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Abstract: High-altitude coffee has an international reputation due to its high quality, especially in
countries with a long production history like Costa Rica. Specific geographical characteristics deter-
mine the regions where high-altitude coffee can be cultivated. Over the last two decades, new pro-
duction conditions have promoted the growth of smallholder coffee farms in the Upper Buenavista
Catchment (UBC) in the South of Costa Rica. To understand this phenomenon's process, we initially
performed a detailed geomorphological mapping of the high-elevation production sites in the UBC.
Then, we used remote sensing to determine the coffee land cover (2005, 2012, and 2018) to compare
their landforms. Furthermore, we analyzed the production-processing-market chain that has pro-
moted coffee plantations since 2005. Our results show that coffee farmers chose more unstable and
erosive areas with short-term production prospects to cultivate premium-prices coffee. Moreover,
farmers have changed their role in the coffee sector, evolving from small producers to entrepreneurs
with specialized knowledge. These actions may reduce economic risks and improve the household
incomes of smallholder coffee producers. However, limited research has been done along the trop-
ics about the relationships between landforms, socioeconomic drivers, and high-altitude coffee
yield. Therefore, our results are essential to present geomorphology and applied geography as base-
lines in land use planning for agricultural landscapes.

Keywords: high-altitude coffee; geomorphology; rural geography; production factors; Latin Amer-
ica

1. Introduction

Costa Rica is recognized worldwide for its high-quality coffee production. High-
quality coffee in the country is produced within certain environmental conditions to
achieve the best possible yields and specific taste properties: elevation from 500 to 1700 m
asl, annual precipitation between 1000 and 3000 mm, air humidity lower than 85%, high
amounts of nutrients in the soil, and hillsides protected from strong winds [1]. The species
Coffea Arabica makes up most of the production in Costa Rica, in particulary, the Borbén,
Centroamericano, Milenio (H10), Caturra, Geisha, and Catuai varieties [2]. Harvesting is
selective and collected by hand, with only ripe coffee fruits being chosen (at optimum
maturity). Then, they are processed under wet conditions and finally dried in the sun or
mechanical methods [3].

The country produces a high-quality bean, which allows for a cup with better organ-
oleptic characteristics -fine, pleasant, and aromatic- [4, 5]. Nonetheless, the recurrent cri-
ses of coffee, manifested in low global prices and the loss of the available agricultural
space, have driven the small-scale producers to innovate their production methods to ob-
tain better market prices for a high-quality product [6].
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The coffee production sector is a keystone in the social and economic development
of rural areas [7]. The supervision of this sector corresponds to the Costa Rican Coffee
Institute (ICAFE). ICAFE stratified the industry into three main layers: (1) the coffee pro-
ducers who plant, manage, and harvest the coffee; (2) coffee processor firms that trans-
form the raw material into processed coffee to export it or consume it locally. Exporting
firms (3a) and roasting firms (3b) conform the third layer, which commercializes the final
product to the international or local market, respectively [2]. Among the coffee producers,
the participation of many small-scale producers (i.e., less than 15 ha) is common in the
eight coffee regions of the country. According to ICAFE [2], 91.4% of the producers deliver
less than 100 bushels of coffee (i.e., a bushel is the volumetric unit of coffee, equivalent to
0.4 m3). This stratification in the participation has characterized the coffee sector since its
inclusion in the country's economy.

Recently, there have been relevant changes in the role of coffee producers, going
from a producer-harvester to a producer that can also process with a focus on quality. This
change places Costa Rica as one of the world's most excellent coffee producers [8]. Differ-
entiated, high-quality coffee recognizes the site-specific production, processing, and com-
mercialization of coffee with a premium price liquidation [9, 10]. In addition, high-qual-
ity coffee depends on specific geographic conditions, which must be understood to char-
acterize the geographic and productive changes in the coffee sector.

