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An ecosystem-based management approach (EBM) is suggested as one solution to help to tackle environmental
challenges facing worldwide farming systems whilst ensuring socio-economic demands are met. Despite its
usefulness, the application of this approach at the farm-scale presents several implementation problems,
including the difficulty of (a) incorporating the concept of ecosystem services (ES) into agricultural land use
decision-making and (b) involving the farmer in the planning process. This study aims to propose a solution to
overcome these challenges by utilising a geodesign framework and EBM approach to plan and design a sus-
tainable multifunctional agricultural landscape at the farm scale. We demonstrate how the proposed approach
can be applied to plan and design multifunctional agricultural landscapes that offer improved sustainability,
using a New Zealand hill country farm as a case study. A geodesign framework is employed to generate future
land use and management scenarios for the study area, visualize changes, and assess the impacts of future land
use on landscape multifunctionality and the provision of associated ES and economic outcomes. In this frame-
work, collaboration with the farmer was carried out to obtain farm information and co-design the farmed
landscapes. The results from our study demonstrate that farmed landscapes where multiple land use/ land cover
types co-exist can provide a wide range of ES and therefore, meet both economic and environmental demands.
The assessment of impacts for different land use change scenarios demonstrates that land use change towards
increasing landscape diversity and complexity is a key to achieving more sustainable multifunctional farmed
landscapes. The integration of EBM and geodesign, is a transdisciplinary approach that can help farmers target
land use and management decisions by considering the major ES that are, and could be, provided by the
landscapes in which these farm systems are situated, therefore maximising the potential for beneficial outcomes.

1. Introduction help maintain and promote key ecosystem functions and services within

agro-ecosystems, and therefore, ensure the provision of multiple bene-

Ecosystem services-based management (EBM) (i.e., ecosystem-based
adaptation, ecosystem services-based approach) is “an integrated
approach that incorporates biological, socio-cultural, and economic
factors into a comprehensive strategy aimed at protecting and
enhancing sustainability, diversity, and productivity of natural re-
sources” (Delacamara et al., 2020). The EBM approach has emerged as
an effective approach to address socio-economic and environmental
concerns arising from human activities and climate change impacts
(Naumann et al., 2011). This is because applying an EBM approach can

fits to society and the natural environment, as well as decreasing envi-
ronmental footprints of agricultural production activities (Doswald
etal., 2014; MEA, 2005). Benefits from this include but are not limited to
maintaining soil health, carbon stocks, regulating air and water flow,
enhancing biodiversity, increasing landscapes resilience to adapt to
climate changes and environmental disturbances, maintaining food
production, and improving human health and well-being (Naumann
et al., 2013; Smith et al., 2013). Given that sufficient international re-
sponses to global environmental problems are still lacking, a local scale
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and place-based response driven by local governments and societies can
play a vital role in fostering sustainability transitions (Wamsler et al.,
2014). In this context, the importance of ecosystem-based management
is considered as a multi-benefit approach that provides the most prom-
ising paradigm for achieving sustainable development (MEA, 2005).

Among various strategies that have been proposed and implemented
to accelerate a transition to sustainable farming systems such as
leveraging technological innovations, changing agricultural practices,
implementing nature-based farming, and providing training and edu-
cation to farmers (Burns, 2021; Eyhorn et al., 2019; Keesstra et al., 2018;
Lynde, 2020; Schlesinger, 2022), the EBM approach has been applied
increasingly in recent years (Bretagnolle et al., 2018; Harvey et al.,
2017; Tamburini et al., 2020; Vignola et al., 2015). This approach aims
to recreate and strengthen key ecosystem functions and services to
sustainably increase agricultural production (Abdourahamane Illiassou
and Oeba, 2020). In practice, the central idea behind EBM is that one can
redesign current landscapes to maintain and restore natural capital
stocks, and at the same time create multifunctional landscapes that
allow the joint production of both agricultural commodities and various
ecological and cultural ecosystem services (Landis, 2017; Lovell and
Johnston, 2009). As such, applying EBM enables the establishment of
more diverse and complex landscapes where farming systems are
tailored to ensure multiple human needs are met while sustaining the
environment (McGranahan, 2014). In the context of the increasingly
negative impacts of climate change and more environmental regula-
tions/standards required from agricultural systems, this approach is a
powerful tool to ensure the sustainability of farming systems.

Although the importance and benefits of utilising EBM for designing
multifunctional agricultural landscapes has been widely highlighted and
discussed internationally (e.g., Huang et al., 2015; Huang et al., 2019;
Lavorel et al., 2022; O’Farrell and Anderson, 2010; Ssegane et al., 2015),
the application of this approach has several challenges. A fundamental
barrier to the implementation of EBM in practice is the difficulty of
incorporating the concept of ecosystem services into agricultural land
use decision-making (Biirgi et al., 2017; De Groot et al., 2010). More
particularly, in order to use the concept of ecosystem services at the farm
scale, a wide range of data and models are needed, which often requires
assistance from experts to help farmers navigate through the process
(Abdourahamane Illiassou and Oeba, 2020). Taking a design-driven
perspective to land use planning, which integrates a knowledge of the
range of ecosystem services provided by different parts of the farm,
should also involve landowners as a key participant in all stages of the
process (Tran et al., 2020). Being able to involve farmers in the design of
multifunctional agricultural landscapes is likely to result in land use
strategies that are practical or more likely to be adopted by the farmer
(Haaland et al., 2011; Speelman et al., 2014).

It is important that the development of future landscapes follow an
effective framework which integrates different types of models and
processes (Chopin et al., 2017). Such a framework must also facilitate
the collaboration between different stakeholders to develop a compre-
hensive land use plan (Karrasch et al., 2017; Natarajan, 2017). The
concept of geodesign is recognised as an innovative approach that has
been widely utilised in land and environmental management (Gottwald
et al., 2021; Lee et al., 2014; Li and Milburn, 2016; Newman et al.,
2020). In addition, frameworks that integrate ecosystem services into
the geodesign process have been developed (Chopin et al., 2017; Huang
et al., 2019; Tran et al. 2020). However, geodesign has been imple-
mented mostly in urban and catchment scale projects. Studies that apply
a geodesign framework following EBM at the farm scale are uncommon.

This study utilises a geodesign framework and EBM approach to plan
and design a sustainable multifunctional agricultural landscape, using a
New Zealand (NZ) hill country farm as a case study. Farming in NZ hill
country faces considerable environmental challenges due to the histor-
ical clearance of natural and seminatural land cover for pastoral pro-
duction (McGlone, 1983). Through these processes, the hill country
landscape structure and pattern have been significantly modified,
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resulting in loss and degradation of ecosystem functions and services
(Blaschke et al., 1992). This impacts on the long-term sustainability of
hill country landscapes, and it is likely that the possible effects of climate
change will exacerbate these problems (Macinnis-Ng et al., 2021).
Through this study we demonstrate that farming systems designed
around a a multifunctional landscape, where key ecosystem services are
maintained and promoted, can offer an effective solution to decrease
environmental footprints whilst ensuring economic outcomes and
human well-being.

Research that applies an ecosystem services-based geodesign
approach in a complex farmed landscape has the potential to contribute
to the provision of planning tools that can be used by farmers and their
advisors to design better sustainable multi-functional agricultural
landscapes. This would improve ecosystem services from hill country
and help NZ hill country farmers better manage the tensions they
currently face between minimising environmental impacts from farming
and improving farm productivity and profitability (Scrimgeour, 2016).
The proposed approach provides a valuable reference for sustainable
farm system design and can make an important contribution to sus-
tainable development of agriculture in NZ and other countries faced
with similar land management issues.

