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ABSTRACT

Adapting to climate change in vulnerable coffee regions is crucial to maintain rural livelihoods. Among the solu-
tions, coffee breeding strategies aim to produce coffee varieties with higher output performance than traditional
varieties while reducing competition for land. This paper investigates the output performance of hybrid coffee
(e.g., Starmaya and Centroamericano — H1), introgressed (e.g., Marsellesa and obaté) and traditional coffee (e.g.,
Caturra and Villa Sarchi) varieties. By using plot-level panel data among commercial farms in Costa Rica, we
estimate the output performance of the three coffee varieties using pooled ordinary least squares and random
effects models. We find that hybrid coffee varieties give 29-61% higher output than traditional coffee varieties.
The results remain robust even after controlling for factor and climate inputs. Notwithstanding the larger produc-
tivity, hybrid coffee varieties demand more labor and inorganic fertilizers. While pesticide use may be reduced
by hybrid’s pest resistance, agroecological approaches for nutrient management are still needed to improve liveli-
hoods and environmental outcomes. Headed towards longer-term studies, our paper presents the first evidence
on the output performance of hybrid coffee varieties outside on-farm trials or experimental plots. These results
suggest the potential of hybrid coffee varieties in promoting sustainable agriculture by improving the livelihood

of coffee farmers, enhancing their adaptation against climate change and decreasing competition for land.

1. Introduction

Coffee production is extremely sensitive to climate change (Jaramillo
et al. 2011; [9,18,21,33]). Increase in temperature and changes in pre-
cipitation are expected to reduce coffee growth, flowering and fruiting
[40], increase the pressure of coffee pests ([25], 2011), and reduce cof-
fee quality and yield in many coffee-growing regions (DaMatta et al.
2007; Jaramillo et al. 2011; [8,19,21,27]). Moreover, previous studies
predict that the global land area suitable for coffee production will de-
crease by about 50% by the year 2050 [1,6,10,31] and in some cases as
high as 88% [24]. If these scenarios unfold, the livelihood and food se-
curity of millions of smallholder farmers who directly depend on coffee
are at great risk [6,42]. Similarly, the decrease in the land area suitable
for coffee production implies a trade-off between coffee production and
forest conservation since areas that are currently forested may be con-
verted to coffee production [31,41].

In light of these scenarios, coffee breeding could play a great role in
climate change adaptation and sustainable coffee production. The hy-
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brids have been developed with, among others, high productivity across
climate gradients, also warmer climate, as the goal. The hybridization
results in heterosis or hybrid vigor, displaying better traits, including
productivity, than the two parents. The improved hybrid vigor helps
increase or maintain yield when climate changes. Indeed previous con-
trolled field experiments show that hybrid coffee varieties are more pro-
ductive [2,29] and pest resistance [29] than their traditional counter-
parts across all agro-ecological zones. Similarly, Pappo et al. [32] and
Silva et al. [37] show that hybrid coffee varieties are more drought
resistant than their traditional counter parts. Furthermore, coffee
breading helps to sustainably increase coffee production in agroforestry
systems through selecting shade adapted varieties and thus reducing
coffee driven deforestation and agricultural expansion [2,12]. Until rel-
atively recently, the main goal of Arabica coffee breeding strategies was
to increase production through higher yields and increased resistance to
pests and diseases, based on a limited number of traditional cultivars,
genetically alike, and introgressed varieties (from C. canephora cv Ro-
busta genetic backgrounds) derived from, for instance, Timor hybrids,
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Fig. 1. Hybrid coffee variety under shade (picture is taken from one of the plots in our data).

like Sarchimor and Catimor (van de Vossen et al. 2015). Most experi-
ments were successful in increasing productivity, but not the bean qual-
ity. However, with more emphasis on beverage quality and the looming
threat of climate change [6,28], coffee breeding now has more diverse
aims than merely production, including high cup quality, pest and dis-
ease tolerance, tolerance to abiotic stress such as droughts and heat,
and ability to produce satisfactorily in sun systems as well as shaded,
agroforestry systems [2,12].

Currently, there are several crossbreeding initiatives across the
world, which involves private companies, national coffee organizations
and research institutions [4,30]. The evaluation of first generation (F1)
Arabica hybrids available to farmers have so far been conducted in ex-
perimental plots or small scale on-farm trials under controlled manage-
ment [2,3,29]. While there seems to be consensus on the superiority
of F1 hybrids over traditional pure line cultivars, we know less about
the agronomic performance of F1 hybrids among commercial farmers,
whether large or smallholders. We believe that it is important to inves-
tigate the performance of F1 hybrids using real world field data among
coffee producers for at least two reasons. First, analysis based on farmer-
level field data considers differences in plot-level and farmer-level char-
acteristics, climate adaptation and farm management practices, produc-
tion and harvesting techniques. Second, such analysis shades light on
key socioeconomic and institutional challenges in the adoption of F1
hybrids among farmers and provides key policy insights. So far, no
study has documented the performance of the new Arabica hybrids
(shown in Fig. 1) in comparison with traditional varieties in commer-
cial cultivations when cultivated outside experiments or controlled tri-
als aimed/focusing in priority at research purposes. Changing to climate
change-resilient coffee varieties is one of the most commonly used cli-
mate adaptation strategy among farmers in developing countries and
has been found to increase productivity and food security [5,11,22,36].
While the importance of new coffee varieties is being recognized and

adopted, albeit slowly, among coffee farmers [15,23,34], we know very
little about the performance of these varieties.