Geomorphological maps and other environmental cartography are valuable tools for
assessing geographic and socioeconomic interactions in the landscape [11]. Resource as-
sessment and land use planning are key in developing countries since their populations
depend on primary economic activities for their subsistence which provoke intense pres-
sure on ecosystems, water, and soils [12]. Contemporary geomorphological maps are im-
portant resources for environmental approaches such as landscape analyses because of
their flexibility using new technologies [13]. Alternative mapping approaches, like those
that incorporate local knowledge, are helpful to understand intrinsic environmental and
socioeconomic characteristics of smallholder cropping systems and land use management
[14]. Since land use information can be reorganized within a GIS (Geographic Information
System), subsequent analyses of the change in land cover and use are achievable because
landforms endure as the elementary analytical spatial unit through time [15].

High-altitude coffee-growing regions have risen over the past few decades in Costa
Rica due to its global demand. Consistently, croplands areas have been rising both in al-
titude and slope especially in the last years. We aim to understand the geomorphic and
production chain interactions of high-quality coffee in the Upper Buenavista Catchment
(UBC), part of the coffee region denominated Brunca in Southern Costa Rica. We hy-
photesize that specific landforms and their morphometric characteristics might have in-
fluenced the location of new coffee areas over the last twenty years. Moreover, the diver-
sification of the coffee production chain has pushed for better quality and spread
croplands into the slopes of UBC. We develop a problem-solution approach based on ap-
plied geography [16]. Our mixed approach can bring new tools for fast-changing agricul-
tural landscapes to improve their planning. Therefore, we (i) performed a geomorpholog-
ical analysis coupled with land cover change analysis, and (ii) accomplished a multi-scale
assessment to identify the production conditions that drove the high-altitude coffee
cropland increase between 2005 and 2018. This methodology combines local expert
knowledge with environmental mapping and may be used for other developing regions
with similar characteristics where information is scarce.
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2. Materials and Methods 94
2.1. Study area 95

The case study area comprises the high-elevation coffee plantations of the UBC in 96
the Rivas district of Pérez Zeledén's municipality, southeast Costa Rica. Most of the 97
croplands are over 1200 m asl. The UBC belongs to the General River, which is one of the 98
main branches of the Térraba River Catchment, the largest one in Costa Rica [17, 18]. This 99
river drains along the Pacific facing slopes of the Cordillera de Talamanca and its source 100
comes from the country’s highest peak, Cerro Chirripd (i.e., 3810 m asl; [19]). 101

Dissimilar exogenic processes controlled by water, ice, temperature, and vegetation 102
have shaped the landforms of UBC [20-23]. Seasonal and cyclonic rains activate fluvial 103
processes that alter the landforms continually [24, 25]. The average annual precipitation 104
is more than 2500 mm and can reach up to 5500 mm [26, 27]. The local landscape is mainly 105
carved by intense rainfall combined with high rates of soil loss and chemical weathering 106
[28]. 107

Tropical premontane rainforests compose the vegetation with intense deforestation 108
and forest fragmentation dating from the 20th century. Locally, deforestation touched its 109
top during the 1960s and 1970s, in the interim anthropogenic changes sustained into 1980s. 110
Several environmental policies combined with the growth of ecotourism and sustainable 111
production changes provide an ecosystem regaining [29]. Very steep slopes with evident 112
erosion and shallow soils, which determine its land capability mostly in class VII (i.e., 113
inadequate soils for arable culture or permanent pasture; [30], dominate the landscape of 114
the study area. At present, common land uses are forests, pastures, coffee, and temporary 115
crops [31, 27]. 116

These conditions reveal that the UBC currently presents an overuse of its lands [32, 117
27], which favors erosion, gravitational movements, ecological impacts through fragmen- 118
tation, and deforestation due to the increase of croplands. Rivas district in Pérez Zeledéon 119
has approximately 7000 inhabitants [33]. More than half of its population is rural and 120
mainly works in the primary sector (e.g., agriculture, cattle raising). Moreover, this district 121
has a mean social development comparable with the national average (52.7 out of 100; 122
[34]). 123