2. Geodesign case study

The case study farm is situated in the hill country and steep-land of
the Manawatt-Whanganui region, in the lower half of the North Island
of New Zealand (Fig. 1a). This farm is a complex agricultural landscape
(Fig. 1b) formed by various topographical features (e.g., slope, eleva-
tion, landform) and comprises a range of soil types. The landscape has
been deforested and significantly modified for agricultural production.
Many environmental issues must be considered when thinking about the
design of modern farm systems in this landscape, including increased
soil erosion and GHGs emissions, loss of biodiversity and reduction in
water quality. This highlights the importance of redesigning the farmed
landscape to achieve long-term sustainability of agricultural businesses.
Although the landscape is covered by various categories of land use land
cover (LULC), pasture is the dominant land cover, with the main land
use being sheep and cattle grazing.

The farm consists of eight land management units (LMUs) (Fig. 1c). A
LMU is defined as “area of land that can be farmed or managed in a
similar way because of underlying physical similarities” (Beef and Lamb,
2022). A description of LMUs in the case study farm is presented in
Table 1. Most of the LMUs were available in the property’s whole farm
plan produced by the local regional council (https://www.horizons.
govt.nz/). However, some changes to the boundaries were identified
and updated due to recent change in land use and management in some
parts of the farm. As such, the final LMUs and associated boundaries and
descriptions were obtained by working with the farmers.

3. Materials and methods

This study utilised an ecosystem-based geodesign approach to design
different land use scenarios for the future farmed landscape. The con-
ceptual framework for agricultural landscape design proposed by Tran
et al. (2020) was adapted to this case study (Fig. 2) which integrates the
concept of multifunctional landscapes following the geodesign process
developed by Steinitz (2012).

3.1. Description, process, and evaluation models (stages 1-3)

To describe and visualise the landscape of the case study farm,
various types of spatial data were used (Supplementary S1). This is the
Description stage of the conceptual framework. These data were obtained
from different sources, including NZ government agencies and
government-funded projects, research institutions, and include remote
sensing-based data, data from a survey questionnaire, and field surveys.
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Fig. 1. Location of the farm in New Zealand (a); the farmed landscape in 3D visualisation (b); and land management units (LMUs) of the farm (c).

Because spatial data for the study area were of different spatial resolu-
tion and data types (i.e., vector shape files and raster images), these data
were standardised to a raster data format with a resolution of 10 m using
ArcGIS software. Doing this resulted in dividing the farm into a grid of
pixels where the area for each grid cell is 0.01 ha or 100 square meters
(10 m x 10 m). All data were organised in a geospatial database

optimised for storing, querying, and sharing data in the landscape
analysis and design applications.

The second stage of the conceptual framework was to spatially
quantify major ecosystem functions and services and their interactions.
This is the Process stage (Fig. 2). For example, types and pattern of
ecosystem services are strongly affected by landscape simplification/
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Table 1
Description of land management units (LMUs).

LMUs Area (ha)  Land use and management practices

LMU1 31.9 Pasture grazed by sheep

LMU2 79.4 Pasture grazed by sheep, lambing, and cattle

LMU3 57.9 Pasture grazed by sheep and cattle, calving

LMU4  188.7 Pasture grazed by sheep, cattle, and Manuka honey
production

LMU5 4.0 Holding paddocks for livestock

LMU6 4.9 Exotic forest blocks

LMU7 3.9 Residential area

LMUS8 8.2 Riparian zone with indigenous vegetation cover

modification for pastoral production. Also, topographical features (e.g.,
slope and aspect) play an important role in shaping ecosystem func-
tioning and processes such as soil erosion, water flow, and vegetation
growth in the study area. Because hill country landscapes may supply
various type of ecosystem services, a range of models and methods were
used to derive spatial data of ecosystem services, including biophysical
approaches and LULC-based approaches (Supplementary S2). Specif-
ically, InVEST and ArcGIS were the primary tools used to quantify and
map the spatial pattern of provisioning, supporting/regulating, and
cultural ecosystem services based on the methods described in Tran et al.
(2022a, 2022b). Because the ecosystem services were measured in
different units, all ecosystem services values were normalised to a 0-1
scale to allow the ecosystem services to be comparable and aggregated
for quantifying landscape multifunctionality (MFC).

The third stage of the framework, Evaluation, employed a model that
utilises the assessment indicators to evaluate the quality of the farmed
landscape. To map the overall quality of ecosystem services, a landscape
quality index of multiple ecosystem services was created (Quinn et al.,
2013; Hermes et al., 2018). The Analytic Hierarchy Process (AHP)
pairwise comparison method (Saaty, 1988) was used to weight the
relative importance (i.e., preference) of the different ecosystem services
and the weighted ecosystem services layers summed to create a MFC
index layer. Finally, hotspot analysis using the Getis Ord tool in ArcGIS
(ESRI, 2022) was used to identify hot spots and cold spots within the
MFC index layer. This enabled the identification of areas with low and
high levels of ecosystem services supply, which provides important in-
formation for landscape planning and management. Soil erosion,
nutrient loss, and GHGs emissions, were used as the main indicators for
evaluating environmental challenges in the study area. This was carried
out using InVEST Sediment Delivery Ratio (Hamel et al., 2015), InVEST
Nutrient Delivery Ratio (Sharp et al., 2014), and the Agricultural
Emissions Calculator tool from the Ministry for the Environment (MfE,
2022a). This calculator provides a basic estimation of the GHGs emitted
and absorbed by a farm based on stocking and land use information.
GHGs include carbon dioxide, methane, and nitrous oxide, all converted
to CO, equivalents.
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3.2. Change models for future land use scenarios design (stage 4)

Designing future land use scenarios is a complex process requiring a
mixed approach that combines different models and methods. Partici-
patory mapping, GIS-based multi-criteria decision-making using the
suitability model in ArcGIS Pro, and an integration of these methods
were used to develop future land use scenarios for the case-study farm.
Stage 4 of the conceptual framework, Design, is described in the
following sections.

3.2.1. Participatory mapping

A geodesign workshop was organised at the farm and facilitated by a
GIS expert. This is the first step of the Design stage. The workshop started
with a broad overview of the current landscape characteristics (e.g.,
LULC pattern, topography), environmental issues (e.g., soil erosion and
nutrient loss), and drivers of land use changes (regulations in GHGs
emissions and the recent release of the government’s freshwater man-
agement policy (Larned et al., 2022; Leining et al., 2020). Afterwards, a
set of printed maps with information on the farm boundary, paddocks/
fence lines visualised on an aerial photo (i.e., base maps) were provided
to the farmers. The maps displayed the current LULCs, and the envi-
ronmental issues identified on the farm.

The workshop facilitator introduced a set of land use mapping tasks
to the farmers. In the case study farm, future land use options were based
on two different land management goals—an agricultural production-
oriented scenario and landscape conservation scenario. The first sce-
nario focused on promoting pastoral production, while the second sce-
nario focused on reducing negative environmental impacts from
agricultural production such as soil erosion and degraded water quality.
For the latter scenario, a defensive design strategy was applied by which
the creation of future landscapes is based on avoiding vulnerability or
risks.

The farmers were asked to sketch their preferred land use on the base
maps (e.g., such as identifying new areas for planting Manuka trees and
drawing it on the map). This could be done by using the digitizing tool in
GIS software or a drawing tool in web-mapping applications. However,
in our case study, the farmers preferred using paper maps so an addi-
tional step was required to transfer the mapping results to a digital form
(i.e., shapefile) for use in GIS.

