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Abstract: Ecological Niche Models (ENM) are tools used to predict suitability, based on climatic
variables selected and occurrence data of the target species, and characterize the environmental space.
Sawflies (Hymenoptera: Diprionidae) are one of the main factors threatening forest health in Mexico,
with cyclical population outbreaks and a wide range of hosts. In the present paper, we calculate
the climatic niche in Mexico of three diprionids, Neodiprion abietis (Harris), N. omosus Smith, and
Zadiprion rohweri (Middleton); the first and the latter with recent records in Mexico, and N. omosus
with presence in Mexico and Guatemala; contrasting them against the distribution records of host
species in the country. The climatic suitability of N. abietis was high in the Sierra Madre Occidental
where its hosts, Pinus ponderosa, P. strobiformis, and P. menziesii are distributed. For N. omosus, the
environmental suitability was projected towards the Southern Altiplano, where it coincides with
a small presence of its hosts P. leiophylla and P. ayacahuite; however, it was possible to calculate its
coincidence with more hosts in other biogeographic provinces. Pinaceae species considered under
threat, Abies concolor, P. monophylla, and P. strobiformis, have populations within the environmental
suitability of the sawflies.

Keywords: diprionid sawflies; environmental suitability; Pinus; threatened species

1. Introduction

In Mexico, conifers (Pinophyta or Coniferophyta) are distributed within various types
of vegetation [1], with two centers of diversity and evolution of pines: the Transverse
Volcanic Axis (with extensions towards the Sierra Madre Occidental and the Sierra Madre
del Sur) and the northeast of the country [2]. The country is considered a secondary center
of Pinus L. diversity, with 42% of the species of the genus and high levels of endemic
pine species (>50%) [3]. However, at present, various factors such as climate change,
population growth, and deforestation due to land-use change threaten the distribution
of Pinaceae species [4,5], and the survival of around 30 species from diverse genera, e.g.,
Abies, Picea, Pinus and Pseudotsuga, is at risk [6]. An additional problem is an infestation by
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phytophagous species, in particular, those that present periodic population outbreaks and
that affect large areas [7].

In forestry, gregarious or solitary larval pine sawflies (Hymenoptera: Diprionidae) can
cause problems of economic importance [8] and could be associated with outbreaks in their
natural distribution sites, as well as recognized as invasive species [9–11].

Neodiprion abietis (Harris) is a species found in North America [8,12,13], with newly
confirmed detection in Mexico [14]. Biological records indicate an annual generation, with
no larval and adult activity from October to April in Mexico [14]. A strong local preference
for certain hosts has been noted as a limitation of their distribution [15], in addition to the
seasonal presence of the active states of this sawfly [12].

Neodiprion omosus Smith is a species widely distributed from Mexico to Guatemala
(Smith, 1988; own collection data). It is considered to have a polyphagous preference for
Pinus species [16]. On the other hand, Zadiprion rohweri (Middleton) is spread between
the United States (Arizona, California, Colorado, Nevada, New Mexico, and Utah) and
Coahuila, Mexico [17,18], affecting multiple species of pine trees.

In Mexico, climatic niche projections have been mainly constructed for species of
regional distribution [1,19], but the study of species with the potential to expand their
distributions to new areas or to flora with threatened survival, has not been addressed. For
a non-native species, the pathway to reach new geographical areas includes several barriers
that must be overcome (geography, captivity/cultivation, survival, reproduction, dispersal,
and environment) [20,21]. Neodiprion abietis and Z. rohweri are species with recent records
of presence in Mexico [14,18], while N. omosus is endemic to the country [16], which has
been confirmed from field observation data. In this study, we estimate the ecological niches
of these species as a means to explore the geographical spaces that meet the appropriate
environmental conditions for the eventual development of their populations, as well as to
estimate the host species that could be threatened.

2. Materials and Methods
2.1. Obtaining Presence Records

Records were obtained from field trips, entomological collections, scientific literature,
and biodiversity databases with free access online. Material from field collection was
preserved and mounted with standard practices. Sawflies were determined using origi-
nal descriptions and keys and compared with digital images from BOLDSYSTEMS [22].
Voucher specimens were deposited in the Forest Insect Collection of the Pabellón Experi-
mental Field, belonging to the Instituto Nacional de Investigaciones Forestales, Agrícolas y
Pecuarias (Aguascalientes, Mexico) (Supplementary Material, Table S1). Databases were
assembled as follows. For each species, to reduce bias resulting from spatial clustering of
occurrences and to improve the performance of the models [23], the ‘spThin’ package [24]
was used with Rstudio® ver. 3.3. [25] and points with less than 5 km between each other
were eliminated. All occurrence records from biodiversity databases were checked for
credibility, taxonomy, and nomenclature [26], then filtered removing: (1) records with low
coordinate precision, (2) duplicate data, (3) records without geographic coordinates, and
(4) those outside its historical range [27,28].