2.2. Geomorphological mapping, coffee land cover, and their interactions 124

We mapped the landforms of the study area in three stages: the pre-mapping, the 125
fieldwork, and the post-mapping [35]. We built a morphogenetic cartography created 126
upon aerial photo interpretation at 1:25,000 scale [36]. Then, we georeferenced the aerial 127
photographs and aimed to achieve the geomorphological mapping [37]. The method 128
helped map the genesis, dynamics, morphology, evolution, and age of the different land- 129
forms and their processes using manual and digital graphic techniques to perform the 130
final cartographic product [38]. 131

We carried out the fieldwork throughout four campaigns made between 2016 and 132
2017 to check or precise the diverse landform dynamics and bounds employing the pre- 133
liminary morphogenetic map at 1:25,000 scale. Through the final phase of post-mapping, 134
we created the legend for the geomorphological map of the UBC, classifying the land- 135
forms genetically into exogenic features and structures (i.e., gravitational and fluvial). 136
These landforms have exogenic features that are mainly erosional [39]. All the maps were 137
made using ArcGIS 10.5. 138
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139

We used official coffee land coverage and digitalization to identify the historical de- 140
velopment of coffee areas in the study area. The National Forestry Financing Fund and 141
Environmental Ministry of Costa Rica, based on the CARTA aerial photos of 2005 scale 142
1:25,000 [40] was the base for 2005's coverage. For 2012, we obtained the coffee land cov- 143
erage from the Costa Rican Coffee Institute [41]. Finally, we digitalized the coffee land 144
coverage for 2018 using Google Earth and Sentinel images. We determined the match be- 145
tween coffee areas and landforms to identify growth patterns over the 13 years of study. 146
Moreover, we calculated the altitudes and slopes of the UBC using a 10-m Digital Eleva- 147
tion Model (DEM). In addition, we created a mesh with a cell size of 50 x 50 m covering 148
coffee areas for every studied year (i.e., 2005, 2012, and 2018). After that, we estimated 149
each polygon's slope, altitude, and aspect with a centroid to determine growth tendencies 150
using ArcGIS 10.5 and R Software. 151

2.3. Production conditions and the implication for the growth of coffee areas 152

To understand the production chain conditions behind the increase of high-quality coffee 153
areas in Costa Rica, we performed a multi-scale assessment in the UBC as a study case. 154
First, we reviewed secondary information related to coffee production, specifically of the 155
Pérez Zeleddn's municipality at the Brunca coffee region, to characterize the regional level 156
of the production chain [2]. Second, we visited the UBC for the local level to carry out field 157
verification of areas cultivated with coffee and processing plants. Furthermore, we inter- 158
viewed producers to learn about the characteristics of high-quality coffee production in 159

the study area. Finally, we used GPS and processed the information with ArcGIS 10.5. 160
3. Results 161
3.1. Landforms and processes 162

The first group of landforms found were the fluvial ones (Fig. 1). Erosional fluvial 163
landforms (i.e., valley slopes: <20 m deep valleys, >20 m deep valleys) result from the riv- 164
ers' dynamics. The valleys are linked to other fluvial morphologies such as scarps, ravines, 165
and gullies. Depositional fluvial morphologies concentrate only in the floodplains, which 166
occupy the valley bottoms. 167

Gravitational landforms are the second group of landforms found, which present 168
both geneses, erosional and depositional (Fig. 1). The erosional gravitational landforms 169
constitute the volcanic slopes molded by mass movements, rotational landslide ruptures, 170
and translational landslides. In contrast, the depositional gravitational landforms include 171
talus, rotational landslides, and volcanic slopes molded by mass movements. These mor- 172
phologies are located in slopes over 15° and in poorly consolidated material with dense 173
fracturing, which can be triggered by earthquakes and extraordinary precipitation. 174
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Fig. 1. Geomorphological map and location of the Upper Buenavista Catchment.

3.2. Interactions between landforms and coffee areas growth

High-altitude coffee croplands have been increasing since 2005 in the UBC. The cul-
tivated area increased from 163.3 ha in 2005 to 235.4 ha in 2012 and 365.2 ha in 2018 (Pear-
son correlation, R2 = 0.98, p = 0.13). Spatially, coffee lands grew oriented to the north to-
wards the Cordillera de Talamanca, along the slopes of the UBC (Fig. 2). These newly
cultivated lands grew in landforms. Normally, over the 13 years of analysis, coffee grew
on volcanic and landslide slopes shaped by fluvial activity as well as in valley slopes, in
proportion, respectively (Table 1).

