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Abstract

Context There is widespread consensus about the

need for landscape sustainability but little agreement

about how to define or measure it.

Objectives The aim of the paper is to present a

systematic approach for measuring progress toward

landscape sustainability goals.

Methods The approach was developed based on

existing literature and our experiences in applying the

approach to support more sustainable agricultural

landscapes. Examples applying this approach are

summarized for case studies in the United States

(U.S.) and Mexico.

Results The approach has six steps: the scope and

objectives of the assessment are determined based on

the particular context; indicators that alert pending

concerns are selected and prioritized based on utility

and relevance; baselines and targets are established for

each indicator, and scenarios for consideration are

determined; the indicator values are obtained and

evaluated; trends in and tradeoffs among indicator

values are analyzed; and good practices are developed,

applied, and assessed.

Conclusions Insights gained from applying this

approach suggest that designing sustainable land-

scapes depends on stakeholder engagement, effective

communication, transparency and trust, timely mon-

itoring, and continual improvement. Iterative applica-

tion of the assessment approach builds capacity and

promotes continual improvements in management

practices, thus enabling timely responses to changing

conditions while still progressing toward a set of

locally defined goals.

Keywords Agriculture � Bioenergy � Landscape
sustainability � Indicators � Stakeholders � Tradeoffs

Introduction

Building from relationships between pattern and

process, landscape sustainability science is a place-
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based means to understand and improve the

dynamic interactions between ecosystem services

and human well-being under changing conditions

and uncertainties (Pearson and McAlpine 2010;

Musacchio 2013; Wu 2013). Focusing on the

sustainability of a landscape requires assessing

how processes interact over time so as not to

compromise the benefits they provide. Whereas

there is strong consensus regarding the need for

sustainability, there is little agreement about what

method or metrics should be used to measure it. A

literature review of sustainability indicators for

agriculture identified 294 unique metrics (Ras-

mussen et al. 2017). Hundreds of additional metrics

have been proposed to measure sustainability asso-

ciated with specific processes and commodities

(e.g., Ashok et al. 2017; Genovese et al. 2017;

Carlsson et al. 2017; Smith et al. 2017; Wheaton and

Kulshreshtha 2017) and applied to more than 460

different products (EcoLabel Index 2018; Yokessa

and Marette 2019). While Vörösmarty et al. (2018)

caution that businesses are criticized for ‘‘green

washing’’ their sustainability ratings unless a stan-

dard method is adopted, attempts to standardize

approaches for measuring landscape sustainability

have been frustrated by the diversity of contexts and

issues and sometimes result in laundry lists of

guidelines rather than specific methods that enable

consistent measurement and unambiguous results.

Identifying effective practices to meet long-term

objectives is a key challenge in developing an

approach that guides practical decisions about

landscapes (Williams and Brown 2012; Opdam

et al. 2018). Changing environmental, social, and

economic conditions make this effort especially

difficult. Addressing this challenge requires multiple

disciplines and systems integration (Jordan and

Davis 2015)—including simultaneous incorporation

of human and natural components, quantification of

underlying effects and feedbacks, and consideration

of multiple spatial and temporal scales (Miller et al.

2014; Liu et al. 2015).

Our goal in this paper is to provide a structured

approach that is useful in quantifying progress

toward landscape sustainability and helping users

advance toward shared goals. This approach is an

evaluation that identifies essential features of the

landscape and what needs to be done to maintain its

distinctive qualities. The assessment approach is

meant to be adaptable to diverse situations, each

with unique constraints, opportunities, and stake-

holders with distinct values and priorities (Johnson

et al. 2003; Ness et al. 2007; Sydorovych and

Wossink 2008; Cebrián-Piquerasa et al. 2017). The

proposed approach synthesizes insights from litera-

ture and our own experiences with resource man-

agement in landscapes where agricultural

production is a dominant factor. This approach

evolved through decades of trial and error in

programs designed to measure and achieve specific

goals. We provide examples that underscore the

difficulties that practitioners encounter when they

attempt to assess landscape sustainability. Our

ultimate objective in sharing this approach is to

support a community of practice that shapes ‘‘liv-

ing’’ landscapes to maximize potential benefits

while minimizing negative impacts (Palmer 2012;

Dale et al. 2015; Muneepeerakul and Castillo-

Chavez 2015; Vörösmarty et al. 2018; Opdam

et al. 2018).

A six-step process for assessing progress toward

landscape sustainability

The landscape sustainability assessment process is

triggered by a need to evaluate a production system,

product, technology, investment, policy, or other

discreet intervention (herein called the activity)

designed to meet specified societal needs or main-

tain environmental benefits. Indeed, determining

for whom or for what sustainability is intended is a

key question that must be addressed for the concept

to be implemented (Wiens 2013). An interested

party, herein called the coordinator, initiates the

assessment and engages relevant stakeholders in the

landscape sustainability assessment process within

specified context and goals (e.g., Cebrián-Piquerasa
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et al. 2017; Efroymson et al. 2013; Petersen et al.

2018). The coordinator may be a government

official, scientist, or a representative from industry,

local community, or a non-governmental organiza-

tion (NGO). The coordinator organizes and over-

sees the assessment process and, to be successful,

should be trusted by stakeholders (Beardsley 2011)

or, at minimum, be considered an ‘‘honest broker’’

(Varner 2014). The coordinator drafts the sustain-

ability assessment objectives and context, which

establish the spatial and temporal boundaries of the

process and identify major stakeholders. These

objectives and context may be modified during

the assessment process, for learning about the

system occurs as the ‘‘living’’ evaluation is

deployed.

Each of the six steps of the landscape sustainability

assessment approach requires actions and decisions

illustrated by the decision-making cycle shown in

Fig. 1 and detailed in the following subsections.While

several steps can be initiated simultaneously, finaliza-

tion of later steps depends on completion of the prior

steps. Iterations within and among the steps are

common, as each step is influenced by new informa-

tion. And the entire circuit may be reinitiated as goals

are adjusted in light of changing conditions, priorities,

and available information toward agile decision mak-

ing. The decision-making cycle is underlain by five

essential themes discussed in a final section of this

manuscript: stakeholder engagement, timely and

effective communication, transparency and trust,

monitoring, and continual improvement (Box 1).

Fig. 1 Six steps and cross-cutting insights for assessing progress toward sustainability goals
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Box 1: Terminology used to define and assess

landscape sustainability

Landscape sustainability is the capacity of a

landscape to consistently provide long-term, land-

scape-specific ecosystem services that are essential

for maintaining and improving human well-being

(Wu 2013).

Stakeholders are all persons and groups that

influence the activity or may be affected positively

or negatively by changes in the provision of

ecosystem services or socioeconomic conditions

associated with the activity.

Indicators are measurements that can be used to

monitor trends in conditions over time or to provide

early warning of change (Cairns et al. 1993).

Continual improvement is a systematic and

iterative process to identify, evaluate, and select

options that provide incremental progress toward

achieving defined goals and objectives (ASTM

3066a 2017).