Neodiprion abietis. The total number of georeferenced occurrence records was 67: 48 from
open access biodiversity databases (GBIF, Naturalist) [29,30], 16 records from scientific litera-
ture, and 3 field collection records (Supplementary Material, Table S2). Fifty-one occurrence
records passed the spatial correlation filter. Subsequently, the occurrence records were divided
into training points (to perform the model) and evaluation points. Given that most of the
occurrence records were gathered from databases, 37 occurrence records (72.54%) were used
as training points, and 14 (27.45%) as evaluation points (Supplementary Material, Table S2).

Neodiprion omosus. The total number of occurrence records was 51, 47 of which were derived
from field collections and four from scientific literature (Supplementary Material, Table S2).
After spatial correlation was performed, 27 were kept for further analysis. Since most of
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the occurrence records were derived from field collection data, 30% (8) were separated for
evaluation points and 70% (19) for training points, selecting them at random.

Zadiprion rohweri. The database had 22 occurrence records in total, from which one
occurrence record corresponded to field collection, and 21 were obtained from scientific
literature (Supplementary Material, Table S2). From this, 17 occurrence records passed the
filter, with 30% (5) separated for evaluation points and 70% (12) for training points; these
were all selected at random as most came from scientific literature collections.

The distribution of the host plants was obtained from the GBIF and Southeast Regional
Network of Expertise and Collections [31] databases. Occurrence records were cleaned
and filtered as mentioned above. The list of selected hosts is based on [12,16,18,32–35] and
included in Table 1.

Table 1. Species of sawfly (Hymenoptera: Diprionidae) and their hosts recorded in Mexico.

Sawfly Host

Neodiprion abietis Abies concolor (Gordon) Lindl. Ex Hildebr. *, Pinus ponderosa Douglas ex
C.Lawson, P. strobiformis Engelm. *, Pseudotsuga mensiezii (Mirb.) Franco

Neodiprion omosus Pinus ayacahuite Ehrenb. Ex Schtdl., P. lawsonii Roezl ex Gordon, P. leiophylla
Schiede ex Schltdl. & Cham., P. patula Schiede ex Schltdl. & Cha.

Zadiprion rohweri Pinus cembroides Zucc., P. edulis Engelm., P. monophylla Torr. & Frém. *
* Information about distribution was not included since it is a species subject to special protection by national
authorities [6].

2.2. Environmental Variables

Nineteen bioclimatic variables were downloaded from www.worldclim.org (accessed
on 31 May 2022) with a spatial resolution of 30 s; the area of projection is Mexico (1:4,000,000).
Two analyses of ecological niche models (ENM) were run to create candidate models for
each species. The first aimed to obtain the jackknife values to know the contribution of
each bioclimatic variable and then remove all correlated variables (0.80, −0.80) based on
Spearman correlation performed in Past® ver. 4.07 [36]. Then, in the second analysis,
to statistically evaluate the highest possible combination of environmental and Maxent
parameterization variables, the candidate models were created from two folders (set 01 and
set 02). For both sets, bioclimatic variables without correlation were included. In set 01,
only those that contribute to the calculation of the model were included, while for set 02
all the variables were included, regardless of their contribution (see Tables 2 and 3, and
Supplementary Material, Table S2).

Table 2. Parameter values used to define ecological niche models of three species of sawflies (Hy-
menoptera: Diprionidae) in Mexico. M = Model; multiplier regularization values = 1, 2, 3; F = features
classes -linear (l), quadratic (q), product (p), threshold (t), hinge (h).

Species Model Mean AUC Partial ROC Omission
Rate at 5% AICc Delta AICc W AICc Num

Parameters

N. abietis M_2_F_p_Set_01 1.08 0 0.07 1394.36 0 1 1
N. abietis M_1_F_p_Set2 1.07 0 0.07 1395.72 1.33 1 2
N. omosus M_1_F_lpt_Set_01 1.48 0 0.00 606.00 0 0.82 7
Z. rohweri M_3_F_lq_Set_01 1.33 0 0.04 453.18 0 1 1
Z. rohweri M_3_F_lq_Set_02 1.35 0 0.04 453.21 0.03 1 1

www.worldclim.org
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Table 3. Bioclimatic variables and their % contribution to explain the final ecological niche model of
three species of sawflies (Hymenoptera: Diprionidae) in Mexico.

