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Coffee is a major commodity crop that shapes large shares of tropical landscapes.

However, the sustainability of these landscapes is threatened by climate change.

Whilst adopting climate-smart (CS) practices clearly offers direct benefits to local

farmers, their greater benefits at landscape and global scales has not been studied for

specific commodity crops so far. Our research uniquely outlines how local adoption of

CS-practices in coffee-farming systems provides local, landscape and global benefits.

We review literature on CS agriculture, CS landscapes, and coffee farming to firstly

identify the different CS-practices applicable to coffee farming systems, and then group

these into functional groups that represent the main functional trait targeted by different

practices within coffee-farming systems. This allows identifying benefits provided at

local, landscape and global scales. The seven functional groups identified are: soil

characteristics; water management; crop and genetic diversity; climate buffer and

adjustment; crop nutrient management; structural elements and natural habitats; and

system functioning. Benefits offered at landscape and global scales (non-exhaustively)

include improved water quality, biodiversity conservation and habitat connectivity, as well

as stabilized regional climate patterns. Our review shows that regulating services are

especially pronounced, although the extent of benefits provided depend on landscape

coordination. We discuss considerations for managing possible conflicts, coordinating

actions, financing and accommodating lead time. Local farmers, policy-makers and

global donors must unite to improve uptake of CS coffee-production practices in a

coordinated way, to thereby augment and safeguard coffee-farming’s socio-ecological

system along with associated local, landscape and global benefits.

Keywords: resilience, climate-smart landscapes, coffee, climate change adaptation, climate change mitigation,

socio-ecological system, landscape services

INTRODUCTION

Coffee is a global commodity crop which shapes tropical landscapes through its particular
agricultural system (Harvey et al., 2021). Coffee landscapes are highly valuable for global climate
and biodiversity (Jha et al., 2014; Pendrill et al., 2019). Coffee farming and processing is a major
source of income for local populations (Harvey et al., 2021). Depending on shade levels, its

https://www.frontiersin.org/journals/climate
https://www.frontiersin.org/journals/climate#editorial-board
https://www.frontiersin.org/journals/climate#editorial-board
https://www.frontiersin.org/journals/climate#editorial-board
https://www.frontiersin.org/journals/climate#editorial-board
https://doi.org/10.3389/fclim.2021.746139
http://crossmark.crossref.org/dialog/?doi=10.3389/fclim.2021.746139&domain=pdf&date_stamp=2021-11-25
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org
https://www.frontiersin.org/journals/climate#articles
https://creativecommons.org/licenses/by/4.0/
mailto:p-schmidt@mailbox.org
https://doi.org/10.3389/fclim.2021.746139
https://www.frontiersin.org/articles/10.3389/fclim.2021.746139/full


Schmidt and Bunn Multiscale Benefits and CS-Coffee Practices

cultivation may preserve local ecosystems, but it can also
degrade them (Jha et al., 2014; Martin et al., 2020). Climate
change threatens to alter local land use and production systems.
Adaptation to and mitigation of the effects of climate change will
help secure local livelihoods, and have been shown to have global
implications through teleconnections (Rahn et al., 2014; Pendrill
et al., 2019; Verburg et al., 2019).

Climate-smart landscapes (Scherr et al., 2012) have been
established as a general guiding framework for effective climate
action, and include multifunctional landscapes. Multifunctional
landscapes deliver multiple ecosystem services throughout each
landscape, maximizing contributions to human and other
species’ well-being and achieving system sustainability (Fischer
et al., 2006;Wu, 2013; Hölting et al., 2019). However, despite their
relevance for climate action, a more finely-grained framework
and review has yet to be developed. Such an approach should
structure applicable practices and connect local action to benefits
at local, landscape and global scales (Harvey et al., 2021).

We use coffee landscapes as an example of a tropical
commodity crop adapting to climate change, as it is of
major importance for local livelihoods and biodiversity impacts,
especially in Latin America. This lays foundations for establishing
more effective links with local policy and communities, and
with international donors, when aiming to sustainably adapt
commodity landscapes to climate change.

From Climate-Smart Agriculture to
Climate-Smart Landscapes…
Globally, agricultural systems and surrounding nature are
affected by the impacts of climate change, with agriculture
simultaneously contributing to it as a major driver (Rosenzweig
and Tubiello, 2007; IPCC WG III, 2014; Locatelli et al.,
2015). Climate-smart agriculture (CSA) has been proposed
as a solution to this dilemma, where climate actions aiming
for adaptation and resilience assure livelihoods and provide
opportunities for greenhouse gas (GHG) emissions reduction
or carbon sequestration (Lipper et al., 2014). On the ground,
climate smartness is achieved by implementing climate-smart
(CS) practices. CS-practices address one or more of the three
pillars of climate-smartness: (i) securing or increasing incomes,
(ii) adapting to climate change, and increasing climate resilience,
(iii) GHG emissions reduction or carbon sequestration (FAO,
2013). Additionally, CSA’s potential for mitigating the effects of
climate change helps to access further (particularly financial)
resources, for example from climate compensation payments or
ambitions from value chain, national or international actors, that
aim to advance toward climate mitigation1 (FAO, 2013).

However, to accommodate the tight interconnectedness of
farming with its surrounding landscape and related societies
(Sayer et al., 2013; Reed et al., 2016), the concept of climate-
smart landscapes (Scherr et al., 2012) was quickly proposed as
an expansion. Climate-smart landscapes link local action to the

1It has to be noted that what we refer to is actually “climate change mitigation”
and “climate change adaptation”, but in line with the general literature we wil
use the shortened terminology of “climate mitigation” and “climate adaptation”
throughout this paper.

landscape scale, consider interactions and land-use diversity,
and adopt a process of integrated landscapes management to
help achieve the goals of climate-smart agriculture (Scherr et al.,
2012).

