefore, a coherent conceptual architecture
for addressing complexity, ordering levels by rate of processes, and defining coupling
of system components across and within timescales such that they can be decomposed
for description, analysis, and understanding (Wu, 2013). Nonlinear dynamics also offers
potential, particularly in the interaction of fast and slow processes [30] and understanding
the consequences of managing resources based on one over the other [31], leading to
fragility in system resilience [32]. A hierarchical structure of process dynamics from fast
to slow is embedded in the conceptualization and analysis of the system dynamics for
farming used to inform interpretation.

3. Methods for Addressing Dynamics

Dynamics are changes or motion in systems that reflect the nature and interactions of
system elements, including system states, feedbacks, and evolution. As such, dynamics
are characterized in temporal changes in system drivers and states and in the operation
of interactions between system elements. Techniques from time series analysis and for
analysis of nonlinear dynamical systems are used to describe, extract, and understand
observed dynamical behaviours and patterns from noisy time series. This section outlines
the methods used in the context of some of the time-varying characteristics of system funds
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and drivers; the methods are then used to describe and understand the dynamics of arable
and pastoral system behaviours.

Dynamics are examined using two sets of methods:

(i) Time series analysis, including lag plots and decomposition of time series into long-,
medium-, and short-term components

(ii) Recurrence plots and Recurrence Quantification Analysis.

3.1. Time Series Analysis

Time series analysis is described in a number of standard texts [33,34] and imple-
mented in numerous statistical and mathematical packages. Representation of change
in the time domain is straightforward, using plots of data against time. Lag plots and
decomposition of time series are used to identify long-, medium-, and short-term patterns
in the time series, specifically identifying long-, medium-, and short-term patterns using
detrending, smoothing, and calculation of residuals respectively. Least-squares regression
is used to model exponential growth and other long-term changes in data over the com-
plete timespan of the data. Deviations from these trends are modelled with smoothing
splines to describe cycles over medium-term time scales. The residuals from the trends and
cycles describe short-term variation. Results are reported both as absolute values and, for
comparison between variables, as normalized values using z scores. The separate patterns
and values of long-, medium-, and short-term components (trends, cycles, and residuals)
for multiple variables can be analysed further to assess possible influences and feedbacks
between variables at different timescales.

To identify and describe trends and cycles in time series of prices, and to link prices
in Scotland to global prices, we use the Christiano-Fitzgerald Filter, a bandpass filter
designed to identify patterns in data that lie within a specific range of frequencies [35,36].
The Christiano-Fitzgerald Filter has been used to identify long-term trends, cycles, and
boom/bust episodes for world price data for commodities [37]. The filter characterizes time
series as the sum of periodic functions, using a bandpass to accommodate trends without
restrictions on the distribution of the underlying data. The method allows filtered series to
be extracted for the duration of the full span of time in the data, without discarding data
from the beginning or end of the series, as observations from the beginning of the period
can be filtered with future values and from the end with past values. In the use here, the
filter identifies cycles in prices data, allowing comparison of data for Scotland with world
prices for commodities.

3.2. Recurrence Plots and Recurrence Quantification Analysis

Further analysis of the time series data is carried out using Recurrence Plots (RP) and
Recurrence Quantification Analysis (RQA). RP and RQA are nonlinear dynamics methods
for analysis and visualization of time series data [38,39]. Analysis is based on phase space
reconstruction [40,41], a method for discovery of deterministic structure present in real-world
dynamical systems using time series data of a single variable [42–44]. The approaches can be
applied to coupled variables through cross and joint recurrence plots [45,46]. Detailed descrip-
tions of the approach can be found in literature from physics and mathematics [38,45,47] and
complexity science [39]; and examples of applications found in a variety of disciplines includ-
ing economics [48,49], ecology [50–52], psychology [53,54], epidemiology [55], atmospheric
science [56–58], and geosciences [59–62].

Using time series of values for structural or state variables as basic building blocks,
we define X, a vector set of elements describing system structure and fund at a series of
discrete time intervals, to represent the land system. Change in elements of this set over
time (t) formally can be represented with a standard equation describing change over time:

dX
dt

= f (X) (1)
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Continuous and discrete representations of change are unified by time-scale for-
mulation [63].

Data are analysed by plotting values of the time series for X against lagged values
of X, a standard procedure for time series that reveals changes from time (t − k) to time
(t) over the period of the lag (k), and that graphically identifies the patterns of changes.
We use this method to identify annual changes of magnitude greater or less than 2.0 SDs
from the probability density function of all observed differences, using a lag of 1 year to
represent annual decisions in the farming calendar over time.

Specializing Equation (1) to derive the matrix of first order time derivatives of X for
all lags across the discrete time series defines a new space and a Jacobian matrix:

J = {x(t), x(t − Δt), x(t − 2Δt), . . . x(t − nΔt)} (2)

This matrix describes vectors of delay space coordinates that estimate the original
phase space generating the dynamics of X [40,41]. The eigenvalues that can be calculated
from the Jacobian matrix are local Lyapunov exponents, used in diagnostic analysis of
chaotic systems [64], including in geomorphology [65] and ecology [51].

In practice, the matrix of delay space coordinates is calculated for time lags up to the
embedding dimension and each column is a vector of coordinates

→
xt

→
xt = {x(t), x(t − Δt), x(t − 2Δt), . . . x(t − (dε − 1)Δt)} (3)

where:

Δt is the time delay or lag between data
dε is the embedding dimension or dimension of the space required to recover the dynamics.

The embedding dimension is estimated for a time series using the method proposed
by Cao [66].

The delay space matrix is a representation of the phase space and used for phase
space reconstruction. Recurrence plots [38] and Recurrence Quantification Analysis [47]
are used to evaluate the dynamics of the time series from the delay space coordinates.
These methods are robust, RP and RQA being independent of limiting constraints, such as
data set size, non-stationarity, and assumptions about underlying statistical distributions
of data. RP and RQA can also identify thresholds in datasets, and have been proposed
as a nonlinear time series analysis method for detection of environmental thresholds [50].
In the context of land systems, RP and RQA offer potential for both characterizing and
identifying complex dynamics and identification of thresholds and regime shifts.

A Recurrence Plot is a graphical tool for interpretation of delay space. The plot is based
on computation of a matrix of distances R between the vectors of reconstructed points in
the delay space, identifying when transitions in the delay space revisit the same value:

Rij =

⎧⎨
⎩

1 :
→
xi ≈ →

xj

0 :
→
xi ≉ →

xj

i, j = 1, . . . , N (4)

where N is the number of considered states and
→
xi ≈ →

xj means equivalence up to a
distance r, a radius threshold identifying proximity in the delay space. The RP is hence
sensitive to the value of r. A value that is too small will result in a sparse RP with little to
no information. Similarly, a value that is too large will fill the RP, again providing little to
no information. A number of criteria guide selection of r [45]:

(a) it should not exceed 10% of the mean or the maximum phase space diameter [47,67,68]
(b) it should be defined so that the recurrence point density in the RP is about 1% [69]
(c) to avoid problems related to noise, r has to be chosen such that it is five time larger

than the standard deviation of the observational noise, i.e., r > 5σ [70].
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To generate RPs for each of the variables in this study we set the initial value of r to
the minimum of (a) 10% of the maximum value of the phase space diameter and (b) 5σ
where σ is initially estimated from the standard deviation of the annual changes at lag
t = 1 over the duration of the time series. We then iterate from this value of r to reduce the
point density in the RP, examining changes in the RP as r changes. The value of r used here
for each variable is the smallest that retains pattern in the RP.

The RP is a square, symmetrical plot of the N × N matrix R. In the analysis, N is the
number of time points under study. Values from Equation (4) are plotted, 1 being coloured
black, 0 being white. Black points highlight the recurrences of the dynamical system
(defined by the radius r), the patterns in the RP giving insight into periodic structures and
clustering properties within the data that do not show up in the original time series. The
main diagonal is the identity line. RPs reveal structures in the data which can be single
dots, diagonal, horizontal, and vertical lines, and blocks. Infrequent states are represented
as isolated dots. Diagonal lines are the result of the system visiting the same region of
state space several times. Horizontal and vertical lines represent periods when the system
remains in the same state for a while; the lengths of lines represent the time the system is in
the state. A threshold, or regime shift, will appear as a two (or more) separate square areas
along the diagonal. White noise produces a uniformly distributed structure, and periodic
oscillations produce a regular pattern within the RP. White bands are caused by abrupt
changes in the dynamics and by extreme events, facilitating identification of extreme and
rare events [45].

Analysis of the structures in the RP use methods from Recurrence Quantification
Analysis [39,47] providing several measures indicative of the dynamics [45]. We use
(i) recurrence rate, which is the percentage of points in the RP and indicates the probability
that a specific state recurs; (ii) laminarity, which is the percentage of recurrence points
that form vertical lines and is a measure of the presence of laminar phases in the system,
and (iii) entropy, the Shannon entropy of the probability distribution of diagonal line
lengths, indicative of the deterministic coupling of the system. RQA can be applied to a
single RP for the full time series and to sliding windows traversing the time series. The
RQA values for sliding windows of different sizes are computed to build up a picture of
the dynamical properties over time between 1867 and 2020 across different time periods
within the timespan of the data. A RP for the full time series is constructed to identify any
regime shifts.

4. Data

The data used are time series of annual records describing the farming system in
Scotland from 1867 to 2020. Specifically, data are

(i) finance and economics (national and global prices of cereals and other commodities),
(ii) descriptors of funds in arable and pastoral farming land use, namely area of cereal

crops and numbers of sheep, and their change over time.

Additional data include time series for environment (weather data describing rainfall
and temperature), and events (disease outbreaks, wars, introduction of legislation, trade
agreements). These data are distilled to identify key events relevant to explanation of
patterns and residuals in the analysis of the time series (see Figure 1).

A condition for use for all data is that each time series is required to be complete, with
no missing data values within the timespan covered. Data describing structural elements
of Scottish agriculture are collated as time series compiled from the Annual Agricultural
(June) Censuses of Scotland which have been published over the last 154 years (Transac-
tions of the Royal Highland and Agricultural Society of Scotland (1867–1910), Board of
Agriculture for Scotland (1911–1927), Department of Agriculture for Scotland (1928–1958),
Department of Agriculture and Fisheries for Scotland (1959–89), Scottish Office Agriculture
and Fisheries Department (1990–1995), The Scottish Office Agriculture, Environment and
Fisheries Department (1996–1999), Scottish Executive Rural Affairs Department (2000),
Scottish Executive Environment and Rural Affairs Department (2001–2007), Scottish Gov-
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ernment Rural and Environment Research and Analysis Directorate (2008–2010), Scottish
Government Rural Payments and Inspections Directorate (2011), Scottish Government
Environment and Forestry Directorate (2012–2013), Scottish Government Directorate for
Environment and Forestry (2014–2017), Scottish Government Rural and Environmental
Science & Analytical Services Division (2018–2020)—see, for example, [71–77].

The Agricultural (June) Census started in 1866, but many of the entries for 1866 are
officially considered to be unrepresentative because of incomplete returns [23], and 1867 is
used as the start for the time series. The total planted area in cereals is used to represent the
arable sector; the number of sheep are used to represent the pastoral sector [22]. Together,
wheat, barley, and oats are over 99% of the area of cereals grown in Scotland and have not
been less than 97% in the period since 1867. In 2018, cereals contributed about 14% of the
annual value of Scottish agriculture (about £430 million); sheep were a further 7% of the
total value of agriculture (£236 m) [78].

Financial data on prices of cereals are from multiple sources. Wheat, barley, and
oats prices for Scotland are from the annual reports on Agricultural Statistics (1912–1978),
Economic Reports on Scottish Agriculture (1980–2020), Scottish Agricultural Economics
(1950–1959), and records of prices from Fiars Markets around Scotland from the Transac-
tions of the Royal Highland and Agricultural Society (1790–1969), themselves a continua-
tion of a longer series of records from Fiars Markets from 1550–1780 [79]. All prices data
are converted to pounds sterling per tonne (£/tonne), from a variety of source price and
weight units (viz. Scots and English pounds, shillings, and pence (£/s/d), GB Pounds
after decimalization in 1971, and weight (e.g., boll, bushel, cwt, ton, tonne) in use at the
time of original data collection. The prices and their trends for the three cereals over
time are similar. Barley price is used for price of cereals since barley is the cereal grown
over the largest area since the mid-1960s; oats were the major cereal crop by area until
the mid-1960s [22].

Potential links between these data as descriptors of structure and drivers of Scottish
farming are derived from the literature describing farming in Scotland [21,22], the UK [29],
and from the conceptual model of land systems described by Aspinall and Staiano (2017).
We focus on cereal area (km2), numbers of sheep (millions), and prices of cereals (barley
£/tonne). There are no single or sets of equations that relate these variables, since relation-
ships between them would not only have to deal with their different metrics and scaling,
but are also linked within a social and environmental system with limited potential for
description with invariant or deterministic mathematical functions. Although marginal
cost and other models for agriculture attempt to inform decisions e.g., [80,81], these are
developed for specific times and circumstances, and there are no existing universal models
describing the relationships between prices, crop areas, and livestock numbers that could
be considered to apply over the timespan of our study. Even with this, however, some
hypotheses about the general nature and direction of relationships can be formulated to
describe the general process we examine, based on principles and market signals resulting
from interactions of supply, demand, and price.

Traditionally, farming systems across the UK and its component countries have com-
bined arable and pastoral activities within many of the different environments farmed [27].
Historically, grass was grown as part of crop and land use rotations in Scotland, help-
ing rest and fertilize land prior to the next cycle of crop production [21]. Rotation grass
grazing also serves as a low maintenance land use during periods when pressures reduce
the capacity or potential for cereal farming [21,22]. Bowers and Cheshire compare sheep
numbers with wheat price for England and Wales from 1893 to 1940, using five year means
for the variables and a lag of three years for sheep numbers, revealing a negative linear
relationship between wheat price and sheep numbers [29]. Our hypotheses about the
cereal, grassland, and sheep farming system in Scotland is similar to Bowers and Cheshire’s
argument. An increase in price of a commodity produced by farming (barley price), itself
linked to increased demand or insufficient supply (or both) for the commodity, might be
expected to result in an increase in effort to produce that commodity (increased area for
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cereals). In turn, interdependence between parts of the system means that this increase
in production will be associated with a reduction in land for other uses and a decline in
livestock (sheep). Conversely, as prices or demand fall, and supply increases, the area of
cereals will decrease, and other land uses (sheep farming) will increase. Both cereals and
sheep are, therefore, expected to show a correlation with barley price, and cereal area with
sheep numbers. Additionally, trends in barley price in Scotland are expected to be aligned
with global trends in prices.

In land system terms, this set of relationships and feedbacks links economic/financial,
arable (cereal) and pastoral land uses, and livestock (sheep) components of the land system.
Fortunately, even in the absence of mathematical models for the relationships and feedbacks,
it is possible to interpret the patterns in time-series data against the expectations of these
general hypotheses about the directions of relationships and feedbacks. In addition to the
hypothesized relationships between prices, cereal area, and sheep numbers, which reflect
endogenous relationships within the farming system, there are a variety of exogenous
variables that can also be described with time series data. For some, such as plant and
animal diseases, war, and legislation and regulation the variable is binary. For others, such
as weather variables, the data provide a continuous measure that can be interpreted using
time series analysis to separate trend, cycles, and extremes (as statistical ‘noise’). These
exogenous events present shocks to the system that must be accommodated, depending on
the specific nature of the event, over time scales from short- to longer terms.

5. Results

Figure 1a shows plots of the price of barley (£/t), number of sheep (millions), and area
of cereals (km2) for Scotland from 1867–2020. The plot is scaled with natural logarithms.
The plots show that area of cereals and number of sheep, as funds, and barley price, as
a driver, vary with superficially different patterns. As noted above, these data contain a
record of changes at many temporal scales over the last century and a half.

Figure 1b shows some major legislative, trade, commodity price, weather, war, and
disease events from 1867–2020. These provide not only boundary conditions for farming
but also events that coincide with many of the more extreme values identified in the time
series data. For example, government policy during and after the two world wars, and
membership of the EEC/EU Common Agricultural Policy (CAP) provide system boundary
conditions that shape agriculture in the short and medium terms. The 1947 Agriculture Act
and associated support mechanisms (price guarantees, deficiency payments, marketing
boards, investment in R&D etc.) set the context for farming from 1947 until the UK
formerly joined the EEC CAP in 1973. Similarly, the influence of events such as wars,
disease outbreaks, extreme weather, and financial crashes were short-term shocks that have
clear signals in the short-term results (‘noise’) in the time series.

5.1. National and World Crop Prices

Long-, medium-, and short-term trends, cycles and patterns are identified in each of
the cereal price datasets for Scotland, and in global prices data for cereals [37]. Prices for
wheat, barley, and oats are shown in Figure 2a. Analysis of trend, cycles, and noise in data
for prices of wheat, barley, and oats in Scotland shows that all have similar long-, medium-,
and short-term trends. The long-term trend is exponential growth for each of the prices of
wheat, barley, and oats (Figure 2a), the exponents in the equations being quite similar for
the three (Table 1). Deviations from the long-term trend are modelled with a smoothing
spline, revealing four main cycles over the 154-year period (Figure 2b). The residuals after
removal of the long-term trend show high prices in 1918, 1942, the early 1980s, mid 1990s,
2007/8, 2012, and 2018, and low prices in 1972, 2005, 2009, and 2014–16 (Figure 2c). The
concentration of high and low residuals in the post-1972 period is unsurprising given
the increase in absolute values of prices due to inflation, but fluctuations are also latterly
related to payments from CAP being in Euros, prices thus being subject to exchange rate
variations in addition to inflation [82].
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Figure 1. (a) Price of barley (£/t), number of sheep (millions), and area of cereals (km2) for Scotland
from 1867–2020. The plot is scaled with natural logarithms. (b) selected major legislative, trade,
commodity price, weather, war, and disease events from 1867–2020.

Applying the Christiano-Fitzgerald filter to cereal prices in Scotland and world cereal
prices from datasets used by Jacks [37,83] shows that the medium-term cycles revealed
in cereal prices in Scotland are synchronized with cycles in prices for grain crops (wheat,
barley, corn, and rye) for world data (Figure 2d).

86



Land 2021, 10, 1172

Figure 2. Long-, medium-, and short-term variation in prices for wheat, barley, and oats in Scotland
(1867–2020). (a) data and long-term trends, (b) deviations from the long-term trend and smoothing
spline model, (c) residuals after removal of the long- and medium-term trends. (d) comparison of
cycles for prices of wheat, barley, and oats in Scotland with grain crops (wheat, barley, corn, and rye)
in world data from Jacks [37,83]. Note: the prices shown in Figure 2a,b, and c are prices for the year.
In Figure 2d the cycles comparing prices in Scotland with world prices are based on these prices
adjusted for inflation and indexed to a specific year so that they match the indexing for prices for the
world dataset used (see Jacks [83]). Price of barley in the year in question, not adjusted for inflation,
is used in the analysis of price with other data describing the farming system, since this is the price
data available for each individual year when decisions are being made within the farming system.
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Table 1. Regression models for prices of cereals (1867–2020).

Cereal Price
(£/Tonne)

Exponential
Growth Equation

t-Test for
Exponent

F-Test
Variance

Explained (R2)

Wheat price y = awe1.0227x t = 23.90
p < 0.0001

F = 571.1
df: 1 and 152

p < 0.0001
78.9%

Barley price y = abe1.0235x t = 26.41
p < 0.0001

F = 687.2
df: 1 and 152

p < 0.0001
82.1%

Oats price y = aoe1.0228x t = 29.28
p < 0.0001

F = 687.2
df: 1 and 152

p < 0.0001
84.9%

aw = 3.91; ab = 3.66; ao = 2.51
for x 1..154 (1867..2020)

5.2. Lag Plots and Recurrence Plots

Lag plots and RPs for the three variables are shown in Figure 3. Lag plots of barley
price (Figure 3a) show a decrease in price of more than 2 SDs in the year-on-year difference
in 1920 and increases in 1919, 1940, 1942, 1973, and 2007. The 1920 decrease reflects
adjustment after increased prices during the first world war [21]; the increases in 1940 and
1942 reflect UK government decisions to guarantee prices for farmers during the second
world war. The 1973 increase is associated with both UK accession to CAP and the world
oil price crisis [84], and the 2007 increase with the world food and financial crises [85]. The
RP for barley price (Figure 3b) shows clear evidence of regime shifts, with areas of black
along the diagonal of the plot and virtually no recurrence points outside those boxes. The
regime shift in the 1970s is clear in the time series plot (Figure 1), but the RP shows there
was a further shift starting in the 1950s during post war recovery and lasting into the 1970s.
The white bars coinciding with the world wars indicate extreme variability in barley price;
high variability since 1973 is also revealed in the absence of recurrence points.

The lag plot for area of cereals (Figure 3c) shows that 1919 was a decrease in area
planted of greater than 2SDs of the long-term annual changes, while 1918, 1940, 1941,
1942, and 1993 were increases in area of more than 2SDs. The decline in 1919 represents a
return to pre-war farming practices after the focus on cereals during the First War [19,21],
offsetting the 1918 increase. The 1940–1942 increases represent the intense and sustained
efforts to increase crop production during the Second World War [20]. The increase in area
in 1993 coincided with the introduction of set-aside [86]. Set-aside was a policy to reduce
the area of cereals, but payments under the scheme were based on the registered cultivated
area. The RP for cereals shows long term cycles in the area, with variability during the
wars. The RP also shows increased cycles in the period since 1973.

The lag plot for sheep (Figure 3e) shows that most year-on-year changes in the numbers
of sheep are relatively small. Three years, 1941, 1947, and 2001, were decreases of greater
than 2 SDs, while 1948 is an increase of more than 2 SDs from the previous year. Of these,
1941 represents government policy to reduce the sheep flock to allow crop production
to be increased during the Second World War [21]; the number of sheep was reduced by
over 1 million in 1941, and total sheep numbers were reduced by about 25% from pre-war
levels during the years of the war [20]. February and March 1947 were extremely cold
and snowy (see below), the timing additionally coinciding with lambing that led to high
sheep mortality (almost 1 million sheep fewer in 1947 than in 1946). In 2001 an outbreak of
foot-and-mouth led to 962,000 sheep being culled in Scotland to control the disease [87]. In
1948 over 700,000 sheep were added to the Scottish total through efforts to recover from
the 1947 winter. The RP for sheep shows very clear evidence of cycles in the number of
sheep, with regular pattern of recurrences spaces about 30 years apart, three cycles being
evident since 1950. Numbers were more stable in the latter part of the 19th century.
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Figure 3. Lag plots and Recurrence Plots for barely price, cereal area, and sheep numbers in Scotland (1867–2020). (a) lag
plot and (b) RP for barley price, (c) lag plot, and (d) RP for cereal area, and (e) lag plot, and (f) RP for sheep numbers.
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5.3. Time Series Analysis and Recurrence Quantification Analysis

Figures 4–6 show the time series analysis results and RQA results for barley price,
area of cereals, and number of sheep respectively.

Figure 4. Time series analysis results and RQA results for barley price in Scotland (1867–2020): (a) data and long-term trend,
(b) deviation from long-term trend and smoothing spline, (c) residuals from long- and medium-term trends, (d) recurrence
rate, (e) laminarity, and (f) entropy from RQA using sliding windows of 10–30 years duration in 2-year increments.

The time series analysis for barley price has been described above but is shown in
Figure 4a–c for comparison with the results of the RQA for barley price. In the RQA
for barley price (Figure 4d–f) the recurrence rate (Figure 4d), laminarity (Figure 4e), and
entropy (Figure 4f) all show that barley price was relatively stable until the first world war,
from the mid-1920s and through the 1930s, and from the mid-1950s to about 1970. The low
values of recurrence rate, laminarity, and entropy since 1973 reflect increasing variability
and volatility in price.

The total area planted with cereals in Scotland has varied between 3900 km2 and
6000 km2 over the period from 1867 to 2020, with major changes in both the cereals planted
and yields. The long-term trend is an annual decline in area planted of 0.14%, accumulating
to a total of about 19% over the 154-year period (Figure 5a). The yearly difference between
annual data and the long-term trend ranges from −1000 to +1000 km2, and shows four
cycles superimposed on the long-term trend, with greater areas planted in the 1870s and
1880s, during the two world wars, and again in the 1980s (Figure 5b). Negative deviations
from the long-term trend are in the 1920s and 1930s, mid-1950s to mid-1960s, and mid-1990s
and late 2000s. The residuals, after removing the long-term trend and medium-term cycles,
are high in 1918 and 1942, and low in 1939, 1993 and 1994, and 2006 and 2007 (Figure 5c),
similar to the results of the lag plot (Figure 3c). The recurrence rate (Figure 5d), laminarity
(Figure 5e), and entropy (Figure 5f) show that cereal area changes gradually for most of
the 154 years, although was more dynamic during the two wars, and also in the early-mid
1990s, coinciding with the onset of the policy and practice of set-aside.
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Figure 5. Time series analysis results and RQA results for cereal area in Scotland (1867–2020): (a) data
and long-term trend, (b) deviation from long-term trend and smoothing spline, (c) residuals from
long- and medium-term trends, (d) recurrence rate, (e) laminarity, and (f) entropy from RQA using
sliding windows of 10–30 years duration in 2-year increments.

Figure 6. Time series analysis results and RQA results for sheep numbers in Scotland (1867–2020):
(a) data and long-term trend, (b) deviation from long-term trend and smoothing spline, (c) residuals
from long- and medium-term trends, (d) recurrence rate, (e) laminarity, and (f) entropy from RQA
using sliding windows of 10–30 years duration in 2-year increments.

91



Land 2021, 10, 1172

Sheep numbers in Scotland have varied between 6 and 10 million over the period
from 1867 to 2020. The long-term trend is of increasing numbers at a rate of 0.1% per year,
accumulating to a total of about 17% over the 154-year period (Figure 6a). The yearly
difference between annual data and the long-term trend ranges from about −1.5 million to
+1.5 million and shows five cycles (Figure 6b) superimposed on the long-term trend, with
maxima in the late 1890s, 1930s, 1960s, and late 1980s and early 1990s, and minima in the
1880s, 1919/20, late 1940s, 1970s, and 2010s. The residuals, after removing the long-term
trend and the medium-term cycles show peaks in 1937–1939, 1950, 1998, and 1999, and
lows in 1947 and 2001 (Figure 6c). RQA results for sheep numbers show that although the
recurrence rate is low for much of the 154 years (Figure 6d), the laminarity shows only two
periods of extreme change (Figure 6f), these being during the 1940s, corresponding to the
second world war and subsequent high mortality of sheep in the cold spring of 1947 [21],
and in the early 2000s, coinciding with the outbreak of foot and mouth disease that reduced
sheep flocks [87].

5.4. Dynamics from Interdependencies in the System

Interdependencies among the three data series are assessed from correspondence
between the time series of medium-term changes with long-term trends and short-term
noise removed. The medium-term patterns of variation for barley price, cereal area, and
sheep numbers, expressed as time series and as x-y plots in Figures 7–9; all variables are
normalized with their mean and standard deviation to account for differences in scaling
between the variables. The correlation coefficients r and percent r2 for the pairs of variables
for 1867–1947, 1947–1972, and 1973 to 2020 are shown in Table 2. All coefficients except
two (marked by n.s. in the table) are significant at p ≤ 0.001. The signs of the correlations
correspond to expectations for associations between the variables.

The sequencing of cycles is of interest since this indicates their timings relative to
one another and is indicative of the influences we posit in our general model (see above).
Cycles for barley price and cereal area are synchronized and in phase until the late 1940s
after which they become less synchronized (Figure 7a). This can also be seen in the x-y
plot (Figure 7b), where data for 1867–1947 are tightly clustered along a line with positive
slope, and data from 1960 onwards, and particularly from the early 1970s have a different
trajectory in the x-y space. The change in trajectory in 1992, coinciding with the introduction
of set-aside and lasting until 2012, is particularly evident.

The medium-term trends for cereal area and sheep number are also synchronized, but
with a lag that places the peaks for sheep at the minima for cereal area, and vice versa for the
period from 1867 to the early 1970s (Figure 8a). After the early 1970s this synchronization
weakens (Figure 8a). The x-y plot of the medium-term trends (Figure 8b) shows the switch
in emphasis to sheep from cereals during the 1920s and the agricultural depression of that
period, the increase in area of cereals and decline in sheep numbers between the mid-1930s
and particularly from 1939–1944. The general negative association between cereal area
and sheep numbers from 1867–1972 contrasts with the positive association in the trajectory
after 1973 when sheep and cereals became decoupled under CAP.

Medium-term trends and cycles in barley price and sheep numbers are also synchro-
nized, although there is a lag between the two cycles (Figure 9a), as is expected from the
associations already described (Figures 7 and 8). The x-y plot of these trends shows close
association between 1867 and the 1950s, before the trajectory of the data changes to a
peak for price and sheep numbers between 1985 and 1992 (Figure 9b). This reflects the
decoupling of sheep numbers and cereal prices.

These associations are also apparent in the correlation coefficients (Table 2). Between
1867–1946 and 1947–1972, barley price has a positive correlation with cereal area and
negative with sheep numbers (Table 2). After 1973, the correlation coefficient between
cycles for cereal area and sheep number changes to +0.764, from negative correlations prior
to 1973. The correlations between barley price and both cereal area and sheep numbers are
not significant for the period 1973–2020. In summary, the different trajectories of each of
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the plots in Figures 7–9 for the 1973–2020 period compared with 1867–1946 and 1947–1972
are marked, the close associations between the variables in 1867–1946 and 1947–1972 being
shown by a trace over time that clusters along a positive or negative line through the x-y
space (Figures 7–9) and the 1973–2020 trace departing from these patterns.

Figure 7. Medium-term patterns of variation for barley price and cereal area in Scotland (1867–2020)
as (a) time series and (b) phase plots. Note: the variables are normalized to account for differences
in magnitude.
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Figure 8. Medium-term patterns of variation for cereal area and sheep numbers in Scotland
(1867–2020) as (a) time series and (b) phase plots. Note: the variables are normalized to account for
differences in magnitude.
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Figure 9. Medium-term patterns of variation for barley price and sheep numbers in Scotland
(1867–2020) as (a) time series and (b) phase plots. Note: the variables are normalized to account for
differences in magnitude.
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Table 2. Correlation coefficients (upper right quadrant) and r2 (lower left quadrant) between medium-
term cycles for 1867–1946, 1947–1972, and 1973–2020.

Barley Price Cereal Area Sheep Numbers

1867–1946
Barley price 0.967 −0.528
Cereal area 93.6% −0.503

Sheep numbers 27.9% 25.3%

1947–1972
Barley price 0.653 −0.857
Cereal area 42.6% −0.905

Sheep numbers 73.4% 82.0%

1973–2020
Barley price 0.157 n.s. 0.358 n.s.
Cereal area 2.5% 0.764

Sheep numbers 12.8% 58.4%

6. Discussion

6.1. Dynamics of Scottish Farming Systems

Trends and cycles over different timespans and timescales identified within the data
using time series analysis, as well as RP and RQA, characterize long-, medium-, and short-
term dynamics of cereal and sheep farming and cereal prices. Irregular cycles are evident
in each of barley price, cereal area, and sheep numbers, the cycles being synchronized with
each other but with phase shifts. The period of these cycles is between 15 and 40 years.
Cycles for cereal area and barley price are synchronized and in phase up to the early 1970s
(Table 2); both barley price and cereal area are negatively correlated with sheep numbers
until 1972 (Table 2), particularly under the policies that operated from 1947–1972. The
changes in synchronization and correlations following 1973 reflect decoupling of arable
and sheep farming sectors under the provisions of the EU CAP. The long-term trends and
patterns of cycles, as well as the year-to-year variability superimposed on the long- and
medium-term trends, for farming, reveal the multiscale nature of temporal variation in
changes to farming systems. The RP and RQA also help to identify regime shifts. The RP
(Figure 3b) and RQA (Figure 4) for Barley price shows clear evidence of regime shifts, with
one regime over the period from 1867 to the late-1930s (interrupted by World War One),
and two further shifts in about 1950 and 1970; since 1970 the price has been highly volatile.
Regime shifts are not apparent for cereal area and sheep numbers (Figures 3, 5 and 6).

Results of analysis of changes in Scottish farming over a century and a half show the
signal of endogenous system dynamics. Domestic cereal prices are linked to changes in
world prices (Figure 2d), and to national and international policies and events (Figure 1b),
but behind the influences of these exogenous factors, there is evidence from the period
from 1867 to 1972 for the dampening influence of endogenous dynamics associated with
the (loose) coupling of components of Scottish farming systems. From 1973–2020 system
feedback and interaction at a national aggregate scale has been weakened as sheep and
cereal farming have been decoupled. The dampening feedback provided resilience to
Scottish farming as long-term trends and medium-term changes in the world and domestic
economies, and short-term events influenced farming. The importance of system dynamics
for description and explanation of changes in system funds, and the presence of long-
term trends and medium-term cycles also challenges analysis of changes based on data
that cover only a restricted timespan. The results show higher level interdependencies
between arable and pastoral sectors, dependencies that have themselves changed during
the course of the twentieth century as boundary conditions are changed by events, policies
(e.g., the Agriculture Act of 1947, the UK’s accession to the EEC/EU CAP in 1973), that are
important for understanding both arable and pastoral farming, development of policy, and
land management. The lessons from the period studied, despite much of it being historic
remain important for strategic decisions about policy regarding farming, land management,
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and farming livelihoods in Scotland. The results show ways in which dynamic behaviours
of farming systems have evolved as policy context has changed. The extent to which the
dynamics have become decoupled and less resilient with modernization of farming raises
concerns for land use in future especially as new policy is developed following the UK’s
departure from the EU and CAP in 2020.

6.2. Land System Dynamics and Time Series Analyses

The results and analyses also highlight the variety of ways in which exogenous drivers
and endogenous interactions of state variables within the system can influence land system
change and dynamics across these time scales. Medium-term trends, revealed as cycles in
the data here, are particularly important in this analysis. It is important to note that cycles
(in both drivers and funds of the system) are not cycles in a strict mathematical sense, and
they are not required to be regular, to have fixed periods or magnitude of oscillation, or to
be predictable [83]. Rather, they are medium-term patterns of deviations from long-term
trends, with short-term noise filtered out. The focus on cycles is based on the expectation
that they reflect behaviours that result from interaction of system factors over the medium-
term, and, as such, cycles are of particular interest in characterizing and understanding
system dynamics. The interactions and feedbacks of system components over time result
in a statistical tendency for cycles, as (irregular) waves, to be found in the data, with values
increasing and decreasing as feedbacks propagate through the system (with characteristic,
but variable, time scales). Regime shifts are apparent in the RP for barley price, with cycles
in the RPs for cereal area and sheep number (Figure 3d,f) and by recurrence rate, laminarity
and entropy in the RQA (Figures 4d–f, 5d–f and 6d–f), as well as in the medium-term
patterns of the time series (Figures 4b, 5b and 6b). Interpreting these cycles provides
insights into system changes (Figures 7–9). Long-term trends represent slow dynamics
and secular changes. Short-term changes represent impacts of events, and year-to-year
stochastic variability, as well as a range of uncertainties, including inherent uncertainty of
environmental and social systems, measurement errors (statistical uncertainty), short-term
decision-making (partial controllability of complex systems), and structural uncertainty
(the inability to describe the system fully) [88].

The use of time series and nonlinear dynamical systems methods is guided by hy-
potheses about the nature of farming as a coupled land system integrating human- and
environment- drivers through farmer choices and decisions, manifest at the aggregate
national and regional scales. Results are informative on the nature of dynamics of farming
systems, the relation between dynamics and both endogenous feedbacks and exogenous
noise, the influence of different timescales in establishing explanations based on poten-
tial processes and drivers, and on the impacts of drivers at multiple scales from farm to
international trade, finance, and legislation. Together, the methods reveal aspects of the
dynamic nature of drivers that underpin land system change, evolution, and dynamics,
as well as the specific nature of dynamics in land systems themselves. The examples also
elucidate some fundamental principles and mechanisms for studying land systems as
complex coupled human-environment systems; the approaches have application to study
and explanation of both dynamics and change.

The short-, medium-, and long-term trends and process relationships embedded
within time series’ data offer potential for study of not only change in land systems, but also
temporal and cross-scale dynamics in system function, leading to improved understanding
of coupling between human and environment systems, evolution in land systems over
time, and influence and response to changes in land system drivers. The analysis uses a
long data series, necessary for identifying long- and medium-term patterns. A snapshot
in time cannot reveal these dynamics, and consideration of too short a time span can lead
to misinterpretation of change and dynamics, for example by focusing only on increase
or decrease [25].

If a central tenet for study of land systems, as exemplars of coupled systems, is
that they are dynamic systems because of the functional interactions between the human
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and environment subsystems, then the dynamics of both system drivers and dynamical
behaviours of land systems themselves (based on the interactions and coupling of human
and environment) is as much a part of land dynamics as changes in the structures of
land systems. Dynamics of both land system structures and drivers are also necessarily
embedded in the pervasive impacts of spatial, temporal, and organizational scales, and in
both the hierarchical complexity and contingent history of land systems within societal and
environmental change more generally. Even in the absence of major categorical conversion
in type or intensity of change, land systems operate with complex dynamics, and they
require to be understood as dynamical complex systems.

The variety of dynamics represented by the patterns in the data used in this case study
emphasizes the need for explicit pre-analytical hypotheses to be constructed about rela-
tionships between land system dynamics and changes with potential trends and changes
in system drivers. The results also emphasize why hypotheses need to be explicit about
the time scale, or scales, of interest, since long-, medium-, and short- time scale patterns
are contained within the observed data, and all may be relevant to understanding the
variety of land system dynamics. If we accept that time series data represent and reflect
all the processes from all scales involved in their formation, then these data potentially
provide a source of insight into multi-scale consequences of the actions of drivers. In this
context, time series analysis provides a set of mechanisms for distinguishing these temporal
patterns at various time scales.

