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Introduction
Mesoamerica in its widest sense is a geographical and 

cultural region extending approximately from central Mexico 
to northern Colombia and including Belize, Guatemala, El Sal-
vador, Honduras, Nicaragua, Costa Rica and Panama. In Latin 
America, it is one of the two regions where poverty contin-
ues to afflict a high percentage of the population (the other is 

 Summary
Average air temperature variation in the period 

1975–2011 was analyzed across 34 locations from a 
broad range of Mesoamerican countries with the view 
to better inform agricultural scientists of what changes 
to expect up to, and including, the year 2025. Such 
changes are likely to influence a range of constraints 
to agricultural and horticultural productivity and 
therefore ensuring such estimates are as robust as 
possible is critical to guide breeders, pathologists, 
entomologists and agronomists in the region 
effectively. A surprising variability in temperature 
trends were elicited for the region with increases 
ranging from the equivalent of 0 to > 4°C per hundred 
years but these trends were not associated with 
either the geographical positioning of the locations 
with reference to the Central Cordillera nor were 
they associated with surface elevation which ranged 
across sites from 0 to around 2,000 m. In Guatemala, 
Honduras, El Salvador, Costa Rica and Panama there 
were sites in each country showing both increases in 
average air temperature and also sites showing no 
apparent change over the period 1975–2011. AVRDC 
and CATIE are promulgating the concept of ‘healthy 
landscapes’ in Mesoamerica and as such both Centers 
seek to ensure the greater local production and 
consumption of nutrient-dense fruit and vegetables 
which are required to play an important role in 
combating the pervasive malnutrition still found 
amongst disadvantaged populations in the region. 
In addition, the most common vegetable crops of 
the region presently have yields that are seriously 
impaired by viruses, diseases and insects. All of 
these constraints are likely to be further exacerbated 
by increases in air temperature by 2025. Farmers 
respond to these growing challenges by spraying 
increasing amounts of pesticides, often in excessive 
amounts. Thus to create a more healthy environment 
for farm families, with less need for spraying, and to 
relieve crops of the unnecessary burden of diseases 
and insects which are compromising their natural 
yield potential – much more investment will be 
needed into horticultural research and development 
extension in the region, particularly in building the 
capacity of regional vegetable scientists in both 
the public and private sectors. Lines with better 
heat and drought tolerance and with improved 
resistance to the common viruses and diseases are 

Significance of this study
What is already known on this subject?
• In Mesoamerica relevant knowledge to this paper has 

been derived essentially from studies on maize and 
other non-vegetable crops. Increasing temperature 
and more erratic rainfall will likely reduce vegetable 
productivity and profitability for small-scale farmers.

What are the new findings?
• Considerable variability in annual temperature trends 

between locations has been elicited; these need to 
be taken into account if medium-term projections of 
vegetable productivity are to be realistic.

What is the expected impact on horticulture?
• Future temperature variability will influence biotic 

pressures in vegetables substantially and these factors 
must be accounted for in future breeding, agronomy 
and postharvest programs in Mesoamerica.

 

already available from AVRDC’s breeders and CATIE’s 
horticulturalists. More consistent and extensive 
field testing and seed production of this material at 
regional hotspot locations will be required to tailor 
these appropriately to Mesoamerican countries. The 
means to make such improved seed widely available 
from local sources to poor farming communities 
across the region must also be a first priority as 
current imported seed is both expensive and often ill-
adapted.

Keywords
climate uncertainty, vegetable breeding, tomato 
production, site variability
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the Andean region); the rural poor range between 20–76%, 
depending on the country (Economic Commission for Latin 
America and the Caribbean [ECLAC], 2012) many of which 
are malnourished. Between 14–36% of the total population 
is employed in the agriculture sector (ECLAC, 2012), which 
has evolved through the domestication of maize (Zea mays), 
beans (Phaseolus spp.), squash (Cucurbita spp.) and chili 
(Capsicum spp.) and cultivation of other crops such as tomato 
(Solanum lycopersicum). Central America is one of the eight 
centers of origin and diversity of our domesticated crops as 
postulated by Vavilov (1926). According to Zeven and De Wet 
(1982), 225 domesticated plant species have their origin in 
the Central American center of diversity, representing about 
9% of the total number of approximately 2,500 domesticated 
species reported worldwide. Genetic resources which origi-
nated in Central America and are stored in local and interna-
tional genebanks, including CATIE and AVRDC are listed in a 
recent paper by Engels et al. (2006). To avoid over-complica-
tion, specific physiological and morphological responses of 
vegetables to climate change are deliberately not addressed 
in this paper which aims to be more generic. Nevertheless, 
such information for globally popular vegetable species can 
be obtained from the multiple publications offered at the 
World Vegetable Center website (www.avrdc.org).

The topology of the region is typified by a central spine 
of highlands (the Central American cordillera) with both Car-
ibbean and Pacific coastal areas east and west of the moun-
tains. This variation in topography makes it agro-ecologically 
very diverse. High value agricultural commodities such as 
coffee, fruit and vegetables play an important role in improv-
ing people’s livelihoods and in the wellbeing of many families 
by increasing income and enhancing nutrition.

The international research centers, particularly AVRDC 
– The World Vegetable Center and CATIE (Tropical Agricul-
tural Research and Higher Education Center), seek to make 
substantive contributions to the new UN Sustainable Devel-
opment Goals and specifically to SDG 2 which emphasizes 
eliminating hunger and malnutrition (See www.unsdsn.org). 
Collaboration between the Centers includes emphasizing 
the positive role of vegetable horticulture in helping to at-
tain food and nutritional security in the region and for the 
development of healthy, sustainable landscapes in currently 
poor and disadvantaged areas. They promulgate the need for 
individuals to consume 400 g of fruit and vegetables a day 
as recommended by the World Health Organization in order 
to alleviate potential micronutrient malnutrition. This ap-
proach is presently being further developed, amongst others, 
by the members of the Association of Independent Research 
and Development Centers for Agriculture (AIRCA) of which 
both AVRDC and CATIE are founding members (Nicholls et 
al., 2014).