The concept of climate-smart landscapes has found especial
resonance for tropical landscapes (Harvey et al., 2014; Chandra
et al., 2018), as these still preserve a major share of global
biodiversity and embrace a key region for carbon sequestration
(IPBES, 2019; Pendrill et al., 2019). However, these landscapes are
expected to be hardest hit by climate change, with local farmers
often lacking financial options for adaptation actions, resulting in
communities being skewed between international market forces
and external earth-system changes that have been caused by the
global north (McCarthy, 2014). Also, the landscapes’ multiple
functions are threatened by international market dynamics,
especially from deforestation-risk commodity crops such as soy,
cacao, palm oil or coffee (Pendrill et al., 2019).

…To Coffee…
Coffee landscapes have been subject to profound biophysical
changes over the last 20 years (Harvey et al., 2021). Though
sustainability certifications continue to gain ground, coffee and
other landscapes still continue to be degraded (Harvey et al.,
2021). Of particular concern are conventional intensification,
with less cover crops and increased rate of fertilizer and
pesticide use; encroachment on neighboring forested areas;
but also abandonment of coffee farming, either for urban
settlements or for other, often non-agroforest systemswith higher
environmental costs (Martin et al., 2020; Harvey et al., 2021).

Climate change is expected to increase these trends, with up
to 50% of coffee farming estimated to fall out of production
by 2050, causing major distortions to local production and
farmers’ livelihoods (Rahn et al., 2014; Bunn et al., 2015). The
abiotic stresses of higher temperatures and greater variability
in precipitation will constrain coffee productivity and quality,
while increasing susceptibility to pests and diseases, alongside
challenged pollination services (see Pham et al., 2019 for a
detailed overview). Of the two major coffee species farmed,
Arabica (Coffea arabica) is expected to suffer more from higher
temperatures, while Robusta (C. canephora) will likely suffermost
from higher intra-seasonal temperature variability (Bunn et al.,
2015). Regions formerly known for their distinctive taste, and
valued accordingly, may struggle to maintain price premiums, as
changing climates alter coffee profiles (Läderach et al., 2011), in
a similar fashion to the discourse on denomination of origin in
changing climates in the wine sector (Mosedale et al., 2016).

Smallholder farmers will especially struggle to adapt
successfully (McCarthy et al., 2011; Harvey et al., 2018). In
some regions incremental adaptation action may be sufficient
(Läderach et al., 2017; Verburg et al., 2019). However, where
impacts of climate change are more severe, or production is
located in already suboptimal areas, climate change will cause the
need for systemic or even transformative adaptation (Verburg
et al., 2019). Where farmers’ adaptation capacity is surpassed,
these producers will have to abandon farming and migrate.
This will cause farmland degradation, where coffee agroforestry
systems give way to open-land farming (Martin et al., 2020)
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or to a climate-migration nexus similar to that already seen,
for example, in Central America (Kumari et al., 2018; Lynch,
2019). Considering the complex socio-ecological system that
coffee farming constitutes, these changes are a threat not only to
local farmers’ livelihoods, but also to other related land-uses and
general landscape sustainability, as also to global sustainability
and climate action (Rahn et al., 2014; Capitani et al., 2019;
Pendrill et al., 2019; Harvey et al., 2021).

…To Climate-Smart Coffee Landscapes
The adoption of the concept of climate-smart landscapes for
managing coffee landscapes therefore constitutes an opportunity
to preserve or even increase landscape social and economic
sustainability, and at the same time deliver ecosystem services
that are provided by local farming systems and valued
translocally (Harvey et al., 2014).

However, operationalizing climate-smart coffee landscapes
requires understanding of functional interactions between the
adoption of field-based practices and landscape benefits. This
will allow for targeted actions and effective communication
with local communities and policy-makers, as well as
potential donors in international development cooperation
(Prager and Pfeifer, 2015).

Though discussed here for coffee in particular, the outlined
interactions between local practices, landscapes and global
benefits may also be applicable to other tropical commodity crops
that can be produced in agroforestry systems, such as cacao
(Tscharntke et al., 2015). We aim to create a basic understanding
of elements and interactions needed for local, landscape and
global benefits, addressing specific functional groups needed in
the local context to guide actions on the ground.

Our research aims to show how the adoption of CS-practices
in coffee farming systems contributes to local, landscape and
global benefits. In the following sections, we first conceptualize
coffee farming as complex socio-ecological systems, to illustrate
the multiple interrelations such farming systems involve. We
secondly outline the review methodology applied, and thirdly
identify CS-practices applicable to coffee farming systems that
are then structured according to functional groups. Based on
these functional groups, we fourthly outline any derived potential
benefits that climate-smart coffee landscapes may offer (i.e. in
climate-smart landscapes with coffee as an anchor crop). Fifthly,
we discuss further actions needed to establish climate-smart
coffee landscapes, also highlighting any potential pitfalls. We
conclude by articulating further policy recommendations and
future research directions.

THE COMPLEX SOCIO-ECOLOGICAL
SYSTEM OF COFFEE LANDSCAPES

The socio-ecological systems framework describes human-nature
interaction and sees human actions as strongly embedded
in and interacting with local and global dynamics. For land
systems, this framework integrates land use as a connection
between social and ecological systems, whilst these elements
are embedded in and interact with the global earth systems

(GLP, 2005). Coffee farming systems can be seen as a complex
socio-ecological systems (Schröter et al., 2018; Malik et al., 2019).
Interactions occur between (i) the social system, embedding
socio-cultural values and economics, (ii) the ecological system

of tropical landscapes, and (iii) the local land-use system of
coffee farming, forming and being formed by landscape and
culture. Meanwhile, these arising coffee landscapes are coupled
to (iv) the global earth system, especially through the impacts
of climate change and the landscapes’ importance for sustaining
global biodiversity, whilst also being influenced through (v)
international market dynamics.

