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Nature-based solutions (NbS) are currently being developed in various coffee
agro-ecosystems. However, not all actions can and should be considered NbS.
For this reason, the objective of this study was to answer two research questions:
What are the challenges (problems) and criteria (prerequisites for defining NbS)
that NbS must meet in order to be considered in traditional coffee agroecosystems
in Mexico? What indicators (measurable elements) can be used to evaluate the
effectiveness of NbS? The method consisted of a rapid systematic review in
three search stages. The first stage identified the global challenges and criteria
established to date for an action to be considered NbS. The second stage focused
on identifying the main NbS challenges and criteria that address the different
coffee agroecosystems in Mexico. The third stage focused on identifying useful
indicators to assess the effectiveness of nature-based solutions (NbS) in the
Mexican coffee sector. Articles obtained at each stage were systematized using
the Preferred Reporting Iltems for Systematic Reviews and Meta-Analyses (PRISMA)
statement and analyzed using the Systematic Review Accelerator software, following
Creswell's framework. We found that shade coffee agroecosystems in Mexico
currently address 12 NbS challenges (including integrated water management,
climate resilience, environmental degradation or biodiversity loss) and meet 14
of the 18 NbS criteria. The type of agroecosystem management influenced the
degree of compliance with the established criteria, so it is necessary to assess their
effectiveness. This research proposes 48 indicators to evaluate the effectiveness
of NbS in the Mexican coffee sector. The selection and adjustment of indicators
made in this study can help to fill the information gap that currently exists in
Mexico. NbS can contribute to mitigate the challenges facing Latin America and
promote sustainable development. However, they require rigorous planning and
management to ensure their effectiveness and durability, and policy makers are
invited to look more closely at this issue.

KEYWORDS

coffee agroecosystems, NbS effectiveness, NbS evaluation methodologies, NbS
standards, social, environmental, and social challenges

1 Introduction

Globally, there is an increasing interest in the design and use of nature-based solutions
(NDS) due to their high potential for biodiversity conservation and the generation of multiple
benefits that help communities build resilience in a way that provides “the greatest benefit for
the least cost” (Boyle and Kuhl, 2021; Cohen-Shacham et al., 2019). Recently, the United
Nations Environment Assembly, in its Fifth Session (UNEA-5), defined NbS as “actions to
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protect, conserve, restore, use, and sustainably manage natural or
modified resources, such as terrestrial ecosystems, freshwater, coastal
and marine environments that address social, economic and
environmental challenges effectively and adaptively, while providing
human well-being, multiple ecosystem services and resilience and
benefits” (United
Programme, 2022).

biodiversity Nations ~ Environment

These NbS actions (e.g., protection, conservation, restoration, and
productive management) must respond to and meet several challenges
and criteria (Sowiniska-Swierkosz and Garcia, 2022). Challenges refer
to critical problems (environmental, social, or economic) that need to
be addressed at both local and global levels (Del Pino and Marquez,
2023). The criteria are defined as a condition that an action must
be met to be considered as NbS (International Union for Conservation
of Nature, 2020).

In Mexico, the use of NbS has been promoted in recent years,
particularly in addressing hydrometeorological hazards in the urban
sector (Debele et al., 2023; Del Pino and Marquez, 2023). However,
the adoption of NbS in the productive sector is still under
development, and further efforts are needed to detect which
management actions in the productive sectors can be considered NbS
(Del Pino and Marquez, 2023). Such is the case of the different
traditional coffee agroecosystems, which are considered a fundamental
strategic activity for rural producers and at least 30 indigenous groups
in Mexico (Centro de Estudios para el Desarrollo Rural Sustentable y
la Soberania Alimentaria, 2020).

Despite the growing interest in the adoption of NbS (Key et al,
2022), there is still no entirely accepted global standard on the
challenges to be addressed, the criteria to be met, and the assessment
of their effectiveness, both socio-ecological and socio-economic in
responding to an impact, including human and financial capital, as
well as the cost/benefit ratio that could be obtained in different
production systems, including coffee agroecosystems (Palomo et al.,
20215 Nelson et al., 2020; Chausson et al., 2020). The above conditions
have limited their adoption in national and international policies and
consistent implementation and have received little funding (Reid
etal., 2019).

Traditional coffee agroecosystems in Mexico need to be evaluated
to prove their effectiveness. However, adopting a methodology and
identifying appropriate indicators for an adequate evaluation has been
challenging (Dumitru and Wendling, 2021). The term ‘indicator’ in
this context is defined as a measurable element for assessing the
effectiveness of NbS (Heink and Kowarik, 2010). The lack of globally
standardized methodologies and indicators can lead to a certain level
of mistrust in the effectiveness of NbS in achieving the objectives for
both nature and people and in the clarity of the concept (Kumar et al.,
2020). This lack of standardization may be due to the complexity of
coffee production systems, implementation scales, stakeholder
interests, conflicting objectives, or lack of data (Rodl and Arlati, 2022).

The analysis of which coffee agroecosystems can be considered as
NbDS, as well as clarity on the challenges and criteria that they must
address and meet, can help in the identification and construction of
indicators that allow for the implementation and evaluation of the
effectiveness of NbS in different coffee agroecosystems in Mexico for
their improvement, maintenance, and replication (Sowinska-
Swierkosz and Garcia, 2021; Dumitru and Wendling, 2021). It also
gives producers access to economic resources and international
markets, which can translate into improved incomes. Therefore,
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further research on the subject is needed (Escamilla-Prado
etal., 2021).

This rapid systematic review aimed to contribute to the analysis of
NbS in different coffee agroecosystems in Mexico by answering the
following research questions: (1) What are the main challenges and
criteria that should be considered in different traditional coffee
agroecosystems in Mexico?; and (2) What are the main indicators that
can be used to evaluate the effectiveness of NbS in coffee
agroecosystems in Mexico? The purpose of this study is to demonstrate
that strategies that can be considered NDbS in coffee farming address
various global challenges.