Volcanic slopes shaped by fluvial processes present large and deep weathered soils
that support a well-developed vegetal cover and contribute to fix eluvial debris on very
sloping surfaces of sub horizontal and convex morphology. Moreover, landslide slopes
shaped by fluvial dynamics usually present a high density of translational or rotational
landslides that do not permit individualizing each failure. The structural control and in-
tense rainfall normally control their formation and dynamics. Finally, valley slopes are
narrow and elongated depressions that are controlled by channel erosion and local tec-
tonics with V-shaped morphologies. Nonetheless, other landforms have constantly re-
ported small increments in area during this period, such as the floodplain, talus deposits,
and active landslides.

Coffee croplands increased mostly on landslide slopes (347.28 %) and volcanic slopes
(154.36 %) molded by fluvial activity. Because of their dynamics, landslide slopes natu-
rally have less dense vegetation and facilitate the cropping processes while volcanic slopes
are very close to the limit of reported andisols, so they possess higher soil fertility levels.
Other minor areal landforms conditioning coffee growth were the floodplain, active land-
slides (even with an acute decrease), and talus deposits. There is a clear trend of increasing
coffee cropland, with both slope and altitude, during 2012 and especially in 2018 (Fig. 3).
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Considering the 50 x 50 m coffee cropland analysis from 2005 to 2018, the cultivated
areas in 2012 were growing in hillsides higher than 1400 m asl and 20° slope while, for
2018, coffee areas even surpass 1800 m asl and 40° inclination slopes. There is a statistical
growth in both the slope and altitude (Pearson correlation, R2 = 0.37, p <0.05) over the 13
years of analysis. Slope aspect did not show a significant pattern, but it had higher values
oriented to the West (16.5%), South (16.1%), SW (15.2%), SE (14.6%), and East (13.7%).
Generally, slopes have a general southern orientation, West or East according to the side

of the UBC valley disposition.
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Table 1. Historical growth of high-altitude coffee areas in hectares according to their

landforms.
Name 2005 2012 2018
Floodplain 14.21 12.05 20.91
Landslides slopes 10.52 19.15 47.05
Rotational deposits 8.50 2.68 0.00
Rotational ruptures 2.85 0.95 0.00
Talus 14.16 15.32 14.33
Translational landslides 0.00 4.09 3.86
Valley slopes 18.05 27.96 32.66
Volcanic slopes 96.91 153.20 246.50

Total 165.20 235.41 365.30

60

40

Slope

20

1200 1400 1600 1800
Altitude

Fig. 3. Relation between slope (degrees) and altitude (m asl) depending on the coffee ar-
eas and year (R2=0.37).

3.3. Interactions in the coffee production chain for high-altitude coffee growth

By the year 2019, 93,697 ha were cultivated with coffee in Costa Rica, representing a
decrease of 18% compared to 2005. In addition, we also found fewer coffee producers in
the same period (-25%; Figure 4). Nonetheless, the number of firms that process raw coffee
has increased steadily in the same period by 129% as well as the exporting and local roast-
ing firms, but they have grown at a slower pace (54% and 23%, respectively).

Among the number of processing firms, the micro-processing plants (i.e., plants that
process less than 1000 bushels) are the only group with a constant increase (from 17 to
152). The medium-scale (i.e., plants that process between 1000 and 70,000 bushels) and
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large-scale processing firms (i.e., process more than 70,000 bushels) remain somehow sta- 233
ble (88 £3 and 6 +2 firms, respectively). The industry dynamics and the finding that, on 234
average, 80% of the coffee production in the country is destined to the international mar- 235
ket indicate that the coffee sector in Costa Rica is evolving towards a specialized coffee 236
strategy. That evolution implies innovation in the production process linked to commerce 237
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Fig. 4. Historical development of the coffee sector structure in Costa Rica from 2005 to 2018. 240
The number of firms that process coffee (orange bar), export coffee (green bar), and roast 241
coffee for the local market is represented on the left axis. The coffee processing firms are 242
separated by their volume capacity (i.e., less than 1000 bushels in the red line, between 243
1000 and 70,000 bushels in the blue line, and more than 70,000 bushels in the gray line). 244
The total number of coffee producers is represented as black points. 245