Species Bioclimatic Variable * % of Contribution to Explain the Model

Neodiprion abietis
Precipitation of wettest month (bio 13) 50.0%

Precipitation seasonality (bio 15) 49.2%
Mean temperature of coldest quarter (bio 11) 0.8%

Neodiprion omosus

Isothermality (bio 3) 78.4%
Precipitation seasonality (bio 15) 15.7%

Minimum temperature of coldest month (bio 6) 4.6%
Temperature annual range (bio 7) 1.3%

Zadiprion rohweri
Mean temperature of wettest quarter (bio 8) 44.1%

Temperature seasonality (bio 4) 40.0%
Precipitation of driest month (bio 14) 15.9%

* Based on what was calculated and defined in ENM [37,38].

2.3. Model Calibration

Ecological Niche Models (ENM) applications always involve the transfer of models
to areas of interest. Environmental data from one region to another may include new
environmental conditions [39], so calibrating the models is critical. The species calibration
area (M) representing areas that have been accessible to the species during its biogeographic
history [40,41] was defined by world ecoregions [42] characterized by their biodiversity:
endemism of species, the rarity of high rates, species richness, unusual ecological or evolu-
tionary phenomena, and the global rarity of their habitat type (e.g., Mediterranean forests,
temperate and scrub forests). The selection of ecoregions was subject to the presence of
the species, as well as the suitability of forest areas, according to the BAM (favorable
biotic conditions, favorable abiotic conditions, and accessibility of the species to this set
of favorable biotic and abiotic conditions) diagram for understanding species’ likely dis-
tributions [43,44]. Environmental information was extracted from the training points in
QGIS® ver. 3.16 Hannover [45].

2.4. Development of Candidate Models

The candidate models were run with the Rstudio® ver. 3.3 interface, Maxent ver. 3.4 [46]
and the Kuenm package, which automates important calibration and evaluation steps in
ENM [47], following the recommendation to evaluate the best potential combination of
parameters (features classes and regularization multiplier) to select the most appropriate
model [48]. The kuenm_cal function of the Kuenm package [47] allows for the creation
of different models with different parameters. In this study, the multiplier regularization
values were 1, 2, and 3. The levels of this parameter reduce or increase the over adjust-
ment of the models. Regularization multiplier levels 2 to 4 times higher than 1 produce a
substantially lower over adjustment, low multiplier regularization values tend to result in
overly complex models [49]. In turn, they were combined with all possible compositions of
feature classes: linear (L), quadratic (Q), product (P), threshold (T), and hinge (H) with a
total of 174 candidate models for each set per species.

2.5. Model Evaluation

The evaluation was performed in Rstudio® ver. 3.3 with the kuenm_feval function
of the Kuenm package [49]. We evaluated 174 models for each species distributed in
two sets. This package evaluates all candidate models and selects one or more models.
Model selection is based on importance, predictability, and complexity, in that order of
priority. Models are first filtered to detect those that are statistically significant; the omission
rate criterion applies to this small set of models; finally, among the significant and low-
emission candidate models, those with AICc delta values of less than two [49], lower
omission rate, and significance value (pROC) ≤ 0.05 —through the kuenm_feval function,
evaluating the relationship between the omission error for independent points and the
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area ratio predicted as suitable for the species, but only under conditions of low omission
error [50]—were selected.

2.6. Model Extrapolation Analysis

The Multivariate Environmental Similarity Surface (MESS) analysis was performed
with the Maxent software® ver. 3.4.1. (Steven J. Phillips, New York, NY, USA) [51]. This
analysis compares the environmental similarity of the native area from which M (accessible
area for the species) was delimited and identifies areas where one or more environmental
variables are outside the training range. Negative values indicate a new climate, and
magnitude indicates the degree to which a point is outside the range of its predictors [52].

3. Results
3.1. Parameterization and Environmental Variables That Defined the Models

The results of model evaluation for each species are shown in Table 2. The ecological
niche was defined by a combination of bioclimatic variables particular to each species
of sawfly (Table 3). In general, there were few contributing bioclimatic variables (3–4)
necessary to calculate the ecological niche, and for each model, the great majority of the
contribution came from only two variables (Table 3).

