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RESEARCH

Systems to establish bioclimatic analogies to predict the area of adaptability of 
plant species to new environments: The case of Moringa oleifera Lam. in Chile

Fernando Santibáñez1*, Javier Mendoza1, Carlos Muñoz1, Carolina Caroca1, Paula Santibañez1, 
and Loreto Prat1

Adaptability of a species to new territories is generally assessed by costly trial and error in situ experiments distributed 
throughout different agroclimatic environments. Nowadays climatic data are available to allow the construction of climatic 
maps based on data provided through world or local networks of climatic weather stations. The objective of this work was 
to establish a bioclimatic protocol, based on current and available sources of climate information, to make rapid surveys 
of suitability for plant species in a given environment. Moringa oleifera Lam. species, native from India, was chosen 
considering its rusticity and the increasing interest on this species due to its multiple uses, nutritional value, and medicinal 
properties. The first phase of this work was a compilation of data from climatic downscaling (WorldClim), University of 
East Anglia database (CRU), FAO database, and an historic datasets from Chilean meteorological stations. This information 
was used to test two different models to compare bioclimatic profiles, considering relevant climatic variables for plant 
adaptation: maximum and minimum temperatures, accumulated degree days, frost regime, and air humidity. The first 
approach, based on climatic analogy, was to compare each of these variables between Chilean and foreign localities, and 
the second, based on bioclimatic suitability, focus on the degree of meeting the minimum bioclimatic requirements by the 
species in each locality. This paper provides some tools to make this kind of comparisons. Both approaches were tested 
using M. oleifera as target. Both approaches were complementary and prove to be useful for identifying potential areas 
where the species could be cultivated. The use of these approaches suggested the existence of some bioclimatic suitability 
for this species in the coastal areas with mild winters and frosts, from 27° to 37° S lat. 
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INTRODUCTION

Adaptability of a particular species to a new area of 
cultivation is generally assessed by mean of costly trial 
and error experimental plots distributed throughout 
different bioclimatic environments. At present, there is an 
increasing interest in developing methods to understand 
the ecophysiological basis of plant ecology, in order to 
improve our capacity to understand the potential effects 
of climate change in modifying geographic distribution of 
species (Chabot and Mooney, 1985). Presently, climatic 
data are available from global models and downscaling, 
enabling the construction of high resolution climatic maps 
(Xiaojun et al., 2011), which can be tested with local 
bioclimatic weather stations and satellite information 
(Hijmans et al., 2005). This data can be used to predict 
the performance of any species in a new environment, 
provided that quality databases are available.

	 There is a recent interest in the introduction and 
evaluation of this species that could help in the 
diversification of Chilean agriculture, especially in 
marginal and degraded areas. Moringa (Moringa oleifera 
Lam.) belong to the family Moringaceae, native from the 
Northwestern India (Da Silva et al., 2014), adapts well 
to rustic soils. Common names for the species include 
moringa, drumstick tree, horseradish tree, and miracle 
tree. It is a fast-growing medium-size tree, which has 
been recently domesticated and introduced for cultivation 
in marginal lands of tropical and subtropical dry areas, 
where other agricultural crops are restricted (Nouman et 
al., 2014). But, its cultivation has also been extended to 
Southeast Asia, the Arabian Peninsula, tropical Africa 
(Parrotta, 2009), Australia (Navie and Csurhes, 2010), 
and America, from Mexico to Peru, the Caribbean and 
Florida (Paliwal et al., 2011), and in the Arid Chaco of 
Northern Western Argentina (Ayerza, 2011).
	 The species has attracted increasing interest because 
of its many uses and properties (Anwar et al., 2007). It is 
mainly valued for its edible pods, as potential source of 
biofuels and for its rich content of proteins (Salaheldeen 
et al., 2014). The leaves are also consumed as a fresh 
vegetable. Dried leaf powder can be added to all type of 
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food as a nutritional supplement, due to its high content 
of vitamin C, β-carotene, and protein (Dubey et al., 2013) 
and as a resource for the extraction of plant hormones (de 
Saint Sauveur and Broin, 2010). Other uses of the species 
include oil extraction from seeds which containing until 
70% of oleic acid (Rashid et al., 2008), food for animals, 
pharmacological applications, and flocculant mainly to 
purify water (Mishra et al., 2011).
	 The climate in the center of origin and diversification 
of the species in Northwestern India corresponds to the 
Cwa climate, which is a subtropical climate with a dry 
season, according to Koppen’s classification. Drumstick 
tree adapt to a wide variety of climates ranging from 
-1 to 3 °C for the coldest month to 38 to 48 °C for the 
warmest month, with annual rainfall of at least 500 mm 
(Parrotta, 2009). Optimum production of leaves and fruits 
are attained with average daily temperatures between 26 
and 40 °C (Adebayo et al., 2011). Observations made 
by Paliwal et al. (2011) suggest that plant growth is 
significantly reduced with temperatures below 20 °C and 
grow well within the of annual temperatures range of 15 
to 30 °C. Other authors observed optimal growth between 
18 and 35 °C (Emongor, 2011). The same author describes 
this species as susceptible to frosts. When grown under 
non-irrigation conditions, the species survives well with 
annual rainfall ranging from 250 to 1500 mm (de Saint 
Sauveur and Broin, 2010); however, the authors indicate 
that supplemental irrigation is needed if the annual rainfall 
is less than 800 mm.
	 From the agronomic standpoint, moringa may represent 
a new crop for particular areas of Chile, but because of 
the large bioclimatic diversity of the country (Leubert 
and Pliscoff, 2006; Santibáñez et al., 2014), these areas 
are difficult to identify. Therefore, the identification of 
potential areas of adaptation for this crop is key to further 
evaluate the potential acreage that can be cultivated 
with this species. We used two different protocols to do 
this: bioclimatic analogies were established between 
Chilean and foreign locations where moringa is native 
or where it is grown successfully, and additionally, a 
profile of the minimum bioclimatic requirements for 
growing this species was established to map its potential 
adaptability areas in Chile. The minimum threshold of 
each bioclimatic variable was derived from the present 
geographic distribution of this species. The objective of 
this research was to develop two bioclimatic approaches 
to evaluate Chilean climates in order to establish potential 
zones for growing this species.