In the UBC, 13 different micro-processing plants have been established since 2003. 246
The "Café Rivense del Chirripd" was the first plant settled in 2003 to process its coffee and = 247
the coffee of some neighboring farms. Later on, other producers became independent and 248
established their micro-processing plants; some were established very recently, ranging 249
from 2015 to 2018. 250

The owners of micro-processing plants are groups of small families that distribute 251
the tasks of the productive process (i.e., planting, coffee processing, and commercializing) 252
among the family members (four members per family on average). In addition to these 253
permanent job positions for family members, there are temporary jobs to maintain the 254
coffee lots and reap the fruits generated during the year. The volume of fruit manually 255
harvested determines the payment to the temporary workers during the harvest season. 256

Unlike conventional coffee, micro-processing plants offer an attractive monetary in- 257
centive to the harvesters of high-quality coffee, who earn in situ USD ~ 2 instead of USD 258
~ 1 by cajuela (the volumetric unit of coffee in Costa Rica, it is equivalent to 0.02 m3). As 259
a result, in the coffee period of 2018-2019 only, the price of high-quality coffee was 25% 260
higher than traditional coffee on the international market. Given the low prices of tradi- 261
tional coffee in previous years, the highest price of high-quality coffee encourages the ex- 262
pansion of new high-quality coffee croplands in the UBC. 263
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264

We also discovered that differentiated and high-quality coffee production in the UBC 265
involves new management strategies for the entire production chain (Table 2). First, the 266
complete coffee area is divided into micro-lots, which are small patches (e.g., patches be- 267
tween 0.1 ha and 1 ha) with a high density of coffee plants that allow for differentiated 268
management of the production process. The objective of the micro-lots is to maximize the 269
relationship between the management of specific coffee varieties (e.g., planting, pruning, 270
thinning, and harvesting) and specific environmental factors to each micro-lot. This opti- 271
mization allows farmers to adapt the production to changes in the market and weather or 272
pests” impacts. Second, the micro-processing of the coffee in which, through product trace- 273
ability, the producer can be innovative in the coffee processing according to the local qual- 274
ity characteristics of the coffee-related to each micro-lot. Finally, in the marketing of high- 275
quality coffee, producers can adjust their production according to a learning process about 276
the consumer market. The differentiation of this chain of production-processing-market 277
is based on coffee quality, and it has been incorporating producers into this new way of 278
producing. 279

The micro-processing strategy is suitable for the sustainable management of the cof- 280
fee plantation of smallholder producers. We observed that coffee was planted on hillsides 281
in rows managed at level, which allows for water retention and thus provokes less ero- 282
sion. Also, it promotes the use of fruit trees and other crops to provide shade to the coffee, 283
which means additional income for the families. In addition, it reduces/decreases the use 284
of pesticides and promotes the recycling of residues of the activity like the coffee brose 285
that is transformed into organic fertilizer. Moreover, the producer learns to produce high- 286
quality coffee through the traceability processes necessary. The technological innovation 287
in the production unit is fundamental to producing high-quality coffee, improving the 288
yield and the use of resources, and at the same time, establishing alternative technologies 289
that allow independence from traditional technologies. In the UBC, the support of na- 290
tional authorities (e.g., ICAFE) was suggested as a primary factor for producers to be mo- 291

tivated to deepen the knowledge of the coffee activity. 292
4. Discussion 293
4.1. Local and management factors related to increasing high-altitude coffee zones 294

