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Abstract

Shaded Arabica coffee production in agroforestry systems, as opposed to full-sun produc-
tion, is a nature-based solution improving soil water balance, reducing heat exposure of
coffee plants, and supporting sustainable forest management as opposed to deforestation.
For this coffee production system in Mexico, which is dominated by smallholders as the
largest group of coffee producers, we herein analyze current and estimate future yields. For
the first time, to our best knowledge, this is done with a process-based coffee agroforestry
model CAF2014 that we adapted for geo-spatial applications and named CAF2014-Rhaobi.
Modeling of smallholders’ representative management is based on tree thinning, pruning
frequency, and nitrogen supply through fertilizer and litter from nitrogen-fixing shade trees.
Modeled historical yields generally agree with the reported numbers; however, there are
discrepancies explained by modeling assumptions and simplifications. While shade trees
help sustain coffee production, the projected drop in yields under present management
is about 30% at the end of the century compared to the present as estimated using an
ensemble of CMIP6 SSP5-8.5 climate projections. Economic analysis for three typologies of
Mexican small coffee producers (conventional low, high-efficiency, and organic) reveals the
major role of farmer associations and organic coffee price premiums in making production
economically sustainable. This emphasizes the need for innovative marketing approaches
and policies supporting farmers opting for certified production.

Keywords: Arabica coffee; sustainable production; process-based coffee model; CAF2014;
geo-spatial application; economics of coffee production; organic coffee; CMIP6; SSP5

1. Introduction

Sustainable crop production has received growing attention in recent decades as a key
pillar of circular economy policy frameworks [1] and gained increasing awareness due to
growing concerns related to nature protection, sustainable provision of ecosystem services
and biodiversity conservation [2,3]. The challenges associated with sustainable production
in agriculture are exacerbated by projected impacts of climate change on crop yields [4,5],
income loss by local farmers, and resulting regional socio-economic issues [6]. Adverse
impacts of climate change, such as higher temperatures and increased extremes, heavy
rainfalls, and prolonged droughts are of particular concern to climate-vulnerable regions
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of the world where livelihoods of predominantly smallholder farmers are dependent
on optimal conditions for crop growth [7]. Especially in the tropics, a vast majority of
agricultural production is subsistence farming of climate-sensitive perennial crops such as
coffee. In these regions, climate change has shown to aggravate existing food insecurity,
poverty, and conflicts causing farm labor migration to urban areas as well as emigration to
other countries [8,9]. Addressing these complex interlinkages requires an integrated policy
framework with multi-dimensional sustainability measures, including aspects of farmers
economic and technical adaptation capacity to climate change [10,11].

In this paper, we present the developments within the SAbERES (https://saberesmx.
org/ (in Spanish), accessed on 15 May 2026) project, which focuses on the analysis of
potential climate change impacts on crop production and financial feasibility of smallholder
farmers to adopt sustainable ecosystem-based adaptation measures in selected states of
Mexico. While SAbERES covers a wide range of crops and agricultural production systems,
the subject of this study is smallholders” production of coffee (Arabica) in agroforestry
systems. This subject is important for several reasons. Firstly, coffee production in Mexico
is highly dominated by smallholder farmers: in total, there are 545 thousand individual
coffee producers; most coffee farming households consist of 3.3 members, maintaining
an average coffee area of under 3 hectares, with around 90% managing 2 hectares or
less [12]. Secondly, coffee production is highly diverse in terms of system typology yet
can be classified into two broad categories: traditional agroforestry systems, dominated
by smallholder producers, and modern systems with a mix of small to large producers
that include shaded and full-sun production [13]. In total, up to 90% of coffee in Mexico is
produced under shaded systems [13,14]. While typical coffee farm management is system-
specific and varies highly in terms of input intensity [15], which is generally increasing
with the level of commercialization, farm management is likewise influenced by traditional
management practices [16].

Questions related to modeling coffee production in agroforestry systems received
great attention in the literature, covering projections of global suitability changes under
climate change [17], development of process-based coffee growth models for agroforestry
systems [18-20], and carrying out focused research on selected Central American coun-
tries [21]. A wealth of literature sources can be obtained through dedicated review papers
on specific aspects such as ecophysiology [22], sustainability of global supply chains [23,24],
and organic coffee production [25]. Earlier analysis of climate impacts and adaptation
strategies for coffee production [7] highlights agroforestry as a potential adaptation strategy
and emphasizes the need to quantify economic benefits of adaptation measures. Previous
spatio-explicit coffee growth modeling work has either employed coarser statistical ap-
proaches to derive suitability indicators [17] instead of direct estimation of yields, which
allow for economic impact assessment, or covered larger geographical areas without re-
flecting Mexican smallholders’ specifics [20,21].