In this paper, we aim to offer the first insight into the productivity of
F1 Arabica hybrids compared with American pure line varieties in com-
mercial farms. We do this by investigating the production of pure line
traditional, introgressed and hybrid varieties! using unique plot-level
panel data on coffee output, type of coffee variety and factor inputs as
well as farm-level temperature and precipitation variables among large
scale commercial farms across coffee growing regions in Costa Rica.

2. Hybrid coffee and production

When the goat herder Kaldi according to the folklore first discov-
ered the energizing properties of the Arabica coffee plant in the forested
mountain areas of Ethiopia, he could not have imagined the magnitude
of importance the gene pool of the local coffee trees would have many
centuries later. Today, in the search for multiple beneficial traits, in-
cluding high cup quality, pest and disease resistance, high yields and a
compact growth, shade adaptation, low caffeine content, coffee breeders
often go to the origin of the Coffea arabica L. plant to explore the wild
coffee landraces growing in the Ethiopian forests. The aim to introgress
multiple traits in one genotype often involves crossbreeding of a com-
mercial variety with wild landraces from the coffee forests in Ethiopia
and Sudan, leading to first generation (F1) hybrids with high heterosis
compared to traditional pure line varieties [2]. The higher vigor ob-
served in the F1 hybrids means that, in theory, they are more adaptable
to various environments (homeostasis) and some of them have been

1 We refer to the three categories of varieties: hybrid varieties, introgressed
varieties and traditional varieties. When we refer to varieties, without prefix,
we refer to all categories.
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found to exhibit a wide range of beneficial traits, such as high yield,
pest tolerance/resistance, and higher cup quality [2,3,29,38].

The first Coffee Arabica intraspecific F1 hybrid was created by cross-
ing Latin America traditional varieties with wild coffee originating from
Ethiopia and Kenya as part of a collaborative breeding and selection
program initiated at the beginning of 1990s by the French Agricultural
Research center for International Development (CIRAD) and Central
American research networks, PROMECAFE and CATIE. The resulting
hybrids proved to be extremely promising as they displayed an unex-
pected high level of heterosis (despite the narrow genetic base of the
Arabica species), producing on average 40% more than the best culti-
vated varieties, with some of them producing coffee exhibiting better
sensory qualities than those of the reference varieties such as the fa-
mous Caturra cv. [2,3]. Thirty years later, Marie et al. [29] compared
nine different F1 hybrids (coming from CIRAD/PROMECAFE/CATIE
and CIRAD/ECOM breeding programs), with the traditional variety
Caturra and the improved pure line introgressed variety Marsellesa®,
using on-farm trials established in commercial plantations in seven dif-
ferent agro-ecological environments in Nicaragua. The two F1 hybrids
named Centroamericano (H1) and Mundo Maya® (EC-16) were superior
in yield and yield stability across environments, while Centroamericano
and Starmaya (the only F1 hybrid propagated through seeds, the others
must be clonally propagated through somatic embryogenesis and rooted
mini-cuttings vegetative propagation methods), had superior cup qual-
ity [29].

Despite the availability of F1 hybrids, especially in Central America,
which has seen the bulk of F1 breeding projects, a relatively small share
of farmers have replaced their traditional varieties with F1 hybrids. In
unpublished material, Fazenda (2017) documented that the most preva-
lent F1 hybrid, the H1-Centroamericano, which has been on the market
in Central America since 2001, has had a rather modest expansion, with
just around 4000 ha planted since 2008, out of the total of 1.7 million
ha of coffee in the region according to FAOSTAT. With the develop-
ment of Starmaya, propagated by seed rather than clonal propagation
then facilitating its large-scale dissemination and low cost production,
the accessibility and adoption of F1 hybrid by farmers is expected to
increase [17].

3. Materials and methods
3.1. Data source and description

Our data come from 14 large commercial farms in Costa Rica, col-
lected from ECOM Agroindustrial Corp. Ltd. data records. The farms are
situated in an altitude range of 950-1600 m.a.s.l. (see Fig. 2). Overall,
plot-level data on coffee output, type of Arabica coffee variety, number
of varieties and inputs were collected from 113 plots, of which 98 are
specialized in one coffee variety.