MATERIALS AND METHODS

To determine the adaptability of moringa, databases 
available at the Center for Agriculture and Environment 
(AGRIMED), Facultad de Ciencias Agronómicas, 
Universidad de Chile, were used. These databases 
represent a grid that covers much of the Chilean territory 

and where each point condenses relevant bioclimatic 
information interpolated from a network of weather 
stations with reliable time series of information. These 
stations belong to the Dirección Meteorológica de Chile 
(DMC), Dirección General de Aguas (DGA), Instituto 
de Investigaciones Agropecuarias (INIA), various 
Chilean universities, and private entities. Each grid point 
has information on monthly averages and extremes of 
temperature, precipitation, air relative humidity, and solar 
radiation. This primary information was supplemented 
with derived variables such as evapotranspiration, degree-
days, winter chilling hours, number of potential frosts, 
monthly water deficits and surpluses, and others.

Potential growing areas determined using bioclimatic 
analogies of Chile with foreign locations where 
moringa thrives
Foreign reports were used to determine the areas where 
the species is better adapted in the world, mainly in 
India, its center of origin, and Africa. Then using the 
on-line New_LocClim software (FAO, Rome, Italy; 
http://www.fao.org/nr/climpag/pub/en3_051002_en.asp) 
monthly data on temperature, precipitation, day length, 
and heliophany (sunshine hours throughout the day) were 
generated for each foreign location. This system generates 
the information through an interpolation of the “n” nearest 
stations with the nearest neighbor method (Hall et al., 
2008). Using this method, data were generated for each 
foreign location similar to the one available in the Chilean 
databases.
	 The solar radiation at each site was estimated from 
heliophany data, using the Angstrom equation (Yorukoglu 
and Celik, 2006):

where Gr is global solar radiation, Er is the extraterrestrial 
solar radiation or Angot value, which is a function of 
the latitude, n is the real and N the potential heliophany 
(actual and potential sunshine hours per day).
	 The degree-days for each location were calculated 
using a standardized table that provides an estimation 
of daily and monthly degree-days, combining monthly 
maximum and minimum mean temperature. This table was 
derived from hundreds of daily temperature curves used 
to calculate degree-days every 15 min and integrating the 
value across the full day. To prepare this degree-day table, 
meteorological stations between 27°30’ and 40°30’ S lat, 
belonging to the integrated Chilean agrometeorological 
network were used. Daily temperature curves included 
coastal maritime, inland subcontinental, and highland 
bioclimatic regime (Andean ranges). A synthetic table 
was prepared to be used on degree-day calculation for 
bioclimatic comparisons (Table 1).
	 The number of frosts was estimated from the probability 
of having temperatures below 0 °C, assuming a normal 
distribution of the daily minimum temperature within 

Gr = n
NEr * (0.25 + 0.5    )
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each month and from the standard deviation, estimated 
from the average minimum temperature of each month. 
Standard deviation (SD) requires daily temperature data 
that is not always available. To overcome this difficulty 
we provide a table (Table 2) considering four situations: 

A, coastal locations with high oceanic influence (SD = 2); 
B, inland location with medium temperature variability 
(SD = 3); C, inland locations with high temperature 
variability (SD = 4) and D, continental locations with very 
high temperature variability (SD = 5). Highland locations 

Table 1. Daily degree-days above 10 °C on the basis of daily temperature curve (×30 for monthly accumulation).