Such an approach requires an assessment of the likely 
implications of future climate uncertainty. Keatinge et al. 
(2012a, 2013, 2014, 2015) have demonstrated that there 
is substantial global variability in current air temperature 
trends based on data from 1975–2011. Rates of increase as 
high as > 4°C per hundred years (Shanhua, Taiwan) to sites 
where increases are intermediate (El Bataan, Mexico) or 
where there is no increase at all (Ibadan, Nigeria and Coto-
nou, Benin Republic) or even where temperature changes in 
that period are negative (Çorum, Turkey) have been identi-
fied. Such variations in expected mean annual air tempera-
ture imply large environmental changes which need to be ac-
counted for in current planning; e.g., to ensure that vegetable 
breeders and production specialists select appropriate pa-

rental material for future varieties and design new technolo-
gies which are well adapted to their future target environ-
ments rather than to actual present-day climate and weather. 
This paper’s objective therefore is to try to predict the po-
tential variability in annual average air temperature, across a 
broad range of sites, expected in the next 10–15 years in the 
Central American region. Thus, to demonstrate, if possible, 
consistent trends in order to better inform the vegetable Re-
search and Development Community, particularly breeders, 
pathologists and entomologists, of likely future challenges to 
production which will need to be addressed immediately by 
research. 

Literature review

Climate change
Hardoy and Lankao (2011) indicate that there is substan-

tive concern amongst urban planners and related decision 
makers that global climate change will impact severely in the 
Central American and Caribbean region. They are concerned 
that there will be significantly negative effects falling on the 
more vulnerable communities such as low income groups 
living in high risk sites; e.g., the driest areas found in the Pa-
cific lowlands of Central America.  

IPCC (Intergovernmental Panel on Climate Change) re-
ports based on the amalgamated effects of a series of com-
plex computer models suggest that average air temperatures 
may be increasing in the range of 2–4°C worldwide (Folland 
et al., 2001; Parry et al., 2007). However, they state that such 
climate change projection, though robust at a global level, is 
also characterized by substantive uncertainty at a local level, 
as shown by Keatinge et al. (2014). At the majority of sites 
worldwide, but not in North America, there is a predominant 
trend of increasing temperatures with night temperature 
increasing more rapidly than day temperature. This finding 
is in common with the results presented by Vincent et al. 
(2005) reporting for 68 locations in South America for the 
period 1960–2000. These results showed that minimum air 
temperatures were increasing positively but yet there were 
no consistent changes in maximum air temperatures. As a re-
sult, diurnal variations in air temperature were substantively 
reduced. Factors such as diurnal temperature fluctuation can 
affect the growth and development of vegetables (Keatinge 
et al., 2014) as well as other crop species.

Similarly, Quintana-Gomez (1999) reported for multiple 
stations in Venezuela and Colombia using very long data runs, 
with some as long as 1918–1990 (e.g., Mérida in Venezuela), 
that mean minimum air temperatures, but not mean maxi-
mum air temperatures, increased significantly in the period 
1960–1990 and there was a consistent reduction in diurnal 
fluctuations as a result. An increase in year-round cloudiness 
and the possible effects of urban heat islands (Keatinge et al., 
2013) are suggested to have contributed to this result.

More specifically for Mesoamerica, Aguilar et al. (2011) 
addressed the issue of changes in extreme temperature and 
precipitation events in Central America and northern South 
America over the period 1961–2003. They report that tem-
perature trends are positive regionally with a large spatial 
coherence. The number of warm nights has increased while 
the number of cold days and nights has decreased. The peri-
od with the greater warming during the year was during the 
late summer and autumn wet season. Temperature trends of 
extreme events amounting to increases of 0.2–0.3°C per dec-
ade (2–3°C per hundred years) are presented with the great-
er increases being found in daily maximum air temperatures. 
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This has resulted in an increase in diurnal temperature range 
of around 0.1°C per decade (1°C per hundred years). These 
findings are in line with those from Malhi and Wright (2004) 
who found an increasing trend in mean temperature over 
forested areas during a similar period (1960–1998), particu-
larly for northern Nicaragua and Honduras, which are cor-
related with an ENSO index. These findings are in contrast 
to those of Vincent et al. (2005) and Quintana-Gomez (1999) 
which are reported above for South America.

Regional average precipitation, in contrast, was report-
ed by Aguilar et al. (2011) as not having a significant trend. 
Nevertheless, there was an indication that the number and 
severity of precipitation events was increasing. Future pro-
jections of climate change show a distinctive drying signal 
(increased temperature and decrease in precipitation) for 
Central America (Neelin et al., 2006), particularly during 
spring and summer (Biasutti et al., 2012), and with larger 
magnitudes than any other tropical region (Giorgi, 2006). 
Wet and dry extremes are also expected to increase across 
the region (Nakaegawa et al., 2013). Imbach et al. (2012), 
using complex modeling as described in the IPCC Fourth 
Assessment Report (IPCC, 2005), have considered various 
future temperature scenarios for the Mesoamerican region 
and conclude that by the end of the century increases in tem-
perature for this region will range from more than 2°C to less 
than 4°C using the period 1950–2000 as a reference data 
set (Imbach et al., 2010), with higher anomalies in the south 
than in the north (Hidalgo et al., 2013). In terms of precipita-
tion these authors suggest considerable regional variability 
but with increasing dryness, reduced runoff and increased 
severe droughts being the likely overall outcome (Imbach 
et al., 2012; Hidalgo et al., 2013). They also anticipate con-
siderable variation of evapo-transpiration across the region. 
As a result, substantive changes in vegetation are predicted, 
which in turn will affect run-off rates, particularly where for-
ests replace grasslands. 

In a detailed model-based examination of data for climate 
change in Costa Rica, Karmalkar et al. (2008, 2011) suggest 
that elevation may be a key discriminating factor in deter-

mining the likely future trends in air temperature; they ex-
pect some differences in trends between the Caribbean and 
Pacific watersheds and that lowland regions in Costa Rica 
will be less affected by climate change-induced temperature 
variations than the highlands. This will be particularly the 
case on the Pacific slope during the dry season (Karmalkar 
et al., 2011). Temperature and temperature variance is pro-
jected to increase. There is a potential concomitant reduction 
in precipitation amounting to around 30% which would have 
important implications for tropical montane forest ecosys-
tems. This could result in a greater negative impact on village 
communities in the highlands, which are often poor and less 
resilient to risk in comparison to their lowland equivalents.

Ramirez-Villegas et al. (2013), using the general circula-
tion models that will form the basis of the 2014 IPCC report, 
concluded that simulations of real temperature data from five 
tropical regions may not be adequate to predict crop growth. 
Errors in the order of 2°C for temperature over the growing 
season were found which implies that reliance on real meas-
ured data for specific locations, as used in this study, may be 
more appropriate than a full-scale modeling approach.