Adaptive management is an approach to guide

decisions based on learning from trial and error that

involves exploring alternative hypotheses of

actions to meet a management objective by pre-

dicting outcomes of alternative management

actions, implementing some of the alternatives,

monitoring to learn about effects of particular

management actions, and then using those results to

adjust management actions (Williams and Brown

2012). In practice, adaptive management is applied

in many different ways to support the process of

continual improvement in a specific context.

Define scope

Defining the objectives for an assessment requires

clarity about the plans and goals for the activity, the

landscape assessment process and stakeholders and

their aims. The temporal and spatial extent (i.e.,

system boundaries for the assessment) are largely

determined by the location and the extent of costs and

benefits coming from the activity. Identifying bound-

aries can be difficult in practice, particularly if the area

supports a production system (such as agriculture) and

products or wastes are exported beyond the area of

production (e.g., see Galik and Abt 2016). A telecou-

pling framework has been proposed by Liu et al.

(2013) for considering causal connections or correla-

tions between environmental phenomena that occur

across large distances. Understanding past trends,

current conditions, and potential future conditions for

the system is essential, as is identifying expected

decisions that will be most relevant to the assessment

(Efroymson et al. 2013; Petersen et al. 2018).

The context of the assessment process strongly

affects the choice, measurement, and interpretation of

indicators and other measurements that provide infor-

mation about potential or realized effects of human

activities on environmental, social, or economic

phenomena of concern (Heink and Kowarik 2010;

Efroymson et al. 2013). Other context considerations

include the specific purpose of the assessment, the

distribution system(s) associated with any production

systems in the landscape, policy influences, stake-

holders’ values, baseline attributes, information avail-

ability, spatial and temporal scales of interest, material

and energy flows through the system, and the ecosys-

tem services that might be affected (Efroymson et al.

2013; Dale et al. 2018a; Eichler Inwood et al. 2018).

The land area of focus may be the region that supports

the cultivation and refining of specific products or the

area expected to be affected by a proposed new

production system or intervention. Given water’s

essential role in supporting life on earth, watersheds

are useful units of landscape analysis because effluent

characteristics at the outlet reflect the integrated

effects of management decisions made throughout

the contributing land area (e.g., Ice 2011; Williams

and Brown 2012). Throughout this initial step of

defining the scope, there is a need to engage

stakeholders in ways that help them understand how

activities within a local landscape interact with and

form part of global phenomena that affect and are

affected by that landscape (Opdam et al. 2018).

Prioritize indicators

Appropriate indicators are needed to assess environ-

mental, social, and economic aspects of the activity.

Determining indicators of impending critical transi-

tions between states is one of the major challenges in

the science of sustainability (Levin 2013). Indicators

can be selected to achieve multiple goals such as (1)

providing useful information that addresses priorities

of stakeholders and decision makers, (2) capturing

relevant costs and benefits across the entire landscape,
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(3) facilitating measurement, or (4) supporting cor-

rective actions (Cairns et al. 1993; Dale et al. 2015;

Iacovidou et al. 2017).

A challenge faced when selecting indicators is to

balance the desire to be comprehensive and the need to

keep the process doable within limited constraints of

time and budget while addressing inputs from diverse

interests. The selected indicators should avoid redun-

dancy and represent a minimum set of metrics required

to address key concerns of stakeholders (e.g., Ras-

mussen et al. 2017). By selecting a few indicators that

are sufficient to meet specific goals, the assessment

process can avoid time and costs that would be

incurred by adopting a longer list of indicators.

However, oversimplification by having too few met-

rics can omit significant effects or situations that make

it difficult to interpret and validate the information

obtained (Landres et al. 1988).

Selecting indicators using an established frame-

work (Fig. 2) (1) contributes to clarifying and building

consensus around stakeholders’ goals for a desired

future outcome, (2) ensures that important stakeholder

concerns are considered in the indicator-selection

process, (3) identifies a suite of indicators that is

appropriate for the context of the analysis, (4) yields a

high amount of information relative to the cost of

obtaining relevant data, and (5) leads to higher

likelihood of being applied and monitored over time

(Dale et al. 2015; Garrick et al. 2017). Measurement is

facilitated by selecting indicators that are practical,

reliable, and provide timely information (Dale and

Beyeler 2001).

To facilitate the process of selecting indicators, a

checklist of categories of indicators was developed to

reflect potential environmental (McBride et al. 2011),

socioeconomic (Dale et al. 2013), and management

(Eichler Inwood 2018) implications for landscapes

(Table 1). However, some assessments may demand

unique indicators that are not considered in generic

lists and standards (Efroymson et al. 2013). For

example, where land tenure and equity are key

priorities for sustainability assessment (e.g., Bailis

and Baka 2011; Anseeuw et al. 2012), corresponding

indicators should be considered (FAO 2014).

Establish targets

A target is a future state indicating progress toward

specific goals. Targets for each indicator should be

clearly specified with input from stakeholders to

describe a desired future condition (Dale et al. 2016;

Hunter et al. 2017), and it is important for targets to

represent the interests of future generations as well as

near-term stakeholder goals (Dale et al. 2013). The

Fig. 2 Framework for

selecting sustainability

indicators. Components of

the indicator selection

process are shown in dark

orange. Light-colored

shapes are aspects of the

assessment process that use

the indicators or support

their selection. Adapted

from Dale et al. (2015)
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Table 1 Checklist of environmental, social and economic, and

management indicators for resource management in sustainable

landscapes building from McBride et al. (2011), Dale et al.

(2013), and Eichler Inwood (2018). Ideally the suite of

indicators should represent key information about structure,

function, and composition, but knowledge about any one of

these features may provide information about other aspects of

the system (Dale and Beyeler 2001). It is often easier to

measure structural features that convey information about the

composition or functioning of the system (Lindenmayer et al.

2000); so here we focus on indicators pertaining to structure

Type Category Indicator Units

Environmental Soil quality 1. Total organic carbon (TOC) Mg km-2

2. Total nitrogen (N) Mg km-2

3. Extractable phosphorus (P) Mg km-2

4. Bulk density g cm-3

Water quality and

quantity

5. Nitrate concentration in streams (and

export)

Concentration: mg L-1; export:

kg km-2 year-1

6. Total phosphorus (P) concentration in

streams (and export)

Concentration: mg L-1; export:

kg km-2 year-1

7. Suspended sediment concentration in

streams (and export)

Concentration: mg L-1; export:

kg km-2 year-1

8. Herbicide concentration in streams (and

export)

Concentration: mg L-1; export:

kg km-2 year-1

9. Peak storm flow L s-1

10. Minimum base flow L s-1

11. Consumptive water use (incorporates

base flow)