The social system of coffee farming embeds the local
economy, oftentimes strongly depending on this commodity
crop, and the related local cultural values. Globally, for about 12.5
million farmers, coffee farming is the primary source of income
(Browning, 2019), of whom many are smallholders (Pham et al.,
2019). Coffee farming provides jobs and contributes to poverty
alleviation and to the economies of the countries where it is
produced (Pham et al., 2019). Including the farmers’ families, an
estimated 60–120 million people’s livelihoods depends on coffee
farming (Sachs et al., 2019). However, in many countries coffee
farming is also deeply rooted in local culture and heritage: The
coffee cultural landscape of Colombia, for example, was listed in
the UNESCOWorldHeritage List2 in 2011 (Silva, 2017), showing
its value as local and global cultural heritage. Likewise, coffee as a
locally-produced crop can be deeply integrated in cultural rituals,
as, for example, the Ethiopian coffee ceremony shows (Hirons
et al., 2016).

The ecological system is partly characterized by the
local abiotic and biotic conditions that interact with local
coffee farming. Abiotic conditions such as temperature and
precipitation influence coffee quality and yields (Pham et al.,
2019). Moreover, altitude and climate influence which coffee
species can be farmed: Robusta better withstands higher
temperatures but needs sufficient precipitation or additional
irrigation (Descroix and Snoeck, 2009). Meanwhile, Arabica
coffee, which is more highly valued due to its milder taste, is
generally farmed at higher altitudes (Descroix and Snoeck, 2009).

Land use connects the social system with the ecological
tropical environment in which coffee farming is embedded, and
also shapes the natural environment. Pollinators and pest control
agents are important for coffee yield and quality, and at the
same time their abundance and diversity is influenced by the
way in which local farming systems are managed (Tscharntke
et al., 2011). The characteristics of the land-use system always
include the coffee plant as a woody perennial but vary with
production intensity (Moguel and Toledo, 1999): In extensive
systems, coffee is farmed as an understory crop in multispecies
farming systems. However, in more intensive systems diversity
of companion crops is gradually reduced and overstory trees
(especially shade trees) are increasingly mono-species (Jha et al.,
2014; Martin et al., 2020). In sun-grown coffee systems they
are entirely absent. Systems with higher degrees of shade can
store more carbon, are more climate-resilient, can deliver more
diverse ecosystem services, and contribute more strongly to

2UNESCO (2011). https://whc.unesco.org/en/list/1121
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nature and biodiversity conservation (Tscharntke et al., 2011; van
Rikxoort et al., 2014; Pham et al., 2019). However, lower levels
of shade offer higher yields, at least if abundance of water is
sufficient (Schnabel et al., 2018). Recognition of this tight socio-
ecological interaction and its importance for biodiversity can be
seen in various coffee production countries: Apart from the coffee
cultural landscapes in Colombia, also Man and the Biosphere
Reserves in Mexico3, El Salvador4, and Ethiopia (UNESCO,
2011) explicitly acknowledge the key influence of coffee farming
on the landscape and its biodiversity.

The earth system is mainly influenced by the impact of coffee
farming on the global tropics, whilst impacting coffee landscapes
through market dynamics and recently also climate change: The
tropics harbor the highest biodiversity worldwide, where climate
changes poses special risks for such biodiversity (Pimm et al.,
2014; IPBES, 2019). More than 19 of the currently recognized
36 global biodiversity hotspots are situated in the tropics, and
many of these inmajor coffee production countries such as Brazil,
Vietnam, Colombia, and also the Mesoamerican region. At the
same time, tropical rainforests are probably the most emblematic
carbon sink globally. However, as coffee farming areas expand
or shift to new areas, these forests and the biodiversity
they preserve may be compromised through deforestation
(Läderach et al., 2017).

International market demands and dynamics may induce
such expansion of coffee farming areas (Pendrill et al., 2019;
Harvey et al., 2021), and thereby illustrate a further important
interaction within the socio-ecological system. The coffee market
is buyer-driven, with power located in consuming countries,
mainly located in the global north (Grabs and Ponte, 2019).
Prices are volatile and pressure is passed on along the value chain
to upstream actors, compromising profit margins and economic
viability of coffee traders and growers (Grabs and Ponte, 2019).
Examples for interactions of global trends in coffee production
with local landscapes can be seen in the 1990’s boom and bust
cycles or also recent altitudinal migration due to climate change
and consumers’ preferences. The boom and bust cycles were
caused by global market deregulation, combined with booms
after local frosts in Brazil that caused global coffee prizes to
surge, and induced overproduction on new cultivation areas,
leading up to busts in later years (Eakin et al., 2009). More
recently, the example of high-grown coffee illustrates the direct
influence global markets can have on local ecosystems: This
coffee is increasingly demanded and more highly valued due to
a milder, more aromatic taste, incentivizing shifts of coffee farms
within landscapes toward areas in higher altitudes, especially
as, with climate change, lower areas become unsuitable for
coffee farming (CIAT, 2017). However, such altitudinal migration
thereby compromises local natural habitats and rainforests that
remain in these higher altitudes (Läderach et al., 2017). Thus,
we begin to see how climate change acts as a new and additional
driver, causing great distortion in the socio-ecological system of
coffee farming.

3UNESCO (1993). https://en.unesco.org/biosphere/lac/triunfo
4UNESCO (2007). https://en.unesco.org/biosphere/lac/apaneca-ilamatepec

METHODS

Our research will show how the adoption of CS-practices
in coffee farming systems contributes to local, landscape
and global benefits. However, considering the multitude of
available practices, instead of trying to link each individual
practice to different benefits, we classified practices in seven
functional groups (for example “soil characteristics” or “water
management”, see section Review findings), according to
the functional traits of the farming system to which these
practices contribute. Then, based on these functional groups,
we established links to the broader benefits provided by the
adoption of those different functional groups (for example
“habitat connectivity” or “water quality”).