The World Meteorological Organization (WMO, 2013) 
reports that the global increase in average air temperature 
in the period 1971–2010 was 0.17°C per decade but in the 
period 1991–2001 was 0.21°C. These figures are contrasted 
with the much smaller increase of only 0.062°C per decade 
for the substantively longer reference period 1880–2010. 
Such an observation of a much lower decadal increase in av-
erage temperature can also be seen from the long data run 
(1878–2011) for Rothamsted Research station in the UK pre-
sented by Keatinge et al. (2014).

In summary, it is evident that there is not yet a clear un-
derstanding of the current trends in air temperature for the 
Mesoamerican countries; this paper seeks to fill this gap. The 
paper does not address any further climate change issues 
associated with precipitation changes. This may be the sub-
ject of a further analysis but would require the acquisition of 
probably longer data runs of high quality if real differences in 
precipitation regimes are to become apparent.

Table 1.  Tomato production and consumption in selected Central American countries*.

Year Country
Area

harvested
(ha)

Production
(t)

Yield
(t ha-1)

Tomato
food supply

(t)

Total
population
(×1.000)

Consumption
per capita year-1

(kg)
2000 Costa Rica 1,044 27,319 26.2 41,319 3,919

El Salvador 840 21,352 25.4 48,053 5,940
Guatemala 6,510 172,365 26.5 124,178 11,237
Honduras 4,169 46,380 11.1 38,703 6,218
Nicaragua 427 6,234 14.6 11,440 5,074

2005 Costa Rica 1,100 41,354 37.6 89,724 4,309
El Salvador 913 29,415 32.2 100,230 6,051
Guatemala 9,429 232,624 24.7 200,476 12,717
Honduras 3,743 153,252 40.9 95,529 6,879
Nicaragua 500 7,300 14.6 5,657 5,424

2009 Costa Rica 975 64,325 66.0 94,033 4,591 20.5
El Salvador 802 17,663 22.0 102,959 6,160 16.7
Guatemala 10,271 364,933 35.5 305,540 14,034 21.8
Honduras 4,498 141,731 31.5 115,334 7,450 15.5
Nicaragua 465 8,115 17.5 7,344 5,710 1.3

* Data retrieved from FAO Statistics (FAO, 2013).
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Regional vegetable production and use
The vegetable sector in the Mesoamerican region is char-

acterized by high transaction costs associated with difficul-
ties of market access and with producers often handicapped 
with  limited business skills (Hellin et al., 2009). Statistical 
information on the production and use of vegetables as a 
whole is substantially deficient for the region and for indi-
vidual countries within the region. For example, agricultural 
census data are highly imbalanced with the latest informa-
tion available ranging between 21 (Costa Rica) and 2 years 
old (Panama). Tomato is thus used as an exemplar crop in 
this paper and it is safe to assume this crop to be the most 
common vegetable crop grown across the region. The area 
grown to tomato in 2009 was lowest in Nicaragua (465 ha) 
and highest in Guatemala with 10,271 ha (Table 1; FAO, 
2013). Yields were quite low in most countries in 2000 and 
ranged from 11 to 36 t ha-1 (Table 1). 

Tomato yields are seriously constrained by vector-trans-
mitted virus diseases such as that caused by the globally im-
portant Tomato yellow leaf curl virus (TYLCV) which is trans-
mitted by whiteflies (Bemisia spp.). During the 2001–2010 
period, a range of virus diseases in Honduras were identi-
fied, the majority of which were caused by begomoviruses 
(Mauricio Rivera (FHIA), pers. commun., 2013). Another ma-
jor disease reducing yield levels is bacterial wilt caused by 
Ralstonia solanacearum which is often second in importance 
to virus diseases, however this bacterial disease is the most 
important constraint in some areas such as the Comayagua 
valley of Honduras. 

TYLCV pressure on tomato production was aggravated 
in the late 1980s by the introduction of the Bemisia tabaci 

whitefly biotype-B which is a more efficient virus vector than 
the previous whitefly population, and its negative influence 
is exacerbated by persistent, circulative transmission of the 
virus worsened by continuous sowing cycles without suita-
ble crop rotation. It is also understood that warmer and drier 
conditions would favor further rapid multiplication of such 
whiteflies (Hanson et al., 2011).

Pests and diseases are often ‘managed’ by farmers with 
excessive applications of pesticides and fungicides which 
may be assumed to be affecting the health and safety of 
both farmers and consumers. Attempts to introduce Inte-
grated Pest Management (IPM) techniques have been made 
by CATIE and FHIA (Fundación Hondureña de Investigación 
Agrícola, Honduran Agricultural Research Organization), 
amongst others, in collaboration with partners in Hondu-
ras but the potent mixture of begomoviruses and the other 
viruses infecting tomato in the region, plus heavy pressure 
from bacterial wilt require effective plant resistance for IPM 
measures to be rendered more effective in future (Nienhuis 
et al., 2011). 

In terms of consumption, El Salvador, Honduras, Costa 
Rica and Guatemala are all major consumers of tomato. The 
fruit are used in the form of fresh paste in the local cuisine 
with elongated-saladette types being preferred in the market 
(Table 1; AVRDC, 2013b). Though tomato is an indigenous 
vegetable in Mesoamerica, most seed used by commercial 
growers are hybrids imported from the USA, Israel, The Neth-
erlands and Italy which may, or may not be, well adapted to 
the very variable local niche environments in Mesoamerica. 
Popular hybrids are ‘Pony Express’, ‘Butero’, ‘Silverado’,  
‘Retana’ and ‘Shanty’.

20 

 
 
 
 
FIGURE	1.  Geographic locations of meteorological station data analyzed for Mesoamerica. 
 
 
 
  

Figure 1.  Geographic locations of meteorological station data analyzed for Mesoamerica.
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Trials in Nicaragua with newly introduced TYLCV-resist-
ant lines which also incorporate some resistance genes from 
AVRDC – The World Vegetable Center to bacterial wilt and 
the blight diseases, executed by UNA (Universidad Nacional 
Agraria) in partnership with the University of Wisconsin and 
AVRDC at Tisma (SE of Managua near Masaya) have proven 
to be very effective. The trial was planted in a farmer’s field 
in November 2012 and by March 2013 was heavily infested 
with whiteflies and the local check ‘Butero’ was severely yel-
lowed and stunted due to virus infection. In contrast, not 
only the hybrid ‘Shanty’ but also several AVRDC improved 
lines incorporating the resistance genes Ty-1, Ty-2 and Ty-3 
were not compromised by TYLCV (amongst others these in-
cluded the tomato lines AVTO1004, AVTO1031, AVTO1078 
and AVTO1082). Tomato lines, homozygous for Ty-3, demon-
strated high levels of TYLCV resistance in a field trial at San-
arate, Guatemala in which there was infection pressure from 
up to seven different begomoviruses (Garcia et al., 2008). 
Yields at harvest and fruit quality were high (Nienhuis et al., 
2012). Similar trials were conducted in northern Honduras 
(at Siugatepeque) and in El Salvador (at Morazán near San 

Miguel and in north-western Guatemala (at Tajumulco near 
Terrango). These trial sites were at a wide range of eleva-
tions from sea level to ca. 2,200 m (Tajumulco).  Viruses at 
all locations, except in the Guatemalan highlands, were se-
verely damaging but several AVRDC lines proved to be suit-
ably resistant in Honduras and El Salvador (e.g., AVTO1001, 
AVTO1010 at Siguatepeque and AVTO1010 at Morazán; 
Nienhuis et al., 2012).  