In addition to the land use scenarios mapped by the farmers, a similar
geodesign process was done by an external expert. For this scenario, the
expert is a soil scientist with expertise in sustainable use of land,
particularly hill country and steep-land in NZ. While the mapping tasks
for the farmers to map the production- focused scenario are rather
simple, the conservation-focused scenarios involved more complicated
land allocation tasks. For instance, in the latter scenario the landscape
designer was required to define suitable areas for exotic forest blocks (e.
g., 40 ha), indigenous forest, the space planting of poplar trees for soil

\mpacts models
(4) Design

- Design goals and | | * Ecosystem

assumptions services
* Multifunctionality

(6) Decision

* Design ——
X . i * Review impacts
strategies Er:vnronmental : Discussionp
« Land allocation outcomes S
+ Economic impacts * Reflection

« Future scenarios

* Implementation
Decision models

Fig. 2. Conceptual framework of the ecosystem services-based geodesign process for creating future landscape, adapted from Tran et al., 2020. The geodesign follows
six stages: (1) Landscape description, (2) Landscape process; (3) Landscape evaluation; (4) Future landscape design; (5) Impact assessment of alternative land use
scenarios; and (6) Decision-making. Stages 4-6 tend to be iterative in response to the feedback/reflections of the decision makers.
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conservation, and draw and mark the boundary of these areas on the
paper map. Given the complexity of this landscape design, a combina-
tion of both defensive (i.e., proactive) and offensive (i.e., reactive)
strategies was used to create future land use changes. In the defensive
strategy, the development of a future landscape is based on one that
avoids vulnerability or risks. Whereas the development of a future
landscape using offensive strategy is based on utilising the advantageous
or attractive landscape characteristics (see Steinitz, 2012 for detailed
description of these design strategies). The results from this step are
maps showing the future landscape with the anticipated distribution and
pattern of different LULC types based on production-focused goals and
conservation-focused goals developed by the farmers and the expert.

3.2.2. Design optimisation using a hybrid approach

Land use design optimisation begins by determining the targeted
areas to undergo future land use changes. In other words, this required
defining the spatial-based design and management goals for future
landscapes in which a specific level of land use change intervention is
quantified and visualised on the map. This was done by applying the
concept developed by Landis (2017) who proposed three design goals
for multifunctional agricultural landscapes based on the degree of
ecosystem services supplied: “restore ecological integrity”, “increase
landscape multifunctionality”, and “sustainably intensify”. High and
low levels of ecosystem services supplied by provisioning, supporting,
and aesthetic services were obtained from the hotspot analysis carried
out in the second or process stage. These maps were then integrated
using the spatial analysis tool in ArcGIS to determine design goals for the
study area (Fig. 3). For instance, using this approach, a high level of land
use change intervention is required in an area with a high level of pro-
visioning services (i.e., hot spot), but low in supporting/regulating and
landscape aesthetics (i.e., cold spot). Details associated with the process
of quantifying the design goals map from ecosystem services are
described in the Supplementary S3.

Because the relative priorities of the different ecosystem services are
strongly dependent on the specific land use management goal, we
applied a pairwise comparison to create two weighted scenarios: an
equal weighting and a farmer-based scenario. This resulted in two major
land use change scenarios: a production-oriented scenario which pro-
motes agricultural production with limited environmental sustainability
(Fig. 3a) and a landscape conservation scenario which focuses more on
overall landscape sustainability and restoration (Fig. 3b). The design
and management goals obtained from this step enable the landscape
designer to quickly define areas that require changes to future land use
or management.

The second step of the Design stage involves land suitability evalua-
tion to determine suitable areas for a specific land use purpose (i.e.,
specific land use changes). The assessment was done using a GIS-based
multicriteria decision making (MCDA) method, which was integrated
in a land suitability model in ArcGIS Pro. In this study, the land suit-
ability assessment for exotic forest, indigenous forest, indigenous Man-
uka, and space planting were carried out because modifying the
landscape to increase these land use types leads to a significant
improvement in MFC and the provision of multiple ecosystem services
(Dominati et al., 2021).

Based on published literature and advice from a local expert, rele-
vant land evaluation criteria for such land uses were defined (e.g.,
current LULC, topographic features such as slope and aspect, pasture
production, and accessibility to transport and water bodies) (Supple-
mentary S4). These criteria were then prepared in the form of raster GIS
layers, reclassified into different levels of suitability, and standardised
using ranked scores, for example, ranking from the lowest (1) to the
highest suitability (10). For example, the area that is located on steep-
land (slope > 25°) with a high risk of soil erosion, low pasture yield,
and close to the stream is considered as highly suitable for indigenous
Manuka planting. A land suitability map for each land use modification
was determined by combining all the suitability criteria. The result from
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this step are maps which determine suitable areas for the distribution of
exotic forest, indigenous forest, indigenous Manuka, and space planting
(Fig. 4.

The third step of the Design stage involves integrating land suitability
maps, design goals, landowner preferences, and expert knowledge to
modify the landscape by allocating future land uses. In this step, the
design goal maps from step 1 and the land suitability maps from step 2
are used as reference information to quickly find targeted areas for
allocating specific land use types. Information from the landowner and
the expert was utilised to refine the land use plan. For instance, the
design goal map for the landscape conservation scenario reveals a high
and medium level of land use change intervention on steep land areas in
the south of the farm, indicating a need to increase MFC or restore
ecological integrity. The land suitability maps show that these areas are
suitable for both indigenous Manuka and poplar planting, suggesting
changes towards these land uses offers a solution to achieve the design
goal. However, the paddocks in this location are easy to farm and the
planting of Manuka in these areas is not favoured by the landowner. As
such, it is unlikely that the landowner will convert these paddocks to
Manuka. Therefore, spaced-poplar planting in these paddocks is deter-
mined as the priority for future land use change in these areas. The re-
sults from this step of the process are maps showing the pattern and
types of land use for different scenarios (Fig. 5).

3.3. Impact assessment of future land use changes (stage 5)

To evaluate the impacts of future land use scenarios on landscape
sustainability, a MFC index with associated ecosystem services provision
and environmental issues, and economic indicators, were applied to
measure how changes to future land use will impact on the ecological/
environmental and economic aspects of the landscape. To explore the
long-term impacts of future land use change, the assessment for current
(base in 2020) and future land use (in 2050) was carried out. This is the
Impact assessment of the conceptual framework (Fig. 2).

For each land use scenario, eleven ecosystem services (Supplemen-
tary S2) were quantified and an integration of these services using the
Analytic Hierarchy Process AHP was applied to map the overall multi-
functionality of the farm. Because the primary goal of designing future
landscapes for the farm is to achieve long-term sustainability, we assume
that all types of ecosystem services play the same role and contribute
equally to MFC. Results from this assessment enabled comparison be-
tween future and current land use so that the impacts of land use
changes on MFC and ecosystem services can be evaluated. Changes in
the supply of ecosystem services were examined using the spatial sta-
tistics tool in ArcGIS software. The environmental impact indicators that
were selected for the case study were soil erosion, nutrient loss, and
GHGs emission. Reducing these environmental issues is the current
focus of the NZ government.

