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Abstract

Seasonal temperature and precipitation patterns on a global scale are main factors to which

insects and plants adapt through natural selection, although periodic outbreaks in insect

populations may occur in areas where they had not been previously reported, a phenome-

non considered as a consequence of global warming. In this study, we estimate the distribu-

tion of sugarcane borers, Diatraea spp., under different climate scenarios (rcp26, rcp45,

rcp60 and rcp85.) Insects were collected weekly in four sugarcane fields from four different

towns in the department of Caldas (Colombia) during 2017, and also in several sugarcane

fields in the Cauca River Valley (CRV) between 2010 and 2017. The influence of climatic

variables on different agro-ecological zones of the CRV sugarcane fields was defined by cli-

matic data between 2010 and 2017 (maximum and minimum daily temperatures, and accu-

mulated precipitation). The estimate of an optimal niche for Diatraea spp. includes

temperatures between 20˚C and 23˚C, accumulated annual rainfall between 1200 and 1500

mm, dry months with precipitations below 50 mm, slopes of less than 0.05 degrees, crop

heterogeneity with an index of 0.2 and primary production values of 1.0. Data suggests Dia-

traea population is considerably influenced by adverse climate change effects, under the

premise of an increase in local and global temperatures, reducing its population niches as

well as the number of individuals.

Introduction

The Earth’s temperature has increased 1.8˚C over the past 35 years and the last two decades

have been among the warmest since temperatures began to be recorded. Since the early 80’s,

tons of different crops have been lost annually due to global warming [1, 2]. In some cases,
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however, losses were compensated by higher yields achieved through genetically improved

crops and other technological advances [3]. High seasonal temperatures may become wide-

spread in some areas of Central and South America during the remainder of the century [4],

and temperatures are estimated to increase by 0.4˚C to 1.8˚C by 2020, being more pronounced

in tropical areas. High temperatures (especially when increases exceed 3˚C) may significantly

affect agricultural productivity, representing serious impact to commodity crops for food-inse-

cure populations, with very negative scenarios for some crops more than for others [1, 5].

Increases in pest incidence have been observed in agricultural systems, associated with cli-

mate change events, such as prolonged droughts, hurricanes, heavy and out-of-season rains,

among others. Changes in pest dynamics often pass unnoticed, overshadowed by human disas-

ters caused by such climatic events. And yet, pest outbreaks contribute to incremental losses,

forcing the use of pesticides that usually fail to solve the problem [6, 7].

Seasonal patterns of temperature and precipitation are known to be the main factors deter-

mining organisms distribution at a global scale [8, 9]. Insects and plants adapt to combinations

of these factors through natural selection, although periodic outbreaks of insects have been

documented to occur especially in physically stressed areas as a consequence of global warm-

ing [7]. Due to the response of insect populations to changes in local climate conditions, fluc-

tuations in these populations may serve as indicators of local or global climate change [9].

Temperature may thus be regarded as the most important variable in insect response, consid-

ering its role on biochemical processes and the insect’s dependence on environmental temper-

ature to thermoregulate, thereby affecting infestation dynamics [6, 9–11]. Infestation

dynamics are more notorious with pronounced climate variability events such as El Niño and

La Niña [4, 12, 13]. Consequently, the combination of these factors enables the development of

agrometeorological indices to identify areas of greater and lower risk of climate variability, and

the provision of regional recommendations for future climate variation events [14].

Monitoring studies with a bio-indicator of climate change can play a role in at least two

main fronts: data collected can be used to predict climate change effects and long-term moni-

toring can detect changes in abundance and distribution, an important input in redirecting

management strategies to establish appropriate control measures in advance. Additionally,

data collection and monitoring constitute valuable sources of information on the effects of cli-

mate change in tropical latitudes, where information is insufficient.