In summary, in systems terms the analysis of the historical record of changes in cereal
area and price, and sheep numbers in Scotland reveal a complex pattern of interdepen-
dencies and coupling over time and at different scales, combining endogenous system
dynamics with short-term variability associated with stochastic events, within a broader
set of higher-level interdependencies and boundary conditions for the system. The long
time-period of the study also shows that the embedded system dynamics can make farm-
ing relatively resilient to changes in policy, exogenous shocks (such as weather events
or disease outbreaks), or regime changes and thresholds (as seen here in prices). The
whole systems perspective is one that is seldom considered by short-term or sectoral
approaches to farming. Although many of the results are not new, the long-term, whole
systems perspective shows the evolution of land use in Scottish farming as a dynamic
and dynamical system, hence demonstrating that this kind of approach is suitable for
study and interpretation using a single analysis. The contribution of time series analysis
and the tools of NLDS (RP, RQA) in land systems science is also evident. The long time
series of data, and the impacts of historical contingency over the timespan of the study,
combined with the coupling and complexity of system-level relationships, weakens the
chances that steady-state latent structures would emerge by means of classical modelling.
Instead, analysis with time series analysis and methods from NLDS allows exploration
of discontinuities (if any) in the system dynamics, allowing abrupt changes and extreme
values to be identified, that would be difficult or impossible to capture in steady-state
global models. Time series analysis and NLDS also enable exploration of system dynamics
at hierarchically nested time scales, moving beyond use of classical models in describing
phenomena over short periods that are of little relevance over the longer duration of land
use history, as captured in the data used in the case study. As such, the results offer a
challenge to the land systems community to address timescales and dynamics explicitly,
while demonstrating some approaches and methodologies for achieving this. Authors
should discuss the results and how they can be interpreted in perspective of previous
studies and of the working hypotheses. The findings and their implications should be
discussed in the broadest context possible.

6.3. Directions for Future Research

Further research is needed into dynamics of land systems based on system interde-
pendencies, interactions, and feedbacks. As noted in the Introduction, studies of system
dynamics based in system structures and coupling are rare within land system science.
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Methods such as time series analysis, for analysis of non-linear dynamic systems, and mod-
els for exploring input-output within non-linear dynamic systems such as NARMAX [89],
offer tools with potential for use by the land systems community. This study shows the
importance of long time-series of data for capturing dynamics, the dynamical behaviours
found for Scotland being evident over medium-term cycles of about 30 years duration.
The consequences of policy changes for dynamic behaviours are also apparent from this
case study, producing dynamical shifts in system coupling, and showing the importance
of comparative studies across different socio-political, economic, and other contexts that
provide the boundary conditions for land use decisions. Finally, this case study uses
aggregate national data. The extent to which this is representative of the behaviours and
experience of individual farm or other land use units requires further research.

7. Conclusions

Time series analysis, including methods from analysis of non-linear dynamical sys-
tems, are used to separate long-, medium- and short-term dynamics encapsulated within
a historical record of land system states for farming in Scotland over the period from
1867 to 2020. The results show that cereal prices in Scotland follow similar trends and
cycles to those shown in global prices, and that the dynamics of both the area under cereal
cultivation and sheep numbers are linked to the dynamics of barley prices, as well as to
each other, particularly for the period from 1867–1972. The relationships revealed in the
medium-term trends are weaker since 1973 as prices, and cereal and sheep farming have
become decoupled under modernization associated with policies in the EEC/EU CAP
and as prices have become more volatile. These medium-term cycles in the data represent
the endogenous dynamics of the farming system itself, operating within boundary condi-
tions set by the policy environment. Short-term variability in the data reflect year-to-year
variability associated with weather, disease, and other events.

Our results characterize dynamics from internal feedbacks and coupling of farming as
a system at the national scale, reveal some system characteristics and behaviours associated
with the dynamical evolution of farming as a system, and identify some regime shifts over
the full 154-year timespan of the census. Specifically, the results reveal (i) consequences
of several exogenous factors as events that had an impact on system states, (ii) show that
arable and pastoral farming, at a national scale, are dynamically related over a range of
timescales and coupled to global trends, and (iii) that throughout much of the timespan
of the study the system has maintained a pattern of changes consistent with endogenous
systems-level feedbacks between sectors that act to dampen the impacts of exogenous
factors. Changes in system dynamics over the timespan are also associated with policy
changes that altered the interaction of arable and pastoral farming.

The analysis is based on the contention that the time series of system states recording
the history of land use contain an embedded record of the impacts of long-, medium-,
and short-term dynamics associated with both endogenous system forces and exogenous
factors that have influenced the land system. Because of this, both the underlying systems
framework structuring the land system and the temporal scales at which a land system
is studied should be made explicit, as the information needed for explanation of changes
and dynamics will vary with the system structure and the time scales of interest. The use
of time series analysis and methods from non-linear dynamics forces explicit attention
to system structure, time scales, and the multi-scale behaviours of land systems. This
demonstration of interdependencies between the prices, and arable and pastoral systems
in Scotland shows that farming land use in Scotland has functioned as a complex system
and was particularly resilient as a coupled arable-pastoral system prior to 1973, displaying
characteristic behaviours of endogenous variables within a nonlinear dynamical system
with noise-dampening feedbacks. The cases study illustrates a more general problem.
Because of the dominance of studies of land conversion and modification, the prevalence of
studies of short timespan [90], and the requirement for long time series of data to support
time series and NLDS analyses, there are, correspondingly, still few exemplars or results of
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analytical approaches applied to land system dynamics found in the land systems literature,
beyond those based on change detection. More are needed. Further studies of land systems
could usefully attempt to identify emergent properties and behaviours of land systems,
developing analyses focusing on dynamics in long-term time-series data, complementing
analyses based on spatial snapshots over short time spans.
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southern Lithuania indicate astronomical forcing on the millennial and centennial time scales. Sci. Rep. 2019, 9, 14711. [CrossRef]
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Abstract: Globally, the agricultural sector is facing many challenges in response to climate change,
unsustainable farming practices and human population growth. Despite advances in technology and
innovation in agriculture, governments around the world are recognizing a need for transformative
agricultural systems that offer solutions to the interrelated issues of food security, climate change,
and conservation of environmental and cultural values. Approaches to production are needed that are
holistic and multisectoral. In planning for future agricultural models, it is worth exploring indigenous
agricultural heritage systems that have demonstrated success in community food security without major
environmental impacts. We demonstrate how indigenous practices of customary harvest, operating
in multifunctional landscapes, can be scaled up to service new markets while still maintaining natural
and cultural values. We do this through a case analysis of the wild harvest of Kakadu plum fruit by
Aboriginal people across the tropical savannas of northern Australia. We conclude that this system
would ideally operate at a landscape scale to ensure sustainability of harvest, maintenance of important
patterns and processes for landscape health, and incorporate cultural and livelihood objectives. Applied
to a variety of similar native products, such a production system has potential to make a substantial
contribution to niche areas of global food and livelihood security.

Keywords: agricultural systems; indigenous economic development; production systems; landscape ecology;
wild harvest

1. Introduction

Population growth, climate change, and unsustainable farming practices are some of the most
pressing global challenges in the 21st century. Governments from around the globe have acknowledged
these ‘wicked’ problems and are developing strategies to mitigate their impacts [1–3]. The agricultural
sector is one area that is under considerable pressure to adjust and perform to meet the increased
challenges of sustainable food production practices under increasingly uncertain climatic conditions.
However, food production is currently occurring in a way which is having adverse impacts on
climate, water, topsoil, biodiversity and marine environments [4]. If not addressed, these practices will
undermine the world’s ability to adequately feed future populations, and solutions are desperately
needed to provide more sustainable options.

1.1. Food Security

The global population is predicted to reach 9.73 billion people by 2050 and will require more
food, more stock feed and more biofuel to meet these demands [1]. Globally, food security is currently
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dependent on a small number of cultivated species with only 12 species contributing to 80% of total
dietary intake [5]. Wheat, maize and rice account for over 50% of the world’s daily requirement of
protein and calories [6]. Despite there being limitations in crop–climate modeling, the impacts of
climate change are almost certain to decrease global crop production [7]. This is a real concern for
food security with a growing global population and there is now substantial research into global plant
genetic resources being conducted, focused on improved cultivars, breeding lines, landraces and crop
wild relatives diversity [8–10].

Global per capita consumption has increased considerably since the 1970s, with doubling of milk,
dairy products and vegetables, while meats products have tripled (Alexandratos and Bruinsma in [1]).
However, total productivity resulting from agricultural investment and technology is now thought to
have slowed as a result of food loss and wastage, degradation of natural resources, biodiversity loss
and spread of transboundary pests and disease, and resistance to antimicrobials [1].

There is now a marked global disparity of agricultural outputs among countries. Developed
countries are currently facing chronic obesity rates, which have more than doubled since 1980s [11].
Issues added to these human health problems include an increased carbon footprint and an increase in
area lost to landfill and biodiversity losses. Some 25–30% of food produced worldwide goes to waste,
which costs about US$1 trillion per year and accounts for 10% of the greenhouse gas emission from
food systems [12]. Third world countries continue to suffer from poverty and food shortages as well as
chronic undernutrition [4]. Given the serious threat to food security and the far-reaching impacts of
climate change on crops, livestock and fisheries production, agriculture needs to balance research and
implementation strategies to be able to face these challenges [2].

1.2. Impacts of Climate Change

The impacts of climate change on agriculture are predicted to be significant. Climate change
is a certainty [12] and the agriculture sector is, and will continue to be, impacted in various ways.
The Intergovernmental Panel on Climate Change (IPCC) predicts a temperature rise of +1.5 ◦C above
pre-industrial levels sometime between 2030 and 2052, if global warming continues at its current rate.
The impacts of such changes, despite increasing confidence in prediction modeling, are not altogether
certain. In 2019, the IPCC Special Report provided new evidence for the benefits of limiting global
warming to the lowest possible level, in line with the goals set in the 2015 Paris Agreement [12,13].

There are numerous predictions of climate change that will impact on the agricultural sector.
These include more extreme weather events with both drought and floods becoming more common in
areas making it more expensive and difficult to grow and sustain crops and livestock. A change in
weather will influence growing seasons and cause an impact upon productivity due to non-alignment
of crop growth with soil moisture levels and pests. In some areas, seasonal weather patterns may
cause an increase in the frequency of wildfires that will result in physical damage to infrastructure
and pasture as well as a number of ‘secondary impacts’ from smoke [6]. Rising temperatures can alter
exposure to pathogens and toxins, and rising levels of carbon dioxide in the atmosphere can decrease
dietary iron, zinc, protein and other macro- and micro-nutrients [1,14].

1.3. Environmental Impacts

The rapid global expansion in food production and economic growth that the world has seen
since the 1960s has come at a heavy cost to the natural environment. Adoption of high input and
resource intense farming systems have caused massive deforestation, soil depletion, water scarcities
and contributed to high levels of greenhouse gas emissions [1]. Klitgaard [15] suggests that systems in
overshoot such as these require new economic theories to achieve sustainable futures.

As agriculture has expanded in recent decades, there has been greater competition for natural
resources, increased carbon emissions, and land degradation. There has been a narrowing of cropping
choice [9] and lack of diversity in crop rotation, which is coincident with an overuse of pesticides and
other chemicals, which is damaging to human and ecosystem health [16].
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Globally, agriculture is responsible for using 70% of all freshwater withdrawn from the natural
system and 60% of biodiversity loss [4]. Half of the world’s forests have been cleared, an ever-increasing
volume of greenhouse gases is going into the atmosphere and ground water has been contaminated
or depleted. However, agricultural land use has resulted in land values increasing as the system has
become more capital-intensive, and requires greater vertical integration, which leads to big cooperatives
dictating land-use. This is impacting on the social and cultural structure of rural towns, removing
safety nets and increasing levels of rural poverty. This then drives migration into large cities which
exacerbates welfare, food, employment and health issues.

Agricultural expansion is resulting in habitat loss [17–19], which in turn, has been identified as
the primary contributor to what has been described as the ‘Anthropocene’ [20] or sixth mass extinction
event [21].

The Australian agricultural and rural sectors are following the global trends outlined above and are
currently facing extreme social and economic pressures, many of which are interrelated. These include
depopulation of rural areas, a reduction in participation in agricultural education, low levels of uptake
in the farming sector (especially by young women), low incomes for farm businesses and poor health
outcomes for farmers and others in rural areas [3]. Thus, despite the many benefits of industrialized
agriculture, these farming practices can be seen to be contributing to declining rural employment
and rural depopulation [22]. There is a need to consider alternative agricultural paradigms and
transformative agricultural systems. Current conventional agricultural practice may not always be the
best way forward for all regions in Australia.

These undesirable direct and indirect impacts of agriculture on the environment are becoming
less acceptable to the global community and pressure is being put on governments to find alternative
paradigms for food production.

1.4. Response from Agricultural Sector

The agricultural sector can respond quickly to change when required and has been seen to triple
agricultural production over a 50-year period (1961–2011) due to the new technologies available during
the Green Revolution [1]. These increases in production were mirrored by improved transport and
post-harvest techniques which contributed to substantially longer value chains (farm gate to plate) as
well as increased consumption of processed, packaged and prepared food.

Globally, there has been recognition that there is a need for a shift away from high-input, resource
intensive farming to more innovative systems that can continue to increase productivity but at the
same time protect and enhance the natural resource base [1,23–25]. A few of the many such alternative
production systems include agro-ecology; agro-ecosytsems; agroforestry; climate smart agriculture;
diversified farming systems; ‘socially-modified’ crops; sustainable intensification; and conservation
agriculture [1,26–30]. The commonality between these approaches is that they are often multi-use,
more holistic and, in many cases, built on indigenous traditional knowledge. Of the 250,000 plant
species globally, 4% (20,000) have edible products (many from trees), but only 0.3% of edible plants are
cultivated in agriculture [31], making plants a highly underutilized resource.

The Food and Agriculture Organization of the United Nations (FAO) [32] proposed four dimensions
of food security, which include: reducing greenhouse gas emissions to limit and adapt to change;
reducing impacts of different types of agricultural production on the world’s ecosystems; developing
rural areas to improve livelihoods and create jobs for poor people; and maintaining ecosystem
services [4]. In this research paper, we describe an agricultural paradigm based on the commercial use
of native foods which is in line with FAO proposed criteria [32]. We advocate for the use of a landscape
ecological approach in understanding, evaluating and developing such a paradigm.

2. Alternative Agricultural Systems

Much of the discourse around climate change, vulnerability and food security, emphasizes
cultivated foods, new animal breeds and crop varieties, and climate–crop modeling as the
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solution [2,5,33]. This is likely to be the main approach to meeting the challenges of global food
security in the future. However, there are additional pathways that could also contribute with less
impacts on the natural and cultural environment. This vision is reflected in recent times in affluent,
western societies where rural change has transitioned away from a dominance of production values
towards a variable mix of production and environmental protection values [34].

2.1. Agricultural Heritage Systems

Agriculture is defined by the Merriam-Webster dictionary as ‘the science, art, or practice of
cultivating the soil, producing crops, and raising livestock and in varying degrees the preparation and
marketing of the resulting products’. There are, however, many alternative production systems that do
not fit neatly within this definition. For example, the harvest of forest products often involves a degree
of forest custodianship and management which contributes to the growth, quality and abundance of a
harvested product. It could be argued that such practices should be considered as agricultural practice.
Therefore, we will refer to some of these alternative practices as ‘agriculture’ in this research paper.

There are globally important agricultural heritage systems that have been developed by indigenous
cultures over millennia [35]. These are often very complex, diverse and specific to local areas, involving
techniques and practices that have contributed to community food security often in conjunction with
conservation of natural resources and biodiversity. Agricultural heritage systems can still be found
globally, with about 5 million hectares providing a vital combination of social, cultural, ecological
and economic services to humankind [34]. An estimated 1.4 billion people manage such agricultural
systems and landscapes globally, mostly family farmers, peasants and indigenous communities [34].
Many scientists acknowledge that traditional agricultural systems have the potential to provide
solutions to the predicted changes and transformations facing humanity in an era of climate change,
biodiversity loss and sociocultural issues [34].

2.2. Wild Foods

‘Wild foods’ constitute a niche area of food production that involve production and harvest
with minimal impacts and interventions on the surrounding environment while at the same time
providing incentives not to clear natural habitats. A ‘wild food’ can be described as an animal or
plant product which is found in an undomesticated state in nature. Many of the commonly used
products that the world relies on today have wild origins including most staple foods (corn, potatoes,
tea, spices), medicines (aspirin, codeine), fibers (cotton, hemp), dyes (indigo and saffron), intoxicants
(tobacco, opium) [35]. There is still a high demand from western markets for wild genetic plant
stocks, with 25% of prescription drugs currently in use today having plant origins. Between 1981
and 2006, approximately 75% of new anticancer drugs were derived from plant compounds [36,37].
Ensuring future biodiscovery will require the conservation and management of the world’s remaining
natural habitats.

Non-Timber Forest Products’ (NTFPs) are an example of a type of wild food. NTFPs were defined
by FAO in 1995 as consisting of ‘goods of biological origin other than wood, derived from forests,
other wooded land and trees outside forests’ [38]. Wild foods and NTFPs are an area of agriculture
which contributes to millions of livelihoods worldwide. Globally, there are 300 million people living in
predominantly forest ecosystems, with a large percentage of these people dependent on forests and
their products for their livelihoods [39]. As such, NTFPs make up a considerable component of the
world’s food economy and are an important safety net during extreme events. These products are
sometimes termed the ‘hidden harvest’ because their direct and indirect values are often not measured
nor included as part of official agricultural outputs [40]. NTFPs are collected for customary and
commercial purposes, mostly managed sustainably by local people, communities and customary law.

Globally, many indigenous communities still have a high dependence on wild-collected plant
products for their health, nutritional, cultural and spiritual wellbeing [39,41]. Agricultural and forager
communities within 22 countries in Asia and Africa have been recorded as using an average of
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90–100 species per location [5]. Much of the literature on food security emphasizes the production
of cultivated foods, but clearly wild foods are making a substantial contribution to the global food
basket [5]. Furthermore, many NTFPs are actively managed, which suggests there is a false dichotomy
between agriculture and use of wild products.

Australian Aboriginal and Torres Strait Islander people (hereon Aboriginal people) are the
custodians of the oldest culture on earth [42]. They continue to have extensive ecological knowledge
and a deep, spiritual connection to their traditional lands [43]. Through customary care for and use
of natural resources over tens of thousands of years, they have developed an intricate knowledge of
the value of plant products [44,45]. A wide range of enterprises are emerging from this knowledge,
including bushfood enterprises, native plant derived industries such as nurseries, seed harvesting,
cut flowers, and a variety of botanical based medicinal and beauty products [46]. The resulting
enterprises are largely based on wild harvest from traditionally managed estates, but also involve
different models of cultivation such as enrichment planting and horticulture [47].

2.3. Niche Markets

Plant products play an important role in local, regional and international markets. At a local and
regional level, they are often part of an indigenous customary harvest which trades, transports and
sells products over vast distances along a diversity of value chains. In addition to market demand
of wild plant material for specialized medical and pharmaceutical development, there is a rapidly
growing consumer consciousness about links between health, diet and the environment, and an
increased awareness of foods that are produced in safe, ethical and sustainable production systems [48].
This group of foods is referred to as “functional foods”, which potentially have a positive effect on
health above their nutritional values, in areas such as the prevention and management of health
conditions [49]. Estimations of the revenue generated by the global functional food market vary
considerably, however, it is estimated to have grown considerably over recent years. Market research
estimates the global functional food market size as being 161.49 billion USD in 2018 and predicted to
grow to 275.77 billion USD by 2025 [50].

Australia is well positioned to take advantage of this growing demand for functional foods. It has a
very diverse endemic flora [51] with many species already having commercial applications in the fields
of pharmacy, medicine, food, beverage, cosmetic, perfumery, and aromatherapy [52–56]. Coupled with
this, Australian Aboriginal people have been using native foods for more than 40,000 years [57].
In recent years, there has been considerable interest among Aboriginal people in the commercialization
of these products [46,58,59].

2.4. Sustainable Landscape Management

Aboriginal stakeholders are major landowners across northern Australia’s tropical rangelands
and have shown interest in a range of natural resource-based enterprise development
opportunities [58,60–62]. The environments in which customary harvest practices take place are
generally relatively intact ecosystems. Much of this area is under Aboriginal land tenure, is remote
and has Aboriginal communities and Aboriginal Ranger groups actively involved in its management.
If communities desire to scale up their customary use to commercial use, then they need knowledge
of the impacts on the ecosystems in which they occur. This will require a greater understanding of
the harvested species, the interconnectedness in the landscape and, more broadly, the ecology of the
landscape relevant to the harvested species. Knowledge of important landscape patterns, processes
and change will be fundamental in understanding and managing the dynamics of the systems in
which the species occur. Traditional Aboriginal ecological knowledge, coupled with sound harvest
and scientific monitoring data, will be important information sources that can help to determine a
culturally appropriate basis for establishing good management practices.

There are also large areas across the Australian Rangelands which are not in pristine conditions,
having been impacted from frequent, intense wildfire, high densities of feral animals and modification
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from other land uses such as pastoral use, cropping and mining. This has resulted in soil erosion
and biodiversity loss and, in instances, involved high levels of tree removal, altered water flows and
introduced pastures [63,64]. These areas may require different consideration to those landscapes that
are more ecologically and culturally intact. For example, priority considerations may include cultural
and environmental restoration, alongside commercial priorities.

The discipline of landscape ecology has an important role to play in helping understand and
inform the sustainable harvest for traditional and commercial use under changing climatic conditions.
The focus of landscape ecology has largely involved spatial heterogeneity and ecological values
with recent recognition that cultural values are also important elements in a landscape [65]. In turn,
ecological and cultural knowledge informs the selection of appropriate business models. These models
include wild harvest of natural resources, cultural values and practices, and remote rural economic
settings. This integration necessitates a sustainable approach, addressing the triple bottom line.

Applying a landscape ecological framework can bring together different knowledge systems,
values and priorities to measure the impacts and develop strategies for sustainable use without
destroying the ecological integrity of the landscapes. Sustainability must include consideration of
the socio-economic context of the communities harvesting the species. Integrated approaches help to
understand the characteristics of species that have value, the markets that are likely to be interested in
these characteristics, and the communities that harvest the species. Integrated, landscape approaches
can also help to maintain important socio-ecological systems whilst providing for increased livelihood
opportunities and allowing multifunctionality of land uses (conservation and development) [66].
However, landscapes are dynamic and can progress in different directions [67], especially under
changing climatic conditions.

We posit that Australian Aboriginal people are well positioned to scale up their customary harvest
of native foods to service rapidly growing, niche, functional food markets. For reasons discussed later,
we suggest wild harvest as a suitable initial production model for supply of native plant products to
niche markets, while ensuring benefits from resource use are retained in the landscape. There will
be issues around sustainable use that need to be considered and management plans will need to be
developed if they have not been already [68]. However, a landscape-focused framework will be most
appropriate to measure landscape system health and impacts, as there are many overarching cultural,
social, ecological and political factors that need consideration [65].

3. Case Analysis—Terminalia ferdinandiana (Kakadu plum) Enterprise

To demonstrate the potential of wild foods as an important contributor to food production,
we take a case analysis approach. To explore the scaling up of customary harvest to commercial use,
a case analysis of the wild harvest of the fruit Kakadu plum on Aboriginal owned traditional lands is
reviewed. This case involves the wild harvest of a native, endemic fruit, Terminalia ferdinandiana Exell.,
by Aboriginal people across northern Australia. We discuss the species, its customary use, markets and
production options available for scaling up from customary use, by small remotely located populations
situated in a multifunctional savanna landscape.

A participatory research methodology was used in conducting this analysis, along with an
ethnographic account of factors that have influenced the progress of this enterprise over the last
15 years [48,61,62]. The main method used for qualitative data collection was participant observations,
which is a tool in many disciplines for collecting data about people, processes and culture [69].
A literature review using published and unpublished papers and reports was also used in gathering
data to describe the north Australia Kakadu plum industry.

3.1. Properties

T. ferdinandiana is best known by the common name ‘Kakadu plum’ in Northern Territory (NT);
‘gubinge’ in the Kimberley, Western Australia (WA), and many other Australian Aboriginal language
names across its range. It will be referred to as ‘Kakadu plum’ in this paper as this is one of its most
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widely used common names. It is a member of the Combretaceae family [70], is endemic to northern
Australia and is one of 200 species in the genus Terminalia, of which 29 species or subspecies are native
to Australia [71]. T. ferdinandiana is a small to medium sized semi-deciduous tree that is found in the
woodlands of the upper rainfall band of the Australian wet/dry tropics (see Figure 1). Its density is
very variable over its range, but this species can occur in very high densities on or near the coast [61].

Kakadu plum is well known for its phytochemical properties. It has the highest vitamin C
(ascorbic acid) of any fruit in world [72]. These exceptionally high levels of vitamin C were first
detected in 1982 through a study of the nutritional composition of bushfood used by Australian
Aboriginal people [73,74]. The fruit and leaves also have very high levels of ellagic and gallic acid
and other polyphenolic compounds. These, along with the vitamin C, provide high antioxidant
values which are known to reduce risk of diseases such as cardiovascular disease, cancer, stroke,
and rheumatoid arthritis [72,75–79]. These phytochemicals have also been proven to have high
antimicrobial properties [80]. These phytochemical properties, and their demonstrated applications,
have created a commercial demand from the food and beverage, pharmaceutical, cosmetic and
nutraceutical industries [81].

3.2. Customary Use

Traditional foods continue to be an important part of the diets of Aboriginal people. A study of five
Aboriginal communities in the NT, Australia, found that 89% of the people interviewed consumed a
variety of traditional foods fortnightly [82]. Aboriginal people have a strong affiliation with the Kakadu
plum and many Aboriginal language groups across its range have a close cultural connection and
varying uses for this species and its products [45,83]. The fruit has been recorded as being consumed
for quick energy and as a refreshment on hunting trips and is used for a variety of other medicinal
purposes, such as treating colds and congestion [44,45,84,85]. The inner bark is used to treat skin
disorders and as well as fungal infections such as ringworm [61].

3.3. Kakadu Plum Markets

The ongoing research and biodiscovery of different phytochemicals in Kakadu plum and the
identification of potential commercial applications has stimulated several market sectors. However,
until recently, market signals have been very inconsistent between years, which has contributed to the
formation of a disjunct and poorly coordinated supply network. Response to these market signals for
the supply of Kakadu plum has come from both Aboriginal and non-Aboriginal people, and involved
three main production systems, namely horticulture, enrichment planting and wild harvest [47,48,86].
We describe these production systems below.

3.4. Kakadu Plum Production Systems

Wild harvest is the production system that most Aboriginal people (cooperatives, communities,
family groups, and individuals) across northern Australia are involved in, through several different
business structures. Kakadu plum has been commercially harvested from the wild in the Northern
Territory (NT) since 2005 and was initially trialed through several Aboriginal Ranger groups [61].
One of these groups, the Thamarrurr Rangers from the Thamarrurr Region, NT, hosted a Kakadu plum
enterprise and acted as the consolidator, by managing the fruit collected and linking with markets
(Figure 1). The Thamarrurr Ranger’s primary responsibility is natural resource management rather
than commercial development, so after a few years, they handed over the consolidator role to a
local Aboriginal owned and operated business, the Palngun Wurnangat Aboriginal Corporation
(PWAC). In 2020, approximately 15 years since the Kakadu plum collection trial first started,
the Thamarrurr Kakadu plum Enterprise still operates as a community owned and operated business.
It now engages PWAC and the local Aboriginal development corporation, Thamarrurr Development
Corporation, to assist in supporting operational activities. Annually, this community enterprise has
purchased tons of wild harvested fruit from the community members who wild harvested it from their
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traditional estates [87]. This enterprise provides significant monetary and non-monetary benefits for
the community.

Another Ranger Group in the NT, the Bawinanga Rangers, who are supported by the Bawinanga
Aboriginal Corporation (BAC) in Maningrida, Central Arnhem Land (Figure 1), were also involved
in a small, wild harvest of Kakadu plum between 2005–2008. BAC is currently trialing harvest of a
range of native bushfoods for sale to restaurants and other markets around Australia [88] and hope to
expand this activity to include some of the 32 Aboriginal clan estates in their jurisdiction.

The Kimberley area of WA is another geographical area where Aboriginal people wild harvest
Kakadu plum commercially. Some examples of Aboriginal owned and operated businesses operating
in this area include: Twin Lakes Cultural Park, Kimberley Wild Gubinge, Lombadina Community and
Mayi Harvests. Twin Lakes Cultural Park is a family business located north of Broome on the Dampier
Peninsula (Figure 1). The Aboriginal traditional owner, Bruno Dann, is a Nyulnyulan person who
lives on his traditional land making a living from wild harvest of Kakadu plum and cultural tourism.
He sells his fruit to a non-Aboriginal company, Living Earth Pty Ltd., which uses the Kakadu plum
powder as an ingredient in chocolate [89]. Kimberley Wild Gubinge is another Aboriginal owned
business which is situated north of Broome in the Dampier Peninsular, WA (Figure 1). It purchases
fruit from local harvesters which it processes into powder in its solar-powered premises, providing
local livelihoods and preservation of local knowledge though resource use and appropriate land
management [90]. The Lombadina Community and Lombadina Aboriginal Corporation, established
in 1985 on the Dampier Peninsular, in the Kimberley Region of WA, have been in partnership with
traditional owners and communities to pick and sell wild harvested Kakadu plum and have recently
started growing Kakadu plum in orchards [91]. Mayi Harvests was established in 2006 and is situated
in West Kimberley on traditional family lands in Ngumbarl and Jabirr-Jabirr country. They harvest
several native plant species, including Kakadu plum (locally called gabiny) which they sell as both
dried and frozen products [92].

Enrichment planting is another production system in which Kakadu plum trees are grown in
the Kimberley area of WA. Enrichment planting involves additional planting into wild populations
using wild harvested seed stock of desirable properties to increase tree density [47]. The Kimberley
Training Institute (KTI) in Broome, WA, has established an enrichment planting trial at its Balu Buru
site, in partnership with WA Department of Conservation and Land Management [47]. KTI is a
horticultural training provider which uses the Balu Buru trial site in their training. KTI also supports
Aboriginal communities to establish other Kakadu plum enrichment plantings and orchards. The Balu
Baru site has over 1000 Kakadu plum trees that have been enrichment planted over a 5 year period.
They are developing a ‘Savannah Enrichment’ approach which combines traditional burning practices
with modern horticultural techniques. These trials being conducted at Balu Buru provide valuable
lessons in the propagation and growth of Kakadu plum in competition amongst the dense acacia
thickets which have developed because of unmanaged fire regimes. They indicate that at a landscape
scale, savanna enrichment practices could help change the structure of plant communities and reduce
the fuel loads and occurrence of higher intensity wildfire. In turn, this would reduce the coinciding
biodiversity loss while at the same time providing livelihood opportunities for local people and an
economic incentive to manage the landscape differently [47].

Kakadu plum is also grown as a monoculture in horticultural settings. Kakadu Life Pty Ltd. is
the main non-Aboriginal company that grows Kakadu plum at scale. Their production is based in
NT, Australia, with distribution based in Perth, WA, and they sell a variety of Kakadu plum products,
many with organic status [93]. There are also several Aboriginal owned communities that grow Kakadu
plum in the Kimberley area of WA in a horticultural setting. These include WA’s largest Aboriginal
community, Bidyadanga Aboriginal Community, situated 180 km south of Broome, which started
growing Kakadu plum almost 20 years ago [94] (Figure 1). Mamabulanjin Aboriginal Corporation is an
Aboriginal Resource Centre based in Broome and is another group that is growing Kakadu plum in a
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horticultural setting [95]. More recently, GoGo Station Pty Ltd., an Aboriginal pastoral station situated
near Fitzroy Crossing, WA, set up a trial plot of 200 Kakadu plum trees under drip irrigation [96].

The Kakadu plum industry across northern Australia is established and growing. In summary,
the exceptional phytochemical properties of Kakadu plum, the commercial applications and market
demand, and knowledge from generations of customary use, underpin an established and growing
Kakadu plum supply chain. The main model of production of Kakadu plum is wild harvest from
Aboriginal traditional estates, supported by local Aboriginal corporations. Value chains involve both
Aboriginal and non-Aboriginal actors within or outside of these estates. In many cases, enterprises
have been developed by local Aboriginal people who have customarily harvested this species but
who have now expanded these practices and incorporated business practices for commercial use.
Enrichment and horticultural plantings are emerging as new modes of supply for this species, with the
support of regional training institutions. Inspection of the known distribution of T. ferdinandiana
would suggest potential for wider uptake of the commercial use of Kakadu plum, particularly in
the NT (Figure 1).

 
Figure 1. The distribution of the endemic T. ferdinandiana in Western Australia (WA), the Northern
Territory (NT) and Queensland (QLD). Triangles represent place names and dots represent herbarium
records of T. ferdinandiana, from Atlas of Living Australia [97].

4. Discussion

We now discuss the important considerations in wild harvest for customary purposes as well
as commercial use and the scaling up to meet larger commercial demands for supply. We will also
discuss the use of a landscape ecology approach for valuing, understanding and developing use of
native foods for commercial purposes.

4.1. Customary Sector and Wild Harvest

Around Australia, Aboriginal people have used a variety of methods of food production prior to
colonization. These range from fire being used to modify vegetation structure and composition for
wild harvest purposes [98] through to more conventional types of agricultural practices including
domesticating plants, sowing, harvesting, irrigating and storing crops, and implementing aquaculture
and other farming practices [99–101].

The current Aboriginal economy has also been described as a ‘hybrid’ economy comprising of
three sectors: customary, state and market [102]. The customary sector refers to subsistence harvest for
food and cultural purposes; the state includes social security and government-funded programs such
as ‘work for the dole’ schemes; and the market sector relates to the free market, most notably the fine
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arts and craft industry established in Aboriginal Australia. The customary sector constitutes a range
of productive activities that are based on cultural continuities and cultural identity, such as hunting,
fishing, gathering of bushfood, art and craft production, caring for kin and caring for country [103].
The Aboriginal economy has changed over time [104], but customary harvest is still a very important
component of Aboriginal livelihoods. It is based on an intricate ecological knowledge and connection
with their traditional lands. Aboriginal people relate well to the idea of a ‘culture-based economy’
which incorporates their knowledge, connection to their traditional estates and epistemology [105].
A culture-based economy involves a multifunctional approach and operates at a landscape scale.

Wild harvest of bushfoods for commercial purposes can be viewed as an extension of customary
practice. It relies on Aboriginal ecological knowledge and practices, often still within cultural perimeters,
but aims to service larger and external markets. As the scale of harvest increases, there will be concerns
around sustainability and impacts of harvest that will need to be addressed, alongside the many other
economic, ecological, social, and cultural benefits that come from this activity. Even though Kakadu
plum is an abundant species and has an extensive natural distribution, the impacts of increasing
harvest levels for commercial use, in conjunction with changing climatic conditions, will require
careful land management practices. In response, the Northern Territory Government has developed a
management program for Kakadu plum (Terminalia ferdinandiana) to ensure its sustainable use [68].
However, there are several case studies that demonstrate that Aboriginal people have established
production systems which utilize wildlife for both customary (non-market) and commercial purposes,
including use of saltwater crocodiles, long-necked turtles and raw materials for artworks [59,106–108].

Tropical savannas across northern Australia need active land management for their natural
and cultural values to remain intact. This requires people to be living on country in the savannas,
with knowledge of that country and how to manage it (such as traditional burning practices). People also
need livelihoods to be able to thrive in these remote places across the savannas. However, except for
the Aboriginal Ranger Program, there are very limited employment and enterprise opportunities
in remote Aboriginal townships. The economic status of Aboriginal people is the lowest of any
demographic group of Australians [109,110], with unemployment rates being as high as 90%, if various
government welfare programs were not taken into consideration [111]. Commercial use of natural
resources offers livelihood opportunities for Aboriginal people who have expertise in both customary
use and land management as well as the right and a strong desire to be involved [61,62,112].

4.2. Scaling up from Customary Harvest

Extending harvesting from customary to commercial purposes is a manageable transition for
Aboriginal harvesters because they have ecological knowledge about the resource (when it should be
picked, where the best picking sites are, landscape management requirements, etc.,) and know the
cultural protocols in which the resource must be harvested (access and harvest permissions, cultural
sensitivities or prohibitions etc.). However, the component of commercialization that some Aboriginal
communities might find difficult is building an appropriate business structure.

There are many complexities and challenges in developing an Aboriginal business, especially in
remote and regional localities within the savanna landscapes [48,113–115]. Business development in
remote Aboriginal communities is different to that in other Australian communities [116]. Enterprise
development in Aboriginal communities is often funded through government programs and is
likely to have originated without commercial intent and often involves subsidized community-based
activities [117]. Many of these enterprises are largely focused on social goals in the absence of economic
criteria for success. These enterprises often lack the business acumen required to make decisions
that lead to viable long-term businesses in this distinctive landscape context [48]. This confusion
between social and economic objectives has been cited as an important contributor to business failure
in Aboriginal businesses [87,118]. There are, however, many examples of Aboriginal community-based
enterprises (such as those described in Section 3.3 above) which have managed social, cultural and
economic priorities successfully.
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For Aboriginal people to have greater control of the Kakadu plum industry, there is a need
for them to take a ‘whole of industry’ approach and become leaders in all aspects of the business,
including research, harvest, processing and marketing. The Indigenous Land and Sea Corporation is
working with Aboriginal people to achieve this goal. In 2018, it established the Northern Australian
Kakadu Plum Alliance (NAAKPA). NAAKPA currently consists of a consortium of eight Aboriginal
owned enterprises which ethically harvest and process Kakadu plum across northern Australia [119].
This Alliance provides support to its members as they grow their businesses while at the same time
providing stability and reliability to the Kakadu plum supply chain. Such cooperative or collective
ventures are likely to play an important role in the development of savanna enterprises, in so far as
they support a focus on Aboriginal economic development as well as ecological, social and cultural
priorities. A cooperative model across several savanna sites will also help manage the risks to supply,
inherent in wild harvest.

As markets develop and demand for Kakadu plum increases in the future for Kakadu plum
there may be a need for greater uptake of alternative production systems to complement wild
harvest. This will place greater emphasis on domestication of Kakadu plum to meet demand.
Enrichment planting is one alternative form of domestication which has been described earlier in this
paper (Section 3.4) [47], which could contribute to more consistent yields and greater volumes of supply.
More conventional horticultural production systems may also need be considered. Domestication
may be desirable for some Aboriginal producers to meet the demands of larger markets. It is often
seen as comprising of a spectrum of increasing levels of human intervention in the production
of a species for human benefit [120]. There are some very relevant resources documenting the
process of domesticating culturally important, indigenous food-tree species over a 25-year period in
tropical/subtropical Africa [25]. This body of applied research is focused on domesticating trees and
creating multifunctional landscapes which can reverse the cycle of land degradation and its associated
social deprivation issues [26].