295

Our historical study identified a 124% increase of coffee croplands in the UBC in 296
southern Costa Rica, mostly towards upper and stepper soils along volcanic, landslide, 297
and valley slopes. Historically, coffee from Pérez Zeledon has not been related to high 298
quality due to its elevation. In addition, the production of coffee was primarily located in 299
Ultisols, which has chemical limitations affecting cultivation due to the high acidity and 300
deficiencies of Ca and Mg [42]. Soils of the newly cultivated coffee areas are in the bound- 301
ary of the reported Miocene-origin Andisols of the Cordillera de Talamanca and Ultisols 302
from General Valley [43]. This preference happens due to the high porosity, low density, 303
and high fertility of Andisols [44]. 304

305

The increase in altitude has also been related to improving the quality production. 306
Previous studies in Costa Rica have pointed out similar results where the quality of coffee 307
depends on altitude and slope exposure. For example, Orosi's coffee is categorized by a 308
floral flavor and is conditioned by its slope exposure, while Santa Maria de Dota's coffee 309
presents a stronger chocolate taste at high altitudes [45]. 310

311
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Land-use intensification can affect the provisioning of ecosystem services (such as 312
pollination), driving modifications in ecosystem functions and biodiversity loss that com- 313
promise human wellbeing [46]. The UBC has a VII class that hosts only forest protection 314
[30]. In addition, erosion of soils is projected to increase under future climate change [47]. 315

316

Future climatic scenarios predict higher temperatures, droughts in the north, and 317
more intense precipitation in the south of Central America [48]. Significant losses in coffee 318
aptness areas are probable for the region due to its sensitiveness to extreme weather 319
events [49]. Higher temperatures boost the ripening of coffee berries, giving a poorer cup 320
quality. Furthermore, high-value Arabica coffee requires lower temperatures than the less 321
valuable Robusta coffee. Changes in temperature and precipitation are projected to affect 322
the suitable area for coffee plantations and eventually move production up the altitudinal 323
gradient to cooler climates [50] as we found in the UBC in the last two decades. Moreover, 324
the coffee production cycle relies on rainfall patterns [51]. 325

Table 2. Strategies and new forms of coffee production organization found in the UBC. 326

Differentiated cultivation Process of benefitting Marketing of high quality

through microlots through micro-benefits coffee

The producer changes
) . o ) The producer relates to the
Planting different varieties | from a coffee supplier to a
buyer
processor

_ The producer knows about
. . Employs multiple .
Different harvesting the characteristics of the
) methods of coffee . .
periods ) coffee he is processing and
processing

for whom he is processing

. . The producer takes the
Innovates in fruit . )
Collects, stores and . . . necessary actions to improve
processing with various . . . e
processes separately ) it until the desired quality is
processing methods

achieved

Maximum use of

environmental conditions:

altitude, soil, humidity,
solar radiation, position

with respect to the winds,

The beneficiary rescues
the origin of the coffee; the
local area and the

producer

The producer is trying out
new ways to process the
coffee depending on the

buyer's preferences

cloudiness, etc

The producer learns from
tasting, becomes the

producer's ally to improve

quality.

327

Diversifying management strategies to produce high-quality coffee can positively af- 328

fect the production chain. In other important coffee regions of Costa Rica, like Los Santos, 329
coffee productivity and quality were also associated with local and management factors 330
[52]. Local factors include the rate of lime routine, soil exchangeable calcium and soil acid- 331
ity concentration, clay contents of soils, and elevation of the terrain. Management factors 332
include the amount of fungicide used, the average quantity of stems per plant, and the 333
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mean number of pruned stems per plant. Furthermore, in other coffee regions of the coun- 334
try and worldwide, local and management factors were identified as keystone for the cof- 335
fee production as well provision of multiple ecosystem services [53, 54]. 336
337

Crop pests and pathogens tend to move poleward (and probably higher in altitude) 338

in a warming world [55, 56]. The occurrence of pests and diseases can also be transformed 339
by variations in the seasonal patterns of rainfall [57]. Different pests such as the American 340
leaf spot [58], coffee rust [57], coffee berry borer [59], or coffee root-knot nematodes [60] 341
commonly affect coffee production yields. To that effect, the inclusion of trees as a shade 342
cover for the coffee may attract natural pest control services on coffee plantations (e.g., 343
[61, 62]. Nearby non-crop habitats, like forest patches, may improve pest control but not 344
consistently [63]. Moreover, to reduce the effects of diseases and their consequent eco- 345
nomic losses around coffee production, management measures based on plant diversity, 346
percentage of shade cover, and soil fertility can be explored (e.g., [64]. For instance, pro- 347
ducers need to manage the tradeoff between conservation and production objectives care- 348
fully. 349
350