The effects on biomass production and sucrose content [15] cause by species belonging to

the Diatraea genus (Lepidoptera: Crambidae) are considered of great economic importance to

sugarcane in the Americas. The damage caused by these sugarcane borers include destruction

of buds in planting material; injury to seedlings, resulting in the so-called ‘dead heart’; and per-

forations to fully developed stalks, reducing internode growth and allowing the propagation of

microorganisms that decrease sucrose content [16]. Even though a great number of studies on

biology and integrated pest management are available, information is lacking on insect’s ecol-

ogy and population dynamics, particularly in relation to climate change effects. To understand

how climate change can affect sugarcane borers distribution, predictive inter- and intra-annual

scale models were applied at the global, national and local scales, aiming to develop a frame-

work to guide pest management decisions, thus reducing levels of uncertainty in the face of

different climate scenarios.

Materials and methods

Insects were collected in western Colombia in the departments of Caldas, Risaralda and Valle

del Cauca. In Caldas, insects were collected during 2017 from fields in four municipalities

(Riosucio, Supı́a, Filadelfia, Neira and Manzanares); whereas in the departments of Risaralda
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and Valle del Cauca, samples were collected from 2010 to 2017 from different municipalities

in what it is known as the Cauca River Valley (CRV), a region that extends from northern

Cauca to southern Risaralda (Fig 1). Larvae were collected in each sugarcane plot by a uniform

2 man-hour sampling effort, following the linear distribution of crop rows. Larvae were then

taken to the laboratory and identified following taxonomic keys [17]. In addition, this infor-

mation was used in combination with the CABI—Invasive Species Compendium (www.cabi.

org)–to increase data on distribution of Diatraea spp. and increasing modeling accuracy.

Climate data (daily precipitation; maximum, minimum and daily temperatures) between

2010 and 2017 were obtained from the 37 weather stations of the Colombian Sugarcane

Research Center (Centro de Investigación de la Caña de Azúcar de Colombia, Cenicaña) located

across the CRV (Fig 1). The distribution map of the weather stations was generated by QGIS

3.6.1, according to coordinates of the different stations.

Missing weather data was generated using Marksim1, which provided daily scale weather

data files (http://gismap.ciat.cgiar.org/MarkSimGCM/). At the same time, open-access weather

portals were consulted such as WorldClim, from which 19 bioclimatic variables were collected

on monthly rainfall and temperature [18]. The variance inflation factor (VIF) was calculated to

analyze correlations between variables [19, 20], providing an index that measures the extent to

which the variance (the square of the estimated standard deviation) increases due to the collin-

earity, which allows for discarding climatic variables that could generate noise through redun-

dancy (Eq (1)).

VIFi ¼
1

1 � R2
i

ð1Þ

Where R2
i is the determination coefficient of the regression equation

Following the VIF analysis, only 6 of the 19 variables provided by WorldClim were used,

plus slope (topographic slope in degrees), slope-aspect (which is defined as the compass direc-

tion to which a slope faces measured in degrees), altitude (meters), vegetation index (VI), ter-

restrial primary production (TPP, gCm2 d1), and TH24 (topographic heterogeneity calculated

for the 24 surrounding cells) [21, 22], and used along with those supplied within the Mod-

estR1 software (http://www.ipezes/ModestR) [23] (Table 1).

Fig 1. Cenicaña’s weather stations in the Cauca River Valley (CRV), Colombia.

https://doi.org/10.1371/journal.pone.0244694.g001
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The global climate model (GCM) BCC_CSM1 from the Beijing Climate Centre was used to

test the climatic variables. The GCM is a fully coupled global climate and carbon model that

includes the interactive vegetation and global carbon cycle, the oceanic component, the terrestrial

component, and the sea-ice component. In addition, according to the Colombian Institute of

Hydrology, Meteorology and Environmental Studies (Instituto de Hidrología, Meteorología y
Estudios Ambientales, IDEAM) this model fits well Colombian meteorological conditions [24].

The exchange of atmospheric carbon with the terrestrial biosphere was calculated at each stage of

the model (20 min) and representative concentration pathways (RCP) were used. These four

paths of greenhouse gas concentration (not emissions), adopted by the International Panel on

Climate Change (IPCC), are used to model climate by describing four possible future climate sce-

narios, based on the amount of greenhouse gas emissions projected for the coming years. These

representative concentration pathways were referenced as rcp26, rcp45, rcp60 and rcp85 [25].

