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Abstract  17 

Coffee’s climate sensitivity contributes to extreme production and price fluctuations. However, 18 

as coffee is a perennial crop, producers have difficulty responding to short-term market shifts. 19 

Combining historical climate, production and price data from all coffee-growing municipalities 20 

in Mexico, we examined trends of climate and coffee production and then characterized and 21 

quantified coffee producer’s responses to changing conditions of climate and price. We collected 22 

and collated production, price, climate and topographic data from Mexican and U.S. 23 
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governmental agencies and non-governmental organizations. Using a spatially-explicit approach 24 

we found that coffee-specific climate variables contributed to a 60% decline in Mexican coffee 25 

production since its peak in the 1989, and that farmers’ management responses to soaring 26 

temperatures, variable rainfall and price volatility are generally limited to improving yields via 27 

management efforts and altering the amount of crop they harvest. 28 

 29 

1. Introduction  30 

Coffee is an economically important global commodity, with more than 10 million metric tons 31 

grown annually (ICO 2019) across more than tropical 80 countries (Vega 2006). Traditionally 32 

grown as an understory crop, coffee provides livelihoods to more than 125 million people 33 

(Osorio 2002) most of whom are smallholder farmers dependent on the export of coffee. 34 

 35 

Climate change is expected to have widespread impacts on the global coffee supply and coffee 36 

producers (Bunn et al. 2015). The coffee plant itself is a long-lived perennial crop, but it is 37 

sensitive to temperature, precipitation and microclimate conditions. This climate sensitivity 38 

makes coffee especially vulnerable to the effects of climate change and is likely to cause shifts in 39 

habitats suitable for growing coffee. Shifts to productive regions will affect all aspects of the 40 

coffee supply-chain, but may have strongest impacts on farmers who generally have no 41 

alternative to growing coffee and few resources, constraining their adaptive capacity. Given 42 

widespread production across many tropical landscapes and dependence of so many farmers and 43 

farmworkers on coffee production, farmers’ responses to production changes are likely to have 44 

massive implications for food and health security, migration and land use change. 45 

 46 
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Many studies of climate change or weather effects (e.g., El Niño, hurricanes) on coffee employ 47 

one of two broad approaches. The first uses forecast models to predict the loss of coffee based on 48 

bioclimatic variables at relatively low spatial resolution. These have been helpful to identify 49 

those regions most vulnerable to climate change and the scale of threat to coffee production. 50 

However, these studies are limited in scope, addressing one or two regional coffee growing 51 

areas. These forecast models often lack the precision in spatial resolution that is now more 52 

readily available and use models with standardized climate variables rather than climate 53 

variables specifically tailored for the study system. For example, WorldClim bioclimatic 54 

variables (e.g. mean temperature of wettest quarter, mean diurnal range) were developed to be 55 

broadly applied to many organismal or ecological systems and are widely used in coffee studies, 56 

but may or may not be relevant to coffee production. 57 

 58 

Another set of studies has mostly examined producer responses by using interviews and surveys 59 

to study farmer responses to dramatic price declines (e.g., Eakin et al. 2006), climate change 60 

(e.g., Frank et al. 2011, Harvey et al. 2018) or extreme weather (e.g., Tucker et al. 2010). These 61 

studies provided in-depth insight into the complex effects of cultural identities, economics and 62 

climate/weather conditions that affect farmers and their responses to stressors. And yet, 63 

qualitative studies are often limited in breadth due to time and cost constraints, and may 64 

complement a more quantitative approach to examining farmer responses. 65 

 66 

Coffee farmers have already observed and experienced issues related to rising temperatures and 67 

increasingly variable rainfall (Harvey et al. 2018). And there is now enough available 68 

quantitative data to examine initial impacts of climate change and other critical economic 69 
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variables on coffee production. In this study we couple long-term, spatially referenced coffee 70 

production and management data with high resolution climate data to provide a clearer 71 

understanding of the various impacts of climate and price on production and how farmers 72 

respond. This study provides two unique contributions: (1) organism-specific climate varables 73 

and (2) quantified producer responses based on management data. 74 

 75 

1.1. Climate change effects on global production of coffee 76 

Globally traded coffee consists of two distinct species each with its own characteristics and 77 

growing requirements. Robusta coffee (Coffea canephora) is produced more commonly in 78 

countries of South East Asia (ICO 2019). Robusta coffee can tolerate slightly higher 79 

temperatures, but does not produce high quality beans. Higher quality Arabica coffee (Coffea 80 

arabica) is more commonly grown in Central and South America and East Africa and makes up 81 

more than 70% of total commercial production (Ubilava 2012). Although of higher quality, 82 