2 Methods
2.1 Search approach and strategies

A rapid systematic review approach was used based on a synthesis
and review of the main findings of articles published in recent years
(Tricco et al,, 2015). A rapid systematic review was chosen over a
comprehensive systematic review because NbS has been studied more
extensively in the last decade, and its effectiveness needs to be assessed
to provide timely guidance for decision-makers to respond promptly
to the current challenges facing coffee farming. This review consisted
of three search stages in the Scopus, SCiELO, and Web of Science
repositories. The articles obtained at each stage were systematized
according to the Preferred Reporting Items for Systematic Reviews
(PRISMA) which
transparently selecting relevant articles and minimizing bias. Scientific

and Meta-Analyses statement, involved
articles in Spanish and English from indexed journals were included,
as well as articles published within the time period determined in each
search stage and related to the topic of interest. Articles were excluded
if they were not in English or Spanish, if they were published in years
other than the time period selected in each search stage, and if they
did not fit the topic of interest. The topic of interest, time period,
keywords, and expressions used for each search stage are listed below:

Stage 1: Identify the global challenges and criteria that have been
established so far for an action to be considered as NbS. The key
search words for this stage were: “Nature-based Solutions,”
“Challenges,” and “Criteria” The time period was from 2015 to 2024.
The expression used for the search was: ((TITLE-ABS-KEY (“nature-
based solutions”) AND TITLE-ABS-KEY (Challenges) AND
TITLE-ABS KEY (criteria)) AND PUBYEAR > 2015 AND PUBYEAR
< 2024). This first stage of the search was the basis for identifying the
keywords for the second stage.

Stage 2: Detect the main challenges and criteria that address the
different coffee agroecosystems in Mexico and carry out a qualitative
analysis on compliance with NbS criteria. The search period was
extended from 2005 to 2024 due to the scarce information found in the
last 10 years. The key words were: “Shade coffee,” “Mexico,” “biodiversity;”

» <

“adaptation;” “mitigation,” “risk reduction;” “ecosystem services,” “water

» <

management,

» <« » <«

resilience;,” “food security;” “governance;
“human wellness,” “social organization,” “economy.” The expression used
for the search was: ((TITLE-ABS-KEY (Shade coffee) AND TITLE-
ABS-KEY (coffee in full sun) AND TITLE-ABS-KEY(Mexico) OR
TITLE-ABS-KEY (biodiversity)) OR TITLE-ABS-KEY (adaptation))
OR  TITLE-ABS-KEY(mitigation)) OR TITLE-ABS-KEY(risk

OR TITLE-ABS-KEY(ecosystem  services)) OR

sustainability;”

reduction))
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TITLE-ABS-KEY (water management)) OR  TITLE-ABS-
KEY(resilience)) OR TITLE-ABS-KEY(food security)) OR TITLE-
ABS-KEY(governance)) OR TITLE-ABS-KEY (sustainability)) OR
TITLE-ABS-KEY(human wellness)) OR TITLE-ABS-KEY (social
organization)) OR TITLE-ABS-KEY(economy)) AND PUBYEAR >
2005 AND PUBYEAR < 2024).

Stage 3: Identify indicators useful for assessing NbS’s effectiveness
in the Mexican coffee sector. The search period was from 2015 to 2024.
The words used were: “Nature-based Solutions,” “shade coffee,” “coffee
in full sun,” “indicators;” “evaluation,” and “Mexico” The expression
used for the search was: ((TITLE-ABS-KEY (“nature-based solutions”)
AND TITLE-ABS-KEY (shade coffee) AND TITLE-ABS-KEY (coffee
in full sun) AND TITLE-ABS KEY (indicators)) AND TITLE-ABS
KEY (evaluation)) AND TITLE-ABS KEY (Mexico)) PUBYEAR >
2015 AND PUBYEAR < 2024). In this initial search for Stage 3, not
enough studies were found in Mexico, so the search was expanded
globally to include all productive sectors. The words used were:
“Nature-based Solutions,” “indicators,’ and “evaluation” The
expression used for the search was: ((TITLE-ABS-KEY (“nature-based
solutions”) AND TITLE-ABS KEY (indicators)) AND TITLE-ABS
KEY (evaluation)) PUBYEAR > 2015 AND PUBYEAR < 2024).

2.2 Analysis of the information

For each stage of the search, duplicate studies were identified and
removed using the Systematic Review Accelerator (SRA) software.
Non-duplicated articles were analyzed using the Creswell framework
(Creswell, 2012), which consisted of a three-level approach: (1) A
quick scan and understanding of the abstracts of each article and
official information were performed to discard those that did not
clearly answer the topic of interest of each search stage and the
research questions posed in this study. (2) From the remaining
articles and reports, the information was organized to identify the
central idea of each article. In Stage 3, the information was sorted by
region to perform a spatial distribution of the reviewed articles,
which evaluated the effectiveness of NbS in different sectors globally.
(3) Finally, with the organized information, the frequency of mention
of the challenges, criteria, methodologies, and indicators most used
by the selected articles was determined using SRA.

3 Results

Following the search criteria and data analysis, 34 articles were
selected in the first stage (Figure la; Appendix 1). In the second stage,
179 articles addressed some of the challenges of NbS in the different
coffee agroecosystems in Mexico, and only 13 of them clearly
demonstrated NbS criteria (Figure 1b; Appendix 2). Meanwhile, in the
third stage, 32 articles were selected that evaluated the effectiveness of
NbS using indicators in any productive sector (Figure 1¢; Appendix 3).
In Mexico, no studies related to the topic were found.

3.1 First stage

What are the challenges faced by NbS and the criteria they should
consider?

Frontiers in Sustainable Food Systems

10.3389/fsufs.2025.1604520

Figure 2 shows the frequency of mention of the global challenges
most frequently used by the articles selected in this rapid systematic
review. The challenges of economic and social development, integrated
water management, as well as environmental degradation and
biodiversity loss, were the most frequently addressed. On the other
hand, food security, governance, participatory planning, and disaster
risk reduction were the least frequently mentioned by the articles
studied (Figure 2).