Feedstock production: m3 km-2 day-1;

biorefinery: m3 day-1

GHG emissions 12. CO2 equivalent emissions (CO2 and

N2O)

kg GJ-1

Air quality 13. Tropospheric ozone ppb

14. Carbon monoxide ppm

15. Total particulate matter less than 2.5 lm
diameter (PM2.5)

lg/m3

16. Total particulate matter less than 10 lm
diameter (PM10)

lg/m3

Biodiversity 17. Presence of taxa of special concern Presence

18. Habitat area of taxa of special concern km2

Productivity 19. Aboveground net primary productivity

(ANPP), yield

g m-2 year-1

Social and

economic

Social wellbeing 1. Employment Number of full time equivalent (FTE) jobs

2. Household income Dollars per day

3. Work days lost due to injury Average number of work days lost per worker

per year

4. Food security Percent change in food price volatility

Energy security 5. Energy security premium Dollars per liter of biofuel

6. Fuel price volatility Standard deviation of monthly percent price

changes over 1 year

External trade 7. Terms of trade Ratio (price of exports per price of imports)

8.Trade volume Dollars (net exports or balance of payments)

Profitability 9. Return on investment (ROI) Percent (net investment per initial

investment)

10. Net present value (NPV) Dollars (present value of benefits minus

present value of costs)
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time horizon for targets should consider when infor-

mation is required to guide decisions so that timely

corrective measures can be adopted if targets are not

being met. Target values for indicators are established

based on existing goals, local or regional planning,

sustainable development goals, values in the literature,

expert opinion, scientific analysis of the activity or

similar systems, regulations such as threshold values

for water or air quality, or the results of consensus-

building among informed stakeholders (Moldan et al.

2012) (e.g., see examples described by Tarter et al.

2016).

Two or more scenarios are needed to explore how

future conditions play out based on assumed decisions,

policies, and environmental, social, and economic

conditions. For example, a renewable energy project

may define a scenario of increased energy contribu-

tions from solar, wind, and/or biomass and compare

the potential social, environmental, and economic

conditions to those that might result from a reference

scenario defined by current conditions extended across

the same time frame. Deciding what management

options are considered and compared under each

scenario should relate to stakeholder concerns as well

as what is possible (Parish et al. 2017). Assumptions

underlying scenarios should be documented and based

on published sources, to the extent possible, to

facilitate interpretation of results and replication of

assessment parameters.

Targets for each indicator relate to the baseline

conditions and scenarios being considered. Baseline

information for each indicator provides a starting point

from which to compare other information and can be

derived from historical information, scientific litera-

ture, or measurements made before the assessment is

implemented (when possible). Historical information

is used to document recent trends and intra- or inter-

annual variability and cycles, which may otherwise

confound interpretation of indicator values.

Determine indicator values

Once a set of indicators and scenarios are selected and

defined, indicator values need to be quantified for each

scenario to allow stakeholders to compare the alter-

natives. Indicator values can be obtained through

empirical measures or surveys of similar situations,

model projections, expert opinion, or a combination of

Table 1 continued

Type Category Indicator Units

Resource

conservation

11. Depletion of non-renewable

energy resources

Amount of petroleum extracted per year (t)

12. Fossil Energy Return on

Investment (fossil EROI)

Ratio of amount of fossil energy inputs to amount of useful

energy output (MJ) (adjusted for energy quality)

Social

acceptability

13. Public opinion Percent favorable opinion

14. Transparency Percent of indicators for which timely and relevant performance

data are reported

15. Effective stakeholder

participation

Percent of documented responses addressing stakeholder

concerns and suggestions, reported on an annual basis

16. Risk of catastrophe Annual probability of catastrophic event

Management Soil

management

1. Area managed using soil tests

that support agriculture

decisions

Number of ha, number of farmers per area

2. Pesticide use Liters (or dollars spent) per hectare per year or per kg of

production

Water

management

3. Irrigation water demand Cubic meters of water per ha and per kg (or per $ value) of

production

Crop rotation 4. Crop diversification to reduce

risk from extreme events

Percent of area planted in the dominant crops; percent of crop

area planted to resilient varieties (to be determined by

discussions with local stakeholders)
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these sources. It is helpful to inform stakeholders

about the means of collecting indicator values, and

engage them in the process when possible, so that the

results are transparent and understood by all

concerned.

Reviews of diverse projects aiming for sustainable

outcomes confirm that one of the most common

challenges is timely access to reliable and useful

information to guide decisions (e.g., Williams and

Brown 2012; CMP 2013; Tarter et al. 2016; Eichler

Inwood et al. 2018). When indicator values are

estimated by models, it is important to use best

available data for calibration (i.e., to adjust parameters

to maximize agreement between observed data and the

model’s predictions) and validation (i.e., to compare

model projections to independent data sets). When-

ever future conditions are projected or counterfactual

conditions are simulated via models, variability in

estimated values and uncertainties in the underlying

data and modeling should be documented (e.g., ASTM

2017).

Analyze trends and tradeoffs

Trends in selected indicators should consider linkages

between the performance of the activity and affected

variables. Documenting cause and effect via experi-

ments and models is challenging (De Boeck et al.

2015). Correctly assigning attribution to certain prac-

tices takes time, knowledge, and resources (Efroym-

son et al. 2016). Methods to test the weight of evidence

using different tools for causal analysis help distin-

guish the share of effects that is caused by the activity

being assessed versus effects that are more reasonably

attributed to other factors (Efroymson et al. 2016).

Applying this process over time ultimately helps

stakeholders to understand cause-and-effect relation-

ships, which are at the core of most sustainability

debates, and to identify improved practices.

Evaluating trade-offs involves the comparison of

changes in indicator values under different scenarios

(Fisher et al. 2011; King et al. 2013; Villa et al. 2014;

Parish et al. 2016). Techniques used to evaluate trade-

offs include optimization approaches and algorithms

for scenario comparison of indicator values. No matter

what method is used, it is essential to share complete

information on all indicators, potential trade-offs, and

any underlying assumptions.

Managing trade-offs between potential benefits and

negative impacts is challenging but necessary (Chapin

et al. 2011; Kanter et al. 2018). Analysis of indicators

under each scenario identifies environmental, social,

and economic costs and benefits. Ultimately, choices

must be made about what result is more desirable (e.g.,

greater profit or cleaner water). Ideally the evaluation

process identifies costs and benefits across diverse

metrics so that an informed decision can be made.

Some tradeoffs may be avoided. For example, ‘‘win/

win’’ options avoid trade-offs by strategic crop

placement across a landscape to produce multiple

benefits simultaneously (Parish et al. 2012) such as

improving water quality while increasing habitat

suitable for pollinators (Graham et al. 2017).