Arabica coffee is more susceptible to temperature variability and is generally grown at higher 83 

elevations to avoid extreme high temperatures (Davis et al. 2012). 84 

 85 

Several coffee studies have focused on habitat suitability for future coffee production. 86 

Indigenous Arabica coffee – the coffee that provides the genetic diversity of Arabica – is facing a 87 

nearly 100% loss of bioclimatically suitable habitat in the Ethiopian highlands by 2080 (Davis et 88 

al. 2012). Forecasts of commercial coffee in Central America suggest reductions of 30-70% in 89 

suitable coffee growing land by 2050 (Laderach et al. 2011). Worldwide estimates suggest a loss 90 

of 50% in suitable coffee-growing land by 2050 across all climate emission scenarios (Bunn et 91 

al. 2015). Additionally concerning is that most cultivated varieties of coffee comprise a very 92 
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narrow range of genetic variation (Anthony et al. 2001) relative to indigenous coffee. This 93 

reduced diversity of commercial coffee combined with the predominantly self-fertilizing and a 94 

long-lived nature of coffee, makes it likely to adapt slowly to climate shifts. 95 

 96 

These forecasts are not overly conservative because coffee is particularly sensitive to weather 97 

conditions and thus vulnerable to the threats of climate change. This sensitivity is derived from 98 

direct impacts on the plant’s physiology as well as indirect impacts limiting suitable farming 99 

land, and/or increasing pest populations. 100 

 101 

Coffee (especially Arabica coffee) has specific water requirements to induce flowers and 102 

produce fruits. Floral bud initiation begins during a period of water stress, but flowers open only 103 

after initial seasonal rains. As a result, continuous rainfall without at least a short respite of water 104 

stress can lead to scattered harvests and low yields (Cannell 1985). At the same time, however, 105 

freely available water is required during the period of rapid fruit expansion to ensure the quality 106 

of the beans (Lin et al. 2008). And, at any point during the growing season, prolonged droughts 107 

and water stress will cause coffee plants to shed their leaves, making them unable to produce 108 

flowers or fruits.  109 

 110 

Temperature also plays an important role in coffee growth. Arabica coffee is more susceptible 111 

than Robusta coffee to extreme temperatures. Specifically, C. arabica photosynthesis and growth 112 

rates are impeded at daily temperatures below 12˚C and above 24˚C, leaving only a narrow 12˚C 113 

window of optimal growth (Nunes et al. 1968). Exposure to temperatures higher than 30˚C for 114 

extended periods results in accelerated leaf loss and declines in plant health (Drinnan and Menzel 115 
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1995) and at temperatures above 34˚C photosynthetic production stops altogether (Nunes et al. 116 

1968). Likewise, exposure to low temperatures and frost are extremely damaging to coffee. 117 

Indeed, cold surges in Brazil during 1994 and 1995 caused 50% declines in production and 118 

resulted in dramatic increases in world coffee prices (Marengo et al. 1997, Maizels et al. 1997). 119 

 120 

Problems resulting from direct, physiological effects on coffee from climate change will be 121 

exacerbated by indirect effects of climate impacts on coffee pests. Several coffee pests are 122 

predicted to experience population growth or expansion in response to projected climate 123 

scenarios in some coffee growing regions. At least two studies thus far have examined how 124 

large-scale changes to temperature and precipitation pattern may impact the distribution and 125 

abundance of coffee pests (Ghini et al. 2008). The coffee nematode (Meloidogyne incognita) and 126 

the coffee leaf miner (Leucoptera coffeella) are expected to benefit from to climate change 127 

impacts in Brazil. Coffee nematode damage leads to increased root disease characterized by 128 

necrosis of coffee tissue and reduced absorption of water and nutrients leading to yield loss and 129 

in some cases, plant death (Ghini et al. 2008). The coffee leaf miner causes severe leaf tissue 130 

damage that can result in yield loss. Both coffee nematodes and the coffee leaf miner are 131 

predicted to increase in infestation and increase the number of generations per year (Ghini et al. 132 

2008). Likewise, climate projections indicate expanded population of the coffee berry borer 133 