3.2. Environmental Suitability

Environmental suitability in Mexico varied among the species studied. For N. abietis
the ecological niche was estimated mainly along the Sierra Madre Occidental, until reaching
the limit with the Volcanic Axis, where the environmental suitability of the central zone
to the east of the latter biogeographic province decreases. From this point, the calculated
niche extends north along the Sierra Madre Oriental and south along the southern Madre
Sierra del Sur. Medium to almost high environmental suitability was present in the external
limits of the provinces Soconusco and Altos de Chiapas. Medium environmental suitability
was predicted along the northern Gulf of Mexico (Figure 1A).

Neodiprion omosus showed lower environmental suitability compared to N. abietis.
Furthermore, N. omosus exhibited disjointed suitability. The main area that met its envi-
ronmental requirements was located in the Southern Altiplano, mainly towards the Sierra
Madre Occidental and north of the Volcanic Axis. Medium to higher suitability was extrap-
olated in areas that run irregularly along with the Sierra Madre Oriental, south-west of
the Volcanic Axis and center-south of Oaxaca, with smaller areas with medium to lower
suitability calculated south of the Gulf of Mexico and south-west of Petén. In the province
of Baja California, it was possible to project good environmental suitability towards the
west (Figure 1B).

Of the three species studied, Z. rohweri showed the most area with environmental
suitability focused on two large spaces. The first of these extended across the province of
California, the central and northern part of Baja California as well as with a tendency to
decrease environmental suitability in the province of Del Cabo. A larger area was calculated
in the center of the country, extending from the Pacific Coast to the Sierra Madre Oriental,
and from northwest of the Volcanic Axis to the south of the Northern Altiplano. Smaller
regions with good environmental suitability were estimated east of the Volcanic Axis and
southwest of Oaxaca, and with lower suitability in central and northern Veracruz, and
northwest of Petén (Figure 1C).
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 Figure 1. Ecological niche model of three species of sawflies (Hymenoptera: Diprionidae), projected
according to the Mexican biogeographic provinces [53]. (A) Neodriprion abietis, (B) N. omosus and
(C) Zadiprion rohweri; 1. Baja California, 2. California, 3. Sonoran, 4. Sierra Madre Occidental,
5. Altiplano Norte, 6. Tamaulipeca, 7. Gulf of Mexico, 8. Sierra Madre Oriental, 9. Altiplano Sur,
10. Pacific Coast, 11. Volcanic Axis, 12. Balsas Depression, 13. Sierra Madre del Sur, 14. Soconusco,
15. Los Altos de Chiapas, 16. Petén, 17. Yucatán, 18. Del Cabo, 19. Oaxaca.
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3.3. Distribution of Host Species

The environmental suitability model calculated for N. abietis coincides very well
with the distribution of its host plants registered in Mexico, mainly with P. ponderosa,
P. strobiformis, and P. menziesii (Figure 2A,B). The distribution of Abies concolor is restricted
to small populations in North Mexico [54] and is not illustrated in this manuscript, due
to protection issues [6,54], and to minimize the risk of species extinction [55]; however, it
coincided with low environmental suitability for N. abietis. The records of P. strobiformis and
P. menziesii located more to the south coincide equally with the environmental suitability of
N. abietis in the Sierra Madre del Sur and around Los Altos de Chiapas.
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names, check Figure 1.
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The projection of environmental suitability of N. omosus in the biogeographic province
of the Altiplano Sur gathered the largest calculated area, but did not correspond well
to records of host plants (P. leiophylla and P. ayacahuite). However, for the Sierra Madre
Occidental, the host plant distribution suggests the possibility of a wider distribution of the
sawfly than previously recorded. For the Volcanic Axis, there is a coincidence between the
calculated niche and the distributions of P. leiophylla, P. ayacahuite and P. lawsonii. For the
Sierra Madre Oriental, the calculated niche coincides with populations of P. patula, a species
recorded from the north of this province south to the biogeographic province of Oaxaca,
and in adjacent parts of the Sierra Madre del Sur. In these two provinces, the ecological
niche of N. omosus coincides with at least three hosts: P. ayacahuite, P. leiophylla and P. patula.
On the contrary, although environmental suitability was calculated for the biogeographic
provinces present in the peninsulas of Baja California (California, Baja California, Del Cabo)
and Yucatan (Yucatan, Petén) and east of the Gulf of Mexico, there are no records of the
species here included as hosts (Figure 2C–E).