Identify good practices

One goal of the iterative process (Fig. 1) is to identify

and promote ‘‘good practices’’ for the activity being

assessed. We prefer to call them good or better

practices, rather than ‘‘best management practices

(BMPs),’’ because what is ‘‘best’’ may transform over

time as conditions change. The assessment should lead

to identification and implementation of better prac-

tices for producing goods and managing the overall

system in which the goods are produced while

recognizing that good practices depend on a specific

set of conditions and stakeholders at a given point in

time. Recommended practices related to agricultural

and forestry activities support better water quality, soil

quality, and crop production. For example, good

practices for harvesting wood products from forests

include those that minimize soil disturbance and water

quality impacts (Cristan et al. 2016). FAO

(2012, 2018a, b) provides examples of good environ-

mental practices for agricultural and forest production

pertaining to soil, water, biodiversity, and climate-

change mitigation, as well as the social and economic

benefits to income, availability of inputs, and access to

energy. While many industries have developed BMPs

(Ice 2011; Seuring and Muller 2008), their further

development is an active area of research (Youngs and

Somerville 2014).

Examples of success, failure, and lessons learned

are important to support a culture of continual learning

and to better quantify risks as they become apparent

(e.g., Seuring and Muller 2008; Lindenfeld et al.

2014). Good practices also consider preparation and
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early warning systems to reduce impacts from extreme

events (drought, flood, fire, disease, economic down-

turns, political upheaval, etc.) (Dale et al. 2016).

Development and implementation of good practices

are supported by transparent and participatory mon-

itoring as well as by the ability to adjust targets,

interventions, and regulations in response to new

knowledge (Dale et al. 2016).

Insights from experience

We have used this decision-making cycle (Fig. 1) to

assess progress toward landscape sustainability goals

for bioenergy (Case 1; Fig. 3) and row-crop agricul-

ture (Case 2; Fig. 4). We suggest that this method has

broad applicability for decision makers evaluating a

variety of alternative pathways for production of food,

fiber, feed, energy, and other goods required by human

society as well as for practitioners interested in

assessing progress toward established goals.

Case 1: Example of applying the landscape

assessment approach to cellulosic-based bioenergy

in the United States

Landscape sustainability is a major concern for

bioenergy production. Multiple studies suggest that

cellulosic feedstocks provide more sustainable and

ethical energy options to society than fossil fuels but

should be produced under designs that support

ecosystem services as well as social and economic

Fig. 3 By providing incentives to harvest a portion of residues

from high-yielding fields that are used to produce biofuel, U.S.

bioenergy production in Iowa (a) facilitates no-till corn

production that reduces soil erosion and promotes the use of

perennial and annual cover crops, which further reduce erosion

and enhance soil carbon and other qualities. Another alternative

(b) illustrates that erosion is reduced by cover crop mix (on the

left) compared to a soybean monoculture (on the right) (photos

by authors, September 2017)

Fig. 4 Large-scale agriculture in the Yaqui Valley of Mexico

(a) shortly after conventional tillage and planting and (b) mature

wheat. See Case 2 for summary of Yaqui Valley case study.

Photographs by authors, March 2017
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benefits (Robertson et al. 2008; Haughton et al. 2009;

Buyx and Tait 2011; Dale et al. 2014) (Fig. 3). The

environmental advantages are most evident when

wastes and residues that would otherwise rot or be

burned are used for bioenergy (Dale et al. 2014).

Social benefits include enhanced food security,

increasing rural employment opportunities, expanding

the tax base that supports community services, and

increased fuel efficiency with reduced greenhouse gas

emissions and improved public health (Dale et al.

2014). Below is a description of the application of the

six steps of assessing progress toward landscape

sustainability (Fig. 1) to cellulosic bioenergy

production.

(1) Define scope: The purpose of bioenergy sus-

tainability assessment is to evaluate costs and

benefits of bioenergy production and use com-

pared to an alternative energy, typically fossil

fuel. The spatial extent for bioenergy production

focuses on the areas where biomass is grown or

collected as well as where the energy is

produced and used. Time steps are annual, and

temporal horizons are on the order of years to

decades depending on the indicators selected.

The context or reference system refers to

conditions without bioenergy production, which

are often typical agriculture or forestry practices

(e.g., Parish et al. 2017; Koponen et al. 2018).

(2) Prioritize indicators: A checklist of indicators in

twelve categories was developed to reflect

potential environmental (McBride et al. 2011)

and socioeconomic (Dale et al. 2013) effects

across the bioenergy production and use supply

chain (Table 1). Nineteen environmental and

sixteen socioeconomic categories of indicators

provide a basis to quantify and evaluate effects

of bioenergy systems across many regions

where they are being deployed. Indicators

relating to management performance are also

useful. However, choosing the most appropriate

indicators for a particular situation requires

consideration of the specific project and stake-

holder input (Efroymson et al. 2013; Dale et al.

2016). For instance, stakeholders in an Iowa

project did not prioritize air quality indicators

(Dale et al. 2018a), and a case study of east

Tennessee switchgrass production identified the

need to add ‘‘profit variability’’ as an indicator

since switchgrass was less susceptible to volatil-

ity in yields and market prices than products of

conventional agriculture (Parish et al. 2016).

(3) Establish targets: Targets are reasonably achiev-

able values for each indicator affected by

bioenergy production that would result in

enhanced environmental, social, or economic

conditions. For bioenergy systems, production

targets were determined by the amount of

biomass required by the refinery (e.g., Parish

et al. 2012). Targets for stream nutrient con-

centration were set by using existing regulations

or (in their absence) by potential thresholds of

stream eutrophication (Dodds 2007). Baseline

refers to conditions for each indicator that occur

when bioenergy is not produced. Since bioen-

ergy production often happens where agricul-

tural or forest activities are ongoing, the

baseline values are typically quite different

from ‘‘natural’’ conditions.

(4) Determine indicator values: Documenting

changes in indicator values over time or space

when bioenergy is produced as compared to no

bioenergy is challenging because production is

limited. Information has been obtained from

monitoring programs of the U.S. Department of

Agriculture, field studies, and through compar-

ison of modeled alternative scenarios (e.g., see

Parish et al. 2012, 2016; Landis et al. 2018).

(5) Analyze trends and tradeoffs: Trends differ for

each context. For example, when the bioenergy

feedstock is a waste that otherwise might

contribute to environmental degradation, bene-

fits accrue. Use of perennial crops may improve

ecosystem services (Cacho et al. 2018). When

feedstock production occurs in rural areas where

jobs are in decline, the bioenergy industry

provides a boon to the economy and social

structure. There are trade-offs among different

scenarios in terms of overall area affected and

the characteristics of ecosystems (e.g., Costanza

et al. 2017), for landscape effects on wildlife

habitat varies by species (e.g., Tarr et al. 2017).

Displacement of carbon-intensive fossil fuels

helps keep carbon in the ground and therefore

reduce carbon emissions. When use of the

biomaterial for energy is a small fraction

compared to other uses, the effects are difficult

to discern. A causal analysis approach and
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simulation models are useful in considering

attribution of effects associated with bioenergy

systems (Efroymson et al. 2016). Spider dia-

grams are a common means to display potential

tradeoffs (e.g., Landis et al. 2018). We used a

combination of techniques to visualize potential

tradeoffs between profit and water quality

resulting from different switchgrass planting

configurations within a watershed (e.g., Parish

et al. 2012). In that East Tennessee context,

switchgrass production for bioenergy improved

environmental and social sustainability condi-

tions without adverse economic impacts, which

enhanced landscape sustainability; however,

achieving these benefits requires a strong bioen-

ergy market (Parish et al. 2016).