To evaluate the effects of future land use changes on the mix of
revenue streams and the financial performance of the farm business as a
whole, a financial analysis of each of the resulting scenarios was un-
dertaken and compared to the current situation of the business. For each
of the potential commercial activities on the farm, including wood
production, carbon farming, manuka honey production and sheep and
beef grazing, net cash flows over 30 years were modelled, and the net
present value was (NPV) used (with a discount rate of 2 % - see Sup-
plementary S5 for clarification) to compare the profitability of different
mixes of enterprises for the future scenarios. To model the pastoral en-
terprise over time, the farm system model AgInform (Version 6.8.2.6)
was used. AgInform utilises linear programming to optimise economic
profit for the pastoral enterprise, over a set time period, from changes
made to specific LMUs (area, pasture quantity or quality) (Rendel et al.,
2017). This model uses a wide range of input information such as
pasture yield overtime, the seasonal pattern of pasture growth rates on
different LMUs, livestock performance levels, the monetary costs asso-
ciated with the production of forage and those incurred for running the
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Fig. 3. Spatially explicit design and management goals for (a) the agricultural production scenario and (b) the landscape conservation scenario.

whole farm business. These data were primarily obtained directly from
the farmers. Missing information was collected from regional databases.
For each land use scenario, capital investments such as fencing, planting,
hive purchase were considered along with on-going costs and revenues
over 30 years. The 9 steps for the financial analysis for each land use was
demonstrated in the Supplementary S6. Outputs from the model include,
stock classes and numbers, investment costs in tree planting and fencing,
and NPV of the initial investment in capital livestock and the annual
earnings before interest, tax, depreciation, and amortisation (EBITDA)
over the set period. See Dominati et al. (2019, 2021) for more detailed
explanation of the AgInform model. Given that AgInform models the
pastoral systems only, other revenues including Manuka honey and
carbon farming were calculated manually using the assumption pro-
vided in Supplementary S6 and S7.

3.4. Decision making (stage 6)

In the final stage (Decision) of the framework (Fig. 2), the results of
the future land use scenarios and impacts of land use change were uti-
lised as the basis for a discussion with the landowners. The focus of this
step is to discuss in detail the trade-offs between scenarios and getting
farmer’s reflection/opinions on the feasibility of proposed land use
options.

4. Results
4.1. Scenarios of future land use for the case farm

Land use maps for the current and future scenarios for the case farm
are presented in Fig. 5 and area of LULC types are showed in Table 2. For

the current farm system (S0), grassland is the dominant land use which
occupies 74.3 % of the total land (282.4 ha). This is followed by

indigenous Manuka that is mainly distributed in gullies within LMU 4
(the south-central area of the farm) and it accounts for 7.36 % (30 ha).
Cropland is located in LMU1 (the north of the farm), covering an area of
27.7 ha (7.28 %). Space plantings and wetlands are scattered across the
farm and each land use occupies 3.4 % of the total farm’s land area (13
ha). Other LULC types including exotic forest, indigenous forest, riparian
strips, and residences account for only a small proportion of the farm’s
land cover.

The agricultural production-oriented land use scenario proposed by
the farmers (S1) shows the least LULC change. Major changes include an
expansion in space planting (9.6 ha), in the northwest of LMU2, a new
block of indigenous Manuka (9.3 ha), in the north of LMU4, and a
reduction in exotic forest (2.4 ha). This scenario features the least
reduction in pasture, with only 6.9 ha removed from production. The
landscape conservation-based scenario mapped by the farmers (S2)
presents a similar trend to the S1 scenario. However, there is a signifi-
cant difference in the amount and pattern of indigenous Manuka
plantings, with a 3-fold increase in the area. In this scenario, the area
under pasture is reduced by 25 ha, and this is replaced by indigenous
Manuka.

The land use scenario designed by the expert (S3) demonstrates a
significant LULC change from SO, including two additional exotic forest
blocks (20.4 ha) in the west of LMU2 and the north of LMU3, and two
indigenous forest blocks (24.5 ha) in the west of LMU3 and in the east of
LMU4. In addition, S3 has a large area under space plantings (49.8 ha),
which is mostly concentrated in the west and northwest of LMU2 and the
south of LMU4. The newly added area of exotic forest and indigenous
forest is mainly converted from pasture (38.8 ha) and indigenous
Manuka (6.1 ha).

In the agricultural production-based model optimisation scenario
(S4), the main land use change is an expansion in the area of indigenous
Manuka (14.9 ha) and space plantings (26.1), and a small reduction in
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Fig. 4. Land suitability for a specific land use purpose for the case farm using the land suitability model. The highest suitability score presents the most suitable area

for land use change and vice versa.

the area under pasture (7.4 ha) and cropland (7.5 ha). The expanded
indigenous Manuka areas are in the south of LMU3, and in the west,
along with several locations in the east of LMU4. Space plantings are
distributed across several areas in the west and southwest of LMUZ2 and a
big block in the upper south of LMU4.

The landscape conservation scenario using a hybrid approach (S5)
demonstrates a change in most of LULC classes. This scenario presents an
increase in exotic forest in the north of LMU3 (12.4 ha), indigenous

forests in the central areas of LMU4 (9.7 ha), and a small riparian strip
(0.91 ha) in LMU1. Also, a large amount of space planting (44.4 ha) is
added in the south and southwest of LMU2 and the south of LMU4. The
expansion of indigenous Manuka (21.1 ha) is relatively similar to the
pattern seen in the S3 and in addition to this is a large strip extended
along the stream in the south-central of the farm. The decreasing land
uses are pasture (44.1 ha) and cropland (7.5 ha). Among six land use
options, the agricultural production-oriented scenarios proposed by the
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Fig. 5. Land use scenarios for the case farm: (a) current land use (S0), (b) agricultural production-based farmers design (S1), (c) landscape conservation-based
farmers design (S2), (d) landscape conservation-base expert design (S3), (e) agricultural production-based model optimisation (S4), and (f) landscape conserva-

tion scenario using a hybrid approach (S5).

Table 2

Land use land cover area for the current and future land use scenarios (ha).
LULC types SO S1 S2 S3 S4 S5
Exotic forest 5.6 3.1 3.1 25.9 5.6 17.9
Grassland* 282.4 275.5 257.4 243.6 275.0 238.3
Indigenous forest 1.4 1.4 1.4 25.9 1.4 11.1
Indigenous Manuka 28.0 37.2 55.3 21.9 42.9 49.1
Residence 0.9 0.9 0.9 0.9 0.9 0.9
Riparian strip 8.1 8.1 8.1 8.1 9.0 9.0
Short rotation cropland 27.7 27.7 27.7 27.7 20.2 20.0
Space planting 13.1 22.7 22.7 62.8 39.2 57.5
Wetland 13.0 13.0 13.1 13.0 13.0 13.1

" This includes pasture areas with space-planted poplar trees.

farmers (S1) and optimised by the model (S4) demonstrate a similar
trend of land use change and are close to the current land use (i.e., the
least decrease in pasture area). Whereas scenarios 2 and 5 have rela-
tively similar area of pasture.

4.2. Impacts of future land use changes

The impact assessment associated with a comprehensive analysis of
ecosystem services and environmental and economic evaluation for all
land use scenarios is time-consuming and involves processing and pre-
senting a large amount of information. Therefore, we selected three
contrasting scenarios that reflect the largest difference in LULC pattern
to demonstrate how land use changes influence the provision of
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ecosystem services, environmental performance, and economic output.
These scenarios are the base (current) land use, the landscape
conservation-based scenario designed by the farmers, and the landscape
conservation-based scenario developed using a hybrid approach.

4.2.1. Changes in ecosystem services

The mean value of ecosystem services provision for 11 quantified
services for the case farm is presented in Fig. 6. In relation to the current
LULC, S5 shows an increase in a wide range of ecosystem services that
include landscape naturalness (0.14), landscape diversity (0.02), pro-
vision of natural habitat (0.09), provision of freshwater (0.03), carbon
sequestration (0.16), erosion control (0.03), provision of Manuka honey
(0.05), and provision of timber production (0.03). The S2 demonstrates
an increase in landscape naturalness (0.08), provision of natural habitat
(0.04), provision of freshwater (0.01), carbon sequestration (0.06),
erosion control (0.02), and provision of Manuka honey (0.07). Both S2
and S5 exhibit a reduction in the provision of stockfeed production
(-0.03 and —0.08), ease of farming (-0.01 and —0.1), and water yield
(-0.02 and —0.03).