Materials and methods
Long runs of average maximum and minimum monthly 

air temperature data for multiple sites in Guatemala, El 
Salvador, Honduras and Panama were obtained by CATIE 
through their national partners. Likewise data from single 
sites in Costa Rica, Honduras, Mexico and Colombia were 
obtained through CATIE’s and AVRDC’s scientific network 
(see Acknowledgements for details). Data for further sites 
in Nicaragua, Costa Rica, Belize and Colombia were obtained 
(average temperature only) from http://datamarket.com/
data/set/1loo/#!display=ta. If there were minor examples of 
missing data in the recent past from this data source, these 

Table 2.  Location and elevation of Mesoamerican meteorological stations analyzed.

Country Meteorological station Latitude Longitude Elevation (m)
Mexico CIMMYT, El Bataan 19°31’N 098°58’W 2,250
Belize PSW Goldson airport, Belize city 17°54’N 088°31’W 5
Guatemala Huehuetenango 15°19’N 091°30’W 1,872

Santa Cruz 15°02’N 091°09’W 2,017
Coban 15°28’N 090°24’W 1,360
San Jeronimo 15°03’N 090°15’W 993
Cahabon 15°34’N 089°49’W 470
Puerto Barrios 15°43’N 088°36’W 9

El Salvador Ahuachapan 13°55’N 089°51’W 705
Santa Ana 13°59’N 089°32’W 653
Guija 14°14’N 089°28’W 493
Llopango 13°42’N 089°07’W 488
San Miguel 13°26’N 088°09’W 189
La Unión 13°20’N 088°51’W 126

Honduras La Lima, Cortes 15°27’N 087°56’W 33
Germania, Francisco Morazán 14°03’N 087°13’W 996
El Zamorano University 14°01’N 087°01’W 851
Lopez Bonito, Atlántida 15°44’N 086°51’W 21
Catacamas, Olancho 14°50’N 085°52’W 380

Nicaragua MuyMuy, Matagalpa 12°28’N 086°23’W 320
AC Sandino airport, Managua 12°14’N 086°17’W 56
Jinotega 13°13’N 086°07’W 1,081
Puerto Cabezas 14°03’N 083°23’W 21

Costa Rica Juan Santamaría airport, Alajuela 09°59’N 084°12’W 921
CATIE, La Lola, Matina 10°06’N 083°23’W 40
CATIE, Turrialba 09°53’N 083°38’W 602

Panama Bajo Grande 08°51’N 082°33’W 2,175
Mata de Limón, Las Lomas 08°24’N 082°25’W 16
Martincito, Santiago 08°05’N 080°57’W 73
La Laguna, La Yeguada 08°27’N 080°51’W 640
San Juan Bautista 07°57’N 080°25’W 11
Residencial Las Américas, Tocumen 09°02’N 079°22’W 7

Colombia CIAT, Palmira 03°29’N 076°21’W 969
R. Nunez airport, Cartagena 10°45’N 075°51’W 1
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were determined from other records for the specific sites 
such as from http://www.tutiempo.net/en/climate.

Stations in each of Guatemala, El Salvador, Honduras, 
Nicaragua, Costa Rica and Panama were selected to have 
substantive divergence in both elevation (Karmalkar et al., 
2008) and geographic dispersion (Table 2; Figure 1).  Selec-
tion criteria included the availability of continuous data runs 
(1975–2011) of high quality and sites that were less prone 
to the influence of extensive urban development (Keatinge 
et al., 2013). In rare cases, where some months have miss-
ing data, the monthly averages of the same months from the 
five previous years were used to fill in the gaps (Environment 
Canada, 2012). Data quality was assessed by examination of 
the monthly data record and sites where multiple months 
were missing were not included in the analysis. Additional 
data sites from Belize, Nicaragua, Costa Rica and Colombia 
(in which only average temperatures were available) were 
also included to try to maximize the geographical coverage of 
the study and its continuity across the region. In these cases 

there was much less capacity to select sites with reduced ur-
ban influence but this decision was deemed acceptable in the 
light of the temperature trend diversity of mostly urban sites 
presented in Keatinge et al. (2015).

At each location, annual mean maximum and minimum 
air temperatures were computed based on monthly averages 
per year. The mean of these two values was then used to de-
termine the annual average air temperature. At sites where 
only monthly average data were available these figures were 
employed directly to compute the annual average.

The period 1975–2011 was chosen as the reference 
time series to accord with the global study of Keatinge et al. 
(2014). Selecting this reference time series, rather than any-
thing much longer or shorter is a decision of some impor-
tance, as discussed at length by Keatinge et al. (2014, 2015), 
because it is possible that it captures a global warming phase 
starting from around the early 1970s which possibly peaked 
in the late 1990s and early 2000s. The critical nature of this 
issue of what length of record should be used if predictions 

Table 3.  Trend analysis in annual average air temperature (°C) for Mesoamerican meteorological stations 1975–2011.