In this paper, we focus specifically on Mexico and smallholders growing coffee in
ecologically sustainable agroforestry systems, and within that context we focus on two
main aspects: (1) obtaining estimates of coffee Arabica yield changes under projected
climate change by employing a process-based coffee growth model CAF2014 [18], and
(2) analyzing economic sustainability of coffee production in such systems by employing
typologies of smallholder producers and retrospectively estimating their profitability. By
analyzing both bio-physical and socio-economic components of sustainability of Mexican
coffee production, we identify priorities relevant for present and for future development.
While the coffee yield modeling results indicate pronounced yield decline under projected
climate warming scenarios, the high-quality organic coffee price premiums accessible
through farmer associations appear to be a likely potential solution for both short- and
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long-term development, while other options beyond coffee production alone, e.g., crop
diversification and apiculture, are not directly addressed in this analysis and should not be
neglected for that reason.

2. Materials and Methods
2.1. Bio-Physical Modeling

To model the complexity of shaded coffee growth, we have employed the state-of-the-
art process-based coffee agroforestry model CAF2014 [18,26]. The model requires input of
daily weather information via six variables: solar radiation, daily minimum and maximum
temperature, air humidity, wind speed, and precipitation. The management of coffee
plants and shading trees is described by scheduled fertilizer applications, thinning, and
pruning of shade trees. A more recent version of the model, CAF2021 [19,27], supports the
modeling of more complex configurations of shading trees of up to three layers including
fruit production. In our analysis, because of the data limitations, we could not use these
advanced features and therefore applied the more established and proven robust CAF2014
version of the model following the same approach as earlier studies [28]. CAF2014 estimates
growth of shade trees and coffee plants and yield formation at a daily time step based
on the above inputs. The model includes modulation of tree stand temperature and
evapotranspiration, as well as competition for solar radiation, soil water, and nutrients [18].

Modeling climate change impacts on yields can be carried out using two conceptually
different approaches: statistical, providing location suitability indicators, and process-based
modeling, directly estimating yield potential. The benefits of using a process-based model
include transparent outputs expressed in physical units of tons of product per hectare,
which is suitable for consequent use in economic estimates (as opposed to unit-less suit-
ability indicator) and explicit accounting for management practices (such as pruning and
thinning). While these factors can provide useful information, they are subject to model
calibration and validation, which have not been fully carried out for the CAF2014 model,
whereas multiple applications of the model have been reported for agro-environmentally
and socio-economically similar regions across Central America [21,29]. From that per-
spective, the results obtained in our exploratory analysis are similar in nature to the
state-of-the-art applications published in the literature.

2.1.1. General Model Setup and Evaluation

Coffee yield can be expressed as dry or fresh matter, which needs to be harmonized
before data from different sources can be compared. Yields in CAF2014 model output are
expressed in tons of dry matter (DM) per hectare [tDM /ha], whereas the official statistics
on yields in the Mexican SIAP database [30] employ units of tons of fresh weight (FW)
of harvested coffee cherries (“café cereza”). Water content in harvested coffee cherry FW
can vary according to the literature (53% in [31], 55-60% in [32], 65% in [33]). We have
employed the value of 53% from [31], which is specific to the Chiapas state in Mexico.

Reported yields are influenced by plenty of socio-economic and environmental factors
beyond those represented in the model. Pest and diseases such as coffee berry borer and
coffee leaf rust (CLR) represent a major threat [34,35]). CLR is one of the main limiting fac-
tors of Arabica coffee production worldwide [36]. Its devastating impact during the season
2012/2013 outbreak caused about one billion USD in damage and affected the livelihoods
of more than two million people in Latin America [37]. Socio-economic constraints (e.g.,
labor force availability [34]) can lead to inefficiencies and therefore result in suboptimal
yields. From that perspective, modeled yields should be understood as representations of
potential yields; therefore, a model’s overestimation of the reported value should not come
as a surprise.
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While the CAF2014 model is highly configurable through a rich set of parameters
(about one hundred values are describing a site/plot), even in the exemplified applications
using measured data from research stations at coffee growing plots it was impossible to cal-
ibrate the full set of models” parameters [18], leaving large parts at default values collected
from diverse literature sources [38]. In our analysis, we tried to refine key model inputs
where possible while reusing the default model parametrization for other inputs, which is
not specific to any Mexican state. The local daily weather inputs are provided by the ISIMIP
climatic datasets [39,40]. While there is a publicly available database providing historical
records from individual weather stations comprising a network covering the territory of
Mexico [41], there are issues hindering its use in modeling, e.g., gaps in daily records and a
rather sparse set of provided variables (e.g., lack of incident solar radiation data).