(Hypothenemus hampei). The coffee berry borer is considered to be the most widely distributed 134 

and economically damaging coffee pest because the females bore directly into the coffee fruits, 135 

rendering them unmarketable (Damon et al. 2000). The climate models of the borer revealed 136 

similar results to that of the nematode and leaf miner, but in this case, the authors projected an 137 

annual doubling of borer generations as well as upslope migration (Jaramillo et al. 2011). Studies 138 



 7 

of coffee diseases highlight the importance of temperature and rainfall as factors in predicting 139 

incidence and severity of disease (Yáñez-López et al. 2012). More recent studies have 140 

emphasized the potential impact of climate change on the coffee leaf rust fungus (Hemileia 141 

vastatrix) (Avelino et al. 2015, McCook and Vandermeer 2015, Bebber et al. 2016, Liebig et al. 142 

2019). 143 

 144 

The sensitivity of coffee to even small changes in climate combined with the indirect effects of 145 

pests and disease indicate why coffee is not expected to fare well in under future climatic 146 

scenarios where both temperatures are expected to rise and rainfall is expected to decrease and/or 147 

become more variable. Yet, future production of coffee is not singularly dependent on climate 148 

and weather conditions, because effects from larger global markets, policies and producer 149 

behaviors are important consideration in future coffee production. 150 

  151 

1.2. Producer responses to changing conditions 152 

Farmers are accustomed to variability, but smallholder farmers (≤10ha) are especially vulnerable 153 

to production and market volatility as their production is often dependent on rainfed production 154 

systems and they have fewer resources and/or lack access to resources (O’Brien and Leichenko 155 

2000; Leichenko and O’Brien 2002). Farmers responses are varied and can include changes in 156 

crop management, planting area, crop variety or species and labor costs; but it can also include 157 

migration (Eakin et al. 2006, Tucker et al. 2010). Crop management responses encompass 158 

changes that focus on increased intensification in one extreme or conservation and 159 

agroecological practices on the other. For example, increases in agrochemical and fertilizer use, 160 

crop density, shade tree plantings or the maintenance/pruning of crops may be responses to 161 
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volatile market, climate and production. The type of response from the farmer will depend on 162 

their perceptions of risk as well as the type of crop (e.g., perennial, annual), feasibility and 163 

financial restrictions farmers face.  164 

 165 

Coffee producers are, on average, smallholder farmers and consistently face production losses 166 

due to extreme weather or seasonal abnormalities in temperature and precipitation. Surveys and 167 

interviews of coffee producers suggest that farmers have observed climate change and its 168 

impacts on production but their management responses are mixed and range from adopting no 169 

new strategies to expensive long-term changes such as planting alternative crops, 170 

increasing/decreasing planted area and tree planting (Harvey et al. 2018). In Mexico, coffee 171 

producers report noticing climate change impacts on coffee production – specifically from 172 

increased moisture – but also expressed unwillingness to adjust new practices intended to 173 

mitigate production impacts from climate (Frank et al. 2011). In contrast, coffee producers in 174 

Guatemala, Honduras and Costa Rica said they had adjusted management practices (most 175 

commonly planting trees and increasing chemical use) due to experiencing climate impacts 176 

(Harvey et al. 2018).   177 

 178 

Coffee prices are yet another challenge faced by coffee producers. Volatility of coffee prices is 179 

likely to be compounded by climate change as coffee price volatility is often a result of weather-180 

related shocks (Mehta and Chavas 2008). And, prior to the most recent studies, unpredictability 181 

in coffee price was identified as the primary concern of small coffee producers over effects of 182 

weather, pests and disease, illness and unemployment (Tucker et al. 2010). Producer response to 183 

price volatility is difficult to isolate from their response to overall price declines or increases of 184 
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coffee yields – in other words the difference between long-term variation in price versus short-185 

term price shocks. However, the perennial nature of coffee farming suggests that even though a 186 

producer may make changes to their management (e.g. increased fertilization, pruning or 187 

planting), planting or harvesting area plan after a particular change in price or set of events, 188 

decisions are most likely informed by the past volatility of the market. Most research on coffee 189 

producer responses to prices studied the impact of low coffee prices of producer decisions in the 190 

aftermath of the precipitous decline in global prices from 1999-2003 known as the coffee crisis. 191 

These studies found low and variable coffee prices can drive producers to change the total 192 

planted area, plant alternative crops, switch to higher value organic production or migrate to the 193 