Country Meteorological station Slope Intercept R2 Significancey

Mexico CIMMYT, El Bataan 0.027 -38.381 0.39 **
Belize PSW Goldson airport, Belize city 0.026 -24.70 0.48 **
Guatemala Huehuetenango 0.026 -34.281 0.39 **

Santa Cruz -0.004  24.647 0.00 ns
Cobán 0.034 -48.005 0.40 **
San Jerónimo 0.016 -9.104 0.09 *
Cahabon 0.007 10.76 0.00 ns
Puerto Barrios 0.026 -26.665 0.33 **

El Salvador Ahuachapan 0.015 -5.972 0.21 **
Santa Ana 0.039 -52.416 0.70 **
Guija 0.037 -46.613 0.61 **
Llopango 0.03 -34.777 0.62 **
San Miguel 0.042 -54.849 0.68 **
La Unión -0.006 39.995 0.00 ns

Honduras La Lima, Cortes 0.008 11.288 0.01 ns
Germania, Francisco Morazán 0.004 15.206 0.00 ns
El Zamorano University 0.003 18.372 0.00 ns
Lopez Bonito, Atlántida 0.018 11.353 0.21 **
Catacamas, Olancho 0.010 5.27 0.05 ns

Nicaragua MuyMuy, Matagalpa 0.029 -32.28 0.46 **
AC Sandino airport, Managua 0.02 -24.44 0.44 **
Jinotega 0.031 -40.537 0.52 **
Puerto Cabezas 0.02 -13.08 0.19 **

Costa Rica Juan Santamaría airport, Alajuelaz 0.023 -23.33 0.32 *
CATIE, Turrialba 0.028 -33.408 0.29 **
CATIE, La Lola, Matina 0.009 -0.015 0.04 ns

Panama Bajo Grande 0.015 -15.476 0.12 *
Mata de Limón, Las Lomas 0.013 1.067 0.13 *
Martincito, Santiago 0.018 -8.159 0.23 **
La Laguna, La Yeguada 0.016 -8.647 0.17 **
San Juan Bautista 0.012 4.919 0.12 *
Residencial Las Américas, Tocumen 0.019 -11.315 0.30 **

Colombia CIAT, Palmira, 0.024 -23.20 0.33 **
R Nunez airport, Cartagena 0.017 -5.81 0.29 **

z Data set used was 1978–2011 as the earlier three years data were rated dubious.
y ns = no significant difference; * = significant at the 95% level; ** = significant at the 99% level.
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are to be made of future events has been further examined by 
Keatinge et al. (2015) in a global analysis of sites with long 
term (> 100 year records). 

All data sets were subjected to regression analysis using a 
linear model (Statistical Analysis System [SAS] 2011). Trend 
analyses for each location are presented in Tables 3–5. The 
significance of the regression coefficients were tested using 
Student’s t test at the p < 0.05 and p < 0.01 probability levels.

Results
The data presented in Tables 3, 4 and 5 show the changes 

in average, maximum and minimum air temperatures, re-
spectively, over the period 1975–2011 across all sites. Values 
of R2 were highly variable ranging from 0.76 (n= 37 at San 
Miguel, El Salvador) to 0.00 (n = 37 at Cahabon, Guatemala). 
In some sites with low R2, a simple linear fit appeared to 
be inappropriate since trends before and after 1990 could 
have been different if longer runs had been available. Most 
sites showed some increase in average temperature with 

locations such as Coban in Guatemala and Santa Ana in El 
Salvador (Figure 2) being extreme examples. All four sites 
in Nicaragua showed significant increases in average tem-
perature but not at extreme rates. In contrast, some sites 
showed no change at all in any of the temperature variables 
selected such as Santa Cruz Belanya in Guatemala, La Union 
in El Salvador (Figure 3) and for average temperature at La 
Lola in Costa Rica. The majority of sites analyzed in Hondu-
ras were in this category (Tables 3 and 5). There were also 
several examples where sites showed increases in maximum 
temperature and no change in minimum temperature such 
as at La Yeguada in Panama (Figure 4) and San Jeronimo 
in Guatemala. The opposite was also observed with sites in 
which maximum temperatures were static and minimum 
temperatures were increasing such as at Ahuachapan in El 
Salvador and Las Lomas in Panama (Figure 5). In most of the 
Panamanian sites, minimum temperatures increased but no 
changes in maximums were detected (Tables 4 and 5). No 
sites showed significant global cooling in the period selected 

Table 4.  Trend analysis in maximum air temperature (°C) for Mesoamerican meteorological stations 1975–2011.

Country Meteorological station Slope Intercept R2 Significancez

Mexico CIMMYT, El Bataan 0.028 -32.310 0.21 **
Belize PSW Goldson airport, Belize city Data not available 
Guatemala Huehuetenango 0.030 -34.837 0.43 **

Santa Cruz 0.002 19.405 0.00 ns
Cobán 0.041 -57.066 0.46 **
San Jerónimo 0.018 -7.387 0.13 *
Cahabon 0.011 8.49 0.00 ns
Puerto Barrios 0.026 -21.144 0.23 **

El Salvador Ahuachapan 0.040 -48.992 0.56 **
Santa Ana 0.034 -36.512 0.54 **
Guija 0.045 -56.887 0.55 **
Llopango 0.034 -37.658 0.62 **
San Miguel 0.023 -9.759 0.21 **
La Unión -0.005 44.608 0.00 ns

Honduras La Lima, Cortes 0.002 28.073 0.00 ns
Germania, Francisco Morazán 0.028 -27.872 0.24 **
El Zamorano University 0.016 -2.707 0.10 *
Lopez Bonito, Atlántida 0.022 -13.546 0.12 *
Catacamas, Olancho 0.021 -10.943 0.05 *
MuyMuy, Matagalpa Data not available
AC Sandino airport, Managua Data not available
Jinotega Data not available
Puerto Cabezas Data not available

Costa Rica Juan Santamaria airport, Alajuela Data not available
CATIE, Turrialba 0.045 -62.346 0.25 **
CATIE, La Lola, Matina Data not available

Panama Bajo Grande 0.002 15.029 0.00 ns
Mata de Limón, Las Lomas 0.001 30.241 0.00 ns
Martincito, Santiago 0.009 13.556 0.03 ns
La Laguna, La Yeguada 0.037 -45.266 0.47 **
San Juan Bautista -0.004 39.350 0.00 ns
Residencial Las Américas, Tocumen 0.024 -15.506 0.27 **

Colombia CIAT, Palmira, 0.033 -36.67 0.33 **
R Nunez airport, Cartagena Data not available

z ns = no significant difference; * = significant at the 95% level; ** = significant at the 99% level.
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which had been observed at a very few sites in the previous 
global study (Keatinge et al., 2014). Increases in average air 
temperature from 2012 to 2025, based on the trends record-
ed in the period 1975–2011 assuming that the linear trends 
are constant, were projected (Table 6). The additional sites 
selected, for which only average temperatures were avail-
able, also showed a substantial variability between locations 
not dissimilar to the original sites reported above. One such 
site, at Cartagena in Colombia, shows an increase of 0.24°C 
by 2025. This is close to the regional average when all data 
from the 34 locations are considered.