Prior to spatially explicit applications of CAF2014 involving adaptation of the original
model, to ensure expected qualitative behavior, we carried out location-specific model
testing discussed in Appendix A.1.

2.1.2. Geo-Spatial Extension of CAF2014 Model

The original CAF2014 model has been designed for plot-scale applications and em-
ploys plain text files to provide site-specific weather information inputs. These files are
read in the R scripting environment (https:/ /www.r-project.org/; we used R version 4.5.2)
and passed to the Fortran core module of the model. Handling plain text data inputs in
the context of geo-spatial applications is associated with technical challenges resulting
in slowed down model operation due to (a) large number of relatively small individual
files and respectively large number of small read operations downgrading the file system
performance in a computing environment, and (b) inefficiency of converting from textual
representation of the floating point numbers contained within plain text data files into a
binary format used by the model internally each time a model is run. These issues are
known from other applications of field-scale crop growth modeling and have been dis-
cussed, e.g., in [42]. To address these drawbacks, we extended CAF2014 into a geo-spatial
version called CAF2014-Rhaobi. This version uses a more efficient format of the daily
weather input data, which is generated by converting the standard ISIMIP3b datasets
in NetCDF format [39,40] into a binary format most suitable for the operation mode of
CAF2014, a sequential feed of data for a set of map pixels, and for each pixel, a parallel
feed of all required weather variables sequentially for each day in the modeled time frame.
The climate data processing is based on the CROp Model Emulator Suite (CROMES) data
processing pipeline [43], where in the NetCDF-to-binary format conversion routine (which
is carried only once before a first run) the original set of two-dimensional maps contained
within a NetCDF file is converted to a set of vectors—time series—of individual map pixels
relevant to geographic locations of interest.

While the binary weather data format was adopted for the CAF2014-Rhaobi version of
the model, the commonly used representation of air humidity in ISIMIP3b datasets [39,40]
assumes specific or relative humidity and not vapor pressure as implemented in the original
CAF2014. We carried out modifications in the original Fortran source code of the core
model to replace the water vapor pressure input parameter with the relative humidity
variable without otherwise affecting the model logic and keep the representation of all
modeled processes intact. We used the equation linking air relative humidity (RH) with
water vapor pressure (VP) and saturated vapor pressure (SVP), estimated by CAF2014 for
a given temperature:

RH =VP/SVP.

The last modification that we implemented in the CAF2014-Rhaobi, which is con-
venient for visualization, is the optional annual output of coffee yield, in addition to
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accumulated (daily) harvestable cherries in original CAF2014. The source code of the
CAF2014-Rhaobi model is available in the form of patches to the original model code [44].

2.1.3. Model Setup for Mexico

The spatial extent in our model setup covers current coffee production areas as in-
formed at municipality level by the SIAP database [30]. While there may exist more areas
unexplored or unused, yet suitable for coffee production, the degree of suitability of those
potential areas might be hard to estimate, particularly due to a challenge we faced re-
garding representation of key soil water parameters. After exploring three potential data
sources, including SAGARPA /SADER-FAO soil database [45] (which is focused on areas
other than those producing Arabica coffee), Harmonized World Soil Database [46], and
GEOBENE soil database [47] (which are commonly used for modeling annual crops in
lowlands; in a test location in Mexico, they demonstrated a disagreement of about 50% in
available water storage capacity (AWC)), and after analyzing uncertainty in pedotransfer
functions that are routinely employed to translate soil parameters into key water holding
characteristics such as wilting point and water capacity [48] (which demonstrated a wide
plausible range for AWC), we decided to stick to default CAF2014 soil representation as it
is relevant to coffee growing plots and is compatible with the model [49]. (The uncertainty
in wilting point (WP) and field capacity (FC) estimates is approximately +30% and £30%,
respectively, as visually estimated from Figure 1 (panels (A) and (B)) in [48] for somewhat
middle-range values of WP = 0.15 and FC = 0.3. That uncertainty translates into a potential
uncertainty of the available water storage capacity (AWC) estimates within the range of
AWC =FC — WP = (0.3-30%) — (0.15 + 30%) = 0.2 — 0.2 = 0.0 to (0.3 + 30%) — (0.15-30%) =
0.4 — 0.1 = 0.3. This potential range of 100% uncertainty around the mid value of AWC =
0.3 — 0.15 = 0.15 indicates the scale of variation potentially driving the model input data
outside of the feasibility range.)