These data include name of the farm, coffee growing region, eleva-
tion range, latitude and longitude, farm code (individual number that
identifies each farm). The name and code of each plot in a farm, its state
in 2017 and 2019 (investment, development, production), the year of
plot establishment, names of all coffee varieties in a plot, total area of
the plot (ha), and the area of each individual variety in the plot (ha)
were documented. When a plot is renovated partly, the new “subplot”
takes the name of the original plot plus year of renovation. The coffee
varieties were grouped into 3 categories: Traditional pure line varieties
(Catuai, Caturra, Venecia and Villa Sarchi) which originate from Typ-
ica or Bourbon mutations; (ii) Introgressed varieties (CR-95, Marselle-
sa® and Obata) which derive from crosses between Caturra and the
Timor Hybrid CIFC 832/2; and (iii) F1 Hybrid varieties [H1, grafted-H1
(grafted on Robusta Nemaya root stock), H3, EC-15, EC-16, EC-17, EC-
18, and Starmaya] derived from the cross between traditional American
varieties or introgressed varieties and Ethiopian landraces. According
to the World Coffee Research, the optimal altitude, which is arguably a
good proxy for optimal climate, for most traditional, introgressed and
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hybrid coffee varieties is >1300 m, 700-1300 m and >700 m respec-
tively (see https://varieties.worldcoffeeresearch.org/varieties for detail
characteristics of each coffee varieties).

All inputs applied in each plot were recorded. A yearly report of the
products used, type of product (e.g. fertilizer, herbicide) and subtype
of these products (e.g. foliar fertilizer, herbicides) were collected. The
activities linked to each input were recorded, for example, fertilization,
foliar spray, herbicide spray, or irrigation. The amount of a product ap-
plied, the measuring unit, cost of unit, and total costs in USD were doc-
umented. labor was documented at plot level for each year. Information
on employees and activities carried out (e.g. harvesting, applying fertil-
izer, supervising) were detailed. The amount of worked hours divided
into light/heavy/extra heavy work were recorded, together with their
cost per hour and total cost in USD.

Harvest data at farm level included the yearly number of cajuelas,
a Costa Rican measurement of coffee harvest. A cajuela is a 20 liter of
container which corresponds to an average of 12.9 kg of harvested fresh
coffee cherries. Twenty cajuelas equals one fanega, which corresponds
to an average of 258 kg of coffee cherries and the equivalent of one
quintal (i.e. 46.2 kg) of transformed green coffee cherries. In Costa Rica,
coffee harvesters are paid per cajuela, while coffee production and sales
is often recorded in fanegas. Harvest data at plot level were divided into
amount of fanegas produced per year.

Using each farm’s latitude and longitude coordinates, we extracted
monthly farm-level precipitation, minimum and maximum temperature
data from WorldClim for the period up to 2018, the latest available
data [14,20]. These data have a 2.5 min (~21 km?2) spatial resolution.
The monthly data were aggregated corresponding to the dry and wet
seasons, running from November to April and from May to October,
respectively.

While the use of fertilizer, other inputs and labor days are often
recorded per plot, harvest data are usually not. It would be practically
very difficult to record coffee collectors’ harvest per variety and/or per
plot. Groups of collectors move around multiple plots at any one time
and deliver their harvest to waiting trucks. Each collector’s amount of
cajuelas are recorded for payment, but not from which particular plot
the harvest comes from. Once a truck is full, the coffee cherries are
transported to the processing plant, where the total amount is weighted.
However, the coffee farms keep record of plot-level harvest data for a
limited number of plots serving the coffee trading company to keep track
of the productivity of certain varieties as well as the nutritional needs of
these varieties. In this regards, we obtained 113 plot-level harvest ob-
servations over the period of 2015 to 2019. Our main analysis focuses
on plots with only one variety, corresponding to 87% of the plots. Fur-
thermore, we dropped a total of 4 plots (2 plots with more than 400
labor days per ha and 2 plots with greater than 2500 USD inputs costs
per ha), which could be considered unreasonable values or outliers. Cof-
fee varieties were grouped in either hybrid, introgressed or traditional
pure line coffee varieties, accounting for about 40, 42 and 18% of the
observations, respectively. We obtained output records for 49% of the
plots for at least two years, while the remaining 51% of the plots only
appear once in the records over the panel of 5 years as can be seen from
Appendix Table Al. Table 1 below presents descriptive statistics.

3.2. Econometric method

We estimate a Cobb-Douglas production function given below, that
links plot-level coffee output and various factor inputs used in coffee
production.? Thus, the model is specified as follows:

Output = Land® Labor” Otherss [€))

2 Estimation results using an alternative translog production function is pre-
sented in Appendix Table A4, which generally confirms our results from the
Cobb-Douglas production function.
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Fig. 2. Location of coffee farms in the study area.

