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Spittlebugs (Hemiptera: Cercopidae) are the main tropical pests in Central and South
America of cultivated pastures. We aimed to estimate the potential distribution of
Aeneolamia varia, A. lepidior, A. reducta, Prosapia simulans, Zulia carbonaria, and Z.
pubescens throughout the Neotropics using ecological niche modeling. These six insect
species are common in Colombia and cause large economic losses. Records of these
species, prior to the year 2000, were compiled from human observations, specimens
from CIAT Arthropod Reference Collection (CIATARC), Global Biodiversity Information
Facility (GBIF), speciesLink (splink), and an extensive literature review. Different ecological
niche models (ENMs) were generated for each species: Maximum Entropy (MaxEnt),
generalized linear (GLM), multivariate adaptive regression spline (MARS), and random
forest model (RF). Bioclimatic datasets were obtained from WorldClim and the 19
available variables were used as predictors. Future changes in the potential geographical
distribution were simulated in ENMs generated based on climate change projections for
2050 in two scenarios: optimistic and pessimistic. The results suggest that (i) Colombian
spittlebugs impose an important threat to Urochloa production in different South
American countries, (i) each spittlebug species has a unique geographic distribution
pattern, (iii) in the future the six species are likely to invade new geographic areas even in
an optimistic scenario, (iv) A. lepidior and A. reducta showed a higher number of suitable
habitats across Colombia, Venezuela, Brazil, Peru, and Ecuador, where predicted risk is
more severe. Our data will allow to (i) monitor the dispersion of these spittlebug species,
(i) design strategies for integrated spittlebug management that include resistant cultivars
adoption to mitigate potential economic damage, and (iii) implement regulatory actions
to prevent their introduction and spread in geographic areas where the species are not
yet found.

Keywords: ecological niche modeling, climatic change, pest distribution, future risk, Aeneolamia, Zulia, Prosapia,
Brachiaria
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INTRODUCTION

In the neotropics wide areas are planted in grasses, being
Urochloa spp. P. Beauv. (syn. Brachiaria spp.) the most extensive
forage monoculture (Ghimire et al., 2015; Worthington et al.,
2021). Its economic impact is estimated at USD12.4 million
in Mexico, Central America, Colombia, and Brazil, the largest
contribution comes from U. brizantha (Hochst. ex A. Rich.) R.D.
Webster cv. Marandu in Brazil with USD 6.3 million (White et al.,
2013). The major biotic stress affecting forage production and
its quality in this region is caused by spittlebugs (Hemiptera:
Cercopidae). A large group of species causes severe damage
in susceptible grasslands (Cardona et al., 2004) with economic
losses estimated at USD 840-2,100 million per year in all host
crops (Thompson, 2004).

Although spittlebugs are found in most terrestrial ecosystems,
the tropics are the most diverse ecozone harboring 70% of known
species (Thompson, 2004; Dietrich, 2009). In the Neotropics,
species are reported from the southeastern United States to
northern Argentina (Peck and Thompson, 2008). Different
spittlebug species coincide in each country. The main species
that occur in Brazil are from the genus Mahanarva (Distant,
1909), Notozulia (Berg, 1879) and Deois (Fennah, 1949) (Resende
et al., 2012). In Mexico, the species Aeneolamia albofasciata
(Lallemand, 1939), A. contigua (Walker, 1851), and A. postica
(Walker, 1858) are major pests of sugarcane and grasses (Cardona
et al., 2004; Thompson and Leén Gonzalez, 2005; Parada
Dominguez et al., 2019). Whereas in Colombia the predominant
species are A. varia (Fabricius, 1787), A. lepidior (Fowler, 1897),
A. reducta (Lallemand, 1924), Prosapia simulans (Walker, 1858),
Zulia carbonaria (Lallemand, 1924), and Z. pubescens (Fabricius,
1803) (Peck, 2001).

Climate change can modify the distribution of species by
expanding their presence to new locations and disappearing from
previously suitable areas (Hughes, 2000). Anthropic movement,
land-use change, environmental degradation (e.g., habitat loss
and fragmentation) and biotic interactions (e.g., competition,
species introduction, and plant host distribution) produced by
the on-going climate change are factors that influence this
distribution (Wagner et al, 2021). Insects are well-known
for being particularly susceptible to environmental changes of
temperature, humidity, radiation, and resource availability driven
by those factors (Larson et al., 2019). Processes that homogenize
and simplify the landscapes as extensive agriculture, allow the
growth of pests over native species (Cardoso et al., 2020). Several
studies in recent years have warned about the decline of insect
populations to extinction caused by changes in the seasonality
and, consequently, in their life cycles. This reduction in the
populations has great impact over the ecosystems as the loss of
abundance and richness of species continue to occur (Hallmann
et al., 2017; Goulson, 2019; Halsch et al., 2021).

Despite insect pest outbreaks are expected for the short term
(Heeb et al, 2019; Liu and Shi, 2020), its severity may not
be evenly increased due to the narrow environmental niche
requirements, physiological tolerances of insects, and differential
effects of climate variables on their life cycle (Lehmann et al,
2020). Previous models show an increase in suitable areas

for pest species in Europe, e.g., Helicoverpa zea (Lepidoptera:
Noctuidae), Aleurocanthus spiniferus (Hemiptera: Aleyrodidae),
under climate change scenarios (Griinig et al., 2020). Thus,
characterizing the effect of climate change in Colombian
spittlebugs geographic distribution and identifying niches where
these species would become key pests is important in the
transition to more sustainable livestock systems.

In this context, ecological niche models (ENMs) provide an
approximation to estimate potential geographical zones with
environmental conditions that a species requires to maintain
its populations (Peterson et al., 2011). This tool is widely used
in insect pest management programs to anticipate unknown
distributional areas, geographic potential of invasive species, and
response to changing environmental conditions (Peterson and
Soberon, 2012). ENMs can be built based on occurrence data
(inductive or correlative niche models; Elith and Leathwick,
2009) or based on physiological data [deductive or mechanistic
niche models; (Kearney and Porter, 2009)]. For spittlebugs
associated with grasses, we identified only two studies focused on
changes in suitability of geographical areas under climatic change
scenarios. The first, based on physiological data of Mahanarva
spectabilis (Distant) (Fonseca et al., 2016), and the second, based
on occurrence data of four Mahanarva species (Schobel and
Carvalho, 2020).

This paper responds to the need to know whether A.
varia, A. lepidior, A. reducta, P. simulans, Z. carbonaria,
and Z. pubescens are potential key pests in new sites under
climate change scenarios that consider the impact of human
activities. Hence, spittlebug ENMs contribute to the development
of adaptation strategies for tropical America climate-smart
perennial grasslands, and sugarcane production, by addressing
the need for shift toward more sustainable pest management
practices (Macfadyen et al., 2018). For instance, adoption
of cultivars with host plant resistance incorporated in high
suitability predicted areas, or establishment of susceptible
crops in low suitability sites, within intensive livestock and
agriculture systems.

Our main objective was to determine the current distribution
of these six species and estimate the potential distribution under
two future climate scenarios via ecological niche methods based
on presence-only data.