To derive a description of typical approaches to coffee plantations and shading trees
management by small coffee growers in Mexico, at the first step we consulted two LLMs
(ChatGPT (https:/ /chatgpt.com/) and DeepSeek (https:/ /chat.deepseek.com/)) by posing
to both the same seeding question:

“What are the practices used by small coffee growers in Mexico in terms of shade
tree thinning and pruning and also fertilizer application?”

The initial responses were refined and manually checked for consistency with factual
data provided in the literature references (see below). The literature review was expanded
beyond and independently from the initial point provided by the LLMs. The full interroga-
tion protocol for both ChatGPT and DeepSeek LLM is accessible [50]. Under the limitations
of availability of quantitative data in the official publicly accessible databases and literature,
the following values reported in the Mexican context [51-53] appear to be a reasonable
approximation of small shade-grown coffee production management practices in Mexico,
which we employed in the consequent modeling;:

1.  Shading cover: 40-50%; pruning once a year; shade tree density 260 trees per hectare.

2. Fertilizer application: 0-75 kg N /1000 plants/ha/year. Optionally 2040 kg N/ha
from litter of nitrogen fixing shade tree (Inga).

3. Coffee plant density: as low as 800 plants/ha at mean 1900 plants/ha [52].

The smallholders’ management as represented above is quite low intensity compared
to management specifications provided in the recent publication [20] for high-intensity
commercial polyculture in the Mexican State of Chiapas (about 3300 coffee plants/ha,
100 shade trees (Inga), 70% annual pruning), while fertilizer application rates were beyond
the scope of the study [20]. The default N application rate in CAF2014 is 150 kg N /ha, which
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is slightly higher than in our management representation corresponding to 1500 plants/ha
and applying 75 kg N /1000 plants/ha/year, resulting in about 120 kg N /ha. This quantity
is close to the lower bound of the range of 140-360 kg N /ha reported in the literature for
Central America [54]. Estimation of soil nitrogen supply from nitrogen fixing trees, both
through atmospheric N fixed in litter and nitrogen fixation by tree roots, is carried out by
default parametrization of the CAF2014 model.

2.2. Economic Modeling

The question driving our economic analysis is potential requirement of operational
loans to sufficiently cover financial gaps of coffee producers who are facing market price
fluctuations and yield uncertainty induced by adverse weather conditions, pests and
diseases. In the context of sustainable production, it is important to evaluate the issue
of low access to finances faced by small Mexican coffee producers as coffee farming be-
comes riskier [55].

There is a substantial volatility of international market price of coffee, which in the past
45 years fluctuated multiple times between 0.75 and 2.50 USD per pound [56]. Data in the
Mexican agricultural database SIAP [30] indicate a four-fold increase in rural coffee price in
the last 20 years (2003-2023), which correlates with international coffee price development
over the same period. However, as Mexican currency, the peso, has lost its value against
the US dollar [57] in the past 20 years, and as considerable levels of inflation over this
period are reported for Mexico [58], the profits of coffee producers might have experienced
substantial stress.

The analysis of spatial patterns of coffee yields and prices at municipality level in Mex-
ico based on official statistics [30] highlights the disentanglement of coffee yield and price
as evidenced by high yield-low price, low yield-high price, and “medium” combinations.
The factual heterogeneity of coffee producers and growing conditions calls for analysis of
respective typologies for a comprehensive economic assessment.

For modeling of agroforestry coffee production systems in Mexico, we employ eco-
nomic parametrization of three systems: (1) certified organic, (2) conventional intensive,
and (3) conventional low input coffee production [59]. The year 2000 serves as a baseline,
and producer’s coffee price and costs for the three systems are taken from [59] for the
baseline year. The key features of the production systems are summarized in Table 1.
Application of historical coffee prices together with adjustments for exchange and inflation
rates allows for retrospective annual profit projections for each of the three considered
production systems and serves as a basis for systems benchmarking against each other.

Table 1. Key features of three agroforestry coffee production systems: certified organic (Organic),
conventional intensive (Intensive), and conventional low input (Low Input). Values are for the year
2000 and per hectare, where applicable. Summarized from [59].