It can be seen that the differences in ecosystem services change
values between land use scenarios are not high when the comparison is
considered at a whole farm unit (Fig. 6). This is because the LULC areas
that remain unchanged occupy a large amount of the total farmland.
This suggests a further analysis in the areas where LULC changes
occurring is needed to better understand the impact of land use change
on ecosystem services. Fig. 7 shows the spatial pattern of the changes in
MFC and associated ecosystem services categories between current and
future land uses. Overall MFC and MFC by ecosystem services categories
are found to have increased in both land use scenarios. For example, an
increment of 0.02 and 0.03 in overall MFC are seen in the S2 and S5
scenarios, respectively. In the S2 scenario (Fig. 7a-d), the increase in
overall MFC and three ecosystem services categories occurs mainly in
the south-central part of the farm (LMU4) which would be changed from
pasture to indigenous Manuka. In the south and southwest of LMU2
where there has been a new area of space planting, there is an increase in
supporting services and landscape aesthetics, but a reduction in provi-
sioning services. The reduction in MFC, provisioning, and supporting
services can be seen in the north of LMU2 where the exotic forest was
replaced with pasture. The S5 scenario demonstrates an increase in
overall MFC in different parts of the farm, including the south and
southwest of LMU2, the north of LMU3, and the north and the south of
LMU4 (Fig. 7e). This pattern is strongly aligned with the changes in
supporting/regulating services (Fig. 7g) and landscape aesthetics
(Fig. 7h). A decrease in provisioning services is found to be strongest in
some areas in the south-central area of the farm (LMU4) where indige-
nous Manuka has been replaced with indigenous forest cover (Fig. 7f). A
reduction in provisioning services is also seen in areas that have been
space-planted with poplars, although the reduction is relatively low as
these areas can still be grazed by livestock.

As land use change can lead to a significant change in MFC and
ecosystem services provision (Fig. 7), insight into this process was
examined by looking at the variation between different types of land use
transformation (Table 3). The results show that a shift from pasture to
indigenous Manuka will provide the greatest improvement in MFC and
the provision of all ecosystem services categories.

Despite a minor change in landscape aesthetics, a conversion from
pasture to exotic forest results in a significant improvement in MFC
concurrent with a substantial increase in the provision of supporting
services. In comparison to indigenous Manuka, space planting of poplar
trees on grassland or the conversion of pasture to riparian plantings will
not obtain a high rate of MFC increment (e.g., 1.5-2 times lower) due to
a reduction in provisioning services. However, these land use changes
enhance the supporting services and landscape aesthetics of the farm. In
addition, a transformation from indigenous Manuka to indigenous forest
may reduce the MFC due to a significant loss of provisioning services,
but in turn, indigenous forest is seen to be a better land use in terms of
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providing supporting services and landscape aesthetics.

4.2.2. Environmental impacts of LULC changes

Table 4 provides information about the environmental impacts of the
current and future land use scenarios. Results from the InVEST SDR
model demonstrate that the mean values of annual soil loss' for the case
farm change from 4.1 (current land use) to 3.59 (S2) and 2.78 tonnes/
ha/yr (S5). The average soil loss via surface erosion for the current land
use in the case farm is in line with values reported in previous studies in
hill country and upland areas which ranges from 1.1 to 5.7 tonnes/ha/
year (Lambert et al., 1985; Page et al., 2004). The sediment eXport2
values decrease from 0.26 tonnes/ha/yr (current land use) to 0.23
tonnes/ha/yr (S2), and 0.16 tonnes/ha/yr (S5), respectively. As such,
the changes in land use reduce sediment export to the stream for the
farm by 11.5 % (S2) and 38.5 % (S5) compared to the current land use.
The InvEST NDR model showed that the land use changes reduce ni-
trogen (N) leaching on the farm. For instance, mean values of N loss are
reduced from 7.62 kg/ha/yr to 7.06 kg/ha/yr for S2, and to 6.22 kg/ha/
yr for scenario 5. It means that the average N loss for the whole farm is
reduced by 7.4 % (S2) and 18.4 % (S5). The spatial variation in these
environmental changes (Supplementary S8) is an inversive pattern of
the supporting services maps presented in Fig. 7c and 7 g, as an increase
in the provision of these ecosystem services will result a reduction in
associated environmental issues. The most significant reduction in
sediment export occurs in the steep-lands where pasture is: (a) replaced
with exotic forest (the south of LMU3) or (b) replaced with indigenous
Manuka (the north of LMU4), or (c) spaced planted with poplars
(southwest LMUZ2). In contrast, the greatest reduction in nutrient loss is
seen in the south of LMU1 where cropland has been replaced with
permanent pasture. In S2, an increase in sediment export and nutrient
loss occurs in the north of LMU2 due to a change from exotic forest to
pasture.

For the current farm system, the GHGs emitted from grazing live-
stock and agricultural practices such as fertiliser use is 3.03 tonnes CO4
eq/ha/yr, which is close to the average value of sheep and beef farm in
the North Island of NZ (Vibart et al., 2021). However, net emissions from
this farm are 1.42 tonnes/ha/yr because more than half of the GHGs are
absorbed by the current indigenous trees and exotic forests. With a
significant increase in indigenous Manuka in the scenario 2, GHGs
emitted by livestock are mostly absorbed. The farm comes very close to
being a carbon neutral farm with GHGs emission sitting around 0.03
tonnes COy eq/ha/yr. In S5, a reduction in stock numbers in combina-
tion with the planting of a large amount of woody vegetation including
indigenous forest, indigenous Manuka, and space planted poplars would
enable the farm to achieve negative GHGs emissions with an average
value of —4.9 tonnes CO;, eq/ha. More detailed information about the
GHGs emission values for each land use scenario are provided in Sup-
plementary S9.

4.2.3. Economic impacts

The results of the financial analysis for the mix of revenue streams for
the 3 scenarios are presented in Tables 5 and 6. For the pastoral area, to
maximise the NPV over the 30 year timeframe, the AgInform model
recommended a sheep only breeding operation, with replacements,
selling some lambs, prime, and some store (i.e., these lambs are sold to
farmers on better land who finish them and sell them to the slaughter-
house). The farm currently runs a mix of sheep and cattle. The stocking
rates per hectare from the model are on par with regional averages (see
https://beeflambnz.com/data-tools/benchmarking-tool) and did not
vary much between scenarios. These livestock numbers are greater than

1 The amount of annual soil loss on a pixel is given by the revised universal
soil loss equation (RUSLE).

2 The amount of sediment eroded from a pixel that reaches the stream (i.e.,
RUSLE * Sediment delivery ratio) (See Hamel et al., 2015).
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Fig. 6. Provision of ecosystem services under different land use scenarios: (a) current land use, (b) land use scenario 2 (S2), and (c) land use scenario 5 (S5).
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Fig. 7. Changes in landscape multifunctionality (MFC) and ecosystem services (ES) provision in the case farm under land use scenario 2 (7a-d) and land use scenario
5 (7e-h). The grey color denotes areas that have experienced very little or no change in MFC and ES.

that of the current base farm operation, showing that the model has
capability to maximise pasture resource use for economic returns.