MATERIALS AND METHODS

Occurrence Data

Information about occurrence records of A. lepidior, A. reducta,
A. varia, P. simulans, Z. carbonaria, and Z. pubescens were
collected from a variety of sources: (1) human observations,
(2) CIAT’s Arthropod Reference Collection (CIATARC), (3)
websites Global Biodiversity Information Facility (GBIF.org.,
2020a,b,c,d,e) and speciesLink (https://splink.cria.org.br/), and
(4) from extensive scientific papers revision (Hamilton, 1977;
Avila de Moreno and Umaia, 1988; Peck, 1998; Sdenz et al,
1999; Cardona et al., 2000; Peck et al., 2001; Rodriguez Chalarca
et al., 2002; Rodriguez Chalarca et al., 2003; Ferrer et al., 2004;
Castro et al,, 2005; Castillo, 2006; Valbuena, 2010; Figueredo
et al., 2012; Matabanchoy Solarte et al., 2012; de la Cruz-Zapata
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et al., 2016; Garcia-Gonzalez et al., 2017; Paladini et al., 2018).
Human observations data were obtained from CIAT historical
records. These were captured by CIAT’S entomology department
expert sampling in different locations. To georeference records
from CIATARC without coordinates but with known location
data, first, the geographic information available was verified and
corrected according to National Statistics Offices (e.g., DANE
to Colombia) and GeoNames (https://www.geonames.org/),
second, coordinates were obtained via GoogleMaps (https://
www.google.com/maps). A cleansing process was performed to
this first base, removing the duplicates (i.e., more than one
occurrence record in 10 km?) and the records after the year 2000
to preserve the same temporal distribution between distribution
data and climate data.

Climatic Data

Elevation layer and 19 bioclimatic layers (bio_1 to bio_19)
were obtained from Worldclim from 1970 to 2000 using
raster::getData function. For the current climate data, the Version
2 Bioclimatic variables with a spatial resolution of 2.5 min were
selected (Fick and Hijmans, 2017) with the aim of maintaining
the same spatial resolution of the species georeferenced (Sillero
and Barbosa, 2021). To extract values from the bioclimatic layers,
the extract function was used. Finally, the species names were
combined with coordinates (latitude, longitude), bio_1 to bio_19,
and elevation values into a single data.frame.

Ecological Niche Models

All analyses were performed in R studio version 4.1.0 (R. Core
Team, 2021) according to Naimi and Araujo (2016) methodology
(https://www.biogeoinformatics.org/), using the package sdm
(Naimi and Araujo, 2019; R. Core Team, 2021).

Collinear Variables Removal

To prevent any multicollinearity-related bias in the models,
a collinearity test among bioclimatic variables was performed
using the vifstep function. Collinearity describes the situation
where two or more predictor variables in a statistical model are
linearly correlated (Alin, 2010). Therefore, it could inflate both
the standard error and the confidence intervals, and prevent
the determination of the significance of each variable on the
dependent variable (Quinn and Keough, 2002). Variables with
VIF (Variance Inflation Factors; Chatterjee and Hadi, 2006)
values < 0.7 were selected for the subsequent analyzes. We
created a sdmData object including species and previously
selected variables, which means low collinearity, as predictors.
Approximately 1,000 ‘pseudo-absences’ points were randomly
selected over the study geographical area for each species using
argument method=‘gRandom’. Pseudo-absence refers to cells in
which the species has not yet been recorded, not to cells in which
the species is necessarily absent (Phillips et al., 2009).

Model Fitting

We used four species distribution models to predict the
distribution of each spittlebug species under study. All
models were based on presence and pseudo-absence data:
Maximum Entropy (MaxEnt), Generalized Linear Model (GLM),

Multivariate Adaptive Regression Spline (MARS), and Random
Forest (RF) models. MaxEnt was used as default settings since
it has shown the ability to achieve good performance as a
default (Phillips and Dudik, 2008). Models are fitted with sdm
function using two replication techniques (subsampling and
bootstrapping) establishing 70% of the occurrence data as
training data and 30% as test data. This process was repeated 3
times. As a result of our methodological procedure, a total of
24 different projections (4 models * 2 replication techniques * 3
repetitions) were generated for each species.

Model Prediction and Ensemble

We consider the accessible area of species under study as the
entire neotropical ecoregion and that the species do not have
restrictions since in this ecoregion there is a large pasture
monoculture for livestock and it has a wide sugarcane planted
area where cercopids can be established (Jank et al., 2014; Schobel
and Carvalho, 2021). The hypothesis was that climate change will
impact or lead to an increase of future potential distributions of
the species under study. Models obtained were used to estimate
the current distribution in South America using the predict
function from the sdm package. This function allows making a
raster object with predictions from several fitted models (Naimi
and Araujo, 2016). All 24 predictions were ensemble in one using
the ensemble function which provides a consensus of multiple
models. By combining projections from different models, errors
tend to be canceled out thus aiding predictive accuracy (Diniz-
Filho et al., 2010).

Model Evaluation

To evaluate model outputs, we used the receiver operated
characteristics, analyzing the area under curve (AUC) (Fielding
and Bell, 1997) and the true skill statistic (TSS) (Allouche et al.,
2006). The AUC value is a standard method to assess the accuracy
of predictive distribution models, AUC values below 0.7 were
considered poor, 0.7-0.9 moderate, and >0.9 good (Aratjo et al.,
2005). TSS compares the number of correct forecasts, minus
those attributable to random guessing, to that of a hypothetical
set of perfect forecasts. TSS values close to one denote an ideal
prediction; values of zero or less denote a prediction that is not
better than random (Allouche et al., 2006). For each species, the
relative importance of bioclimatic variables selected based on
multicollinearity analysis and AUC metric were plotted.

Future Distribution Model

To build future potential distribution, we used the BCC-
CSM2-MR global climate model from the Coupled Model
Intercomparison Project 6 [CMIP6; available for use in
the  WorldClim  (https://www.worldclim.org/data/cmip6/
cmip6climate.html); (O’'Neill et al, 2016)] and two shared
socio-economic pathways [(SSP); (1) SSP126: an optimistic
scenario increasing shift toward sustainable practices with low
greenhouse gas concentration levels and (2) SSP585: a pessimistic
scenario that assumes an energy intensive, fossil-based economy
with increasing greenhouse gas emissions over time (O’Neill
et al.,, 2017; Riahi et al.,, 2017)] in a 2.5-min resolution. Habitat
suitability was modeled using selected previously bioclimatic
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layers under each SSP scenario. In this study, only one time
period was used for near future prediction: 2050 (average
for 2041-2060). To quantify the change between current and
future distribution, maps were converted from probability of
occurrence to presence and absence. For this, the mean threshold
(occurrence probability values) was used in the ifelse function
which allows reviewing the probability values. If the probability
values are greater than or equal to the average threshold, the new
value assigned is 1 (presence) and if the probability value is less
on the average threshold, the new value assigned is 0 (absence).
Later, the current distribution raster was subtracted from the
future distribution raster, as a result, possible extinction and
invasion were plotted.