Table 1
Descriptive statistics.
N Mean Std. Dev.
Output (in fanegas) 98  75.654 59.636
Land (in ha) 98 3.824 3.266
Labor (in labor days) 75  231.496 197.939
Input costs (sum of fertilizers, insecticides and pesticides in USD) 63 2328.322 1930.926
Plot age (in years) 89 3.921 1.973
Annual climate data
Precipitation (mean) 89  201.153 39.585
Minimum temperature (mean) 89 14.783 0.710
Maximum temperature (mean) 890  24.826 0.834
Precipitation (Std. Dev) 89 160.122 22.322
Minimum temperature (Std. Dev.) 89 .682 0.072
Maximum temperature (Std. Dev.) 89 .801 0.147
Seasonal climate data
Precipitation (mean, dry) 89 319.397 52.721
Precipitation(mean, wet) 89 82.909 38.163
Precipitation (Std. Dev., dry) 89 129.195 39.611
Precipitation(Std. Dev., wet) 89  62.038 23.254
Minimum temperature (mean, dry) 89 15.109 0.672
Minimum temperature (mean, wet) 89 14.456 0.757
Minimum temperature (Std. Dev., dry) 89 515 0.141
Minimum temperature (Std. Dev., wet) 89 .682 0.092
Maximum temperature (mean, dry) 89 24.65 0.815
Maximum temperature (mean, wet) 89 25.002 0.869
Maximum temperature (Std. Dev., dry) 89 517 0.175
Maximum temperature (Std. Dev., wet) 89 1.007 0.193
Where Others refer to others inputs such as fertilizers, sprays and + p; In (mean_maximum_temp ;) + By In (S D_precipitation ;)
age of the plot as well as climate variables. To facilitate estimation, we + fo I (SD_minimum_temp ;) + oV ariety, +p, +¢&,  (2)

log-linearize Eq. (1) and specify our baseline model as follows.
Where Output;, refers to total coffee output for plot i at time 7.

plote_age;, refers to age of the coffee plot (since establishment) for plot
+fyIn (plote_age;,) + fs In (mean_precipitation,) i at time ¢, which controls for differences in coffee output due to dif-
+ P In (mean_minimum_temp ;,) ferences in the age of the plot. input_costs;, refers to costs of fertiliz-

In (Output,.,) = fo+pIn (land,»,) + f,In (Iabor,-,) +f;1n (input_costs,.,)
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Table 2
T-test results of coffee output and inputs by coffee variety.
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Mean values

P-values from tests

Traditional Introgressed Hybrid Traditional vs Introgressed Traditional vs Hybrid Introgressed vs Hybrid

Output per ha (in 20.764 17.941 30.495 0.222 0.036 0.000

fanegas) (N = 18,SE=7.80) (N = 41,SE=8.20) (N = 39,SE=18.38)

Labor per ha (in 64.197 57.895 86.168 0.636 0.422 0.087

labor days) (N =10,SE=12.60) (N = 34,SE=40.88) (N = 31,SE= 84.56)

Input costs per ha 542.114 506.521 639.087 0.709 0.58 0.131

(in USD) (N = 6,SE=160.68) (N = 30,SE=218.43) (N = 27,SE=413.72)

Plot age (in years) 5.33 3.95 3.43 0.068 0.016 0.078

(N =12, SE=4.14) (N = 40, SE=1.28)

(N = 37, SE=1.26)

ers, insecticides and pesticides for plot i at time 7. To control for the
effect of climate on coffee output, we control for mean_precipitation,,
mean_minimum_temp r, and mean_maximum_temp ;,, which respectively re-
fer to annual mean precipitation, minimum temperature and maximum
temperature of farm f at time 7. As shown by previous studies, coffee
output is affected not only by the level of precipitation and tempera-
ture, but also by their variability ([7,35]; and [26]). We, therefore, in-
clude SD_precipitations,, SD_minimum_temp,, and SD_maximum_temp
in the model, which respectively refer to intra-annual standard devi-
ations of precipitation, minimum temperature and maximum temper-
ature of farm f at time t. Variety, refers to coffee variety for plot i
at time ¢, which is a categorical variable (traditional, introgressed and
hybrid varieties). p; refers to unobserved plot specific (time invariant)
effects while ¢;, is the error term. Note that in the empirical models, we
used costs instead of quantities of fertilizers, insecticides and pesticides
because: (i) the different products used in fertilization and spraying are
measured in different units, so measuring it in terms of costs homogenize
the unit of measurement; and (ii) using different variables for the dif-
ferent products substantially reduces the number of observations given
that not all farmers applied all products.

We want to estimate the impact of coffee variety on coffee output
controlling for factor inputs. Ideally, we would have liked to estimate
fixed effects and random effects models and use Hausman test to choose
between the two models. However, there are two main limitations to
this. First, given that each plot has the same variety over the years
(Variety;, collapse to Variety;), we cannot estimate fixed effects mod-
els. Thus, we have estimated a random effects model, which assumes
that the unobserved plot-level fixed effect p; is uncorrelated with the
included explanatory variables. Second, we have a completely unbal-
anced panel and in about 50% of the plots, we have unrepeated (cross-
sectional) observations. To increase our sample size, we pooled the ob-
servations and estimate a simple Ordinary Least Squares (OLS) model
controlling for year and farm fixed effects. Controlling farm fixed ef-
fects helps alleviate potential unobserved effects from farm character-
istics, while year fixed effects control for potential unobservable time
effects including extreme weather events. For instance there were vol-
canic eruptions (Poas) in 2017 that affected coffee production followed
by an infestation of the red spider mite that defoliates coffee, which
might shade the effect of climate. Finally, we extended the basic model
in (2) by including farm-level climate data for both the random effects
and pooled ordinary least squares (OLS) models. In all our models, the
Breusch-Pagan Lagrange multiplier (LM) test for random effects suggest
that there is no evidence of significant differences across plots and that
pooled OLS an appropriate model.