In S2 and S5, some of the more challenging pastoral areas of the farm
(e.g., steep and eroding lands) have been converted to either manuka or
planted with spaced trees. To reflect the positive effect of increased
vegetation on animal performance (shade, shelter, easier terrain) (Par-
minter et al., 2001), animal performance indicators have been modified
when running AgInform, hence the increase in stock unit and profit/ha.
Average profit/ha increases by 19 % and 13 % respectively for scenarios
2 and 5, compared to the base farm, the model making the most of the

10

better-quality pasture on the farm and better conditions for the animals.

For the current scenario, the financial analysis including all revenue
streams over 30 years, returned a NPV of $2,571,781 for the base farm
(Table 6). Revenues for the base farm only included grazing and manuka
honey. For S2 and S5, other revenue streams were added, including
plantation forestry and carbon credits for new plantings (including pine,
Manuka and poplars for scenario 2 and also indigenous vegetation for
S5). Therefore, the NPV and Annuity/ha increased by 12 % and 35 %
respectively for scenarios 2 and 5, compared to the base farm system
(Table 6).
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Table 3
Change in landscape multifunctionality (MFC) and associated ecosystem ser-
vices categories by different types of land use conversion.

Types of LULC change Changes in landscape multifunctionality

MFC PS SS AES
Scenario 2
Grassland — indigenous Manuka 0.13 0.10 0.10 0.18
Grassland — space planting 0.08 -0.05 0.20 0.10
Exotic forest — grassland -0.05 -0.08 —0.08 0.02
Scenario 5
Grassland — exotic forest 0.12 0.11 0.23  0.03
Grassland — indigenous Manuka 0.15 0.13 0.11  0.22
Grassland — riparian strip 0.09 -0.11 0.21 0.16
Grassland — space planting 0.08 —0.05 0.20 0.11
Indigenous Manuka — indigenous forest ~ —0.05  —0.28 0.12  0.03

MFC - overall landscape multifunctionality, PS - provisioning services, SS —
supporting/regulating services, AES — landscape aesthetics.

Table 4

Mean value of environmental indicators by different land use scenarios.
Environmental indicators Current Scenario 2 Scenario 5
Annual soil loss (tonnes/ha/yr) 4.10 3.59 2.78
Sediment export (tonnes/ha/yr) 0.26 0.23 0.16
Nutrient loss (kg N/ha/yr) 7.62 7.06 6.22
Net GHGs emission (tonnes/ha/yr) 1.42 0.03 —4.90

Table 5
Aglnform production outputs for the base (current) and future land use scenarios
over 30 years for the case farm.

Current Scenario 2 Scenario 5
Stock unit at opening (1st April) 3116 3067 2861
Stocking rate (SU/ha) 9.5 10.1 9.9
Average EBITDA* from pasture (NZ$/yr) 102,466 113,207 101,726
Average EBITDA (NZ$/ha/yr) 313 374 353

* EBITDA: earnings before interest, taxes, depreciation, and amortization.

Table 6
Results of the financial analysis, combining all land uses, for the current and
future land use scenarios.

Current Scenario 2 Scenario 5
Capital investment for the whole farm (NZ NA 158,188 306,201
$)
Annuity of NPV / land use (NZ$/yr) for the whole farm
Pasture 105,612 116,147 104,327
Exotic forest (Pine) 5,188 29,234
Indigenous Manuka 9,217 13,813 14,305
Poplars 6,083 41,659
Indigenous forest 2,980
NPV for all economic activities combined 2,571,781 3,120,702 3,634,614
(NZ$)
Annuity of NPV for all economic activities 114,830 139,339 162,285
(NZ$/yr)
Annuity of NPV/ha (total farm area) (NZ 302 367 427
$/ha/yr)

NPV: Net Present Value.

4.3. Decision making on future land use

The results obtained from stages 5 and 6 (sections 4.1 and 4.2) were
utilised for a discussion with the landowner. Among the developed land
use scenarios, the landowners mentioned that S5 is the most interesting
plan because it had the greatest positive impacts on the farm’s envi-
ronment. If they must change the current farmed landscapes to meet the
regulations and constrains from the government such as the National
policy statement for freshwater management (MfE, 2022b), S5 is the
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most suitable land use scenario. In contrast, the S1 and S4 are more
feasible as these scenarios require the least investment. In relation to the
types of land use change, the farmers viewed a change to indigenous
Manuka or space planted poplars as more favourable than a conversion
to other land uses. This is because the farming family is open to diver-
sifying into Manuka honey production and the implementation of pop-
lars planting does not significantly affect the grazing area. Increasing
these LULC types also help them deal with a potential environmental
tariff as this change improves shade and shelter for stock and therefore
could attract a premium for the produce.

After considering the trade-offs between scenarios and the costs for
the land use conversion (e.g., fencing, planting) (Table 6), the land-
owners suggested some modifications to S5 in order to make it both an
interesting and feasible option for his farm. For instance, the farmers
recommended the use of space-planted poplars instead of converting
pasture to exotic forestry in the north of LMU3. Also, the farmers agreed
that the expansion of indigenous Manuka along the stream in the south-
central of the farm was a good idea. However, they believed that this
should be achieved through natural plant succession rather than
planting the area in commercially propagated Manuka seedlings.

5. Discussion
5.1. Land use changes and sustainability of farmed landscapes

The results from this study demonstrate that in a highly simplified
landscape dominated by pasture, LULC change towards increasing land
use diversity and complexity is important for increasing MFC and
improving the provision of multiple ecosystem services. Consequently,
this information enables the managers of farmed landscapes to reduce
the negative impacts of farming practices on the environment. This
finding is strongly aligned with the conclusion reported in previous
studies which highlight that a multifunctional landscape with multiple
LULC types co-existing can provide more ecosystem services than a
simple landscape which has a dominant land use type (Gomez-Creutz-
berg et al., 2021; Mander et al., 2007; Pitman, 2022). In the case study
farm, all land use scenarios present an increase in overall multi-
functionality and ecosystem services provision as well as a decrease in
environmental issues in comparison to the current land use (Figs. 6 and
7, Table 6). This positive impact is due to a conversion from pasture to
other land uses which include the presence of woody vegetation. For
instance, S5 is the future landscape that has the least pasture and the
highest proportion of woody vegetation such as indigenous forest,
indigenous Manuka, space-planted poplars, and exotic forest. As a result,
this landscape shows the highest level of MFC and ecosystem services
provision and lowest level of soil erosion, nutrient loss, and GHGs
emissions.

Although the importance of having multifunctional landscapes in an
agricultural system is well-studied and discussed (Frei et al., 2018; Frei
et al., 2020; Jordan and Warner, 2013; Ouin et al., 2022; Rallings et al.,
2019; Slamova and Belcakova, 2019), a focus on the comprehensive
assessment of the land use change impacts on ecosystem services, eco-
nomic, and environmental issues at the farm-scale is limited. Recently,
the economic assessment associated with changes in a farm’s land was
analysed in some studies, however, these present a limited measurement
of ecosystem services and show a lack of the spatial-explicit assessment
of ecosystem services change (Dominati et al., 2019; Dominati et al.,
2021). Our study is one of the first farm-scale studies in NZ which covers
a wide range of ecosystem services and considers both environmental
and economic assessment of land use change. This gives insight into the
benefits of alternative land use options and provides more comprehen-
sive information to measure the sustainability of future land use plan-
ning. For instance, the financial analysis demonstrated that overall
profit per hectare for S2 and S5, could be higher than the current mixed
system run by the farmers. Overall profit for the farm is highest in land
use scenario 5 due to having various sources of income, including
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timber, carbon farming, manuka honey production, and stocks grazing.
Our study demonstrates that making appropriate land use changes can
create a sustainable multifunctional landscape on a farm. As such, this
landscape provides numerous benefits to meet multiple needs of the land
users. Having such a landscape creates an opportunity to enhance a
farm’s economic resilience due to having diverse sources of income.
Also, land use diversification achieved by changing LULC enables an
agricultural landscape to better adapt to environmental disturbances
and climate change.