Leakey [121] describes food species as falling into four categories: i. Internationally important
and widely cultivated staple foods, ii. Widely cultivated case crops, iii. Locally domesticated and
cultivated species or ‘orphan crops’, which also have wider potential, iv. Culturally important species
used for customary use and little known outside their natural range. He suggests that the first three
categories have made the transition from ethnobotany to agriculture hundreds, if not thousands,
of years ago, while the fourth category is currently making that step following recent research. Despite
being focused more on agroforestry than wild harvest, this long-term participatory research project
has demonstrated some interesting findings that could be incorporated into Australian Aboriginal
agricultural development. This is particularly the case for a tree species like Kakadu plum with
so many valuable attributes—edible fresh or processed fruit, a source of vitamin C and rich in
antioxidants. The identification of ‘ideotypes’ to capture ideal phenotypic trait combinations for
different end products and associated markets [122], can differentiate suppliers across the savanna
landscape. Taking a geographically decentralized approach to reduce risk in narrowing the genetic
base of species [123] is an approach that would be very applicable to Kakadu plum, as there are
many varieties across its range on numerous traditional estates and there may be cultural reasons
for land owners wanting to keep genetic strains represented by ‘ideotypes’ separate. Creating Rural
Resource Centers to assist in technical training and business support [25] and making partnerships
which link domestication and commercialization programs, is considered critical to the success of
commercialization and demonstrates the long-term level of support and commitment required to
progress the development of community-based enterprise development. Examples of successful
Kakadu plum enterprises developed to date demonstrate this.

Given there are also many degraded landscapes across the Australian rangelands, there may be
potential to establish an agroforestry domestication program. Processes to domesticate native species
need to protect the interest of the traditional estate owners in Australia. Approaches, such as the
sculptured seedling technique to revegetation, which relies on a knowledge and understanding of the
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natural vegetation in areas to match site capability with appropriate species, may prove useful [124].
Other processes, such as utilizing socially modified crops rather than genetically modified crops,
are more likely to prevent the loss of genetic variability from the landscape and protect local interests
and benefits [25,26]. This process could, in time, supplement yields from wild harvest and help provide
the volume and consistency of supply to secure relationships with larger markets. This work will
need to be done in close consultation with traditional landowners as there will be many issues (access,
identifying desirable phenotypic traits, cultivar development, cultivation techniques) that will require
their participation and customary authority.

4.3. An Intregrated Landscape Approach to Management of Country

Aboriginal people own vast areas of land across northern Australia. In the NT alone, Aboriginal
people make up around a third of the population and own over half of the land, mostly under
a communal title. Much of the natural range of Kakadu plum is found on Aboriginal lands
across the northern Australian tropical savannas, which still consist of relatively intact landscapes.
These lands are managed by a mixture of traditional Aboriginal and western land management
practices, in collaboration with the Aboriginal Ranger groups and in conjunction with traditional
land management practices or authority [125]. Landscapes managed by traditional land management
practices in tropical northern Australia have been shown to have greater ecological integrity than
those managed in the absence of Aboriginal land managers and their traditional ecological knowledge
non-Aboriginal managed sites [126].

Access to native plant resources on Aboriginal land, their commercial use and sustainability,
are regulated through customary lore and state legislation. Traditional owners, who are the designated
decision makers for individual clan estates, have cultural obligations to look after their country
and this relates to caring for both natural and cultural resources and maintaining their spiritual
connections. People are integrally linked to place and place is integrally linked to people [127]. In the
NT, the Aboriginal Land Rights Act (NT) 1976 states that any commercial activity must be approved by
the traditional owner(s). Permits to access and commercially harvest on Aboriginal lands must be
with the authority of the traditional owner(s) and must be captured in a Land Use Agreement between
the Aboriginal Land Trust, on behalf of the traditional owner(s), and the proponent. Sustainable
use of native plants and animals is regulated through the NT Department of Environment and
Natural Resources through a permit system and has long been a focus and part of the NT Government’s
conservation strategy [128]. The sustainability of commercial use of Kakadu plum is of utmost importance
to the NT Government and a ‘Management Plan for Terminalia ferdinandiana in the Northern Territory
2018–2022′ is in place to ensure wild populations and the species habitat are adequately maintained
across the NT of Australia [68].

There is a risk that over time the benefits of commercial use of native plants could be realized off
Aboriginal owned lands and to the exclusion of indigenous peoples. Kakadu plum is an industrial
crop and there has already been an incident in 2004 where two multinational companies have
tried to export Kakadu plum tissue culture out of Australia without permission or benefit-sharing
agreements [85,129]. However, there are two key ways that the interests of Aboriginal peoples can be
protected. Firstly, by targeting premium markets that value culturally identified and ethically sourced
products. Secondly, there are legislative mechanisms in place to protect interests and ensure benefit
sharing with landowners, including traditional landowners and traditional knowledge holders [130].
Australia is a signatory of the ‘Convention on Biological Diversity 1992’, under which the ‘Nagoya
Protocol’ on ‘Access to Genetic Resources’ and the ‘Fair and Equitable Sharing of Benefits Arising from
their Utilization’ has been framed to protect the interests of indigenous peoples and communities.
In the Northern Territory, Australia, land held under Aboriginal Freehold title, and awarded under the
Aboriginal Land Rights (Northern Territory) Act 1976, requires special land use agreements with traditional
landowners before parties can access or use natural resources from this land. Finally, Australian states
and territories, including the three jurisdictions in which Kakadu plum occurs, have biodiscovery
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acts and regulation to manage the accessing, collection and transfer of biological materials collected,
and the benefit that flows from their use.

Australian Aboriginal people are the custodians of the oldest continuous culture on earth [42] and
have a deep, spiritual connection to their ‘country’ [43]. Tens of thousands of years of Aboriginal land
management can be described as ‘sustainable’ in that it has resulted in a productive and sustaining
relationship between humans and their environment [100]. An integrated landscape approach seeks
to understand the relationship between diverse values, which requires a transdisciplinary approach,
that incorporates the ecological, economic, social, and cultural considerations with people from diverse
cultural, educational and philosophical backgrounds [65].

5. Conclusions

The agricultural sector faces significant challenges now and into the future, with changing
climates and a rapidly growing global population. Historically, indigenous agricultural systems,
in their many forms, have accounted for the food security and livelihoods of many millions of people
globally. In Australia, wild harvested foods continue to make an important contribution to Aboriginal
livelihoods, health and wellbeing, and provide economic opportunity where remoteness, education
and infrastructure allow few alternatives [131].

Aboriginal Australians are major landowners across northern Australia with strong cultural
connections and intricate knowledge of their land and the plants and animals within. Many groups still
rely on customary harvest for their livelihoods and use these products for a diverse range of nutritional,
medicinal and cultural purposes. A north Australian native plant, T. ferdinandiana, which provides
customary food and medicine, is currently being commercially wild harvested, enrichment cultivated
and horticulturally grown by Aboriginal people. We conclude that a scaling up of customarily harvested
products, such as Kakadu plum, is both desired by Aboriginal people and an appropriate alternative
agricultural paradigm to meeting high value niche market demands, thus contributing to global food
security by broadening the base of food species used and valued. As markets grow, domestication may
become necessary. Models of domestication that promote community participation and local benefit
and that protect the natural genetic diversity of a species across its landscape should be prioritized.
Investment in regional training is required to support this process [25,121,132]. In parallel with the
scaling-up of customary harvest, domestication may allow for greater consistency and volume of
supply leading to greater market confidence and more competitive pricing structures.

Wild harvest can be conducted with minimal impact on the surrounding environment and the
many opportunities that exist for scaling up the supply of native plant products that have market
demand, must be explored. This will require further surveys and research to identify commercial
potential through bioprospecting and incorporation of Aboriginal knowledge. There are already
many species being harvested for customary purposes by Australian Aboriginal people that may
have commercial potential [4,61,62]. We posit that globally there are many other similar customary
harvested products found on other natural landscapes that could be harvested sustainably to meet
market demands and contribute to food security.

This approach to food production would be best managed at a landscape scale. This would
draw on concepts from landscape ecology to ensure sustainable production and protection of the
multifunctionality of landscapes, through the conservation of all the important landscape values
(ecological, cultural and social). North Australian landscapes are expansive and largely intact due to
their poor soils, remoteness from markets and highly seasonal rainfall. There have been several failed
attempts to ‘develop the north’ with the planning being largely influenced by external factors with little
regard to Aboriginal aspirations [65] or local conditions [63]. Landscapes across northern Australia
have been managed for thousands of years by Aboriginal custodians and are rich in both natural
and cultural heritage values. Such holistic and integrated landscapes should not be compromised
by inappropriate agricultural models. Aboriginal custodians have obligation to ‘care for country’
and in most cases, these obligations exclude large scale clearing and development. An alternative
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development practice is a ‘cultural approach’ to land use which is holistic in nature, building on
customary lore and practice to service new and expanding markets that value sustainable practice and
organic, ethically sourced foods.

This idea of holistic planning for multifunctional landscapes is not new and has been supported
by several authors [65,131,133]. Valuing ecosystem services, Aboriginal knowledge, economic values
of native plants, and managing for multiple values, are common threads of an integrated landscape
approach. Many of the landscapes across northern Australia are “undeveloped”, have relatively intact
ecosystem services, along with people who have maintained cultural connectedness, albeit to varying
degrees. This is an ideal time to prevent loss of important multifunctionality by taking an integrated
and holistic landscape approach to land management and economic development in this region [134].
This can help to capture the ecological, economic, social and cultural values that are inherent in these
landscapes and plan a shared vision for the future that provides sustainable livelihoods for current
and future generations resident in these northern landscapes [135]. This vision of landscape as an
agricultural system also prioritizes the retention of benefit locally, in an economically poor but culturally
and biologically diverse landscape. We need to effectively conserve ecological and cultural integrity
whilst creating novel future farming systems while we have them, rather than trying to apply these
principles to landscapes which have been altered and no longer have Aboriginal cultural connections.

This paper has introduced the concept of an agriculture paradigm which is compatible with the
concept of a ‘customary economy’ that Aboriginal people aspire to develop [94,136]. Future agribusiness
models in these landscapes should build on the existing customary knowledge to create an innovative
and appropriate agricultural paradigm which will contribute towards Aboriginal livelihoods and
global food security issues in a changing world.
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Abstract: Integrated landscape approaches have been identified as key to addressing competing
social, ecological, economic, and political contexts and needs in landscapes as a means to improve and
preserve agrobiodiversity. Despite the consistent calls to integrate traditional and local knowledge and
a range of stakeholders in the process of developing integrated landscape approaches, there continues
to be a disconnect between international agreements, national policies, and local grassroots initiatives.
This case study explores an approach to address such challenges through true transdisciplinary and
multi-stakeholder research and outreach to develop solutions for integrated landscapes that value and
include the experience and knowledge of local communities and farmers. Working collaboratively
with small-scale agroforestry farmers in Southern Brazil who continue to use traditional agroecological
practices to produce erva-mate (Ilex paraguariensis), our transdisciplinary team is working to collect
oral histories, document local ecological knowledge, and support farmer-led initiatives to address a
range of issues, including profitability, productivity, and legal restrictions on forest use. By leveraging
the knowledge across our network, we are developing and testing models to optimize and scale-out
agroforestry and silvopastoral systems based on our partners’ traditional practices, while also
supporting the implementation of approaches that expand forest cover, increase biodiversity, protect
and improve ecosystem services, and diversify the agricultural landscape. In so doing, we are
developing a strong evidence base that can begin to challenge current environmental policies and
commonly held misconceptions that threaten the continuation of traditional agroforestry practices,
while also offering locally adapted and realistic models that can be used to diversify the agricultural
landscape in Southern Brazil.

Keywords: yerba mate; agroforestry; integrated landscape; agrobiodiversity; silvopastoral systems

1. Introduction

Several high-level reports from a range of international agencies highlight the need to
rethink conventional agricultural systems through innovative and sustainable approaches, including
agroecology, forest landscape restoration, and agroforestry, among many others [1–6]. These reports
emphasize that business as usual in terms of conventional agriculture is continuing to have lasting
negative impacts on agricultural biodiversity, soil health, water and landscape management, greenhouse
gas (GHG) emissions, and human health and food security. The United Nation Food and Agricultural
Organization’s (FAO) recent report on the state of the world’s biodiversity for food and agriculture
(BFA) argues that “many of the drivers that have negative impacts on BFA, including overexploitation,
overharvesting, pollution, overuse of external inputs, and changes in land and water management,
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are at least partially caused by inappropriate agricultural practices” [2] (p. xxxviii). Meanwhile,
Padoch and Sunderland [7] argue that using conventional practices and technologies for sustainable
intensification may not necessarily have the desired effects on forest and biodiversity conservation, but
rather lead to greater loss of forests and associated ecosystem services, with little or no benefits for some
agricultural regions in which small-scale farming is predominant. They highlight that “producing food
in diverse, multifunctional landscapes challenges dominant agricultural development paradigms, but
it also presents issues and difficulties. For example, many types of integrated landscape approach have
not been studied by scientists, and the existing research and policy framework may be insufficiently
integrated to improve either agricultural production or environmental protection in such diverse
landscapes” [7] (p. 6).

From a landscape ecology perspective, taking a holistic approach to land management planning
and modeling is a key aspect of the discipline [8,9]. Understanding the mechanisms and impacts of
land use and land cover change (LULCC) over time in farming regions, including forest fragmentation,
habitat loss, and human–environment interactions, is crucial to determining the likely impacts of the
continuation of conventional agriculture not only at the local scale, but also how this will affect rural
and urban human and non-human populations in the long term. In order to support sustainable
management and changes to land use and land cover (LULC) that focus on biodiversity conservation,
increased ecosystem services and connectivity, as well as human food security and livelihoods,
debates have focused on land sharing vs. land sparing as methods to address the competing needs
in landscapes [7]. This debate either calls for land to be set aside for conservation with intensive
agriculture conducted separately, or land to be shared across a range of goals from food production
to biodiversity conservation through less intensive practices such as agroecology [10]. Although
many involved in the debate acknowledge that both land set aside for conservation and alternative
approaches to agriculture can occur simultaneously, there are few examples of how this might work on
a practical level or how to scale up what works on individual farms to address issues of managing
sustainable, biodiverse productive landscapes.

One of the methods used in landscape management planning that bridges the divide across the
various competing social, ecological, economic, and political contexts and needs in landscapes are
integrated landscape approaches. As defined by the Consultative Group on International Agricultural
Research (CGIAR) [11], such approaches consider not only multiple land uses (including agriculture
and forests) but also the livelihoods dependent on such land uses, moving beyond conventional
perceptions of management and governance. It seeks “to provide tools and concepts to identify,
understand and address a complex set of environmental, social and political challenges, and to
enable evidence-based and inclusive prioritization, decision-making and implementation” [6] (p. 1).
Importantly, such an approach highlights stakeholder engagement as key to managing conflicting
perceptions of the value and function of land use types in a landscape across a range of scales, from
the local to the national [6]. What is important here is that analyzing and developing solutions for
integrated landscapes requires a truly transdisciplinary lens, in which a range of researchers and other
stakeholders, including local communities and farmers, are actively engaged in the research design,
data collection and analysis, implementation, and assessment.

Agroforestry systems have been identified as one of the key approaches that can be implemented
in integrated landscape management as they offer a range of ecological and social benefits. As noted
in the recent High Level Panel of Experts (HLPE) report, forests contribute extensively to food and
nutritional security (FSN) through the “direct provision of food; provision of energy, especially for
cooking; income generation and employment; and provision of ecosystem services that are essential
for FSN, human health and well-being” [6]. Specifically, the implementation of agroforestry systems
offers multifunctional landscapes that support the development of regenerative agricultural systems
that offer not only a diverse, multi-layer food production system, but also land use that can restore
or conserve ecological resources [12]. The International Union for Conservation of Nature (IUCN)
together with the World Resources Institute (WRI) have highlighted agroforestry methods as an
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important strategy in forest landscape restoration (FLR) to address climate change mitigation and food
security issues worldwide [4]. Research on the benefits of agroforestry systems and their ecological,
social, economic, and cultural importance have been conducted in a range of contexts around the
world (see for example [13,14]).

In Southern Brazil, previous research has shown that forest fragments, including those managed
in agroforestry systems, are important havens of biodiversity on the landscape scale, particularly in
terms of tree species [15–18], but also act as crucial connectivity corridors that enable genetic flows
and buffer the impacts of anthropogenic activities along waterways [19]. Traditional agroforestry
systems have continued in the central-south of Paraná state and Northern Santa Catarina state mainly
due to the extraction of erva-mate (Ilex paraguariensis, also known as yerba mate), a tree species that
grows well in the shaded understory of the region’s iconic Araucaria Forest. These systems have been
important in maintaining ecosystem services and biodiversity corridors, but they are also important to
the maintenance of cultural and traditional agroecological practices on small-scale family farms that
include a heterogenic mosaic of crops, livestock, vegetable gardens, and productive forest areas, all of
which are essential to family and local food security [20].

We understand these traditional systems as outcomes of generations of adaptive practices based
on local ecological knowledge (LEK), resource management techniques, and cultural and historic
subjectivities [21]. We leverage the premise outlined by Berkes et al. [22] and Fonseca-Cepeda et al. [21]
of traditional ecological knowledge (TEK), which Berkes [23] (p. 3) defined as “a cumulative body
of knowledge and beliefs, handed down through generations by cultural transmission, about the
relationship of living beings (including humans) with one another and with their environment. Further,
TEK is an attribute of societies with historical continuity in resource use practices.” Although such
a concept is often associated with indigenous knowledge paradigms, we consider how such an
approach can apply to settler communities that have continual, historical resource use practices, as this
knowledge is “cumulative and dynamic, builds on the experience of generations”, but also adapts
to new technological and socioeconomic realities [24] (p. 281). Nevertheless, these systems have
received little research attention, particularly from federal and state agricultural research and outreach
institutions, as they tend to be viewed as remnants of outdated, subsistence agricultural practices
that require modernization, rather than being valued as systems developed and adapted to the forest
environment in which they have continued for generations.

In this paper, we discuss some preliminary results of our ongoing participatory research and
outreach project with small-scale traditional agroforestry producers in Southern Brazil and present
models being developed to optimize and scale-out agroforestry systems based on our partners’
traditional practices. Through the implementation of these models and systems, we are beginning to
address some of the main concerns of small-scale farmers, mainly profitability, productivity, and legal
restrictions on forest use, while also developing strategies that can be used in landscape management
to expand forest cover, increase biodiversity, protect and improve ecosystem services, and diversify the
agricultural landscape. Our collaborative approach ensures that the research addresses the needs of
communities and is applicable to local realities. In so doing, we are developing a strong evidence base
that can begin to challenge current environmental policies and commonly held misconceptions that
threaten the continuation of traditional agroforestry practices.

2. Traditional Land Use and Conventional Agriculture

The land use legacy of Paraná state helps to clarify the current LULC in the region and how the
continuation of forest resources in some regions has been more pronounced than others, as shown in
Figure 1. At the beginning of the nineteenth century, most of Southern Brazil was covered by forests,
from the coastal Atlantic Forest through to the sub-tropical Araucaria Forest biome on the central
plateaus, and the tropical semi-deciduous forests of the Paraná River basin in the west. Although
the forests had been managed by indigenous groups for thousands of years [25] and while there was
continued indigenous and settler occupation of these forest landscapes from the sixteenth century [26],
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forest cover was relatively uniform, interspersed with the naturally occurring grasslands on the higher
elevation plains. By the end of the eighteenth century, a process of westward colonization began in
Paraná, and to some extent Santa Catarina state, originating from the coastal/eastern region and moving
through the region’s highlands. This colonization process was characterized by an economy based
on cattle husbandry, erva-mate harvesting (a resource that had only recently begun to be exploited
in the regional economy, despite its economic importance since early Spanish colonization in the
seventeenth century [27]) and the logging of araucaria or Paraná pine (Araucaria angustifolia) [28]. More
intense colonization did not happen until later, with a migratory influx of Germans, Italians, Poles, and
Ukrainians, among others, in the nineteenth and early twentieth centuries, as part of a government
policy to occupy the ‘unoccupied’ hinterlands of the country [29]. This second wave of migration, along
with the expansion of the railroad and extensive exploitation of araucaria, led to much more intensive
land occupation. Yet, in our study region, many settler communities maintained forest cover on their
lands for animal husbandry and erva-mate harvesting, developing farming systems that integrated
European and indigenous practices with local crops (corn, manioc, beans, etc.) and forests. Today,
forests still occupy significant portions of the landscape, as shown in Figure 1c, in which small-scale
farmers continue to use traditional practices that have been passed on for generations.

Figure 1. Forest and land use and land cover (LULC) in Paraná state as a result of differing land
use legacies: (a) location of the region in Brazil; (b) Paraná state with northern and southern regions
highlighted; (c) land use in southern region with a significant incidence of forest cover; (d) land use in
northern region mostly covered by soy plantations.
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In other areas of Paraná, where forest cover has been almost completely decimated, the process of
colonization was much later and with quite a different focus. Beginning in the early to mid-twentieth
century, the Southwest was occupied by colonization companies expanding from the southernmost
state of Rio Grande do Sul; their economies were linked to a subsistence agriculture based on grains
and pork husbandry. Finally, a colonization wave coming from the north (São Paulo state) in search of
land for coffee production occupied the north of Paraná [29]. The vast majority of the area originally
occupied by the colonization from São Paulo and Rio Grande do Sul is currently covered by large-scale
soy farms, as shown in Figure 1d.

3. Methods to Leverage Traditional Agroforestry Practices

Our approach to implementing participatory methods to develop land management planning
systems that integrate multiple uses of natural resources in a socially and politically complex context was
conceptualized as Locally Adapted Participatory Sustainable Forest Management Systems—lapSFM,
outlined by Lacerda et. Al [30]. This approach provides a roadmap for managing rural properties,
focusing on forested lands, while the decision-making process includes local ecological knowledge
(LEK) as a key input necessary for establishing the goals and objectives and is based on the demands
and interests of landowners. As such, in 2011, we began by leveraging long-term agroecological
initiatives in place for more than 30 years that involved key partners (Federation of Family Farmers’
Unions—FETRAF; Agronomic Institute of Paraná—IAPAR; and the Brazilian Agricultural Research
Company—EMBRAPA), and started to conceptualize these productive systems by consolidating
communication, information, and activities among farmers, outreach technicians, researchers, and
environmental agencies through workshops, field-days, social media, farmers’ union meetings, and
scientific conferences.

Beginning in 2017, we began a new phase of the project which focused on conducting oral history
interviews with traditional erva-mate producers as a means of gaining a better understanding of the
historical, social, and cultural aspects of traditional practices, how landscape and environmental changes
are perceived by farmers, as well as the socio-political implications of their lived experiences [31].
As Williams and Riley [32] argue, oral history interviews provide an understanding of the ways in
which people produce meaning of the places they inhabit, and how they perceive and value the natural
world around them. As such, they offer unique perspectives on issues of the environment, forests, and
conservation as narratives are situated within the environment in question, grounded in the everyday
challenges of rural life. To date, we have conducted interviews with 39 erva-mate producers and
members of their families across seven different municipalities in Paraná and Santa Catarina [33].

Across the range of participatory methods employed, participants were encouraged to discuss the
challenges faced in conducting agroecological and traditional agroforestry practices on small-scale
farms (economic, technical, social, and political) and possible solutions that included creation of co-ops,
cooperative/participatory research to deal with gaps in scientific knowledge, youth-focused farming,
and increased participation of women, among others. As a result, we have established action plans
and models that integrate a range of perspectives and issues in terms of the technical, social, cultural,
and economic.

Herein, we discuss two particular outcomes of project to date: optimized LEK-based agroforestry
systems; and models of Productive Agroforestry Restoration. These optimized productive systems
have been implemented at EMBRAPA Research Station in Caçador (ERSC) and in over 50 properties
across more than 20 municipalities in Paraná, Santa Catarina, and Rio Grande do Sul states, for a total
of 3000 hectares under management. Both lines of research seek to add value to these systems and the
knowledge behind them, while also testing alternatives that do not require high rates of investment or
debt, and may offer small-scale farmers the opportunity to transition some of their land from high-input
commodities (i.e., corn, tobacco, soy) to other more sustainable products. The dissemination of results
and co-creation of knowledge include technical and scientific documents [19,20,34–40], conferences
e.g., [41], monthly technical visits to ERSC, and bi-monthly visits to farms across the region.
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3.1. Traditional Agroforestry Optimization

The diversity of forest management systems based on the traditional use of erva-mate reflect the
variations in the natural environmental that led to an extensive accumulation of LEK over generations.
Forest structure, tree diversity, presence of dominant or invasive species, and land use history and
legacy are all integral factors that play a role in the decision-making process related to how forests
are managed for erva-mate production and have been described in depth by Mattos [42], Chaimsohn
and Souza [18], Marques [43], and Hanisch [44]. In most cases, forest structure and diversity are
gradually managed, aiming at a spatial distribution that favors an understory with a homogeneous light
availability considered empirically as ideal for erva-mate development. The intensity and frequency of
forest interventions depend on various factors that include forest development (successional stage),
historic and contemporary use, presence of dominant or invasive species, and natural occurrence of
erva-mate trees, among others. Despite the fact that traditional agroforestry systems in Southern Brazil
in most cases have erva-mate as one of the key products, practices vary widely between properties and
municipalities, with the presence of cattle husbandry as one of the most significant characteristics that
differentiates the systems in the region [20].

3.1.1. Agrisilvicultural Systems

Erva-mate production occurs across a range of forest successional stages, from well-developed
(late successional) forest stands relying mainly on native, naturally regenerating trees, to younger,
secondary forests that rely more heavily on planting and silvicultural management. Well-developed
forest stands typically have lower density (number of trees), higher diversity with long-living species
(i.e., Araucaria angustifolia and Ocotea porosa), with a more complex structure (trees with various
sizes distributed in forest layers), while younger forests commonly have a much simpler structure
(homogeneous sizes), lower levels of diversity with short-lived species (i.e., Mimosa scabrella) but with
much greater density. Research has shown that agroforestry systems with erva-mate in Southern
Brazil present significant levels of tree diversity, with 107 tree species identified across 39 botanical
families [18], which represent a significant proportion of the region’s diversity [15]. They also show
high levels of nutrient cycling through litter that far exceed the nutrient exportation that takes place
during erva-mate harvesting [45].

In well-developed forests, erva-mate occurs naturally as large trees and is harvested through
radical pruning in 2- to 4-year production cycles. Erva-mate can be also be planted and managed
at shrub size for ease of harvesting, but production is often limited due to low levels of luminosity
for plant development. Although well-developed forests are mostly found in an “open” state [43],
in which historic management has reduced tree density, as shown in Figure 2a, some management
is required to ensure optimal conditions for erva-mate growth. However, canopy management as a
means to increase light in the understory is limited by very restrictive legislation governing the use
of such forests (see the Brazilian Forest Code [46,47] and Atlantic Forest Law [48]). Consequently,
production in well-developed forests tends to be restricted to animal husbandry with low stock density
and naturally growing erva-mate plants. Contrastingly, younger forests tend to be more actively
managed in Southern Brazil for erva-mate production. In most cases, the understory is maintained
mostly clear in order to make space for erva-mate plants, while thinning is applied if insufficient light
permeates the forest canopy. The intensity of thinning is established empirically and ranges widely
from intense tree reduction where producers aim at production levels similar to monoculture stands,
to agroecological practices that try to maintain sustainable multispecies environments.
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Figure 2. Traditional agroforestry optimization: (a) traditional erva-mate production where the lack of
adequate forest management caused canopy decline leading to monoculture-like erva-mate production;
(b) understory management, with initial removal of invasive native bamboos, for production and
species diversification; (c) induced forest regeneration for canopy restoration (white trunks), followed by
erva-mate plantation (increased production) and diversified tree plantation (species and forest structure
diversification); (d) sheep used for weed control in a newly implemented erva-mate intensification stand.

Our research on the management of young forests has led to the establishment of best practices
that aim to achieve a more stable income while maintaining or increasing ecosystem diversity and
complexity using innovative silvicultural treatments focused both on erva-mate plants and management
of other forest elements [39]. In this method, erva-mate is harvested annually at much lower intensities
(~50%) that maintain plant vigor as opposed to the 2- to 4-year cycles during which almost all plant
foliage is removed, causing significant plant stress. Site-specific silviculture is used to define the plant’s
shape, height, and pruning, and regeneration tending. We introduced the use of spreaders (strings,
bamboo) to widen erva-mate tree crowns into a goblet shape that allows for a greater production per
plant compared to traditional growth based on a cluster of vertical branches growing from a main trunk
(lower leaf-to-branch ratio). Furthermore, branches are trained away from the main vertical axis of the
tree creating a sharp to near horizontal angle from which new sprouts can be harvested. Leaf harvesting
from secondary branches instead of a radical pruning from the main trunk dramatically reduces the
damage caused by water seepage that rots the trunk interior and often occurs after consecutive pruning,
ultimately reducing the plant’s life-span.

Additionally, areas where light is more available at the understory level will have plants pruned
and harvested at 1–3m in height, whereas a darker understory will require taller trees (3–8m) to improve
production. Similarly, spacing between trees will determine pruning methods: sparser plantations
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(e.g., 3 × 2 m) allows for shaping a much wider crown which in turn produces abundant foliage that
can be harvested annually at less stressful levels (~50%).

We also introduced practices to ensure forest regeneration for maintaining forest cover and
diversity in the long term, avoiding the expensive and impractical need to reintroduce trees through
seedling planting. Two simple methods were successfully tested [39] and currently applied in farms:
(i) identification and marking of seedlings from natural regeneration using bamboo/wood sticks prior
to weed trimming; (ii) defining areas in which weed trimming is not conducted—plots of 1 m2 are
marked using sticks where natural regeneration is protected and encouraged. Our results show that
after one year, at least one native tree seedling was successfully recruited in 75% of these plots (reaching
up to more than 20 recruits in a single plot). We recommend that such areas of regeneration are
introduced together with the planting of erva-mate, replacing one erva-mate seedling every 5–9 m to
support forest succession.

One of the opportunities identified through this research and by others [43] is the management
of young forests in the region that are dominated by native invasive bamboo species, as shown in
Figure 2b. Bamboos are a determinant factor in forest dynamics as they tend to impede the development
of seedlings and young trees [37,49,50]. Our previous research has shown that these bamboo species,
when dominant, create a simplified plant community in which succession is arrested [37,51] and
an impractical environment for the development of productive systems. In terms of landscape
management planning, the areas in which bamboo are dominant require practical management
solutions that kick-start forest succession to improve biodiversity and maintain forest connectivity, but
also offer benefits to property owners. In these areas, farmers can manage the understory, eliminating
bamboo cover and establishing erva-mate plantations in densities varying from 1500 to 10,000 seedlings
per hectare, as shown in Figure 2c. Again, farmer’s objectives define specific practices: production
maximization tends to lead to very dense plantations with the use of chemical fertilizers and pesticides
(an illegal process as no pesticide is regulated for use with erva-mate) along with the removal of forest
regeneration and continuous canopy thinning; whereas traditional and agroecological producers use
organic (or no) fertilizers with forest management aiming at maintaining forest structure and diversity
in the long term. Typically, the former produces more leaves per area, while the latter often obtains a
premium for the quality of the product.

New techniques to improve traditional agroforestry practices are also incorporating farmer-led
initiatives that have found innovative ways to optimize production and minimize environmental
impacts. One very promising solution is the use of sheep husbandry for weed control in erva-mate
plantations, as shown in Figure 2d. The introduction of the sheep breed “Texel” for controlling
weeds reduces substantially the demand for labor, which is one of the most pressing limitations in
farming today. One important characteristic of the Texel breed is the fact that they do not graze on
erva-mate plants and have minimal impact on soil compaction. Finally, sheep farming can play an
important role in food security for farmers and can be a smart solution to halt the current trend of using
glyphosate herbicides for weed control. Such low-tech, practical approaches to optimizing production
and reducing the use of chemical inputs can be scaled out from individual small-scale farms to create
regional approaches and best practices that recognize and support the knowledge and participation of
farmers, and in turn can have lasting impact on the forested landscape.

3.1.2. Silvopastoral Systems

The use of animal husbandry in traditional agroforestry in Southern Brazil has two main systems:
caívas in North Santa Catarina state and faxinais in South Paraná state. Faxinais were once a common
feature in the landscape in Paraná, where communities use a large forest area as a commons for animal
husbandry, as shown in Figure 3a, and erva-mate harvesting, with a wide diversity of food crops
(including corn, beans, manioc, and rice) in fenced fields protected from animal grazing [43]. These
multifunctional land use systems were typical of the indigenous descendants that occupied the region
and later assimilated by settler communities, especially Ukrainian and Polish immigrants. On the
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other hand, caívas are generally found in the Northern Plateau region of Santa Catarina on individual
properties in which dairy cattle husbandry is carried out in forest patches usually combined with
erva-mate production, as shown in Figure 3b [20].

Figure 3. Traditional silvopastoral systems: (a) animal husbandry within forest stands in a faxinal;
(b) caíva with low productivity pasture and senile erva-mate trees (small trees in the background, to the
right); (c) view of a caíva with improved pasture.

The natural pasture in caívas typically has low levels of productivity, particularly in the winter
when plant regrowth cannot keep up with grazing demands [44,52]. Thus, animal productivity is low,
leading to food insecurity and low economic income and resilience. Undernourished animals have
knock-on economic impacts on erva-mate production as they look for grazing alternatives and damage
erva-mate trees or consume the leaves. Furthermore, environmental sustainability may also be affected
because grazing on forest regeneration can compromise forest renovation and physical damage caused
by bark consumption, which compromises tree health, ultimately reducing tree lifespan.

As farmers look for more profitable economic alternatives, caívas have been replaced by
monoculture production based on forest plantations and commodity crops with direct loss of forest cover
and biodiversity and traditional practices. As a response, a participatory research project carried out by
EPAGRI, the Agricultural Research and Rural Outreach Company of Santa Catarina, and EMBRAPA
has focused on developing strategies to increase household income by improving animal and erva-mate
productivity while also maintaining or restoring forest structure and diversity [20,44,52]. The project
framework includes testing innovative practices related to pasture improvement, renovation of forest
stands and erva-mate trees, and defining ideal levels of canopy cover and regeneration management.
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In 2010, EPAGRI initiated the implementation of improved practices for traditional caívas that
include pasture overseeding during the winter that evolved into the development of the genetically
improved Axonopus catharinensis SCS 315 (referred to locally as missioneira-gigante or giant missionary
grass) [53], a pasture species that is better suited for caíva environments due to its tolerance to
shade [44,54,55]. The process to implement this technique includes the removal of native grasses and
the introduction of giant missionary grass (detailed information about the process can be found in [44];
Figure 3c). The improved caíva system has been implemented successfully in eight farms across four
municipalities in Santa Catarina [44] and another ten properties will adopt the technology by the end of
2020; those farms will be used as reference properties for outreach agencies to disseminate the results.

Along with the goal of increasing animal productivity, the project also developed practices to
improve erva-mate production. These include a set of activities aimed at creating a highly diverse,
healthy forest with multi-aged and multi-strata elements. Due to years of neglect and prohibitive laws
that severely restrict forest management, as noted above, most traditional caívas have inconsistent forest
structure ranging from large, frequent gaps to very dense clusters of trees. Thus, we developed forest
management guidelines to support forest restoration, canopy refinement, and erva-mate intensification.
Forest restoration seeks to restore gaps in forest cover and reintroduce a multi-aged tree population
which can be achieved by designating areas for restoration where animal grazing is temporarily
restricted (usually by using electrical fencing) for 3–5 years, after which foraging is again allowed
and a new area is fenced. Monitoring of these areas showed that regeneration was highly effective
in restoring species diversity and structure as 59 different tree species were recorded in the fenced
areas [56,57], which was greater than the diversity of the adult tree population. Additionally, we
recommend thinning of abundant species and tree clusters in order to increase species diversity and
establish a more even forest canopy, respectively. Simultaneously, in fenced areas, erva-mate can be
planted at densities between 1000 and 3000 seedlings per hectare to increase productivity.

Through the implementation of the higher-productivity, shade-adapted perennial grass in caívas,
farmers are producing five times more pasture per area, enabling a triplication in the stocking rate
and consequent increases in milk production [43]. Furthermore, erva-mate production can increase
tenfold depending of the level of degradation of the erva-mate trees. Finally, in order to monitor
changes over time and help evaluate the impacts of new practices as they are implemented, we adapted
the Sustainability Assessment of Food and Agriculture Systems (SAFA) developed by FAO [58] to
assess the sustainability of farms considering 77 indicators across themes of environmental integrity,
economic resilience, quality of life (social), and good governance [20]. The overall results showed that
the implementation of the improved practices outlined above enabled farmers to obtain a ranking of
good (based on a classification as unacceptable, limited, or good) for 87% of indicators, in comparison
to 65% ranked as good for caívas that had not implemented improved practices.

As is the case in many other countries [7], current agricultural and environmental policies in
Southern Brazil do not recognize traditional practices, as they are often excluded from scientific analyses
or assessments and intensification through conventional agriculture is still seen as the way forward.
As such, landscape policies and management strategies do not consider how traditional systems might
be leveraged to mitigate the increasing homogeneity of the landscape through monoculture farming
and the consequential impacts on human health and nutrition, biodiversity, gene flow, and ecosystem
services. Without a recognition of, or support for, traditional systems, the tendency is for this local
knowledge to be lost, along with the associated cultural identities and environmental subjectivities.
Thus, analyses, participatory approaches, and farmer-led initiatives such as those we have outlined in
this section that optimize traditional systems, provide the evidence base necessary for these practices
to be integrated into policy and governance structures, which in turn can provide landscape managers
with practical approaches that are culturally relevant and can be implemented across the landscape.
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3.2. Productive Agroforestry Restoration

As noted above, Southern Brazil has been subjected to devastating rates of deforestation and
forest fragmentation over the last century, as shown in Figure 1. While current policies have been
essential in reducing rates of deforestation, they have been ineffective in reforesting already degraded
ecosystems as legal restrictions severely limit the use of forested areas (Legal Reserves and Areas of
Permanent Protection) on all rural properties [47]. These regulations have been difficult to implement
as reforesting lands is viewed negatively by landowners as the assumption is that once the forest
recovers, the land becomes worthless or untouchable. The question remains as to how to incentivize
transformative changes to the landscape when the predominant perception is that monoculture crops,
with inevitable forest loss and detriments to the agroecological landscape, produce higher yields?