Parameter Organic Intensive Low Input
Harvest, bushels 8 8 6
Fertilizer use organic mineral not used
Shade regulation yes yes yes
Pests and diseases
control, person- 6 8 3
days
Total production cost, MXN 6311 7080 4295
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SIAP DB

2021-2030

3. Results
3.1. Climate Impacts on Shaded Coffee Yields

We largely follow the interpretation of CAF2014 model applications in the litera-
ture [29], which suggests focusing on identifying the direction of change in coffee yield in
the context of climate change adaptation. This accounts for the recognized uncertainty in
the absolute yield change due to the aforementioned limitations in data and complexity
of cultivation systems. We still report the quantitative yield outputs of the model for
transparency and indication of the order of magnitude.

For that purpose, we set up the CAF2014 model to approximately represent the small
shade-grown coffee production practices in Mexico, while not directly calibrating absolute
yield values. Employing a near-term climate projection for 2021-2030 as a close represen-
tative of the average climate observed over historical period 20032023, the comparison
between reported and modeled period-average yields is presented in Figure 1. While mod-
eled yield potentials are naturally higher than the realized (reported) yields, the model is
able to capture the general pattern with relatively lower yields in northern and north-west
parts of coffee-producing regions in Mexico and relatively higher yields in north-eastern
and south-eastern parts. However, yields in the south-western part (i.e., state of Guerrero)
are obviously higher in the simulations, likely indicating deviations larger than elsewhere
from the representative approximate management that we employed in the model setup.

0 CAF2014-Rhaobi 0

(b)

Figure 1. Coffee yield in coffee-producing regions of Mexico (ton fresh matter/ha/year) gridded at
0.5 arc-degree (a) reported at municipality-level (SIAP DB) averaged over 2003-2023 and (b) estimated
by CAF2014-Rhaobi model for a BAU-representative management and default CAF2014 soil water
characteristics, employing climate dataset ISIMIP3b GFDL-ESM4 SSP585 daily 2021-2030.

The impact of projected climate change on small-grower coffee yields estimated using
an ensemble of five ISIMIP3b climate models (GFDL-ESM4, IPSL-CM6A-LR, MPI-ESM1-2-
HR, MRI-ESM2-0, and UKESM1-0-LL) is presented in Figure 2. Visually, the main range of
potential yields shifts from 2.0-2.5 ton fm/ha in 2021-2030 to 1.0-2.0 ton fm/ha at the end
of the century, which is about a 30% yield reduction, posing a major potential impact.

0 2081-2090 ' 0
(b)

Figure 2. Coffee yield in coffee-producing regions of Mexico (ton fresh matter/ha/year) (a) averaged
over 2021-2030 and (b) averaged over 2081-2090, gridded at 0.5 arc-degree, ensemble average for the
five ISIMIP3b priority climate models for SSP585 scenario as estimated by CAF2014-Rhaobi model
for BAU-representative management and default CAF2014 soil water characteristics.
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2021-2030

The alleviation effect of shading trees under projected increased temperatures on
smallholder coffee yields as estimated by CAF2014-Rhaobi model is presented in Figure 3.
While there are currently few spots where coffee plants can benefit from a higher level of
sunlight exposure under low input management, under projected future climate, shade-
grown coffee becomes a better strategy over the whole study area.

2081-2090

Figure 3. Difference between shade-grown and full-sun coffee yield potential estimates in coffee-
producing regions of Mexico (ton fresh matter/ha/year) (a) averaged over 2021-2030 and (b) averaged
over 2081-2090, gridded at 0.5 arc-degree, ensemble average for five ISIMIP3b climate models for
SSP585 scenario as estimated by CAF2014-Rhaobi model for BAU-representative management and
default CAF2014 soil water characteristics. Positive values indicate shade-grown yield exceeding
full-sun yield.

3.2. Economic Analysis of Coffee Production Systems

Economic analysis of long-term perspectives of coffee production would necessarily re-
quire projections of domestic and international market prices as well as labor and input cost
projections, which pose a major challenge for modeling. While keeping in mind the scale of
projected climate impact on coffee yields in the long term, we focus on comparative analysis
of medium-term economic sustainability of Mexican coffee production systems using his-
torical data. For systems cross-comparison, we illustratively apply projected climate impact
on coffee yields to otherwise constant parametrization of present systems’ economics.