RESULTS

In total 590 occurrence records were obtained: 115 from human
observations, 299 from CIATARC, 108 from GBIF, 24 from
SpeciesLink, and 44 from literature review. After data cleansing,
48, 186, 19, 71, 55, and 120 points were used for A. lepidior, A.
reducta, A. varia, P. simulans, Z. carbonaria, and Z. pubescens,
respectively. Maps showing the occurrence records, estimation
of current distribution and future potential distribution (2041-
2060) under SSP126 - SSP585 scenarios, and comparison between
current and future scenarios (change SSP126 and SSP585) are
presented in Figures 1-6. Suitable areas and suitability values
as well as bioclimatic layers selected based on multicollinearity
analysis differed according to the species in the study (Figure 7).
Consequently, probability of occurrence (i.e., suitability) in the
niches of each species as a function of two most representative
biovariables (Figure 8) varied according to species. In general,
the ensembled models reached acceptable values for metrics used
to evaluate ENMs accuracy (see Supplementary Table S1). The
most used, AUC and TSS metrics, showed high scores for all
species under study indicating robust performance (Figure 9).

A. lepidior occurred in southern and central Costa Rica,
central Panama, and northern Colombia. The ENM estimated
a suitable area in central and north Colombia and some areas
of Venezuela (AUC 0.97 £ 0.05, TSS 0.80 + 0.1) (Figure 1).
Bioclimatic layers with high contribution were isothermality
(bio_3) and temperature seasonality (bio_4), showing high
suitability with high values of bio_3 (>70 %) and low values
of bio_4 (<77.45%) (Figure 7). Averages of AUC and TSS (£
SD) were 0.97 £ 0.05 and 0.80 % 0.1, respectively (Figure9,
Supplementary Table S1). A considerable increase in suitability
is expected for large areas of Amazonas ecoregion of Peru,
Venezuela, and the north of Brazil even in the optimistic
scenario, with possible invasions in those sites and western
Ecuador, northeastern Peru and northern Bolivia (Figure 1).
Also in Panama, Costa Rica, and, in the pessimistic scenario, in
Guatemala and Belize. Small areas in a few sites of the Pacific
coast of Central America and tropical South America show a
decrease in suitable areas for this species.

A. reducta occurred in Costa Rica, central Panama, and central
and northern Caribbean Colombia. Fewer records were obtained
in northwestern Venezuela and northern Brazil. The ENM

estimated a suitable area in southern Costa Rica and Panama,
as well as Eastern Ranges and Caribbean coast in Colombia,
and Andean Venezuela (Figure 2). Bioclimatic layers with high
contribution were minimum temperature of coldest month
(bio_6) and isothermality (bio_3), showing high suitability with
high values of both bio_6 and bio_3 (Figure 7). Average of AUC
and TSS (£ SD) was 0.94 & 0.01 and 0.88 £ 0.05, respectively.
An increase in suitable areas and possible invasions are expected
for the future optimistic scenario in Colombian and Venezuelan
Llanos and Colombian Caribbean region. In the pessimistic
scenario, Amazonas ecoregion of Peru and Brazil, along with
some sites in southern Costa Rica, Panama, Dominican Republic,
and Mexico are predicted to be susceptible to new invasions
(Figure 2).

A. varia occurred in central and southwestern Colombia
and northwestern Venezuela. The ENM estimated a suitable
area in Amazonas ecoregion of Colombia, Venezuela, and
northern Brazil, and a smaller region in northern Peru (Figure 3).
Bioclimatic layers with high contribution were precipitation of
the coldest quarter (bio_19), temperature seasonality (bio_4),
and precipitation seasonality (bio_15) (Figure 7). Average AUC
and TSS (£ SD) was 0.97 £ 0.01 and 0.89 £ 0.05, respectively.
A decrease in suitable areas is expected for future scenarios
compared to the same sites in current sites. Also, extinction is
predicted in a few areas of Colombian and Venezuelan Llanos
(Figure 3).

P. simulans was the most widespread species in this
study. Occurrence records were obtained mostly from North
America (Mexico) and Central America, with fewer records
in western Colombia (Figure 4). Bioclimatic layers with high
contribution were precipitation of the wettest month (bio_13)
and precipitation of the coldest quarter (bio_18), showing high
suitability with values <1,060 of bio_18 and values between 468
and 900 of bio_13 (Figure 7). Average of AUC and TSS (£ SD)
was 0.91 £ 0.06 and 0.73 £ 0.12, respectively. ENMs showed
more habitats in South America and a small area in the Pacific
Coast of Central America but with low suitability. An increase in
suitability and possible invasions for small areas of Brazil Cerrado
in both scenarios, along with Venezuelan Llanos in the optimistic
scenario, and a noticeable decrease in Costa Rica is expected
(Figure 4).

Z. carbonaria has been recorded only in western Colombia,
across central Andes. The ENM estimated higher suitability
in Colombian and Ecuadorian Andes (middle tropic) and the
Amazonian Piedmont of Colombia, decreasing its values to zero
in Colombian and Venezuelan Llanos (low tropic) (Figure 5).
Bioclimatic layers with high contribution were isothermality
(bio_3) and precipitation seasonality (bio_15), showing high
suitability with values close to 40 of bio_15 and high values of
bio_15 (Figure 7). Average of AUC and TSS (£ SD) was 0.99 +
0.02 and 0.93 £ 0.07, respectively. A decrease in suitability for
the Amazonian Piedmont of Colombia and the Andes is expected
(Figure 5).

Finally, Z. pubescens occurred widely in western and central
Andes of Colombia, northern Ecuador and western Brazil,
including Amazon and Cerrado biogeographic zones. Fewer
records were obtained in southern Peru and northern Suriname
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(Figure 6). Bioclimatic layers with high contribution were
temperature seasonality (bio_4) and precipitation seasonality
(bio_15), showing high suitability with low values of bio_4 (<10)
and values close to 40 of bio_15 (Figure 7). Average of AUC and

TSS (£ SD) was 0.89 £ 0.03 and 0.66 % 0.09, respectively. An
increase in suitability is expected for some areas of Ecuador, Peru,
and Brazil in both climate change scenarios, being greater in the
pessimistic scenario (Figure 6).
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DISCUSSION

In our study ENMs of the occurrence data had a high grade
of accuracy given the sample size of five species, except for
A. varia, for modeling (>25 records) (van Proosdij et al,
2016; Schobel and Carvalho, 2020). Despite small sample sizes
methodologies based on calculation p-values through Jackknife
are implemented in the SDM R package used in this study
(Naimi and Araujo, 2016), more records may increase the model
accuracy (van Proosdij et al., 2016). Low records for spittlebugs
were previously reported for Mahanarva in Brazil (Schobel and
Carvalho, 2020) being underrepresented in occurrence databases.
This phenomenon was also observed for the six species studied as
most of the records were obtained from CIATARC collection and
expert’s reports through the years (human observation).

The ENMs also revealed differences in the distribution and
ecological niche of the six spittlebug species in South America
showing that these species ecological niche varies widely in
the Neotropic, and has the potential to invade large areas,
where livestock systems coincide. A. reducta y A. lepidior have
great potential to impact grassland mainly in Colombian and
Venezuelan Llanos where susceptible pastures (e.g., Urochloa
decumbens) and sugarcane are planted in large areas. Another
ecoregion where these two species have high suitability is the
Amazonian ecoregion in Colombia and Brazil, where livestock
extensive systems are increasing indiscriminately.