5.2. Production-processing-market chain related to coffee croplands growth 351

352

Coffee production is susceptible to the international market, especially during coffee 353
price crises. Between 2005 and 2018, coffee production had increased worldwide (42% 354
+7%), mainly by country producers Brazil, Vietnam, and Colombia [65]. Although the cof- 355
fee consumption shows an increase in the same period (34% +1%), producing an oversup- 356
ply of the product led to a drop in the coffee prices [66]. From 1990 to 2016, the global 357
coffee consumption in thousands of 60-kg bags and per capita (kg) has increased expo- 358
nentially [67]. 359
360

In Central America, market unpredictability, the blowout of coffee pests and dis- 361
eases, extraordinary weather events, and undefined support of government initiatives 362
provoke increasing vulnerability for the coffee sector [68]. During and after the coffee cri- 363
sis (i.e., 2003), the necessity of coffee-producing countries to concentrate on quality, op- 364
portunities in niche markets, and diversification has been emphasized. International de- 365
velopment agencies, such as the World Bank, USAID, and the International Development 366
Bank, recommend it especially for coffee in areas where natural conditions do not sustain 367
high-quality coffee production [69, 70]. 368
369

Costa Rica's coffee sector has demonstrated its sensitivity by reorganizing its produc- 370

tion chain, emphasizing specialized production by micro-processing coffee plants [2]. This 371
highlights the new production structure, which entails a reconceptualization and valori- 372
zation of the territory, emphasizing the origin, integration with the environment, produc- 373
tion and handmade elaboration, aromatic distinctions, and exclusive flavors [10]. 374
375

For many smallholder producers, modernizing the production-processing chain 376
poses challenges related to the management of agricultural units and access to technical 377
support and credit. The producers have access to resources at the institutional and local 378
levels to tackle those challenges. At the institutional level, ICAFE established differenti- 379
ated liquidations, which determined a higher price for the high-quality coffee than the 380
conventional one. In addition, the action has supported and encouraged the production, 381
processing, registration, verification, control, and follow-up of the commercialization pro- 382
cess of the grain with differentiated characteristics. 383
384

At the local level, coffee cooperatives can support smallholder producers to comply 385
with international requirements of high-quality coffee markets by gaining technical infor- 386
mation and assistance (e.g., coffee certifications; [71]). Accordingly, increasing the local 387
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knowledge may promote appropriate assessments and improvements of the coffee sector 388
(i.e., adaptive capacity to overcome environmental or market shocks) [72, 14]. 389
390

Adequate land-use decisions are vital for scheming strategies to improve the produc- 391

tion chain of high-quality coffee. Castro et al. [73] indicate that the growth and application = 392
of different technologies may reduce environmental impacts of agroforestry systems, like 393
coffee, and reduce monetary costs to the farmer, consequently affording a market-based 394
incentive for conservation. They also suggest that considering the farmers' time prefer- 395
ences is necessary to understand their decisions. 396
397

Conventionally intensive agriculture is favored when producers place little value on 398

the future, even if land degradation and environmental contamination are related [74]. 399
Agroforestry systems may return considerable profits in the long term, but they also ac- 400
quire high establishment and maintenance costs and generate net losses in the first few 401
years [75]. In that sense, initial financial incentives (e.g., payment for ecosystem services 402
provision) may compensate for these losses. Tools that support land use planning (i.e., 403
geomorphologic mapping) can promote agroforestry adoption in coffee regions as ameas- 404
ure to reduce impacts on the environment. 405
406