Aiming at reintegrating degraded agroecosystems into ecologically and economically functional
areas, we developed and implemented Productive Agroforestry Restoration models focusing on
restoring degraded or underused agricultural land into a multispecies productive system maintained
as a forested environment [40]. The goal is to allow for a variety of outputs that take advantage of the
inherent spatial and temporal variations of the system and produce direct (e.g., crops) and indirect
(e.g., ecosystem services) benefits. We designed Productive Agroforestry Restoration as a response to
the need for innovative productive systems that can generate income and restore ecosystems for the
benefit of rural communities and society in general, offering land management solutions that can be
implemented across the region.

Thus, the process of developing Productive Agroforestry Restoration models began with the
premise that any land to be restored or (re)integrated into a sustainable agroecosystem (namely
agroforestry) should not only focus on the restoration of ecological attributes but also be integral
to the socioeconomic reality of the farm; the system must be both ecologically and economically
sustainable. In 2011, with financial support from the Brazilian National Council for Scientific and
Technological Development (CNPq) and EMBRAPA, we began implementing a project to leverage LEK
in order to optimize traditional management practices and create agroforestry models for restoration.
In collaboration with farmers, we developed a comprehensive list of potential agroforestry systems
and species that farmers would be interested in cultivating. From this, we collectively chose models
that were deemed more feasible and implemented these models at the EMBRAPA Research Station in
Caçador (ERSC) replicated across an area of 40 ha. The results [35,36,39,40] allowed us to expand the
implementation of such models to more than 50 small-scale farms in the region. Importantly, we also
integrated the needs and expectations of farmers as four key requirements of the models. Specifically,
the models must be easy to understand and implement; fast, through the rapid (re-)establishment
of a forest canopy by using fast-growing pioneer species; profitable, as investment should result in
economic return; and flexible to regional characteristics, property, and goals. Implementation can take
place at different places and scales in a property and be integrated into a landscape restoration program.

The species selection for Productive Agroforestry Restoration varies depending on the region in
which it is implemented. Initially, a few key species should be identified in order to fulfill the need for
rapid forest cover establishment and acting as a cash crop. In many tropical and subtropical regions, the
use of native, fast-growing species from the legume family is highly recommended for their multiple
benefits, which include use for firewood and lumber, rapid deposition of soil litter, and nitrogen
fixation, among others [59,60]. As some fast-growing trees are short-lived, sometimes with cycles of less
than 20 years, their replacement should be considered early in the management planning. On the other
hand, cash crops should be based on long-lived species in order to create financial predictability. There
is a myriad of species and combinations but the design of a system with initial complex arrangements
should consider possible constraints, such as seed/seedling availability, potential market outlets, local
labor capacity due to systems with higher management requirements, and lack of technical knowledge
about the species and their interactions, among others. Thus, biological complexity and product variety
is often better achieved after the establishment of an initial simple system.
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Among the Productive Agroforestry Restoration systems implemented at the ERSC and currently
being used in farms across Southern Brazil, the most successful was designed to be implemented in any
region of the subtropical highlands of Southern Brazil and is based on two species: the fast-growing
bracatinga (Mimosa scabrella) and erva-mate. While bracatinga is a legume pioneer tree that regenerates
spontaneously in the region and is used for firewood and slab props, erva-mate is a shade tolerant low
maintenance tree with a consolidated market.

This system was first used to restore a degraded agroecosystem that after several decades of high
intensity commodity monoculture had extremely impoverished and compacted soil. Following the
Productive Agroforestry Restoration model, we planted the fast-growing bracatinga in rows 6 m apart
(1.5 m distance within rows; Figure 4a) that rapidly formed a forest canopy, as shown in Figure 4b.
As a pioneer species, bracatinga is expected to very rapidly form a forest canopy as it reaches average
heights of 2.8 m after one year, 6.8m by year two, and 9.5 by year three (at which point a forest
environment is established), and 13.3 m by year four (diameter at breast height of 2.2, 7.6, 11, 13.3 cm,
respectively) [36,61,62]. With ideal shaded conditions for erva-mate in place with the establishment
of forest cover by year three, erva-mate seedlings are planted in double rows between bracatingas
(~3000 plants per hectare), as shown in Figure 4c.

Figure 4. Productive Agroforestry Restoration carried out in a degraded agroecosystem: (a) initial
planting of the fast-growing bracatinga for rapid canopy development (year 1); (b) developed canopy
allowed for the plantation of erva-mate (year 3); (c) commercial maturity of erva-mate generates
profitability for the system (year 8); (d) different methods of bracatinga harvesting: left—alternate full
row removal for optimized financial return from lumber; right—in row-alternate tree girdling (trees
with brown crowns) for subsequent harvesting to minimize environmental change.
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Bracatinga demands yearly pruning until at least year three to obtain trees with higher market
value (timber without knots) and high branching that does not disturb erva-mate cultivation [40],
while erva-mate should be cultivated following the silvicultural practices developed described above.
Combined with the planting of bracatinga, in the first two years we cultivated soy between rows
which helped to ameliorate revenue/investment financial ratio during this period. Later, by year five,
income was again generated through bracatinga thinning (at 50%) and finally at year eight, erva-mate
harvesting reached commercial levels when the system become profitable, as shown in Figure 4c, with
cost–benefit ratio varying between 2.0 and 2.6 with higher levels obtained when bracatinga is harvested
for lumber [36,40].

The system presented offers an alternative for land restoration, but its elements are open to
variation and diversification. As environmental conditions gradually improve over time, especially
soil structure and fertility, with much lower levels of humidity and temperature fluctuations, other
species can be integrated to the model, taking advantage of the horizontal and vertical space available,
which includes vines, herbs, and shrubs for various uses (food, medicinal, handcraft, etc.). Importantly,
landscape managers can support the use of these systems as a means to reforest Legal Reserves on
rural properties, while remaining productive.

We are currently undergoing a comprehensive monitoring and modeling effort in order to quantify
and qualify the socioeconomic benefits and improvement of environmental services provided by
the practices discussed herein. Our initial results show extensive improvement in terms of forest
species diversity, which increased from the initially two tree species planted to 40 species successfully
recruited [39] in five years. Furthermore, the occurrence of vines, shrubs, herbs, and an abundant
natural regeneration in a multi-strata forest seems to confirm the widely held assumption that species
diversity is expected to increase with habitat complexity [63]. Moreover, those results contrast sharply
with our control area (no intervention since 2010; unpublished data) in which no trees to date have
managed to recruit. In terms of the land sparing approach, our results suggest that merely setting
aside land for forest restoration and conservation may be insufficient. Our model does not have some
of the common pitfalls of other restoration systems that focus solely on maximizing substrate stability
or primary productivity, often resulting in arrested succession and demanding additional efforts to
encourage successional change [64]. While detailed carbon monitoring is underway, we have already
been able to estimate large-scale benefits of restoring riparian forests in the region [65], which can be
used as a proxy to estimate the benefits of restoring degraded lands and forests.

4. Stakeholder Engagement and Current Challenges

The introduction of new technologies in traditional agroforestry systems help initiate a process of
social, economic, and environmental transformation in family farming involved in the participatory
research. Firstly, our focus on participatory research that values the knowledge of small-scale farming
families has led to self-reflection and a growing self-awareness of the value of this knowledge and the
associated environmental identities in wider socioenvironmental discourses, and also their rights as
farmers and food producers. Our focus on documenting and sharing knowledge across institutional,
class, and gendered divisions has enabled the creation of a knowledge network that has led to many new
initiatives, ideas, and solidarities. We are in the process, for example, of supporting the development
of a network of women farmers that will identify the needs and challenges women face in participating
as active members of decision-making and knowledge sharing circles, not only on the farm, but in
the wider context of agroecological production. Farm visits that bring together a variety of farmers,
practitioners, and researchers have also shown to be fruitful in knowledge exchange across various
spheres, leading to innovative management strategies for pruning and pest management, among
many others. Our initiatives are also helping to consolidate our partner communities into a collective
network with a stronger political voice. One major advancement has been the creation of a strategic
council (Observatório dos Sistemas Tradicionais e Agroecologicos da Erva-mate do Paraná) for traditional
and agroecological erva-mate production systems, spearheaded by the Public Prosecutor of Labor of
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Paraná, which supports the continuation and expansion of these systems. This council brings together
27 organizations that are working together to bring greater awareness to the ecological and cultural
value of traditional erva-mate production, while also incentivizing new products, markets, and other
economic benefits.

In terms of economic impact, optimization strategies, such as those tested and implemented in the
caíva systems, are showing promise in terms of improved incomes for farmers [20], while the models
being tested at the ERSC have shown possibilities of economic returns in relatively short periods of
time [40]. The restoration model is also being rolled out through partnerships with industry to better
test these productive systems at a larger scale and gain more concrete insights into the economic
capacities of these models. Part of our ongoing research is to determine the indirect environmental
benefits of these agroforestry systems, particularly in terms of carbon capture, water quality, soil health,
and biodiversity, as support for the development of payment for ecosystem services models. As noted
above, traditional erva-mate agroforestry systems have been shown to have significant levels of tree
biodiversity [18,40], and despite consistent cattle grazing for several generations, the tree regeneration
potential of caíva systems has been shown to be quite strong, with significant levels of diversity in terms
of regeneration in comparison to those found in the Santa Catarina Forest Inventory [44]. Clearly, these
productive forest systems have substantial environmental resilience and offer compelling strategies
that can be implemented across the region. Preliminary results on ecosystem services, as noted above,
are also showing greater potential for total carbon and nitrogen capture in erva-mate agroforestry
systems than in monoculture erva-mate production areas. Nevertheless, more detailed data is required
to continue to inform policy and regulatory frameworks.

Despite the benefits, several challenges still face the continuation and expansion of traditional and
agroecological systems in the region. Current legislation related to forest management, for example,
severely restricts silvicultural practices on private properties, with relatively arbitrary quotas placed
on the number of trees that can be removed from native forests, while regulations related to livestock
grazing and production in silvopastoral systems remain unclear. Although current legislation has
been important in stemming the devastating loss of forests that occurred throughout the twentieth
century, small-scale farmers feel disproportionately affected by the regulations, which has led to
mistrust on both sides of the issue [38]. The oral history interviews conducted as part of our research
have clearly underscored how tensions between small-scale farmers and environmental agencies
have led many farmers to question the continuation of these systems as the current impasse seems
insurmountable [33]. Yet, through research and advocacy in collaboration with farmers, changes are
taking place, with environmental agencies such as Paraná State Environmental Institute (IAP) and the
federal Brazilian Institute of the Environment and Natural Resources (IBAMA) participating in recent
events and outreach activities organized as part of this project, and in the Observatório. Promisingly,
these agencies are looking to update regulations and change legal restrictions based on the current
state of forests in Brazil, supported by the data and experiences projects such as ours are sharing.

Although changes are taking place within policy circles, one of the biggest challenges we face
is the inherent bias not only against forests, as they continue to be viewed as useless, which is
directly related to current legislation that prohibits use, but also the culture of agricultural research
and outreach agencies that are very much focused on conventional agriculture and mechanization
and/or modernization at the expense of traditional knowledge and practices. Agroecological or
traditional farming practices are generally excluded from agronomy courses in universities and
technical colleges, and as such, the majority of outreach workers have little experience engaging
with these alternative approaches. Despite the myriad policies that have been enacted to support
small-scale family farming and agroecology/organic production in Brazil (see [66,67]), these policies
have not necessarily trickled down to have clear impacts on small-scale farming communities, while
others have reinforced the dominant model of intensification based on monoculture commodity
crops. Nevertheless, recent developments occurring through ongoing engagement with environmental
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agencies and other institutions are starting to show promising shifts in the top-down approaches to
governance and agricultural outreach.

Despite national policy initiatives implemented in the last 10 years that have focused on drastically
increasing the amount of data related to land use in Brazil (for example the Environmental Rural
Registry (CAR) [47] and the National Forest Inventory [68]), federal and state land management
planning is still in its infancy. One of the major challenges land management attempts face, however,
stems from conflicting perceptions of productive land use. On one side, agriculture research and
outreach agencies and large agrobusiness are pushing to modernize production through intensive,
high-input monocultures, such as soy and corn. While these systems are seen as more productive,
offering greater yields and thus higher income than traditional systems, there is a range of negative
consequences including human health and food security, loss of farmer autonomy and increased debt,
deforestation and loss of biodiversity and LEK, and impacts on water and nutrient cycles. On the other
hand, environmental policies focus on protecting the remaining old growth forests and attempt to
increase forest cover through restrictive laws that prohibit the use of forest resources, for example
through Legal Reserves in which 20% of the property must be forested [47]. Furthermore, there remains
an underlying assumption across both agriculture and environmental policy areas that native forests
are not productive land, meaning either that the land must be deforested to become ‘productive’, or
the burden of maintaining the land as forest (i.e., untouchable) falls on the landowner. This conflict
is disproportionately felt by small-scale producers who use traditional agroforestry systems because
it is exactly these farms that continue to maintain forest cover, which often extends well beyond the
required 20%. Yet the law prohibits most types of forest management and agencies that monitor and
inspect farms tend to administer fines with the onus on the landowner to prove they are within their
legal limits, an unrealistic requirement for most small-scale farmers (for a full discussion, see [30]).

Our research is demonstrating that there is middle ground between these two competing land use
perceptions that offer economic, cultural, and environmental benefits at both the local and regional
scales. Implementing such models and practical approaches at the landscape scale can have dramatic
impacts on the amount of land under forest cover, with the inherent returns of improved ecosystem
services, biodiversity, and carbon sequestration. It can also bring about significant changes to the
economic, cultural, and social value associated with forests and the products derived from them.
By supporting and disseminating the knowledge, environmental subjectivities, and intangible heritage
associated with traditional agroforestry systems, small-scale producers have an opportunity to create
and capture niche markets that value ecologically and culturally significant products and processes.
Thus, agroforestry systems using native species can be productive and economically, culturally, and
environmentally viable, and through a transdisciplinary approach, land managers can work with
traditional producers to develop best practices that can be implemented on farms across the region to
have a real impact on sustainable land use on a larger scale.

5. Conclusions

The research presented herein demonstrates innovative approaches to documenting, valuing, and
leveraging traditional agroforestry practices as a means to support diverse, resilient agroecological
landscapes. While the focus of our research is on small-scale farms, the models we are testing
show potential for scaling-out, offering promising alternatives that landscape managers can use to
support sustainable land use and land cover change. The collaborative approach to research has been
fundamental in this project as we are integrating and valuing different perceptions of agroecosystems
and ensuring that communities are central to all aspects of the work, from defining research questions,
to developing monitoring systems, and disseminating the results. Grassroots initiatives and locally
adapted agroecological practices, such as those used in erva-mate agroforestry, are often ignored
by research and government agencies, resulting in serious disconnect between overarching policy
frameworks, such as the United Nations Sustainable Development Goals, and actual strategies that
have the potential for transformational change at the landscape scale. Our work is attempting to bridge
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this divide by leveraging the knowledge and practices small-scale farmers have been developing for
generations before they are lost to the dominant paradigm of conventional agriculture.
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Abstract: As urbanization and agriculture increase worldwide, habitats and food sources for wild
pollinators are often fragmented or destroyed. As wild pollinators contribute both resilience and
variety to agricultural fields, it is desirable to implement land management practices that preserve
their well-being and ability to contribute to food production systems. This study evaluates continental
Portugal for its change in suitability to host bee’s pollinator species (Apis mellifera) from 1990 to
2018. It uses the InVEST crop pollination modeling tool and CORINE Land Cover, as well as
parameterization to produce pollinator abundance and supply maps. These are generalized to
municipality boundaries to provide actionable insights to farmers and policymakers and strengthen
land management practices. It finds that the potential for pollination services is growing, with
averages of both pollinator abundance and supply indices improving by 8.76% across the continental
territory in 28 years. The study results are validated using another pollination index derived from a
study that is based on expert opinion and field sampling in a sub-region of Portugal. This method of
aggregation of model results and comparison of the percent difference by administrative boundary
has the potential to better inform both policymakers and farmers about the pollination potential on a
local level, as well as inspire interventions for future productivity.

Keywords: land use changes; wild bees; land management practices; validation; InVEST model

1. Introduction

Ecosystem services are natural processes from which human benefit, whether directly
or indirectly [1]. Because natural “capital” (i.e., trees, atmosphere, carbon, information,
nourishment, etc.) and human reliance on it is difficult to quantify economically [2] its
value is often discounted in policy development. However, these services have tremendous
effects on our wellbeing, resilience, and markets [3], making them a valuable addition to
discussions about sustainable land management practices [4].

Pollination is one of these services from which humans reap significant benefit [5].
Though wild bees provide essential pollination services to both wild plants and crops
alike [6], “agricultural intensification jeopardizes wild bee communities and their stabiliz-
ing effect on pollination services at the landscape scale” [7,8]. This type of loss has impacts
on national economies. The estimated annual value of ecosystem services provided by
wild insects and other animal pollinators (including pollination, dung burial, pest control,
and wildlife nutrition) equates to more than USD 57 billion [9]. Other estimates project
losses of USD 1.4 billion of the gross domestic product (GDP) between 2011 and 2050
in the US alone due to pollinator loss [4]. Insect pollination accounted for 35% of global
food production in 2004 as well as 75% of crop types, [8,10]. Losses in crop pollinators
are expected to affect the world supply of fruits, vegetables, oilseeds, and cotton, leading
to direct and indirect effects on global commodity supplies and prices [4]. Worldwide
declines of pollinators can catalyze similar trends in wild plant species [7]. These implica-
tions on both human well-being and environmental vibrancy necessitate the utilization of

Land 2021, 10, 431. https://doi.org/10.3390/land10040431 https://www.mdpi.com/journal/land

145



Land 2021, 10, 431

models that can characterize the effects of current trends, as well as predict and evaluate
potential future scenarios [11].

Though there is a multitude of species responsible for the pollination of human con-
sumable crops [7], many farmers employ domestic bees for managed pollination. However,
the utilization of wild bees increases temporal stability as well as additional efficiency for
certain crop species [6]. Though not strictly necessary, some vegetable species yield higher
quality and more pest-resilient crops, in addition to improved seed production [10] after being
visited by wild pollinators. Heterogeneous and organic fields are usually more suitable, both
in terms of habitat appeal as well as in food resources, which may attract pollinators within
their foraging ranges [4,12,13]. Understanding these types of behavior and interdependencies
can improve the way farmers and policymakers adjust their practices to improve yields, as
well as maintain sustainable supplies of pollination services into the future [7].

Previous studies on pollinator suitability have been performed in sub-national regions
around the world [13] at more general continental or global levels [2], are limited to specific
crop types [14], or landscape types [10]. Some of the previous literature provide frameworks
for incorporation into future studies [5], some leverage or derive theoretical monetiza-
tion models [15] and some do not incorporate spatial dependence into their models [9].
Derivation and validation of these studies range from labor intensive field sampling [16] or
leveraging of primary sources [7], to expert opinion [17], to predictions of models derived
from environmental inputs (such as Land Use Land Cover (LULC), climate, or topology [8]).

This study demonstrates the viability of applying a spatially dependent model of
pollinator suitability to an entire continental area (corresponding to the mainland area of
Portugal, designated by the Nomenclature of Territorial Units for Statistics (NUTS) level 1
code PT1: “Continente” in Portuguese, or “continental” in English) and then aggregating
the interim results to subregions (NUTS subdivision 3) to evaluate both overall trends and
local changes over time. This aggregation provides new opportunities for land management
and innovation practices applicable to various levels of local administration. This type of
investigation has not yet been applied to Portugal.

To this end, the study evaluates the changes in pollination suitability in continental
Portugal from 1990 to 2018 of a representative guild characterizing the behavior of the
European honeybee (Apis mellifera). It derives pollinator abundance and supply indices
from input LULC raster maps for the area as well as parameterized pollinator guilds. These
are processed by the Integrated Valuation of Ecosystem Services and Trade-offs (InVEST)
crop pollination model, which incorporates spatial dependency of nearby floral resources
and nesting sites in relation to pollinator foraging ranges. The resulting raster maps are
aggregated to administrative municipalities, and the percent variation (PV) is calculated.
The results are evaluated for their trajectories of change and validated via the extrapolation
of a local pollinator index based on in-field sample collected data and expert opinion.

2. Materials and Methods

2.1. Study Area

Portugal is a European country of about 92,212 square kilometers on the southwestern
corner of the Iberian Peninsula [18]. It contains the most western point in continental
Europe and shares a land border with Spain. Portugal experiences Mediterranean climate
of dry, hot summers and wet, cool winters [19], though this varies throughout the territory’s
microclimates (generally categorized as cooler and rainier in the north while drier and
hotter in the south). According to CORINE Land Cover (CLC) of 2018, approximately 3.83%
of the country’s land cover is artificial surfaces, 47.81% is agricultural land, and 46.48%
forests, with the remainder, made up of wetlands and water bodies (Figure 1) [20]. 28 years
prior, artificial surfaces only covered 1.9% of the land, with 47.80% and 47.92% of the area
dedicated to agricultural and forest land, respectively. This sizeable increase in artificial
cover is consistent with the high rates of urbanization seen in and around Portugal’s major
cities. Desertification, the degradation of dryland also affects the changing classifications
of land cover especially in the interior of the country [21].
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Figure 1. CORINE Land Cover of 2018 (level 1) distribution in Portugal, with municipal boundary
definition (Carta Administrativa Oficial de Portugal: CAOP 2018).

Portugal is composed of 308 “concelhos” (municipalities, NUTS 3), with 278 of these
located on the mainland [18]. Of Portugal’s 240.7 billion USD GDP in 2018, 2.05% was pro-
duced by the agriculture, forestry and fishing industry [22]. With almost half of continental
Portugal’s land surface devoted to agriculture, there is tremendous value in ensuring the
successful production of cultivated crops. It is estimated that Portugal is home to more
than one thousand pollinating insect species, including a variety of bee, hoverfly, butterfly,
and flower beetle species [16,23,24]. As of 2018, 680 distinct bee species have been collected
and catalogued in Portugal [25]. Within the River Minho area alone, 200 distinct species
were catalogued for a smaller scale study on pollination services [16]. According to the
Joint Research Centre (JRC) Technical Report, Portugal demonstrated the “highest increase
of pollination potential” from 2000 to 2006 in the European Union (EU) [26]. The main
pollination season in Portugal can range from March to September, which includes the
season of most active airborne pollen particles in the country as well as the general period
for crop pollinator foraging in the north half of the globe [19,26].

2.2. Software and Data Management

This study was carried out using the free and open source InVEST crop pollination
model, available under the open data license [27,28]. It also leverages the proprietary ArcGIS
software (ArcMap 10.6) to perform the spatial temporal variation model, visualize the results,
and for validation. All data included in the study is open data freely available to the public
through the portals described in Section 2.3.

2.3. InVEST Crop Pollination Model

InVEST is a software platform of the Natural Capital Project and a suite of models to
evaluate and chart a variety of ecosystem services, ultimately to inform decisions on how
to manage these natural resources by quantifying their economic impact. It has been used
in previous academic studies to marry macroeconomic scales with local environmental
processes to predict multiple future scenarios of varying degrees of environmental action
to “resonate with political economy audiences” [4].
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The InVEST crop pollination model produces pollinator abundance and supply in-
dices, which are scaled from 0 (least suitable) to 1 (most suitable) [27]. Abundance index
represents the likely location of their activity, while supply index describes the likelihood,
based on proximal nesting sites and food resources of the location and foraging ranges of
the species, for pollinators to nest in a space. The results characterize wild bee pollinator
guilds (groups of bee pollinators demonstrating similar nesting and foraging preferences
as well as foraging distances and relative abundance).

The model utilizes land cover raster maps as well as persistent bio and guild tables as
inputs. It incorporates habitat parameters (estimated nesting site and floral resource availabil-
ities, and relative abundance per guild) for each cell of the input raster, considering the floral
parameters of its neighbors [20,26]. One of the key features of the model is the incorporation
of foraging distance, which allows the model to bridge the possible spatial separations of
nesting and foraging habitats [8,12,29]. This model was selected for its accommodation of the
spatial dependency required in such geographically explicit studies.

To make meaningful comparisons between time frames, pollinator abundance and
supply indices for each pixel were generalized via zonal statistics into the 278 municipalities
under study. The resulting statistical means of each municipality were utilized to calculate
the variation from 2018 to 1990, according to Equation (1):

PVc =
ΔAbundance2018c − ΔAbundance1990c

ΔAbundance1990c
(1)

where PVc is the percentage variation index for delivering pollination abundance for year
2018 in comparison to the baseline year 1990 for each concelho©. The general flow is
depicted in Figure 2, with a comprehensive modeling workflow for the percent variation
of abundance index. This process was executed in ArcGIS software (ArcMap 10.6).

Figure 2. Schematic representation for analyzing the statistical comparison model flow.
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2.4. Spatial Data

Land cover raster maps utilized are available from the Copernicus project, provided by
the European Environmental Agency (EEA) [20]. The CLC classification includes 44 distinct
subcategories that fall within five major areas: artificial surfaces, agricultural areas, forest
and semi-natural areas, wetlands, and water bodies. As this study seeks to understand the
change of ecosystem services over time, the earliest and latest available years (1990, 2018)
are used. The raster data have a spatial resolution of 100 m and a minimum mapping unit
of 25 ha [20]. All “slivers”, landmasses associated with continental Portugal but removed
by water, have been excluded from the study area. All data in the study is in the common
coordinate system ETRS_1989_Portugal_TM06.

The biophysical table (required for InVEST crop pollination) corresponds to the LULC
classifications to establish suitability for nesting and floral resources of each raster input
(see [27] for additional details). Of particularly high suitability are certain agricultural areas
and forest edges, both of which tend to provide heterogeneity of habitat in the form of diverse
nesting space and floral resources within a small area, often promoting insect activity [8].
Nesting and floral resources parameter values are provided in the supplementary material
of [8]. The values are derived from expert opinion and leveraged in their European continent
level of pollination, also utilizing CLC input raster maps.

This study utilizes the CLC classification conversion provided in a study on pollination
services across the European continent [8], as it is directly applicable to the study area
(Appendix A). The conversion parameterizes all 44 classifications of CLC, generalized as
a single season (versus representation of seasonal pattern variations spanning a calendar
year) and a single nesting substrate (no distinction between cavity or ground preference),
thus the results are representative of these generalizations.

Guild parameters assign values to represent the different behavior patterns of vari-
ous bee species. These patterns include preferences for different nesting sites and floral
resources, as well as relative prevalence and foraging ranges (Appendix A).

Though InVEST has the capability to model multiple nesting types, seasons, and bee
guilds, insufficient data exists in previous literature to leverage the full potential of the tool
(let alone the variation of parameter values due to environmental conditions [12]). There-
fore, values for individual parameters were aggregated from a variety of sources [8,14,30]
to describe one pollinator guild. Apis mellifera, better known as the European honeybee,
is considered “the most economically valuable [pollinator] of crop monocultures world-
wide” [8] and is widely employed in managed crop pollination and honey production and
is native to mainland Portugal. This species is well studied and can be easily characterized
as per requirements of the InVEST model.

The Carta Administrative Official de Portugal 2018 (CAOP 2018) is originally available
from DGT (Direção-Geral do Território), a portal providing geodesic and geographic
information services by the Portuguese ministry of agriculture, sea, and environment,
and territorial management [2,11,13]. It includes 278 continental Portugal administrative
territories, ranging in size from 7.94 to 1720 km2 (São João da Madeira and Odemira
municipalities, respectively).

2.5. Validation

The InVEST ecosystem service modeling toolset is well established and widely used
in academic study [15,27], which supports its reliability. However, it has some recognized
shortcomings and is subject to the quality of input data [16]. Validation of the results is
required prior to their influence on future decisions on the management of ecosystem services.

So that the study results can be meaningfully compared to the validation methods, the
pollination indices are normalized such that they are distributed between their reported
minimum index (adjusted to 0) and their reported maximum value (normalized to 1).
Another study performed in a subsection of continental Portugal is leveraged as validation.
The study developed a Pollination Suitability Index for Riverine Landscapes (PSIRL) in the
River Minho (norther border of Portugal with Spain) in 2018 [27]. Though this approach has
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its own limitations (the study considers insect pollinators in general, not just Apis mellifera
and it derives specifically for riparian areas, requiring generalization and translation to
the input CLC LULC), its index is derived from expert judgment, floral diversity, and
actual field surveys, increasing the overall confidence in the results. No other spatially
comprehensive yet reliable data exist in Portugal for validation.

The validation process is depicted in Figure 3. The original PSIRL index is translated
to land use codes used by the CLC LULC (see Appendix A), The “unclassified” features
representing water areas are selected then intersected to create water edge lines. These
are buffered by 10 m and merged with the LULC polygons. These are then converted
back to rasters and zonal statistics are applied. These are joined to the CAOP municipal
boundaries, normalized, and then compared to the normalized index values of the results.

Figure 3. Pollination Suitability Index for Riverine Landscapes (PSIRL) validation flow.

3. Results

3.1. Land Use Land Cover Evolution from 1990 to 2018

Table 1 demonstrates the land surface utilization (LULC areal data) within Portugal
in 1990, and then the percent variation from this baseline to 2018. These have been gen-
eralized to the broadest category (CORINE Land Cover designation level 1). Note that
each L1 category is not associated with homogeneous biophysical parameters. The table
demonstrates a doubling of artificial surfaces between 2018 and 1990 (largely inhospitable
to bees), as well as a 1.8% and 3.0% drop in largely appealing habitats (agricultural and
forest cover, respectively) over time. This would suggest an overall decrease in pollination
services over time.

Table 1. Land Use Land Cover (LULC) percentage by 1990 and its percent variation (PV) by 2018.

LULC 1990 LULC (%) 2018 PV (%)

Artificial surfaces 1.90 101.27%
Agricultural areas 48.70 −1.83%

Forests and seminatural areas 47.92 −3.00%
Wetlands 0.32 7.08%

Water bodies 1.15 33.59%
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3.2. Pollinator Abundance and Supply Indices

Figure 4 depicts the spatial variation of pollinator abundance and supply indicators
for 2018. As one would expect, both indices follow similar spatial patterns: less hospitable
in the urban and water areas (red), more hospitable in forested areas (green). Coastal areas
are particularly unfriendly, both in the West and the South, with much of eastern Alentejo
region exhibiting low suitability as well. On the other hand, much of north eastern Portugal
and around the border of Alentejo and the Algarve regions appear to be quite suitable
along both indices.

Figure 4. Spatial distribution of InVEST crop pollination model outputs (a) abundance index and (b)
supply index in 2018.

Table 2 displays the general statistics of the raster results. The minimum index value
remains zero for those areas that are unsuitable for pollinator activity (both inhospitable to
bee nests as well as outside of the range of foraging). Overall, the means and maximum
values for each index have increased between 1990 and 2018, indicating that the overall
suitability for pollination services in Portugal is growing. This yields a slightly larger stan-
dard deviation, which reflects a greater range of index values distributed across continental
Portugal.

Table 2. Statistics of InVEST crop pollination model results in 1990 and 2018.

Year Index Min Max Mean Std

1990 Abundance 0.000 0.700 0.274 0.163
1990 Supply 0.000 0.709 0.274 0.163
2018 Abundance 0.000 0.711 0.298 0.174
2018 Supply 0.000 0.694 0.298 0.174

3.3. Pollination Service Changes from 1990 to 2018

Once the results are associated by municipality, inferences about trends for each
administrative boundary are more easily understood. Ideally, this will contribute to better
policy making at the district level. Figure 5 displays both the percent variation of abundance
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(color of polygon area) and supply (color and size of overlaying triangle,) from a baseline
of 1990 to 2018. Red colors indicate negative changes in suitability indices, while green and
blue indicate positive trends. Yellow indicates no significant change over the 28-year study
period. The triangle size also indicates the degree of deviation of supply from the 1990
baseline. Both changes in supply and abundance tend to fall into the same categorizations.
Those areas that experience differences are usually (but not exclusively) characterized by a
supply index that is slightly more extreme than that of abundance. This suggests that the
pollinators may be more selective about their habitats (origins) than in the areas they are
willing to traverse in search of food.

Figure 5. Percent variation (PV) from 1990 to 2018 of abundance and supply indices by municipality.

3.4. Validation

The PSIRL validation technique required translation of the given PSIRL index values to
the original input LULC raster map (Appendix A). The resulting difference map (Figure 6)
includes an overlay of the riparian areas (including a buffer of 300 m from water areas),
as well as an indication of the area of which the PSIRL index was originally derived (the
River Minho area in north western Portugal, identified with a red box). The yellow zones
indicate those in which the validation demonstrates good coincidence with the results of
the study (within a 5% tolerance), whereas the stronger purple and red colors indicate
larger discrepancies between the two methods (a maximum discrepancy of 38%). Clearly
the results incorporate some amount of spatial autocorrelation, though surprisingly these
are not necessarily correlated with riparian adjacent areas as one might expect. The PSIRL
tends to slightly over-predict the supply of pollinators as compared to the results of the
study. The difference map indicates a strong spatial similarity between the two models,
strengthening the confidence in the study results.
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Figure 6. Difference between study results and Pollination Suitability Index for Riverine Landscapes
(PSIRL) with riparian zone overlay. Red box indicates River Minho area, in north western Portugal.

4. Discussion

4.1. Study Significance

Bees require suitable places to nest and sufficient food sources near nesting sites to
sustain them [1]. These and other factors have been applied to a model that produces maps
of projected pollinator activity within Portugal. Too often, stakeholders (farmers, policy
makers, economists, etc.) ignore the subtle interactions between ecosystem services and
production, which can be to their own detriment when those nebulous costs outstrip their
values [4]. It is estimated that, at the current rate of land use transformation, the United
States gross domestic product (GDP) will suffer a loss of 0.02% (or 15 billion USD) due to
reduced wild pollinator habitats near agricultural sites [8], which can have ripple effects in
other industries to compensate for the deficit.

Results of this study and other such investigation will ideally support farmers, land
developers, and policy makers alike with better information from which to make decisions
about how to better manage these resources as well as improve economics systems that
depend on them by maximizing their sustainability. Agriculture and thriving pollinator
communities are not mutually exclusive. In fact, well-managed cropland can be economi-
cally and ecologically productive [6,7,10,11]. For instance, farmers could identify locations
for crops based on maximizing exposure to wild pollinators, adjust their management
towards organic practices, or maintain heterogeneous nesting substrates that would attract
diverse and productive pollinator populations [13]. Likewise, configuring farms towards a
variety of pollinators (instead of just the domesticated varieties) can produce better yields, as
different pollinators are associated with varying levels of productivity for certain crops [29].
Even the understanding of the tendency of larger bees to populate new fields and smaller
bees to prefer older fields [8], or the observed abundance and variety of pollinators in
forest edges and grasslands [6] can assist with the development of management strategies.
Further, the understanding of the relationships between space, crops, and pollinators may
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provide an incentive to better care for areas beyond crop fields [31] or mitigate the appeal of
monoculture practices [7]. In fact, there is potential for the benefits of ecosystem services
management practices to positively impact other areas within foraging distances of the
appealing habitat sites. On the flip side, poor planning regarding conversion patterns of
forest to agriculture can have devastating impacts on wild bee populations that will also
undercut the productivity of the new agricultural land [7].

The association to municipalities provides a simplification of the detailed information
to ease comprehension of the big picture, such that areas requiring intervention (those
tending towards lower suitability) can be triaged and evaluated more efficiently. Though
pollination may not be strictly required to achieve sufficient caloric intake, indeed many
staple foods do not require this type of sexual reproduction, the production of many
valuable nutrients require pollination [27], and pollination services haves been linked to
qualitative (nutritional content, appearance) and quantitative (production yields) factors
that boost economic value of agricultural production [32]. Ideally, stakeholders will be able
to model and evaluate different policies and their effects on farm productivity, optimizing
both resilient biodiversity as well as economic yields [1,6,10]. Methods to achieve this could
be coordinating reserved land areas that provide pollination services through integration of
natural areas throughout agricultural areas [31]. Further, incentive programs that promote
healthy management practices or payment schemes could be organized, in addition to the
inherent benefits experienced by the implementing farmers [26]. As this is a relatively new
concept, there is much room for novel methods of accounting for ecosystem services within
the economic structure of farmers and other land managers.

4.2. Critical Analysis

This study provides a valuable baseline indicator of pollinator services within con-
tinental Portugal. Overall, since 1990 there have been significant, polarizing tendencies
of municipalities across Portugal. The percent variation of likelihood for pollinators to be
active between 1990 and 2018 swings from −69% (Pedrógão Grande) to 107% (Ponte da
Barca and Vila de Rei). As one would expect, there are concentrations of negative trend
areas that are associated with major city areas and likely rapid urbanization (such as Lisbon,
and Porto areas), as well as some areas of vast agriculture swaths (the south west portion
of Alentejo Central), which are less hospitable. On the other hand, it is promising to see
the constant improvement through central northern Portugal. Interestingly the areas of
greatest percent increase and decrease are located adjacent to each other: the municipalities
along the border of Médio Tejo and Beira Baixa both exhibit extremely positive trends since
1990, yet just across the border, several municipalities in Região de Leiria include some
of the most negative changes in the same time frame. This is due to recent fires resulting
in large swatch of burnt areas in these regions, making them inhospitable to pollinators,
though their neighboring forested areas demonstrate favorable habitats. Some areas have
significantly changed from the 1990 baseline. Ponte da Barca continues to improve its
tendency towards pollinator likelihood in both abundance and supply, rising to a high of
107 and 109 percent variation increases, respectively.