ModestR1 was used to generate distribution maps and analyze the effect of climate vari-

ables on Diatraea spp. distribution. ModestR1 is an R-based program that integrates a combi-

nation of statistics, maximum entropy and Bayesian methods to estimate probable

distributions, subject to restrictions imposed by the environment [26, 27]. The model requires

only presence-absence data, and uses continuous and categorical variables, incorporating

interactions between different variables, allowing assessing the role of each environmental var-

iable, while over-adjustment is avoided using regularizations. The output variable enables

making distinctions among areas (only discrete distinctions however) and can be used in mul-

tiple applications and at all scales [28].

RWizard1 was used to calculate the variable effects of richness, niche, and construction.

The packages used were FactorsR, to identify factors affecting species richness; EnvNicheR, to

estimate the niche of multiple species and environmental conditions favoring greater species

richness; and SPEDInstabR, to obtain the relative importance of the factors that affect species

distribution based on the concept of stability.

Results

Environmental layer

A global environmental layer was generated with each of the variables, using information from

WorldClim (Fig 2) and a local layer with data from weather stations and Marksim1, to

enhance the distribution model (Fig 3). The local layer contains variables BIO1, BIO8, BIO12,

BIO13, BIO14, VI, Slope, Altitude, TH24 (with 5x5 cells and in current conditions) and PP.

Presence maps for Diatraea spp. were generated at global, national and local scales (Fig 4).

Table 1. WorldClim bioclimatic variables.

Code Variable

BIO1 Annual Mean Temperature

BIO8 Mean Temperature of Wettest Quarter

BIO12 Annual Precipitation

BIO13 Precipitation of Wettest Month

BIO14 Precipitation of Driest Month

BIO19 Precipitation of Coldest Quarter.

VI Normalized Vegetation Index

Slope Topographic slope (˚)

Altitude Altitude (masl)

TH24 Topographical heterogeneity, 24 surrounding cells with A 5’ x 5

PP Primary Production

https://doi.org/10.1371/journal.pone.0244694.t001
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Variable contribution

The effect of environmental variables onDiatraea spp. distribution shows direct incidence of

BIO12, VI, BIO19, PP, Slope and BIO1. Although temperature is considered a main factor affecting

insect physiology, precipitation and its association with cloudy conditions can alter navigation in

the nocturnal adult stage, thus becoming a determining factor in movement and distribution in a

given range. Food availability throughout the year and the type of topography are also definite limit-

ing factors. In this analysis altitude did not show up as a limiting factor for pest distribution (Fig 5).

Optimum niche

The analysis of optimal niche estimates indicated that Diatraea spp. may express their maxi-

mum adaptive potential under temperatures between 20˚C and 23˚C, accumulated annual

Fig 2. Global-scale environmental layer using WorldClim. Colors indicate the mixture of BIO1, BIO8, BIO12,

BIO13, BIO14, VI, Slope, Altitude, TH24, PP for each zone in a range of 5’x5’ cell resolution. Green indicates areas of

potential presence of Diatraea spp. and blue indicates areas whose environmental conditions do not guarantee insect´s

life cycle.

https://doi.org/10.1371/journal.pone.0244694.g002

Fig 3. Environmental layer for Caldas department, Colombia. Range of 5’x5’ cell resolution. Dots indicate records of

Diatraea spp. Areas in green, red or yellow have a high probability of having presence of Diatraea spp. Other colors

indicate areas where the insect could be present, but with smaller populations.

https://doi.org/10.1371/journal.pone.0244694.g003
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rainfall between 1200 and 1500 mm, dry months with precipitations below 50 mm, slopes

below 0.05 degrees, crop heterogeneity with an index of 0.2 and primary production values of

1.0. These conditions are similar to those present throughout the year in the CRV and the

Fig 4. Presence points of Diatraea spp. at different scales. a) Western Hemisphere, b) Colombia and c) Department

of Caldas. Dots indicate records of presence.

https://doi.org/10.1371/journal.pone.0244694.g004

Fig 5. Percentage contribution of environmental variables to Diatraea spp. distribution.

https://doi.org/10.1371/journal.pone.0244694.g005
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areas sampled in the department of Caldas. It is noteworthy that the ranges obtained here may

have a greater or lesser amplitude for each environmental variable, facilitating the mobilization

of pest populations towards areas different from those originally occupied (Fig 6).