4. Results

Table 2 below shows t-test results of output per hectare, key inputs
and plot age by coffee variety. Plot age refers to number of years since
last renovation of the establishment of the plot. The hybrid varieties
give higher output per ha than traditional and introgressed varieties do.
This is based on the raw data, without controlling for other inputs such

as labor, fertilizer, spray and plot age as well as farm characteristics and
climate.

The hybrid coffee varieties give the highest output per ha, but it also
uses highest labor and inputs costs per ha and the plots are on aver-
age slightly youngest. We conducted a two-way t-test to see whether
the output and input use per ha are statistically different among the
three varieties. As can be seen from the p-values in Table 2, the differ-
ences in output and labor per ha as well as plot age between hybrid
and introgressed coffee varieties are statistically significant. This is very
interesting. Hybrid coffee varieties give higher output per ha, but this
comes at the cost of higher labor per ha. While hybrids coffee varieties
incur more inputs costs than introgressed varieties, the differences are
not statistically significant to each other. Similarly, hybrid varieties give
a significantly higher output per ha than traditional varieties, but there
are no statistically significant differences between the two in terms of la-
bor and input costs per ha. In Appendix Fig. A1, we presented a scattered
plot regarding the relationship between coffees output per ha and labor
and inputs costs per ha for each of the coffee varieties. The average out-
put per ha for traditional and introgressed varieties appears to be slightly
lower than the national average, which is about 23 fanegas. However,
this is intuitive given plots in our sample are still relatively young. The
plots with introgressed varieties are younger than the plots with tradi-
tional varieties, which explains why we do not yet see expected higher
output of the introgressed varieties; the plants are not yet at their full
potential. Another plausible explanation is the relatively low level of
inputs among the introgressed varieties, as they, much like hybrids, re-
quire more inputs to reach full potential. . While the average plot age
for the hybrid plots are even lower than the traditional and introgressed
plots, hybrid varieties mature faster than the other two varieties.

Given the differences in input use, we estimate a log-linearized Cobb-
Douglas production function controlling for these differences as well as
climate and farm characteristics. In Table 3 below, we report estima-
tion results from both pooled OLS and random effects models. Columns
(1)-(4) and (5)-(8) present estimation results from pooled OLS® and ran-
dom effects models respectively. Columns (1) and (5) present estimated
results from pooled OLS and random effects respectively by including
plots that also have additional varieties.* Columns (2)-(4) present esti-
mated results from pooled OLS for the sample of plots specialized in one
coffee variety without factor input controls, with factor input controls,
and with factor input and climate controls respectively. Columns (6)-(8)
present these results from random effects model.>

3 We also run pooled OLS modes with plot fixed effects (see Ap-
pendix Table A3). While this controls for unobserved plot level characteristics
such as soil quality and slope, caution should be made when interpreting the
results since identification of the effect of coffee varieties depends on some of
the fixed effects dropping out of the model due to collinearity

4 Plots with more than one coffee variety have one dominant variety that
accounts for a larger share of the plot.

5 In Appendix Table A2, we present estimation results from both pooled OLS
and random effects models by using seasonal instead of annual climate variables.
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Table 3

Productivity of hybrid, introgressed and traditional coffee varieties.
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Pooled OLS Random effects
All plots Sample of plots specialized in one coffee variety All plots Sample of plots specialized in one coffee variety
@D (2 3 (©)] ©)] (6) ) 8 [C)]
Coffee varieties
Traditional
Introgressed -0.132 -0.157 —-0.097 0.023 0.010 0.003 0.028 0.459 0.337
(0.106) (0.110) (0.195) (0.199) (0.178) (0.127) (0.137) (0.210) (0.367)
Hybrid 0.287** 0.294" 0.494* 0.651" 0.635"* 0.471 0.484"+* 1.114* 1.012
(0.129) (0.130) (0.247) (0.250) (0.228) (0.098) (0.100) (0.211) (0.308)
Inputs
Ln(land) 0.945"* 0.940"** 1.023* 1.021* 1.027 0.998"* 1.017* 1.289" 1.268"
(0.055) (0.058) (0.069) (0.076) (0.074) (0.048) (0.054) (0.103) (0.216)
Ln(labor) 0.190 0.270 0.197 -0.075 0.159
(0.103) (0.183) (0.123) (0.132) (0.169)
Ln(input costs) —0.393** —-0.476" —0.408"* -0.135 —0.555"
(0.105) (0.201) (0.140) (0.213) (0.301)
Plot age 0.023 0.007 0.006 0.113 0.036
(0.040) (0.047) (0.044) (0.069) (0.043)
Annual climate
Ln(precipitation, mean) 2.945 4,555* 1.287
(7.358) (2.176) (4.129)
Ln(minimum temperature, mean) 144.028 498.576 107.064
(510.536) (361.774) (55.220)
Ln(maximum temperature, mean) -2.061 —774.512 —89.007*
(939.279) (573.455) (45.643)
Ln(precipitation, sd) -2.263 -1.350 -0.691
(2.779) (1.405) (2.437)
Ln(minimum temperature, sd) 4,971 6.938" 2.708
(5.017) (3.587) (6.410)
Ln(maximum temperature, sd) 0.137 —4.435 —7.209*
(8.043) (5.600) (3.265)
Year fixed effects Yes Yes Yes Yes No No No No No
Farm fixed effects Yes Yes Yes Yes Yes Yes Yes Yes Yes
Constant 3.123" 3.101"* 4.293" —377.846 1130.348 2.853" 2.795"** 2.950" 2312.759
(0.142) (0.162) (0.844) (1667.639) (876.768) (0.182) (0.206) (0.840) (1325.400)
R? (overall) 0.834 0.842 0.874 0.898 0.895
Observations 113 98 58 51 51 83 70 37 31