The positive trend of pollinator abundance and supply indicators are consistent with
the findings of another study that Portugal demonstrated impressive improvements in
pollination potential [7]. From the maps of Figure 5, policy makers and farmers alike
may better understand the existing trends of pollinator suitability since 1990, using this
information to support new interventions that may increase pollinator suitability within
each municipality. Of course, pollinator suitability may not be a priority to certain urban
areas such as Lisbon or Porto, or municipalities specifically cultivating crops that do not
require pollination such as the Douro region. Other areas of agricultural swatches that
demonstrate reduced or unchanging suitability may benefit from a re-organization of
agricultural land to better suit natural pollinator activity. These include areas such as
Alentejo Central and Algarve areas, though many other persistent or worsening regions
are distributed throughout Portugal.
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4.3. Additional Findings

The results also demonstrate the stark impacts of forest fires on pollinator suitability,
such as the dramatic changes in the Região de Leiria. Portugal is prone to fires in the hot,
dry summers. Though these are often uncontrollable natural phenomena, understanding
their effects on pollinator activity among other ecosystem services in conjunction with social
loss may strengthen the attempts to better manage forest areas and inspire more radical
interventions to recover the areas in the wake of such devastation. More granular studies
may consider excluding burnt areas from their studies, though they were retained here as
they contribute to the overall trends (encompassing both natural and human influence) in
mainland Portugal.

4.4. Research Limitations

Though the results of this study are promising, there are several limitations of note
and opportunities for future improvement. The results of this study are limited the to the
available data and certainly leave much opportunity for further evolution. Because pollina-
tors can differ significantly from ecosystem to ecosystem [16], leveraging the parameters of
similar studies in other regions is often inappropriate. Better characterization of local bee
species throughout the study area may yield more accurate characterization of the potential
of this ecosystem service. For example: the pollination potential characterized in this study
is relative only to Apis mellifera, which has different habitat and foraging preferences and
activities (such as potential foraging distances) than other smaller, wild species. However,
due to scarcity of data on the behaviors and preferences of other wild bee guilds in Portugal,
only a single bee specie was characterized. The application of the methodology undertaken
by [26] in the Minho river area (counting the number and characterization of pollinators
active in a particular area) to the entire country was outside of the scope of this project but
this and the inclusion of expert based models (EBM) could enhance future research [27].
In addition to better characterization of pollinators, more detailed parameterization of
the biophysical table of LULC designations (such as the inclusion of multiple nesting sub-
strates and seasons) could more accurately reflect the actual pollination activity throughout
the year.

InVEST models measure the potential of the study area to provide pollination for
bee pollinators. Additional considerations outside of the model purview will affect the
actual pollination supply, such as the lack of accounting for pollinator persistence over time.
Likewise, many other non-bee pollinators (such as butterflies, bats, moths, and birds) that
are active in Portugal are not accommodated in the model. These and other such inherent
limitations are described in the InVEST documentation in greater detail [11]. Notably, the
model does not distinguish between natural or artificially initiated changes in pollination
potential-discerning the source requires savvy technicians and good understanding of the
local context to presume.

Regarding the input raster maps, the minimum mapping unit of 25 hectares of the
CLC LULC data does not accommodate the impact of potential pollinator habitats or
foraging supplies smaller than this area (such as in green spaces in urban areas). Similarly,
the study does not accommodate the implementation of agricultural practices that may
alter the desirability of the area for pollinators, such as the accommodation of nesting
sites or use of pesticides. Though pollination is sensitive to both aggregation and spatial
resolution as an ecological service that involves stocks and dynamics, it is expected that
the CLC mapping units are appropriate for the scale of study [27]. Likewise, the study is
subject to the accuracy of the CLC classifications. Any assumptions or misclassifications
will propagate through this study.

4.5. Future Opportunities

The InVEST crop pollination model, in additional to providing suitability indices of
pollinator habitat and foraging supply, can model a yield index for pollination impacts on
existing agriculture [8]. This requires vector data detailing the geospatial location of farms
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along with their crop types, dependence on pollinators, abundance of managed pollinators,
farm nesting sites and floral resources. This study did not have access to national farm data,
and the establishment of the required attributes would require additional investigation
outside of the scope of this project, likely including the need of expert opinion to properly
assign values to these parameters. This is an area of potential study in future endeavors.

Suitability of edge environments has been noted to differ from that of non-edge envi-
ronments. For example, forest edges are particularly suitable as pollinator habitat [13,16],
but are not accommodated in the InVEST model. Other studies have included additional
characterization of these areas, which could improve the approach with this additional
nuance. Roadsides and riparian areas are further examples of opportunities for model
adjustment and finer characterization. The study could also benefit from the accommoda-
tion of more granular parameterization, including that of urban areas hosting managed
bee colonies or integrating green and biodiverse areas within the built environment,
distinction between forest compositions, or refuge areas that may experience different
pollinator assemblages.

5. Conclusions

The land use land cover impact on pollination services distributed over time and space
was studied in the context of continental Portugal. The InVEST crop pollination service
modeling tool was leveraged to understand the spatial relationship between pollinator
abundance relative to a landscape’s available habitat and food resources in accordance
with their behavior and preferences. The results demonstrated an overall improvement
in wild pollinator hospitality across the country, though several municipalities are becom-
ing increasingly weaker in their suitability for such services. The relative distribution of
pollinator hospitality indices was validated via a local pollination index based on field
sampling and expert opinion.

In Portugal the measured distribution of tons of crop production in the country is
almost equally distributed between known dependency (34.2%), non-dependency (33.4%)
and unknown dependency on pollinators [32] With more than a third (and potentially up
to two thirds) of the production weight relying on pollinators, there is a large economic
incentive for agro-farmers, the primary beneficiary of pollinator services [33], to incorporate
pollination ecosystem services into their practices and protect these resources. Further,
secondary beneficiaries—such as consumers of more nutrient dense crops or governments
receiving greater tax revenues—will experience positive effects from the products of these
measures as well.
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Appendix A. Model Parameterization

Table A1. Land Use Land Cover (LULC) classes, parameterization of the biophisical table for the InVEST model (nesting
and floral resources), and PSIRL final scores used in validation.

Classes Nesting Resourses Floral Resourses PSIRL Final Scores

Riparian scrubland 0.8 0.9 0.83
Broad-leaved forest 0.8 0.9 0.83
Natural grassland 0.8 1 0.81

Moors and heathland 0.8 1 0.81
Sclerophyllous vegetations 0.8 1 0.81

Transitional woodland scrub 0.8 1 0.81
Riparian forest 0.8 0.5 0.78

Fruit trees and berry plantations 0.4 0.9 0.6
Olive groves 0.5 0.4 0.6
Mixed forest 0.8 0.6 0.55

Sparsely vegetated areas 0.7 0.35 0.52
Inland marshes 0.3 0.75 0.52

Salt marshes 0.3 0.55 0.52
Coniferous forest 0.8 0.3 0.49

Annual crops associated with permanent crops 0.4 0.5 0.47
Complex cultivation patterns 0.4 0.4 0.47

Land principally occupied by agriculture 0.7 0.75 0.47
Agro-forestry areas 1 0.5 0.47

Non-irrigated arable land 0.2 0.2 0.39
Permanently irrigated land 0.2 0.05 0.39

Rice fields 0.2 0.05 0.39
Pastures 0.3 0.2 0.39

Continuous urban fabric 0.1 0.05 0.23
Discontinuous urban fabric 0.3 0.3 0.23

Industrial or commercial units 0.1 0.05 0.23
Road and rail networks 0.3 0.25 0.23

Port areas 0.3 0 0.23
Airports 0.3 0 0.23

Mineral extraction sites 0.3 0.05 0.23
Dump sites 0.05 0 0.23

Green urban areas 0.3 0.25 0.23
Sport and leisure facilities 0.3 0.05 0.23

Vineyards 0.4 0.6 0.2
Burnt areas 0.3 0.2 0.13
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Abstract: The dramatic decline of the abundance of farmland bird species can be related to the level
of land-use intensity or the land-cover heterogeneity of rural landscapes. Our study area in central
Europe (Hungary) included 3049 skylark observation points and their 600 m buffer zones. We used
a very detailed map (20 × 20 m minimum mapping unit), the Hungarian Ecosystem Basemap, as
a land-cover dataset for the calculation of three landscape indices: mean patch size (MPS), mean
fractal dimension (MFRACT), and Shannon diversity index (SDI) to describe the landscape structure
of the study areas. Generalized linear models were used to analyze the effect of land-cover types
and landscape patterns on the abundance of the Eurasian skylark (Alauda arvensis). According to
our findings, the proportions of arable land, open sand steppes, closed grassland patches, and shape
complexity and size characteristics of these land cover patches have a positive effect on skylark
abundance, while the SDI was negatively associated with the skylark population. On the basis of the
used statistical model, the abundance density (individuals/km*) of skylarks could be estimated with
37.77% absolute percentage error and 2.12 mean absolute error. We predicted the skylark population
density inside the Natura 2000 Special Protected Area of Hungary which is 0–6 individuals/km*
and 23746 ± 8968 skylarks. The results can be implemented for the landscape management of rural
landscapes, and the method used are adaptable for the density estimation of other farmland bird
species in rural landscapes. According to our findings, inside the protected areas should increase the
proportion, the average size and shape complexity of arable land, salt steppes and meadows, and
closed grassland land cover patches.

Keywords: land cover; land use; landscape structure; Eurasian skylark; farmland birds; prediction;
Natura 2000

1. Introduction

In the terrestrial ecosystems of the world, the dominant land-cover category is agricul-
ture (38%), including the arable-land use type [1]. In Europe, this value is much higher, at
45% (EBCC, 2015). The agricultural land-cover category contains various land-use types
with different levels of human impact. The heterogeneity and spatial structure of these
land-use/land-cover (LULC) patches vary greatly across rural areas, which has strong
impact on farmland-bird diversity in Europe [2,3]. Many articles have determined that the
decreasing trend of farmland birds is strongly connected with the intensity of agricultural
management (level of use of fertilizers etc.) [4–7]. Very few studies have investigated the
dramatic decline of the abundance of farmland birds, and its connection with change in
landscape structure and land-cover heterogeneity [7–9]. There are some regional (country)-
scale studies that analyze the connection between land-cover types and farmland-bird
population data [10–15]. These studies have indicated that the abundance of farmland birds
is significantly connected with the intensity of agricultural cultivation, crop heterogeneity,
and land-use change. Most articles focus on small, local study areas and analyzing the con-
nection between Eurasian skylark (Alauda arvensis) abundance, and the proportions of crop
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type, height, coverage and heterogeneity [4,6,10,16–19]. The skylark does not prefer the
fragmented landscapes by urbanized area, road network, hedgerows and heterogeneous
land cultivation areas [7,20]. The agriculture is the dominant land use (matrix) of the Euro-
pean NATURA 2000 network, where the size and shape characteristics of different LULC
patches, and the land cover heterogeneity can be essential for the protection of farmland
bird species. Therefore, we hope that our results can be adding some new suggestions for
the landscape planning and habitat design of national parks, NATURA 2000, and other
protected areas. Our research also can provide important component for achieving the
goals of the EU Birds directive [21].

The skylark is one of the most common farmland bird of rural landscapes in Eurasia,
including Hungary. In the European Union, the Eurasian skylark has a declining trend in
population between 2000 and 2018: Norway −47%, Lithuania −41%, France −38%, Czech
Republic −29%, Hungary −24% and Germany −17%. Most individuals that breed in
Central Europe spend the winter in the Mediterranean region, but small groups can stay in
Hungary for winter [22]. This bird species have been introduced into the Nearctic, Australia
and New Zealand [23,24]. From large-scale studies, habitat preferences, including for crop
structure and heterogeneity are well-known. On the basis of small-scale regional-level
studies, the regional-scale habitats and land-cover heterogeneity preference of a given
species can be understood [10]. However, the connection between the spatial pattern of
LULC patches (described with landscape indices), and skylark abundance is not clear.

In this study, we describe the landscape structure of rural landscapes with a very
detailed (20 × 20 m minimal mapping unit) LULC map, the Hungarian Ecosystem Basemap
(HEB). Comparing skylark abundance data with the HEB, we could identify preferred and
nonpreferred skylark habitats, and calculate their landscape indices. The preferred habitat
was separated into arable lands and grasslands because we wanted to analyze the effect
of arable land and grassland landscape metrics on the skylark population. According to
the pattern and process paradigm, which analyze the relationship between the landscape
patterns spatial distribution and landscape processes, landscape indices are widely used as
indicators of biodiversity and habitat changes [13,25–28]. After we identified preferred and
non-preferred habitats for skylarks, we could calculate shape- and size-related class-level
landscape metrics, and land-cover heterogeneity, and estimate the collective impact of
these variables on skylark abundance [9–11,13,29,30].

The main goals of this study were to:

• identify skylark land-cover preferences on the basis of the local-scale LULC map;
• analyze the impact of landscape patterns of preferred and nonpreferred land-cover

classes (habitats), and estimate the impact of all LULC-related variables (proportions,
shape, and size characteristics of patches, heterogeneity) on skylark abundance; and

• estimate, based on our findings, the skylark population density inside the Natura 2000
Special Protection Area (SPA) of Hungary based on the HEB land cover categories.

According to our hypotheses the population density of skylark is predictable based
on the preferred LULC categories of skylark and landscape indices (proportion of LULC
categories and shape and size related landscape metrics). The methodology is adaptable
for analyzing the impact of landscape composition on other farmland-bird populations,
and for predicting the population density of the skylark, in protected areas, where field
observation-based datasets are not available.

2. Materials and Methods

2.1. Study Area

Hungary is located in the Carpathian basin (45◦43′ to 48◦35′N and 16◦06′ to 22◦53′E)
in central Europe, and is part of the Pannonian biogeographical region (Figure 1). The total
area is 93,033 km*, and its elevation ranges from 77 to 1014 m a.s.l. The most important
land-cover type (61%) is agricultural land [31]. A further 20.7% is natural and seminatural
grasslands and forest, and 5.5% is built-up area. In the 1990s, a dramatic landscape change
was mainly caused by land privatization. Agricultural lands with low quality and poor
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agroecological conditions were abandoned [32]. The common agricultural policy of the EU
(strong decline of grazing livestock) and land abandonment caused the transformation of
arable lands into non-cultivated lands, and the fast and spontaneous reforestation of open
grasslands [33].

Figure 1. The spatial distribution of the MMM survey observation points in Hungary, where the
Skylark occurred in 2015 (3049 observation points).

2.2. Databases
2.2.1. Skylark-Abundance Data

In Hungary, a countrywide bird-monitoring survey has been conducted every year
(like in 2015) by approximately 800 field surveyors who add their field-observation datasets
into the Hungarian Common Bird Monitoring Database (MMM) [34–36]. The volunteers
were not randomly distributed across Hungary. The survey allowed that the observers
choose their area of observation. Each observation point received two spring visits, and
the abundance of birds was observed (by hearing and visually) within a 100-m radius
of each point. There is a minimum 500 m distance between the observation points. The
surveyors left a minimum of two weeks between visits in mid-April and mid-June. The
count was accomplished between 5:00 and 10:00, when wind speed was less than 5 m/s
and there was no rain. Each observation point contains the average number of observed
birds which were counted at the point in the two spring visits [34,35]. In 2015, surveyors
counted 6763 skylark individuals across 3049 field observation points (mean value: 2.22,
maximum: 34, standard deviation: 4.38.). We used MMM survey points from 2015 in the
study area because the HUB land-cover map was also available from that time scale. We
analyzed the proportion and spatial configuration of the landscape in the 600 m radius
surrounding of the MMM observation points. 600 m buffer zone was chosen, because many
author found that landscape composition and land cover types have the highest impact
on the abundance of this species within this radius [10,37]. Land use types also have an
effect on abundance of skylark population within 600 m buffer radius [38]. We used a
very detailed (20 × 20 m mapping units) country scale LULC HEB maps [39] for analyses
of the LULC characteristics inside these buffer zones. Unfortunately, the more detailed
country scale statistical datasets about the crop structure surroundings of the observation
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points were not available. Most of the MMM observation points (43%) is situated inside
the NATURA 2000 SPA Protected areas, where the grasslands are mowed one-time every
year after 15th of June.

2.2.2. Land-Cover Database—Hungarian Ecosystem Basemap

The digital LULC HEB was created by the Hungarian Ministry of Agriculture. The
basis year of this database is 2015. This very high resolution LULC dataset was based on
other LULC maps of the European Copernicus Program, such as Urban Atlas, Corine Land
Cover and High-Resolution Layers, and Sentinel-2 images. The dataset has a 20 × 20 m
resolution (minimal mapping unit) and three category levels. Six classes in Level 1, 22 classes
in Level 2, and 56 classes in Level 3 (see Appendix A Table A1). The database also contained
three additional LULC categories in Level 4. We used the second level for analysis, and
regrouped the LULC classes to reduce the number and the likelihood of autocorrelation
between them. Our dataset for statistical analyses contained the following main LULC
categories inside the buffer zones (Figure 2.):

Figure 2. Proportion of the main land cover categories in the 600-m buffer zones, where the Skylark
abundance were detected (3049 observation points) based on Hungarian Ecosystem Basemap.

In our investigations, we aggregated the LULC categories of the HEB database, such
as “forest”, “wetlands and water surfaces” LULC categories (Table A1). The HEB web
map and its documentation are freely available (downloadable) on this website: http:
//alapterkep.termeszetem.hu/ (accessed on 15 February 2021). [39]. 46% of the country is
arable land and cereals take the 62% of the arable lands. According to the country scale
statistical datasets, the proportion of the crop structure in Hungary is 23% wheat, 26%
grain maize, 14% sunflower, 7% barley, 5% rape and 7% fodder crops inside the arable
lands (Hungarian Central Statistical Office [40]).

2.3. Landscape Metrics

The HEB database was applied to calculate size- and shape-related landscape metric
parameters. Patch-level landscape indices were calculated for each LULC patch of the
HEB database with the V-LATE 2 extension of Arc GIS 10.3 software [41]. Patch level
metrics, created for individual land cover patches, characterize the spatial character and
context of patches. These patch metrics serve primarily as the computational basis for
developing a landscape metric. During our landscape metrics analyses, we calculated the
following patch-level landscape metrics, which represent size and shape characteristics
of land-cover patches (Table 1). The mean patch size (MPS) has been widely applied in
landscape ecology, since it is commonly agreed that the occurrence and abundance of
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different species and species richness strongly correlates with the mean patch size. The
shape complexity of individual LULC types was quantified by using landscape metrics
(MFRACT). We applied the Shannon Diversity Index (SDI) to determine the landscape
heterogenety [25]. We calculated these landscape indices (MPS, MFRACT, SDI) inside the
600 m radius buffer zones.

Table 1. Descriptions and calculations of the applied landscape indices [26,42,43].

Structural Feature Index Name and Description Calculation

Size and shape
related metrics

MPS

Mean patch size is computed
by dividing the area of the

patches of the total
landscape (or class) by the

number of patches.

MPS =
∑n

j=1 aij
ni

where aij represents the area of
the j** patch in the i** class, ni

represents the number of patches
in the i** class, n represents the

number of patches (>0).

MFRACT

Mean fractal dimension
index equals 2 times the
logarithm of the patch

perimeter (m) divided by the
logarithm of patch area (m*).

MFRACT =
∑n

j=1

(
2 ln pij
ln aij

)

ni
where pij represents the

perimeter of the j***patch in class
i**, aij represents the area of the

j***patch in class i**, ni
represents the number of patches
in the i** class, n represents the

number of patches (1–2).

Landscape
Heterogeneity SDI

The Shannon diversity index
(SDI) provides more

information about area
composition than simply

area richness (i.e., the
number of land-cover

types present).

SDI = − m
∑
i
(Pi ∗ ln(Pi))

where (m) represents the number
of different land-cover types,
Pi = the relative abundance of
different land-cover types in

each BMMU quadrant or
LUCAS transect.

2.4. Statistical Analyses

To understand the relationship between LULC types and skylark abundance, first we
had to identify those LULC categories which are selected (used as habitat) by skylark or
are avoided. We applied a preliminary test to identify the group of correlated land-cover
and landscape index variables using variance inflation factors (VIFs), and the explanatory
variables were not linearly related. VIF values were between 0 and 1.9, which shows that
the multicollinearity is low between the variables (LULC types and indices). The arable-
land category was ignored from statistical analyses (model) because in Hungary and other
European countries, the agricultural land is the matrix (dominant LULC type) in the land-
scape, so the proportion of this category shows strong autocorrelations with other LULC
types. We used generalized linear models (GLM) to determine the impact of land cover and
landscape structure (composition) on skylark abundance. We applied negative binomial
models (link = log) to account the overdispersion of skylark-abundance data (tested by
overdispersiontest function of AER package in R). Models with all possible combinations
of explanatory variables were generated, and we established Akaike’s information criterion
to rank them with the “dredge” function from the MuMin package in R [44]. We used
model averaging for competitive models (delta AICc < 2) to include uncertainty arising
from the high number of candidate models (Table A3) [45]. The significance of the vari-
ables was estimated by the LmerTest package [46]. We constructed two groups from the
LULC categories of the HEB database based on GLM results, namely, preferred (significant
positive relation) and nonpreferred (significant negative relation) land-cover types. We
analyzed the relationship between the landscape metrics of the preferred (as habitats) and
nonpreferred land-cover types, and the skylark abundance data with negative binominal
GLM and model averaging. In the next step in our investigation, we analyzed the shape
and size characteristics of those LULC types which showed significant positive relation
with skylark abundance. These land-cover types were separated into arable lands and

163



Land 2021, 10, 306

grasslands because we wanted to analyze the effect of arable land and grassland landscape
metrics on the skylark population. In this model, the arable land category has been used.
The distribution of landscape metric variables was not normal, so logarithmic transforma-
tion was used to normalize the data. These variables were in different dimensions, so we
created a range function in R that transformed the variable values into a number between 0
and 1:

Range f unction =
x − min(x, na.rm = T)

max(x, na.rm = T)− min(x, na.rm = T)
,

where Range function is a number that describes the given number between 0 and 1,
na.rm = T means that NA values were removed, min is the minimal value of the list, and
max is the maximal value of the list. On the basis of the output of the statistical model, we
could describe the optimal landscape configurations for this species.

2.5. Model Validation

We calculated the predicted marginal effects (ggeffects package in R) of the preferred
land-cover types and their landscape metrics on the skylark population [47]. To validate our
model, we set up a training and a testing group (66.6% and 33.3% proportion, respectively)
with random sampling (sample.split function from caTools 1.17 package) on the basis of
our dataset in R statistics software. We used the predict function from the car package
to calculate the estimated skylark-abundance data. Model accuracy was measured by
three indices: Spearman’s rank correlation to show the relationship between observed and
predicted values, mean absolute error to show the distance of the predicted values from
the observed values [48], and mean absolute percentage error to show the percentage of
error between observed and predicted values [49].

2.6. Prediction of Skylark Population in Natura 2000 SPAs

We could estimate skylark population density using the 600 m buffer areas and the
HEB dataset. The centers of the buffer zones were in a regular grid (1200 × 1200 m) inside
the Natura 2000 SPA dataset. We used the Natura 2000 SPA areas as the basis of our
prediction site, because of the Eurasian skylark is a very common indicator species of
agrarian landscapes (Natura 2000 Annex I. list). In Hungary the Natura 2000 SPA areas
are typical agrarian landscapes which contain Urban areas (1.5%), Croplands (31.7%),
Grasslands and other herbaceous vegetation (21.7%), Forest and woodlands (27.8%) and
wetland and water surfaces (17.2%). Mowing of the grasslands inside the Natura 2000 sites
is regulated by the law. The mowing machine should cut the grass 10 cm above the soil
surface. Mowing should not begin before 1 of July, to protect the ground nesting birds.
The number of the animals and the method (it is different based on the grassland type)
are also regulated by the law. Prediction was performed based on the model results that
analyzed the connection between the preferred area and the landscape metrics. Landscape
indices were calculated inside the Natura 2000 SPAs. The estimated skylark population
was calculated by the predict function in R software. Figure 3 shows the spatial distribution
of the 600 m buffer zones.
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Figure 3. Example the spatial distribution of the 600-m buffer zones inside a Natura 200 Spa protected area of Hungary.

3. Results

3.1. Relationship between Land-Cover Proportions and Skylark Abundance

Based on GLM results, we identified two main groups (classes) of the LULC categories
of the HEB database. Preferred LULC categories that were considered the habitats of the
Eurasian skylark because they showed significant positive relation with skylark abundance
were those such as salt steppes and meadows, and closed grasslands in hills and mountains.
The closed-grasslands LULC category showed the highest significant relation, thereby
having the most important effect on skylark abundance. The arable-land LULC category is
also a preferred category according to the literature [11,18,29,50]. The nonpreferred group
(class) of LULC categories contains land-cover types with significant negative relations
with skylark abundance: built-up land, green urban areas, complex cultivation patterns,
forests, and wetlands and water surfaces. The complex-cultivation-pattern LULC category
had the strongest negative association with the skylark population, followed by wetland
and water surfaces, and green urban areas. The relative importance of the significant
variables was 100% in all cases (Table 2).
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Table 2. Summary table for LULC categories, which shows the GLM results after multimodel averaging of best candidate
models showing relative importance of each explanatory variable on Skylark abundance, estimated parameter values ±
Standard deviation. (For detailed descriptions of the LULC categories see Table A1).

Variable Estimates
Standard
Deviation

Conf. Int (95%) p-Value
Relative

Importance
(%)

VIF

Built-up −0.019 * 0.008 −0.035–0.003 0.022 100 1.88
Green urban areas −0.024 *** 0.005 −0.034–0.014 <0.001 100 1.93
Permanent crops −0.014 0.013 −0.040–0.013 0.308 24 1.03

Complex cultivation pattern −0.034 * 0.015 −0.064–0.005 0.021 100 1.05
Open sand steppes −0.014 0.012 −0.037–0.009 0.228 19 1.02

Salt steppes and meadows 0.059 *** 0.002 0.054–0.063 <0.001 100 1.17
Open rocky grasslands −0.045 0.114 −0.269–0.180 0.697 100 1.06

Closed grasslands in hills and
mountains or on cohesive soil 0.067 *** 0.004 0.058–0.076 <0.001 100 1.03

Other herbaceous vegetation −0.019 0.075 −0.165–0.128 0.805 80 1.07
Forests −0.021 *** 0.002 −0.025–0.016 <0.001 100 1.11

Wetlands and water surfaces −0.030 *** 0.006 −0.041–0.018 <0.001 100 1.02

Number of MMM observations (data pairs): 3049, * p < 0.05, ** p < 0.01, *** p < 0.001, Positive significant relation with skylark

abundance, Negative significant relation with skylark abundance, No significant relation with skylark abundance.

3.2. Relationship between Landscape Structure (Compositon) and Skylark Abundance

The landscape metrics that describe the shape and size characteristics of the preferred
and nonpreferred LULC classes showed different directions of significant relation with
skylark abundance (Table 3). The metrics that describe the shape complexity and size of
the LULC patches of preferred LULC categories of the HEB database showed significant
positive relations with skylark abundance. The shape complexity (MFRACT index) of the
preferred LULC patches has stronger influence on the skylark abundance than the mean
patch size (MPS). The shape complexity and size of the nonpreferred LULC categories
had significant negative relation with skylark abundance in this case, MPS had higher
association with skylark abundance. (Table 3). Land-cover heterogeneity, described with
SDI, had a significant negative effect on skylark abundance, which showed that this species
prefers a homogeneous landscape.

Table 3. Summary table for landscape metrics, which shows the GLM results after multimodel averaging of best candidate
models showing relative importance of each explanatory variable on Skylark abundance, estimated parameter values ±
Standard deviation.

Variable Estimates
Standard
Deviation

Conf. Int (95%) p-Value

Shape and size
related landscape

metrics

MPS of preferred LC types 0.4345 *** 0.0001 0.2324–0.6156 <0.001
MFRACT of preferred LC types 1.1635 *** 0.3349 0.5072–1.8199 0.001
MPS of non-preferred LC types −1.9126 *** 0.0004 −2.7145–1.1237 <0.001

MFRACT of non-preferred LC types −1.1993 ** 0.4205 −2.0236–0.3751 0.004

Landscape
heterogeneity Shannon Diversity Index of landscape −1.3711 *** 0.1639 −1.6923–1.0500 <0.001

Number of MMM observations (data pairs): 3049, * p < 0.05, ** p < 0.01, *** p < 0.001.

3.3. Impact of Preferred Land-Cover Categories and Their Landscape Metrics

Total grassland proportion had the highest association with skylark abundance, as
shown in Table 2; the average size of arable-land patches (MPS) was more important from
an abundance point view of this species than the mean patch size (MPS) of grassland
patches. The complexity of grassland patches (MFRACT) had a significant positive as-
sociation with skylark abundance, while the shape characteristics of arable land had no
significant relationship with skylark abundance. The predicted marginal-effect graphs
visualize the above-described connections between proportions of LULC categories, size-
and shape-related landscape indices, and the estimated population density changes of the
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skylarks (Figure 4). According to the modeled population density changes, in the case of
100% grassland coverage of a hypothetical landscape, we could find about 4–6 skylark
individuals/km*. While the connection between the change in proportions of different
land-cover types showed a near exponential curve, landscape metrics showed almost flat
linear connections with estimated skylark abundance.

Figure 4. Predicted marginal effects between the skylark individuals / km2 proportions and land-
scape metrics of arable and grasslands. The confidence intervals (95%) of the prediction are shown
between the dotted lines. ((A), Connection between the proportion of arable land and estimated
population density of skylark, (B), Connection between the proportion of grassland and estimated
population density of skylark, (C), Connection between the MPS of arable land and estimated popu-
lation density of skylark, (D), Connection between the MPS of grassland and estimated population
density of skylark, (E) Connection between the MFRACT of grassland and estimated population
density of skylark).

On the basis of our results (Table A2), we could create an equation that describes and
estimates the skylark population in a given landscape:

Skylarkpopulation = −3.24 + 1.29 ∗ MPSarable land + 0.97 ∗ MPSgrassland+

0.63 ∗ MFRACTgrassland + 1.65 ∗ Areaarable land + 2.4 ∗ Areagrassland
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where Skylarkpopulation is the skylark number density (individual/km*), MPSarable land is
the mean patch size of arable land, MPSgrassland is the mean patch size of grasslands,
MFRACTgrassland is the mean fractal dimension of grasslands, Areaarable land is the proportion
of arable land, and Areagrassland is the proportion of grasslands.

3.4. Model Validation

According the validation of our results, there was a significant Spearman’s correlation
between the observed and predicted skylark abundance values. Mean absolute error shows
the distance between the predicted and observed abundance values of this species, which
is +– 2.12. Mean absolute percentage error (MAPE) shows the prediction accuracy of the
model in percentage; in this case, it was 37.77%. The accuracy of this model based on the
MAPE was 62.23% (Table 4). If the model contains just the land cover types, the MEA is
2.95; MAPE is 46.56% and the Spearman correlation coefficient is 0.493.

Table 4. Summary table of the correlation and error indices, which show the accuracy of the predicted values, based on land
cover types and land cover types + landscape indices.

Spearman’s Rho Mean Absolute Error
Mean Absolute

Percentage Error
Number of
Data Pairs

Land cover types + landscape metrics 0.504 ** 2.12 37.77%
949

Land cover types 0.493 ** 2.95 46.56%

** p < 0.01.

3.5. Prediction of Skylark Population of Natura 2000 Special Protection Areas of Hungary

The spatial distribution of the predicted skylark population in each 600-m zone of
the Natura 2000 SPAs of Hungary was very diverse (Figure 5). The total investigated
Natura 2000 SPA was 13,514 km** which cover the most valuable agroecosystems and rural
landscapes of Hungary. Based on model prediction (predict function in R) inside these
protected areas, approximately 23,746 skylark individuals were predicted. The density
of this species is the highest in the agricultural-landscape-dominated areas of the great
Hungarian plain.

Figure 5. Predicted Eurasian skylark population (individuals/km*) in the 600 m buffer zones inside
the Natura 2000 SPA area.
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4. Discussion

There are several publications analyzing the relationship between skylark and
LULC [4,51–54] in local small study areas, but our very detailed LULC dataset (HEB)
offers a unique opportunity to obtain regional (country)-scale information about this
relationship In our study, we considered both datasets describing proportions of LULC cat-
egories and landscape indices that describe the shape and size characteristics of preferred
(habitat) and nonpreferred LULC categories. Based on our research findings, population
density (individuals/km*) could be estimated because there was a significant statistical
relationship between proportions, the shape and size characteristics of different LULC
types, and the abundance of this farmland bird. One new finding from our research is
that, for the estimation of skylark population density, it is necessary to consider landscape
indices together with the proportions of different LULC categories because shape (mean
fractal dimension) and size (mean shape size) characteristics of these LULC categories
also have significant association with skylark abundance. Based on our finding we have
predicted the number skylarks inside the Natura 2000 SPA areas in Hungary.

4.1. Impact of Proportions of LULC Categories on Skylark Abundance

We could select two LULC groups (classes) from the land-cover types of a very
detailed (20 × 20 m resolution) LULC map. Nonpreferred types had negative signif-
icant relation with skylark abundance. These were built-up and green urban areas,
which negatively affected the population because of the lack of openness and the high
proportion of constructed surfaces. Our findings are confirmed by other international
publications [4,6,10]. The complex cultivation pattern land-cover type has negative signifi-
cant relation with skylark data. Other authors underlines that the skylarks do not prefer
heterogeneous agricultural lands because this rural landscape contains many different
LULC patches, including also those that are not preferable to the skylark, like vineyards,
fruit and berry plantations (because of its height, they obscure the view) [10,11,16,17].
Small parcels of, annual crops, city gardens pastures, fallow lands and/or permanent crops
somewhere with scattered houses. Forest and wetland LULC categories are well-known
nonpreferred land-cover types of the skylark. The skylark is a typical farmland bird; there-
fore, it is not a surprise that wetland areas, water bodies, and water courses are not suitable
habitat types for this species. The main reason of the negative significant relation of the
forest is the lack of openness, which is very important for the skylark [10,11,16,55]. In our
research we were not take difference between the type of forests, because according to
previous studies every types of forest areas are not habitats of this species.

In the estimation of skylark population density, the preferred land-cover types had
higher weights (were more important) than those of the nonpreferred LULC categories.
Arable land is a well-known habitat type of this farmland bird species according to the
international literature [11,18,19,56,57]. Unfortunately, in Hungary is no available detailed
country scale spatial statistical data about the cultivated crop types inside the arable lands
(cropland) areas. According to the available most detailed Hungarian LULC dataset,
the HEB dataset the 57% of Hungary is covered by agricultural fields and its 81% is
arable land (Cropland). Grassland and pasture areas are also preferred LULC categories for
skylark, [7,8,10,11,58–61]. The HEB dataset allow us to analyze the impact of different types
of grassland on skylark abundance. We did not find significant statistical relations with
open sand steppes and open rocky grasslands because the number of 600 m circle radius
observation points of LULC categories have been low, and these landscape conditions
(too-fragmented grassland areas with very short and very sparse vegetation) are not
suitable for breeding skylarks [57,62]. There was a significant positive relation between
skylark abundance, and the LULC categories of salt steppes and meadows, and closed
grasslands. Each LULC category is suitable for nesting breeding skylarks because of the
medium vegetation height and optimal proportion inside the 600 m radius circles. Our
results are similar with those of others, who described strong relationship between closed
grasslands and meadows and skylark abundance, the reason of this relation could be
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the larger amount of food [63–66]. According to our findings for the prevention of the
farmland bird habitats, the EU agri-environmental policy should pay more attention to
the management of salt steppes and meadows, and closed grasslands. To increase the
population density of skylark, the mean patch size and the proportion of these land cover
types (compare to all) in the landscape should increase. In case of the protected grassland
areas, one of the biggest ecological problem is the spontaneous spreading of the bush
vegetation, which can reduce the skylark habitats. If we want to stop this process, and keep
the openness of the landscapes, we should reduce the size and the shape of the bush and
forest patches inside these grassland areas. Therefore, we must eradicate the spontaneously
spread bush vegetation (which often full of invasive species) by the proper way of grazing
or haymaking, the grasslands can keep its size, shape, and openness characteristics in the
protected landscapes. This kind of management of protected areas can preserve not only
the vegetation diversity of grasslands but it has also important key factor in the skylark
habitat protection.

4.2. Impact of Land-Cover Categories and Their Landscape Metrics

The landscape metrics of the preferred LULC classes showed positive significant
relation with skylark abundance, meaning that, if arable-land and grassland proportion
and shape complexity was higher, then the skylark population would also be higher. The
landscape metrics of the nonpreferred LULC classes showed negative significant relation
with the skylark population, meaning that, in landscapes with small size and in compact-
shape nonpreferred LULC categories, skylark population density (abundance) would
be higher.

LULC landscape heterogeneity has a negative effect on the skylark in this scale, where
one land cover patch can contain more parcels. If landscape heterogeneity increases, the
skylark population declines. This species prefer the homogenous LULC structures, which
is in accordance with the results of other authors [10,11,16,17,62].

The grassland proportion had the highest association with the skylark population.
This species usually nests and feeds in grasslands. The proportion of arable land has a
high association with skylark abundance, but the level of its significance is lower. In the
case of the MPS, the opposite phenomenon was observed: the MPS of arable lands (arable
land patches of HEB) had a higher effect on skylark abundance than that of grassland. The
skylark does not prefer small size arable lands (parcels) and grassland fields in that scale,
where one arable land patch can contain more parcels [7,51,60,64]. According to Uuemaa
et al. 2009 most bird species react more strongly to the composition land cover than to
the configuration of landscapes [25]. Our results also show that the LULC proportions
and mean patch sizes have stronger impacts on the abundance of this species, than the
shape (fractal dimension index) characteristics of the habitat patches. The mean-absolute-
percentage-error value (37.77%) was acceptable since, for a more precise prediction, we
would have to use more variables (e.g., species and quantity of insects, used pesticides,
parcel management) that are not accessible in country-scale analysis. We can determine
that the landscape indices improved the model accuracy, based on the Table 4.

4.3. Predicted Population Inside the Natura 2000 SPAs

In Hungary, the latest estimated country-wide Eurasian skylark population is from
1999–2002. There is no spatially detailed population estimate. This study is the first estimate
for Natura 2000 protected areas in Hungary. There some early 2000s studies about the
skylark densities in Europe (Table 5).

The studies listed above do not use the shape and size related landscape indices
for estimation of the skylark abundance (density). With the combination of the detailed
point-based bird census data, detailed country-wide LULC dataset and landscape indices
we can get a more precise prediction of skylark population. Our results are comparable
with these previous estimations and the density values are similar [63,67–69].
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Table 5. Summary table of studies, which predicted the Eurasian skylark density inside European
study areas.