Discussion

Analysis of temperature trends
In a previous global analysis of annual average air temper-

ature, Keatinge et al. (2014) reported substantial variability 
amongst locations in observed temperature increases in the 
period 1975–2011. In contrast, there was some consistency 
in air temperature trends at those sites in the previous study 
broadly representing Mesoamerica. In the southerly extreme 

case of CIAT (International Center for Tropical Agriculture) 
at Palmira in Colombia, a small, significant increase in aver-
age temperature, projected to add only a further 0.34°C by 
2025, was detected. In the northerly extreme case at CIM-
MYT (International Wheat and Maize Improvement Center) 
at El Bataan, Mexico, a similar significant result of increasing 
temperature, with a projected increase of 0.4°C by 2025, was 
reported. For the intermediate Mesoamerican site (CATIE, 
Turrialba, Costa Rica), air temperature showed a significant 
increase in the period 1975–2011, with a trend of 0.4°C by 
2025 (Keatinge et al., 2014). When estimated for the longer 
available period 1958–2011, the increase projected was very 
similar at 0.3°C 

Such increases to 2025 of 0.3–0.4°C were intermediate 
in comparison to those recorded at AVRDC headquarters at 
Shanhua in the previous published study (Keatinge et al., 
2014) which projects a 0.6°C increase in air temperature by 
2025, which equates to the very rapid increase of 4.3°C per 
hundred years if the 1975–2011 trend was continued. Like-
wise, the highest increase globally in this earlier study was 
observed in data from another East Asian site – the NIHHS-

Table 5.  Trend analysis in minimum air temperature (°C) for Mesoamerican meteorological stations 1975–2011.

Country Meteorological station Slope Intercept R2 Significancez 

Mexico CIMMYT, El Bataan 0.026 -45.471 0.025 **
Belize PSW Goldson airport, Belize city Data not available
Guatemala Huehuetenango -0.022 -34.305 0.17 **

Santa Cruz -0.01 29.547 0.00 ns
Coban 0.026 -38.813 0.20 **
San Jeronimo 0.013 -11.042 0.00 ns
Cahabon 0.003 13.42 0.00 ns
Puerto Barrios 0.027 -32.523 0.29 **

El Salvador Ahuachapan -0.009 36.853 0.03 ns
Santa Ana 0.043 -68.389 0.70 **
Guija 0.028 -36.373 0.23 **
Llopango 0.026 -31.863 0.35 **
San Miguel 0.061 -99.732 0.76 **
La Unión -0.006 35.689 0.00 ns

Honduras La Lima, Cortes 0.014 -5.397 0.12 *
Germania, Francisco Morazan 0.021  58.409 0.08 ns
El Zamorano University 0.011 39.850 0.00 ns
Lopez Bonito, Atlántida 0.015 -9.735 0.07 ns
Catacamas, Olancho - 0.001 21.319 0.00 ns 

Nicaragua MuyMuy, Matagalpa Data not available
AC Sandino airport, Managua Data not available
Jinotega Data not available
Puerto Cabezas Data not available

Costa Rica Juan Santamaria airport, Alajuela Data not available
CATIE, La Lola, Matina Data not available

Panama Bajo Grande 0.028 -46.164 0.35 **
Mata de Limón, Las Lomas 0.026 -29.122 0.42 **
Martincito, Santiago 0.026 -29.944 0.38 **
La Laguna, La Yeguada -0.005 28.079 0.00 ns
San Juan Bautista 0.027 -29.602 0.43 **
Residencial Las Américas, Tocumen 0.015 -7.379 0.13 *

Colombia CIAT, Palmira 0.008 3.60 0.05 ns
R Nunez airport, Cartagena Data not available

z ns = no significant difference; * = significant at the 95% level; ** = significant at the 99% level.
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RDA (National Institute of Horticultural and Herbal Sciences-
Rural Development Authority) at Suwon, South Korea. Much 
more rarely, sites such as Çorum in Turkey showed signifi-
cant global cooling in the period 1975–2011.

There is a large variation in air temperature trends be-
tween the sites examined in Guatemala, Honduras, El Salva-
dor, Costa Rica and Panama (Table 6). Increases of between 
0.2 and 0.4°C by 2025 are apparent for the majority of the 
sites, which accords reasonably well with the three sites dis-
cussed above. However, at a minority of sites, including Guija, 
San Miguel and Santa Ana (El Salvador), warming is more 
extreme approaching 0.6°C, which is similar to the higher 
East Asian warming rates and would thus approach, or even 
exceed, an increase of 4°C per hundred years. In direct con-
trast, but similar to what was found globally by Keatinge et 
al. (2014), there are also a minority of sites which show no 
warming at all including Cahabon and Santa Cruz in Guatema-
la, La Union in El Salvador and La Lima, Germania, El Zamo-
rano and Catacamas in Honduras and La Lola in Costa Rica.

It is not easy to understand what may account for this 
considerable difference between locations. It is unlikely 
to be an elevation factor as one of the highest sites (Santa 
Cruz, Guatemala) and one of the lowest (La Union, El Salva-
dor) show no change in air temperature over the measured 
period. It is also not likely to be geographical positioning 
with regards to the central mountain chain as Coban (Gua-
temala), with one of the higher rates of increase of 0.47°C 
by 2025 using the standard trend for prediction of the pe-
riod 1975–2011, is located between Cahabon and Santa Cruz 
which both show no predicted change. Likewise, San Miguel, 
which shows a rapid increase in temperature, is geographi-
cally quite close to La Union (both in El Salvador) with less 
than 150 m difference in altitude. Thus, it seems appropriate 
to question the suggestions of the importance of altitude and 
geographic location expounded by Karmalkar et al. (2008).

The conclusions of Quintana Gomez (1999) for multiple 
sites in Venezuela and Colombia (1960–1990), and of Vincent 
et al. (2005) for 68 locations in South America (1960–2000), 
regarding significant increases in minimum temperatures 
but with no apparent increases in maximum temperatures, 
are neither supported nor rejected by this analysis. However 
sites in Panama do follow the trends reported above for South 
America with minimum temperatures increasing and maxi-
mum temperatures remaining largely unchanged. In Guate-
mala, El Salvador and Honduras, results are too mixed to be 
definitive. This is a conclusion of some importance as Diur-
nal Temperature Range (DTR =  Maximum minus Minimum 
daily air temperature) can be a factor that seriously impacts 
vegetable development, growth and quality (Madakadze and 
Waramba, 2004). Future climate conditions that result in a 
general decrease in DTR can also cause an increased water 
deficit (Zhang and Cai, 2013) with thus severe implications 
for crop growth.