(6) Identify good practices: Results confirm the

benefits of using waste material when possible,

following approved good management practices

(e.g., Ice 2011; Williams and Brown 2012),

conducting systematic monitoring and evalua-

tion of potential effects to inform continual

improvement of management practices, and

relying on a network of transparent training

and monitoring support to ensure accountability

rather than a single program or metric.

Case 2: Example of applying the landscape

assessment approach to integrated row crop

agriculture in western Mexico

Evaluation of the agriculture systems in the Yaqui

Valley of Mexico first focused on factors that affect

yield (e.g., Luers et al. 2003). However, consideration

of landscape sustainability in the region requires a

broader perspective (Matson 2012; Matson et al.

2016). Application of the approach described in this

paper (Fig. 1) to the systems that predominate pro-

duction in the Yaqui Valley surrounding Obregon,

Mexico (Fig. 4), requires consideration of the envi-

ronmental, social, and economic implications of large-

scale farming (Eichler Inwood 2018). The application

of the six steps of assessing progress toward landscape

sustainability to large-scale agriculture in western

Mexico is described below.

(1) Define scope: The purpose of the assessment is

to determine the environmental, social, and

economic implications of irrigated agriculture

for the broader Yaqui River watershed. Major

sustainability questions revolve around future

implications of water management and effects

on environmental and social conditions. The

spatial extent is the area of the Yaqui Valley that

is irrigated for row crops (predominantly wheat)

and spans approximately 225,000 ha. Time

steps of primary agricultural management deci-

sions and data availability onmost indicators are

annual or by cropping season.

(2) Prioritize indicators: Indicators were selected

from an initial checklist with input from stake-

holders. Stakeholders included representatives

from agriculture industries, commodity organi-

zations, farmers’ unions, local environmental

research faculty, international researchers, farm

owners, irrigation managers, plant pest and

disease control specialists, agricultural outreach

agents, and community members. The checklist

proposed for sustainability indicators (Table 1)

required modifications to reflect local contex-

tual issues and availability of information. The

25 indicators that were selected are those

deemed to be useful to diverse groups, techni-

cally effective for the location, practical in terms

of obtaining indicator values, and sufficient but

not exhaustive. These indicators were deter-

mined by ranking candidate indicators through a

process of compiling expert opinions after

consultation with several stakeholder groups

(Eichler Inwood 2018). Seasonal availability of

reservoir irrigation water and water quality were

identified as top priorities in this desert region

(Eichler Inwood 2018). Stakeholders also pri-

oritize crop diversification and seed varieties

that reduce vulnerabilities to extreme events and

market fluctuations that are inherent under

current practices where most land is planted in

a single variety of wheat. In addition, stake-

holders are interested in indicators that guide

agricultural management practices toward

higher profits, lower water demand, lower

pesticide exposure, and reduced wastes. Indica-

tors such as energy security and social accep-

tance were rated by local stakeholders as being

less important than measures such as conserva-

tion of water and soil, nutrient management,

resilience to extreme events, transparency, and

equity.
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(3) Establish targets: Targets are being developed in

consultation with stakeholders (Fig. 5) based on

their perspectives on desired future conditions

and review of current conditions and past trends

that may suggest impending changes (Eichler

Inwood 2018) as well as theories of change that

identify strategies for meeting goals (Mayne and

Johnson 2015; CIMMYT 2017). The reference

conditions are those associated with prior cul-

tivation practices or ‘‘business as usual’’ where

about 80% of irrigated land is used for durum

wheat (Triticum turgidum subsp. Durum) man-

aged as a single-season monoculture.

(4) Determine indicator values: Of the 25 priori-

tized indicators, information is readily available

for only 7 of them: soil quality (area of at-risk

soils), productivity (measured by the Normal-

ized Difference Vegetation Index, NDVI), bio-

diversity (protected area), vulnerability

(government indices related to climate change),

poverty (government index), transparency (Cor-

ruption Perceptions Index), and economic

implications of crop diversity (Shannon diver-

sity index by area and value of crops) (Eichler

Inwood 2018). Baseline data for selected indi-

cators are derived from information collected by

local researchers or prior studies (e.g., Matson

2012; Matson et al. 2016) and models (e.g., for

greenhouse gas emissions). The indicator values

used are annual or seasonal data from 2015 to

2017 and earlier trend data when available. Data

were accessed through archived national and

international sources such as census data, agri-

cultural records, and public satellite imagery

(Eichler Inwood 2018).

(5) Analyze trends and tradeoffs: Recent trends are

summarized by Eichler Inwood (2018).

Whereas the region is highly productive, it is

at risk of yield decline in areas with low soil

quality. About half of the area contains the more

desirable soils for agriculture, but the rest of the

area is at risk of compaction or salinization.

Areas under conservation agriculture practices

have better physical properties, moisture reten-

tion capacity, and soil biota (Govaerts et al.

2006; Verhulst et al. 2011; Fuentes et al. 2012;

Rivers et al. 2016). Peak productivity for winter

crops in the Yaqui Valley tends to be in late-

February to mid-March. There are no habitat

conservation areas within this agricultural val-

ley, and hence native diversity is low; however

planting of perennial crops could create more

favorable habitat for some species (Asbjornsen

et al. 2014). Transparency (as measured by

perception of corruption) in the state has

declined recently. Crop diversity has not

changed in recent years and remains lower than

that of a similarly productive climate in South-

ern California. Risk of drought and pest sus-

ceptibility related to low crop diversity are

prevailing concerns.

(6) Identify good practices: The analyses suggest

that there is an opportunity for improvement of

soils through conservation agriculture tech-

niques especially for soils at risk of compaction

or salinization (Eichler Inwood 2018). The

exchanges with stakeholders identified several

promising practices including drip irrigation

systems, improved management of nitrogen

fertilizer and pesticides, and alternative produc-

tion systems involving small animals, green-

houses, aquaculture, and planting new crop

varieties. For example, farmers in the valley are

experimenting with over 65 different crops

ranging from walnuts to asparagus (Asparagus

officinalis). Although new technologies, crops,

and practices help achieve goals, this example

also highlights the important roles played by

policy, regulations, field-level monitoring, and

Fig. 5 Stakeholders were actively engaged in the evaluation of

agriculture systems in the Yaqui Valley of Mexico by using

interactive posters (Dale and Kline 2017). Stakeholder engage-

ment is critical to each stage of the sustainability assessment

process. Photograph by authors, March 2017
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enforcement of local regulations. If these

aspects of governance do not provide the

incentives needed to conserve water and avoid

water contamination, then technical assistance

to promote new crops and technologies may be

for naught. Farmers are likely to do what is

easiest and continue the same practices that they

already know and consider less risky. However,

making crop insurance available may encourage

farmers to increase cropping diversity and

thereby reduce the economic risk associated

with crop loss.