Diatraea spp. richness

The most notable differences among sites, determining flora and fauna distribution, were

related to soil conditions, topography, altitude, ambient temperature and rainfall. The matrix

analyzed here identified factors and their relative contribution to species richness. The negative

effect of anthropogenic factors such as primary production (PP) and vegetation index (VI)—

even without taking into account effects associated with pest management that were not consid-

ered here—reduced species richness in several potential areas (Fig 7). Polar Coordinates (Eq 2)

suggest high probability of Diatraea spp. dispersion associated to precipitation and slope as the

determinant environmental factors in the movement of adults to colonize new areas (Fig 7).

xnþ1 ¼ xn þ sin ðangle x distanceÞ ynþ1 ¼ yn þ cos ðangle x distanceÞ ð2Þ

Distribution maps

Indications of a possible reduction in the number of niches and therefore in the population of

Diatraea spp. are given by the BCC-CSM1-1 climate change model, projected for a period of

50 years, under the premise of an increase in CO2 and greenhouse gas concentrations, at the

same time that Earth temperatures increase, impacting life cycles and dispersion due to meteo-

rological alterations and changes in the ecosystems (Fig 8). The impact is greater when effects

are projected over 70 years, and where CO2 and greenhouse gas concentrations are projected

to increase global temperature by as much as 1˚C. The estimate is that under these conditions,

Diatraea spp. populations would be reduced by 50% in their current and potential niches (Fig

9).

In Colombia, climate change is expected to affect the dispersion of Diatraea spp. popula-

tions, forcing populations to concentrate in western Colombia and the Caribbean, and chang-

ing pest distribution (currently predominant in southern, central and western parts of the

country). Niche decrease may be greater than 50%, when the climate change model is pro-

jected over a 50-year period (Fig 10). It is important to note that even though the Diatraea pest

complex is a well-recognized sugarcane pest, it is also found in corn, rice, sorghum and some

forage grasses [17]. In addition, models of maximum entropy and climate change show

Fig 6. Estimate of an optimum niche for the establishment of Diatraea spp. In the model, quartiles indicate areas

with environmental conditions favorable for development of Diatraea spp., with those under 50% representing

optimum conditions.

https://doi.org/10.1371/journal.pone.0244694.g006
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reductions of more than 70% in pest populations as a result of changes in water regimes and

winds, radically changing climate dynamics at different scales (macro, meso and micro) (Fig

11). The three departments analyzed (Caldas, Risaralda and Valle del Cauca) in western

Colombia exhibit a notorious reduction of niches and consequently of populations, but sustain

current presence of the insect’s populations in some areas. The highest concentration and pro-

duction of sugarcane in the country is located in the CRV. Therefore, it is very likely that this

region will sustain resources (i.e., plants to feed upon) for Diatraea busckella populations to

prosper during and beyond the next 50 years (Fig 12).

Discussion

Climate data is widely used to model potential geographic species distribution [29, 30] as it

allows the use of a greater number of historical records on the target species and does not pres-

ent inconsistencies between records and shapes used to model. In this way, temporal shapes—

such as vegetation, whose correspondence with target species would require updated informa-

tion on the temporal availability of that shape—can be substituted.

The broadening of Geographic Information Systems and the growth of applied statistical

techniques have allowed the expansion of tools for spatial analysis and species distribution

studies [31–36]. Species distribution models are not only useful to evaluate possible effects of

environmental factors on natural ecosystems, but also on agricultural ones, as well as to high-

light possible population changes on different species commonly associated to these areas,

anticipating pest outbreaks and/or new colonizers.