Zadiprion rohweri showed environmental suitability that coincides with the total distri-
bution of P. monophylla populations (not illustrated due to protection issues) [6,50]. It also
coincides with the distribution of P. cembroides in the part between the Southern Altiplano,
the Sierra Madre Occidental, and the Sierra Madre Oriental. The populations of P. cembroides
present in Del Cabo escape the calculated environmental suitability for Z. rohweri, as do
the populations present in the border areas of Mexico with the United States. All records
of P. edulis in the country (Southern Highlands, Volcanic Axis, Sierra Madre Occidental)
match areas of high suitability for Z. rohweri (Figure 2F).

3.4. Multivariate Environmental Similarity Surface (MESS) Analysis

For N. abietis, a bioclimatic analogy between its native distribution and the model
was projected in the biogeographic provinces of California, the northwestern Northern
Highlands, and along the Sierra Madre Occidental); therefore, the predicted reliability is
more appropriate because they do not present new combinations of environmental variables
for the species. The MESS analysis confirms that the risk of extrapolation is low in the areas
predicted for the calculated niche model of N. abietis, since the non-analogous areas were
projected in the Gulf of Mexico and Pacific Coast biogeographic provinces (Figure 3A).

For N. omosus, the situation was different. The MESS analysis shows several areas
where this sawfly will face novel climates (northern areas of the country), as indicated by its
negative values (until −63.118), and represent the strict extrapolation of the analysis. The
response of the species to the conditions present in the biogeographic province of Oaxaca
and the Sierra Madre Oriental should also be analyzed as they are less analogous to the
ecological niche of the species (Figure 3B).

In the case of Z. rohweri, MESS did not reveal areas of coincidence with the projected
ecological niche model, which shows that the risk of extrapolation is low (Figure 3C).
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4. Discussion

In ENM, all the “inferences made from the models are only as good as the models
themselves” [56]. Model selection is then a careful step and must be taken following
rigorous criteria [46]. Several metrics for evaluating the model performance have been
proposed [57], but some of them are inadequate (i.e., the area under the curve of the
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receiver operating characteristic [58]). Researchers in this area must select models with
statistical significance, high predictive ability, and low model complexity [35,40,59]. Here,
the ecological niche models were characterized by bioclimatic variables selected by rigorous
statistical criteria. Although there is no consensus on the optimal number of variables that
define an ecological niche, those calculated here meet the condition of parsimony: less
complex models can give the most logical explanation of the environmental suitability of
the species of interest, and can estimate its potential distribution (but not the distribution
per se) [60]. However, the low number of variables in the definition of the models (three for
N. abietis: precipitation of wettest month, precipitation seasonality, and mean temperature
of the coldest quarter; three for N. omosus: isothermality, precipitation seasonality, minimum
temperature of coldest month, and temperature annual range; and four for Z. rohweri: mean
temperature of wettest quarter, temperature seasonality, and precipitation of driest month)
can be considered as a sign of climate vulnerability, since dependence on one or two
variables could make the species vulnerable to sudden changes over time [61].

The ecological niche of N. abietis is delimited by two bioclimatic variables associated
with precipitation: precipitation of the wettest month and precipitation seasonality, which
together explain 99.8% of the model, similar to that recorded for the white coffee stem borer
Monochamus leiconotus (P.) [62]. Precipitation of the wettest month has been identified in
previous studies as an important determinant in the distributions of many species and is
associated with environmental suitability for phytophagous insects in particular [63,64].
Precipitation seasonality is the variation in annual monthly precipitation [38], with a
deep effect on water quality and availability [65]. This bioclimatic variable has a marked
impact on other insect species (i.e., Tryoza erytreae Del Guercio, Anthophora curta Provancher,
A. squammulosa Dours) [66,67], indicating its association to environments with contrasting
wet and dry seasons. The current distribution of this diprionid indicates there is a disjointed
distribution, possibly influenced by sampling bias, with an abundance of records in Canada
and the United States [8,12,13], but few in Mexico [14]. However, according to the estimated
climatic niche, it may be more widely distributed, and future collection efforts could confirm
this prediction.

The ecological niche of N. omosus was determined mainly by temperature isothermal-
ity, and precipitation seasonality, which together amounted to 94.1% of the information
(Table 3). Isothermality quantifies the range of temperature oscillation from day to night
with respect to the annual oscillation from summer to winter [38], indicating low tol-
erance of this sawfly to sites with large temperature fluctuations between daylight and
nighttime hours [68].