For Kumar et al. (2020), NbS should address the challenges of
food security, human wellbeing, environmental degradation,
biodiversity loss, and integrated water management. Dumitru and
Wendling (2021) agree that NbS should focus on environmental
degradation and biodiversity loss, but mention that participatory
governance and planning, social justice or social cohesion, and climate
resilience are also important. On the other hand, Nika et al. (2020),
Raymond et al. (2017), the European Commission (2021), and the
International Union for Conservation of Nature (2020) agree that NbS
should address multiple challenges related to biodiversity, water
management, climate change mitigation and adaptation, climate
resilience, human wellbeing, food security, disaster risk reduction, and
maintaining sustainable community development considering
governance and economic development.

We found 18 criteria that have been defined in the selected
literature for an action to be considered as NbS (Table 1). NbS actions
must meet one or more challenges faced by stakeholders, taking into
account the social, economic, and ecological contexts (International
Union for Conservation of Nature, 2020), so they must necessarily
have a holistic approach (Arfaoui et al., 20225 Raymond et al., 2017;
Kumar et al., 2020), where planning and decision-making is carried
out jointly with all stakeholders (Arfaoui et al, 2022). When
implemented at the landscape level (Ingegnoli, 2015) at different scales
and dimensions (social, economic, and environmental processes;
International Union for Conservation of Nature, 2020), alone or
synergistically with other solutions (Shah et al., 2023), including civil
engineering measures (Bayulken et al., 20215 Arfaoui et al., 2022; Key
etal, 2022), NbS can address disaster risk related to different hydro-
meteorological hazards affecting the system (Andrés et al., 20215
Bayulken et al., 2021; Shah et al., 2023).

Another fundamental criterion of NbS is that they must enhance
the biological diversity and ecological integrity of the intervention
area and its surroundings, as well as avoid further fragmentation of an
ecosystem (International Union for Conservation of Nature, 2020).
They are, therefore, obliged to maintain, enhance, and restore
biodiversity and ecosystems in the long term (Viti et al., 2022; Key
et al,, 2022) through the sustainable management of natural and
modified ecosystems (Gonzalez-Ollauri et al., 2021; Viti et al., 2022)
so that ecosystem services are maintained (Bayulken et al., 2021). By
generating a range of goods, ecosystem services (Gonzalez-Ollauri
etal, 2021), landscape value, and cultural heritage (Shah et al., 2023),
NbS are considered multifunctional (Nika et al., 2020).

However, the trade-offs between the different parts of the system
are not always the same, as in natural or modified systems where an
NbS action occurs, unintended consequences could be created, so a
structured and iterative process must be carried out at the time of
implementation to reduce uncertainty (van der Meulen et al., 2022)
and thus avoid potential externalities and negative trade-offs (Pogliani
et al, 2023). NbS must recognize and respect stakeholders’ cultural
practices and land use (de Lima et al., 2022), in addition to requiring
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FIGURE 1

PRISMA flow diagram of selected studies (a) First search step, (b) Second search step, (c) Third search step.

the participation and knowledge of multiple societal, scientific, and
political actors (Kumar et al., 2020). Finally, NbS must be economically
viable, capable of generating benefits, and have sufficient profitability
to compensate for the risks incurred (Escamilla-Prado et al., 20215
Ruiz-Garcia et al., 2020b; Ruiz-Garcia et al., 2020a; Albers et al., 2021).

3.2 Second stage

What are the NbS for traditional coffee agroecosystems in Mexico?

So far, five coffee agroecosystems are recognized in Mexico: (1)
Rustic polyculture (RP); (2) Diverse polyculture (DP); (3) Simple
polyculture (SP); (4) Simplified shade (SS); and (5) Full sun cultivation
(Moguel and Toledo, 1999; Hernandez-Martinez et al., 2009). The first
four agroecosystems use native or introduced trees and shrubs to
provide shade for various varieties of Arabica coffee (Coffea arabica
L.) with varying densities and management methods. In full-sun
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cultivation, however, robusta coffee (Coffea canephora P.) is primarily
used. This coffee does not require shade for its development but
requires a predominant use of chemical fertilizers, herbicides, and
pesticides (Hernandez-Martinez et al., 2009).

According to our results, we found that coffee agroecosystems
using trees and shrubs of native or introduced species for the shade
ones (RP, DP, SP, and SS) address 12 challenges identified in the first
stage of the search (Figure 2). However, most of the articles found only
used the term ‘shade coffee, without differentiating between RP, DP,
SP, and SS agroecosystems, which made it impossible to differentiate
the challenges by type of agroecosystem using trees and shrubs for
shade coffee. Environmental degradation and biodiversity loss were
the most studied challenges by the analyzed articles (58 articles),
followed by sustainable management of the system (47 articles;
Figure 2).

The challenges of social justice and cohesion, governance and
participatory planning, human wellbeing and health, and disaster risk
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reduction (2 articles per challenge) have been seldom studied in
shaded coffee systems in Mexico (RP, DP, SP, and SS; Figure 2). As for
full-sun coffee cultivation, it was found only to have the potential to
address the food security challenge (Morales et al., 2022). Regarding
the criteria that an NbS must fulfill, evidence showed that the different
shaded coffee agroecosystems (RP, DP, SP, and SS) fulfill 14 of the 18
criteria identified in the first search. Full-sun coffee cultivation fulfills
5 of the 18 criteria (Table 2).

3.3 Third stage

What indicators can be used for the evaluation of the effectiveness
of NbS in traditional coffee cultivation in Mexico?

There is still no standardized methodology to assess the
effectiveness and degree of compliance with the challenges and criteria
of NbS in production systems and, particularly, in Mexico’s coffee
agroecosystem. In spite of this, in recent years, various international
specialists have taken up the subject to provide key points that help in
the evaluation of NbS at the local and regional levels. The EKLIPSE
approach (Raymond et al, 2017) is one of the most cited
methodologies. This framework generated a tool to plan methods and
indicators for assessing NbS in the urban sector. Palomo et al. (2021)
suggested a three-sphere methodology: (1) identification of
knowledge, values, and visions of stakeholders; (2) consideration of
rules, economic instruments, and governance; and (3) measuring
behaviors, management, and technical responses. Rodl and Arlati
(2022) proposed a four-step methodology for the assessment of NbS:

Frontiers in Sustainable Food Systems

(1) description of the object under assessment; (2) determination of
suitable indicators; (3) data collection to quantify the indicators; and
(4) participatory assessment of NbS.