Our research design is based on an iterative, exploratory
literature review (Arksey and O’Malley, 2005; Baumüller, 2018)
and consists of three successive major steps: We (i) identified
the different CS-practices applicable to coffee farming systems,
(ii) grouped them into different functional groups that describe
the main functional trait that these practices target within the
farming system, to then (iii) perform an additional review, that
identifies benefits that are provided at local, landscape and global
scales when adopting CS-coffee practices.

In detail, in a first step, our iterative reviews started from the
basic element of climate-smart landscapes: the adoption of CS-
practices. We reviewed literature from the year range of 2010–
2020, drawing on Web of Science, Scopus and Google Scholar as
search engines and including scientific and gray literature. Our
understanding of CS-practices is based on the official definition
by the Food and Agricultural Organization by the United Nations
(FAO, 2013), therefore including both, climate adaptation and
climate mitigation practices, as long as positive livelihood effects
for the farmer can be assumed.

A specific search for CS-practices in coffee yielded very
few results: results were limited to individual case studies
and gray literature, without taking further into account
interactions between practices or landscape effects. Therefore,
we defined the search scope somewhat more broadly: on the
one hand, we broadened the agricultural field, including also
CS-practices (search terms: “climate-smart practices”; “climate-
smart agriculture” AND practices) in agriculture in general,
and then subsequently refined listings to only include practices
applicable to coffee farming systems. We checked for duplicates
and then reviewed title, and if relevant, abstract of the papers,
before reading the papers more in detail. For Google Scholar,
we only reviewed the first 300 results for each query. To refine
CS-practices to be applicable to coffee farming systems, the
specific characteristics of coffee-farming systems were taken
into account, including its characteristic as a woody perennial
that can be farmed as an understory crop. Furthermore,
practices had to be applicable in the tropics, were coffee
is farmed.

On the other hand, we broadened the type of practice,
including also climate mitigation (“climate change” AND
mitigation AND coffee) or climate adaptation practices
(“climate change” AND adaptation AND coffee) but here
only including sources specifically aiming at coffee farming
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systems. We identified seven papers as especially relevant to list
CS-practices or practices that offer combined adaptation and
mitigation potential in coffee farming (find listing of practices
in the Supplementary Material S1) and from which then our
subsequent identification of functional groups started from.

In the second step, we distilled major functional groups from
the listings of CS-practices for coffee-farming systems. These
groups correspond to the main functional trait that the practices
address within the coffee farming system. Functional groups
(such as “Natural habitats”) then allowed us to link functional
traits that are improved through the adoption of CS-practices
(such as “Structural elements and natural habitats”) to broader
benefits of coffee-farming systems that have been reported
throughout scientific literature on coffee-farming systems.

Therefore, in a third step, and based on these functional
groups, we then performed another review, to identify
contributions to local, landscape and global benefits. For
each functional group we checked for corresponding papers that
report on elements in coffee-farming systems or similar farming
systems (for example cacao) presenting connections between
the identified functional groups and benefits at local, landscape
or global scale. Here, we based our work in the principles of
landscape ecology (especially Tscharntke et al., 2005, 2012;
Fischer et al., 2006). Also, we took into account the conceptual
advances on landscape benefits and landscape multifunctionality
(Scherr et al., 2012; and for landscape services Termorshuizen
and Opdam, 2009; Bastian et al., 2014). These benefits were
then reported in a structured form, applying the Millennium
Ecosystem Assessment (MEA) framework for ecosystem service
assessment, distinguishing between regulating, provisioning and
cultural ecosystem services (MEA, 2003).

REVIEW FINDINGS

Functional Groups of Climate-Smart
Practices in Coffee Farming
CS-practices, or practices that contribute to climate adaptation
or mitigation, were listed in various sources (see also listing
in Supplementary Material S1). Scherr et al. (2012) and FAO
(2013) list CS-practices for agriculture in general, as well as
Harvey et al. (2014) who offer an overview on practices that
contribute to climate adaptation and mitigation and possible
synergistic potential. For coffee cultivation in particular, possible
climate adaptationmeasures are listed in c&c (2015) and by Pham
et al. (2019) and Verburg et al. (2019). Combined adaptation and
mitigation practices are listed in Rahn et al. (2014) for the region
of Nicaragua, whereas in CIAT (2017) an extensive list of specific
CS-practices for coffee farming in Honduras is provided.

For CS-practices in coffee farming, we identified seven
functional groups contributing to the overarching goals of CSA:
improved and sustainable livelihoods, climate adaptation, and
climate mitigation (see also Figure 1):

1. Soil characteristics
2. Water management
3. Crop and genetic diversity
4. Climate buffer and adjustment

5. Nutrient management
6. Structural elements and natural habitats
7. System functioning.

These contribute to improved livelihoods, adaptation and/or
mitigation through the following interactions:

(1) Soil characteristics: Soil is vital for coffee crop performance
as plants extract water and nutrients from it, with the
top 30 cm being of special importance for coffee plants
(Wintgens andDescroix, 2009). Any loss of soil or degradation
of soil biota should be avoided (Wintgens and Descroix,
2009). Soil organic matter improves system resilience and
contributes to important nutrient and hydrological cycles
and poses important adaptation and mitigation benefits
(Scherr et al., 2012; Harvey et al., 2014). Measures like
application of biochar or mulching contribute to building
up soil organic matter and help to improve soil structure,
whilst at the same time sequestering carbon (CIAT, 2017).
Furthermore, mulching keeps the soil covered, contributing
to reduced soil erosion, and can also reduce soil water loss
(CIAT, 2017).
(2) Water management: Improving water management to
reduce the impacts of precipitation extremes. Minimizing
water erosion and run-off lead to better water availability
for the plant and reduced nutrient loss (Harvey et al., 2014;
Verburg et al., 2019). Improving irrigation efficiency and
water use efficiency in general are important elements in
developing sound climate adaptation strategies, maintaining
viability of coffee farming also in regions with increased
drought frequency (Pham et al., 2019). When wastewater
treatment is introduced in wet processing of coffee beans,
GHG-emissions can also be reduced (Rahn et al., 2014).
(3) Crop and genetic diversity: Higher genetic diversity
and use of more adequate genotypes (e.g., for high-
temperature- or drought-tolerance) lowers production
risks by increasing resilience to environmental shocks
and maximizing crop suitability under the given climate
(DaMatta et al., 2018), with better-adapted crops less
susceptible to new pests and diseases entering the regions
when climate changes (Verburg et al., 2019). More diverse
systems generally show higher resilience, not only in the
face of climate-change, but also for food security and when
subject to market shocks (Scherr et al., 2012; Tscharntke
et al., 2012). Also, if woody crops are introduced for
diversification, in-field biomass increases, and thus higher
in-field carbon stocks are created, thereby contributing to
climate mitigation.
(4) Climate buffer and adjustment: Elements that buffer
extreme climatic conditions avoid or reduce stress, which
would otherwise compromise crop performance and would
increase the susceptibility of coffee plants to pests and diseases
(Pham et al., 2019). Shade trees, for example, can reduce
air temperatures and lower wind speeds (Pham et al., 2019).
Moreover, they can serve as an additional source of income
and reduce dependency on coffee (Harvey et al., 2014).
However, shade level and species of shade trees should be
adjusted to local conditions as they might also compete with
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FIGURE 1 | Functional groupings of climate-smart practices in coffee farming. Top part of the table describes contribution to overall goals of climate-smartness.

Mitigation action is additionally differentiated in carbon sequestration and carbon footprint reduction. In the bottom part, mechanism of action describes how

functional groups deliver farm, landscape, and global benefits. Asterisk additional mark where landscape-wide adoption is of special importance for emerging effects

to occur: (*) = improved effective scale is landscape wide adoption; (**) = optimum effective scale is landscape-wide adoption. Own elaboration.

coffee for light, nutrients and water when chosen wrong
(Pham et al., 2019; Verburg et al., 2019).
(5) Nutrient management: Nutrient supply is crucial for
crop performance. Sustaining an adequate level of nutrients
maximizes yields while lowering susceptibility to pests and
diseases (Muller et al., 2009). Moreover, when using green
manure or similar organic fertilizers, production costs for
the farmer may be lowered (Scherr et al., 2012). Also,
using organic instead of mineral fertilizers avoids production-
related GHG-emissions. Nitrogen-fixing shade trees may
improve crop performance while lowering the need for
fertilizers (Scherr et al., 2012).
(6) Structural elements and natural habitats: Protection and
restoration of structural elements and natural habitats on and
off farms can secure the deliverance of important ecosystem
services like pest control, pollination, or improved climate to
coffee production (Tscharntke et al., 2011; Avelino et al., 2012;
Verburg et al., 2019). They also act as important carbon sinks
(van Rikxoort et al., 2014). In general, increasing productivity
and climate resilience in-field helps to take pressure from
natural habitats still under protection, likewise preserving
ecosystem functions delivered by them (FAO, 2013).
(7) System functioning: Improved system functioning mainly
refers to better crop performance or lowered management
costs. Requiring less external input such as herbicides or

synthetic fertilizers reduces GHG-emissions and lowers
management costs, while improved crop performance
increases productivity (Verburg et al., 2019). Likewise, soil
assessment techniques can combine optimized fertilizer use
with reduced nitrogen leaching as well as improved overall
plant performance (Mueller et al., 2011; FAO, 2013; Ball et al.,
2017). Examples of practices are integrated pest management
with lowered costs for pesticides, and also pruning which
enhances crop performance and lowers susceptibility to pests
and diseases, while clippings can be used as fuelwood avoiding
the need for fossil fuels (c&c, 2015).

Scale matters when studying the benefits of different CS-practices
(Öborn et al., 2015). On-farm practices can strongly influence the
surrounding landscape, while at the same time the efficiency of
practices adopted will be influenced strongly by the surrounding
landscape mosaic. Likewise, measures may imply optimum
scales. From the groups named above, water management and
climate buffer and climate adjustment are greatly enhanced when
applied at a landscape scale (Scherr et al., 2012; Harvey et al.,
2014). The delivery of vital ecosystem services of natural habitats
may partly be achieved through climate buffer and adjustment
elements already, however with conservation of natural habitats
and structural elements on a larger scale, superadditive effects
may also be achieved (Freeman, 2015; Verburg et al., 2019).
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Multiscale Benefits and the Importance of
Spatial Patterns
As previously mentioned, our research explores how the
adoption of CS-practices in coffee farming systems contributes
to local, landscape and global benefits. Having identified CS-
practices in coffee farming, and classified these in functional
groups, we are able to link local action to larger scale benefits.
In the following, we first report how adopting CS-coffee
practices can offer benefits at local, landscape and global scale
(see Figure 2). Then we additionally report benefits under
the MEA framework, for provisioning, regulating, and cultural
ecosystem services. Here, it becomes clear that regulating services
are especially pronounced, and additionally provisioning and
cultural services can also be enhanced.

Farm Level Benefits
When adopting CS-practices, farmers can benefit in multiple
ways. CS-smart practices may increase productivity, for example,
when growing conditions are optimized through the use of shade
trees. Management costs are lowered, for example with mulching
suppressing weeds, decreasing the necessity of manual weed
control or use of herbicides, while offering additional fertilization
to the plants. Likewise, nitrogen-fixing plants decrease quantities
of fertilizer needed. In parallel with adaptation, climate resilience
increases. Additionally, ecosystem services preserved in the
landscape may have beneficial effects for the farmer as well.

Furthermore, farmers may profit from new sources of
income: secondary crops (introduced as climate buffers and
adjustment elements or for enhanced crop diversity) can be
used for self-supply, livestock fodder, or be sold at local
or international markets. Prunings can be used as fuelwood.
Protection of ecosystem services may be rewarded through
national or international payments for ecosystem services and
carbon mitigation through carbon compensation payments.
Additionally, a label such as “climate-smart coffee landscape”
may achieve higher selling prices at the market, raising farmers’
incomes further and cross-financing adaptation measures to
increase climate resilience further.