The evidence showed that Z. pubescens is distributed in a
wide altitudinal range (8-3225 m.a.s.l) but with a local reduced
temperature seasonality. Elevation has been reported as the
most important variable with the highest contribution in the
ENM:s in other spittlebugs (Schobel and Carvalho, 2020). Few
species have such a wide altitudinal range, which allows us
to propose two hypotheses: (1) Z. pubescens presents extreme
thermal limits and (2) the species presents geographically
separated populations. A case of biotypes is observed for the
spittlebug Calitettix versicolor in China, which diverged in two
lineages consistent with biogeographical regions separated by
Hengduan Mountains (Yang et al., 2016). Similarly, this could
be happening with Z. pubescens influenced by the Colombian
Andes. Although the species is reported in Brazil (27 occurrence
records; average of 400 m.a.s.l), the suitability values are lower
than in Colombia and Ecuador (93 occurrence records; average
of 1079 m.a.s.l.). The higher number of records in the highlands
of Colombia and Ecuador could be causing an overestimation
of the occurrence probability at these areas over the records
of Cerrado places in Brazil, this would explain the current
potential distribution estimated, and also could be reflecting the
possible existence of, at least, two populations with different
ecological niches.

The position of a species within an ecosystem is determined
by the interactions with their biotic and abiotic environment
(Polechova and Storch, 2019). Tropical spittlebugs have a
seasonal dynamic strongly synchronized with rainfall patterns.
For instance, Z. carbonaria and A. reducta in Colombia,
P. simulans in Colombia and Venezuela, D. flavopicta in Brazil,
as well as A. contigua and A. contigua in Mexico, reduce diapause
rates and a higher abundance of nymphs is observed after rain

season start (Peck et al., 2001, 2002; Sujii et al., 2002; Olan-
Herndndez et al., 2016). Hence, a strong effect of the biovariables
12 to 19 in the models, related with precipitation, in the
models was expected but in our estimations, the distribution of
habitat suitability of these six species also involved environmental
variables related to temperature suggesting that variables derived
from temperature has a strong effect on the biology of these
species. For P. simulans, precipitation was more important
than temperature to determine its distribution with a relative
importance over 0.4 for precipitation of the wettest month,
thus, greater probabilities of occurrence happen in precipitation
between 500 and 940 mm. In general, the habitat suitability
estimated for two-dimensional niches was low as the biovariables’
relative importance varied among all the species with values
below 0.4 (Figure 8). Similar results were obtained by Schobel
and Carvalho (2020) in ENM of four Mahanarva species showing
that most of the WorldClim variables did not contribute to
their analysis and that for M. fimbriolata and M. spectabilis the
biovariables had contribution percentages from 15 to 27%.
Regarding the climate change scenarios proposed, we found
that these have a significant influence on the potential
distribution of the species in study, increasing the suitability value
and suitable area for some (mainly for A. reducta and A. lepidior)
or decreasing them for others (A. varia). Previous studies showed
a declining tendency in suitability for Mahanarva across Central
and South America (Fonseca et al., 2016; Schobel and Carvalho,
2020) and Philaenus spumarius in North America (Karban and
Huntzinger, 2018). Global warming and longer drought periods
contribute to accelerate this phenomenon as spittlebug biology
is highly dependent on plant water status. Being xylem feeders,
they require excessive amounts of sap which flow is subject to
transpiration (Novotny and Wilson, 1997). Under water stress
conditions transpiration rates decrease as well as food availability
for spittlebugs, particularly in the nymphal stages. Besides, these
conditions may affect nymph thermoregulation by foam or
“spittle” production, composed mainly of excreted semi-digested
plant fluid, fatty acids, carbohydrates, mucopolysaccharides, and
proteins produced by Malpighian tubules (Rakitov, 2002; Tonelli
et al., 2018). Since the six species are Urochloa spp. key pests,
a future limitation of ecological niche in future scenarios in
livestock production zones should be taken into account as
improved resistant grasses to spittlebug attack and increase the
number of forage species are considered a sustainable strategy
for the livestock systems under climate change (Rao et al,
2016; Schiek et al., 2018). Competition can influence species
future distribution as well. Despite reaching the spittlebug
habitat’s food limits is unlikely (Schobel and Carvalho, 2020),
the variation among species’ life cycles may determine the
success of one species over others. A. reducta was reported
for the first time in 2019 in Cauca River Valley, Colombia
(Hernandez et al, 2021) where A. varia is a key pest of
sugarcane and P. simulans of signalgrass [Urochloa decumbens
cv. Basilisk; (Rodriguez Chalarca et al., 2003; Gomez, 2007)].
In Colombian Caribbean coast, A. reductas entire life cycle is
shorter (45.2 days) compared with A. varia (62 days) or P.
simulans (71.9 days) in Cauca River Valley conditions (Peck
et al., 2002; Rodriguez Chalarca et al., 2003; Castro Valderrama
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et al,, 2011). Thus, A. reducta can coexist or even displace
these two species in sugarcane and signalgrass for potentially
having more generations per year in the region where ~208
thousand ha of sugarcane was harvested in 2018 (Asocana.,
2019).

The current study contributes to the ecological knowledge of
spittlebugs, which will be useful in the development of prevention
and control strategies for this pest in South America. Finally,
we suggest carrying out studies of physiology and genetics
of populations to determine the thermal limits of the species
and to corroborate if there are genetic divergences between
geographically separated populations.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

LH and PE contributed to the data collection, data
curation, analysis and interpretation of maps, manuscript
preparation, and supervision. DF contributed to data
collection and manuscript preparation. VC contributed to
manuscript preparation. JC contributed to interpretation
and manuscript preparation. MG-J contributed to data
collection, interpretation of maps, and manuscript preparation.
All authors contributed to the article and approved the
submitted version.

REFERENCES

Alin, A. (2010). Multicollinearity. Wiley Interdiscip. Rev. Comput. Stat. 2, 370-374.
doi: 10.1002/wics.84

Allouche, O., Tsoar, A., and Kadmon, R. (2006). Assessing the accuracy
of species distribution models: prevalence, kappa and the true skill
statistic (TSS). J. Appl. Ecol., 43, 1223-1232. doi: 10.1111/j.1365-2664.2006.0
1214.x

Aratjo, M. B., Pearson, R. G., Thuiller, W., and Erhard, M. (2005). Validation of
species-climate impact models under climate change. Glob. Change. Biol. 11,
1504-1513. doi: 10.1111/.1365-2486.2005.01000.x

Asocafa. (2019). Aspectos generales del sector agroindustrial de la cana
2018 - 2019. Informe Anual. Available online at: https://www.asocana.
org/documentos/2352019-DOCA1EED-00FF00,000A000,878787,C3C3C3,
O0FOFOF, B4B4B4, FFOOFF,2D2D2D, A3C4B5.pdf (accesed June 15, 2021).

Avila de Moreno, C., and Umafia, M. I. (1988). Aspectos De La Biologia y
patogenicidad del hongo Metarhizium anisopliae (Metchnikoft) Sorokin, sobre
Aeneolamia varia (F). Rev. ICA. 23, 155-161.