Overarching themes

Our experiences in developing and testing this

approach have led to the identification of several

overarching and inter-connected themes (shown in the

center of Fig. 1) that are critical for success when

applying each step of the process, namely stakeholder

engagement, transparency and trust, communication,

monitoring, and continual improvement. Each of these

themes is described below. We also identify some

common pitfalls encountered when implementing the

process and provide recommendations for minimizing

costs and delays.

Stakeholder engagement

Stakeholder involvement (Beier et al. 2016; Djenontin

and Meadow 2018; Petersen et al. 2018) underlies all

aspects of this landscape sustainability assessment

approach and helps build local capacities. Stakehold-

ers should be a part of every step, for they form part of

the context and are the key to bridging the ‘‘practi-

tioner-researcher divide,’’ which deters adoption of

sustainability approaches (Rasmussen et al. 2017).

Early and ongoing stakeholder engagement in defining

desired future conditions, prioritizing practical indi-

cators, and setting realistic goals determines success or

failure of both the assessment and progress toward

landscape sustainability (e.g., see Tarter et al. 2016;

Rasmussen et al. 2017). Stakeholders also play critical

roles in defining priorities based on the landscape

context and in implementing good management prac-

tices (Johnson et al. 2003; Ness et al. 2007;

Sydorovych and Wossink 2008; Cebrián-Piquerasa

et al. 2017). For example, when asked to prioritize

indicators, stakeholder often communicate their val-

ues and insights, as well as provide examples of how to

measure progress, thereby helping to identify pertinent

indicators (e.g., see Dale et al. 2018a). Therefore, the

coordinator should take the time required for stake-

holder engagement in planning and implementation of

the assessment.

However, diverse perspectives from stakeholders

also make it difficult to reach consensus on clear goals

and a manageable number of indicators. From the

outset of an assessment, it is often evident that some

stakeholders have conflicting goals for the outcome.

Developing consensus on well-defined and focused

goals is critical because goals that are ambiguous or

too broad result in the measurement of variables that

are misleading or inaccurate, overly broad scopes, or

targeting too many objectives (Tarter et al. 2016). It

may be easier to reach consensus about what stake-

holders don’t want to happen, i.e., undesired future

scenarios and changes to be avoided, rather than

specific targets to be achieved (Zenner 2016). Stake-

holder ownership of the process and results is instru-

mental in supporting long-term efforts to identify

improved practices based on the signals provided by

indicators.

Because participation of stakeholders results in a

process that is not as neat and simple as idealized in

Fig. 1, our recommendation is to work on several of

the steps concurrently but to complete them in the

order shown. Unexpected detours, hurdles, and delays

are the norm and represent an important part of co-

learning and capacity building (e.g., Petersen et al.

2018; Williams and Brown 2012) in adaptive man-

agement. Nevertheless, it is advisable to revisit steps if

new information or changing circumstances affect the

activity, especially when such practices increase trust

and local ownership of the process.

Transparency and trust

Transparency refers to sharing of all aspects of the

assessment process including the methods used to

establish goals and objectives, indicators, baselines,

and targets as well as the information obtained (Cash

et al. 2003). The assessment process requires trust

founded on transparency including who is behind the

activity and why, what kind of information is

collected, and how that information is vetted, inter-

preted, and communicated. The inclusion of all key
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stakeholders is an essential part of transparency. Too

often, native people, absentee owners, low income

owners, renters, minorities, and those who are affected

but are distant from the activity are not included in the

evaluation. It may be useful to findmultiple avenues of

engaging stakeholders (e.g. through open discussions

or focus groups, as well as semi-anonymous or closed

surveys) so that literacy or language barriers can be

addressed and community hierarchies or security

concerns do not override expression of conflicting

landscape goals.

Trust is a measure of confidence in the reliability

and truthfulness of information and in the ability for

the process to achieve desired results. Trust is essential

for the process to fulfill its purpose in guiding

decisions toward improved conditions. If stakeholders

do not trust the process, the results have little value.

Being open and transparent builds trust, but, particu-

larly for outsiders, it is difficult to establish trust within

assessment time frames. Hence it is useful to engage

leaders and coordinators who have earned local

respect.

Applying the framework (Fig. 1) at the inception

provides an explicit commitment to transparency that

increases legitimacy and helps build supportive con-

stituencies for subsequent steps in the activity’s

development. Up-front investments to engage stake-

holders pay off in the long run, for developing trust

and good working relationships provides a pathway to

leveraging the resources of other participates (Peter-

sen et al. 2018). We recommend that the process be

built on honesty and commitment to listening and

sharing.

Communication

Transparent communication about available

resources, developing consensus with stakeholders

around a ‘‘doable’’ scope of work, and developing

practical timelines with sufficient flexibility or a

cushion that allows for unforeseen delays are impor-

tant for success and reduce unrealistic expectations.

Effective and timely communicating of information

that helps guide decisions is key to making scientific

assessments relevant to pending decisions and changes

in policy (Lindenfeld et al. 2014, Kanter et al. 2018).

Monitoring data and analyses should be shared in a

timely fashion so that stakeholder decisions, actions,

and opinions are based on current information (Palmer

et al. 2005). To minimize misunderstandings, it is

critical to ensure that terminology is explicitly defined

and accepted by local stakeholders.

For landscapes that support production systems

(such as agriculture and forestry), the iterative process

in Fig. 1 entails sharing information about how

progress toward established goals can be enhanced

(or deterred) at all points along a value chain [e.g.,

procurements and supply chains, training and educa-

tion, value proposition, outreach, quality control, and

management systems as discussed in International

Organization for Standardization (ISO) management

system standards 14,001 and 90,001 (ISO 2018)]. New

information and new contextual conditions result in

new questions about how to better achieve goals,

thereby continuing the assessment cycle.

The diversity of stakeholders in any one landscape

means that diverse communication tools should be

adopted. New technologies that provide information

and feedback via the web or mobile applications have

transformed the speed and ease with which informa-

tion is shared (Nghiem and Carrasco 2016). However,

it is challenging to authenticate the validity of

information. While the internet provides an effective

means to relay information to some groups, it does not

work for all. Surveys and citizen science are effective

ways to collect information as well as share informa-

tion about the assessment. Often it is necessary for the

assessment coordinator to reach out to individual

stakeholders to ensure that all relevant groups are

involved in the assessment process (e.g., Dale et al.

2018a).

Because of the underlying complexity of sustain-

ability and its many dimensions, visualization is an

essential part of communication. Visualization

involves translating complex information about the

landscape into a graph, diagram, or images to facilitate

understanding. Tufte (1983) notes that visualizations

should provide the data and encourage the viewer to

think about the meaning of the information rather than

about methods used to collect it or the graphic design.