		  1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	 14	 15	 16	 17	 18	 19	 20

	 11	 0.2	 0.2	 0.2	 0.2	 0.2	 0.2	 0.2	 0.3	 0.3	 0.5	 1.0	 1.5	 2.0	 2.5	 3.1	 3.6	 4.1	 4.6	 5.1	 5.6
	 12	 0.4	 0.4	 0.5	 0.5	 0.5	 0.5	 0.6	 0.6	 0.7	 1.0	 1.5	 2.0	 2.5	 3.0	 3.5	 4.1	 4.6	 5.1	 5.6	 6.1
	 13	 0.7	 0.7	 0.8	 0.8	 0.8	 0.9	 1.0	 1.0	 1.2	 1.5	 2.0	 2.5	 3.0	 3.5	 4.0	 4.5	 5.1	 5.6	 6.1	 6.6
	 14	 1.0	 1.1	 1.1	 1.2	 1.2	 1.3	 1.4	 1.5	 1.6	 1.9	 2.5	 3.0	 3.5	 4.0	 4.5	 5.0	 5.5	 6.1	 6.6	 7.1
	 15	 1.4	 1.4	 1.5	 1.5	 1.6	 1.7	 1.8	 1.9	 2.1	 2.4	 2.9	 3.5	 4.0	 4.5	 5.0	 5.5	 6.0	 6.5	 7.1	 7.6
	 16	 1.7	 1.8	 1.8	 1.9	 2.0	 2.1	 2.2	 2.4	 2.6	 2.9	 3.4	 3.9	 4.5	 5.0	 5.5	 6.0	 6.5	 7.0	 7.5	 8.1
	 17	 2.1	 2.2	 2.2	 2.3	 2.4	 2.5	 2.6	 2.8	 3.0	 3.4	 3.9	 4.4	 4.9	 5.5	 6.0	 6.5	 7.0	 7.5	 8.0	 8.5
	 18	 2.5	 2.6	 2.6	 2.7	 2.8	 2.9	 3.1	 3.3	 3.5	 3.9	 4.4	 4.9	 5.4	 5.9	 6.5	 7.0	 7.5	 8.0	 8.5	 9.0
	 19	 2.9	 3.0	 3.0	 3.1	 3.3	 3.4	 3.5	 3.7	 4.0	 4.4	 4.9	 5.4	 5.9	 6.4	 6.9	 7.5	 8.0	 8.5	 9.0	 9.5
	 20	 3.3	 3.4	 3.5	 3.6	 3.7	 3.8	 4.0	 4.2	 4.4	 4.8	 5.4	 5.9	 6.4	 6.9	 7.4	 7.9	 8.5	 9.0	 9.5	 10.0
	 21	 3.7	 3.8	 3.9	 4.0	 4.1	 4.3	 4.4	 4.6	 4.9	 5.3	 5.8	 6.4	 6.9	 7.4	 7.9	 8.4	 8.9	 9.5	 10.0	 10.5
	 22	 4.1	 4.2	 4.3	 4.4	 4.6	 4.7	 4.9	 5.1	 5.4	 5.8	 6.3	 6.8	 7.4	 7.9	 8.4	 8.9	 9.4	 9.9	 10.5	 11.0
	 23	 4.5	 4.6	 4.7	 4.9	 5.0	 5.2	 5.3	 5.6	 5.9	 6.3	 6.8	 7.3	 7.8	 8.4	 8.9	 9.4	 9.9	 10.4	 10.9	 11.5
	 24	 4.9	 5.0	 5.2	 5.3	 5.4	 5.6	 5.8	 6.0	 6.3	 6.8	 7.3	 7.8	 8.3	 8.8	 9.4	 9.9	 10.4	 10.9	 11.4	 11.9
	 25	 5.4	 5.5	 5.6	 5.7	 5.9	 6.1	 6.3	 6.5	 6.8	 7.3	 7.8	 8.3	 8.8	 9.3	 9.8	 10.4	 10.9	 11.4	 11.9	 12.4
	 26	 5.8	 5.9	 6.0	 6.2	 6.3	 6.5	 6.7	 7.0	 7.3	 7.7	 8.3	 8.8	 9.3	 9.8	 10.3	 10.8	 11.4	 11.9	 12.4	 12.9
	 27	 6.2	 6.3	 6.5	 6.6	 6.8	 7.0	 7.2	 7.5	 7.8	 8.2	 8.7	 9.3	 9.8	 10.3	 10.8	 11.3	 11.8	 12.4	 12.9	 13.4
	 28	 6.6	 6.8	 6.9	 7.1	 7.2	 7.4	 7.7	 7.9	 8.3	 8.7	 9.2	 9.7	 10.3	 10.8	 11.3	 11.8	 12.3	 12.8	 13.4	 13.9
	 29	 7.1	 7.2	 7.3	 7.5	 7.7	 7.9	 8.1	 8.4	 8.7	 9.2	 9.7	 10.2	 10.7	 11.3	 11.8	 12.3	 12.8	 13.3	 13.8	 14.4
	 30	 7.5	 7.6	 7.8	 8.0	 8.1	 8.4	 8.6	 8.9	 9.2	 9.7	 10.2	 10.7	 11.2	 11.7	 12.3	 12.8	 13.3	 13.8	 14.3	 14.8
	 31	 7.9	 8.1	 8.2	 8.4	 8.6	 8.8	 9.1	 9.4	 9.7	 10.2	 10.7	 11.2	 11.7	 12.2	 12.7	 13.3	 13.8	 14.3	 14.8	 15.3
	 32	 8.4	 8.5	 8.7	 8.9	 9.1	 9.3	 9.5	 9.8	 10.2	 10.6	 11.2	 11.7	 12.2	 12.7	 13.2	 13.7	 14.3	 14.8	 15.3	 15.8
	 33	 8.8	 9.0	 9.1	 9.3	 9.5	 9.8	 10.0	 10.3	 10.7	 11.1	 11.6	 12.2	 12.7	 13.2	 13.7	 14.2	 14.7	 15.3	 15.8	 16.3
	 34	 9.3	 9.4	 9.6	 9.8	 10.0	 10.2	 10.5	 10.8	 11.1	 11.6	 12.1	 12.6	 13.2	 13.7	 14.2	 14.7	 15.2	 15.7	 16.3	 16.8
	 35	 9.7	 9.9	 10.0	 10.2	 10.5	 10.7	 11.0	 11.3	 11.6	 12.1	 12.6	 13.1	 13.6	 14.2	 14.7	 15.2	 15.7	 16.2	 16.7	 17.3
	 36	 10.2	 10.3	 10.5	 10.7	 10.9	 11.2	 11.4	 11.7	 12.1	 12.6	 13.1	 13.6	 14.1	 14.6	 15.2	 15.7	 16.2	 16.7	 17.2	 17.7
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Table 2. Estimation of the monthly number of frosts on the basis of minimum monthly temperature (°C) and standard deviation (SD) of 
daily minimum temperature.