We obtained retrospective profit projections for tree production systems (certified
organic, conventional intensive, and conventional low input), employing historical interna-
tional prices [56] and applying a price discount to the international market price estimated
for the base year as a percent difference between international and local price [59]. That
discount was applied to international prices from 2001 onward to assess producers’ cof-
fee price in USD. Annual USD/MXN exchange rates [57] were applied for conversion of
the USD price to Mexican pesos. Finally, the annual profit estimates corresponding to
production systems and presented in Figure 4a were obtained for 2000-2023 by inflating
production systems’ baseline costs as informed by the annual Mexican inflation rate [58].
Figure 4 vividly illustrates that the certified organic system outperforms the others appar-
ently due to the organic coffee price premium, since costs per unit output are comparable
(Table 1). In the initial part of the profit trajectories, all production systems, to a different
extent, experience losses that would require financial coverage, e.g., bank loans, to protect
producers from bankruptcy, while paybacks are ensured through positive future profits
(yet are conditional on the level of interest rate).

To indicatively illustrate the economic effect of projected climate impact of 30% de-
crease in yields (assuming validity of the estimate for considered systems beyond small-
holders), we kept the prices and costs constant, decreased the yields, and re-estimated the
profits by production system. Figure 4b presents respective profit trajectories. Certified
organic production still outperforms the other production systems. The conventional low
input system demonstrates higher viability than conventional intensive production as it
benefits from cost savings under lowering yields. In the considered context, conventional
intensive coffee production becomes unsustainable under long-term climate change, while

https:/ /doi.org/10.3390/su18136544


https://doi.org/10.3390/su18136544

Sustainability 2026, 18, 6544

9of 17

both closer-to-nature certified organic production and conventional low input systems
remain economically profitable. However, the latter provides positive yet minimal prof-
its, which would likely be insufficient as a single income to smallholder farmers, either
pushing them to seek alternative sources of income or diversify production to include
other crops [12].

_ 4o 40
30 30
g g
>Z< 20 ;
3 % 20
E E
s 10 g 10
3 3
=} o
£ o ST —
s s
a -10 a -10
2000 2005 2010 2015 2020 2000 2005 2010 2015 2020
Year Year
e Organic Intensive e OrgJanic Intensive
Low Input - — = Zero level Low Input = — = Zero level

@) (b)

Figure 4. Retrospective projection of profitability of three Mexican coffee production systems: certified
organic (Organic), conventional intensive (Intensive), and conventional low input (Low Input) coffee
production (a), and similar estimates corresponding to yields decreased by 30% while keeping
respective system costs constant (b).

4. Discussion

In our climate impact assessments, we did not explicitly include the possible CO,
fertilization effect because it is highly uncertain, whereas according to studies in Africa it
can potentially offset 13-21% of the negative climate impact on coffee yields at the midpoint
of the century [29]. On the other hand, a warming climate can likely create more favorable
conditions for the spread of pests and diseases and thus create additional yield reduction
factors for coffee production [60,61].

One of the challenges associated with employing the CAF2014 model is the implicit
modeling assumption on the coffee plant density. The literature reporting on various
CAF2014 (and CAF2021) applications [18,19,29,38] does not explicate the quantification of
this parameter, which is assumed but is not included in the model. From that perspective,
coffee yields obtained from the model are subject to adjustment reflecting coffee plant
density, and corresponding adjustments may be required to the fertilizer application rate
used as an input for the model, as presently it is expressed per one thousand plants
per hectare.

Soil nitrogen supply from nitrogen fixing trees is estimated by default parametrization
of the CAF2014 model, whereas local growing conditions may vary and be different from
default model settings. However, calibration of nutrient balance in the soils would require
extensive spatio-temporal coverage of soil samples specific to coffee production areas in
Mexico and a sufficiently long time series of controlled experiments in a representative set
of plots, which are currently not available.

In our estimates we approximately represent small shade-grown coffee production
practices in Mexico, while not directly calibrating the modeled absolute yields, let alone
coffee quality indicators. Both are equally important for obtaining reliable economic
assessments, whereas representation of coffee bean quality, to our knowledge, is beyond
the state-of-the-art modeling capabilities to date.
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While long-term climate impact projections on coffee yields indicate a tangible decline
of 30% by the end of the century, the four-fold coffee market price fluctuations strongly
impact economic sustainability of coffee producers in Mexico in the short and medium term.