Study Area
Estimated Skylark Density

(Individuals/km *)
Reference

Natura 2000 SPA in Hungary 0–6.13 This study
Great Britain 1.97–7.45 Browne et al. 2000 [67]

Small study area in France 3.28–3.69 Eraud and Boutin 2002 [68]
Spain ~5.21 Suárez et al. 2003 [63]

Ireland 1.72 Copland et al. 2012 [69]
Northwest Ireland 4.87 Copland et al. 2012 [69]

5. Conclusions

Landscape composition (proportions, and shape and size characteristics of LULC
categories) has significant association with the skylark population. The salt steppes and
meadows, and closed grassland serve as habitat for the Eurasian skylark. This study
provides new information about the relationship between landscape metrics of the habitat
types (shape and size characteristics of patches) and skylark abundance. Fractal dimension
index, which describes the shape complexity of grassland patches has a positive impact on
the skylark abundance, while the shape complexity of non-habitat types shows opposite
relationships with the skylark density. We analyzed them together and could estimate
the association of these landscape composition variables (proportions, shape and size
characteristics of LULC classes) with skylark abundance. We could estimate skylark
population density inside Natura 2000 SPAs in Hungary.

The outcomes of this study can be used for further land use planning, and the habitat
design of Natura 2000 SPAs and other protected areas of the rural landscapes. According
to our findings, inside the protected areas should increase the proportion, the average size
and shape complexity of those LULC types (arable land, salt steppes and meadows, and
closed grassland), which shows positive relations with the abundance data of skylark. It
is feasible by stopping the spontaneous reforestation and eradicating the spontaneously
spread vegetation (especially invasive bush species). The grazing or mowing, the protected
grasslands can preserve the size, shape and openness characteristics of these skylark
habitats. This kind of environmental management forms help to conserve the habitat
types of skylark. The skylark is an area sensitive species and it is an indicator species of
farmlands, so the shown methodology is adaptable for analyzing the impact of landscape
composition on other farmland bird populations [56,70–72]. The skylark is considered as
indicator for monitoring of agricultural landscapes, because its abundance shows strong
relationships with other farmland bird species [73].
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Appendix A

Table A1. The LULC categories of the Hungarian Ecosystem Basemap, and the investigated LULC categories.

HEB LULC Categories The Investigated LULC Categories

Level 1 Level 2 Code Level 2 (~EUNIS 2) Level 2 Code Level 2

Urban

11 Buildings
10 Built-up12 Roads and railways

13 Other paved or non-paved artificial areas

14 Green urban areas 14 Green urban areas

Croplands

21 Arable land 21 Arable land

22 Permanent crops 22 Permanent crops

23 Complex cultivation pattern 23 Complex cultivation pattern

Grasslands and other
herbaceous
vegetations

31 Open sand steppes 31 Open sand steppes

32 Salt steppes and meadows 32 Salt steppes and meadows

33 Open rocky grasslands 33 Open rocky grasslands

34 Closed grasslands in hills and mountains
or on cohesive soil 34 Closed grasslands in hills and

mountains or on cohesive soil

35 Other herbaceous vegetation 35 Other herbaceous vegetation

Forests and
woodlands

41 Forests without excess water

40 Forest

42 Natural riverine (gallery) forests
43 Other forests with excess water
44 Plantations

45 Non-wooded areas registered as forest, or
areas under reforestation

46 Other ligneous vegetation, woodlands

Wetlands
51 Herbaceous-dominated wetlands

50 Wetlands and water surfaces
52 Woodland-dominated wetlands

(uncertain translation)

Rivers and lakes
61 Water bodies
62 Water courses

Table A2. Summary table for landscape metrics and LULC categories, which shows the GLM results after multimodel averaging of
best candidate models showing relative importance of each explanatory variable on Skylark abundance, estimated parameter values ±
Standard deviation. MPS is Mean Patch Size and MFRACT is Mean Fractal dimension.

Predictors Estimate Standard deviation Conf. Int (95%) p-Value Relative importance (%)

(Intercept) −3.2352 *** 0.3579 −3.9005–−2.5772 <0.001
MPS of arable lands 1.2850 *** 0.3588 0.6528–1.9195 <0.001 100
MPS of Grasslands 0.9689 *** 0.2755 0.4145–1.5358 <0.001 100

MFRACT of arable lands −0.1719 0.2928 −0.7136–0.3745 0.557 31
MFRACT of grasslands 0.6255 ** 0.2409 0.1657–1.0845 0.009 100

Total area of arable lands 1.6482 *** 0.1916 1.2788–2.0202 <0.001 100
Total area of grasslands 2.4023 *** 0.2731 1.8781–2.9262 <0.001 100

Number of MMM observations (data pairs): 1897, * p < 0.05, ** p < 0.01, *** p < 0.001.

Table A3. Summary table of component models from model averaging.

Variables df logLik AICc Delta Weight

1/2/4/6/7/8/9/10/11 11 −4658.47 9339.02 0 0.38
1/2/3/4/6/7/8/9/10/11 12 −4657.9 9339.91 0.89 0.24
1/2/4/5/6/7/8/9/10/11 12 −4658.14 9340.39 1.37 0.19

1/2/4/6/7/8/10/11 10 −4660.2 9340.48 1.46 0.18
1 Built-up, 2 Green urban areas, 3 Permanent crops, 4 Complex cultivation pattern, 5 Open sand steppes, 6 Salt
steppes and meadows, 7 Open rocky grasslands, 8 Closed grasslands in hills and mountains or on cohesive soil, 9
Other herbaceous vegetation, 10 Forest, 11 Wetlands and water surfaces.
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Abstract: In recent decades, Russia has experienced substantial transformations in agricultural land
tenure. Post-Soviet reforms have shaped land distribution patterns but the impacts of these on
agricultural use of land remain under-investigated. On a regional scale, there is still a knowledge
gap in terms of knowing to what extent the variations in the compositions of agricultural land funds
may be explained by changes in the acreage of other land categories. Using a case analysis of 82 of
Russia’s territories from 2010 to 2018, the authors attempted to study the structural variations by
picturing the compositions of regional land funds and mapping agricultural land distributions based
on ranking “land activity”. Correlation analysis of centered log-ratio transformed compositional
data revealed that in agriculture-oriented regions, the proportion of cropland was depressed by
agriculture-to-urban and agriculture-to-industry land loss. In urbanized territories, the compositions
of agricultural land funds were predominantly affected by changes in the acreage of industrial,
transportation, and communication lands. In underpopulated territories in the north and far east
of Russia, the acreages of cropland and perennial planting were strongly correlated with those of
disturbed and barren lands. As the first attempt at such analysis in Russia, the conversion of cadastral
classification data into land-rating values enabled the identification of region-to-region mismatches
between the cadaster-based mapping and ranking-based distribution of agricultural lands.

Keywords: agricultural land; cropland; land category; land fund; territory; Russia

1. Introduction

Structural alterations in land use have been intrinsically associated with a growing demand for
food [1,2]. Increasingly, contemporary processes of progressing urbanization and industrialization have
been aggravating the conflicts between different functional land types [3]. As land systems represent a
critical intersection between economic and ecological systems [4], land distribution patterns are becoming
more vulnerable to a variety of environmental and social issues. Out of the one-fifth of the world’s
total land surface, which is potentially suitable for crop production, more than half is already actively
cultivated [5]. Further agricultural expansion is hampered by natural and geographical factors [6],
pervasive land-use change impacts [7], high economic costs [8], and infrastructure constraints [9].
At the same time, according to DeFries et al. [10], Ajani [11], and Lambin [12], agricultural production
tends to face increasing competition for land with other types of land use. Over recent decades,
many scholars and practitioners, including Platt [13], Briggs and Yurman [14], Vining et al. [15],
and Sioen et al. [16], among others, have been reporting the irreversible removal of substantial areas of
land previously used for agriculture to urban, industrial, infrastructure, and other types of use instead.
Urbanization and industrialization intensify competition between agricultural and non-agricultural
land-use practices [17]. Along with industrial development and urban sprawl, there are significant
alterations of land use far beyond city limits that result in arable land loss [18].
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Generally, at a regional scale, agricultural lands do not strictly compete with other categories
for the same land areas due to the specific climate, soil, and topographical requirements for farming.
However, in land-abundant and climate-diverse countries, the geographical distribution of agricultural
land use tends to adjust to better match land quality [19]. Russia is aa good example of aa country that
can be used to demonstrate this fact. Agriculture abandonment in vast northern and eastern areas
has occurred in parallel with a concentration of intensive agriculture in fertile lands in the southern,
western, and central regions of the country. In Russia, agricultural lands only represent 12.96% of the
total national land fund (cropland at 7.16%, rangeland at 3.99%, hayfields at 1.40%, fallow at 0.28%,
and perennial plantings at 0.11%). Per-territory concentrations of agricultural land vary from 75.32%
in the Southern Federal District and 70.96% in the North Caucasian Federal District to only 4.05% in
the Northwestern Federal District and 1.30% in the Far Eastern Federal District.

We clarified the definitions of the main terms used in this study as follows:

• District—A type of supraregional administrative division of Russia, which includes several
territories based on a geographical principle (currently, eight federal districts exist).

• Land distribution—how lands of particular categories are spread out in a country, district,
or territory.

• Land fund—the total of available land resources in a country, district, or territory.
• Land fund composition—a division of a land fund into land categories.
• Land use—the total of arrangements, activities, and inputs that people undertake in a certain land

cover type.
• Territory—an umbrella term to designate various types of administrative divisions of the Russian

Federation (oblasts, krais, republics, autonomous districts, and autonomous republics).

The disproportions of agricultural land distribution are, to some extent, caused by economic
factors, not only geographic and natural conditions. Similar to most post-socialist countries, Russia has
experienced dramatic changes in land ownership and land tenure since the early 1990s. Among the
principal transformations, Lerman and Shagaida [20] have outlined the privatization of agricultural
land, rights to agricultural land for individual landowners, and the removal of prohibitions on buying
and selling land. The land market has responded positively to the liberalization with an increase
in transactions between individual landowners [20]. However, the domination of shared and joint
land ownership has weakened the role of the state in controlling land use [21] and has increased the
fragmentation of public land property into many scattered units [22]. Almost twelve million land
shares (certificates) were distributed between rural individuals and former employees of collective
and state farms [23]. According to Trukhachev et al. [23], Lerman and Shagaida [20], Rozhkov [24],
and Visser et al. [25], land reform in Russia has significantly contributed to structural variations in
the composition of land funds. The proportion of agricultural land in the total land fund has been
declining due to a loss of arable land, particularly in the vast areas of the Far Eastern Federal District
and the Siberian Federal District [26]. From 1990 to 2000, the rate of land abandonment in Russia
was above 30%, one of the highest among the economies in transition [27]. Milanova [28] reported
a decrease in the cropped area for all crops during the 1990s due to the changes in land tenure and
stagnation of the agricultural sector. A drastic decline in livestock production resulted in a reduction of
hayfields and rangelands. Vast areas of arable land were abandoned due to land degradation. In some
territories in the central, northern, and eastern parts of the country, humus content dropped by 50%.
Prishchepov et al. [29] revealed the correlation between the spatial distribution of abandoned croplands
and natural factors, such as inadequate precipitation and shorter growing periods, in both Siberia and
eastern parts of the country. As many farms were situated in the boreal zone, some of the abandoned
lands have experienced shrub and tree encroachment [30].

Many experts report an aggravated environmental degradation of agricultural lands due to
over-exploitation [31,32]. The changes in land cover and land use in forest-steppe and steppe
vegetation zones (agriculture-oriented territories of southern Russia, the European center, and southern
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parts of Ural and Siberia) have been driven by extensive farming. Milanova [28] and Milanova et al. [33]
reported that up to 90% of lands in some territories were converted to crop production. However,
where environmental concerns of land use are mentioned in either federal or regional legislation, they
predominantly relate to reducing industrial emissions or waste disposal in urban and suburban areas,
not to agricultural land use [34]. Over 40 million hectares of cropland is now abandoned in Russia,
and another 58 million is eroded. Land degradation, along with desertification due to irrational land use,
poses serious environmental, economic, and social threats in the long-term. Griewald et al. [34] argued
that the land use context in Russia did not support a transition towards sustainable land management,
i.e., a “use of land resources, including soils, water, animals, and plants, for the production of goods
to meet changing human needs, while simultaneously ensuring the long-term productive potential
of these resources and the maintenance of their environmental functions” [35]. The urban expansion
causes shrinkage of arable and other categories of agricultural land [36], which are transferred to various
non-agricultural types of land use. A considerable amount of agricultural land loss due to urbanization
and industrialization takes place on fertile soil [37] and irrigated lands [38]. In return, the increase in
agricultural land acreage occurs on soils that are lower in terms of their fertility. Prishchepov et al. [39],
Brueckner [40], and Brown et al. [41] raised concern over the growing concentration of arable land in
smaller and more fragmented locations in proximity to urban and industrialized areas. Erma et al. [42]
reported many cases where residential settlements occupied agricultural land in southern and central
parts of the country, which are known as the breadbasket regions of Russia.

With increased variability in the composition of land funds, a reliance on research in this area
has become more critical. In a series of empirical studies, many authors, including Verburg et al. [43],
Van Doorn and Bakker [44], Nainggolan et al. [45], and Diogo and Koomen [46], among others, have
attempted to construct hypotheses about the relationship between proximate driving forces and
agricultural land-use patterns. The problem is that the established hypotheses do not adequately
explain the causality between land-use processes and the compositions of land funds at different
regional scales. In transition economies, including Russia, where land reforms have dramatically
changed the distribution of the land inventory in recent decades [42], variations in agricultural lands
due to the pressure of non-agricultural land use have remained under-investigated. The composition
of agricultural land funds has commonly been considered out of a non-agricultural context [47,48],
instead of exploring the interactions between the proportions of agricultural, urban, infrastructure,
and industrial lands. Most of the studies have applied a proportion of agricultural land in a land
fund as a core territorial specification without further testing for alternative non-agricultural land
use variables [4]. Therefore, in regional studies, a knowledge gap has emerged in terms of how the
variations in the compositions of land funds may be tracked with an aim to optimize agricultural land
use. A more explicit focus on the relationships between land categories is required to be able to explain
and predict land system dynamics in diverse locations [49]. With this background, in the case of Russia,
this study aimed to contribute to the body of knowledge on regional scale land uses by identifying
structural variations in the compositions of territory land funds and revealing the interdependencies
between the proportions of agricultural, on the one side, and urban, industrial, and other types of land
on the other.

2. Materials and Methods

This study was a quantitative study that was performed based on the data obtained from land
registers from 82 out of 85 of the administrative entities of Russia (further detailed in Section 2.6).
Russian public statistics report thirteen land categories within land funds, including five agricultural
and eight non-agricultural ones. As we aimed to study structural variations in the compositions of land
funds by identifying the changes in the proportions of different lands, all thirteen land categories were
considered here (the definitions are given in Section 2.1). The overarching methods adopted in this
study included a ranking of the territories on the degree of agricultural land activity (see Sections 2.2
and 2.3), centered log-ratio transformation of compositional land share data to an unconstrained space
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(Section 2.4), and correlation analysis to reveal the variations in the proportion of land categories
within the groups of territories (Section 2.5). In total, the study algorithm followed five stages (Table 1),
which are further addressed in Sections 2.1–2.5 of the paper.

Table 1. Study flow algorithm.

Stage Method
Section in the

Paper for Methods
Results

Section in the
Paper for Results

1
Merging of agricultural census data

with operative land cadaster
information.

Section 2.1

Establishment of an array of thirteen
categories of agricultural (five

variables) and non-agricultural
(eight variables) land.

-

2
Computation of the shares of land
categories in the land funds across

Russia’s territories.
Section 2.2

Map of the spatial distribution of
agricultural lands in Russia

per territories.
Section 3.1

3 Ranking of the shares of land
categories in territory land funds. Section 2.3

Rating scores and scales to measure
the degree of agricultural

land activity.
Section 3.2

4

Centered log-ratio transformation of
compositional land shares data to an
unconstrained space and correlation

analysis of the obtained standard
multivariate data.

Section 2.4
Four centered log-ratio-transformed

correlation matrices based on the level
of agricultural land activity.

Section 3.3

5 Computation of the coefficient of
correlation variance. Section 2.5

Identification of strong synergies
between the variations of the

proportions of agricultural and
non-agricultural land categories in

the land funds.

Section 3.3

Source: Authors’ development.

2.1. Stage 1: Land Categories

As the structural features of land classification frameworks largely depend on the purpose
of classification [50], various country specific approaches exist to categorize agriculture and other
types of land. In Russia, Shagaida [51], Nosov [52], and Macht et al. [53] have contributed to the
identification of various categories of agricultural lands. The majority of the studies, however, have
paid inadequate attention to revealing variations in land fund compositions due to the specific needs
for farming, residential construction, or industrial and infrastructure development in particular
locations. For instance, Zhang et al. [3] applied an ecological-living-production classification system,
to demonstrate the distribution of agricultural land across arable land, pastures, timberland, aquaculture
land, and orchards, but they did not reveal the variations in the spatial concentration of particular land
categories. Loshakov [54] developed an approach for the categorization of agricultural lands based on
the productive qualities of soils but did not consider mismatches between agro-climatic zoning and
land registers.

While the adjustments to land classification systems may be useful in achieving some specific
technical, geographical, environmental, or economic goals, there are situations in which various
existing approaches should be merged [55]. Many of the systems have a limitation in their ability to
demonstrate the interrelationships between the categories of land cadasters for agricultural production.
In general, classification concepts do not correctly emphasize per-category changes in the composition
of a land fund. This is also one of the inherent vices of state statistics reporting on land fund
structures in many countries. Notably, the Federal State Statistics Service of the Russian Federation
(Rosstat) generalizes land into three broad categories (namely, agricultural, woodlands, and water
reserve lands) [56]. Separate forms also report urban lands and lands for industrial, transportation,
and communication infrastructure purposes; however, these forms exist at a national scale, not a
regional scale. More detailed classification for five categories of agricultural land (croplands, hayfields,
rangelands, perennial plantings, and fallows) is available in agricultural census report forms [57].
However, since the agricultural census is conducted decennially, intercategory variations cannot be
effectively tracked on an annual basis.
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One of the possible solutions to this discontinuity problem is to supplement census data with
operative land cadaster information [58]. In Russia, the Federal Service for State Registration, Cadastre,
and Cartography (Rosreestr) continually monitors land fund compositions per territories across seven
categories of land, including agricultural land, residential land, industrial land, specially protected
territories, woodlands, water fund lands, and reserve lands [59]. Among several classification schemes
used by Rosreestr, one breaks agricultural lands into five categories, similar to Rosstat’s decennial
census, but instead on an annual basis. The usage of this data may allow the creation of a better
time-sensitive model to represent changes in the proportion of land categories within different regions.

In this study, simple classifications determining the allocation of land between agriculture, urban,
and nature were merged with more comprehensive ones, in which cadaster synergies could be detailed
for a wider range of agricultural, industrial, urban and built-up, forest, and water reserve lands.
The array included the categories of urban and infrastructure lands (obtained from separate sections of
Rosstat’s reports), as well as wetlands, disturbed lands, and barren lands (all reported by Rosreestr’s
alternative classification of utilized lands). In total, the authors’ model merged thirteen land categories,
including five agricultural (L(1–5)) and eight non-agricultural (L(6–13)) categories (Table 2). As reported
by Rosstat [56,57] and Rosreestr [59], the categories were mutually exclusive and exhaustive. That is,
each location within the Tj territory could be classified into one and only one Li category.

Table 2. Land categories in the study.

Codes Land Categories Definitions

L1 Croplands Land systematically cultivated for crop production, including perennial
grasses, clean fallow, and land under greenhouses.

L2 Fallows Land previously used as cropland but left unseeded for more than one year
and not included in clean fallow.

L3 Perennial plantings
Land under homogeneous stands of arboreal plants, bushes, and herbaceous

plants used for the production of horticultural, technical,
and medical products.

L4 Hayfields Fields where herbaceous plants are systematically grown for hay.

L5 Rangelands Land systematically and predominantly used for livestock grazing, including
lands appropriate for livestock grazing but not used as hayfields or fallow.

L6 Woodlands Land that is mostly covered with woods or dense growths of trees and shrubs.

L7 Forest ranges Forest plantings on military lands, urban lands, and lands of
rural settlements.

L8 Water reserve lands
Land covered by surface water in water bodies (seas, lakes, ponds, water

storage reservoirs) and land under waterworks and other facilities located
within water bodies.

L9 Residential and industrial lands

Areas of intensive use in cities, towns, and villages with much of the land
covered by residential and industrial structures (those occupied by residential

real estates, administrative buildings, shopping centers, industrial and
commercial complexes), including in the locations isolated from urban areas.

L10
Lands under transportation and
communication infrastructure

Land under railways and highways, right-of-ways, cuttings in forests,
livestock alleyways, and other routes of communication, as well as areas
involved in processing, treatment, and transportation of water, gas, oil,

and electricity.

L11 Wetlands
Swampy or marshy areas saturated with moisture where the water table is at,
near, or above the surface of the soil all year or for varying periods during the

year, including during the growing season.

L12 Disturbed lands
Land from which vegetation, topsoil, or overburden is removed or other

damage is made as a result of economic and other human activities or natural
processes and which is not reclaimed under the reclamation plan.

L13 Barren lands Land of limited ability to support life and incapable of producing crops or
any useful vegetation.

Source: Authors’ development based on Rosstat [56,57] and Rosreestr [59].
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2.2. Stage 2: Composition of Land Funds

As the keynote idea is to reveal the variations in the compositions of the land funds across diverse
territories, a kind of assessment scale should be applied. There have been many attempts to find a
reliable approach for the conversion of cadastral classification data into land-rating values. Land
classification systems based on rankings have been in use since the 1980s when Wright et al. [60] and
Cocks et al. [61] first applied simple additive linear models of factor weights to the evaluation of
land utility for crop production. In the realm of building a relevant ranking framework, one of the
major challenges is determining how to align categorization (public statistics) with functional scales.
In agriculture, variations between the proportions of lands are hard to identify [62] and thus cannot
be effectively linked with territory fragmentations of agricultural production [63]. The immediacy of
the problem was convincingly demonstrated by Grčman et al. [64], who found the difference between
land-rating values based on precise calculations and those based on official information (specifically,
for agricultural land with lower production potential).

Another challenge is that the ranking systems are not comparable and, therefore, inapplicable
across a variety of agricultural and non-agricultural lands [65,66], and even across croplands, fallows,
and pastures [67,68]. There have been attempts to overcome this problem by finding an integral
parameter that would allow the adjustment of agricultural- and non-agricultural-oriented ranking
systems to be comparable. In terms of land fund compositions, one of the most promising foundations
of ranking is the contribution of a land category to the total land acreage per territory [69] (Equation (1)).
The applicability of this parameter for building category-based land assessment frameworks
was successfully tested by Mazurkin and Mihailova [70], Buckett [71], Artamonova et al. [72],
Stupen et al. [73], Shishkina et al. [74], and Yerseitova et al. [75].

AjLi =
SjLi

Sj
(1)

where AjLi = share of land category Li in the land fund in territory Tj; SjLi = area of Li in territory Tj;
Sj = total land acreage of territory Tj.

The shares of the L(1–13) land categories in the land funds were computed across T(1–82) territories
(Appendix B, Tables A9–A16).

2.3. Stage 3: Agricultural Land Activity

Further, the AjLi values are ranked across the arrays of Li land categories and Tj territories to
calculate a parameter of land activity. Agricultural land activity is a degree of orientation of a land fund
composition toward an agricultural type of land use. It is an indicator of how a proportion of L(1–5) to
L(6–13) serves the purpose of agricultural production in particular geographic and economic conditions
at a regional scale. Land activity is a score of a Tj territory, obtained based on the proportions of
various land categories within a land fund. Higher contributions of L(1–5) to total acreage result in
higher agricultural land activity scores. The activity-rank correspondence is straightforward, where
the higher is AjLi value, the higher is Rji score. A high rank demonstrates an orientation of land fund
composition towards agricultural specialization. Since the prevalence of non-agricultural lands is
considered as a spatial constraint for the allocation of agricultural land uses, higher proportions of
L(6–13) within a land fund result in lower agricultural land activity scores. For these land categories,
the activity-rank relationship is inverse, where the higher is AjLi value, the lower is the Rji score. For j
territories included in the study, the R interval was [0; j − 1]. In our model, as AjL(1–5) tended to 1, R
tended to (j − 1), while as AjL(6–13) tended to 1, R tended to 0.

Then, we assessed the significance of derived estimates. Rji scores were used to identify the
quartiles of AjLi (Figure 1). The [

∑
Rjmin;

∑
Rjmax] interval was divided into the quartiles by finding

the n multiplier, where n =
∑

Rjmax−∑Rjmin
4 .
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Figure 1. Scale to classify Tj territories on the degree of agricultural land activity. Source:
Authors’ development.

The quartile-based approach was used by Mazurkin [69] for the ranking of territories based
on absolute values of land activity parameters. It also agrees with Kotykova et al. [76] and
Zhildikbaeva et al. [77], who compared the deviations of land category estimates from their highest
level on a territory-by-territory basis. In this study, such a method for the classification of rankings
allowed consideration of the information in the percentage areas measured for each Li in each Tj.

2.4. Stage 4: Revealing Structural Variations of Agricultural and Non-Agricultural Land Categories

Since the early years of Russia’s land reform, structural variations in the compositions of land
funds have progressed in response to socioeconomic and anthropogenic processes. To identify these
variations between various land categories across four types of territories, this study employed
factor analysis. It enables the transformation of land fund data into meaningful information [43,78]
and revelation of variations in the structure of the use of territory land funds. According to
Alcamo et al. [79] and Lavalle et al. [80], the integration of proximate and underlying factors may
capture both the spatial distribution and the variety of land categories claimed for different land-based
activities. The employment of factor analysis tools at a regional scale by Bakker et al. [81], Van Doorn
and Bakker [44], and Hatna and Bakker [82] demonstrates the appropriateness of the method for
cross-territory comparisons.

Among numerous factor analysis approaches, correlation analysis is one of the most suitable
approaches to reveal variations in land fund compositions [83,84]. Since the AjLi data are compositional,
i.e., they add up to a constant value of 1 or 100% of a land fund, they need a special treatment prior to
correlation analysis [85]. Aitchison [86] named land fund compositions among the typical datasets
associated with challenging problems in compositional data analysis. In a compositional vector that
consists of several parts summing up to a constant, the relevant information is contained only in the
ratios between these parts [87] (Equation (2)).

x = (x1, . . . , xD)
t, xi > 0, i = 1, . . . , D,

D∑
i = 1

xi = k (2)

where D = number of compositions, and k = a positive constant value, i.e., the sum of D compositions.
If correlation analysis is applied directly to the AjLi data, this can give misleading results [88] and

form undesirable properties, like scale dependence [89]. The best way to analyze data with constant
sum constraints is by first transforming them into an unconstrained space [88], where standard data
analysis tools can then be employed [90]. Several log-ratio transformations have been introduced
by Aitchison [89,91], Pawlowsky-Glahn et al. [87,90], Filzmoser and Hron [85], Long and Wang [92],
and Van den Boogaart and Tolosana-Delgado [93]. Commonly used methods include using the additive
log-ratio (alr), isometric log-ratio (ilr), and centered log-ratio (clr). Additive log-ratio transformation is
based on log-ratios to a single reference variable. It is the simplest way to transform compositional
data. However, it does not preserve distances between variables; i.e., it is not isometric [85]. Isometric
log-ratio transformation is built on the choice of an orthonormal basis and thus solves the isometry
problem. However, according to Egozcue et al. [94] and Egozcue and Pawlowsky-Glahn [95], base
compositional parts are only related to isometric log-ratio transformed variables through non-linear
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functions. In our case, this meant that the computed correlations between the proportions of land
categories could not be interpreted in the sense of the AjLi data.

For this study, we employed centered log-ratio transformation (Equation (3)). Distinct from the
additive log-ratio method, the centered log-ratio method is based on the geometric mean of all variables.
It allows for the selection of a ratio variable to be avoided [85]. In contrast with the isometric log-ratio
method, the centered log-ratio method simplifies the interpretation of the transformed variables
because one could think of them in terms of the original variables [85,96].

y = [y1, . . . , yD] =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
ln

x1

D
√∏D

i = 1 xi

, . . . , ln
xD

D
√∏D

i = 1 xi

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(3)

where x = AjLi share of land category Li in the land fund in territory Tj; y = transformed AjLi
compositions ATRjLi; D = number of compositions, i.e., Li land categories.

The AjLi compositions were transformed into ATRjLi data across all Tj territories using CoDaPack.
This open-access software is one of the easiest-to-use applications that is commonly employed for
compositional data transformation (for instance, see Thió-Henestrosa and Martín-Fernández [97],
Egozcue and Pawlowsky-Glahn [98], and Muriithi [99]). The centered log-ratio-transformed data that
were obtained were standard multivariate data that enabled us to use correlation analysis. Correlation
matrices were built separately for the four groups of territories earlier ranked by the type of agricultural
land activity. Correlation analysis was carried out here using the Excel Data Analysis ToolPak.

2.5. Stage 5: Significance of Correlations

When conducting correlation analysis for land systems, most scholars have faced a challenge
similar to what we outlined earlier concerning ranking scales, namely, determining the significance of
synergies between variables. Among various methods, the coefficient of correlation variance seems
to be the most appropriate for dealing with interdependent multitudes of land categories [69,70]
(Equation (4)).

Ccv =

∑
ATRjLi

ATRmax ×NL ×NT
(4)

where Ccv = coefficient of correlation variance;
∑

ATRjLi = sum of transformed AjLi values of Li
land categories in Tj territories in the group; ATRmax = the highest value of ATRjLi in the group;
NL = number of land categories in the array; NT = number of territories in the array.

The Ccv value was applied across four correlation matrices (types of land activity) to remove weak
interdependencies and reveal strong synergies between the proportions of the L(1–5) and L(6–13) land
categories in a land fund.

2.6. Territories and Data

Russia is a federation comprised of 85 administrative entities, or territories, as defined in the
Section 1. Our study included 82 of them (mapped in Figures 2 and 3). The three municipal areas of
Moscow, Saint Petersburg, and Sevastopol were excluded from the array as they are areas in which the
proportion of agricultural land in the territory land fund is of negligible importance. For each territory,
land cadaster data were derived from the annual reports from Rosreestr [59] and Rosstat [56,57] during
2010–2018. In Russia, these data are reported across thirteen land categories in thousand hectares.
Appendix A summarizes the data of the total acreages of the territories included in the study, along
with the acreages of the thirteen land categories. The study was built on the mean acreages of L(1–13)
land categories during 2010–2018 (Appendix A, Tables A1–A8). The proportions of the L(1–13) land
categories in regional land funds across T(1–82) territories are provided as percentages in Appendix B,
Tables A9–A16. The variations in the proportions are provided as differences between 2010 and 2018 in
Appendix B, Tables A9–A16. The consideration of the Republic of Crimea as a part of the array was
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determined by the current position of the territory as being de-facto controlled by Russia. In no way,
these results reflect the authors’ attitude to the international status of the area. For the Republic of
Crimea, we used the mean data of the land acreage and land categories’ proportions from 2015–2018.

Figure 2. Spatial distribution of agricultural lands in Russia. Note: 1 = Belgorod; 2 = Bryansk;
3 =Vladimir; 4 =Voronezh; 5 = Ivanovo; 6 =Kaluga; 7 =Kostroma; 8 =Kursk; 9 = Lipetsk; 10 =Moscow
Oblast; 11 = Orel; 12 = Ryazan; 13 = Smolensk; 14 = Tambov; 15 = Tver; 16 = Tula; 17 = Yaroslavl;
18 = Karelia; 19 = Komi; 20 = Arkhangelsk; 21 = Vologda; 22 = Kaliningrad; 23 = Leningrad;
24 =Murmansk; 25 = Novgorod; 26 = Pskov; 27 = Nenets; 28 = Adygeya; 29 = Kalmykia; 30 = Crimea;
31 = Krasnodar; 32 = Astrakhan; 33 = Volgograd; 34 = Rostov; 35 = Dagestan; 36 = Ingushetia;
37 = Kabardino-Balkaria; 38 = Karachaevo-Cherkessia; 39 = North Osetia-Alania; 40 = Chechnya;
41 = Stavropol; 42 = Bashkortostan; 43 = Mari El; 44 = Mordovia; 45 = Tatarstan; 46 = Udmurtia;
47 =Chuvashia; 48 = Perm; 49 =Kirov; 50 =Nizhny Novgorod; 51 =Orenburg; 52 = Penza; 53 = Samara;
54 = Saratov; 55 = Ulyanovsk; 56 = Kurgan; 57 = Sverdlovsk; 58 = Tyumen; 59 = Chelyabinsk;
60 = Khanty-Mansi; 61 = Yamal-Nenets; 62 = Altay Republic; 63 = Buryatia; 64 = Tyva; 65 = Khakasia;
66 = Altay; 67 = Zabaikalsk; 68 = Krasnoyarsk; 69 = Irkutsk; 70 = Kemerovo; 71 = Novosibirsk;
72 = Omsk; 73 = Tomsk; 74 = Sakha Yakutia; 75 = Kamchatka; 76 = Primorye; 77 = Khabarovsk;
78 = Amur; 79 =Magadan; 80 = Sakhalin; 81 = Jewish AO; 82 = Chukotka. The Republic of Crimea
was included in the study due to its current position as a territory under the de-facto control of
Russia. This in no way reflects the authors’ attitude to the international status of the area. Source:
Authors’ development.
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Figure 3. Russian territories: types of agricultural land activity. Note: 1 = Belgorod; 2 = Bryansk;
3 =Vladimir; 4 =Voronezh; 5 = Ivanovo; 6 =Kaluga; 7 =Kostroma; 8 =Kursk; 9 = Lipetsk; 10 =Moscow
Oblast; 11 = Orel; 12 = Ryazan; 13 = Smolensk; 14 = Tambov; 15 = Tver; 16 = Tula; 17 = Yaroslavl;
18 = Karelia; 19 = Komi; 20 = Arkhangelsk; 21 = Vologda; 22 = Kaliningrad; 23 = Leningrad;
24 =Murmansk; 25 = Novgorod; 26 = Pskov; 27 = Nenets; 28 = Adygeya; 29 = Kalmykia; 30 = Crimea;
31 = Krasnodar; 32 = Astrakhan; 33 = Volgograd; 34 = Rostov; 35 = Dagestan; 36 = Ingushetia;
37 = Kabardino-Balkaria; 38 = Karachaevo-Cherkessia; 39 = North Osetia-Alania; 40 = Chechnya;
41 = Stavropol; 42 = Bashkortostan; 43 = Mari El; 44 = Mordovia; 45 = Tatarstan; 46 = Udmurtia;
47 =Chuvashia; 48 = Perm; 49 =Kirov; 50 =Nizhny Novgorod; 51 =Orenburg; 52 = Penza; 53 = Samara;
54 = Saratov; 55 = Ulyanovsk; 56 = Kurgan; 57 = Sverdlovsk; 58 = Tyumen; 59 = Chelyabinsk;
60 = Khanty-Mansi; 61 = Yamal-Nenets; 62 = Altay Republic; 63 = Buryatia; 64 = Tyva; 65 = Khakasia;
66 = Altay; 67 = Zabaikalsk; 68 = Krasnoyarsk; 69 = Irkutsk; 70 = Kemerovo; 71 = Novosibirsk;
72 = Omsk; 73 = Tomsk; 74 = Sakha Yakutia; 75 = Kamchatka; 76 = Primorye; 77 = Khabarovsk;
78 = Amur; 79 =Magadan; 80 = Sakhalin; 81 = Jewish AO; 82 = Chukotka. The Republic of Crimea
was included in the study due to its current position as a territory under the de-facto control of
Russia. This in no way reflects the authors’ attitude to the international status of the area. Source:
Authors’ development.

3. Results

3.1. Composition of Land Funds

The analysis of land cadaster data across Russia’s Tj territories (Appendix B, Tables A9–A16)
allowed the discovery of a distinct regularity in the spatial distribution of agricultural lands. In southern
and central parts of the country (green belt between 45◦ and 55◦ north latitude), croplands prevailed in
the composition of the land funds (Figure 2). In the mountainous areas of North Caucasus, the blue
belt comprised the territories where rangelands and other agricultural lands predominated. In most
of the northern and eastern regions, the land funds were comprised of non-agricultural lands with a
minor proportion of cropland.
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3.2. Agricultural Land Activity

The ranking of Russia’s territories on a parameter of agricultural land activity resulted in higher
scores for the southern and central parts of the country than for Siberia and the Far East (Appendix C,
Tables A17–A24). Concurrently, some less apparent findings were yielded (Appendix D, Table A25).

First, in the Southern Federal District, an agricultural granary for the country, the land fund
composition was less agriculture-oriented compared to the Central and Volga districts and some
territories of Siberia. Specifically, for Krasnodar and Rostov, two green belt territories with a considerable
proportion of cropland in the structure of the land fund, the

∑
Rji values were well below the district

average. In some territories in the south and center, high ranks of cropland and rangeland were negated
by low ranks for barren lands, water reserve lands, residential, industrial, and infrastructure lands.

Second, in the Siberian Federal District, the
∑

Rji values nearly reached those values of the central
and southern districts due to the high scores of hayfields in Omsk and Novosibirsk. The green belt by
Altay was rated high for the proportion of cropland and other agricultural lands in the composition of
the land fund.

Third, the yellow and red belts in the Far East feature the least agriculture-oriented macroregion
in Russia. In Chukotka, Magadan, and Sakhalin, where woodlands and wetlands dominate the
composition of the land fund, the agricultural land categories were ranked the lowest among the
82 territories examined here. However, in Primorye, Khabarovsk, Amur, and Jewish Autonomous
Oblast, fallows, hayfields, and rangelands received high scores.

Following the obtained ranks, four Rj intervals were identified, each of which included Tj
territories according to the degrees of agricultural land activity. The grouping reproduced the earlier
revealed belt-like distribution of agricultural land, but with a modified configuration instead (Figure 3).