		  0	 0.1	 0.2	 0.3	 0.4	 0.5	 0.6	 0.7	 0.8	 0.9

	 0	 19.7	 19.1	 18.5	 17.8	 17.2	 16.6	 16.0	 15.4	 14.8	 14.2
	 1	 8.4	 7.9	 7.5	 7.1	 6.7	 6.3	 5.9	 5.5	 5.2	 4.9
	 2	 2.2	 2.0	 1.8	 1.7	 1.6	 1.4	 1.3	 1.2	 1.1	 1.0
	 3	 0.3	 0.3	 0.3	 0.2	 0.2	 0.2	 0.2	 0.2	 0.2	 0.2
	 4	 0.2	 0.1	 0.1	 0.1	 0.1	 0.1	 0.1	 0.1	 0.1	 0.1
	 5	 0.1	 0.1	 0.1	 0.1	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0
	 6	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0
	 7	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0

(A)   SD = 2   Oceanic areas

		  0	 0.1	 0.2	 0.3	 0.4	 0.5	 0.6	 0.7	 0.8	 0.9

	 0	 19.7	 19.3	 18.8	 18.4	 17.9	 17.5	 17.0	 16.6	 16.2	 15.7
	 1	 11.2	 10.8	 10.5	 10.1	 9.7	 9.4	 9.0	 8.7	 8.4	 8.0
	 2	 5.0	 4.8	 4.5	 4.3	 4.1	 3.9	 3.7	 3.5	 3.4	 3.2
	 3	 1.7	 1.6	 1.5	 1.4	 1.3	 1.3	 1.2	 1.1	 1.0	 1.0
	 4	 0.4	 0.4	 0.4	 0.4	 0.3	 0.3	 0.3	 0.3	 0.2	 0.2
	 5	 0.1	 0.1	 0.1	 0.1	 0.1	 0.1	 0.1	 0.1	 0.0	 0.0
	 6	 0.1	 0.1	 0.1	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0
	 7	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0

(B)   SD = 3   Inland, low temperature variability

		  0	 0.1	 0.2	 0.3	 0.4	 0.5	 0.6	 0.7	 0.8	 0.9

	 0	 19.7	 19.4	 19.0	 18.7	 18.3	 18.0	 17.6	 17.3	 16.9	 16.6
	 1	 13.0	 12.6	 12.3	 12.0	 11.7	 11.4	 11.1	 10.8	 10.5	 10.2
	 2	 7.4	 7.2	 6.9	 6.7	 6.5	 6.3	 6.1	 5.8	 5.6	 5.5
	 3	 3.6	 3.5	 3.3	 3.2	 3.1	 2.9	 2.8	 2.7	 2.6	 2.5
	 4	 1.5	 1.4	 1.4	 1.3	 1.2	 1.2	 1.1	 1.1	 1.0	 1.0
	 5	 0.5	 0.5	 0.5	 0.4	 0.4	 0.4	 0.4	 0.3	 0.3	 0.3
	 6	 0.2	 0.1	 0.1	 0.1	 0.1	 0.1	 0.1	 0.1	 0.1	 0.1
	 7	 0.1	 0.1	 0.1	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0