Note: Robust standard errors in parentheses,.
* p<0.10,.
** p < 0.05,.
*** p < 0.01).

The results indicate that hybrid coffee varieties give higher coffee
output than traditional variety do, across both pooled OLS and random
effects models as well as alternative specifications: without factor con-
trols, with factor input controls and with factor input and climate con-
trols. The estimated effects in the pooled OLS suggest that hybrid coffee
varieties give 29-61% higher output than traditional coffee varieties do.
The estimated coefficient for the introgressed varieties is only statisti-
cally significant in the random effects model when controlling for factor
inputs. Moreover, the estimated coefficient for hybrid coffee varieties
is statistically different from that of the introgressed varieties imply-
ing that hybrids give the highest output. Looking at the factor and cli-
mate inputs, coffee area positively affects output consistently across all
models and specifications as expected. The effect of input costs appears
to be negative in both pooled OLS and random effects models. While
this appears to be counter intuitive, it does make sense considering that
younger plots often have higher costs but are associated with lower out-
put. Plot age positively affects output, albeit significant only in the ran-
dom effects model. Again, given the average age of our sample plots,
higher age indicates a more mature harvest. Finally, none of the climate
variables significantly affect output in the pooled OLS model when year
fixed effects are included. This seems intuitive given the changes in pre-
cipitation, temperature and their standard deviations across the years
can be captured the year fixed effects. When the year fixed effects are
dropped, mean precipitation, mean minimum temperature and its stan-
dard deviations positively affect coffee output while the effect of mean

maximum temperature is negative. Given that all the plots are rain-fed,
the climate effects are quite intuitive. In the random effects models, both
mean and standard deviations of maximum annual temperature affects
output negatively while the effect of minimum annual temperature is
positive.

5. Discussion and policy implications
5.1. Discussion

The hybrids were developed with resilience to climate change in
mind, both in terms of increased variability and more extreme weather
patterns, which may be buffered in shaded agroforestry systems [2].
Marie et al. [29], using data from on-farm trials under controlled
management, confirm that the hybrids are producing more and with
more stability across different environments than traditional varieties.
Though we do not have a particular focus on variety performance across
agro-ecological environments, we do find, for the first time in commer-
cial plantations conditions, the hybrid varieties to generally outperform
pure line traditional and introgressed varieties in terms of productiv-
ity. Our results are also in line with previous studies using experimental
plots or on-farm trials under controlled management, that find improved
performance of the same F1 hybrid varieties [2,3].

Other studies have investigated F1 hybrids’ performance in terms
of cup quality (Starmaya and H1 varieties, [29]), tolerance to adverse
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soil moisture conditions (H1 and H10, [32]), pests and diseases (Star-
maya hybrid, [17]); and the ability to produce in both sun and agro-
forestry systems (group of hybrids, [2,29]). Unpublished data collected
from field trials in Vietnam in the H2020 European Breedcafs project
(https://www.breedcafs.eu/) show similar results. These studies are
based on both on-farm trials and experimental plots, and it is not clear to
what extent the superiority of the hybrid coffee varieties as compared to
their traditional or introgressed counter parts remain in real life coffee
production.®

With the hybrid coffee varieties outperforming especially the tradi-
tional varieties, combined with expected climate changes and a growing
specialty coffee market that offers higher prices for better quality, we
can expect to see a fast increase in the use of the recently developed Ara-
bica hybrids. To the extent hybrids are adapted to shaded agroforestry
systems in which they maintain high yields [2], additional ecosystem
services may accompany the uptake of hybrid varieties. However, the
adoption rate of the new coffee hybrids remains limited and they have
mainly been adopted by medium and large farms.