Organic price premiums change over time. The premiums of about 40% to conven-
tional coffee, reported for 2000 in the literature [59] for a case study of a small organic
producers’ association, are conditional on the negotiating power of the cooperative or
association and are location- and coffee-grade-specific. More recent publications indicate
lower numbers: certified farmers receive prices only 6-7% higher than those of non-certified
farmers, and farmers can obtain a 10-12% higher price by participating in cooperatives [12].
Projection into the future of the premiums, which are derivatives of market price, poses a
challenge beyond the scope of the indicative assessment presented in this paper. Similarly,
using constant yield and uniform scaling according to the inflation rate of all cost items
(e.g., fertilizer, labor, and transportation) is a simplification. Therefore, the presented results
should be considered as illustrative, especially because small coffee growers in Mexico are
facing the problem of insufficient earnings to support their livelihoods, resulting in a high
percentage of them living below the poverty line [12].

In the context of economic sustainability of coffee producers under fluctuating product
and input prices, bank loans may be required to cover finance gaps. Loan paybacks are
ensured through future profits yet are conditional on interest rate. We did not estimate
the admissible interest rate as the profit estimation is rather qualitative due to modeling
limitations discussed above.

The economic effect of a projected 30% decrease in coffee yields due to adverse
climate change is estimated in a simplified manner. First, the yield decrease is obtained
for smallholder management yet is applied to all production systems, while the impact
may be different for more intensively managed systems. Second, keeping the cost constant
under yield decrease is an approximation that may need refinement. While harvesting
labor per plant may likely receive only a minor change, fertilizer application rate may
need a downward correction as coffee plants growth would be limited by water and
temperature (unless nutrient take-up efficiency of a plant would also suffer, requiring
higher N concentration in the soil). Transportation costs for a smaller quantity can likely be
reduced for larger producers, whereas it could remain nearly constant for smallholders if
calculated per truck carrying a smaller load of harvested coffee beans.

Finally, existing climate uncertainties must be recognized as an overarching frame
for obtaining long-term yield assessments. There are substantial deviations from the
average impact estimates presented in Figure 2. The minimum and maximum estimates
from the considered ensemble of climate models are shown in Figure A2. The topic of
climate uncertainty in agricultural yield projections received vast attention in the literature,
covering staple crops and crop model ensembles. While in this study we are using only
one model, earlier publications in the field, focused on annual crops and generally on
sectoral impact models, highlight that uncertainty from impact models is larger than
from climate models [62], that climate and crop models may contribute about equally to
overall uncertainty [63], and that crop models can be the primary source of uncertainty in
agricultural projections [64]. A promising approach for obtaining more robust crop impact
estimates is the optimization of model ensemble size and composition [65], which could be
explored in the future also for coffee growth modeling.

5. Conclusions

In this paper, we presented, for the first time, spatially explicit shade-grown coffee
Arabica yield projections for Mexican smallholders as informed by a process-based coffee
growth model for an ensemble of SSP5-8.5 climate projections. Growing coffee under shade
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trees supports sustainable forest management and provides alleviation to adverse climate
change impacts on coffee production yet cannot compensate for about 30% yield reduction
at the end of the century compared to the present. Accompanying economic analysis based
on typologies of Mexican coffee producers highlights that the organic coffee price premium
accessible to farmer associations can play an important role in the economic sustainability
of coffee production. Along with other options for increasing income through product
diversification, certified organic production appears as a potential means of adaptation to
projected yield decline. Coffee varieties tolerant to adverse climate conditions and more
resistant to pests and diseases could be a key to keeping production levels. The looming
transition would necessarily require financial support both in the form of investment,
provision of operational capital, and insurance, hinting the necessity of facilitating farmers’
access to finance. The challenges ahead call for innovative marketing approaches and
policies supporting farmers opting for sustainable coffee production.
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Appendix A
Appendix A.1. Location-Specific Testing and Sensitivity to Inputs

Prior to spatially explicit applications of CAF2014 involving adaptation of the
original model, we carried out model testing for two randomly selected locations in
coffee-producing Mexican states Oaxaca and Chiapas (selected two locations are in
Chiapas/Altamirano (geographic coordinates: 16°44'10” N 92°02'20” W) and in Oax-
aca/Santiago Xanica (16°00" N 96°14’ W)). An analysis of model behavior for a fixed
location allows for higher flexibility and detail than an application covering a wide geo-
graphical area would allow.