(C)   SD = 4   Inland, high temperature variability

		  0	 0.1	 0.2	 0.3	 0.4	 0.5	 0.6	 0.7	 0.8	 0.9

	 0	 19.7	 19.4	 19.2	 18.9	 18.6	 18.3	 18.0	 17.7	 17.4	 17.2
	 1	 14.1	 13.9	 13.6	 13.3	 13.1	 12.8	 12.6	 12.3	 12.1	 11.8
	 2	 9.2	 9.0	 8.8	 8.6	 8.4	 8.2	 8.0	 7.8	 7.6	 7.4
	 3	 5.4	 5.3	 5.1	 5.0	 4.8	 4.7	 4.5	 4.4	 4.3	 4.1
	 4	 2.9	 2.8	 2.7	 2.6	 2.5	 2.4	 2.3	 2.2	 2.2	 2.1
	 5	 1.4	 1.3	 1.3	 1.2	 1.2	 1.1	 1.1	 1.0	 1.0	 0.9
	 6	 0.6	 0.6	 0.5	 0.5	 0.5	 0.5	 0.4	 0.4	 0.4	 0.4
	 7	 0.2	 0.2	 0.2	 0.2	 0.2	 0.2	 0.2	 0.2	 0.1	 0.1
	 8	 0.1	 0.1	 0.1	 0.1	 0.1	 0.1	 0.1	 0.1	 0.1	 0.0

(D)   SD = 5   Continental, high temperature variability
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	 Each foreign location of reference was compared 
with the Chilean data, calculating variable by variable 
the positive or negative deviations in each of these five 
variables. As each variable was measured in different units, 
which were not equivalent, they should be standardized to 
make comparisons. To do this, significant deviation for 
each variable (δs) was established. These unit diversions 
corresponded to a significant difference between two 
values of the same variable. Thus, all differences were 
measured in comparable units. Using this approach, 
an Index of Bioclimatic Analogy (Iba) was generated, 
assuming that two locations are similar if the sum of the 
absolute significant deviations is smaller, according to the 
following equation:

where, νe is the value of each variable in the foreign 
location, νc is the value of the same variable in the 
Chilean location and δs is the magnitude of the significant 
deviations for the n variables. Considering that bioclimatic 
interactions are very complex, translation of climatic 
differences into ecophysiological effects are difficult to 
establish based on each climatic variable. A more systemic 
consideration requires the use of ecophysiological models 
that are not available for moringa. To overcome this 
difficulty the establishment of significant deviations, 
which represent big enough climatic variations, can be 
used to create changes in the adaptability of the species 
under evaluation. In the case of the thermal regime, we 
considered 2 °C as a significant difference, which represent 
about 15% of change in the growing rate. In the case of 
accumulated degree-days we considered 250 degree-days 
as a significant deviation. This amount represents about 
10% to 15% of the total annual requirement of moringa. 
In several plant species, variations of this magnitude may 
cause significant phenological changes and reproductive 
disruptions (Liu et al., 2011).
	 The Chilean territory was divided in small quadrants 
corresponding to a regular 10 × 10 km geographic grid. 
Using ArcGIS software (Esri, Redlands, California, USA), 
the climatic information of five selected variables was 
extracted from a detailed climatic cartography obtained by 
topoclimatic models that interpolate variables on the basis 
of topography (digital elevation model), distance to the 
coast, altitude and latitude. This database was provided 
by an ongoing project aimed to create high-resolution 
climatic maps for the Chilean territory (Vulnerability 
and Adaptation to Climate Extremes in the Americas, 
VACEA). The Iba index was calculated in each point of 
the geographic grid using several foreign locations. The 
smaller the Iba value the greater the bioclimatic analogy 
between two locations. The Iba resulting from this process 
was mapped with the ArcGIS 10 software, which allowed 
the identification of those Chilean locations that showed 
the highest degree of bioclimatic similarity with each one 
of the locations where moringa grows well abroad.