It was identified that the European Union has worked with greater
impetus in the evaluation of the effectiveness of NbS, mainly to
address the challenge of disaster risk reduction in the urban sector,
through the use of socioeconomic performance indicators and use of
efficiency key indicators (67% of the studies analyzed; Figure 3).
Socioeconomic performance indicators evaluate the social and
economic development (using quantitative or qualitative metrics) of
an activity in a territory during a given period (Caroppi et al., 2023),
whereas efficiency key indicators allow to evaluate the progress of an
activity (Mosca et al., 2023). As for Latin America, Del Pino and
Marquez (2023) found that non-governmental organizations (NGOs)
are the primary entities promoting the use of NbS. The main challenge
that has been addressed is that of mitigation and adaptation to climate
change in the urban sector (Figure 3). To evaluate the effectiveness of
these NbS, Del Pino and Marquez (2023) used impact-oriented
indicators, which relate quantitative values with qualitative results to
express the resulting changes caused by the establishment of NbS (Del
Pino and Marquez, 2023).

From the articles selected in this third stage, an analysis of the
indicators used to evaluate the effectiveness of NbS in the different
sectors was carried out. Through this analysis, 33 indicators were
identified with the potential to be used in the evaluation of the
effectiveness of NbS in the different coffee agroecosystems. These
indicators were adjusted, taking into account the challenges and
criteria identified in the first stage of the search (Table 3).
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TABLE 1 Criteria identified in this review for an action to be considered NbS.
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1. They address one or more challenges (Arfaoui et al., 2022; Kumar et al., 2020).

10. They protect, restore, and sustainably manage natural and modified

ecosystems (Gonzalez-Ollauri et al., 2021; Viti et al., 2022)

2. They can be adapted to different scales and dimensions (Shah et al., 2023).

11. They generate ecosystem services (Viti et al., 2022; Bayulken et al., 2021).

3. They can be implemented alone or synergistically with other solutions (Shah et al.,

2023).

12.  They are multifunctional by providing social, economic, and cultural co-

benefits (Shah et al., 2023; Nika et al., 2020; Key et al., 2022).

4. They are complementary or alternative to civil engineering measures (Bayulken

etal, 2021; Arfaoui et al,, 2022; Key et al., 2022).

13.  They must have adaptive design and management (Tynke et al., 2023; van der

Meulen et al., 2022).

5. They are an integral part of the overall design of policies, measures, or actions to

address the risk (Andrés et al., 2021; Shah et al., 2023).

14. 'They avoid potential externalities and negative trade-offs (Pogliani et al,,

2023).

6. They have a systemic (holistic) approach (Raymond et al., 2017; Arfaoui et al,

2022; Nika et al., 2020).

15.  They require co-design and co-production of knowledge from multiple actors
(society, scientists, and policymakers; de Lima et al., 2022; Dumitru and

Wendling, 2021; Raymond et al., 2017).

7. They must be analyzed and designed with the integration of the landscape as a

whole in mind (Ingegnoli, 2015).

16. They must establish governance mechanisms and recognize and respect
cultural practices and land uses (Hale et al., 2023; Wendling et al., 2018;

Raymond et al., 2017).

8. They must generate net biodiversity gain (International Union for Conservation of

Nature, 2020).

17.  They are determined by natural and cultural contexts specific to each area

(Shah et al., 2023).

9. They conserve, enhance, and restore biodiversity and ecosystems in the long term

(Viti et al,, 2022; Key et al., 2022).

18. They are economically viable (Hale et al., 2023; Raymond et al., 2017).

Discussion

Addressing the 12 challenges and meeting the 14 criteria by shade
coffee agroecosystems in Mexico (RP, DP, SP, and SS) may be because
these agroecosystems can conserve the native biodiversity of flora and
fauna (Beltran- Vargas et al., 2023). They improve soil fertility by
their
characteristics, which are fundamental for mineralizing organic

maintaining  microorganisms  and physicochemical
carbon (Carrasco-Espinosa et al., 2022). They improve microclimatic
conditions and buffer temperature extremes (Koutouleas et al., 2022).
They can store large amounts of carbon in soil organic matter and
living biomass, both under current conditions and climate change
scenarios (Ruiz-Garcia et al., 2022). They have high soil water
infiltration capacity and minimize water loss by reducing soil
evaporation and crop transpiration (Marin-Castro et al., 2017).

By generating a diversification of products derived from the use
of multifunctional species for shade coffee, extra income can
be obtained and contribute to the food security of the smallholder
(Nunezetal,, 2023; Soto-Pinto et al., 2022). Shade coffee cultivation is
strongly linked to the community’s culture, traditional knowledge, and
collective action (Escamilla-Prado et al, 2021). In addition,
government efforts in managing shade coffee systems are linked in
mutually constitutive transformation processes with the communities
that carry out this activity (Hausermann, 2012). They are also
considered a strategic mode of production focused on the sustainable
development of small coffee producers in Mexico (Ruiz-Garcia et al.,
2020b; Ruiz-Garcia et al, 2020a). Therefore, shaded coffee
agroecosystems (RP, DP, SP, and SS) have the potential to be considered
NbS (Koutouleas et al., 2022).

However, the type of management given to the different shade
coffee agroecosystems (RP, DP, SP, and SS) may influence the degree
of compliance with the challenges and criteria they address and meet.
For example, the high richness of native woody species and high
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structural composition of the vegetation, which characterize the PR
and PD agroecosystems (Hernandez-Martinez et al., 2009), could give
them the quality of having a higher degree of compliance with the
criteria of maintenance, enhancement, and restoration of biodiversity
and ecosystems in the long term (Alvarez-Alvarez et al, 2021;
Escobar-Ocampo et al., 2023), which leads to the generation of a more
significant number of ecosystem services and collateral social,
economic, and cultural benefits (Mayorga et al., 2022). Meanwhile, the
SS agroecosystem, which is characterized by a low presence of native
woody species and a high dominance of one or two mainly introduced
tree species (Hernandez-Martinez et al., 2009), may address the
different challenges found in this review differently, as well as in the
fulfillment of the criteria analyzed.