Cardona, C., Fory, P., Sotelo, G., Pabon, A., Diaz, G., and Miles, J. W. (2004).
Antibiosis and tolerance to five species of spittlebug (Homoptera: Cercopidae)
in Brachiaria spp.: implications for breeding for resistance. J. Econ. Entomol. 97,
635-645. doi: 10.1093/jee/97.2.635

Cardona, C., Sotelo, G., and Miles, J. (2000). Avances en investigaciones sobre
resistencia de Brachiaria a salivazo. Gramineas y Legum. Trop. IP.-5, 1-8.

Cardoso, P., Barton, P. S., Birkhofer, K., Chichorro, F., Deacon, C., Fartmann,
T., et al. (2020). Scientists’ warning to humanity on insect extinctions. Biol.
Conserv. 242:108426. doi: 10.1016/j.biocon.2020.108426

Castillo, S. (2006). Uso de Metarhizium anisopliae para el control biolégico del
salivazo (Aeneolamia spp. y Prosapia spp.) en pastizales de Brachiaria decumbens
en El Petén, Guatemala. (master’s thesis). Escuela de Posgrado, Programa

FUNDING

This work was funded by the CGIAR Research Program on
Livestock. The funders had no role in the design of the study; in
the collection, analyses, or interpretation of data; in the writing
of the manuscript, or in the decision to publish the results. We
also acknowledge the financial assistance of GROW Colombia
from the UK Research and Innovation (UKRI) Global Challenges
Research Fund (GCRF) (BB/P028098/1).

ACKNOWLEDGMENTS

We would like to thank the person who enriched the spittlebugs
collection deposited in CIATARC: Daniel Peck. Also, to the
organizations that allowed the use of their data for our research:
GBIF and SpeciesLink. This work was carried out as part of the
CGIAR Research Program on Livestock. We thank all donors
who globally support our work through their contributions to
the CGIAR System. CGIAR is a global research partnership for
a food-secure future. Its science is carried out by 15 Research
Centers in close collaboration with hundreds of partners across
the globe. We also thank the reviewers for their constructive
comments that helped to improve the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fsufs.
2021.725774/full#supplementary-material

de Educacion para el Desarrollo y la Conservacion del Centro Agronémico
Tropical de Investigacion y Ensefanza, Turrialba, Costa Rica.

Castro Valderrama, U., Cuardn, V. L., Ramirez Sanchez, G., Bustillo Pardey, A. E.,
and Gémez Laverde, L. A. (2011). Resistencia varietal en el manejo del salivazo
de la caria, Aeneolamia varia (F.) (Hemiptera: Cercopidae). Método de medicién
en la cafia de azicar. Cali, Colombia: Cenicafia.

Castro, U., Morales, A., and Peck, D. C. (2005). Dindmica poblacional y
fenologfa del salivazo de los pastos Zulia carbonaria (Lallemand) (Homoptera:
Cercopidae) en el Valle geogréfico del Rio Cauca, Colombia. Neotrop. Entomol.
34, 459-470. doi: 10.1590/S1519-566X2005000300015

Chatterjee, S., and Hadi, A. S. (2006). Regression Analysis by Example, Vol. 607.
Hoboken, NJ: John Wiley & Sons. doi: 10.1002/0470055464

de la Cruz-Zapata, G., Garcia-Lopez, E., Sdnchez-Soto, S., Bautista-Martinez,
N., Ortiz-Diaz, J. J., and Osorio-Osorio, R. (2016). Identidad de mosca
pinta (Hemiptera: Cercopidae) y sus hospederas en cafaverales en Cardenas,
Tabasco, México. Southwest. Entomol. 41, 145-152. doi: 10.3958/059.041.0116

Dietrich, C. H. (2009). “Auchenorrhyncha: (Cicadas, Spittlebugs, Leathoppers,
Treehoppers, and Planthoppers),” In Encyclopedia of Insects, eds. V. Resh
and R. Cardé (San Diego, California: Academic Press Inc.), 56-64.
doi: 10.1016/B978-0-12-374144-8.00015-1

Diniz-Filho, J. A. F., Nabout J. C,, Bini, L. M., Loyola, R. D., Rangel, T. F., Nogues-
Bravo, D,, et al. (2010). Ensemble forecasting shifts in climatically suitable areas
for Tropidacris cristata (Orthoptera: Acridoidea: Romaleidae). Insect Conserv.
Divers. 3,213-221. doi: 10.1111/j.1752-4598.2010.00090.x

Elith, J., and Leathwick, J. R. (2009). Species distribution models: ecological
explanation and prediction across space and time. Annu. Rev. Ecol. Systema.
40, 677-697. doi: 10.1146/annurev.ecolsys.110308.120159

Ferrer, F., Arias, M., Trelles, A., Palencia, G., Navarro, J. M., and Colmenarez, R.
(2004). Posibilidades del uso de nematodos entomopatdgenos para el control de
Aeneolamia varia en cana de azicar. Manejo Integr. Plagas y Agroecol. 72, 39-43

Frontiers in Sustainable Food Systems | www.frontiersin.org

15

November 2021 | Volume 5 | Article 725774


https://www.frontiersin.org/articles/10.3389/fsufs.2021.725774/full#supplementary-material
https://doi.org/10.1002/wics.84
https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.1111/j.1365-2486.2005.01000.x
https://www.asocana.org/documentos/2352019-D0CA1EED-00FF00,000A000,878787,C3C3C3,0F0F0F,B4B4B4,FF00FF,2D2D2D,A3C4B5.pdf
https://www.asocana.org/documentos/2352019-D0CA1EED-00FF00,000A000,878787,C3C3C3,0F0F0F,B4B4B4,FF00FF,2D2D2D,A3C4B5.pdf
https://www.asocana.org/documentos/2352019-D0CA1EED-00FF00,000A000,878787,C3C3C3,0F0F0F,B4B4B4,FF00FF,2D2D2D,A3C4B5.pdf
https://doi.org/10.1093/jee/97.2.635
https://doi.org/10.1016/j.biocon.2020.108426
https://doi.org/10.1590/S1519-566X2005000300015
https://doi.org/10.1002/0470055464
https://doi.org/10.3958/059.041.0116
https://doi.org/10.1016/B978-0-12-374144-8.00015-1
https://doi.org/10.1111/j.1752-4598.2010.00090.x
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

Hernandez et al.

Distribution Colombian Spittlebugs Niche Modeling

Fick, S. E., and Hijmans, R. J. (2017). WorldClim 2: new 1-km spatial resolution
climate surfaces for global land areas. Int. J. Climatol. 37, 4302-4315.
doi: 10.1002/joc.5086

Fielding, A. H., and Bell, J. F. (1997). A review of methods for the assessment of
prediction errors in conservation presence/absence models. Environ. Conserv.
24, 38-49. doi: 10.1017/50376892997000088

Figueredo, L., Andrade, O., Cova, J., Mora, O., and Aza, G. (2012). Distribuciéon
espacio temporal de ninfas de Aeneolamia varia fabricius (1787) (Hemiptera:
Cercopidae) en cafia de azticar a través de un sistema de informacién geogréfica.
Entomotropica. 27, 7-18.