Initial models described the relationship between climatic phenomena, insect distribution

and behavior through linear relationships [37–44], assuming the area under the curve as a

good representation of the relation between developmental rate and temperature, as in the

Fig 7. Polar coordinates to evaluate the importance of environmental variables in the distribution of Diatraea
spp. BIO1, BIO8, BIO10, BIO12, BIO12, VI, PP, BIO13 and TH24.

https://doi.org/10.1371/journal.pone.0244694.g007
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case of asymmetric, exponential and logistic models [45–47]. In studies on Diatraea saccharalis
F. spatial distribution, in order to propose changes in scouting [48], data was adjusted by Pois-

son distribution, assuming that all individuals have the same probability of occupying a place

in any given space [12], but also using negative binomial distribution, in which occurrence of

individuals limits the presence of others [49]. In our case linear and maximum entropy models

were used [50–56] to improve estimates on minimum developmental threshold.

Descriptions of current exotic flora and fauna of Great Britain reflect a small subset of resi-

dent species in climatologically comparable regions for which important links were established

[57, 58]. Therefore, the way in which climate change can influence future pathways for possible

exotic species needs to be understood, considering that natural dynamics can also be affected

by global warming due to alterations in the accumulation of day-grades for each physiological

process.

Given its tropical location, Colombia is affected by patterns of either bimodal (Andean

region) or unimodal rainfall patterns (eastern Colombia), when El Niño or La Niña conditions

are not present [59]. These patterns determine insect distribution and environmentally-

Fig 8. Distribution of Diatraea spp. in the Western Hemisphere under different climate change (BCC-CSM1-1)

and carbon concentration projections over 50 years. a) current condition, b) rcp26, c) rcp45, d) rcp60, e) rcp85.

Color indicates maximum or minimum presence in a likely niche and under favorable conditions.

https://doi.org/10.1371/journal.pone.0244694.g008
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optimal zones for population development. Invertebrates are particularly sensitive to climatic

conditions, and parameters such as temperature, precipitation, relative humidity and soil

moisture are useful in predicting important events in the growth of pest populations [13, 60].

Our analysis suggests that Diatraea species can colonize new areas, specifically during the

drier months, when precipitation is not a limiting factor for adult distribution, and when

threshold temperatures (ranging from 18 to 26˚C) guarantee full development and determine

successful establishment as food availability is assured (i.e., sugarcane grown all year round).

In this regard and associated with climate change, changes have been determined in pest pro-

files in South Australia [61], changes in the distribution of aphid flights have been noted across

Europe [62], and a destabilization of the tea moth Adoxophyes honmai Yasuda (Lepidoptera:

Tortricidae) outbreak cycles in Japan has been highlighted [63]; demonstrating that due to

their rapid development arthropods are essential to underscore climate changes environmental

impacts at a global scale.

The main expectation concerning recent and projected global climate variability scenarios

will influence the likelihood of species improving the use of available thermal energy for

growth and reproduction. Our analysis of Diatraea species distribution shows a possible

Fig 9. Distribution of Diatraea spp. in the Western Hemisphere under different climate change (BCC-CSM1-1)

and carbon concentration projections over 70 years. a) current condition, b) rcp26, c) rcp45, d) rcp60, e) rcp85.

Color indicates maximum or minimum presence in a likely niche and under favorable conditions.

https://doi.org/10.1371/journal.pone.0244694.g009

PLOS ONE Population dynamics of sugarcane borers, Diatraea spp.

PLOS ONE | https://doi.org/10.1371/journal.pone.0244694 January 15, 2021 10 / 17

https://doi.org/10.1371/journal.pone.0244694.g009
https://doi.org/10.1371/journal.pone.0244694


reduction in the number of niches and therefore in the populations of Diatraea spp. at a global,

national and regional scales, with greater impacts when effects are projected over 70 years. In

agreement to what we found in the Diatraea case, the distribution of the three Penthaleus spe-

cies (Acari: Penthaleidae) in Australia is correlated with different climate variables and suitable

climatic conditions are likely to decrease in the future [64]; but in general positive associations

between climate change and pests increases have been reported; such as the expectation of gen-

eralized increases in fungal, plant and arthropod communities in Great Britain [65]; the expan-

sion of the suitable habitat area for the Colorado potato beetle Leptinotarsa decemlineata
(Coleoptera: Chrysomelidae) and the European corn borer Ostrinia nubilalis (Lepidoptera:

Crambidae) in central Europe [66]; risks of additional generations of the apple moth Cydia
pomonella (Lepidoptera: Tortricidae) in Switzerland [67]; and invasive populations of the Afri-

can fig fly Zaprionus indianus (Diptera: Drosophilidae) colonizing India, after latitudinal

clones of rapid adaptation [68]. In general, changes in phenology and voltinism will require a

change in plant protection strategies but, as illustrated in our work, this will depend on the

Fig 10. Distribution of Diatraea spp. in Colombia under different climate change (BCC-CSM1-1) and carbon

concentration projections over 50 years. a) current condition, b) rcp26, c) rcp45, d) rcp60, e) rcp85. Color indicates

maximum or minimum presence in a likely niche and under favorable conditions.

https://doi.org/10.1371/journal.pone.0244694.g010
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system under study and the conditions, which may benefit some species but be deleterious for

others.

Concluding remarks

Species distribution models, based on statistical and cartographic procedures plus real pres-

ence data, have become a tool for analysis of organisms spatial patterns, making it possible to

infer potentially suitable areas based on favorable environmental conditions. In this sense, data

from natural history collections acquires a new use. Information about species distribution is

increasingly important for a wide range of aspects of decision support and management tac-

tics, such as biodiversity studies, species protection, species reintroduction, exotic species, pre-

diction of potential effects of ecosystem loss or global climate change, etc. Such information is

crucial in constructing species distribution models, as deficiencies in data quality lead to

uncertainty in such models.

Diatraea spp. is strongly influenced by the effects of climate change, not only at a global

and regional scale, but also at the local scale. Under the environmental models evaluated for

Fig 11. Distribution of Diatraea spp. in Colombia under different climate change (BCC-CSM1-1) and carbon

concentration projections over 70 years. a) current condition, b) rcp26, c) rcp45, d) rcp60, e) rcp85. The color chart

indicates maximum or minimum presence in a likely niche under favorable conditions.

https://doi.org/10.1371/journal.pone.0244694.g011
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the next 50 to 70 years, climate change will reduce the species’ population niches as well as

the number of individuals, with reductions that may exceed 70% in comparison to current

records. An optimal niche for the Diatraea species is estimated to require temperatures

between 20˚C and 23˚C, accumulated annual rainfall between 1200 and 1500 mm, dry

months with precipitations below 50 mm, slopes below 0.05 degrees, crop heterogeneity

with an index of 0.2 and primary production values of 1.0. These conditions are similar to

those present throughout the year in the CRV and the municipalities sampled in the Caldas

department.

The present research allows us to give a future approximation on the incidence of a pest

complex that is a mayor limiting factor for sugarcane production, but that also uses alternate

hosts such as rice, corn and other gramineous plants. The species may be present during global

warming scenarios, with reduced populations, but remaining in currently inhabited spaces

and colonizing new places, where conditions are optimal for development. The development

of these models is intended to feed support systems for decision-making and reduce the levels

of uncertainty when looking for new management and pest control practices and for establish-

ing new sugarcane projects in the country.

Fig 12. Distribution of Diatraea busckella under different climate change projections (BCC-CSM1-1) over 50

years in the departments of Caldas (top), Risaralda (middle) and Valle del Cauca (bottom) in southwestern

Colombia. a) current condition, b) rcp26, c) rcp45, d) rcp60, e) rcp85. Color indicates maximum or minimum

presence in a likely niche and under favorable conditions.

https://doi.org/10.1371/journal.pone.0244694.g012
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investigaciones de sanidad vegetal, la Habana. In: Rı́os H, Vargas D, F Funes-Monzote, compilers.

Innovación agroecológica, adaptación y mitigación del cambio climático. La Habana: Instituto Nacional
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nant la distribution géographique des plantes de l’epoque actuelle. Paris: V. Masson. 1855.
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56. Pérez B, Liria J. Modelos de nicho ecológico fundamental para especies del género Thraulodes (Ephe-
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