Landscape Benefits—Importance of Spatial Patterns
Coffee farms consist of different structural elements whose
diversity is improved when CS-practices are adopted. Structural
elements include the soil that is used, the coffee plant, different
layers of overstory plants, and plants that are actively or
coincidently intercropped with coffee plants. Coffee plants might
be intercropped with secondary crops or cover crops, as well
as shade trees, windbreaks or hedges, providing an additional
structural level. Together, those elements can deliver different
provisioning, regulating, and cultural services to the landscape
and influence different aspects of humanwell-being, with benefits
emerging through the interaction at the greater, the landscape
scale. To illustrate mechanisms, we provide an example outline
of options to contribute to some of these landscape ecosystem
services as follows:

• Improved water quality Contribution of climate-smart on-
farm practices to improved water quality within the region

takes place by three different mechanisms: Firstly, minimizing
erosion lowers nutrient discharge from the field and avoids
overload of nutrients and suspended particles in local river
basins. Functional groups that deliver these positive side
effects are improving soil and water management, diversifying
production, and integrating elements to buffer climate
extremes. Secondly, when protecting local natural habitats,
their water filtering function and positive contribution to
local water quality are preserved. Thirdly, improving system
functioning reduces need for agro-chemicals mitigating
negative effects on water quality as well and reduces leaching
of harmful substances (Jha et al., 2011; Verburg et al., 2019).

• Biodiversity Conservation and Natural Habitats Increasing
the range of crop varieties and species, and using shading
elements provides multiple microhabitats and niches for
different organisms, hence contributing to biodiversity
conservation. This also reduces susceptibilities to pests and
diseases. Habitat connectivity is increased, as well as landscape
permeability. Improved productivity and climate resilience
in-field may reduce deforestation by agricultural expansion,
though adversely with more financial resources available
business expansion to those areas could also be a hypothetical
consequence (Fischer et al., 2006; Jha et al., 2011; Tscharntke
et al., 2012; Verburg et al., 2019).

• Improved regional climate Regional climate can be improved
by introducing shade trees and climate-buffering elements
throughout the landscape, and preserving natural habitats.
Forests and increased ground-cover and cover-crops are
able to buffer against extreme weather conditions like
heavy rainfalls or strong winds. Moreover, higher rates
of evapotranspiration can have positive impacts on cloud
formation and therefore reduce the risk of drought within
the landscape, though when groundwater recharge is low,
increased evapotranspiration may also lower overall water
availability. Trees and shrubs augment landscape roughness,
lowering wind speed and reducing the risk of wind erosion
(Jha et al., 2011; Ellison et al., 2017; Verburg et al., 2019).

• Habitats for pollinators and pest control agents Pollination
and natural pest control are beneficial to coffee farming,
have positive impacts on other farming activities within the
landscape, and may improve general well-being of people.
Abundance and diversity of beneficial species is increased
by offering diverse habitats through crop diversification,
introducing climate buffering elements, or preserving natural
habitats. Other land uses within the region profit strongly from
the landscape benefits mentioned, but will also restrict if full
potential can be realized (Fischer et al., 2006; Tscharntke et al.,
2011).

Whether or not, and to what extent coffee farms can deliver
positive services to the surrounding landscape depends
on how farms and other land uses are scattered across
the landscape, and on a smaller scale the nature of their
structural elements (Tscharntke et al., 2012). Whether
the distribution of land use and structural elements
within the landscape is clustered, forms blocks or linear
elements, or is randomly or homogeneously distributed
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FIGURE 2 | Multiscale benefits offered by implementation of climate-smart coffee practices. Farm-level benefits are summarized in view of the overall goal of the

implementation of the climate-smart coffee practice on field. Own elaboration.

FIGURE 3 | Spatial patterns influencing landscape service delivery. (A) Green riverside elements for water filtering and flood buffering. (B) Forest blocks as separation

between coffee patches, slowing down wind speeds and disease spread (e.g. coffee rust). (C) Joining natural in-field elements for enhanced habitat connectivity and

creation of natural corridors. (D) Orthogonal arrangement of blocked structural elements to slow down wind and/or water erosion, as well as to protect from strong

winds. (E) Integrating natural elements on-farm for highest diversity and landscape permeability. (F) Maintaining natural habitats in neighboring areas to allow positive

spill-over effects (pollination, natural pest control). Own elaboration, based on Goldman et al. (2007).

influences which landscape service(s) can be delivered,
see Figure 3.

Blocked patches of natural habitats like forests or groups of
trees and shrubs as structural elements can reduce wind speed,
thus providing protection from windstorms, as well as slowing

down the spread of fungal spores and reducing the spread of
coffee-berry borer (Avelino et al., 2012).

Linear elements enhance landscape connectivity (Fischer
et al., 2006; Tscharntke et al., 2012). When placed parallel to
river flows, they can mitigate flooding and also serve as water
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filtering elements (Goldman et al., 2007). Clustered forests or
structural elements close to and within a plantation can serve as
natural habitats for biological control agents such as birds and
ants (Verburg et al., 2019). However, depending on species of
pollinators and trees within the patches, these elements might
also lure pollinators or host pests (Verburg et al., 2019).

Mixing natural and structural elements within the coffee
farms enhances habitat permeability and on-farm biodiversity,
contributing to pollination and pest control (Tscharntke et al.,
2015). Furthermore, depending on species chosen and stand
density, ground temperature and throughfall rates of light
and rain can be altered (Verburg et al., 2019). The created
microclimate influences susceptibility to some pests and diseases,
slowing down the development rate of coffee-berry borer larvae,
but also potentially increasing likelihood of fungal infection if
microclimates become too humid and air flow is overly reduced
(Escobar-Ramírez et al., 2019; Verburg et al., 2019).