Implications for vegetable production
How can these results, which are quite diverse, be used 

to help guide horticulturalists in preparing appropriate va-
rieties and production systems for the foreseeable future in 
2025? This particular year (10–15 years from now) has been 
selected as being roughly the time period required for a new 
variety of vegetable, such as tomato, to be bred (starting in 
2014), tested, released, seed bulked and distributed and ac-
cepted broadly by farmers (AVRDC, 2010). The temperature 
increase projections from this study ranged from around 0 to 
0.6°C (equivalent to 0 to 4°C+ per 100 years). A risk-averse 

strategy therefore is to assume an increase in annual average 
air temperature of around 0.25°C in the next 15 years. The ef-
fect of heat stress on the production of vegetables in general, 
and tomato in particular, has been described in a recent paper 
including recommendations on how to mitigate these effects 
and adapt vegetable cropping systems to climate change-in-
duced stresses (De la Peña et al., 2011). Substantive variation 
within existing tomato genotypes in response to heat stress, 
including two genotypes emanating from AVRDC, have been 
reported by Kugblenu et al. (2013) by testing their adapta-
tion to high summer temperatures in Ghana. Only a few of 
these varieties were seen to be adequately heat tolerant with 
one of these being from AVRDC (CLN 2318F, now known as 
AVTO 0213). Other likely implications of climate change for 
crop production have been reviewed by Wolfe (2013), such 
as short-term flooding, periods of extreme heat and drought, 
changes in diurnal temperature range and severe wind speed 
events, as well as potential agronomic adaptation strategies 
to develop greater system resilience for horticultural pro-
ducers.

Since a lack of virus and pathogen resistance are the pre-
sent major constraints to production in crops such as tomato, 
chili and sweet pepper, increasing heat will cause additional 
pressure by increasing the rate or likelihood of viral strain 
change (Tsai et al., 2011), increasing the multiplication rate 
of viruliferous whiteflies (Hanson et al., 2011) or enhancing 
the potency of major pathogens (Sheu et al., 2009). Small in-
creases in air temperature can already be demonstrated to 
have had substantive effects on the geographical and altitu-
dinal range of significant pests (Jaramillo et al., 2011).

As it is difficult for breeding programs to keep pace with 
the rapid appearance of new virus strains, another option 
might be to develop new varieties which are resistant to 
the vectors. Accessions of the wild tomato species Solanum 
galapagense have been shown to offer potential as good 
resistance sources against whiteflies (Firdaus et al., 2012). 
AVRDC is currently screening its S. galapagense genebank 
accessions for whitefly resistance. As this species is closely 
related to cultivated tomato, it should not be difficult to in-
trogress the resistance genes from identified resistance 
sources into elite cultivars. In addition, increasing tempera-
tures will require additional measures so that abiotic stress 
tolerances (to drought, heat and salinity) are encapsulated in 
new tomato and pepper germplasm. Rapid progress is being 
made in the breeding of such traits in lines at AVRDC and fu-
ture improved material for testing in Mesoamerica will soon 
have these enhanced characteristics. A similar conclusion 
may also be drawn for biotic constraints with progress being 
made in lines with traits showing late blight and anthracnose 
(Colletotrichum spp.) resistance (AVRDC, 2012a, 2013a).

Furthermore, FHIA has undertaken trials of tomato graft-
ed on to eggplant rootstocks at FHIA’s Centro Experimental 
y Demostrativo de Horticultura (CEDEH) in the Comayagua 
Valley in Honduras as an agronomic measure designed to 
combat bacterial wilt in a ‘hotspot’ infested location. Tomato 
grafted onto AVRDC eggplant rootstocks had a much lower 
mortality rate compared to tomato grafted onto other com-
mercial rootstocks and also to ungrafted controls. These re-
sults indicating good control of bacterial wilt have led to fur-
ther FHIA trials which are currently in progress in Honduras 
(Lin et al., 2008; AVRDC, 2013b).

Increasing use of known ‘hotspot’ locations for plant 
breeding and testing for virus and other pathogen resistance 
in Mesoamerica would be a further sensible tactic for the 
horticultural science network with the likelihood of warming 
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in the region. AVRDC has recently employed such an action 
by shifting its cucurbit breeding programs for pumpkin (Cu-
curbita spp.) and bitter gourd (Momordica charantia) from 
Shanhua, Taiwan to Kamphaeng Saen in Thailand. Beneficial 
results have been forthcoming immediately with a number 
of genebank accessions showing substantive resistance to 
viruses and other pathogens (AVRDC, 2013a).

If pathogens continue to be severe constraints to veg-
etable production in a warming Mesoamerica, other tactical 
options exist to ensure sufficient vegetable production to 
achieve not only profitability in the horticultural sector but 
also to help overcome existing severe malnutrition. This is 
a significant problem for many disadvantaged households; 
malnutrition affects both the rural and urban populations of 
all countries in the region. 

It is evident from the data presented in Table 5 and Fig-
ures 2–5 that there is a much greater degree of variability in 
temperature trends than was expected at the beginning of 

the study. This surprising result is compounded by the fail-
ure to detect any influence of the major factors, which were 
expected from the literature review, to be influences on tem-
perature trends. Thus, neither elevation nor geographic posi-
tion (either east or west of the central mountain range) seem 
to have little explanatory role in the temperature trends 
which were observed. Therefore, even in the face of such real 
variability there is still advice which can be offered to vegeta-
ble farmers in Mesoamerica. These include potential tactical 
options that can be employed to address continued climatic 
uncertainty. Three such options are highlighted here.

Tactical option one would be to consider growing other 
vegetable crops which would be less prone to biotic and abi-
otic constraints and which could be well adapted to many 
of the niche microenvironments in the region (De la Peña et 
al., 2011). AVRDC’s genebank contains 61,000+ accessions 
of 438 species of tropical vegetables (AVRDC, 2013a). Thus 
it is more than likely that other possible crops exist which 
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FIGURE	2.  Maximum (a), minimum (b) and average (c) annual air temperatures (°C) from 1975–2011 and 
linear trends at Sta. Ana, El Salvador. 
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FIGURE	3.  Maximum, minimum and average annual air temperatures (°C) from 1975–2011 and linear 
trends at La Union, El Salvador. 
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Figure 2.  Maximum (a), minimum (b), and average (c) an-
nual air temperatures (°C) from 1975–2011 and linear 
trends at Sta. Ana, El Salvador.