There are several factors that contribute to the lower adoption of
hybrids. Firstly, the purchase costs of coffee seedlings could be a hin-
drance to some farmers. Even though Georget et al. [16] showed that
the hybrids can be propagated in nurseries by horticultural rooted mini-
cuttings, which is much cheaper than the conventional somatic embryo-
genesis propagation processes that must be carried out in vitro cultures
laboratories, the price per seedling is still around 40% — 160% higher
than a seedling of a traditional coffee variety. This is different for the
Starmaya variety seedlings, which have a competitive price to seedling
of the traditional varieties due to their less expensive reproduction pro-
cess. Secondly, with larger productivity comes also the need for more
labor and other inputs such as fertilizers. As can be seen from Table 2,
while hybrid coffee varieties, on average, give 47% higher coffee out-
put than traditional coffee varieties, they use 90% more labor day and
increase the cost of other inputs by 48%. Thus, even though the hy-
brids’ pest resistance/tolerance may result in lower costs on pesticides,
the added fertilizer costs as well as higher demands for management
know-how may discourage especially smallholder farmers from replac-
ing traditional varieties with hybrids. This highlights the need of agroe-
cological approaches for nutrient management to improve livelihood
and environmental outcomes [13]. Finally, Turreira-Garcia [39] docu-
mented that one of the factors often mentioned by smallholder farmers
for the limited adoption of new coffee varieties is the uncertainty re-
lated to long-term performance these varieties. This makes sense given
the limited investment capacity of smallholders.

While we believe that our results provide a unique insight into the
real world production of different coffee varieties, care should be taken
in over-interpreting these results. First, our empirical results depend on
a relatively small sample. While the estimated effect of hybrid coffee va-
rieties on output is robust across alternative models and specifications,
we hope future research will shed more light on this using a larger sam-
ple of plots. Second, the plot-level data records accounts for a fraction
of the number of plots managed by the farms. Thus, the choice of large
farms in keeping data records on selected plots is arguably not random.
This has implication on the external validity of our results even within
the coffee growing areas covered by our study

5.2. Policy implications

The results imply that hybrid coffee varieties have a potential for
improving the welfare and enhancing resilience of smallholder farmers
against climate change as well contributing towards efficient land use

® Cup quality is the exception here, as F1 hybrid coffee from commercial
farms dominated the Cup of Excellence competition in Nicaragua in 2018
(see https://www.baristamagazine.com/hybrid-varieties-cup-of-excellence-
nicaragua/).
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systems. However, despite almost three decades of experience with pro-
duction of hybrid coffee varieties, the adoption rate remains very low.
This requires coordinated policy interventions that increase adoption of
these varieties among smallholder farmers. Firstly, as highlighted above,
it appears that small scale farmers lack information and empirical ev-
idence on the long-term performance of hybrid varieties. Targeted in-
formation and training campaigns, creating dialog and innovation plat-
forms, and follow-up extension support may enhance the awareness of
smallholder farmers. Secondly, the high price of hybrid seedlings and
time-lag in production is expected to limit investment in hybrid coffee
varieties, particularly by low-income smallholder farmers. Policy inter-
ventions in the form of subsidizing prices of hybrid seedlings, encour-
aging cost-effective seedling production, and expanding credit facilities
are more likely to overcome liquidity constrains of smallholder farmers
in adopting hybrid coffee varieties. Finally, expanding hybrid nurseries
to all coffee growing areas including remote farmers will increase their
accessibility.

6. Conclusion

Using unique plot-level panel data on coffee output and factor inputs
as well as farm-level temperature and precipitation data among large
commercial coffee farms in Costa Rica, we find that F1 hybrid coffee
varieties give a higher output than traditional or introgressed varieties
do. This result is robust over a number of specifications of pooled OLS
and random effects models. We therefore find the F1 hybrids to have
a potential role in the coffee sector’s adaptation strategies towards cli-
mate change. Despite the superior performance of the F1 hybrids, also in
terms of cup quality and pest resistance as reported in other studies, the
adoption of hybrid varieties have been modest since the release of the
first F1 hybrids in 2000 in Costa Rica. Access to hybrid plant material as
well as perceived increased inputs costs may be among the barriers for
further uptake. Further studies are needed on the (i) agronomic perfor-
mance of the F1 hybrids in real life commercial farms, small and large;
(ii) barriers for improved hybrid adoption rates; and (iii) the effect of
climate change on hybrids including simulating the impact of differ-
ent climate scenarios and resulting changes in input and management
regimes.
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Appendix

Appendix Table A1
: Frequency of observations per panel.
Number of panels ~ Freq.  Percent
1 30 50.85
2 14 23.73
3 6 10.17
4 8 13.56
5 1 1.69



https://www.breedcafs.eu/

G.A. Kahsay, N. Turreira-Garcia, D. Ortiz-Gonzalo et al.

Coffee output and labor days
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Coffee output and input costs
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Fig. Al. Coffee output and input use, by type of coffee variety.

Productivity of hybrid, introgressed and traditional coffee varieties, with sea-

sonal climate variables.