Fonseca, M. G., Auad, A. M., Resende, T. T., Hott, M. C., and Borges, C. A. V.
(2016). How will Mahanarva spectabilis (Hemiptera: Cercopidae) respond to
global warming? J. Insect Sci. 16, 1-6. doi: 10.1093/jisesa/iew005

Garcia-Gonzalez, J. C., Lopez-Collado, J., Gilberto, C., Villanueva-Jiménez, J. A.,
and Nava-Tablada, M. A. (2017). Factores bidticos, abiodticos y agronémicos
que afectan las poblaciones de adultos de mosca pinta (Hemiptera: Cercopidae)
en cultivos de cafa de azucar en Veracruz, México. Acta. Zooldgica Mex. 33,
508-517. doi: 10.21829/azm.2017.3331152

GBIF.org. (2020a). (10 August 2021) GBIF occurrence download, A. reducta.
doi: 10.15468/dl.sjr4w9

GBIF.org. (2020b). (10 August 2021) GBIF occurrence download, P. simulans.
doi: 10.15468/dl.xsf4dz

GBIF.org. (2020c). (10 August 2021) GBIF occurrence download, Z. carbonaria.
doi: 10.15468/dl.sw7esa

GBIF.org. (2020d). (10 August 2021) GBIF occurrence download, Z. pubescens.
doi: 10.15468/dl.zesguw

GBIF.org. (2020e). (10 August 2021) GBIF occurrence download, A. lepidior.
doi: 10.15468/d1.47jagb

Ghimire, S., Njarui, D., Mutimura, M., Cardoso, J. A., Johnson, L., Gichangi, E.
M., et al. (2015). “Climate-smart Brachiaria grasses for improving livestock
production in East Africa,” in 23rd International Grassland Congress 2015 (New
Delhi: New South Wales Department of Primary Industry), 361-370.

Gomez, L. A. (2007). Manejo del salivazo Aeneolamia varia en cultivos de cana de
azucar en el valle del rio Cauca. Valle del Cauca, Colombia. Available online
at:  http://www.cenicana.org/pdf/carta_trimestral/ct2007/ct2y3_07/ct2y3_07_
p10-17.pdf. (accessed April 16, 2021).

Goulson, D. (2019). The insect apocalypse, and why it matters. Curr. Biol. 29,
R942-R995. doi: 10.1016/j.cub.2019.06.069

Griinig, M., Mazzi, D., Calanca, P., Karger, D. N., and Pellissier, L. (2020). Crop
and forest pest metawebs shift towards increased linkage and suitability overlap
under climate change. Commun. Biol. 3, 1-10. doi: 10.1038/s42003-020-0962-9

Hallmann, C. A, Sorg, M., Jongejans, E., Siepel, H., Hofland, N., Schwan, H., et al.
(2017). More than 75 percent decline over 27 years in total flying insect biomass
in protected areas. PLoS ONE. 12, €0185809. doi: 10.1371/journal.pone.0185809

Halsch, C. A., Shapiro, A. M., Fordyce, J. A., Nice, C. C., Thorne, J. H., Waetjen, D.
P., etal. (2021). Insects and recent climate change. Proc. Natl. Acad. Sci. U. S. A.
118, 1-9. doi: 10.1073/pnas.2002543117

Hamilton, K. G. A. (1977). Review of the world species of Prosapia
Fennah (Rhynchota: Homoptera: Cercopidae). Can. Entomol. 109, 621-630.
doi: 10.4039/Ent109621-4

Heeb, L., Jenner, E., and Cock, M. J. W. (2019). Climate-smart pest management:
building resilience of farms and landscapes to changing pest threats. J. Pest Sci.
92, 951-969. doi: 10.1007/510340-019-01083-y

Hernandez, L. M., Bonilla, X, and Espitia-Buitrago, P. (2021). Primer registro de
Aeneolamia reducta (Hemiptera: Cercopidae) en el Valle del Cauca (Colombia).
Boletin del Mus. Entomol. la Univ. del Val. 20, 1-6.

Hughes, L. (2000). Biological consequences
the signal al- ready apparent? Trends
doi: 10.1016/S0169-5347(99)01764-4

Jank, L., Barrios, S. C., do Valle, C. B., Simedo, R. M., and Alves, G. F. (2014). The
value of improved pastures to Brazilian beef production. Crop. Pasture. Sci. 65
1132-1137. doi: 10.1071/CP13319

Karban, R., and Huntzinger, M. (2018). Decline of meadow spittlebugs, a
previously abundant insect, along the California coast. Ecology. 99, 2614-2616.
doi: 10.1002/ecy.2456

Kearney, M., and Porter, W. (2009). Mechanistic niche modelling: Combining
physiological and spatial data to predict species’ ranges. Ecol. Lett. 12, 334-350.
doi: 10.1111/j.1461-0248.2008.01277.x

of global
Ecol.  Evol.

warming: Is
15, 56-61.

Larson, E. L., Tinghitella, R. M., and Taylor, S. A. (2019). Insect hybridization and
climate change. Front. Ecol. Evol. 7. doi: 10.3389/fev0.2019.00348

Lehmann, P., Ammunét, T., Barton, M., Battisti, A., Eigenbrode, S. D., Jepsen, J. U.,
and Bjorkman, C. (2020). Complex responses of global insect pests to climate
warming. Front. Ecol. Environm. 18, 141-150. doi: 10.1002/fee.2160

Liu, Y., and Shi, J. (2020). Predicting the potential global geographical
distribution of Two Icerya species under climate change. Forests. 11, 684.
doi: 10.3390/f11060684

Macfadyen, S., McDonald, G., and Hill, M. P. (2018). From species distributions
to climate change adaptation: Knowledge gaps in managing invertebrate
pests in broad-acre grain crops. Agric. Ecosyst. Environ. 253, 208-219.
doi: 10.1016/j.agee.2016.08.029

Matabanchoy Solarte, J. A., Bustillo Pardey, A. E., Castro Valderrama, U., Mesa
Cobo, N. C., and Moreno Gil, C. A., (2012). Eficacia de Metarhizium anisopliae
para controlar Aeneolamia varia (Hemiptera: Cercopidae), en cafia de aztcar.
Rev. Colomb. Entomol. 38, 177-181.

Naimi, B., and Araujo, M. B. (2016). Sdm: A Reproducible and Extensible
R Platform for Species Distribution Modelling. Ecography. 39, 368-75.
doi: 10.1111/ecog.01881

Naimi, B., and Araujo, M. B. (2019). Package “sdm.” R CRAN Proj. 1-10.

Novotny, V., and Wilson, M. R. (1997). Why are there no small species among
xylem-sucking insects? Evol. Ecol. 11, 419-437. doi: 10.1023/A:10184328
07165

Oldn-Hernandez, J. F., Sdnchez-Soto, S., Bautista-Martinez, N., Zaldivar-Cruz, J.
M., and Cortez-Madrigal, H. (2016). Fluctuacién poblacional de Aeneolamia
contigua (WALKER) en el cultivo de cafa (Saccharum spp.) en Tabasco,
Meéxico. Agroproductividad. 9, 10-14.