Figure 3.  Maximum, minimum, and average annual air tem-
peratures (°C) from 1975–2011 and linear trends at La  
Union, El Salvador.
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would be potentially profitable and also acceptable to local 
consumers based on experiences gained by AVRDC in other 
tropical locations. Such crops might include highly nutrient 
dense and agronomically robust species such as vegetable 
soybean (Glycine max), kangkong (Ipomoea aquatica) or Af-
rican eggplants (Solanum aethiopicum, S. anguivi, and S. mac-
rocarpon).

Tactical option two would be to encourage the further 
availability of small lots of diverse vegetable seeds for the 
wide-scale development of home, school, hospital, prison 
and related community gardens to provide rural and urban 
populations with an immediate source of a wide range of 
fresh vegetables. This option has been widely discussed with 
extensive worldwide coverage by Keatinge et al. (2012b) and 
by Galhena et al. (2013) considering that home and com-
munity gardens have been effective not only in preserving 
agricultural biodiversity and increasing the production and 
consumption of vegetables, but also in improving family 

health and in the empowerment of disadvantaged members 
of society. Seed supply can be a serious limitation but private 
sector exemplars such as the ‘five variety’ seed packs being 
promulgated in Bangladesh by the Lal Teer (Red Arrow) seed 
company for local small-scale home gardens, and the social 
responsibility activities of East-West Seed with AVRDC in In-
donesia to produce seed packs for disaster relief, could easily 
be profitably copied (see www.multimodebd.com and www.
eastwestindo.com).

Tactical option three would be to assist small-scale grow-
ers to combat biotic production constraints by much more 
extensive use of a range of protected agricultural techniques 
ranging from small plastic and netting structures to larger 
scale screen/plastic and glass houses. The principal objective 
of such a structure would be to reduce infestation by insect 
vectors, and to minimize infection by bacterial and fungal 
pathogens. An additional advantage of protected structures 
is to reduce the effect of heavy rains and wind on the vegeta-
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FIGURE	4.  Maximum, minimum and average annual air temperatures (°C) from 1975–2011 and linear 
trends at La Yeguada, Panama. 
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FIGURE	5.  Maximum, minimum and average annual air temperatures (°C) from 1975–2011 and linear 
trends at Las Lomas, Panama. 
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Figure 4.  Maximum, minimum, and average annual air tem-
peratures (°C) from 1975–2011 and linear trends at La 
Yeguada, Panama.

Figure 5.  Maximum, minimum, and average annual air tem-
peratures (°C) from 1975–2011 and linear trends at Las  
Lomas, Panama.
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ble crops. Merely reducing the whitefly pressure on tomato 
and pepper production through the use of screen houses 
would likely be a very sound investment. Farmers in the 
Indian Punjab have recently begun using robust net houses 
based on those found and manufactured in Taiwan, and have 
seen substantive increases in crop production and quality, 
with higher profitability than open field production (AVRDC, 
2012b). 

Conclusions
Since 1975 there have been many different trends in air 

temperature across Mesoamerica, ranging from no predict-
able change to high rates of change exceeding 4°C per hun-
dred years. This ‘confused’ picture should not however be 
an excuse for horticulturalists to take no action in response. 
Given the risk that existing plant pathogen constraints may 
increase in severity, greater effort must be made to ensure 
that new lines incorporate suitable resistance traits to the 

maximum extent possible. Likewise, the promulgation of lo-
cal or regional seed sources and supplies should be encour-
aged to ensure that Mesoamerican ‘niche’ environments for 
vegetable production are appropriately serviced. Ensuring a 
further strengthening of heat, drought and salinity tolerance 
amongst parental germplasm over the next 20–25 years, 
in accordance with the ‘median’ position suggested by this 
analysis of 0.25°C by 2025 (2°C per hundred years), would 
be a suitable risk averse option.

Where conventional IPM efforts have insufficient capac-
ity to secure profitability, protected agriculture should be 
stimulated, starting with government policies supportive 
of such developments. If IPM can be used in the open field, 
then greater efforts are needed to counteract the misuse and 
over-spraying with pesticides that endangers the health and 
safety of both producers and consumers.

Local production amongst the general population, from 
home, school and community vegetable gardens, that have 

Table 6.  Estimated maximum, minimum and average air temperature increases (°C) projected from 2012 to 2025 for Meso-
american meteorological stations.

Country Meteorological station Increases in
Maximum Minimum Average 

Mexico CIMMYT, El Bataan 0.39 0.36 0.38
Belize FSW Goldson airport NAz NA 0.36
Guatemala Huehuetenango 0.42 0.31 0.37

Santa Cruz 0.00 0.00 0.00
Cobán 0.58 0.37 0.47
San Jerónimo 0.25 0.00 0.22
Cahabon 0.00 0.00 0.00
Puerto Barrios 0.36 0.38 0.37

El Salvador Ahuachapan 0.56 0.00 0.22
Santa Ana 0.48 0.61 0.54
Guija 0.64 0.40 0.52
Llopango 0.48 0.36 0.42
San Miguel 0.32 0.85 0.59
La Unión 0.00 0.00 0.00

Honduras La Lima, Cortes 0.00 0.19 0.00
Germania, Francisco Morazán 0.39 0.00 0.00
El Zamorano University 0.23 0.00 0.00
Lopez Bonito, Atlántida 0.30 0.00 0.26
Catacamas, Olancho 0.29 0.00 0.00

Nicaragua MuyMuy, Matagalpa NA NA 0.41
A.C. Sandino airport, Managua NA NA 0.36
Jinotega NA NA 0.43
Puerto Cabezas NA NA 0.28

Costa Rica Juan Santamaría airport, Alajuela NA NA 0.32
CATIE, Turrialba 0.63 0.00 0.39
CATIE La Lola, Matina NA NA 0.00

Panama Bajo Grande 0.00 0.40 0.21
Mata de Limón, Las Lomas 0.00 0.36 0.18
Martincito, Santiago 0.00 0.36 0.25
La Laguna, La Yeguada 0.52 0.00 0.23
San Juan Bautista 0.00 0.37 0.16
Residencial Las Américas, Tocumen 0.33 0.21 0.27

Colombia CIAT, Palmira 0.46 0.00 0.34
R. Nunez airport, Cartagena NA NA 0.24

z NA = Data not available.
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improved nutrition, health and development in other dis-
advantaged societies (Keatinge et al., 2012b), should be en-
couraged. Likewise, increased species diversity of vegetables 
in the horticultural systems of the region would be a positive 
development and would help increase the resilience of pro-
ducers in the face of the inevitable biotic and abiotic stresses 
common in this type of agriculture and which will be exac-
erbated by the climate uncertainty predicted by this study.
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