US (Lewis 2005, Eakin et al. 2006, Tucker et al. 2010).  194 

 195 

1.3. Relevance of present study 196 

Our study seeks to understand the impacts of climate and price on production and producer 197 

responses using recent historical data that provide insight into how these impacts have already 198 

manifested in coffee production in Mexico. To do so, we first quantify climate effects on coffee 199 

production by state over a 27-year period. Then, we characterize producer responses to variations 200 

in price and climate (using variables known to be important for coffee development and 201 

production) over the course 15-year period by municipality. This lengthy time scale over nearly 202 

three decades of data makes this study unique in the area of climate and coffee research and 203 

provides substantial data to address our research foci. 204 

 205 

Mexico provides an important case study for the changes to coffee production as it is the ninth 206 

largest producer of coffee world-wide and the second largest producer in Central America (ICO 207 
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2019). Mexico produces high-quality coffee as the second largest producer of organic coffee 208 

(Potts et al. 2014) where more than 95% of production is Arabica coffee (Flores 2017) and 209 

nearly 90% is shade grown (Moguel and Toledo 1999). Furthermore, coffee-growing regions of 210 

Mexico are projected to face increasing droughts and variability in rainfall in addition to rising 211 

temperatures (IPCC 2014). 212 

 213 

This study is among the first to study and quantify producer responses to prices and climate 214 

changes across a large scale of a significant coffee producing country over a relatively long time 215 

period of production. Identifying these responses is important to creating policy that aids in 216 

addressing specific adaptation needs (Harvey et al. 2018). Ultimately, the results of these 217 

realized impacts might better address production and livelihood concerns. 218 

 219 

2. Materials and methods 220 

2.1. Overview 221 

We performed two separate analyses: (1) an examination of how yields have changed across 222 

Mexico, aggregated by state, from 1980-2017 and (2) an evaluation of coffee producer responses 223 

to changing climate using biologically relevant coffee climate metrics and economic (i.e. price 224 

and quality) conditions across Mexico, by municipality, from 2003-2017. 225 

 226 

2.2. Analysis of change in yields and climate, 1980-2017 227 

To examine the change in yields by state over time, we use annual coffee yields by state for the 228 

years 1980-2017 (SIAP 2017) and fit a linear mixed effect model with a random effect of state to 229 

examine the change in yields over time by state. We used state aggregated data because data by 230 
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smaller production units (i.e. municipalities) were not available prior to 2003. The use of state 231 

aggregated production data enables us to describe trends in coffee production over a longer, 27-232 

year period. We used linear mixed effects models to evaluate the relationship between yields 233 

over time and temperature over time with year as the fixed effect and state as the random effect. 234 

 235 

2.3. Production and climate metrics and extraction to areas of production 236 

We used annual coffee production, yield and price data by municipality for the years 2003-2017 237 

and joined this dataset with a spatially referenced municipality map of Mexico (INEGI 2012). 238 

We used digital elevation models (NASA/METI/AIST/Japan Spacesystems, and U.S./Japan 239 

ASTER Science Team 2009) to isolate the regions within each coffee-producing municipality 240 

that fall between 400-1600m in elevation. This range is considered the most suitable for coffee 241 

production in Mexico under current climate conditions (Laderach et al. 2011). We then separated 242 

each 400-1600m elevation range within each municipality into three elevation groups (400-243 

800m, 800-1200 and 1200-1600m) in order to extract more precise climate data for each 244 

municipality. Disaggregating in this way is important because climate variability and its impacts 245 

on coffee production are likely to exhibit substantial differences across the elevation range, 246 

where baseline mean annual temperatures vary from 16º to 26ºC across the 400-1600m change in 247 

elevation found in Mexican coffee-growing regions. 248 

 249 

We obtained historical temperature and precipitation data at 1×1 km resolution from Daymet 250 

gridded monthly averages data (Thornton et al. 2016). Next, we calculated climate metrics 251 

especially important to coffee physiology, including the number of months where the average 252 

daily maximum temperature was greater than 30ºC, total annual rainfall, and the coefficient of 253 
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variation in rainfall as a measure of rainfall variability (DaMatta et al. 2007) and extracted these 254 

variables for each year and elevation level within each municipality. We specifically chose these 255 

temperature variables because they are critical to coffee growth; daily temperatures that exceed 256 

30ºC strongly impede coffee growth (DaMatta et al. 2007). Rainfall variability and total annual 257 

rainfall are used in standardized climate metrics (e.g., WorldClim Bioclimatic variables) and are 258 

also likely important for coffee given it specific rainfall requirements during flower bud 259 

formation and throughout berry expansion. We then calculated a single area-weighted mean 260 

across elevation levels within each municipality for each climate variable in each year. 261 