Effective visualization transforms large amounts of

information in a manner that allows users to capture

the big picture or zoom into different levels of detail

(Tufte 1983; Dale and Kline 2017). Visualization tools

may use a combination of graphical, statistical, and

verbal descriptions. Integrating information for effec-

tive visualization of indicator trends is necessary for

stakeholders to better understand progress toward
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established goals and any potential tradeoffs and

synergies.

We recommend that procedures for data collection,

monitoring, and sharing of data and analytical results

should be clearly documented early in the process and

understood by all concerned (Dale et al. 2016). Special

attention needs to be paid to data aggregation, any

procedure by which information is expressed in a

summary form for purposes such as reporting or

analysis. As data are aggregated, the risks for errors,

misinterpretation, omission, or misrepresentation

increase. For example, if data on environmental

qualities are aggregated, progress in improving one

aspect, such as air quality, could mask a critical

decline in quality for another aspect, such as water or

biodiversity. Or improvements in one watershed could

mask deteriorating water qualities in another area.

Consolidated scores based on off-setting values is

described as a ‘‘weak’’ method for measuring effects

compared to ‘‘strong’’ approaches where each indica-

tor is assessed and reported individually (Pearce et al.

1994; Rickels et al. 2016). Mathematically valid

approaches for aggregation provide criteria for selec-

tion of functions to combine information, which are

often necessary when collating data for a landscape

sustainability assessment (Pollesch and Dale 2015).

Monitoring

Ongoing data collection programs are another challeng-

ing but essential cross-cutting theme. Decisions about

what data to obtain should be guided by identifying

information that is relevant, timely, and at an appropri-

ate scale.Monitoring data are gathered by governmental

agencies, citizen science, civil society organizations, or

industry. While government measurement programs do

not always focus on stakeholders’ issues, they are often

the best option available for gathering consistent and

statistically valid data [e.g., the U.S. Department of

Agriculture’s Forest Inventory and Analysis (https://

www.fia.fs.fed.us), the Conservation Effects Assess-

ment Project (https://www.nrcs.usda.gov/wps/portal/

nrcs/main/national/technical/nra/ceap/), or the Crop-

land National Assessment (https://www.nrcs.usda.gov/

wps/portal/nrcs/detail/national/technical/nra/ceap/na/

?cid=nrcs143_014144)]. Information collected by

citizens groups or non-governmental organizations is

valuable and typically focuses on a particular concern,

place, and time. Such snapshots can be accurate and

important as reference points, particularly if data

collection and documentation are guided by profes-

sionals (Tredick et al. 2017). Reports that arise from

photographs, anecdotes, or the internet should be

validated and confirmed by authoritative sources.

Industries affected by or affecting system conditions

often collect their own information as required by

permits or for their edification—but these data are not

always available to or understandable by the public.

All sources of monitoring information are useful, but

each source must be interpreted carefully by consid-

ering the purpose, protocols, time, place, sampling

methods, etc. to determine representativeness and

statistical validity.

While the tendency is to seek out as much

information as possible and to identify all ideal

indicators, our recommendation is to use available

data when possible and to focus on a few key measures

that reveal trends or portend changes in conditions of

highest priority to stakeholders. We find it useful to

start with defined categories and checklists of potential

indicators that reflect environmental, social, and

economic concerns (e.g., Table 1). This approach

allows stakeholders to question the terms and their

meaning and often results in a lively discussion and

reevaluation of indicators and their definition. The

future health of ecosystems and human well-being

should be considered (Collins et al. 2011), and, as

conditions change, checklists must be modified to

reflect stakeholder concerns about environmental,

social, and economic outcomes. Indicators that are

not priorities for stakeholders should be considered for

removal (e.g., Dale et al. 2018a), and context-specific

priorities might necessitate the addition of one or more

indicators to the initial check list (e.g., Case 2).

Continual improvement

A focus on continual improvement is recommended,

for it helps an activity adapt to ever-changing

economic, political, social, and environmental condi-

tions, including extreme weather events and distur-

bance regimes (Dale et al. 2018b). There is no ‘‘silver

bullet’’ to achieve landscape sustainability goals but

rather many small steps that move an activity closer to

goals over time. Thus, continual improvement is

commonly adopted by standards and certification

schemes (e.g., GBEP 2011; ISO 2015; RSB 2016;

ASTM 2017). Adaptive management that promotes
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continual improvement is a widely recognized means

to promote more sustainable resource management

(Williams and Brown 2012).

Systematic monitoring to determine progress

toward indicator targets and analysis to relate changes

to activity interventions may result in discarding some

indicators that are not helpful or revising how

indicators are measured and interpreted based on

new understanding. Historical data are limited, and

knowledge of the future is uncertain, but as new

information is gathered, new challenges and opportu-

nities for improvement arise. The assessment process

should be updated based on new understanding about

the costs and benefits of available options.

Assessment developers need to allocate sufficient

resources for science-based analysis to foster learning

with and among stakeholders (Petersen et al. 2018).

Efforts to guide decisions toward continual improve-

ment will be fruitful only if people understand why

changes in practices are necessary for the achievement

of desirable outcomes.

Conclusions

Implementing this process to assess progress toward

landscape sustainability entails significant resources

(e.g., staff time, money, and multi-disciplinary skill

sets that are difficult to assemble and maintain—

including a team capable of effective outreach and

who are perceived as being honest brokers). Each

assessment involves unique opportunities and con-

straints. Deployment requires time for discussion,

comprehension, and evaluation of goals, indicators,

changing circumstances, tradeoffs, and ways to

improve practices. To achieve established goals with

limited resources requires creativity, partnerships, and

identifying local champions who are respected and

enthusiastic about those goals. With good planning

and local collaborators, we find it is possible to engage

stakeholders in defining goals, indicators, and targets.

For example, low-cost efforts with high returns

include taking advantage of existing meetings and

extension agent activities, employing simple tools

such as interactive posters, literature reviews, and

outreach to partners to collect available data. Com-

bining these inputs with strategic interviews to fill

gaps in representation, we have been able to generate

preliminary quantitative and qualitative results that

could be refined with further stakeholder input.

Our experience is that engaging in this assessment

approach supports adoption of better landscape man-

agement practices via adaptive management and a

process involving transdisciplinary research. Viewing

landscape sustainability assessment as an ongoing

process emphasizes local social and institutional

mechanisms to identify and adapt good practices to

continually improve outcomes over time. Stakeholder

engagement in, and ultimate ownership of, the process

is more important than a specific result or indicator

value. While idealized goals may or may not be

achieved, the assessment approach described in this

manuscript provides a means to build capacities to

assess environmental, social, and economic patterns

and processes that are important to local stakeholders.

Flexibility and a willingness to respond to input by

adjusting assessment plans and goals, patience on the

part of all parties, and a long-term commitment to the

iterative process are also important qualities for

successful assessment involving stakeholders.