We found that UBC producers principally use fruit trees as shade for the coffee. We 407
recommend incorporating harvestable trees apart from coffee to increase the profits. In 408
coffee agroforestry systems in Nicaragua and Honduras, de Sousa et al. [76] found that 409
smallholder wood production is profitable in parallel with coffee plantations. The net 410
value from timber sales signifies 11-49 % of the total profits from agroforestry systems. 411
Nevertheless, this quantity might be 58 % higher if farmers could improve administration 412
practices. Under different management intensities in agroforestry systems, coffee produc- 413
tion can increase according to specific environmental and socioeconomic conditions [77]. 414
This diversification in management may also benefit the delivery of ecosystem services 415
such as erosion control, warming, and pest control. In the south of Costa Rica, profitable 416
species like Cedrela odorata L. are commonly used as shade in agroforestry systems of 417
coffee, and they show likely volumetric growth [78]. 418
419

Training and self-learning is constant task to produce high-quality coffee, which be- 420
comes a challenge and an incentive for producers. In this study, we found that physical 421
geography is linked to the coffee production-processing-market chain in the coffee region 422
of Pérez Zeledén. However, more comparative areas need to be deeply investigated to 423
understand better why and how the coffee sector is changing in Costa Rica. For instance, 424
we suggest that studies similar to ours should be developed in other regions of Costa Rica 425
and other coffee-producing countries. That will help to gain knowledge about the new 426
market of high-quality coffee and its implications to geomorphology, land use, manage- 427
ment, and planning. 428

5. Conclusions 429

Despite the limited research throughout the tropics regarding the interactions be- 430
tween landforms, socioeconomic drivers, and high-altitude coffee yield we provided an 431
applied geography study case of the interactions of geomorphic characteristics and pro- 432
duction-processing-market chain of high altitude/quality coffee in Costa Rica with the Pé- 433
rez Zeleddn region as an analysis example. From 2005 to 2018, coffee croplands in the 434
Upper Buenavista Catchment (UBC) in southern Costa Rica have increased by 124%. 435
Moreover, new coffee areas are in altitudes over even 1800 m asl and slopes above 40°, on 436
south-facing, volcanic, landslides, and valley slopes. The combination of geomorphologi- 437
cal maps and land use assessments proved helpful to understand the environmental fac- 438
tors related to coffee land-use changes in mountain regions such as local soil and climate. 439
We recommend considering geomorphic mapping for future coffee entrepreneurships to 440
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ensure croplands stability, better locations, reduce erosion, and coupled with soil analysis, 441
superior production yields. Our analysis did not consider key factors such as fertilization, 442
cultivation techniques, harvest season, and ripening stage at harvest. These variables must 443
be considered in future studies involving high-quality coffee and geomorphology. 444
445

Differentiated liquidations and varieties that are more profitable have allowed the 446
producers to place their coffee directly in the international market, receiving higher in- 447
come. This modality also permitted the creation and identification of micro-lots, differen- 448
tiated delivery of coffee, and commercialization with flexible and agile mechanisms that 449
will be an incentive for small, new producers to join the production of differentiated coffee 450
in the future. Coffee producers have changed their role in the Costa Rican coffee sector, 451
which signifies new opportunities and challenges for smallholder coffee producers' soci- 452
oeconomic development. Moreover, smallholder coffee producers can increase their prof- 453
its by diversifying activities. 454
455

Our expected results presented several limitations. First, there is no complete soil 456
baseline information to accomplish a detailed assessment of growing coffee croplands 457
over the years related to their landforms. Second, we had limited access to local producers’ 458
data from 2005 to 2018. Hence, we had to use ICAFE general information to analyze pro- 459
duction chain of high-quality coffee. These limitations should be considered in future as- 460
sessments integrating coffee and its producing chains in the future. 461
462

Environmental implications such as erosion, ecological impacts, and forest fragmen- 463
tation should be surveyed soon to understand the effects of high-quality coffee growthin 464
higher altitudes by the academia and public institutions focused on agriculture. The po- 465
tential use of geomorphic assessments coupled with agriculture production-processing- 466
market chains can be key for future landscape management plans for agricultural frontiers 467
expanding processes to achieve sustainable development based on the local ecosystem's 468
functioning and cultural background. 469
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