 262 

2.4. Calculation of economic variables 263 

We chose to use global over local coffee prices to examine price impacts on producer responses. 264 

While the local data is available (e.g., farmgate prices used in coffee quality), local data is 265 

affected by coffee quality which, in turn is affected by local weather. Therefore, we used the 266 

global coffee price from International Coffee Organization’s data on monthly historical coffee 267 

prices (ICO 2019) as these data are likely to be more independent of Mexican prices. 268 

Specifically, we used the ‘Colombian milds’ price for our global price comparison as it is most 269 

similar in coffee taste to that of Mexican coffee’s ‘other milds’ classification, but is likely to be 270 

more independent of Mexican prices (Calo 2005). We used the current year’s global price as well 271 

as one and two year lagged global prices to examine producer responses at various time scales. 272 

We did this because management changes in response to price changes may take time to 273 

implement and therefore may not be reflected in the same year as the price fluctuation.  274 

 275 
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To estimate coffee quality, we averaged farmgate prices per metric ton by municipality and year 276 

(SIAP 2017), converted it to USD per pound and then adjusted the inflation rate to reflect that of 277 

the global price data. We used price per pound of coffee as it is a standard used in international 278 

coffee trading markets. We then took the difference between the annual global and local price as 279 

an estimate of coffee quality. 280 

 281 

2.5. Producer response analyses 282 

We examined three different plausible producer responses to external pressures of climate and 283 

price, including, (1) change in planted area; (2) proportion of harvested area; and (3) yield, as a 284 

proxy for management effort. Change in planted area is the proportional change in area planted 285 

in the following year. Producers may choose to plant more or less area in coffee as a direct or 286 

indirect result of changes in climate, prices or other factors affecting production. The proportion 287 

of harvested area is the total area of harvested coffee divided by the total area in coffee 288 

production. Producers may vary the proportion of harvested area due to labor costs or shortages, 289 

price fluctuations, quality or climate. Finally, we considered yield (metric tons/ha) as a producer 290 

response and proxy for management effort. Producers, for example, may increase management 291 

intensity to reduce weeds and pests, prune coffee plants, limit shade trees and/or add 292 

amendments to soil – all of which are intended to directly impact yields. We then examined how 293 

the climate and price variables affected the three identified producer responses using linear 294 

mixed effect models with a random effect of year and state by municipality to account for 295 

differences by year and within each location. 296 

 297 

3. Results 298 
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3.1. Coffee production, 1980-2017  299 

Overall average annual coffee production (in metric tons) by state has significantly declined 300 

since 1980 (Fig. 1, linear mixed model, p<0.0001). Since its peak in 1989, total Mexican coffee 301 

production has declined by 60.7% and average yields declined by 53.2%. In contrast, total 302 

planted area of coffee has remained relatively steady; declining by only 0.2%. Chiapas, 303 

Veracruz, Puebla and Oaxaca were by far the largest coffee producing states representing 33.9, 304 

24.7, 15.6 and 14.6% of total production from 1980-2017, respectively while the remaining 305 

states each comprised 3.7% or less of total production (Fig. 2a). Trends were similar for planted 306 

area (Fig. 2b). 307 

 308 

3.2. Changes in temperature, 1980-2017 309 

Average annual daily maximum and daily minimum temperatures have increased in coffee-310 

producing municipalities of Mexico since 1980, with a precipitous increase occurring around 311 

2010 (linear mixed model, average minimum temperature: p<0.0001; average maximum 312 

temperature: p<0.0001; Fig. 3). 313 

 314 

3.3. Producer response: change in planted area, 2003-2017 315 

Neither climate nor economic factors affected a producer’s response to increase or decrease 316 

planted area over the 15-year period (Fig. 4a, linear mixed model, all factors: p>0.10). Indeed, 317 

planted area has seen very little change over the past decades relative to other responses (Fig. 5). 318 

 319 

3.4. Producer responses: climate factors, 2003-2017 320 
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Producers did respond to climate factors by altering harvested area and to a greater extent 321 

managing yields. The number of months with daily average maximum temperature greater than 322 

30ºC resulted in fewer hectares harvested and lower yields, which may be a biological response 323 

to the temperature, but could also be a response of producers to limit harvest if high temperatures 324 

result in scattered yields or low quality beans (Fig. 4b, 4c, linear mixed model, harvested area: 325 

p<0.0001; yield: p<0.0001). Similarly, greater variability in rainfall throughout the year 326 