Therefore, the type of management applied to a coffee
agroecosystem can influence the multiple ecosystem services they
provide and how nature is conserved. Agroecological management, as
well as regenerative agriculture and ecological intensification, have
been shown to ensure food security, safeguard farmers’ livelihoods,
and generate income and cultural identity while protecting or
enhancing biodiversity within and outside the agricultural area
(Lavandero et al., 2025; Silva et al., 2023; Fenster et al., 2021; Nicholls
et al., 2020). Similarly, agroecological management simultaneously
improves agricultural productivity and resilience through a set of
ecologically focused or nature-based practices (Tamburini et al., 20205
Nicholls and Altieri, 2018), ultimately promoting equity and social
wellbeing (Lavandero et al., 2025).

Regarding economic viability, the RP agroecosystem, with its
excess shade, can reduce coffee bean production (Albers et al., 2021).
In addition, as it does not have many multiple-use species (fruit and
timber species), the producer depends on the market price of the
coffee bean, which generates uncertainty in the producer’s economy
(Ruiz-Garcia et al., 2020b; Ruiz-Garcia et al., 2020a). On the other
hand, SP and SS, by having a high dominance of multiple-use species,
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TABLE 2 NbS criteria that different coffee agroecosystems in Mexico meet.

Criteria

10.3389/fsufs.2025.1604520

References

Coffee agroecosystem

1. They address one or more challenges

RP DP SP SS SC

<
<
<
<
<

Koutouleas et al. (2022)

2. They can be adapted to different scales and dimensions

Libert et al. (2020)

3. They can be implemented alone or synergistically with other solutions

Libert et al. (2020); Escamilla-Prado
et al. (2021)

4. They are complementary or alternative to civil engineering measures

5. They are an integral part of the overall design of policies, measures, or actions to

address the risk

Koutouleas et al. (2022); Mayorga
et al. (2022)

6. They have a systemic (holistic) approach

Teixeira et al. (2022)

7. They must be analyzed and designed with the integration of the landscape as a

whole in mind

8. They must generate net biodiversity gain

9. They conserve, enhance, and restore biodiversity and ecosystems in the long term

Escobar-Ocampo et al. (2023);
Alvarez-Alvarez et al. (2021)

10. They protect, restore, and sustainably manage natural and modified ecosystems

Teixeira et al. (2022); Mayorga et al.

v X
(2022)
11. They generate ecosystem services X Villarreyna et al. (2020)
12. They are multifunctional by providing social, economic, and cultural co-benefits X Tschora and Cherubini (2020);

Villarreyna et al. (2020)

13. They must have adaptive design and management

14. They avoid potential externalities and negative trade-offs

Mayorga et al. (2022); Escamilla-
Prado et al. (2021)

15. They require co-design and co-production of knowledge from multiple actors

(society, scientists, and policymakers)

Ruiz-Garcia et al. (2021); Escamilla-

Prado et al. (2021)

16. They must establish governance mechanisms, recognize and respect cultural

practices and land uses

Lamond et al. (2019)

17. They are determined by natural and cultural contexts specific to each area

Ruiz-Garcia et al. (2021); Escamilla-

v oV v vV

Prado et al. (2021)

18. They are economically viable

v v Y VY

Albers et al. (2021)

Meets the criterion = \/ ; does not meet the criterion = X; no evidence = ---. RP, Rustic polyculture; DP, Diverse polyculture; SP, Simple polyculture; SS, Simplified shade; SC, Full sun

cultivation.

whether native or introduced, and not depending exclusively on coftee
beans, give them the ability to have a higher profit/cost ratio
(Escamilla-Prado et al,, 2021) and therefore could have a higher
degree of economic viability.

The Full-sun coffee cultivation, addresses the challenge of food
security (Morales et al, 2022) as well as some criteria such as
adaptability to different scales and dimensions, can be implemented
alone or synergistically with other solutions, are determined by area-
specific natural and cultural contexts, and are economically viable.
However, do not have the potential to be considered as NbS, because
they are not capable of halting ecosystem degradation and biodiversity
loss, which is a fundamental requirement for an action (in this case
management) to be considered as NbS (Raymond et al., 2017; Kumar
et al,, 2020). In addition, there is controversy about its use; since its
establishment and sound development of the coffee variety that is
established (Coffea canephora P, it is necessary to remove the existing
native vegetation in the area (Herndndez-Martinez et al., 2009; Moguel
and Toledo, 1999). It has been reported that the intensified use of
herbicides, insecticides, and chemical fertilizers used in full-sun coffee
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cultivation (Herndndez-Martinez et al., 2009; Moguel and Toledo,
1999) can cause problems of soil erosion and degradation, long-term
losses of soil organic carbon, as well as loss of native biodiversity in the
area (Virginio et al,, 2015).

The above methodologies agree that indicators must
be identified for the proper evaluation of NbS. In this analysis, it
was detected that there are not enough studies in Mexico that
evaluate NbS through indicators in the different sectors, including
the agricultural sector, where different coffee agroecosystems are
located. This may be due to the complexity involved in evaluating
NbS, conflicting objectives, limited funding for its evaluation, or
lack of data (Rodl and Arlati, 2022). Collecting data that measure
the multiple ecosystem services provided by different coffee
agroecosystems can help fill the current information gap and
provide a better understanding of the benefits provided by shade-
grown coffee in Mexico. The indicators selected and adjusted in
this review are mostly socioeconomic performance indicators and
efficiency key indicators, which are helpful in evaluating the
existing NbS in Mexicos different coffee agroecosystems.
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water management
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FIGURE 3

reviewed per region.

Spatial distribution of the reviewed articles that assessed the effectiveness of NbS in different sectors using indicators to address an NbS challenge. The
color shades in the map reflect the relative number of articles per country. The graph at the top right of the figure indicates the percentage of articles

Challenges: Wellness and
human health. Integrated
water management
Sector: Urban. Wetlands
Evaluation: Indicators to
measure cooling in cities.
Water quality indicators.