Pooled OLS Random effects
@ (2
Coffee varieties
Traditional
Introgressed 0.306 0.475
(0.210) (0.139)
Hybrid 0.726"** 0.898"**
(0.191) (0.112)
Inputs
Ln(land) 0.906"** 1.007*
(0.070) (0.094)
Ln(labor) —-0.026 -0.145
(0.174) (0.224)
Ln(input costs) -0.234 -0.295
(0.159) (0.241)
Plot age 0.142 0.297*
(0.217) (0.116)
Seasonal climate
Dry season
Ln(precipitation, mean) —96.996" —-17.853
(45.353) (17.791)
Ln(minimum temperature, mean) 7272.365" 0.000
(3326.957) )
Ln(maximum temperature, mean) -10,923.551** 0.000
(5040.293) )
Ln(precipitation, sd) 14.170* 1.749
(7.244) (1.877)
Ln(minimum temperature, sd) -17.729* 9.970*
(9.066) (5.978)
Ln(maximum temperature, sd) -11.272* -14.189
(4.496) (9.613)
Wet season
Ln(precipitation, mean) 0.000 0.000
© ©
Ln(minimum temperature, mean) —2336.943" 20.914
(1088.184) (88.799)
Ln(maximum temperature, mean) 3459.603* 12.188

(continued on next page)

Appendix Table A2 (continued)

Ln(precipitation, sd)
Ln(minimum temperature, sd)
Ln(maximum temperature, sd)
Year fixed effects

Farm fixed effects

Constant

R2 (overall)
Observations

(1765.14
0.000

©

1.504
(4.567)
—56.237"
(30.524)
Yes

Yes

9)

10,783.002*

(5082.60:!
0.934
51

5)

(97.411)
0.000
©
—5.498
(5.533)
—-2.850
(6.744)
No

Yes
3.274"
(0.196)
0.961
31

Note: Robust standard errors in parentheses,.

* p<0.10,.
* p < 0.05,.
= < 0.01.

Appendix Table A3

: Productivity of hybrid, introgressed and traditional coffee varieties, pooled

OLS with plot fixed effects.

Pooled OLS
All plots  Sample of specialized plots
@ (2) 3) 4
Coffee varieties
Traditional
Improved -0.670 -0.670 1.478 10.579
(0.705)  (0.743) (2.470) (43.139)
Introgressed 0.482" 0.481"* 1.547 5.354
(0.230)  (0.225) (1.005) (17.515)
Inputs
Ln(land) 0.702* 0.702** 1.400** 2.857
(0.327)  (0.338) (0.598) (9.215)
Ln(labor) (0.238) (0.246) (0.428) (5.167)
0.115 -1.906
Ln(input costs) (0.405) (4.695)
—0.630 -0.376
Plot age (0.270) (1.033)

(continued on next page)
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Appendix Table A3 (continued)

Pooled OLS
All plots  Sample of specialized plots
@ 2) 3) [©)]
—0.442 —6.528
Annual climate (2.024) (30.734)
Ln(precipitation, mean)
14.362
Ln(minimum temperature, mean) (23.060)
—27,467.049
Ln(maximum temperature, mean)
(219,808.481)
47,115.656
Ln(precipitation, sd)
(379,223.358)
-17.340
Ln(minimum temperature, sd) (115.170)
—64.060
Ln(maximum temperature, sd) (493.572)
188.769
Year fixed effects Yes Yes Yes Yes
Farm fixed effects Yes Yes Yes Yes
Constant 4.593"*  4.612"*" 4.471"
—77,037.004
(1.422)  (1.476) (2.426)
(624,149.771)
R? 0.912 0.911 0.939 0.995
Observations 113 98 58 51

Note: Robust standard errors in parentheses,.

* p <0.10,.
* p < 0.05,
=5 b < 0.01.

Table A4

: Productivity of hybrid, introgressed and traditional coffee varieties, pooled
OLS with Translog production function.

@™ 2)
Coffee varieties
Traditional
Introgressed 0.032 0.220
(0.212) (0.377)
Hybrid 0.368 1.040**
(0.259) (0.456)
Inputs
Ln(land) —-0.861 254.097
(0.615) (342.093)
Ln(labor) -0.327 -106.590
(1.298) (688.118)
Ln(input costs) —0.442 46.459
(0.994) (689.668)
Plot age 0.003 0.121
(0.044) (0.084)
Annual climate
Ln(precipitation, mean) -113.517
(392.157)
Ln(minimum temperature, mean) —3989.557
(19,474.273)
Ln(maximum temperature, mean) 8268.546
(22,460.635)
Ln(precipitation, sd) 3.409
(84.606)
Ln(minimum temperature, sd) —83.400
(67.214)
Ln(maximum temperature, sd) 73.570
(142.523)
Squared terms Yes Yes
Interaction terms Yes Yes
Year fixed effects Yes Yes
Farm fixed effects Yes Yes
Constant 5.443* —14,400.536
(2.971) (65,918.063)
R? 0.883 0.963
Observations 70 63

Note: Robust standard errors in parentheses,.

* p<0.10,.
* p < 0.05,**p < 0.01.
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