(measured by monthly averages) resulted in less area harvested and lower yields (Fig. 4, linear 327 

mixed model, harvested area: p=0.007; yield: p=0.01). Higher total annual rainfall, however, 328 

resulted in increased harvested area (p<0.0001) and higher yields (p<0.0001). There was no 329 

effect of the proportion of the coffee habitat at lower elevations within a municipality on area 330 

harvested (p=0.73) nor yield (p=0.23). 331 

 332 

3.5. Producer responses: economic factors, 2003-2017 333 

Producer’s decisions to change harvested area and management of yields varied in response to 334 

economic factors. Higher coffee quality resulted in significant increases in harvested area (Fig 4, 335 

linear mixed model, p=0.0002) and marginally significant increases in yield management 336 

(p=0.05). Responses to global prices were mixed. For harvested area, the current year’s global 337 

price had no effect, while the prior year had a significant negative effect (p<0.0001) and the 338 

global price two years prior had a significant positive effect (p<0.0001). For management effort 339 

(i.e., yield), the current year’s and prior year’s global price had no effect (current year: p=0.44; 340 

prior year: p=0.18), while the global price two years prior had a significant negative effect 341 

(p=0.0002). In other words, global prices in current and one year ago have no effect on 342 
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management effort/yields but, global prices from two years prior are associated with lower 343 

management efforts/yields. 344 

 345 

4. Discussion 346 

4.1. Climate impacts on coffee production 347 

This study reveals staggering declines in coffee production throughout Mexico during the study 348 

period and starting as early as 1989. The decline in production is mirrored by declines in yield 349 

but not by total planted area of coffee; suggesting that the documented production declines are 350 

related to declines in yield and not as a result of land taken out of coffee production.  351 

 352 

Prior research attributes much of the early onset of yield declines to political, economic, and 353 

institutional changes (Ponte 2002, Ponte 2004, Eakin et al. 2006). Our research does not 354 

contradict these findings, but rather highlights another, likely strong, contributing factor of 355 

climate to coffee declines. Indeed, our results indicate that the climate effects on coffee are no 356 

longer a future problem, but a current problem as the climate has already negatively affected 357 

coffee yields in Mexico. While we expected a negative effect of climate on coffee, the dramatic 358 

losses in yield highlight that the sensitivity of coffee to even subtle climatic shifts may be more 359 

significant than anticipated. Optimal annual temperatures for C. arabica occur between a 360 

relatively narrow window of 18-21ºC (DaMatta & Ramalho 2006). But, while average annual 361 

temperatures do not appear to have changed much prior to 2000, it is possible that other climatic 362 

changes to evening temperatures, humidity, or rainfall variability contributed to these declines 363 

which can impact coffee germination, fruit set, fruit load and fruit weight among other 364 

productivity characteristics (DaMatta & Ramalho 2006). 365 
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 366 

Climate suitability mapping has consistently demonstrated the problematic future for coffee 367 

given the changing climate. However, many studies rely on standardized climate variables with 368 

results that lack strong predictive power across growing regions. The importance of different 369 

variables tends to vary considerably by locality and region (Schroth et al. 2009, Laderach et al. 370 

2011, Bunn et al. 2015a, Bunn et al. 2015b, Chemura et al. 2015). For example, ‘precipitation of 371 

the wettest month’ provides the most explanatory power for reduced climate suitability in 372 

Nicaragua, but ‘mean temperature of driest quarter’ has the most explanatory power in Veracruz, 373 

Mexico (Laderach et al. 2011). Likewise, in global evaluations of coffee suitability, responses to 374 

standardized climate variables varied drastically depending on specified agroecological climatic 375 

zones (Bunn et al. 2015b). While these approaches are valuable, especially for large scale 376 

assessments at global scales, it would be useful for future studies to consider the use of coffee 377 

physiology-specific climate variables as these results are likely to be more consistent across 378 

climatic growing localities and regions and thus may provide predictive power in future 379 

modelling scenarios. One recent exception, are models that incorporate the effects of rising of 380 

CO2 from climate change on coffee production that employ coffee-specific responses to elevated 381 

CO2. Using temperature and coffee-specific responses to CO2, DaMatta et al. (2019) find that 382 

declines in climate suitability for some regions may be lower than previously estimated. 383 