O’Neill, B. C., Kriegler, E., Ebi, K. L., Kemp-Benedict, E., Riahi, K., Rothman, D. S.,
et al. (2017). The roads ahead: Narratives for shared socioeconomic pathways
describing world futures in the 21st century. Glob. Environ. Chang. 42, 169-180.
doi: 10.1016/j.gloenvcha.2015.01.004

O'Neill, B. C., Tebaldi, C., Vuuren, D. P. V., Eyring, V., Friedlingstein, P.,
Hurtt, G., and Sanderson, B. M. (2016). The scenario model intercomparison
project (ScenarioMIP) for CMIP6. Geosci. Model Dev. 9, 3461-3482
doi: 10.5194/gmd-9-3461-2016

Paladini, A., Domahovski, A. C., Krinski, D., and Foerster, L. A. (2018). Reports
of new wing color polymorphism and taxonomic information to cercopids
(Auchenorrhyncha: Cercopidae) from upland rice crop, Pard state, Brazil.
Brazilian J. Biol. 78, 728-735. doi: 10.1590/1519-6984.175519

Parada Dominguez, O., Alatorre Rosas, R., Guzman-Franco, A. W., Herndndez
Rosas, F., Rojas Avelizapa, L. I, and Ruiz Vera, V. M. (2019). Effect of
entomopathogenic nematodes on nymphs of Aeneolamia albofasciata and its
persistence in sugarcane soils of Veracruz. Rev. Mex. Ciencias Agricolas. 22,
115-127. doi: 10.29312/remexca.v0i22.1863

Peck, D., Perez, A., and Medina, J. (2002). Biologia y hébitos de Aeneolamia reducta
y A. lepidior en la costa caribe de Colombia. Pasturas Trop. 24, 16-26.

Peck, D. C. (1998). Use of Alternative Food Plants Exclusively by Adult
Male Froghoppers (Homoptera: Cercopidae). Biotropica. 30, 639-644.
doi: 10.1111/j.1744-7429.1998.tb00103.x

Peck, D. C. (2001). Diversidad y distribucion geogréfica del salivazo (Homoptera:
Cercopidae) asociado con gramineas en Colombia y Ecuador. Rev. Colomb.
Entomol. 27, 129-136.

Peck, D. C,, Castro, U., Lopez, F., Morales, A., and Rodriguez Chalarca, J. (2001).
First records of the sugar cane and forage grass pest, Prosapia simulans
(Homoptera: Cercopidae), from South America. Florida Entomol. 84, 402-409.
doi: 10.2307/3496499

Peck, D. C., and Thompson, V. (2008). “Spittlebugs (Hemiptera:Cercopoidea),” In
Encyclopedia of entomology, ed. J. Capinera (Dordrecht: Springer), 3512-3515.

Peterson, A. T., and Soberdn, J. (2012). Species distribution modeling and
ecological niche modeling: getting the concepts right. Natureza ¢ Conservacao.
10, 102-107. doi: 10.4322/natcon.2012.019

Peterson, A. T. Soberén, J., Pearson, R. G., Anderson, R. P., Martinez-
Meyer, E., Nakamura, M., et al. (2011). Ecological Niches and Geographic
Distributions.  Princeton, NJ; Oxford: Princeton University Press.
doi: 10.23943/princeton/9780691136868.003.0003

Phillips, S.J., and Dudik, M. (2008). Modeling of species distributions with Maxent:
new extensions and a comprehensive evaluation. Ecography. 31, 161-175.
doi: 10.1111/j.0906-7590.2008.5203.x

Frontiers in Sustainable Food Systems | www.frontiersin.org

16

November 2021 | Volume 5 | Article 725774


https://doi.org/10.1002/joc.5086
https://doi.org/10.1017/S0376892997000088
https://doi.org/10.1093/jisesa/iew005
https://doi.org/10.21829/azm.2017.3331152
https://doi.org/10.15468/dl.sjr4w9
https://doi.org/10.15468/dl.xsf4dz
https://doi.org/10.15468/dl.sw7esa
https://doi.org/10.15468/dl.zesguw
https://doi.org/10.15468/dl.47jaqb
http://www.cenicana.org/pdf/carta_trimestral/ct2007/ct2y3_07/ct2y3_07_p10-17.pdf
http://www.cenicana.org/pdf/carta_trimestral/ct2007/ct2y3_07/ct2y3_07_p10-17.pdf
https://doi.org/10.1016/j.cub.2019.06.069
https://doi.org/10.1038/s42003-020-0962-9
https://doi.org/10.1371/journal.pone.0185809
https://doi.org/10.1073/pnas.2002543117
https://doi.org/10.4039/Ent109621-4
https://doi.org/10.1007/s10340-019-01083-y
https://doi.org/10.1016/S0169-5347(99)01764-4
https://doi.org/10.1071/CP13319
https://doi.org/10.1002/ecy.2456
https://doi.org/10.1111/j.1461-0248.2008.01277.x
https://doi.org/10.3389/fevo.2019.00348
https://doi.org/10.1002/fee.2160
https://doi.org/10.3390/f11060684
https://doi.org/10.1016/j.agee.2016.08.029
https://doi.org/10.1111/ecog.01881
https://doi.org/10.1023/A:1018432807165
https://doi.org/10.1016/j.gloenvcha.2015.01.004
https://doi.org/10.5194/gmd-9-3461-2016
https://doi.org/10.1590/1519-6984.175519
https://doi.org/10.29312/remexca.v0i22.1863
https://doi.org/10.1111/j.1744-7429.1998.tb00103.x
https://doi.org/10.2307/3496499
https://doi.org/10.4322/natcon.2012.019
https://doi.org/10.23943/princeton/9780691136868.003.0003
https://doi.org/10.1111/j.0906-7590.2008.5203.x
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

Hernandez et al.

Distribution Colombian Spittlebugs Niche Modeling

Phillips, S. J., Dudik, M., Elith, J., Graham, C. H., Lehmann, A., Leathwick, J.,
et al. (2009). Sample selection bias and presence-only distribution models:
implications for background and pseudo-absence data. Ecol. Appl., 19, 181-197.
doi: 10.1890/07-2153.1

Polechovd, J, and Storch, D. (2019). “Ecological niche} In
Encyclopedia of Ecology 2nd ed., ed. B. D. Fath (Elsevier), 72-80.
doi: 10.1016/B978-0-12-409548-9.11113-3

Quinn, G. P, and Keough, M. J. (2002) Experimental design and
data analysis for biologists. Cambridge University Press, Melbourne.
doi: 10.1017/CB0O9780511806384

Rakitov, R. A. (2002). Structure and function of the Malpighian tubules,
and related behaviors in juvenile Cicadas: Evidence of homology with
spittlebugs (Hemiptera: Cicadoidea and Cercopoidea). Zool. Anz. 241, 117-130.
doi: 10.1078/0044-5231-00025

Rao, I. M., Miles, J. W., Beebe, S. E., and Horst, W. J. (2016). Root adaptations
to soils with low fertility and aluminium toxicity. Ann. Bot. 118, 593-605.
doi: 10.1093/a0b/mcw073

R. Core Team. (2021). R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria. Available online
at: https://www.R-project.org/.