Just as sustainability is not a final state to be

achieved, the assessment process does not provide a

final answer that assures a landscape is sustainable.

Experience suggests that ongoing monitoring and

evaluation yield new insights and, sometimes, unex-

pected information. Working through this landscape

assessment approach leads to discoveries and new

questions that may require reevaluation of goals or

stepping back to restart the assessment. This process

supports the role of researchers and scientists to

provide training, data, and analytical support to local

stakeholders. The ultimate goal is to be facilitators,

helping to transparently compare alternatives, identify

good practices, and guide subsequent decisions toward

ever-improving outcomes.
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Moldan B, Janoušková S, Hák T (2012) How to understand and

measure environmental sustainability: indicators and tar-

gets. Ecol Indic 17:4–13

Muneepeerakul R, Castillo-Chavez C (2015) Toward a quanti-

tative science of sustainability. Bull Math Biol 77:254–258

Musacchio LR (2013) Key concepts and research priorities for

landscape sustainability. Landscape Ecol 28:995–998

Ness B, Urbel-Piirsalu E, Anderberg S, Olsson L (2007) Cate-

gorising tools for sustainability assessment. Ecol Econ

60:498–508

Nghiem TPL, Carrasco LR (2016) Mobile applications to link

sustainable consumption with impacts on the environment

and biodiversity. BioScience 66:384–392

Opdam P, Luque S, Nassauer J, Verburg PH, Wu J (2018) How

can Landscape Ecol contribute to sustainability science?

Landscape Ecol 33:1–7

Palmer MA (2012) Socioenvironmental sustainability and

actionable science. BioScience 62:5–6

Palmer MA, Bernhardt ES, Chornesky EA, Collins SL, Dobson

AP, Duke CS, Gold BD, Jacobson RB, Kingsland SE,

Kranz RH, Mappin MJ, Martinez ML, Micheli F, Morse

JL, Pace ML, Pascual M, Palumbi SS, Reichman O,

Townsend AR, Turner MG (2005) Ecological science and

sustainability for the 21st century. Front Ecol Environ

3:4–11

Parish ES, Hilliard M, Baskaran LM, Dale VH, Griffiths NA,

Mulholland PJ, Sorokine A, Thomas NA, Downing ME,

Middleton R (2012) Multimetric spatial optimization of

switchgrass plantings across a watershed. Biofuels Bioprod

Biorefin 6:58–72

Parish ES, Dale VH, English BC, Jackson SW, Tyler DD (2016)

Assessingmultimetric aspects of sustainability: application

to a bioenergy crop production system in East Tennessee.

Ecosphere 7(2):e01206

Parish ES, Dale VH, Kline KL, Abt RC (2017) Reference sce-

narios for evaluating wood pellet production in the

Southeastern United States. Wiley Interdiscip Rev 6:e259

Pearce DW, Atkinson GD, Dubourg WR (1994) The economics

of sustainable development. Annu Rev Energy Environ

19(1):457–474

Pearson DM, McAlpine CA (2010) Landscape Ecol: an inte-

grated science for sustainability in a changing world.

Landscape Ecol 25:1151–1154

Petersen B, Aslan C, Stuart D, Beier P (2018) Incorporating

social and ecological adaptive capacity into vulnerability

assessments and management decisions for biodiversity

conservation. BioScience 68(5):371–380

Pollesch N, Dale VH (2015) Applications of aggregation theory

to sustainability assessment. Ecol Econ 114:117–127

Rasmussen LV, Bierbaum R, Oldekop JA, Agrawal A (2017)

Bridging the practitioner–researcher divide: indicators to

track environmental, economic, and sociocultural sustain-

ability of agricultural commodity production. Glob Envi-

ron Chang 42:33–46

123

Landscape Ecol (2019) 34:1199–1218 1217



Rickels W, Dovern J, Hoffmann J, Quaas MF, Schmidt JO,

Visbeck M (2016) Indicators for monitoring sustainable

development goals: an application to oceanic development

in the European Union. Earths Future 4:252–267

Rivers A, Barbercheck M, Govaerts B, Verhulst N (2016)

Conservation agriculture affects arthropod community

composition in a rainfed maize-wheat system in central

Mexico. Appl Soil Ecol 100:81–90

Robertson GP, Dale VH, Doering OC, Hamburg SP,Melillo JM,

Wander MM, Parton WJ, Adler PR, Barney JN, Cruse RM,

Duke CS, Fearnside PM, Follett RF, Gibbs HK, Goldem-

berg J, Mladenoff DJ, Ojima D, Palmer MW, Sharpley A,

Wallace L, Weathers KC, Wiens JA, Wilhelm WW (2008)

Sustainable biofuels redux. Science 322(5898):49–50

RSB (2016) RSB-STD-01-002 (Version 1.0) RSB glossary of

terms. Roundtable on sustainable biomaterials. https://rsb.

org/wp-content/uploads/2018/07/RSB-STD-01-002-RSB-

Glossary-of-Terms-v.1.1.pdf. Accessed 24 May 2019

Seuring S, Muller M (2008) From a literature review to a con-

ceptual framework for sustainable supply chain manage-

ment. J Domest Prod 16:1699–1710

Smith A, Snapp S, Chikowo R, Thorne P, Bekunda M, Glover J

(2017) Measuring sustainable intensification in small-

holder agroecosystems: a review. Glob Food Secur

12:127–138

Sydorovych O, Wossink A (2008) The meaning of agricultural

sustainability: evidence from a conjoint choice survey.

Agric Syst 98:10–20

Tarr NM, Rubino MJ, Costanza JK, McKerrow AJ, Collazo JA,

Abt RC (2017) Projected gains and losses of wildlife

habitat from bioenergy-induced landscape change. Glob

Chang Biol Bioenergy 9(5):909–923

Tarter A, Kennedy Freeman K, Sander K (2016) A history of

landscape-level land management efforts in haiti- lessons

learned from case studies spanning eight decades. World

Bank Group-Agriculture. Washington, DC, September

2016

Tredick CA, Lewison RL, Deutschman DH, Hunt TA, Gordon

KL, Von Hendy P (2017) A rubric to evaluate citizen-

science programs for long-term ecological monitoring.

BioScience 67:834–844

Tufte E (1983) The visual display of quantitative information.

Graphics, Cheshire. ISBN 0-9613921-4-2

Varner J (2014) Scientific outreach: toward effective public

engagement with biological science. BioScience

64:333–340

Verhulst N, Kienle F, Sayre KD, Deckers J, Raes D, Limon-

Ortega A, Tijerina-Chavez L, Govaerts B (2011) Soil

quality as affected by tillage-residue management in a

wheat-maize irrigated bed planting system. Plant Soil

340(1):453–466

Villa F, Bagstad KJ, Voigt B, Johnson GW, Portela R, Honzák

M, Batker D (2014) A methodology for adaptable and

robust ecosystem services assessment. PLoS ONE

9(3):e91001
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