 384 

4.2. Producer response: change in planted area 385 

We found strong overall responses of producers in the form of the proportion of harvested area 386 

and management investment, but no response in planted area. Only a small fraction of all 387 

municipalities recorded any change in planted area over the entire study period (Fig. 5). The low 388 
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response reveals that changing the amount of land in coffee may not be an easy, economically 389 

viable or even feasible response to changing climatic and economic conditions. Several things 390 

may explain why changing total planted area appears uncommon. First, from a production 391 

perspective coffee are long-lived plants (20-50 years) that are expensive to buy and plant and 392 

require 2-5 years after planting before bearing fruit – all of which make it more difficult to 393 

increase planted area in response short term changing conditions like price and weather. Second, 394 

in much of Mexico, coffee is often grown along steep montane slopes and in otherwise difficult 395 

growing conditions, making producing alternative commodity or local crops less appealing. 396 

Third, multiple government policies play a role in productive landscapes and land tenure of 397 

Mexico. Indeed, until the early 1990’s the Federal Government incentivized and encouraged the 398 

intensification of farmlands to focus exclusively on coffee production. And, land redistribution 399 

efforts from the Mexican government in 1990s also limited the land area held by one family or 400 

individuals impeding the ability to acquire additional land. Finally, in several coffee producing 401 

areas there may not be additional viable land to cultivate. 402 

 403 

4.3 Producer responses to climate variables 404 

In harvested area and management effort, producers responded consistently to climate variables. 405 

We found that producer responses followed the expected physiological response of the coffee 406 

plants. That is, producers harvested more coffee area and increased yields/intensified 407 

management effort for higher yields in years with higher total rainfall, but harvested less and 408 

reduced management effort and lower yields in years with higher rainfall variability and with 409 

more days with high temperatures above 30ºC. Coffee requires an abundance of rainfall, usually 410 

at least 1500mm/year, yet the variability in distribution of that rainfall can also affect flower and 411 
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fruit production. More than any other variable measured, we found that high maximum 412 

temperatures had the strongest negative effect on harvested area and yield. High maximum 413 

temperatures, especially those above 30ºC, reduce coffee growth, quality and yields (DaMatta & 414 

Ramalho 2006). 415 

 416 

4.4. Producer responses to economic conditions 417 

4.4.1. Responses to coffee quality  418 

Producer responses (i.e. planted area, harvested area ratio, yield/management effort) to economic 419 

conditions of coffee production are less consistent than their responses to climate impacts – with 420 

the exception of coffee quality. In years with higher coffee quality, producers harvest more of 421 

their crop area and have higher yields. This result suggests that producers are aware of the value 422 

of their crop relative to the global market and are able to capitalize on the added value by 423 

increasing yields and harvesting more of their crop. 424 

 425 

4.4.2. Global prices and harvested area 426 

Responses to global coffee prices are not as straightforward as they are to coffee quality and 427 

climate. We find that producers do not change the proportion of area harvested during years with 428 

higher prices but in the year following a high price year, producers harvest less of the planted 429 

coffee area. This discrepancy in response may be because the additional cost of harvesting more 430 

area does not translate into increased profits for the producer. Global prices are not always 431 

reflected in local markets (as is indicated by our ‘coffee quality’ metric) and do not necessarily 432 

translate into higher prices for producers. Mexican producers may also be wary of the volatile 433 

coffee market that can leave them vulnerable to exploitative local intermediaries even during 434 
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high price years (Henderson 2019).  Indeed, when prices decline below the cost of production, 435 

many producers in Mexico, for example will opt to take wage labor positions rather than harvest 436 

their crop (Henderson 2019). 437 

 438 

Yet another explanation is that the amount of harvest may be more dependent on the productivity 439 

of the coffee itself and may reflect the differences in productivity that arise from biennial 440 

bearing. Biennial bearing (aka. alternate bearing) is common in many fruiting trees and occurs 441 

when trees tend to produce more than average in one year and less than average in the following 442 

year. In coffee fruit production this oscillation is not well understood, but it has been attributed to 443 

a tradeoff between branch and fruit development (Bote & Jan 2016). In high production years 444 

more energy is put into developing fruits at the cost of developing new branches and in low 445 

production years more energy is put into branch growth that will support more fruit production in 446 

the subsequent year (Bernardes et al. 2012). Some evidence suggests that this cycle can be 447 

manipulated to improve quality or increase yields to take advantage of higher prices in a 448 

particular year (Bote & Jan 2016). This fruit load management could allow producers to increase 449 

fruit loads in one year but may then result reduced fruit loads in the following year. 450 