.3

Challenges: Mitigation and adaptation to climate change.
Wellness and human health. Biodiversity degradation and
loss.

Sector: Urban. Forestry

Evaluation: Impact-oriented indicators.

However, it is necessary to delve deeper into impact-oriented
indicators when establishing new NbS in future in coffee
agroecosystems. Future research is encouraged to test the
indicators proposed in this review through pilot field tests to
determine which ones are most effective in evaluating NbS in the
coffee sector. This will allow for qualitative and quantitative tools
to know to what extent NbS in coffee agroecosystems are meeting
and addressing the different criteria and challenges established so
far in the literature.

Most of the indicators proposed in this review can be measured
in the field through semi-structured surveys conducted with coffee
agroecosystem owners, as they allow for the collection of both
quantitative and qualitative data, which facilitates a more
comprehensive understanding of the indicators (Lecegui et al.,
2022). Semi-structured surveys have been employed in various
studies that require the collection of indicator information for
constructing indices. They have been used to measure the
effectiveness of climate change adaptation actions (Bui and Do,
2022), to assess the adaptive capacity of producers (Hoang et al.,
2023), or to evaluate the resilience of an agricultural system
(Lecegui et al., 2022). However, some of the proposed indicators
need to be measured directly on the coffee farm. This can be done
by measuring the structural composition of trees and shrubs in
coffee plantations (an indicator of species richness and landscape
diversity; Ruiz-Garcia et al., 2020b; Ruiz-Garcia et al., 2020a), by
obtaining soil samples (percentage of organic matter, soil
biodiversity) or by an inventory of carbon pools and CO2 emissions
(Ruiz-Garcia et al., 2022). Evaluating the effectiveness of nature-
based interventions in coffee cultivation through indicators is
essential to provide guidance and advice on replicating,
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maintaining, and improving the system (Sowinska-Swierkosz and
Garcia, 2022).

5 Conclusion

In this analysis, it was possible to identify 12 challenges and 18
criteria that have been established globally for an action to
be considered as NbS. However, the issue of NbS is an approach that
is still under construction, so there is still no clear consensus on the
challenges and criteria that need to be addressed and met. Despite
this, the results obtained in the first stage of this research provided an
overview of the challenges and criteria addressing coffee
agroecosystems in Mexico. It is necessary to continue exploring the
subject, using different concepts that contribute to the term NdS to
reinforce the results found in this research. The coffee agroecosystems
that utilize trees and shrubs for shade (rustic polyculture, diversified
polyculture, simple polyculture, and simplified shade) address the
challenges encountered in the first stage of the search and meet 14 of
the 18 criteria for NbS. The type of management for different
agroecosystems can have varying influences on the degree of
compliance with NbS criteria and, consequently, on addressing the
challenges, which is why it is necessary to evaluate their effectiveness.
It is necessary to quantify the various functions of coffee
agroecosystems to understand the status of each type of management.
This could contribute to the dissemination of knowledge and the
adoption of NbS in coffee cultivation. To date, Mexico lacks
methodologies and indicators to evaluate the effectiveness of NbS in
the coffee sector. The selection and adjustment of indicators carried
out in this study can help fill the existing information gap in Mexico.
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TABLE 3 Indicators to evaluate the effectiveness of shade-grown coffee agroecosystems in Mexico by challenge and criteria attended.

Challenge

Criteria*

Selected indicators

Unit of
measure

Description

1. They address one or more

Number of challenges addressed by the coffee

Evaluate the effectiveness of an NbS in

Number addressing more than one local problem in the
challenges agroecosystem**
coffee agroecosystem.
2. They can be adapted to different
scales and dimensions
Number of rainwater harvesting works present in
Number of the producer’s rainwater the coffee agroecosystem, such as ditches,
harvesting works in the coffee agroecosystem | Number trenches, blind vats, terraces, embankments,
(Gupta et al., 2019). ponds, irrigation ditches, dams, etc. (Bolafos
etal., 2014).
3. They can be implemented alone
o . Rationalization of water consumption in the
or synergistically with other
Integrated ) stages of demucilagination, washing, and
solution
water classification of coffee and the cleaning of the
4. They are complementary or
management . . o processing area, either by means of dry hoppers,
alternative to civil engineering Percentage of producers who carry out water
demucilagination by natural or mechanical
measures management and sanitation derived from the | %
fermentation, pulping of the fruits without water,
processing of coffee fruit (Andrés et al., 2021)
and their transportation by gravity to the pits.
Water treatment by means of anaerobic digestion
(Gonzalez-Freire and Martinez-Herndndez,
2022)
Works to reduce soil drag and sliding, as well as
Number of climate-smart infrastructure/ water runoff in coffee agroecosystems with slopes
works developed to reduce the risk of Numb between 15 and 60% (e.g., slope stability, dams
umber
disasters in coffee plantations (Del Pino and for silt control, wire mesh dams, andirons,
Marquez, 2023). branches, arranged stone, tires, masonry,
gabions, and other; Bolanos et al., 2014).
5. They are an integral part of the Consider community norms for developing or
Disaster risk overall design of policies, participating in local hazard diagnosis and
reduction measures, or actions to address vulnerability assessments, raising awareness of
. Number application of formal and informal
the risk. risks and practical prevention and mitigation
plans, programs, or schemes implemented in
measures, maintaining public infrastructure,
the community for land use planning in Number
creating rescue and volunteer committees,
response to natural disasters (Del Pino and
providing shelter, food, water, and other life-
Marquez, 2023).
saving assistance during emergencies, and
helping to restore livelihoods after a disaster
(Food and Agriculture Orgnization, 2015)
Total number of native tree and shrub species
and/or multiple-use species (grains, vegetables,
Total species richness (RI) in the coffee
mushrooms, fruit trees, forage grasses,
agroecosystem (Key et al., 2022; Andrés et al, Number
6. They have a systemic (holistic) ) ornamentals, beekeeping, edible insects, and
2021).
approach others) present in the coffee agroecosystem
Environmental | 7. They must be analyzed and (Manson et al.,, 2018).
degradation designed with the integration of The indicator defines which of the species
Relative Importance Value (RIV) Index in the
and loss of the landscape as a whole in present contribute to the character and structure
coffee agroecosystem (Raymond et al., 2017; %
biodiversity mind. of the coffee agroecosystem (Manson et al.,
Hernéndez-Martinez et al., 2009).
8. They must generate net 2018).
biodiversity gain Presence of diverse natural vegetation around the
Shannon-
coffee agroecosystem (e.g., vegetation strips,
Landscape diversity Weaver
Ind forests, or remnants of natural vegetation, etc.;
ndex

Nicholls et al., 2020).
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TABLE 3 (Continued)

Challenge

Criteria*

Selected indicators

Unit of
measure

10.3389/fsufs.2025.1604520

Description

Percentage of soil organic matter in the coffee

Measures the amount of organic matter present
in the soil of the coffee agroecosystem. Organic

matter is a fundamental component of the soil

2023).