Global Benefits
Contribution to biodiversity conservation is achieved by offering
new natural habitats and preserving existing ones, as well as by
enhancing on- and off-farm habitat connectivity and land-use
diversity, with spatial and functional diversity present (Jha et al.,
2011; Tscharntke et al., 2015). This is of particular importance
as coffee is farmed in the tropics, where a large share of global
biodiversity is found that otherwise might be lost (Pimm et al.,
2014). Biodiversity not only holds an intrinsic value but can
also be highly beneficial to mankind as native crops and animals
may be the basis for new breeds, or varieties, or pharmaceutical
ingredients for example (MEA, 2005).

Climate mitigation is achieved by on- and off-farm carbon
sequestration, reducing the carbon footprint of coffee farming,
as well as preserving natural carbon sinks (Jha et al., 2011;
Rahn et al., 2014). Corresponding functional groups include soil
characteristics, climate buffer and adjustment, natural habitats
and structural elements as well as system functioning.

Climate cooling can be achieved when forested areas and
vegetal cover are provided and preserved, lowering surface
temperature by increasing transpiration and redistributing solar
energy (Ellison et al., 2017). Functional groups especially
contributing to this service are natural habitats and structural
habitats, as well as climate buffer and adjustment.

Benefits Under an Ecosystem-Service Perspective
Provisioning services provided include the diverse products
and by-products offered by the crops planted, foremost coffee,
but also fruits and timber. In most cases, within the landscape,
only the farmers themselves will profit directly, but others may
experience indirect benefits, for example, when being employed
for pruning or harvesting. Fuel energy and basic resources are
obtained, and food security is strengthened. Improved water
quality is achieved by reducing water pollution, including erosion
control, as well as water filtering. Amongst others, contribution to
human well-being is made by providing clean drinking water.

Regulating services are especially pronounced: Coffee plants
themselves, as well as climate-buffering elements on-farm,
contribute to improved regional climate and buffer extreme

weather events, also on a larger scale. Together with water
buffers and natural habitats on-farm, they can reduce floods
and regulate water flows. Natural habitats and structural
elements can contribute to pollination and biological pest control
within the landscape, as well as hindering spread of pests
and diseases. Regarding human well-being, different regulating
services contribute to different elements of security, helping to
maintain a clean and safe environment for the local people and
lower vulnerability to ecological stresses and shocks, including
climate change. Influence on health and disease is more difficult
to attribute or disaggregate: although natural medicine may be
gathered in natural habitats, those habitats in turn may also serve
as sources of diseases affecting the local populations.

Cultural services are also delivered: In many regions,
especially in South and Central America, coffee farming is
part of the local cultural heritage and strengthens the sense
of belonging and social wellbeing. Natural habitats preserved
through the adoption of CS-practices may have recreational
and aesthetic value to people and can serve as an educational
space on ecosystem functioning. Moreover, parts of the farms or
aligned natural habitats may serve as recreational areas or induce
(nature) tourism.

DISCUSSION—TOWARD CLIMATE-SMART
COFFEE LANDSCAPES

Adopting CS-practices in coffee farming systems provides
benefits that reach beyond the farm scale. Instead, the benefits
help progress toward multifunctional landscapes and landscape
and global sustainability, especially when coordination across
the landscape takes place. In the tropics, and especially Latin
America, coffee-farming landscapes face vast distortions due
to climate change. By more widely introducing CS-practices
in coffee farming, local actors can capitalize on the benefits
provided to (i) promote especially those CS-practices that offer
local benefits most needed in the local context, (ii) connect to
international donors and value-chain actors, that have an interest
in contributing to preserve the globally-valued landscape services
these coffee systems provide (or which could be improved
through the adoption of CS-practices), and (iii) coordinate
and support coffee farmers to maximize effectiveness of their
individual climate-adaptation processes. Within this context, our
collection and classification of existing climate-smart practices
in coffee farming can help to select most appropriate practices
for local adaptation needs. Then, our review and the linking
of functional groups to benefits further allows for efficient
communications with policy makers and “best-fit” selection of
CS-practices to be introduced in the coffee-farming systems.

However, there are three additional considerations: firstly,
regarding possible conflicts that may arise; secondly, the need to
coordinate action at the landscape scale; and thirdly, financing
needs and lead time for introducing the appropriate practices.

Tensions can exist within coffee landscapes as it is traded
globally but impacts landscapes locally. Coffee is a global
commodity crop that shapes local culture and landscapes,
trading local ecosystem services for financial returns, as
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Schröter et al. (2018) have shown. With coffee being traded
on a buyer-driven market (Grabs and Ponte, 2019), external
dynamics shape coffee landscapes, causing potential tensions
within the landscape regarding land-use scarcity and pathways of
future farm management. The benefits found at landscape scale,
facilitated by the integration of CS-coffee practices on farm, show
that opportunities exist to reconcile export-orientated farming
with local well-being. Thereby potential land-use tensions within
the landscape can be alleviated.

However, some CS-coffee practices themselves may lead
to tensions within the region, especially irrigation: although
beneficial for the individual farmer, irrigation may compromise
water availability for other users within the landscape. When
precipitation patterns change, this will also negatively affect
groundwater recharge, thus if farmers purely rely on introducing
irrigation systems to increase their climate-smartness,
groundwater levels will sink. Therefore, coordination at
landscape scale will be needed, bearing in mind that landscape
services depend on landscape wide implementation and
spatial patterns.

Thus, landscape-wide coordination is not only needed “to
enhance field-level benefits of [sic] climate-smart practices, [. . . ]
secure ecosystem functions, and [. . . ] enhance the effectiveness
of climate mitigation efforts” (Scherr et al., 2012; p. 5) but
is also of great importance to mitigate potential conflicts
between different land users and with civil society throughout
the landscape.