Generally, while the green belt shrank and shifted eastward, the blue one expanded and spread
north of the 55◦ latitude mark. In some of the previously yellow belt territories of the Northwestern,
Central, and Volga districts, perennial plantings and hayfields were ranked high enough to include
those regions as type II regions. In Siberia, the green belt included Omsk and Novosibirsk due to the
high rank of hayfields and the low rank of disturbed and barren lands. The blue belt stretched from
Ural (Tyumen and Chelyabinsk) to Siberia (Tomsk, Khakasia, Tyva, and the Altay Republic) and farther
to the Far East (Zabaikalsk and the Jewish Autonomous Oblast). In the south, the substantial activity
of residential, industrial, transportation, communication, and disturbed lands downgraded Krasnodar
to type III and Rostov and Crimea to type II. Ingushetia, Kabardino-Balkaria, Karachaevo-Cherkessia,
and Dagestan, on the contrary, broke forth to the green belt due to high scores of perennial plantings
and rangeland and low activity of wetlands, disturbed lands, and water reserve lands.

3.3. Correlation Analysis

In type I territories, the variations in the compositions of agricultural lands correlated with
the changes in the acreage of non-agricultural land for infrastructure, primarily transportation and
communication (the strongest correlation with cropland, perennial plantings, and hayfields) (Table 3).
Strong correlations were also revealed between the proportions of croplands and fallows, on one side,
and those of woodland and barren land on the other. The share of rangeland in the land fund was
strongly correlated with that of barren land.
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Table 3. Correlation matrix for type I territories.

Regressands
Regressors

ATRL1 ATRL2 ATRL3 ATRL4 ATRL5 ATRL6 ATRL7 ATRL8 ATRL9 ATRL10 ATRL11 ATRL12

ATRL2 0.5317
ATRL3 0.6206 0.7844
ATRL4 0.4195 0.2973 0.7109
ATRL5 0.6619 0.6836 0.3088 0.6619
ATRL6 0.5854 0.8127 0.3917 0.1485 0.5193
ATRL7 0.8863 0.7340 0.6226 0.6993 0.4286 0.3275
ATRL8 0.4001 0.4872 0.4345 0.7226 0.6719 0.5015 0.4812
ATRL9 0.8925 0.5100 0.7001 0.6133 0.7483 0.4990 0.6291 0.7255
ATRL10 0.9691 0.5902 0.9583 0.9121 0.4128 0.3802 0.8016 0.3476 0.2196
ATRL11 0.7779 0.2014 0.4296 0.7724 0.1944 0.8403 0.2974 0.7402 0.3209 0.7947
ATRL12 0.1803 0.7098 0.5044 0.1725 0.4592 0.6274 0.3076 0.1577 0.8182 0.2619 0.5044
ATRL13 0.3956 0.7317 0.3712 0.4594 0.8215 0.6619 0.4764 0.1810 0.4464 0.3118 0.6275 0.2999

Note: ATRLi = centered log-ratio-transformed data: ATRL1 = cropland; ATRL2 = fallow; ATRL3 = perennial plantings;
ATRL4 = hayfields; ATRL5 = rangeland; ATRL6 =woodlands; ATRL7 = forest range; ATRL8 =water reserve lands;
ATRL9 = residential and industrial lands; ATRL10 = lands under transportation and communication infrastructure;
ATRL11 = wetlands; ATRL12 = disturbed lands; ATRL13 = barren; bold denotes a strong correlation, CATRli > Ccv
(0.7022 for type I territories). Source: Authors’ development.

Similar to type I, in the type II group, a strong correlation was found between the shares of cropland
and perennial plantings and those of lands for transportation and communication infrastructure
(Table 4). Besides, since the blue belt predominantly was comprised of densely populated territories,
there was a correlation between the shares of croplands and residential lands. In many type II
territories, the contribution of woodlands and other forest ranges to the structure of the land fund was
essential. This fact might explain the high correlation between the composition of agricultural lands
and woodlands. In the south, where the climate and soil favor the development of horticulture and
viniculture (i.e., in Crimea, Adygeya, and Rostov), Ccv emphasized a strong correlation between the
proportions of perennial plantings and croplands within the agricultural land categories.

Table 4. Correlation matrix for type II territories.

Regressands
Regressors

ATRL1 ATRL2 ATRL3 ATRL4 ATRL5 ATRL6 ATRL7 ATRL8 ATRL9 ATRL10 ATRL11 ATRL12

ATRL2 0.3291
ATRL3 0.6719 0.4417
ATRL4 0.5213 0.8013 0.5016
ATRL5 0.2706 0.3814 0.1928 0.4836
ATRL6 0.8804 0.7512 0.7793 0.3391 0.8284
ATRL7 0.4817 0.5788 0.4801 0.6481 0.2662 0.4571
ATRL8 0.2940 0.6941 0.5592 0.5702 0.1827 0.2719 0.7027
ATRL9 0.7592 0.4290 0.7728 0.4817 0.5011 0.0458 0.2664 0.5822
ATRL10 0.8918 0.2811 0.9102 0.1482 0.7661 0.3443 0.1988 0.5591 0.6619
ATRL11 0.1157 0.1792 0.2866 0.7205 0.8003 0.4509 0.4295 0.3619 0.7268 0.1384
ATRL12 0.6834 0.3810 0.3017 0.0133 0.4506 0.7318 0.6040 0.0744 0.8112 0.6714 0.2857
ATRL13 0.2375 0.027 0.5993 0.2915 0.6266 0.5011 0.1302 0.2599 0.2004 0.2777 0.5296 0.4018

Note: ATRLi = centered log-ratio-transformed data: ATRL1 = cropland; ATRL2 = fallow; ATRL3 = perennial plantings;
ATRL4 = hayfields; ATRL5 = rangeland; ATRL6 =woodlands; ATRL7 = forest range; ATRL8 =water reserve lands;
ATRL9 = residential and industrial lands; ATRL10 = lands under transportation and communication infrastructure;
ATRL11 = wetlands; ATRL12 = disturbed lands; ATRL13 = barren; bold denotes a strong correlation, CATRli > Ccv
(0.5904 for type II territories). Source: Authors’ development.

The yellow belt included three types of territories, namely, northern territories, Siberia, and the
Far East, occupying over half of the territory of Russia, but only representing 12.3% of its agricultural
land, where the land use was primarily rangeland. The variations in the acreage of rangelands
strongly correlated with those of woodlands, other forest ranges, and wetlands (Table 5). The northern
locus included the territories of Russia’s northwest, the Ural region, and central Russia (i.e., north of
Moscow). In these highly industrialized but less populated territories, we revealed strong correlations
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between the proportions of croplands and barren land, as well as between those of perennial plantings
and disturbed lands. In the south, the yellow belt included Krasnodar, the principal breadbasket
territory of Russia. The share of cropland in the composition of Krasnodar’s land fund was 52.8%.
Krasnodar is also one of Russia’s most densely populated regions and is the most popular resort
area. The analysis demonstrated high correlations between the proportions of cropland and perennial
plantings, on one side, and the shares of residential and industrial lands and lands under transportation
and communication infrastructure on the other.

Table 5. Correlation matrix for type III territories.

Regressands
Regressors

ATRL1 ATRL2 ATRL3 ATRL4 ATRL5 ATRL6 ATRL7 ATRL8 ATRL9 ATRL10 ATRL11 ATRL12

ATRL2 0.5638
ATRL3 0.8819 0.4291
ATRL4 0.8025 0.4010 0.8211
ATRL5 0.2811 0.6388 0.9157 0.5037
ATRL6 0.9012 0.5917 0.8924 0.4545 0.7684
ATRL7 0.4709 0.7559 0.6713 0.7553 0.8315 0.2819
ATRL8 0.6880 0.7000 0.5004 0.3819 0.7700 0.4196 0.3358
ATRL9 0.8544 0.3093 0.8120 0.6594 0.5428 0.7920 0.3902 0.4971
ATRL10 0.7923 0.4458 0.7538 0.2888 0.4111 0.8328 0.7010 0.6947 0.7748
ATRL11 0.7001 0.6219 0.4816 0.1329 0.8148 0.1887 0.6409 0.5068 0.8591 0.2509
ATRL12 0.5493 0.7704 0.3309 0.8617 0.1499 0.2796 0.8419 0.3991 0.4404 0.7803 0.3012
ATRL13 0.8057 0.1295 0.7772 0.6026 0.2891 0.4905 0.3948 0.4819 0.9062 0.7696 0.0180 0.8016

Note: ATRLi = centered log-ratio-transformed data: ATRL1 = cropland; ATRL2 = fallow; ATRL3 = perennial plantings;
ATRL4 = hayfields; ATRL5 = rangeland; ATRL6 =woodlands; ATRL7 = forest range; ATRL8 =water reserve lands;
ATRL9 = residential and industrial lands; ATRL10 = lands under transportation and communication infrastructure;
ATRL11 = wetlands; ATRL12 = disturbed lands; ATRL13 = barren; bold denotes a strong correlation, CATRli > Ccv
(0.7458 for type III territories). Source: Authors’ development.

Type IV comprised the territories with the lowest activity of agricultural lands. The scarcity of
agricultural lands represented intercategory variations in the composition of the agricultural land fund.
The strongest correlations were identified between various categories of agricultural lands, specifically,
cropland and hayfields, on one side, and perennial plantings and rangeland on the other (Table 6).
The composition of the agricultural land fund was also affected by the proportions of barren land (in
Chukotka and Nenets), woodlands (in Leningrad and Murmansk), wetlands (in Murmansk), and water
reserve lands (in Yamal-Nenets).

Table 6. Correlation matrix for type IV territories.

Regressands
Regressors

ATRL1 ATRL2 ATRL3 ATRL4 ATRL5 ATRL6 ATRL7 ATRL8 ATRL9 ATRL10 ATRL11 ATRL12

ATRL2 0.4018
ATRL3 0.7301 0.3884
ATRL4 0.3899 0.3892 0.8496
ATRL5 0.6933 0.2594 0.7915 0.8101
ATRL6 0.6705 0.3217 0.4024 0.1788 0.2894
ATRL7 0.8111 0.7910 0.3881 0.2519 0.3221 0.7518
ATRL8 0.3595 0.6159 0.2053 0.3706 0.1553 0.2995 0.4085
ATRL9 0.4276 0.6757 0.5829 0.4881 0.7391 0.2709 0.7047 0.6586
ATRL10 0.6083 0.4792 0.7294 0.3201 0.3899 0.3892 0.3999 0.5993 0.3788
ATRL11 0.4291 0.7032 0.5022 0.2718 0.0377 0.4920 0.4793 0.2819 0.3003 0.2709
ATRL12 0.1829 0.0377 0.4603 0.6883 0.7418 0.3207 0.6991 0.1842 0.6309 0.5346 0.1442
ATRL13 0.6693 0.4871 0.7918 0.5593 0.1294 0.7622 0.0412 0.3909 0.1899 0.6511 0.2895 0.1566

Note: ATRLi = centered log-ratio-transformed data: ATRL1 = cropland; ATRL2 = fallow; ATRL3 = perennial plantings;
ATRL4 = hayfields; ATRL5 = rangeland; ATRL6 =woodlands; ATRL7 = forest range; ATRL8 =water reserve lands;
ATRL9 = residential and industrial lands; ATRL10 = lands under transportation and communication infrastructure;
ATRL11 = wetlands; ATRL12 = disturbed lands; ATRL13 = barren; bold denotes a strong correlation, CATRli > Ccv
(0.6293 for type IV territories). Source: Authors’ development.
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4. Discussion

The results, as expected, demonstrated that the compositions of the land funds in Russia vary
across territories. Echoing Bichler et al. [100], Chu [101], Smith et al. [102], and Bakker et al. [103], we
found that the distribution of agricultural lands is largely affected by natural factors, while agricultural
lands are spread unevenly across the country. At a regional scale, belt-type concentrations of cropland
suggest an agriculture-focused land distribution pattern in the southern and central areas of Russia.
This is consistent with the observations of Rounsevell et al. [104] and White and Engelen [105,106], who
revealed that agricultural land use tends to become concentrated in locations, reflecting the influence
of natural factors and neighboring land distribution patterns. Nevertheless, in particular territories,
the proportion of agricultural lands in the land funds do not match the type of agricultural land activity.

Emulating earlier studies by Mazurkin and Mihailova [70], Shishkina et al. [74], Mazurkin [69],
and Buckett [71], we revealed that the application of a land activity parameter could result in creating
a picture of land distribution patterns that are different from that which might be expected from
the knowledge of the proportions of individual land categories. Therefore, land distribution change
maps are not sufficient to capture specific finer-scale variations in the compositions of land funds at a
regional scale. In Russia, land tenure and demand for land have been the principal economic proxies
to map agricultural land distribution. According to Shagaida [107], the demand for agricultural land
varies significantly across Russia’s territories, depending on the degree of land consolidation. In the
course of land reform, the previously dominant state farms have transformed the organizational form
of their land use but still have persisted as the backbone of the agricultural sector [34,108]. In the
embryonic land market in the 1990–2000s, the establishment of new land tenure patterns had not
involved immediate changes in the distribution of land from big ex-Soviet agricultural enterprises to
individual owners [107]. Since land certificates do not specify land plots, most of the shareowners
have not withdrawn their land property from joint use by former collective farms. Over 70% of land in
Russia is still used by large enterprises for rent, 25% is contributed to the capital of large enterprises,
and only 4% is retained by private owners [109]. In the breadbasket southern and central European
territories of Russia, large agricultural holding companies have aggregated even more agricultural
land property when compared to the Soviet period [110].

To a large extent, the existing demand-based distribution matches the land activity map (Figure 3),
as the highest demand for land is identified in the central parts of the country close to Moscow.
This demand primarily exists due to non-agricultural businesses. For type I and II territories, this
correlates well with the finding of strong links between the proportions of agricultural land categories,
on one side, and those of residential, industrial, and infrastructure lands on the other. In type III
southern locus (Krasnodar), Lerman and Shagaida [20] reported high demand for land among corporate
farms. In that classification, type I and II territories are considered as less developed areas in terms of
agricultural production (sometimes even as “agriculturally depressed regions” ([20] p. 20)), where
corporate farms tend to reduce their holdings and abandon land plots. Our results, on the contrary,
demonstrated that in the south of European Russia, where the concentration of croplands is the highest,
agricultural land activity is lower compared to many other territories of the country.

In the territories where a high proportion of croplands coexist with low agricultural land activity,
many of the variations in the composition of a land fund could be explained by socio-economic factors.
Van de Steeg et al. [111] and Gärtner et al. [112] confirmed that the distribution of agricultural land
strongly correlates with the level of rural development, proximity to economic and market centers,
urbanization, and the demand for agricultural land from non-agricultural industries. Our study
revealed correlations between the proportions of agricultural and urban lands across type I–III
territories, which could represent losing agricultural land due to urban development. In type II
territories, the compositions of agricultural land funds are more affected by urban development than
the compositions of type I and III. These results supported the findings of Daniels [113], Su et al. [114],
Yeh and Huang [115], and Dredge [116], i.e., the proximity to urban development can be a powerful
predictor of changes in agricultural land use. Many scholars, including Parsipour et al. [117], Li et al. [118],
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and Al-Kofahi et al. [119], among others, agree that the accelerating urbanization has been causing
increasingly harmful effects on agricultural lands. In the case of Russia, we did not reveal the
acceleration of agriculture land loss in urbanized type I–III territories. What was revealed, however,
was the strengthening of the correlation between the variations in the compositions of agricultural
land funds and residential, industrial, and infrastructure lands. As Zubair et al. [120] and Lucero
and Tarlock [121] forecasted, such stronger associations would continue to put increasing pressure on
agricultural lands and result in more fragmented agricultural land use in the future.

Along with urbanization, an orientation of a land fund composition towards agricultural
production is determined by the population density [111,122]. In urbanized type I and II territories,
agricultural land use is affected by the variations in the acreage of residential lands. In agriculture-
oriented Krasnodar, Rostov, and Stavropol, the changes in agricultural land fund compositions are
mainly linked with those of lands for transportation and communication. This result was consistent
with what Ramadani and Bytyqi [123], Li et al. [118], and Al-Kofahi et al. [119] reported when assessing
the effects of more significant concentrations of the population on the lower proportions of agricultural
lands in a land fund.

Reversely, Meyfroidt et al. [124] and Nguyen et al. [125] revealed that in the industrialized
areas in Russia, where the density of population is lower, the concentration of abandoned lands is
higher. There is an array of studies that have reported a link between industrial growth, changes
in agricultural land distribution, and the degradation of farming opportunities internationally.
Explicitly, Oyebanji et al. [126] confirmed the existence of a positive long-term relationship between
industrialization and land loss in Nigeria. Deng and Li [127] revealed that the soil sealing effect
has resulted from industrial and infrastructure construction in China, while Müller and Sikor [128],
Milanova et al. [33], and Müller et al. [129] linked changes in agricultural land distribution and
agricultural abandonment in EU countries with unfavorable environmental conditions due to
increasing industrialization. The expansion of urban and industrial infrastructure not only triggers
agriculture-to-urban and agriculture-to-industry land transfers but also leads to the overexploitation
and degradation of remaining agricultural lands [127]. Many areas in Russia may soon face a reduction
in farming opportunities due to various kinds of environmental pollution. Many experts tend to explain
the unprecedented increase of barren land in Russia (by four million ha during the past two decades)
by the intensive exploitation of mineral resources and industrial construction [39,130]. Kashtanov [131]
and Dobrovolski [132] associated the expansion of industrial infrastructure with long-term and
irreversible losses of cropland in Russia. In support of the earlier findings of Sorokin et al. [130] and
Solgerel et al. [133] concerning the close relationships between industrial development and arable
acreage, strong correlations between the proportions of croplands, perennial plantings, and industrial
lands are revealed in both urbanized type I and II territories and sparsely populated yellow belt areas.

Distinct from urbanization, industrialization may affect agricultural land use in remote areas.
According to Sorokin et al. [130], most of the abandoned lands are located in the north of Russia.
This agrees well with our finding of strong correlations between the variations in the acreage of croplands,
disturbed lands, and barren lands in the north locus of the yellow belt. Prishchepov et al. [39] and
MacDonald et al. [134] also reported abandoned agricultural land concentrated in remote and isolated
industrialized areas in northern Russia. Nakvasina et al. [135] claimed that the proximity to urban
areas might be used as a critical criterion to transfer disturbed and barren lands back into agricultural
use. However, we did not identify strong correlations between the variations in agricultural land fund
compositions and residential lands for type III territories.

In diverse land activity patterns across the Russian territories, changes in the compositions
of agricultural and non-agricultural land funds depend on the degree of industrial development.
As mentioned by Postek et al. [136] and Prishchepov et al. [39], agricultural land loss due to increasing
industrialization causes the fragmentation of arable lands as smaller locations with lower productivity.
However, according to Popov [137], fragmentation is not a problem in agriculture-oriented areas
due to the excessive lease of agricultural land. The issue is particularly topical in territories where
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arable land is scarce, however [138,139]. Nefedova [140] reported that in northern and eastern parts of
Russia, agricultural land distribution is extremely fragmented. Our results demonstrated that in the
Russian North and Far East, low activity of cropland is coupled with the prevalence of hayfields in the
composition of the agricultural land funds there. High intragroup correlations between the proportions
of cropland, rangeland, hayfields, and perennial plantings in type IV territories confirm the observations
of King and Burton [141], Tan et al. [142], and Dhakal and Khanal [143], i.e., the fragmentation results
in the competition between the categories of agricultural lands.

We performed our analysis in the short-term, but it is commonly known that land transformations
(particularly, for croplands and annual crops) can be rapid, whereas transformations are slower
in grassland-livestock oriented areas and permanent crop areas. Nationally, the ongoing loss of
croplands may not have an immediate effect on the agricultural output of Russia. Still, this represents
enormous environmental, economic, and social costs that will be hard to absorb in terms of a long-term
perspective [144]. Griewald et al. [34] and Hunt et al. [145] outlined five principal drivers of long-term
change in agricultural land use in Russia, environmental drivers being one of them. Our findings
would allow one to expect that the evolution of land-use change will be affected by the pressure exerted
on ecosystems by various land management types [34]. While some authors, including Diputra and
Baek [146] and Mahcene et al. [147], reported little evidence that industrialization causes a significant
increase in disturbed land acreage, our results suggested that lower activity of agricultural land
categories is correlated with a higher activity of barren land, disturbed land, and industrial land.
Weaker, but still significant, correlations between the proportions of agricultural and industrial land
categories are revealed in type I and II territories here. In type IV territories, the contributions of
croplands and perennial plantings to regional land funds are also linked with variations in the acreage
of barren lands.

Among the drivers of land-use change, in the long run, there are also economic, social, technological,
and policy-related factors. Bukvareva et al. [148] stated that current land-use policies in Russia pay
little attention to the environmental costs associated with the re-use of abandoned lands. In light of the
economic recession that Russia has been experiencing since the mid-2010s, farmers tend to reinforce
the exploitation of all available lands to ensure sufficient income inflow. Often, this is done regardless
of whether some lands are of high environmental value or are socioeconomically marginal [29]. In the
short-term perspective, we did not reveal an increase in the acreage of croplands due to the use of other
categories of agricultural land. To some extent, however, the correlations between the proportions
of agricultural land categories are identified in type III territories. In these yellow belt areas, land
reclamation programs will require substantial investments for clearing forested land, liming, and other
works. In the short-term, high reclamation costs along with poor soil quality may reduce expected
economic returns [149]; however, in the long run, the incentives for reclamation may grow as both the
availability and quality of croplands in type I and II territories degrade. Such a perspective highlights
the need for a deeper investigation of the variations in land fund compositions within a sustainable
agricultural land management approach as a component of the broader economic and environmental
system [150,151].

5. Conclusions

In recent decades, there has been increasing concern for ensuring the effective utilization of
agricultural land due to the limited area of highly productive arable land and the growing demand for
food and farming products internationally. In Russia, an orientation of state policy towards the growth
of agricultural production, along with a low level of environmental awareness among farmers, has
impeded the prospects of sustainable land management as an integral aspect of land use planning.
The degradation of agricultural lands due to irrational use has posed environmental, economic,
and social threats to the national development objectives of land management in many territories of the
country. As most studies in Russia have focused on land changes between the categories of agricultural
land, the influence of agriculture-to-urban and agriculture-to-industry transfers has been downplayed.
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We conducted this work, intending to study such variations by revealing the interdependencies
between the proportions of agricultural land categories, on the one hand, and urban, industrial,
and other types of land on the other. First, land distribution was mapped based on a share of
agricultural lands in a composition of a land fund and, second, by a “land activity rating” of Russia’s
territories. Such a two-step approach to mapping allowed us to find that the proportions of agricultural
lands in the composition of a land fund do not appropriately reveal the variations in the activities of
agricultural land categories. In the territories, where agricultural lands dominated in the structure of a
land fund, the agricultural land activity could be depressed by high proportions of non-agricultural
lands. In urbanized and densely populated territories, the composition of the agricultural land fund
was predominantly affected by the changes in the acreage of residential and industrial lands, as well as
the lands for transportation and communication. In industrialized but underpopulated territories,
the acreages of croplands and perennial plantings were strongly correlated with those of disturbed
and barren lands. We also found that lower land activity tended to increase the variations within
the agricultural land fund, which might indicate intercategory competition for more fertile, more
productive, and better-located agricultural lands.

By establishing and testing the five-stage algorithm, we attempted to solve the scientific problem
of low awareness in the causality between land-use processes and the composition of the land funds at
regional scales. As distinguished from previous studies in the area, we investigated variations in the
compositions of a land fund as interactions between the proportions of agricultural and non-agricultural
lands. Practically, in territory-scale studies, such an approach might complement regionally adapted
monitoring networks by targeting the mismatches between the cadaster-based mappings of agricultural
land distributions and ranking-based activities of agricultural lands. Theoretically, such an algorithm
allows one to capture the complex relationships of a variety of land categories and the resulting
correlations between their proportions, therefore, being applicable for studying territorial land-use
patterns, the simulation of agricultural land distribution systems, and the extrapolation of current
trends into the future. Potentially, the algorithm is suitable for numerous locations. However, one
of the limitations of the current study was that it used the Russian system of land statistics, which is
built on thirteen land categories. Due to the different sources of land use data in different countries,
an adjustment of the array of land categories to a national land reporting system is needed when
implementing the method in a broader international context. Another limitation that could potentially
challenge cross-country comparisons is the different sizes of territorial units. Russia’s case demonstrates
that this problem may arise even within one country, where territories substantially differ in size.
In an attempt to overcome a data discrepancy obstacle, we conversed cadastral classification data
into land-rating values. To address the diversity of territories, we used an agricultural land activity
parameter. This allowed us to adjust agricultural and non-agricultural-oriented ranking systems to
make them comparable. Nevertheless, further research is needed to assess to what extent the approach
would be able to appropriately picture variations in agricultural land activity patterns in the conditions
of information asymmetries among countries.
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Appendix A

Table A1. Land acreage data of the Central Federal District in thousand hectares. Mean values
for 2010–2018.

Territory Total L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13

T1 2713.4 1645.2 0 34.0 55.8 399.3 241.9 90.5 25.1 73.1 57.9 22.5 6.5 61.6
T2 3485.7 1174.9 121.4 26.0 205.5 346.5 1183.6 121.4 31.6 56.8 72.0 75.1 5.1 65.8
T3 2908.4 605.7 46.6 20.0 163.9 159.1 1582.7 74.9 32.7 38.0 75.0 38.3 16.3 55.2
T4 5221.6 3046.2 41.9 52.8 159.0 776.8 482.4 149.5 64.0 113.4 121.1 40.6 1.9 172.0
T5 2143.7 565.9 9.8 9.0 124.1 112.5 1047.8 28.5 65.0 42.0 51.2 50.3 7.4 30.2
T6 2977.7 956.1 36.1 21.0 131.2 232.2 1376.9 35.5 21.0 56.9 50.2 28.6 2.1 29.9
T7 6021.1 655.0 31.2 5.6 154.5 148.3 4574.1 98.9 97.0 35.6 101.7 86.8 5.7 26.7
T8 2999.7 1943.4 0.7 27.9 101.6 364.3 249.3 68.1 38.3 56.4 72.5 32.1 11.0 34.1
T9 2404.7 1553.9 0.1 35.2 83.6 281.0 190.7 61.4 27.0 47.9 61.7 16.4 2.5 43.3
T10 4579.9 1130.3 6.7 113.9 183.0 229.4 1998.3 35.2 90.1 303.1 158.8 50.6 34.7 98.8
T11 2465.2 1570.0 55.7 25.3 58.6 341.5 203.1 74.2 14.4 21.9 72.8 3.8 0.7 23.2
T12 3960.5 1535.2 26.1 24.6 202.6 722.4 1067.8 66.3 67.2 37.1 105.1 55.4 6.6 44.1
T13 4977.9 1461.7 17.7 19.5 215.1 380.0 2167.6 357.6 53.7 55.7 86.5 115.3 18.0 29.5
T14 3446.2 2127.5 9.6 32.4 166.0 388.8 371.7 97.9 42.8 55.1 60.8 43.9 1.7 48.0
T15 8420.1 1504.3 19.4 14.7 379.1 501.0 4742.2 233.3 248.1 96.9 116.4 465.2 20.3 79.2
T16 2567.9 1554.4 7.6 45.0 67.9 298.0 372.3 43.0 22.8 32.3 90.4 1.9 10.0 22.3
T17 3617.7 793.3 0.3 14.6 123.7 196.1 1725.7 93.0 386.8 59.4 65.8 109.7 15.2 34.1

Note: T1 = Belgorod; T2 = Bryansk; T3 = Vladimir; T4 = Voronezh; T5 = Ivanovo; T6 = Kaluga; T7 = Kostroma;
T8 = Kursk; T9 = Lipetsk; T10 = Moscow Oblast; T11 = Orel; T12 = Ryazan; T13 = Smolensk; T14 = Tambov;
T15 = Tver; T16 = Tula; T17 = Yaroslavl; L(1–13) = acreage of Li category, thousand hectares: L1 = cropland; L2 = fallow;
L3 = perennial plantings; L4 = hayfields; L5 = rangeland; L6 = woodlands; L7 = forest range; L8 = water reserve
lands; L9 = residential and industrial lands; L10 = lands under transportation and communication infrastructure;
L11 =wetlands; L12 = disturbed lands; L13 = barren. Source: Authors’ development.

Table A2. Land acreage data of Northwestern Federal District in thousand hectares. Mean values
for 2010–2018.

Territory Total L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13

T18 18,052.0 82.3 0.1 5.9 85.4 39.2 9850.2 22.1 4188.2 38.3 87.6 3543.6 13.4 95.7
T19 41,677.4 102.4 0 6.5 239.6 69.6 31,093.5 135.6 641.5 48.2 144.8 4073.1 15.8 5106.8
T20 41,310.3 302.5 1.8 9.1 304.1 109.8 22,948.6 126.3 811.5 93.3 131.3 5823.3 5.5 10,643.2
T21 14,452.7 822.0 48.0 9.4 343.9 225.2 10,456.4 330.9 658.6 38.3 178.3 1271.8 22.2 47.7
T22 1512.5 392.6 0 14.3 153.6 248.9 295.1 18.8 200.3 40.6 40.9 31.0 4.4 72.0
T23 8390.8 434.1 0 44.4 194.6 125.4 5015.7 125.3 1266.8 58.7 112.7 830.0 23.0 160.1
T24 14,490.2 19.4 0 3.1 2.8 0.3 5383.6 580.8 1191.5 37.1 31.3 5701.2 19.7 1519.4
T25 5450.1 510.6 4.2 6.1 173.1 135.9 3580.9 138.6 174.8 25.5 69.8 548.5 10.4 71.7
T26 5539.9 744.3 186.4 20.5 279.0 280.9 2249.0 785.3 375.3 34.8 71.9 476.2 8.9 27.4
T27 17,681.0 0.2 0 0 19.8 5.7 1740.8 1439.2 1000.5 12.8 10.8 3381.8 2.5 10,066.9

Note: T18 = Karelia; T19 = Komi; T20 = Arkhangelsk; T21 = Vologda; T22 = Kaliningrad; T23 = Leningrad;
T24 =Murmansk; T25 =Novgorod; T26 = Pskov; T27 =Nenets; L(1–13) = acreage of Li category, thousand hectares:
L1 = cropland; L2 = fallow; L3 = perennial plantings; L4 = hayfields; L5 = rangeland; L6 =woodlands; L7 = forest
range; L8 = water reserve lands; L9 = residential and industrial lands; L10 = lands under transportation and
communication infrastructure; L11 = wetlands; L12 = disturbed lands; L13 = barren. Source: Authors’ development.

Table A3. Land acreage data of the Southern Federal District in thousand hectares. Mean values
for 2010–2018.

Territory Total L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13

T28 779.2 259.6 0.3 9.3 4.9 85.7 288.8 7.7 53.5 22.1 18.8 4.0 0.3 24.2
T29 7473.1 836.9 10.6 2.5 103.2 5363.6 32.6 42.3 175.6 32.2 65.1 123.5 4.0 681.0
T30 2608.1 1271.6 10.6 75.8 1.9 433.6 266.2 35.0 211.7 118.8 43.4 5.2 1.5 132.8
T31 7548.5 3985.4 0.2 125.2 63.1 531.1 1541.3 158.7 385.6 202.9 196.0 179.6 5.4 174.0
T32 4902.4 352.0 6.7 9.8 404.8 2482.7 104.2 19.5 684.6 28.2 57.4 114.7 0.5 637.3
T33 11,287.7 5854.0 4.7 42.8 206.9 2652.8 591.0 131.3 489.8 165.9 117.6 35.2 3.0 992.7
T34 10,096.7 5907.3 0 58.2 88.4 2459.2 293.0 281.9 346.1 150.8 220.5 55.0 7.1 229.2

Note: T28 = Adygeya; T29 = Kalmykia; T30 = Crimea; T31 = Krasnodar; T32 = Astrakhan; T33 = Volgograd;
T34 = Rostov; L(1–13) = acreage of Li category, thousand hectares: L1 = cropland; L2 = fallow; L3 = perennial plantings;
L4 = hayfields; L5 = rangeland; L6 =woodlands; L7 = forest range; L8 =water reserve lands; L9 = residential and
industrial lands; L10 = lands under transportation and communication infrastructure; L11 =wetlands; L12 = disturbed
lands; L13 = barren. Source: Authors’ development.

194



Land 2020, 9, 201

Table A4. Land acreage data of the North Caucasian Federal District in thousand hectares. Mean
values for 2010–2018.

Territory Total L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13

T35 5027.0 520.1 4.8 72.4 162.3 2588.6 585.0 57.2 176.9 34.5 63.0 20.6 2.5 739.1
T36 362.8 111.0 0 4.7 9.7 96.6 101.0 2.3 1.7 4.5 5.5 0.1 0.1 25.6
T37 1247.0 300.7 0 30.1 56.3 309.3 196.8 13.3 15.5 17.6 26.8 1.2 1.0 278.4
T38 1427.7 161.1 3.8 4.9 140.9 353.2 431.2 9.7 22.5 13.9 14.1 1.3 0.8 270.3
T39 798.7 202.4 0.4 5.1 23.2 169.7 205.9 9.7 11.5 19.1 12.0 0.5 0.3 138.9
T40 1564.7 332.2 0.2 11.0 56.8 575.2 336.0 27.6 28.6 43.4 21.5 2.7 1.4 128.1
T41 6616.0 3998.6 14.0 44.2 104.9 1625.8 110.2 144.1 127.0 107.5 147.9 28.8 3.4 159.6

Note: T35 = Dagestan; T36 = Ingushetia; T37 = Kabardino-Balkaria; T38 = Karachaevo-Cherkessia; T39 = North
Osetia-Alania; T40 = Chechnya; T41 = Stavropol; L(1–13) = acreage of Li category, thousand hectares: L1 = cropland;
L2 = fallow; L3 = perennial plantings; L4 = hayfields; L5 = rangeland; L6 = woodlands; L7 = forest range;
L8 =water reserve lands; L9 = residential and industrial lands; L10 = lands under transportation and communication
infrastructure; L11 =wetlands; L12 = disturbed lands; L13 = barren. Source: Authors’ development.

Table A5. Land acreage data of the Volga Federal District in thousand hectares. Mean values
for 2010–2018.

Territory Total L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13

T42 14,294.7 3670.5 0 43.6 1266.7 2346.1 5765.6 227.9 149.9 132.1 260.1 50.8 17.2 364.2
T43 2337.5 472.1 128.0 7.9 56.6 108.2 1340.6 18.9 85.0 26.2 39.5 33.1 1.4 20.0
T44 2612.8 1084.8 56.8 14.5 62.3 437.2 726.1 64.8 20.8 33.5 53.0 15.9 1.5 41.6
T45 6784.7 3420.6 0.7 41.1 144.2 932.8 1199.1 129.4 451.6 141.7 157.8 50.6 4.8 110.3
T46 4206.1 1382.3 9.3 15.2 112.5 321.5 2019.1 102.0 53.8 36.2 99.5 16.7 5.3 32.7
T47 1834.3 806.3 6.2 19.9 48.3 153.8 603.6 17.5 48.1 35.3 60.1 5.1 0.5 29.6
T48 16,023.6 1980.7 67.8 25.4 388.8 376.5 11,749.2 145.5 399.6 124.1 209.1 369.8 8.5 178.6
T49 12,037.4 2480.3 51.8 15.0 374.2 399.1 7949.0 150.6 118.0 48.7 148.4 133.3 12.9 156.1
T50 7662.4 2035.8 180.0 33.8 218.6 642.5 3817.1 90.2 162.7 112.8 143.4 123.0 6.0 96.5
T51 12,370.2 6115.3 0 23.0 698.0 3979.5 618.6 199.3 111.3 158.7 184.7 15.3 13.0 253.5
T52 4335.2 2263.6 153.4 22.5 71.4 528.1 975.7 77.2 42.2 59.7 89.7 13.5 0.9 37.3
T53 5356.5 2937.5 103.5 42.3 67.0 847.5 685.6 104.5 226.0 103.0 123.7 42.0 3.9 70.0
T54 10,124.0 5981.1 0 39.9 122.2 2400.5 614.2 121.2 357.9 113.3 149.4 19.2 2.4 202.7
T55 3718.1 1655.7 105.8 17.7 37.8 390.3 1035.2 55.0 228.5 34.8 85.6 10.7 1.4 59.6

Note: T42 = Bashkortostan; T43 = Mari El; T44 = Mordovia; T45 = Tatarstan; T46 = Udmurtia; T47 = Chuvashia;
T48 = Perm; T49 = Kirov; T50 = Nizhny Novgorod; T51 = Orenburg; T52 = Penza; T53 = Samara; T54 = Saratov;
T55 = Ulyanovsk; L(1–13) = acreage of Li category, thousand hectares: L1 = cropland; L2 = fallow; L3 = perennial
plantings; L4 = hayfields; L5 = rangeland; L6 =woodlands; L7 = forest range; L8 =water reserve lands; L9 = residential
and industrial lands; L10 = lands under transportation and communication infrastructure; L11 = wetlands;
L12 = disturbed lands; L13 = barren. Source: Authors’ development.

Table A6. Land acreage data of the Ural Federal District in thousand hectares. Mean values for 2010–2018.

Territory Total L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13

T56 7148.8 2402.6 459.3 12.4 559.0 1024.8 1759.5 37.2 318.7 49.1 86.3 383.9 1.1 54.9
T57 19,430.7 1470.4 99.5 32.4 624.3 351.1 13,631.8 230.7 262.3 162.4 228.5 2046.2 61.8 229.3
T58 16,012.2 1353.0 364.7 11.7 895.8 756.7 7112.8 144.9 508.5 80.0 96.1 4609.1 4.6 74.3
T59 8852.9 3058.8 55.0 38.3 591.1 1352.0 2707.3 75.2 275.9 137.8 145.5 192.7 31.8 191.5
T60 53,480.1 13.1 3.0 10.5 343.8 259.7 28,693.6 156.5 3185.4 141.6 170.7 19,913.4 55.7 533.1
T61 76,925.0 0.9 0 0.2 165.3 57.3 18,763.5 4380.3 13,319.9120.5 170.7 14,798.8 103.7 25,043.9

Note: T56 = Kurgan; T57 = Sverdlovsk; T58 = Tyumen; T59 = Chelyabinsk; T60 = Khanty-Mansi; T61 = Yamal-Nenets;
L(1–13) = acreage of Li category, thousand hectares: L1 = cropland; L2 = fallow; L3 = perennial plantings; L4 = hayfields;
L5 = rangeland; L6 = woodlands; L7 = forest range; L8 = water reserve lands; L9 = residential and industrial
lands; L10 = lands under transportation and communication infrastructure; L11 =wetlands; L12 = disturbed lands;
L13 = barren. Source: Authors’ development.
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Table A7. Land acreage data of the Siberian Federal District in thousand hectares. Mean values
for 2010–2018.