We first aimed at estimation of a climate signal and obtained outputs of the CAF2014
model with minimum modifications in configuration from the original version by only
replacing weather data with that relevant to the selected two test locations in Mexico. The
comparison of the model outputs for historical weather data [39] and SSP585 GFDL ISIMIP
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climate projection [40], as presented in Figure Al, indicates that soil water availability
(WA) shows more intermittence in the projected future, resulting (along with increased
temperatures) in degradation of coffee plant leaves (LAI) and lowered yields, respectively.
Compared to an open-sun system, tree-shaded coffee production can likely provide more
sustainable yields in the future, and while alleviation effect may vary, that would probably
not solve the looming problem of declining yields in that particular location. While absolute
values of the estimated yields from the default model configuration cannot be expected to
reflect actually realized yields due to the discussed model limitations, the relative change
appears to qualitatively represent the climate signal—a plausible outcome of the SSP585
(high degree of warming) scenario imposing temperature and water stress on plants.
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Figure A1. Climate signal in coffee yields of the default CAF2014 model driven by historical (a) and
SSP585-projected (b) weather data for a location in Chiapas for open-sun (black, red) and tree-shaded
(green, blue) production systems. In CAF2014 notation, LAI is the coffee plants leaf area index,
harvMDav_year is the coffee yield (ton of dry matter/ha/year), and WA is water availability in
the soil.

Table A1 illustrates the outputs of the setup of coffee agroforestry model CAF2014
with minimum modifications in the configuration from the original version, limited to
(1) specification of geographic location (longitude, latitude) and (2) substituting weather
data with location-specific values from the ISIMIP3b dataset [40] corresponding to weather
projected by the GFDL-ESM4 climate model for the period 2021-2030 for the SSP5-8.5
scenario. The two randomly chosen municipalities in the Mexican coffee-producing states,
Chiapas and Oaxaca, were selected so that the corresponding historical (2003-2023) reported
yields [30] differ from each other. The purpose of this illustrative CAF2014 model run is
to demonstrate a reasonable scale of deviation of the original model setup output from
reported yields, when similar climate conditions are used as inputs.

The default configuration of CAF2014 produced a slight overestimation of the re-
ported yields (13% and 38% for selected locations in Oaxaca and Chiapas respectively;
Table A1), which appears to be reasonable, because potential yields are modeled that are
hardly achieved in practice. Further sensitivity tests of CAF2014 have proven the expected
qualitative response of the model to changes in fertilizer application rates, shade trees
thinning and pruning, and soil water parameters [66]. The scale of fertilizer application
impact alone was sufficient for the model to reproduce the reported yield under lower
fertilizer input.
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While modeling effects of shade trees on coffee growth appears to be particularly
challenging [20], the CAF2014 model demonstrated reasonable behavior and sensitivity to
explored variations in input data and parameters including shade management [66]. The
location-specific tests suggest that with suitable adjustments in configuration the model
could reproduce reported shaded coffee yields.

Table A1l. Modeled and reported average yields for two tested locations in coffee-producing re-
gions of Mexico: Chiapas/Altamirano (geographic coordinates: 16°44’10” N 92°02'20” W) and
Oaxaca/Santiago Xanica (16°00' N 96°14’ W). Averages of annual values over 2003-2015.

Chiapas/Altamirano  Oaxaca/Santiago Xanica

Modeled yield,
ton dry matter/ha 17 08
Modeled yield,
coffee cherry ton/ha (fresh 3.6 1.7
matter) at 53% water content
Reported yield, 26 15
coffee cherry ton/ha (fresh matter) ’ ’
Model’s overestimation, % 38 13

Appendix A.2. Range of Ensemble Yield Projections

The minimum and maximum of period-average shaded coffee yield estimates pro-
duced by the CAF2014-Rhaobi model for each of the five climate model ensemble members
are presented in Figure A2. The future yields (2081-2090, panels (b) and (d)) are consistently
lower than the respective historical estimates (2021-2030, panels (a) and (c)), whereas the
top row (ensemble minimum) and the bottom row (ensemble maximum) indicate the span
in the yield estimates, which are due to only uncertainty in climate projections. Interest-
ingly, comparison between the top left panel (nearly historical period, ensemble minimum)
and the bottom right panel (end of century period, ensemble maximum) indicates a slight

increase in yields, yet this type of comparison is clearly hypothetical.

Min(GCMs), 2021-2030 Min(GCMs), 2081-2090 / 0

Max(GCMs), 2021-2030

(@) (b)

(©)

Figure A2. Coffee yield in coffee-producing regions of Mexico (ton fresh matter/ha/year) averaged
over 2021-2030 climate ensemble minimum (a) and maximum (c), and averaged over 2081-2090
climate ensemble minimum (b) and maximum (d), gridded at 0.5 arc-degree, for five ISIMIP3b
climate models for SSP585 scenario as estimated by CAF2014-Rhaobi model for BAU-representative
management and default CAF2014 soil water characteristics.
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