Climate-smart coffee landscapes can act as a possible
entry point for sustainable landscape governance and climate
adaptation. To avoid the risks that commodity-centric landscape
governance may pose (c.f. Bastos Lima and Persson, 2020)
landscape managers should combine perspectives from inside
and outside the coffee commodity crop sector, carefully
balancing power relations. The multi-stakeholder platform
proposed by Scherr et al. (2012) might be an adequate
agora to facilitate this coordination. In addition, livelihood
opportunities outside the coffee sector will have to be
identified, as some coffee farmers will face transformative
adaptation where local capacity or climate change intensity
make incremental or systemic adaptation insufficient. Here, too,
a wider approach to developing multi-stakeholder platforms
that integrates coffee and non-coffee actors will be needed
for a smoother transition to alternative sectors within the
landscape, connecting social systems and offering alternative
livelihood opportunities.

Lastly, practices such as shade-tree planting will require a
certain lead time or need financial capital to be implemented.
Payment measures like carbon credits (e.g., Gold Standard5),
recognizing the benefits of carbon storage and carbon mitigation
may finance some of the actions, but additionally financial
instruments will need to be established. Similarly, payments for
ecosystem services may finance transition as improved ecosystem
deliverance has been highlighted here. Already existing practices
like in Costa Rica for landscape coordination and transition

5Gold Standard (2014). https://www.goldstandard.org/blog-item/leading-
businesses-join-fairtrade-and-gold-standard-fight-against-climate-change

payments (introduction of NAMA coffee6) may serve as
examples here.

CONCLUSION

Our research has shown the complexity of interactions in the
socio-ecological system of coffee farming. It becomes clear that
though climate change threatens to distort the socio-ecological
system of coffee farming, the introduction of CS-practices and
climate-smart landscapes can safeguard local livelihoods.

We propose a classification of the seven previously-listed
functional groups for CS-practices in coffee farming, highlighting
functional traits these practices address within the system of
coffee farming. These groups help to understand underlying
mechanisms and allow targeting specific functional traits at
the farm and landscape level to advance toward developing
and harnessing landscape multifunctionality. Additionally, if
implemented in a coordinated way throughout the landscape,
the adoption offers landscape and global benefits that include
(non-exhaustively) improved water quality, biodiversity
conservation and habitat connectivity, as well as stabilized
regional climate patterns.

Our considerations regarding transition toward climate-smart
landscapes can help to mitigate potential conflicts and trade-
offs within landscapes. Having outlined how local action and
adoption of CS-practices help to sustain landscape services,
different land-users can better understand and negotiate which
landscape services they value particularly or want to prioritize
and how to allocate burdens and rewards for conservation
or sustainable actions. This can include for example transfer
payments such as payments for ecosystem services directed to
benefit local coffee farmers.

Trade-offs from especially threatening possible adaptation
scenario can be avoided if opportunities for in-field climate
adaptation are realized: Farmers performing altitudinal
migration in cooler climates threaten native forests that
remain there. Likewise, if they abandon coffee farming the
existing agroforestry systems of coffee farms will be degraded as
they are generally replaced by annual farming systems. Instead,
financial and knowledge support from external actors can enable
farmers to also implement those CS-practices that may be
more costly or require specialized knowledge, but at the same
time preserve the valuable landscape services needed within
the landscape.

Policy makers in coffee farming regions now need to facilitate
participative processes on prioritization of vital landscape
services (c.f. Brandt et al., 2017 as an example). Based on
these, locally-relevant functional groups of CS-practices in coffee
farming can be identified. For the adoption of the corresponding
functional groups, interactions are needed between researchers,
proposing innovative financial instruments, policy-makers and
cooperatives, disseminating knowledge and offering support, and
practitioners, actively being involved in a process of co-creation.

Further research needs to design and support processes for
actual realization of such landscapes, where the implementation

6NAMA café (2020). https://www.namacafe.org
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of appropriate CS-coffee practices is linked to landscape-wide
processes of integrated landscape management, seizing on the
particular opportunities of the coffee farming sector. In this
respect, financing options may especially be studied further.
As a first step, one may think of a climate-smart coffee label,
which may be oriented in the example of NAMA café. Whilst
long debated, landscape certification is still scarcely found in
practice (Flinzberger et al., 2020) but further on could provide
a useful mechanism to finance shaping climate-smart landscapes
(c.f. Ghazoul et al., 2009; Williams-Guillén and Otterstrom,
2014; Tscharntke et al., 2015; Deans et al., 2018; Harvey
et al., 2021). Social science is needed to facilitate developing
inclusivemulti-stakeholder platforms that enable climate services
(Findlater et al., 2021) to become on-ground climate action,
integrating the concept of climate-smart (coffee) landscapes,.
Also, using insights from social sciences and studying cultural
and social landscape services can reveal interconnectedness
and further beneficial effects of climate-smart coffee landscapes
on psychological well-being and sense of belonging, amongst
others. Moreover, although applying the concept of climate-
smart landscapes may increases sustainability within farming
landscapes, the reduction of trade-offs and climate impacts
along the value chain shall not be forgotten, as here great
carbon-reduction potentials persist (Kilian et al., 2013). In
coffee, the focus will then need to be laid especially on
implementing more sustainable ways of processing (Wainaina
et al., 2020), which will also need to be considered in climate-
smart landscapes for landscape-related commodity crops other
than coffee.

Our review demonstrated how adopting climate-smart
practices in coffee-farming systems provides local, landscape
and global benefits. Benefits include improved water quality,
biodiversity conservation and habitat connectivity, as well as

stabilized regional climate patterns. These benefits show that
opportunities exist to reconcile export-orientated farming with
local ecosystem services. When landscape wide coordination is
assured for, the multiple interests in coffee landscapes can be met
and conflicts avoided. Local farmers, policy-makers and global
donors must unite to improve uptake of climate-smart coffee
practices in a coordinated way, to thereby augment and safeguard
coffee-farming’s socio-ecological system along with associated
local, landscape and global benefits.
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