Territory Total L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13

T62 9290.3 143.5 2.2 1.7 120.9 1522.8 4357.7 190.0 86.3 10.9 23.1 73.3 0.4 2757.5
T63 35,133.4 829.6 61.6 8.2 389.6 1856.8 23,660.6 220.7 2409.0 73.2 86.3 487.3 7.8 5042.7
T64 16,860.4 191.3 147.9 0.9 76.5 3416.6 8667.2 450.1 228.1 21.7 29.3 1026.4 5.5 2598.9
T65 6156.9 685.0 40.0 7.3 160.4 1022.5 3288.9 23.1 112.2 30.0 39.3 32.1 12.7 703.4
T66 16,799.6 6654.4 298.9 27.8 1235.6 2789.7 4029.3 205.8 442.6 131.9 195.5 374.7 3.6 409.8
T67 43,189.2 484.1 951.5 5.7 1722.6 4481.7 30,782.9 497.5 318.7 152.1 114.3 1076.9 24.2 2577.0
T68 236,679.7 3120.1 136.4 37.4 781.8 1334.1 120,936.8 3185.0 9221.5 175.3 182.5 22,690.2 17.3 74,861.3
T69 77,484.6 1734.5 3.3 30.0 390.1 640.8 66,080.5 235.1 2639.0 165.1 260.9 1709.4 26.3 3569.6
T70 9572.5 1539.4 0.1 27.1 471.3 582.5 6074.7 163.2 91.7 107.5 174.5 90.5 83.4 166.6
T71 17,775.6 3772.1 81.0 33.6 2197.9 2315.0 4799.2 280.3 766.5 102.4 166.8 3059.6 1.7 199.5
T72 14,114.0 4156.6 175.9 26.5 1096.2 1265.5 4667.7 89.4 289.8 93.9 150.7 2026.8 5.0 70.0
T73 31,439.1 675.9 1.3 9.4 479.9 204.5 19,939.9 88.1 608.3 42.5 87.9 9173.9 7.1 120.4

Note: T62 = Altay Republic; T63 = Buryatia; T64 = Tyva; T65 = Khakasia; T66 = Altay; T67 = Zabaikalsk;
T68 = Krasnoyarsk; T69 = Irkutsk; T70 = Kemerovo; T71 =Novosibirsk; T72 =Omsk; T73 = Tomsk; L(1–13) = acreage of
Li category, thousand hectares: L1 = cropland; L2 = fallow; L3 = perennial plantings; L4 = hayfields; L5 = rangeland;
L6 =woodlands; L7 = forest range; L8 =water reserve lands; L9 = residential and industrial lands; L10 = lands under
transportation and communication infrastructure; L11 = wetlands; L12 = disturbed lands; L13 = barren. Source:
Authors’ development.

Table A8. Land acreage data of the Far Eastern Federal District in thousand hectares. Mean values
for 2010–2018.

Territory Total L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13

T74 308,352.3 105.3 19.0 1.0 719.5 795.4 164,862.0 1837.7 13,087.5 82.6 129.1 19,783.6 30.9 106,898.7
T75 46,427.5 64.3 1.0 5.3 97.3 307.7 26,810.0 305.8 844.5 16.3 17.0 2523.3 2.9 15,432.1
T76 16,467.3 755.0 60.8 25.9 361.8 445.9 13,023.3 407.6 424.6 111.1 101.3 466.9 16.8 266.3
T77 78,763.3 98.4 25.1 16.8 401.9 123.4 59,571.6 231.8 1476.3 79.3 95.7 5605.9 6.1 11,031.0
T78 36,190.8 1577.2 244.0 11.9 418.0 482.5 26,136.8 268.4 1151.0 54.1 136.3 4794.1 12.7 903.8
T79 46,246.4 23.8 3.5 0.1 51.5 42.6 28,467.1 340.8 477.3 9.5 14.5 4815.4 77.4 11,922.9
T80 8710.1 51.2 0 7.6 63.6 60.0 6607.9 347.5 233.2 34.0 33.1 642.0 10.5 619.5
T81 3627.1 94.6 70.3 3.1 119.2 250.0 1783.2 139.1 35.3 12.1 20.7 914.5 1.5 183.5
T82 72,148.1 0.1 0 0 8.2 0.3 13,015.1 3878.3 2442.7 4.5 22.2 2833.0 47.5 49,896.2

Note: T74 = Sakha Yakutia; T75 = Kamchatka; T76 = Primorye; T77 = Khabarovsk; T78 = Amur; T79 =Magadan;
T80 = Sakhalin; T81 = Jewish AO; T82 = Chukotka; L(1–13) = acreage of Li category, thousand hectares: L1 = cropland;
L2 = fallow; L3 = perennial plantings; L4 = hayfields; L5 = rangeland; L6 = woodlands; L7 = forest range;
L8 =water reserve lands; L9 = residential and industrial lands; L10 = lands under transportation and communication
infrastructure; L11 =wetlands; L12 = disturbed lands; L13 = barren. Source: Authors’ development.
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Table A10. Activity per land category in Russia, Northwestern Federal District. Mean values
for 2010–2018.

Parameter T18 T19 T20 T21 T22 T23 T24 T25 T26 T27 AT(18–27)Li

L1 0.005 0.002 0.007 0.057 0.260 0.052 0.001 0.094 0.134 0 0.020
VL1 - - - +0.004 −0.005 +0.002 - −0.002 +0.003 -
L2 0 0 0 0.003 0 0 0 0.001 0.034 0 0.001

VL2 - - - - - - - - −0.003 -
L3 0 0 0 0.001 0.009 0.005 0 0.001 0.004 0 0.001

VL3 - - - - +0.001 −0.001 - - - -
L4 0.005 0.006 0.007 0.024 0.102 0.023 0 0.032 0.050 0.001 0.011

VL4 +0.001 −0.001 +0.001 −0.003 +0.004 −0.002 - +0.001 +0.003 -
L5 0.002 0.002 0.003 0.016 0.165 0.015 0 0.025 0.051 0 0.007

VL5 - - - +0.002 −0.005 +0.001 - +0.001 −0.003 -
L6 0.546 0.746 0.556 0.723 0.195 0.598 0.372 0.657 0.406 0.098 0.549

VL6 +0.012 −0.009 +0.004 −0.033 +0.017 −0.005 +0.023 −0.008 +0.014 +0.002
L7 0.001 0.003 0.003 0.023 0.012 0.015 0.040 0.025 0.142 0.081 0.022

VL7 - - - +0.002 - - −0.001 −0.001 −0.011 +0.002
L8 0.232 0.015 0.020 0.046 0.132 0.151 0.082 0.032 0.068 0.057 0.062

VL8 +0.006 −0.001 - +0.002 +0.004 −0.003 - - +0.001 +0.002
L9 0.002 0.001 0.002 0.003 0.027 0.007 0.003 0.005 0.006 0.001 0.003

VL9 - - - - −0.003 - - - +0.001 -
L10 0.005 0.003 0.003 0.012 0.027 0.013 0.002 0.013 0.013 0.001 0.005

VL10 −0.001 - - +0.001 −0.002 - - - −0.001 -
L11 0.196 0.098 0.141 0.088 0.020 0.099 0.393 0.101 0.086 0.191 0.152

VL11 +0.004 −0.003 +0.010 +0.003 - −0.002 +0.007 −0.013 −0.002 +0.004
L12 0.001 0 0 0.002 0.003 0.003 0.001 0.002 0.002 0 0.001

VL12 - - - - - - - - - -
L13 0.005 0.123 0.258 0.003 0.048 0.019 0.105 0.013 0.005 0.569 0.165

VL13 −0.004 −0.023 +0.011 - +0.014 +0.008 +0.025 +0.005 −0.004 +0.054

Note: T18 = Karelia; T19 = Komi; T20 = Arkhangelsk; T21 = Vologda; T22 = Kaliningrad; T23 = Leningrad;
T24 =Murmansk; T25 = Novgorod; T26 = Pskov; T27 = Nenets; L(1–13) = portion of Li category in a composition
of the land fund in Tj territory, percentage: L1 = cropland; L2 = fallow; L3 = perennial plantings; L4 = hayfields;
L5 = rangeland; L6 = woodlands; L7 = forest range; L8 = water reserve lands; L9 = residential and industrial
lands; L10 = lands under transportation and communication infrastructure; L11 =wetlands; L12 = disturbed lands;
L13 = barren; VL(1–13) = variability of L(1–13), i.e., change in 2018 compared to 2010; “-” = no change or insignificant
change. Source: Authors’ development.

Table A11. Activity per land category in Russia, Southern Federal District. Mean values for 2010–2018.

Parameter T28 T29 T30 T31 T32 T33 T34 AT(28–34)Li

L1 0.333 0.112 0.488 0.528 0.072 0.519 0.585 0.413
VL1 −0.002 −0.007 - −0.001 +0.003 −0.007 +0.004
L2 0 0.001 0.004 0 0.001 0 0 0.001

VL2 - - +0.001 - - - -
L3 0.012 0 0.029 0.017 0.002 0.004 0.006 0.007

VL3 +0.002 - −0.003 +0.002 - - +0.001
L4 0.006 0.014 0.001 0.008 0.083 0.018 0.009 0.020

VL4 - −0.001 - - +0.004 +0.002 −0.005
L5 0.110 0.718 0.166 0.070 0.506 0.235 0.244 0.313

VL5 −0.006 +0.005 −0.003 −0.004 −0.010 +0.009 +0.003
L6 0.371 0.004 0.102 0.204 0.021 0.052 0.029 0.070

VL6 +0.004 - −0.002 +0.005 −0.001 −0.002 −0.003
L7 0.010 0.006 0.013 0.021 0.004 0.012 0.028 0.015

VL7 - - +0.001 −0.002 - - +0.002
L8 0.069 0.023 0.081 0.051 0.140 0.043 0.034 0.052

VL8 −0.006 +0.001 −0.003 +0.002 −0.005 - -
L9 0.028 0.004 0.046 0.027 0.006 0.015 0.015 0.016

VL9 +0.002 - −0.001 +0.001 - - +0.001
L10 0.024 0.009 0.017 0.026 0.012 0.010 0.022 0.016

198



Land 2020, 9, 201

Table A11. Cont.

Parameter T28 T29 T30 T31 T32 T33 T34 AT(28–34)Li

VL10 −0.001 - +0..002 - - - −0.001
L11 0.005 0.017 0.002 0.024 0.023 0.003 0.005 0.012

VL11 - +0.001 - - +0.001 - -
L12 0 0.001 0.001 0.001 0 0 0.001 0

VL12 - - - - - - -
L13 0.031 0.091 0.051 0.023 0.130 0.088 0.023 0.064

VL13 +0.013 +0.014 - +0.004 +0.033 +0.021 +0.004

Note: T28 = Adygeya; T29 = Kalmykia; T30 = Crimea; T31 = Krasnodar; T32 = Astrakhan; T33 = Volgograd;
T34 = Rostov; L(1–13) = portion of Li category in a composition of the land fund in Tj territory, percentage:
L1 = cropland; L2 = fallow; L3 = perennial plantings; L4 = hayfields; L5 = rangeland; L6 =woodlands; L7 = forest
range; L8 = water reserve lands; L9 = residential and industrial lands; L10 = lands under transportation and
communication infrastructure; L11 =wetlands; L12 = disturbed lands; L13 = barren; VL(1–13) = variability of L(1–13),
i.e., change in 2018 compared to 2010; “-” = no change or insignificant change. Source: Authors’ development.

Table A12. Activity per land category in Russia, North Caucasian Federal District. Mean values
for 2010–2018.

Parameter T35 T36 T37 T38 T39 T40 T41 AT(35–41)Li

L1 0.103 0.306 0.241 0.113 0.253 0.212 0.604 0.330
VL1 +0.002 −0.003 +0.006 +0.002 −0.003 +0.004 +0.011
L2 0.001 0 0 0.003 0.001 0 0.002 0.001

VL2 - - - - - - -
L3 0.014 0.013 0.024 0.003 0.006 0.007 0.007 0.010

VL3 −0.001 +0.002 −0.005 - - +0.001 −0.001
L4 0.032 0.027 0.045 0.099 0.029 0.036 0.016 0.033

VL4 +0.003 +0.004 - +0.002 +0.002 −0.001 +0.002
L5 0.515 0.266 0.248 0.247 0.212 0.368 0.246 0.336

VL5 −0.006 −0.004 −0.007 +0.002 +0.011 +0.006 −0.004
L6 0.116 0.278 0.158 0.302 0.258 0.215 0.017 0.115

VL6 −0.003 +0.006 +0.012 −0.008 −0.003 −0.005 +0.002
L7 0.011 0.006 0.011 0.007 0.012 0.018 0.022 0.015

VL7 - - −0.001 - +0.003 −0.002 +0.004
L8 0.035 0.005 0.012 0.016 0.014 0.018 0.019 0.023

VL8 +0.004 - −0.001 −0.002 +0.003 +0.001 −0.003
L9 0.007 0.012 0.014 0.010 0.024 0.028 0.016 0.014

VL9 - +0.001 +0.002 - −0.001 +0.003 +0.001
L10 0.013 0.015 0.021 0.010 0.015 0.014 0.022 0.017

VL10 −0.002 - - - +0.001 −0.002 −0.003
L11 0.004 0 0.001 0.001 0.001 0.002 0.004 0.003

VL11 - - - - - - −0.001
L12 0 0 0.001 0.001 0 0.001 0.001 0.001

VL12 - - - - - - -
L13 0.147 0.071 0.223 0.189 0.174 0.082 0.024 0.102

VL13 +0.010 +0.009 +0.021 +0.021 +0.044 +0.005 +0.005

Note: T35 = Dagestan; T36 = Ingushetia; T37 = Kabardino-Balkaria; T38 = Karachaevo-Cherkessia; T39 = North
Osetia-Alania; T40 = Chechnya; T41 = Stavropol; L(1–13) = portion of Li category in a composition of the land fund
in Tj territory, percentage: L1 = cropland; L2 = fallow; L3 = perennial plantings; L4 = hayfields; L5 = rangeland;
L6 = woodlands; L7 = forest range; L8 = water reserve lands; L9 = residential and industrial lands; L10 = lands
under transportation and communication infrastructure; L11 = wetlands; L12 = disturbed lands; L13 = barren;
VL(1–13) = variability of L(1–13), i.e., change in 2018 compared to 2010; “-” = no change or insignificant change. Source:
Authors’ development.
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Table A14. Activity per land category in Russia, Ural Federal District. Mean values for 2010–2018.

Parameter T56 T57 T58 T59 T60 T61 AT(56–61)Li

L1 0.336 0.076 0.084 0.346 0 0 0.046
VL1 +0.012 −0.002 −0.001 +0.003 - -
L2 0.064 0.005 0.023 0.006 0 0 0.005

VL2 +0.002 - −0.002 −0.001 - -
L3 0.002 0.002 0.001 0.004 0 0 0.001

VL3 +0.001 - - +0.001 - -
L4 0.078 0.032 0.056 0.067 0.006 0.002 0.017

VL4 +0.004 −0.002 +0.003 +0.004 +0.001 -
L5 0.143 0.018 0.047 0.153 0.005 0.001 0.021

VL5 −0.005 −0.003 −0.001 −0.005 +0.002 -
L6 0.246 0.702 0.444 0.306 0.537 0.244 0.400

VL6 −0.003 −0.004 +0.002 −0.003 −0.015 −0.004
L7 0.005 0.012 0.009 0.008 0.003 0.057 0.028

VL7 - +0.002 +0.003 +0.001 - +0.005
L8 0.045 0.013 0.032 0.031 0.060 0.173 0.098

VL8 −0.013 −0.011 −0.002 −0.003 −0.004 −0.003
L9 0.007 0.008 0.005 0.016 0.003 0.002 0.004

VL9 +0.001 +0.002 - +0.003 - -
L10 0.012 0.012 0.006 0.016 0.003 0.002 0.005

VL10 +0.002 +0.003 +0.002 +0.004 +0.001 -
L11 0.054 0.105 0.288 0.022 0.372 0.192 0.231

VL11 +0.001 −0.002 −0.004 −0.002 −0.003 −0.004
L12 0 0.003 0 0.004 0.001 0.001 0.001

VL12 - +0.001 - +0.002 - -
L13 0.008 0.012 0.005 0.022 0.010 0.326 0.144

VL13 +0.004 +0.002 - +0.004 +0.002 +0.004

Note: T56 = Kurgan; T57 = Sverdlovsk; T58 = Tyumen; T59 = Chelyabinsk; T60 = Khanty-Mansi; T61 = Yamal-Nenets;
L(1–13) = portion of Li category in a composition of the land fund in Tj territory, percentage: L1 = cropland; L2 = fallow;
L3 = perennial plantings; L4 = hayfields; L5 = rangeland; L6 = woodlands; L7 = forest range; L8 = water reserve
lands; L9 = residential and industrial lands; L10 = lands under transportation and communication infrastructure;
L11 = wetlands; L12 = disturbed lands; L13 = barren; VL(1–13) = variability of L(1–13), i.e., change in 2018 compared to
2010; “-” = no change or insignificant change. Source: Authors’ development.

Table A15. Activity per land category in Russia, Siberian Federal District. Mean values for 2010–2018.

Parameter T62 T63 T64 T65 T66 T67 T68 T69 T70 T71 T72 T73 AT(62–73)Li

L1 0.015 0.024 0.011 0.111 0.396 0.011 0.013 0.022 0.161 0.212 0.295 0.021 0.047
VL1 +0.002 +0.001 −0.001 +0.003 +0.004 −0.003 −0.004 +0.003 −0.005 −0.004 +0.006 +0.001
L2 0 0.002 0.009 0.006 0.018 0.022 0.001 0 0 0.005 0.012 0 0.004

VL2 - - +0.001 −0.002 −0.002 +0.001 - - - +0.001 −0.003 -
L3 0 0 0 0.001 0.002 0 0 0 0.003 0.002 0.002 0 0

VL3 - - - - - - - - +0.001 - - -
L4 0.013 0.011 0.005 0.026 0.074 0.040 0.003 0.005 0.049 0.124 0.078 0.015 0.018

VL4 −0.002 −0.001 −0.001 −0.003 −0.004 −0.002 - - −0.004 −0.006 −0.001 -
L5 0.164 0.053 0.203 0.166 0.166 0.104 0.006 0.008 0.061 0.130 0.090 0.007 0.042

VL5 +0.002 +0.001 +0.004 +0.003 +0.001 +0.003 +0.001 +0.001 −0.001 +0.003 +0.005 +0.001
L6 0.469 0.673 0.514 0.534 0.240 0.713 0.511 0.853 0.635 0.270 0.331 0.634 0.578

VL6 −0.002 −0.005 −0.003 −0.006 −0.003 −0.012 −0.014 −0.018 −0.013 −0.003 −0.005 −0.008
L7 0.020 0.006 0.027 0.004 0.012 0.012 0.013 0.003 0.017 0.016 0.006 0.003 0.011

VL7 −0.003 −0.001 −0.003 - −0.002 −0.001 −0.002 - −0.004 −0.003 - -
L8 0.009 0.069 0.014 0.018 0.026 0.007 0.039 0.034 0.010 0.043 0.021 0.019 0.033

VL8 - −0.001 - - −0.001 - +0.002 +0.001 - −0.002 +0.001 +0.003
L9 0.001 0.002 0.001 0.005 0.008 0.004 0.001 0.002 0.011 0.006 0.007 0.001 0.002

VL9 - - - +0.001 +0.002 +0.001 - - +0.002 +0.001 +0.001 -
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Table A15. Cont.

Parameter T62 T63 T64 T65 T66 T67 T68 T69 T70 T71 T72 T73 AT(62–73)Li

L10 0.002 0.002 0.002 0.006 0.012 0.003 0.001 0.003 0.018 0.009 0.011 0.003 0.003
VL10 - - - +0.002 +0.003 - - +0.001 +0.001 +0.001 +0.002 -
L11 0.008 0.014 0.061 0.005 0.022 0.025 0.096 0.022 0.009 0.172 0.144 0.292 0.081

VL11 +0.001 −0.001 −0.002 - −0.001 −0.001 −0.002 −0.002 −0.001 +0.005 +0.003 −0.003
L12 0 0 0 0.002 0 0.001 0 0 0.009 0 0 0 0

VL12 - - - +0.001 - - - - +0.001 - - -
L13 0.297 0.144 0.154 0.114 0.024 0.060 0.316 0.046 0.017 0.011 0.005 0.004 0.181

VL13 +0.004 +0.003 +0.005 +0.004 - +0.004 +0.005 +0.002 - - - -

Note: T62 = Altay Republic; T63 = Buryatia; T64 = Tyva; T65 = Khakasia; T66 = Altay; T67 = Zabaikalsk;
T68 = Krasnoyarsk; T69 = Irkutsk; T70 = Kemerovo; T71 =Novosibirsk; T72 = Omsk; T73 = Tomsk;L(1–13) = portion of
Li category in a composition of the land fund in Tj territory, percentage: L1 = cropland; L2 = fallow; L3 = perennial
plantings; L4 = hayfields; L5 = rangeland; L6 =woodlands; L7 = forest range; L8 =water reserve lands; L9 = residential
and industrial lands; L10 = lands under transportation and communication infrastructure; L11 = wetlands;
L12 = disturbed lands; L13 = barren; VL(1–13) = variability of L(1–13), i.e., change in 2018 compared to 2010;
“-” = no change or insignificant change. Source: Authors’ development.

Table A16. Activity per land category in Russia, Far Eastern Federal District. Mean values for 2010–2018.

Parameter T74 T75 T76 T77 T78 T79 T80 T81 T82 AT(74–82)Li

L1 0 0.001 0.046 0.001 0.044 0.001 0.006 0.026 0 0.004
VL1 - - +0.001 - +0.001 - - −0.001 -
L2 0 0 0.004 0 0.007 0 0 0.019 0 0.001

VL2 - - −0.001 - −0.002 - - +0.002 -
L3 0 0 0.002 0 0 0 0.001 0.001 0 0

VL3 - - - - - - - - -
L4 0.002 0.002 0.022 0.005 0.012 0.001 0.007 0.033 0 0.004

VL4 - - +0.003 +0.001 +0.001 - −0.001 +0.002 -
L5 0.003 0.007 0.027 0.002 0.013 0.001 0.007 0.069 0 0.004

VL5 +0.001 +0.001 +0.002 - +0.003 - +0.001 +0.004 -
L6 0.535 0.577 0.791 0.756 0.722 0.616 0.759 0.492 0.180 0.552

VL6 −0.002 −0.004 −0.012 −0.011 −0.015 −0.012 −0.021 −0.020 −0.017
L7 0.006 0.007 0.025 0.003 0.007 0.007 0.040 0.038 0.054 0.013

VL7 −0.001 −0.001 −0.002 - - −0.001 −0.003 −0.004 −0.011
L8 0.042 0.018 0.026 0.019 0.032 0.010 0.027 0.010 0.034 0.033

VL8 −0.002 −0.001 +0.001 +0.001 −0.003 - - +0.001 −0.002
L9 0 0 0.007 0.001 0.001 0 0.004 0.003 0 0.001

VL9 - - +0.001 - - - +0.001 +0.001 -
L10 0 0 0.006 0.001 0.004 0 0.004 0.006 0 0.001

VL10 - - +0.001 - +0.001 - +0.001 +0.001 -
L11 0.064 0.054 0.028 0.071 0.132 0.104 0.074 0.252 0.039 0.069

VL11 −0.002 −0.002 −0.001 −0.005 −0.004 −0.006 −0.001 −0.009 −0.003
L12 0 0 0.001 0 0 0.002 0.001 0 0.001 0

VL12 - - - - - - - - -
L13 0.347 0.332 0.016 0.140 0.025 0.258 0.071 0.051 0.692 0.320

VL13 +0.019 +0.024 +0.003 +0.005 - +0.031 +0.004 +0.005 +0.040

Note: T74 = Sakha Yakutia; T75 = Kamchatka; T76 = Primorye; T77 = Khabarovsk; T78 = Amur; T79 =Magadan;
T80 = Sakhalin; T81 = Jewish AO; T82 = Chukotka; L(1–13) = portion of Li category in a composition of the land fund
in Tj territory, percentage: L1 = cropland; L2 = fallow; L3 = perennial plantings; L4 = hayfields; L5 = rangeland;
L6 = woodlands; L7 = forest range; L8 = water reserve lands; L9 = residential and industrial lands; L10 = lands
under transportation and communication infrastructure; L11 = wetlands; L12 = disturbed lands; L13 = barren;
VL(1–13) = variability of L(1–13), i.e., change in 2018 compared to 2010; “-” = no change or insignificant change. Source:
Authors’ development.
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Appendix C

Table A17. Ranking of Tj territories on land activity, Central Federal District.

Parameter T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 T15 T16 T17 R(1–17)i

R1 77 58 40 72 49 54 30 81 80 46 79 60 51 78 37 76 43 59
R2 0 64 53 49 42 51 44 15 6 26 59 47 36 32 30 33 12 35
R3 72 63 60 68 48 62 24 65 75 79 69 57 45 66 33 77 47 59
R4 31 72 69 48 71 61 40 54 56 59 35 67 60 64 62 43 55 56
R5 56 43 32 57 29 39 21 50 49 28 54 67 37 47 33 48 31 42
R6 71 43 23 70 31 35 2 72 74 36 73 52 38 67 20 64 33 47
R7 9 8 16 11 43 49 35 24 18 62 10 34 2 12 14 33 17 23
R8 73 74 63 62 33 79 52 59 64 43 80 51 65 61 34 76 5 57
R9 4 17 26 8 11 14 51 15 10 0 40 37 35 19 31 29 16 21
R10 20 22 7 14 11 32 31 9 8 0 3 5 29 28 39 1 27 17
R11 54 39 47 57 32 52 43 51 59 49 75 45 34 48 24 79 28 48
R12 13 20 2 57 8 39 31 5 29 1 63 17 6 51 12 4 3 21
R13 27 40 39 29 43 59 79 62 45 46 65 61 74 51 69 66 67 54∑

Rj(1–13) 507 563 477 602 451 626 483 562 573 475 705 600 512 624 438 629 384 542

Note: T1 = Belgorod; T2 = Bryansk; T3 = Vladimir; T4 = Voronezh; T5 = Ivanovo; T6 = Kaluga; T7 = Kostroma;
T8 = Kursk; T9 = Lipetsk; T10 =Moscow Oblast; T11 =Orel; T12 = Ryazan; T13 = Smolensk; T14 = Tambov; T15 = Tver;
T16 = Tula; T17 = Yaroslavl; R(1–13) = ranks of land activity per land categories: R1 = cropland; R2 = fallow;
R3 = perennial plantings; R4 = hayfields; R5 = rangeland; R6 =woodlands; R7 = forest range; R8 =water reserve
lands; R9 = residential and industrial lands; R10 = lands under transportation and communication infrastructure;
R11 =wetlands; R12 = disturbed lands; R13 = barren. Source: Authors’ development.

Table A18. Ranking of Tj territories on land activity, Northwestern Federal District.

Parameter T18 T19 T20 T21 T22 T23 T24 T25 T26 T27 R(18–27)i

R1 10 9 12 24 48 23 7 28 35 1 20
R2 1 0 8 34 0 0 0 22 63 0 13
R3 16 7 13 22 67 53 12 25 43 0 26
R4 10 13 17 36 80 34 1 50 66 4 31
R5 7 6 9 18 62 17 1 22 27 2 17
R6 22 5 21 7 60 17 41 13 39 69 29
R7 81 75 76 23 45 39 5 19 0 1 36
R8 0 54 44 17 4 2 6 29 10 14 18
R9 67 74 65 62 6 45 64 56 50 77 57
R10 61 64 67 46 4 41 73 44 43 77 52
R11 5 16 10 18 40 15 0 14 19 7 14
R12 35 54 74 19 10 11 21 15 18 73 33
R13 71 16 8 80 28 60 18 55 76 1 41∑

Rj(1–13) 386 393 424 406 454 357 249 392 489 326 388

Note: T18 = Karelia; T19 = Komi; T20 = Arkhangelsk; T21 = Vologda; T22 = Kaliningrad; T23 = Leningrad;
T24 =Murmansk; T25 =Novgorod; T26 = Pskov; T27 =Nenets; R(1–13) = ranks of land activity per land categories:
R1 = cropland; R2 = fallow; R3 = perennial plantings; R4 = hayfields; R5 = rangeland; R6 = woodlands; R7 = forest
range; R8 = water reserve lands; R9 = residential and industrial lands; R10 = lands under transportation and
communication infrastructure; R11 = wetlands; R12 = disturbed lands; R13 = barren. Source: Authors’ development.
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Table A19. Ranking of Tj territories on land activity, Southern Federal District.

Parameter T28 T29 T30 T31 T32 T33 T34 R(28–34)i

R1 56 32 65 70 25 68 73 56
R2 18 25 38 4 24 19 0 18
R3 71 18 80 76 37 44 55 54
R4 14 26 2 18 77 30 19 27
R5 46 81 65 36 79 70 72 64
R6 42 81 68 59 79 76 78 69
R7 56 71 42 26 73 52 13 48
R8 8 40 7 15 3 18 26 17
R9 2 57 1 5 53 23 21 23
R10 10 56 33 6 50 53 18 32
R11 63 41 72 31 33 68 61 53
R12 53 47 43 37 75 66 40 52
R13 53 21 72 75 25 31 33 44∑

Rj(1–13) 492 596 588 458 633 618 509 556

Note: T28 = Adygeya; T29 = Kalmykia; T30 = Crimea; T31 = Krasnodar; T32 = Astrakhan; T33 = Volgograd;
T34 =Rostov; R(1–13) = ranks of land activity per land categories: R1 = cropland; R2 = fallow; R3 = perennial plantings;
R4 = hayfields; R5 = rangeland; R6 =woodlands; R7 = forest range; R8 =water reserve lands; R9 = residential and
industrial lands; R10 = lands under transportation and communication infrastructure; R11 =wetlands; R12 =disturbed
lands; R13 = barren. Source: Authors’ development.

Table A20. Ranking of Tj territories on land activity, North Caucasian Federal District.

Parameter T35 T36 T37 T38 T39 T40 T41 R(35–41)i

R1 29 53 44 33 45 42 75 46
R2 23 0 0 31 20 14 28 17
R3 74 73 78 41 58 61 59 63
R4 52 44 63 79 47 57 28 53
R5 80 76 75 74 69 78 73 75
R6 66 49 63 47 53 58 80 59
R7 54 67 55 65 47 31 25 49
R8 25 81 60 53 55 48 46 53
R9 47 30 24 36 7 3 18 24
R10 45 35 19 54 36 40 17 35
R11 65 81 77 78 80 74 64 74
R12 50 64 33 45 56 32 49 47
R13 14 24 10 12 7 20 50 20∑

Rj(1–13) 624 677 601 648 580 558 612 614

Note: T35 = Dagestan; T36 = Ingushetia; T37 = Kabardino-Balkaria; T38 = Karachaevo-Cherkessia; T39 = North
Osetia-Alania; T40 = Chechnya; T41 = Stavropol; R(1–13) = ranks of land activity per land categories: R1 = cropland;
R2 = fallow; R3 = perennial plantings; R4 = hayfields; R5 = rangeland; R6 = woodlands; R7 = forest range;
R8 =water reserve lands; R9 = residential and industrial lands; R10 = lands under transportation and communication
infrastructure; R11 =wetlands; R12 = disturbed lands; R13 = barren. Source: Authors’ development.

Table A21. Ranking of Tj territories on land activity, Volga Federal District.

Parameter T42 T43 T44 T45 T46 T47 T48 T49 T50 T51 T52 T53 T54 T55 R(42–55)i

R1 47 38 62 67 55 63 34 39 50 66 69 71 74 64 57
R2 0 66 57 13 29 35 39 40 61 0 65 55 0 62 37
R3 39 40 54 56 42 70 29 27 50 34 52 64 46 51 47
R4 78 38 37 32 45 42 39 49 46 70 29 24 23 20 41
R5 61 25 66 53 38 40 20 24 41 77 51 59 71 45 48
R6 40 19 50 62 32 45 6 12 29 77 57 65 75 48 44
R7 37 61 20 29 22 57 58 44 51 36 30 28 48 40 40
R8 66 23 77 11 58 37 39 68 41 75 69 21 24 12 44
R9 39 33 28 9 41 12 44 58 22 27 25 13 34 38 30
R10 26 30 23 13 12 2 42 47 24 37 21 15 38 16 25
R11 67 44 60 58 66 71 35 50 42 76 69 56 73 70 60
R12 25 42 44 38 23 65 48 26 34 27 71 36 67 55 43
R13 36 81 56 58 64 44 49 37 57 35 70 54 48 47 53∑

Rj(1–13) 561 540 634 499 527 583 482 521 548 637 678 561 621 568 569

Note: T42 = Bashkortostan; T43 = Mari El; T44 = Mordovia; T45 = Tatarstan; T46 = Udmurtia; T47 = Chuvashia;
T48 = Perm; T49 = Kirov; T50 = Nizhny Novgorod; T51 = Orenburg; T52 = Penza; T53 = Samara; T54 = Saratov;
T55 = Ulyanovsk; R(1–13) = ranks of land activity per land categories: R1 = cropland; R2 = fallow; R3 = perennial
plantings; R4 = hayfields; R5 = rangeland; R6 = woodlands; R7 = forest range; R8 = water reserve lands;
R9 = residential and industrial lands; R10 = lands under transportation and communication infrastructure;
R11 =wetlands; R12 = disturbed lands; R13 = barren. Source: Authors’ development.
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Table A22. Ranking of Tj territories on land activity, Ural Federal District.

Parameter T56 T57 T58 T59 T60 T61 R(56–61)i

R1 57 26 27 59 3 2 29
R2 67 43 60 45 9 0 37
R3 32 31 21 49 10 2 24
R4 76 51 68 73 15 6 48
R5 55 19 26 58 10 3 29
R6 54 10 37 46 24 55 38
R7 72 50 59 60 79 3 54
R8 16 57 31 32 13 1 25
R9 46 42 54 20 63 69 49
R10 48 49 59 34 66 72 55
R11 26 12 3 38 1 6 14
R12 72 9 62 7 28 22 33
R13 73 52 68 32 41 6 45∑

Rj(1–13) 694 451 575 553 362 247 480

Note: T56 = Kurgan; T57 = Sverdlovsk; T58 = Tyumen; T59 = Chelyabinsk; T60 = Khanty-Mansi; T61 = Yamal-Nenets;
R(1–13) = ranks of land activity per land categories: R1 = cropland; R2 = fallow; R3 =perennial plantings; R4 =hayfields;
R5 = rangeland; R6 = woodlands; R7 = forest range; R8 = water reserve lands; R9 = residential and industrial
lands; R10 = lands under transportation and communication infrastructure; R11 = wetlands; R12 = disturbed lands;
R13 = barren. Source: Authors’ development.

Table A23. Ranking of Tj territories on land activity, Siberian Federal District.

Parameter T62 T63 T64 T65 T66 T67 T68 T69 T70 T71 T72 T73 R(62–73)i

R1 16 19 14 31 61 13 15 18 36 41 52 17 28
R2 16 27 50 46 54 58 21 7 2 41 52 5 32
R3 9 14 4 26 30 6 8 19 38 36 35 15 20
R4 25 21 9 41 74 58 8 11 65 81 75 27 41
R5 60 30 68 64 63 44 11 15 34 52 42 12 41
R6 34 11 27 26 56 9 28 0 14 51 44 15 26
R7 27 69 15 74 46 53 41 77 32 38 68 80 52
R8 72 9 56 49 36 78 22 27 71 19 42 45 44
R9 73 68 72 55 43 60 76 66 32 52 49 71 60
R10 70 71 74 57 51 69 76 65 25 55 52 68 61
R11 55 46 23 62 36 30 17 37 53 8 9 2 32
R12 81 69 61 14 70 46 79 60 0 77 58 68 57
R13 9 15 13 19 34 17 5 23 42 63 78 77 33∑

Rj(1–13) 547 469 486 564 654 541 407 425 444 614 656 502 526

Note: T62 = Altay Republic; T63 = Buryatia; T64 = Tyva; T65 = Khakasia; T66 = Altay; T67 = Zabaikalsk;
T68 = Krasnoyarsk; T69 = Irkutsk; T70 = Kemerovo; T71 = Novosibirsk; T72 = Omsk; T73 = Tomsk; R(1–13) = ranks of
land activity per land categories: R1 = cropland; R2 = fallow; R3 = perennial plantings; R4 = hayfields; R5 = rangeland;
R6 =woodlands; R7 = forest range; R8 =water reserve lands; R9 = residential and industrial lands; R10 = lands under
transportation and communication infrastructure; R11 = wetlands; R12 = disturbed lands; R13 = barren. Source:
Authors’ development.

Table A24. Ranking of Tj territories on land activity, Far Eastern Federal District.

Parameter T74 T75 T76 T77 T78 T79 T80 T81 T82 R(74–82)i

R1 4 8 22 6 21 5 11 20 0 11
R2 10 3 37 17 48 11 0 56 0 20
R3 3 5 28 11 17 1 23 22 0 12
R4 7 5 33 12 22 3 16 53 0 17
R5 8 13 23 5 16 4 14 35 0 13
R6 25 18 1 4 8 16 3 30 61 18
R7 70 66 21 78 63 64 6 7 4 42
R8 20 50 38 47 30 67 35 70 28 43
R9 79 78 48 75 70 80 59 61 81 70
R10 78 79 58 75 63 80 62 60 81 71
R11 22 25 29 21 11 13 20 4 27 19
R12 76 80 30 78 59 16 24 52 41 51
R13 2 4 38 11 30 3 22 26 0 15∑

Rj(1–13) 404 434 406 440 458 363 295 496 323 402

Note: T74 = Sakha Yakutia; T75 = Kamchatka; T76 = Primorye; T77 = Khabarovsk; T78 = Amur; T79 =Magadan;
T80 = Sakhalin; T81 = Jewish AO; T82= Chukotka; R(1–13) = ranks of land activity per land categories: R1 = cropland;
R2 = fallow; R3 = perennial plantings; R4 = hayfields; R5 = rangeland; R6 = woodlands; R7 = forest range;
R8 =water reserve lands; R9 = residential and industrial lands; R10 = lands under transportation and communication
infrastructure; R11 =wetlands; R12 = disturbed lands; R13 = barren. Source: Authors’ development.
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