Resende, T. T., Auad, A. M. H.,, Fonseca, M. D. G., Dos Santos, T. H., and Vieira, T.
M. (2012). Impact of the spittlebug Mahanarva spectabilis on signal grass. Sci.
World J. 926715. doi: 10.1100/2012/926715

Riahi, K., van Vuuren, D. P., Kriegler, E., Edmonds, J., O’Neill, B. C., Fujimori,
S., et al. (2017). The Shared Socioeconomic Pathways and their energy, land
use, and greenhouse gas emissions implications: An overview. Glob. Environ.
Chang. 42, 153-168. doi: 10.1016/j.gloenvcha.2016.05.009

Rodriguez Chalarca, J., Castro, U., Morales, A., and Peck, D. C. (2003). Biologia del
salivazo Prosapia simulans (Homoptera:Cercopidae), nueva plaga de gramineas
cultivadas en Colombia. Rev. Colomb. Entomol. 29, 149-155.

Rodriguez Chalarca, J., Peck, D. C,, and Canal, N. A., (2002). Biologia comparada
de tres especies de salivazo de los pastos del género Zulia (Homoptera:
Cercopidae). Rev. Colomb. Entomol. 28, 17-25.

Séenz, C., Salazar, D., Rodriguez, A., Alfaro, D., and Oviedo, R., (1999). Manejo
integrado del salivazo, Aeneolamia sp. y Prosapia sp. (Hom: Cercopidae) en
las regiones cafieras de Costa Rica. In XI Congreso Nacional Agronémico, V
Congreso Nacional de Entomologia. 155-159.

Schiek, B., Gonzilez, C., Mwendia, S., and Prager, S. D. (2018). Got forages?
Understanding potential returns on investment in Brachiaria spp. for dairy
producers in Eastern Africa. Trop. Grasslands-Forrajes Trop. 6, 117-133.
doi: 10.17138/tgft(6)117-133

Schébel, C., and Carvalho, G. S. (2020). Niche modeling of economically important
Mahanarva (Hemiptera, Cercopidae) Species in South and Central America:
Are brazilian spittlebug sugarcane pests potential invaders of South and Central
America? J. Econ. Entomol. 113, 115-125. doi: 10.1093/jee/t0z252

Schébel, C., and Carvalho, G. S. (2021). The “State of Art” of Mahanarva
(Hemiptera: Cercopidae) research. An economically important New World
spittlebug genus. Appl. Entomol. Zool. 1-11. doi: 10.1007/s13355-021-00744-8

Sillero, N., and Barbosa, A. M. (2021). Common mistakes in ecological
niche models. International Int J. Geogr. Inf. Sci. 35, 213-226.
doi: 10.1080/13658816.2020.1798968

Sujii, E. R., Garcia, M. A,, Fontes, E. M. G., Pires, C. S., and O’Neil, R. J. (2002).
Effects of meteorological variation on mortality in populations of the spittlebug

Deois flavopicta (Homoptera: Cercopidae). Environ. Entomol. 31, 299-305.
doi: 10.1603/0046-225X-31.2.299

Thompson, V. (2004). Associative nitrogen fixation, C4 photosynthesis, and
the evolution of spittlebugs (Hemiptera: Cercopidae) as major pests of
neotropical sugarcane and forage grasses. Bull. Entomol. Res. 94, 189-200.
doi: 10.1079/BER2004293

Thompson, V., and Leén Gonzélez, R. (2005). La identificacién y distribucion de
los salivazos de la cafia de azticar y los pastos (Homoptera : Cercopidae). Manejo
Integr. Plagas y Agroecol., 75: 43-51.

Tonelli, M., Gomes, G., Silva, W. D., Magri, N. T. C., Vieira, D. M., Aguiar, C. L.,
et al. (2018). Spittlebugs produce foam as a thermoregulatory adaptation. Sci.
Rep. 8,4729. doi: 10.1038/541598-018-23031-z

Valbuena, N. (2010). Dindmica y fenologia de Aeneolamia spp. en dos especies
forrajeras. Rev. UNELLEZ Cienc. y Tecnol. Volumen especial. 20-24.

van Proosdij, A. S. ., Sosef, M. S. M., Wieringa, J. J., and Raes, N. (2016). Minimum
required number of specimen records to develop accurate species distribution
models. Ecography (Cop.). 39, 542-552. doi: 10.1111/ecog.01509

Wagner, D. L., Grames, E. M., Forister, M. L., Berenbaum, M. R., and Stopak, D.
(2021). Insect decline in the Anthropocene: Death by a thousand cuts. Proc.
Natl. Acad. Sci. U.S.A. 118, €2023989118. doi: 10.1073/pnas.2023989118

White, D. S., Peters, M., and Horne, P. (2013). Global impacts from improved
tropical forages: A meta-analysis revealing overlooked benefits and costs,
evolving values and new priorities. Trop. Grasslands - Forrajes Trop. 1, 12-24.
doi: 10.17138/TGFT(1)12-24

Worthington, M., Perez, J. G., Mussurova, S., Silva-Cordoba, A., Castiblanco, V.,
Cardoso Arango, J. A, et al. (2021). A new genome allows the identification of
genes associated with natural variation in aluminium tolerance in Brachiaria
grasses. J. Exp. Bot. 72, 302-319. doi: 10.1093/jxb/eraa469

Yang, H., Lin, C. P., and Liang, A. P. (2016). Phylogeography of the rice spittle bug
(callitettix versicolor) implies two long-term mountain barriers in South China.
Zoolog. Sci. 33, 592-602. doi: 10.2108/2s160042

Conflict of Interest: DF was employed by the company Semillas Papalotla S.A. de
C.V.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Herndndez, Espitia, Florian, Castiblanco, Cardoso and Gémez-
Jiménez. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Sustainable Food Systems | www.frontiersin.org

17

November 2021 | Volume 5 | Article 725774


https://doi.org/10.1890/07-2153.1
https://doi.org/10.1016/B978-0-12-409548-9.11113-3
https://doi.org/10.1017/CBO9780511806384
https://doi.org/10.1078/0044-5231-00025
https://doi.org/10.1093/aob/mcw073
https://www.R-project.org/
https://doi.org/10.1100/2012/926715
https://doi.org/10.1016/j.gloenvcha.2016.05.009
https://doi.org/10.17138/tgft(6)117-133
https://doi.org/10.1093/jee/toz252
https://doi.org/10.1007/s13355-021-00744-8
https://doi.org/10.1080/13658816.2020.1798968
https://doi.org/10.1603/0046-225X-31.2.299
https://doi.org/10.1079/BER2004293
https://doi.org/10.1038/s41598-018-23031-z
https://doi.org/10.1111/ecog.01509
https://doi.org/10.1073/pnas.2023989118
https://doi.org/10.17138/TGFT(1)12-24
https://doi.org/10.1093/jxb/eraa469
https://doi.org/10.2108/zs160042
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

	Geographic Distribution of Colombian Spittlebugs (Hemiptera: Cercopidae) via Ecological Niche Modeling: A Prediction for the Main Tropical Forages' Pest in the Neotropics
	Introduction
	Materials and Methods
	Occurrence Data
	Climatic Data
	Ecological Niche Models
	Collinear Variables Removal
	Model Fitting
	Model Prediction and Ensemble
	Model Evaluation
	Future Distribution Model


	Results
	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