 451 

4.4.3. Global price, management and yields 452 

Our findings indicate that management manipulations for contemporaneous and second year 453 

yield improvements, if done, are not effective response to global price. In part, this is because the 454 

metric of yield that we use as a partial proxy for management effort, is also subject to 455 

physiological responses to climate and other environmental stressors. And, while producers may 456 

response quickly in an effort to increase yields, the effect of increased yields may occur over 457 
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several successive years. That is, management efforts may be implemented immediately and in 458 

response to increased prices (e.g., pruning shade trees, planting new coffee plants) but the 459 

desired effect of increased yields may not be realized for 2-15 years after the management 460 

change. By contrast, the producer response to harvest more or less of their planted coffee area is 461 

a response that producers can implement immediately and will have an effect in the same year. 462 

This may be why the variation in responses is so much lower in harvested area relative to yield 463 

changes. 464 

 465 

Yields appear to be singularly negatively affected by higher global prices from two years ago, or 466 

lower prices now, following high prices. This suggests that increased management effort in 467 

response to higher prices in the current and previous year may result in lower years two years 468 

later. Likely this is an effect of the delay in management improvements to yields coupled with 469 

the physiological biennial bearing of coffee. 470 

 471 

4.4. Data limitations 472 

While our consistent results provide a level of robustness to some findings, there are several 473 

limitations to the dataset that restrict our ability to identify potential mechanisms behind the 474 

relationships. First, because data are aggregated by municipality, we were not able to include 475 

average farm size as a factor in our analysis, despite the fact that previous studies find that 476 

decision making may be influenced by farm size (Haggar et al. 2013). This data is important 477 

because the behavior and response of producers may change depending on how much land they 478 

have in production or how much funding they have to pay laborers to harvest. We also lacked 479 

data on production type (e.g. organic vs. conventional) or shade management. Shade trees in 480 
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coffee production can maintain cooler surface air temperatures, humidity, soil water retention 481 

and may improve natural pest control services or pollination (Jha et al. 2014). The effect of shade 482 

trees on coffee production at this scale may provide some insight into the future of coffee 483 

production in mitigated long term climate effects on production. Finally, this data set does not 484 

distinguish between Arabica (C. arabica) and Robusta (C. canephora) coffee plants. Robusta 485 

coffee produces beans that are much lower in quality than that of Arabica, however the plant is 486 

less sensitive to climate, pests and diseases and produces higher yields. About 95% of coffee 487 

produced in Mexico is Arabica (Gay et al. 2006), yet Robusta is expected to grow in popularity 488 

and may provide another way for producers to adapt to the changing climate conditions. Should 489 

Robusta begin to replace Arabica throughout Central America this may result in increased yields, 490 

but lower prices to farmers as it produces lower quality beans.  491 

 492 

5. Conclusions 493 

Climate change has already impacted coffee production and producer decisions in Mexico, 494 

currently the tenth largest producer of coffee in the world. In high elevation coffee-growing 495 

regions maximum temperatures are now about 30ºC – which is document here and in other 496 

studies as having a strong negative impact on the coffee plant and coffee production. At the same 497 

time, coffee prices continue to be very volatile, exacerbating the ability of producers to respond. 498 

Generally speaking, higher consumer coffee prices do not translate into higher prices for 499 

producers. However, should climate severely reduce global coffee supply, prices to coffee 500 

producers may increase. This study indicates that coffee producers cannot generally capitalize on 501 

high market prices, but still have some capacity to adapt to changing conditions that is limited to 502 

harvesting capacity and management efforts to improve yields. Yet, under more extreme weather 503 
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conditions producers may not be able to increase yields or may not gain additional benefit from 504 

harvesting more land, thus limiting their capacity to adapt.  505 

 506 
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Figure 1. Average annual coffee yield by state, 1980-2017. 662 
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Figure 2. Map of (A) average annual production by municipality averaged from 2003-2017 and 673 

(B) total average area planted (ha) in coffee. 674 
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 678 

Figure 3. Average monthly (A) maximum and (B) minimum temperature for elevations between 679 

400-1600m in elevation within coffee growing municipalities (weighted proportionally by 680 

elevation area within each municipality), 1980-2017. Data fit with locally-weighted scatterplot 681 

smoothing (LOESS). 682 
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Figure 4. Standardized regression coefficients of coffee producer responses of (A) change in 684 

planted area (B) proportion of harvested area and (C) yield to changes in climate and price. 685 
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 687 

Figure 5. Frequency distributions of producer responses for (A) change in planted area, (B) 688 

harvested area ratio and (C) management effort. 689 