%
agroecosystem (Andrés et al., 2021). that is of great importance for plant growth and
soil fertility (Food and Agriculture Orgnization,
2015).
It reflects the variety of living organisms present
in the soil of the coffee agroecosystem. It includes
Shannon- organisms, such as microorganisms (e.g.,
Soil biological diversity index in the coffee
Weaver bacteria, fungi, protozoa, and nematodes),
agroecosystem (Gonzalez-Ollauri et al,, 2021).
Index mesofauna (e.g., mites and springtails), and
macrofauna (e.g., earthworms and termites; Food
and Agriculture Orgnization, 2015).
It includes conservation and diversification
practices for native trees that form various strata
(tree, shrub, and herbaceous) within the coffee
6. They have a systemic (holistic) o . o
plantation’s agroecosystem, low intensity in the
approach Total of coffee producers who carry out
use of agrochemicals, avoiding the removal of
7. They must be analyzed and practices for the conservation of biological %
orchids and other species that grow on tree
designed with the integration of | diversity (Del Pino and Marquez, 2023).
branches, maintaining organic matter in the soil,
the landscape as a whole in . .
not clearing the edges or boundaries of the coffee
mind.
farm, agreeing to community forest reserves, etc.
9 They conserve, enhance and
(Manson et al., 2018).
restore biodiversity and
. Percentage of producers who carry out soil Consider conservation tillage practices, use of
ecosystems in the long term
management and conservation practices in cover crops, application of biochar, compost,
%
the coffee agroecosystem (Nuez et al., 2023; crop waste, humus, mulches, green manures, etc.
Gupta et al,, 2019). (Bolaios et al., 2014).
Percentage of producers who use sustainable Consider the producer’s capacity on what, how
management of organic fertilizers and much, how, and when to apply the fertilizer or
%
manures in the coffee agroecosystem (Gupta organic manure in the coffee agroecosystem
etal, 2019). (Manson et al., 2018).
It refers to biological, cultural, physical, and
chemical control practices (e.g., traps,
pheromones, protective barriers, use of
Producers who carry out comprehensive
predators, use of repellent plants) that allow the
management and monitoring practices for
Number producer to combat and observe the evolution of
Sustainable pests, diseases and weeds in their coffee
10. They protect, restore, pests and diseases in their crops, to take timely
management— plantations (Nufez et al., 2023).
and sustainably manage natural measures and prevent them from affecting
Human health . ,
and modified ecosystems production (Gonzilez-Freire and Martinez-
and well-being '
Hernandez, 2022).
Percentage of producers who have access to Includes the use of solar energy, wind energy,
various energy sources for coffee processing % biogas, biofuels, etc., for the processing of coffee
(Gupta et al., 2019). beans (Gupta et al., 2019).
It refers to the transformation of the shell, pulp,
Percentage of solid waste from coffee husk, and mucilage of the coffee bean into
processing managed sustainably (Hale et al., % organic compost through composting or

vermicomposting (Gonzilez-Freire and

Martinez-Herndndez, 2022).
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TABLE 3 (Continued)

Challenge

Criteria*

Selected indicators

Unit of
measure

10.3389/fsufs.2025.1604520

Description

6. They have a systemic (holistic)

Total amount of carbon (C) stored in soil

Measures the amount of soil organic carbon and

offs

plantation (Bui and Do, 2022; Ntnez et al.,
20230).

approach organic matter and aboveground biomass of living biomass that is stored in the coffee
7. They must be analyzed and the coffee agroecosystem (Ruiz-Garcia et al,, tCha™ agroecosystem (Ruiz-Garcia et al., 2022)
designed with the integration of | 2022; Gonzalez-Ollauri et al., 2021; Andrés
the landscape as a whole in etal,, 2021).
Climate change mind It consists of quantifying the balance of GHG
mitigation 11. They generate emissions and fixation of CO2e ha™' year ' in
ecosystem services Net balance of greenhouse gases (GHG) CO. el the aboveground and underground biomass
t CO, eq ha
12. They are generated in the different coffee production , . produced in the coffee agroecosystem, as well as
1 afio -
multifunctional by providing processes (Raymond et al., 2017). through the application of fertilizers,
social, economic, and cultural amendments, and organic matter, among other
co-benefits practices (Raymond et al., 2017).
Total products obtained in the coffee
Crop diversity in the agro-ecosystem (Soto-
agroecosystem (e.g., fruits, vegetables,
Pinto et al., 2022; Nuiez et al., 2023; Nicholls Number
mushrooms, edible insects) for self-consumption
etal., 2020).
of the family unit (Soto-Pinto et al,, 2022).
It refers to the access and stability of a set of
products (basic food items, cleaning, and
Percentage of producers with stability and
12. They are personal hygiene items) and essential services
access to the basic basket (Soto-Pinto et al., %
multifunctional by providing (drinking water, electricity, drainage, etc.) for the
Food security 2022; Andrés et al., 2021).
social, economic, and cultural subsistence and wellbeing of the coffee producer’s
co-benefits family unit. Andrés et al., 2021).
It refers to producers who have a place where the
appropriate conditions are maintained to
Percentage of producers who have seed y preserve seed specimens of different plant species
0
0
banks(Soto-Pinto et al., 2022). (wild or cultivated) to guarantee the preservation
of the greatest possible number of plants for
posterity(Soto-Pinto et al., 2022).
It consists of grouping coffee producers to
improve the marketing of coffee, reduce the costs
Percentage of producers who are organized
% of processing the grain, facilitate access to
(Bui and Do, 2022; Nufez et al., 2023).
markets, request support for technical assistance,
etc. (Ruiz-Garcia et al., 2021).
It measures the level of education of coffee
producers, which is essential to have greater
Percentage of producers who can read and
% access to knowledge and information to promote
write (Bui and Do, 2022; Nuanez et al., 2023).
13. They must have innovation and improve their agroecosystem
adaptive design and (Maldonado-Méndez et al., 2022).
Adaptation to management It measures the level of experience and skills that
. . . Number of years (average) of experience,
climate change 14. They avoid potential the coffee producer has in the production and
. . skills and knowledge that the producer has in
externalities and negative trade- management of his agroecosystem to make
the production and management of his coffee | Number