5.2. Advantages of ecosystem services-based geodesign approach

Whilst the fundamental challenge to applying EBM in practice is the
difficulty of incorporating the concept of ecosystem services into agri-
cultural land use decision-making (Abdourahamane Illiassou and Oeba,
2020; Biirgi et al., 2017; De Groot et al., 2010), the ecosystem services-
based geodesign approach carried out in our study provides an effective
solution to overcome this limitation due to its capability to fully inte-
grate the ecosystem services concepts into the design of a sustainable
multifunctional agricultural landscape. In the landscape design frame-
work presented in Fig. 2, ecosystem services concepts are central to
almost all stages of designing the future landscape. It is also important
that in a geodesign framework such as this, that the farmers actively
participated in the process of mapping ecosystem services by providing
necessary farm information and evaluating the mapping results (i.e.,
ground proofing the modelling results). Having farmers involved in the
ecosystem services mapping and evaluation processes is also useful to
enable non-technical people to understand ecosystem services concepts
as they pertain to landscape planning and design.

While many land use planning studies are solely based on a model-
ling approach which lack collaboration with decision-makers and local
people (Xie et al., 2017), our study provides the benefit of a hybrid
approach that utilises the advantage of both modelling and non-
modelling for land use allocation and modification at the farm-scale.
In the modelling methods, different types of LULC can be allocated
effectively by utilising optimisation algorithms to process a large
amount of quantitative data (Yao et al., 2018). Whereas the non-model
approach enables an integration of qualitative data that decision makers
or landowners use for making land use changes, including cultural
values and social and personal preferences (Knook and Turner, 2020). In
this study, the hybrid approach meant that the modelling was utilised
for land suitability evaluation which involves the integration and anal-
ysis of multiple layers of spatial data, and the non-model approach was
used to adjust and modify the land use changes based on the prefer-
ences/recommendations from the farmers and local expert. Another
advantage of the hybrid approach demonstrated in this study is its
capability to reduce the uncertainties and inaccuracies in the modelling
results which may occur due to the unavailability of experimental data
at the farm scale to validate the models (Dominati et al., 2019; Tran
et al.,, 2022a, 2022b). With participation and collaboration of the
farmers and a local expert, the model’s results can be qualitatively
evaluated and adjusted. For instance, the farmers assessed the pasture
production service map and identified the areas where pasture yield
pattern was inaccurate and suggested the appropriate change to improve
this information (Tran et al., 2022b). Among the five scenarios that were
developed using both approaches, the land use scenario that applied the
hybrid approach (S5) achieves the highest overall performance. It sug-
gests that a hybrid framework applied for land allocation and modifi-
cation in our study is advantageous as it utilises the benefits and
minimises the limitations of modelling and non-model approaches. This
is aligned with recommendations from recent studies that suggest a
combination of both approaches is needed to ensure all information and
criteria be included and utilised for land allocation in a landscape design
project (Brooks et al., 2020; Rajakal et al., 2021; Xie et al., 2017).

In addition, an advantage of using geodesign is that results from each
geodesign stage, such as landscape structure and pattern, environmental
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issues, pattern of future land uses, and the costs and benefits of making
land use changes are presented and discussed with decision-makers
(Slotterback et al., 2016). Being able to provide meaningful and
comprehensive information to the farmers in an intuitive visualization
such as in map, or graph format is an effective way to promote the
application of ecosystem services approach. The practical relevance of
our study is important. In our study, the farmers noted that if the farm
landscape must change to meet a range of environmental regulations,
the results from this analysis will be considered as an important refer-
ence from which to make decisions. Additionally, this approach can also
be useful for regional council staff who work with farmers to help them
better meet environmental regulations (Todd, 2018) and farm man-
agement consultants who work with farmers to help them design
farming systems that better meet their goals (Eastwood et al., 2016).
Given the capability of integrating comprehensive ecosystem services
and associated environmental impacts in designing the future land-
scapes, integrating EBM with geodesign is a pathway to achieve envi-
ronmental priorities identified by NZ government such as freshwater
management and climate change mitigation (Larned et al., 2022; Lein-
ing et al., 2020).

5.3. Pathway to implementation

Given the variability within farmed landscapes, it is important that
the development of multifunctional agricultural landscapes at the farm
scale considers individual farm settings (e.g., LULC pattern, environ-
mental issues, farm’s economic situation) and farmer’s preferences and
experiences. This is similar to the concept of bottom-up and place-based
assessment approaches which consider an incorporation of local context
and involvement of local people as a key process in the local scale
assessment of biodiversity and ecosystem services (Johansson et al.,
2019; Kok et al., 2017; Raudsepp-Hearne et al., 2020). It is suggested
that including human well-being into the ecosystem services assessment
framework is central to the planning of sustainable and resilient agri-
cultural landscapes (Fagerholm et al., 2020). Creating landscapes that
are environmentally friendly enables meeting the demands of society
and ensuring animal welfare (Romera et al., 2020). However, it is
important that the planned farmed landscapes align with the needs and
expectations of the farmers. As such, we suggest that having farmers
involvement and contribution in the creation of farm-scale land and
environmental plans is an important requirement. This is key to un-
derstanding the challenges that farmers face and to help with the crea-
tion of more feasible and applicable environmental policies and
regulations (Crofoot, 2016).

Based on the findings associated with the land use scenarios and
impact assessment, and decision making and feedback from the farmers,
we propose two-phases of land use change implementation to achieve a
sustainable multifunctional farmed landscape. In the first phase, the
focus would be to optimise agricultural production and make LULC
change to priority areas which exhibit the lowest provision of ecosystem
services and which are most vulnerable to environmental issues on the
farm. The land use scenarios associated with this goal will be ones
involving the least change to area under pasture area such as S1 and S3.
As such, MFC and associated ecosystem services improved significantly
in some parts of the farm, and this helps to reduce the negative envi-
ronmental impacts in these areas whilst having minimal impacts on the
operation of the farm due to minimum LULC changes. The second phase
would require significant changes to the farmed landscapes to achieve
an improvement of overall multifunctionality and a wide range of
ecosystem services. The aim being that landscapes with a high level of
multifunctionality (e.g., the S5) in which LULC is significantly diversi-
fied to support the long-term sustainability and resilience of the farming
business. Because this stage needs a significant investment in land
conversion and a large amount of grassland would be converted to other
LULC types, it should be staged over time, depending on the financial
support available to farmers from different sources. Being able to do this
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is important to achieve long-term sustainable development of hill
country farm landscapes, given that financial resources for land use
change in this area are limited (Heath et al., 2016).

To promote a wider implementation of land use diversification,
several changes to policy and practice would be needed. The ability of
farmers to access financial support in order to implement a sustainable
land use diversification plan is critical. However, a barrier to the
implementation of the designed land use changes developed from an
EBM approach can be the lack of adequate long-term support to enable
the farmers to be able to afford the cost of land use conversion and
modification and to follow the suggested land and environmental
practices. This is especially important for hill country farmers where
economic returns are often considerably lower than other areas.
Currently, the NZ government has allocated $37 million over 4 years to
accelerate the delivery of the national farm planning framework, which
aims to help farmers design more sustainable farm systems, following a
process similar, but not as sophisticated, as the one presented in this
paper. The budget primarily focused on making it easier for farmers to
meet business and regulatory requirements (MPI, 2022). However, this
funding is aimed at training and development of farm advisers to pro-
vide advice to farmers, for industry, regional council, community, and
catchment initiatives, to ensure farmers are aware of regulations and
processes, provide advice and ensure consistent farm planning stan-
dards. There is very little financial aid available for funding the actual
implementation plans for each farm. At present, farmers in NZ can
receive funding for carbon sequestration services and in some regions,
biodiversity restoration and protection of waterways (MfE, 2022b).
Policy change towards payments for a range of environmental services
(i.e., ecological ecosystem services) such as “biodiversity protection,
watershed protection, and landscape beautification”, in addition to a
long-term investment, may provide incentives to encourage farmers to
voluntarily implement LULC changes that can enhance and promote
multiple ecosystem services on their farm (Capodaglio and Callegari,
2018).