above 2500 m normally have low temperature variability 
(SD 2 or 3).
	 From the available bibliographic information, five key 
variables were identified to better assess the potential 
adaptability of this species: the maximum temperature of 
the warmest month, the minimum temperature of coldest 
month, annual degree-days (Dd), relative humidity, and 
number of frosts. These variables were calculated in 
selected foreign areas suitable for this species (Table 
3). Climates at the center of origin of this species have 
maximum temperatures during the growing cycle of 25 
°C and minimum temperature of 15 °C. These thresholds 
were considered as close to the optimum for this species. 
The lower minimum temperature during the growing 
cycle was close to 10 °C and the higher minimum 
temperature, close to 25 °C. In the case of the maximum 
temperature, the highest was close to 35 °C, and the 
lowest close to 18 °C. 
	 Most plant species have Q10 values close to 2.0 (Owen 
and Tjoelker, 2003; Wythers et al., 2013), which mean 
that the respiration rate is halved when the temperature 
drops 10 °C below the optimal temperature. This reduces 
in about the same proportion the growth rate and the 
biomass production (Brown et al., 2004). Considering 
that respiration is the main driver of plant growth, we 
could suppose a proportional reduction on the growing 
rate which fit well with the empirical data provided by 
growth rate curves of most cultivated species, where 
the distance among minimum growing temperature (10 
°C for most subtropical species) and optimum growing 
temperature (30 °C) is about 20 °C. This implies a growth 
rate of change of about 5% per degree Celsius for the 
suboptimal interval. In the case of the supra-optimal 
interval, the distance among optimal and maximal 
growing temperature (40 °C) is close to 10 °C, which 
suggest a rate of change of 10% per degree Celsius in the 
supraoptimal range. Considering the whole interval of 
growing temperature, between minimum and maximum 
growing temperature, a mean change of 7.5% of the 
growing rate per °C can be considered.

Nairobi, Kenya	 26.3	 10.8	 2.593	   0
Tooseng, South Africa	 28.1	   4.4	 2.560	   6
Gyalzing, India	 19.7	   3.0	    0.963	 18
Ramnagar, India	 35.4	   8.3	 4.217	   0
Namphada, India	 28.1	   6.8	 3.184	   0
Nirjuli, India	 32.4	   9.8	 4.448	   0
Sonapur, India	 31.7	 10.5	 4.492	   0
Bareilley, India	 33.7	   8.6	 4.438	   0
Dehradun, India	 30.3	   6.0	 3.468	   1
Gorakhpur, India	 32.7	   9.8	 4.564	   0
Shimla, India	 21.0	   1.8	 1.121	 32
Keur Momar, Senegal	 30.7	 15.1	 5.448	   0
Accra, Ghana	 27.2	 22.7	 5.679	   0
Niamey, Niger	 34.0	 16.1	 5.977	   0
Culiacan, Mexico	 35.7	 12.3	 5.313	   0

Table 3. Climatic characterization of foreign locations where 
moringa is well adapted.

Location Tmax Degree-day
ºC

Nr of frostsTmin

Iba = [ ]1
n ∑

n-nv 

n=1

abs (ven - vcn)
δsn
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Potential growing areas determined using a bioclimatic 
profile meeting minimum requirements
The target of this second approach was to establish the 
set of minimum climatic requirements of the species, 
based on the analysis of more restrictive zones were the 
species grow successfully. This allows the determination 
of a minimum set of climatic conditions required for an 
adequate growth of the species. Once established this 
set of conditions, the system searches for those Chilean 
locations that meet or are close to these conditions. To 
do this, bioclimatic requirements were established based 
on the information available in the literature and in the 
climatic characteristics of the areas of the world where 
moringa grows successfully. For each variable, three 
levels of compliance were established: (i) Restrictive, 
the value above which moringa probably will not grow; 
(ii) Limiting, a range of values within which there are 
some probability for moringa to grow; and (iii) Optimum, 
values above which moringa grows well, considering that 
there are at least some cultivated areas in the world having 
the same conditions. The minimum set of bioclimatic 
conditions for moringa is shown in Table 4. 
	 At each point of the Chilean territory, we determined 
the months of the year that met the minimum conditions, 
which enable us to determine the period of the year 
suitable for moringa growth (Monthly Suitability Index, 
Sm). The Sm index was assigned with a number, depending 
on the degree of compliance with the minimum climatic 
requirements, using the following evaluation scale: 0, a 
month having at least one climatic variable within the 
restrictive range; 1, a month having at least one climatic 
variable within the limiting or range; 2, a month in which 
the minimum climatic requirements are fully met. 
	 The score of each month is Sm and, for the full year, 
in each point of the climatic grid (location) the Annual 
Suitability Index (Sa) was established by accumulating 
monthly scores: 

where the divisor 24 was used to normalize a 0-2 monthly 
scale (annual maximum of 24) to unitary score (annual 
maximum = 12).
	 In many areas, however, there may be a summer 
period with good conditions for the growth of a particular 
species, but in winter, cold weather may threaten the 
survival of the species. To cope with this situation, the 
analysis should include a combination of the index for 

both periods and, therefore, a winter survival index was 
also calculated. To calculate the Winter Survival Index 
(Wsi), the assumption, based on the analysis of present 
cultivated areas, was made that moringa will not thrive in 
sites with more than 15 frost events in a year and that the 
species survival is optimal in places without frosts. Thus 
the Wsi as calculated according the following relation:

Wsi = (Ntf - Nf)/Ntf

where, Ntf is the number of maximum annual tolerated 
frosts by the species; Nf is the number of frosts that occur 
each year at a particular site. The index varies among 
1 (optimum condition) and 0 (maximum restriction). 
Locations with frost events higher than Ntf were evaluated 
as Wsi = 0, no negative values were considered. In the case 
of moringa Ntf was estimated in 15 (maximum observed 
in cultivated areas).
	 Once Sa and Wsi were calculated, it was assumed 
that either one that fell out of the recommended ranges, 
completely abolish the bioclimatic suitability of a location 
to grow moringa. Taking these into consideration, a 
Bioclimatic Suitability Index (IBS) was calculated from 
the product of both values:

IBS = Sa – Wsi

IBS was calculated at each grid point and mapped with 
ArcGIS to generate a spatial view of the areas with higher 
potential to grow moringa.

RESULTS AND DISCUSSION

Even being a subtropical species, moringa has some 
ecophysiological characteristics which relate well with 
Chilean climates. She tolerates moderate drought periods 
(Rivas et al., 2013), fresh but not cold winters, and high 
luminosity and recovers well from minor frost, but does 
not tolerate severe frosts. For these reasons, subtropical 
species do not have many problems in adapting to 
Mediterranean temperate climates, having milder winters, 
which is the case of central Chile. The main threat 
of moringa in central Chile is survival facing frosts, 
mainly those of polar characteristics which can reach 
temperatures as low as -5 °C in lowlands and foothills of 
the Andean range. Despite this potential limitation, there 
are some coastal areas which combine continental and 
maritime attributes, allowing them to have hot summers 
together with mild winters. It seems that these areas 
could host successful Moringa plantations under irrigated 
conditions. 

Potential growing areas determined using bioclimatic 
analogies of Chile with foreign locations where 
moringa thrives well
The range of world climates where moringa thrives well 
shows that this species has plasticity, allowing its adaptation 
to varying climatic conditions (Emongor, 2011). Some 
of the locations where the species is well adapted show 
similarities with coastal interior locations, having mild 

Sa = Sm/24∑
12

1

Maximum temperature, ºC	 < 15	 15-22	 > 22
Minimum temperature, ºC	 < 6	 6-12	 > 12
Number of frosts	 > 15	 0-15	 0
Relative humidity, %	 < 30	 30-50	 > 50
Annual degree days (t > 10 °C)	 1000		  > 2500

Table 4. Minimum, limiting, and optimum bioclimatic requirements 
of moringa.

Variable Restrictive OptimumLimiting
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winters in the Chilean territory. These areas have warm 
summers due to declining sea air that passes through the 
coastal hills, warming during descent. Considering the 
annual basis, Chilean localities potentially suitably for 
moringa, have less accumulated degree-days compared 
with the zone of origin of this species. This is due to 
longer winter duration, season where the rate of degree-
day accumulation markedly slows down in Chile. This fact 
could not be a real limitation considering that subtropical 
species have the capacity to induce a physiological cold 
acclimation after exposed to temperatures below 10 °C for 
short periods. Several subtropical species may lower in 
some extent, its temperature requirements as consequence 
of this phenomenon (Gusta et al., 2005) when they are 
introduced in temperate climate. There are evidences that, 
outside their origin areas, plant species can grow and 
reproduce in places where they can satisfy their thermal 
requirements for at least some fraction of the temperature 
cycle (Criddle et al., 2005). For this reason, in many 
cases, maximum temperature is more important than 
mean temperature when analyzing climatic suitability for 
a specific species. Table 3 shows the bioclimatic profiles 
of some selected cultivated areas.
	 Cooler locations correspond to the foothills of the 
Himalayas, where it is not uncommon to find winters with 
temperatures below 5 °C as the average of the coldest 
month (Table 3). Despite this, the climates that more 
resemble some of the climates found in Chile correspond 
to Nairobi (Kenya) and Tooseng (South Africa), with 
Proximity Indices lower than 1.5, indicating a significant 
degree of analogy with some Chilean locations. Figures 
1 and 2 show the values of Proximity Index of these 
locations along the Chilean territory located between 
Chañaral (26°20’ S lat) and Angol (37°50’ S lat). The 
maps show a consistent similarity of Nairobi with the 
coastal area of the Atacama Region, between Caldera and 
Chañaral, while Tooseng resembles the higher areas of the 
Copiapó and Vallenar valleys. The largest difference for 
both locations lies in the accumulated degree-days, which 
is considerably lower in Chile, while the number of frost 
in Chile tends to be somewhat higher. Overall, based on 
bioclimatic analogies, it can be concluded that in Chile, 
some coastal areas from Atacama to Biobío Regions 
having climatic proximity with Nairobi and Tooseng, may 
be suitable for commercial moringa plantations.