adjustments in his production and management
that allow him to face negative impacts

(Monterroso and Conde, 2018).

Percentage of producers who carry out some
activity to confront some threat or extreme
hydrometeorological event in their coffee

plantation (Gupta et al., 2019).

%

It refers to the use of coffee agroecosystem
management practices carried out by the
producer to face a climatic threat that affects the
crop (e.g., use of living barriers, living fences, use

of drought-resistant coffee varieties, etc.; Ruiz-

Garcia et al., 2021).
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TABLE 3 (Continued)

Challenge Criteria* Selected indicators Unit of Description
measure
Percentage of producers who incorporate It consists of the implementation of management
local knowledge in the planning, design, and o practices in the coffee agroecosystem carried out
0
management of coffee systems (Bui and Do, by the producer based on his traditional and
15. They require co- 2022; Hale et al., 2023; Nunez et al., 2023). cultural knowledge (Ruiz-Garcia et al., 2021).
o design and co-production of It includes courses, conferences, field trips,
Social justice or . Number of educational and awareness
) . knowledge from multiple actors student stays, social service, and summer courses
social cohesion . o . programs on the use, management and
(society, scientists, policy for children and young people, which are related
prevalence of traditional coffee systems aimed
makers) Number to the management and prevalence of coffee

at relevant social groups that are associated
agroecosystems. These educational programs can
with the processes of the coffee cycle (Hale

be taught by producers, technicians, scientists, or
etal, 2023).

politicians (Hale et al., 2023).

It considers government support for

infrastructure, equipment, and inputs for the

b 16. They must establish Percentage of producers who have received construction of seedbeds and nurseries, as well as
articipatory
governance mechanisms and political support (e.g., economic, technical) to the acquisition of genetically improved coffee
governance and %
Janmi recognize and respect cultural promote, plan and implement coffee systems plants, application of inputs, and technical
planning . - )
practices and land uses (Hale et al., 2023; Raymond et al., 2017). support that guarantees good agronomic
management of the crop (Hale et al., 2023;
Raymond et al., 2017).
It refers to the recovery of processes, practices,
Percentage of producers who report coffee
and structures of the coffee agroecosystem after
farm recovery after an extreme
% having suffered the impact of an extreme
hydrometeorological event(}Mayorga et al.,
hydrometeorological event (frost, hail, heavy
17. They are determined | 2022). .
Climate rain, droughts, others)(Mayorga et al., 2022).
. by natural and cultural contexts
resilience . Includes integrated communication systems (e.g.,
specific to each area Percentage of producers who have access to
local radio and television, community alerts, and
climate information and alerts that could
% others) to help communities prepare for weather-
affect their coffee plantations (Bui and Do,
related hazards (Bui and Do, 2022; Ntifiez et al.,
2022; Nufiez et al., 2023).
2023).
Refers to producers who have access to a risk
management tool (frost, hail, drought, flooding,
Percentage of producers who have access to
% pests, and others) for production in the coffee
insurance(Wendling et al., 2018).
agroecosystem Comision Nacional de Seguros y
Finanzas, 2017).
It refers to producers who have access to
monetary capital granted by institutions (e.g.,
National Financial Institution for Agricultural,
Percentage of producers who have access to
% Rural, Forestry and Fisheries Development) to
credit (Kumari et al., 2023).
cover working capital needs (inputs, raw
materials, daily wages) or investment in
Socioeconomic . |
18. They are economically viable production (Maldonado-Méndez et al., 2022).
development

It refers to producers who own their coffee farms,
Percentage of producers who have legal
which gives them greater decision-making
possession of their coffee farm (Wendling %
capacity and long-term changes in the coffee
etal., 2018).
agroecosystem (Maldonado-Méndez et al., 2022).

It is estimated by the gross added value (GAV)
Gross Domestic Product of the coffee
obtained by the difference between the Gross

agroecosystem (GDP; Rodriguez and Ruiz, $ (dollars)

2018). Production Value (GPV) and Domestic
Consumption (DC; Rodriguez and Ruiz, 2018).
Amount of dry parchment coffee obtained per

Productivity (Nicholls et al,, 2020). Kgha™ hectare in the coffee agro-ecosystem (Rodriguez

and Ruiz, 2018).

*The numbers correspond to the criteria identified in the first stage of the search. For more details, see Table 1. **Authors” proposal, --- no information.
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The evaluation of NbS using the indicators proposed in this review
can contribute to providing guidance and advice, as well as to the
replication, maintenance, and improvement of coffee agroecosystems.
However, it will depend on the scale at which this knowledge is
applied, as well as local soil, climatic, and socio-ecological conditions
for the NbS to be adopted by coffee farmers. Researchers are
encouraged to test the relevance, advantages, and disadvantages of
the indicators selected in this review to assess the effectiveness of NbS
in the coffee sector in Mexico. Latin America and the Caribbean face
significant challenges, including climate change, deforestation,
pollution, and social inequality. NbS can contribute to mitigating
these challenges and promoting sustainable development. However,
they require rigorous planning and management to ensure their
effectiveness and durability; policymakers are invited to take a closer
look at this issue.
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