A lesson from a case study in Vittel, North-Eastern France shows that
from 1992 to 2004, all 26 farms in the area had successfully shifted to a
new farming system in which agricultural intensification practices such
as the use of fertiliser and pesticides, overstocking, and poor manage-
ment of animal waste were eliminated (Perrot-Maitre, 2006). Interest-
ingly, this case study demonstrates that “the same goal could not have
been achieved under applicable legislation” (Capodaglio and Callegari,
2018). This suggests that a bottom-up approach in land and environ-
mental planning and management may be a more effective approach
than the current policies practices in NZ, in which the central and local
governments tends to address the environmental challenges by relying
heavily on regulation and environmental legislation.

As well as having a focus on supporting the development of farm
plans, it is important that local government (e.g., Horizon Regional
Council in the case study area) consider the issues associated with
available financial resources to support the farmers to overcome their
economic concerns associated with changes in land use. Discussion with
land managers to identify key factors and barriers that are preventing or
facilitating land-use change on farm is suggested as a way to enable local
government to find better solutions and identify means of support for the
farmers (Renwick et al., 2022). In addition, the social-cultural aspects of
land use change incentives should also be considered, given that a
change to the future landscape is not only driven by economic purpose.
It is also important that farm-scale land use change intervention towards
a sustainable system is context-specific (i.e., dependant on specific type
of farm system, farmer incentives, and farm business) (Stringer et al.,
2020). As such, policies need to be more flexibles and take this variation
into account, given that one policy cannot fit all systems.
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5.4. Challenges with the designs of future farm systems and future
directions

This study focused on LULC change solutions to create multifunc-
tional agricultural landscapes in a NZ hill country farm, trying to opti-
mise LULC based on the mix of natural resources and variability of the
farm landscape. The impact of different management practices within
land use was not fully considered here and is the next level of discussion
needed with the landowners. Considering change in land management
practices such as soil and nutrient management can significantly in-
crease soil carbon stock and decrease nutrient leaching (Monaghan
et al., 2021; Whitehead et al., 2018), it is important that future studies
consider this in the landscape design and impacts assessment processes.

Given the significant impacts of climate change on farming systems
(Nelson et al., 2009), measuring how the changes in climate variability
can affect the ecological process and agricultural production within the
farmed landscape is critical. This provides key information to demon-
strate the benefit of developing multifunctional agricultural landscapes
as a climate-smart solution to adapt to changes and disturbances arising
from a changing climate (Lavorel et al., 2022; Scherr et al., 2012). For
instance, the future farmed landscape should be designed to cope with
an increase in extreme weather events such as storm and drought as this
can severely affect the erosion risk and pasture production. Therefore,
future studies should consider that the climate change scenarios are
being integrated in the design of multifunctional agricultural
landscapes.

The AgInform modelling performed for the pastoral area of the farm
predicted a sheep-only breeding system would be the most profitable.
However, landowners in NZ usually mix sheep and cattle to help with
internal parasite management and the management of pasture quality
and woody weeds. This behaviour reflects a practical consideration of
holistic farm management that models cannot easily integrate. There-
fore, working with the landowner to design farm systems is crucial. The
financial analysis realised here is a rough first estimation. In practise, the
investment in natural (plantings) and built (fencing) capital would be
staged over the years as the business’s finances allow. Moreover, the
discount rate used here for the financial analysis, 2 %, might seem low. It
was chosen to reflect the lower risk profile associated with multifunc-
tional farms, and investments in natural capital (see Supplementary S5).
For land use changes, full business cases should be developed to try to
predict impacts on cashflow and profit overtime. Integrating the impacts
of changing policy and market concurrent with climate change into the
economic modelling processes is also valuable to increase the feasibility
of the proposed land use scenarios.

Although a wide range of ecosystem services were quantified in this
study, the refinement of existing models for each ecosystem services
layer as well as including more ecosystem services is needed to better
reflect the socio-cultural aspect and well-being of farmers and their
family in land use decision making. Given that the EBM approach re-
quires the use of a wide range of ecosystem services assessment tools and
models, conducting a sensitivity analysis to evaluate the level of confi-
dence in model output would be ideal. However, if this cannot be carried
out due to the lack of empirical/experimental farm-scale data as re-
ported by Tran et al. (2022a), it is important that users recognise and be
aware of the possibility of uncertainties and inaccuracies in the
modelling results. The use of normalised values and a focus on the
pattern of ecosystem services (e.g., hot spot and cold spot of ecosystem
services) rather than the absolute values is recommended as a solution to
minimise this limitation (Powers et al., 2020; Tran et al., 2022a, 2022b).
With limited assessment of the ecosystem services mapping models, it is
suggested that the ecosystem services mapping involves “people of the
place” such as the farmers, field experts, and subject specialists (e.g.,
farm consultants, land managers in regional council). These people who
have knowledge and experiences in the local environment can provide
different types of farm-scale information and help to verify and refine
the model’s results.
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To fully exploit the potential of geodesign, it is suggested that future
studies utilise an application which integrates all landscape design
processes and models into one system. Having this will enable the
landscape design to occur in real-time and more stakeholders can be
involved. Additionally, collaboration between farmers to co-design
landscapes for multiple farms within a catchment may be more benefi-
cial than doing an individual farm, given that the provision of many
ecosystem services such as pollination, water regulation, animal biodi-
versity, do not just occur within a farm boundary (McKenzie et al.,
2013). At present, a major implementation challenge of our proposed
approach is that it requires numerous analyses and the assessment of a
large amount of information. As such, it is time-consuming and expen-
sive when utilising this approach in real-world applications. To over-
come this limitation, an integration of relevant tools and models that are
used to apply this approach into a decision support system (e.g., geo-
design hub) is needed so the approach can be applied widely in practice.

6. Conclusions

Our study demonstrates a useful solution to promote and advance the
application of an EBM approach to farmed landscape planning. Whilst
the EBM approach enables the development of multifunctional agri-
cultural landscapes at the farm-scale, the geodesign framework provides
a promising tool for incorporating the ecosystem services concepts into
agricultural land decision-making and promoting the participation and
contribution of landowners in landscape design projects. Results from
our study highlight the importance of having multifunctional landscapes
in farming systems and applying a comprehensive approach utilising
EBM and geodesign. Land use diversification to have farmed landscapes
that have multiple LULCs co-existing is key to enhancing the provision of
multiple ecosystem services and changing the farm’s environmental
footprint whilst improving a farm’s economic viability. Our study pro-
vides a valuable reference for landscape planning and management at
the farm-scale. The approach demonstrated here provides farmers with a
planning tool that can explore the trade-offs between agricultural pro-
duction and other ecosystem services. It allows farmers to design
farming systems that best meet their production goals while ensuring the
farm landscape provides improved ecosystem services. This can help
them to work towards and the long-term sustainability of their agri-
cultural businesses. Therefore, we believe that the approach and process
presented in this study can be applied widely to help farmers worldwide
develop sustainable multifunctional landscapes for their own farms.
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