Potential growing areas determined using a bioclimatic 
profile of minimum requirements
The method based on bioclimatic analogies is quite safe, 
but sometimes it is likely that the reference locations 
may exceed the requirements of the species, as have 
been shown to occur with other species, when these 
types of comparisons are made. When two locations 
are bioclimatically similar, any species will grow 
successfully at both locations. Conversely, when two 
locations do not exhibit bioclimatic similarities, this does 

not exclude the possibility that a particular species can 
be successfully transferred to the other. This is due to the 
inherent adaptive plasticity that any given species may 
show. This issue has been systematically addressed by the 
bioclimatic modelers of plant distribution (Luoto et al., 
2005; Heikkinen et al., 2006; Araújo and Peterson, 2012; 
Notaro et al., 2012; Booth, 2014). Normally envelope 
bioclimatic models tend to neglect the capacity of plant 
species to adapt to suboptimal climatic contexts.
	 To evaluate this second possibility, a different 
approach was used, where minimum thresholds of 
tolerance are determined for each climatic variable for 
a given species. These thresholds can be established 
based on experimental evidence or by looking at the most 
extreme climatic situations where the species thrives well 
within the current worldwide geographic adaptation of 
the species. This type of approach was used in Argentina 
(Falasca and Bernabé, 2009) to find possible areas of 

Figure 1. Map of bioclimatic analogy between Nairobi (Kenya) and 
Chile. Lower index means higher degrees of analogy with the foreign 
zone.
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climatic adaptation for Moringa in the Provinces of 
Chaco, Corrientes, and Formosa. A similar approach was 
used in Spain (Godino et al., 2012) to find the potential 
area of moringa adaptation to the coast of Andalucía and 
Murcia.
	 To find the areas where moringa will be better adapted 
in Chile, the Sa, based on the fulfillment of minimum 
climatic requirements during the growing season, was 
calculated using a communal database. To further explore 
the potential areas of adaptability of the species, the IBS 
was calculated by multiplying Sa by the Wsi (Figure 3).
	 This analysis confirms the possibility of finding 
bioclimatically favorable areas in the coastal Regions 
of Atacama, Coquimbo, Valparaíso, Libertador General 
Bernardo O’Higgins and in the inner dry areas of the 
Region of Maule. All this locations show less available 
degree-days than the African and Asian locations, 
however, all these areas appear as locations where 

moringa adaptability is likely to occur. The reduced 
availability of degree-days should not be reflected in plant 
growth, but rather in the ability of the species to complete 
its reproductive cycle (producing fruits and seeds), which 
is not necessarily the goal when growing this species.
	 One limitation of this system is that it requires the 
availability of robust and reliable bioclimatic databases, 
which may not be available everywhere. When these 
databases are available, the system could also serve as 
an indicator for monitoring changes in the bioclimatic 
environment of a given species due to the climate change 
that is gradually occurring in most parts of the world 

Figure 2. Map of bioclimatic analogy between Tooseng (South Africa) 
and Chile. Lower index means higher degrees of analogy with the 
foreign zone.

Numbers indicate number of months meeting the minimum bioclimatic 
requirements in each polygon (commune).

Figure 3. Bioclimatic suitability index. Reflects bioclimatic conditions 
during the growing season and winter survival possibilities. Higher 
index represents more suitability for moringa. 
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(IPCC, 2013). Also, these indices allow to establish 
areas where a given species could be cultivated outdoors 
without problems (if having a growing season longer 
enough and high possibilities of winter survival) or where 
some type of crop protection is required for the success of 
the crop (if winter survival is unlikely). 

CONCLUSIONS

The proposed systems, based on simple and robust 
bioclimatic indices, shows great potential for estimating 
the potential adaptability of a given species to a particular 
environment. The Bioclimatic Potential Index, based on 
the meeting of the minimum bioclimatic requirements 
of a species, allows the evaluation of the chances of 
success in the introduction of a given species to a 
new area. The underlying hypothesis of this approach 
is that for the biological success of a species, it is 
sufficient that the minimum requirements are met for 
all determinant variables. The second approach, looking 
for multiparametric identity among two locations 
or bioclimatic analogy, does not indicate very close 
similarities between Chilean locations and locations 
where moringa grows satisfactorily in different areas of 
the world. Despite this fact, there are several areas in Chile 
that meets all the minimum bioclimatic requirements of 
the species during several months. This indicates that this 
species could have, in these areas, a period long enough to 
be productive. The bioclimatic suitability index resumes 
the existence of a viable growing period, with a mild frost 
regime allowing the plant to survive the winter. According 
this index, the areas that show the largest potential for the 
adaptability of this species include some coastal areas 
with mild winters from 27° to 37° S lat. 
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