In contrast, for Z. rohweri, the most important bioclimatic variables are related to
temperature (mean temperature of the wettest quarter and temperature seasonality), which
together make up 88.1% of the calculated niche model (Table 3). As in the case of the studied
species of Neodiprion, it seems to be true that each species of Zadiprion has a particular set
of bioclimatic variables to define the ecological niche [i.e., annual mean temperature was
the best predictor for Z. jeffreyi Smith [10]). It is necessary to carry out a greater number of
studies to understand the influence of these variables on the biological cycle of sawflies. As
with N. abietis, researchers should look for this species in the areas identified as suitable.

In general, when studying the environmental suitability of insect pest and their hosts,
there is a tendency for an adequate match between both niches [69]. In the case of the
sawflies (Hymenoptera: Diprionidae) here studied, it seems that there is a correspondence
between each modeled niche and the observed distribution of the hosts. These diprionids
are generally polyphagous species with wide ranges, where they are often exposed to
different host species [16,18], these factors have an important influence on fewer defoliation
rates [70]. However, the discrepancies found between the ecological niche of N. omosus and
the complete distribution of its host plants indicate that their projections should be taken
with caution. Additional future distribution occurrences and host association information
will reveal a better estimate of its ecological niche.
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Sawflies are a problem for forest stands when sudden outbreaks occur, associated with
climatic factors unfavorable to plant species, due to conditions of the trees themselves [70],
and/or by physical aspects of the affected sites [71]. For Mexico, the calculated ecological
niche of three species of sawflies allows us to estimate that there are new areas where the
combination of environmental conditions and the presence of host plants might favor the
development of population outbreaks that could be harmful to populations of Pinaceae
species. It is recommended to establish preventive monitoring schemes for the early
detection of these diprionid species. Particular attention must be paid to A. concolor,
P. monophylla, and P. strobiformis, threatened species [6,72] whose protection also benefits
associated flora and fauna [73].

Finally, the environmental variables used in this study represent current conditions and
can only be used for short-term predictions and management decisions, or for conducting
intensive sampling efforts.

5. Conclusions

The ecological niches of three sawflies (Hymenoptera: Diprionidae), Neodriprion abietis,
N. omosus and Zadiprion rohweri in Mexico were calculated with a low number of bioclimatic
variables (3-4) but strong statistical support. The combination of modeled ecological niches
and observed host distributions reveals that dioprionid sawflies have the potential to
increase their distribution in places where they are not recorded yet. Endangered host
plants either have low environmental suitability (Abies concolor for N. abietis), allowing
them to escape from potential damage, or occur in places with the ideal conditions for a
sawfly geographical expansion (P. strobiformis for N. abietis; P. monophylla for Z. rohweri),
thus increasing their vulnerability.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13071067/s1, Table S1: Specimens deposited of Neodiprion abietis
and Neodiprion omosus in the Forest Insect Collection of the Pabellon Experimental Field, belonging to
the Instituto Nacional de Investigaciones Forestales, Agricolas y Pecuarias (Aguascalientes, Mexico),
and used in the present study. Table S2: Distribution points used for the ecological niche calculation
of three sawflies with forestry importance in Mexico; Table S3: Bioclimatic variables, regularization
multiplier levels, features classes used for each sawfly species for the calculation of ecological niches.
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58. Peterson, A.T.; Papeş, M.; Soberón, J. Rethinking receiver operating characteristic analysis applications in ecological niche
modeling. Ecol. Modell. 2008, 213, 63–72. [CrossRef]

59. Lundholm, A.; Black, K.; Corrigan, E.; Nieuwenhuis, M. Evaluating the impact of future global climate change and bioeconomy
scenarios on ecosystem services using a strategic forest management decision support system. Front. Ecol. 2020, 8, 200. [CrossRef]

60. Barredo, J.I.; Strona, G.; de Rigo, D.; Caudullo, G.; Stancanelli, G.; San-Miguel-Ayanz, J. Assessing the potential distribution
of insect pests: Case studies on large pine weevil (Hylobius abietis L.) and horse-chesnut leaf miner (Cameraria ohridella) under
present and future climate conditions in European forests. EPPO Bull. 2015, 45, 273–281. [CrossRef]

61. Méndez-Encina, F.M.; Méndez-González, J.; Mendieta-Oviedo, R.; López-Díaz, J.Ó.; Nájera-Luna, J.A. Ecological niches and
suitability areas of three host pine species of bark beetle Dendroctonus mexicanus Hopkins. Forests 2021, 12, 385. [CrossRef]

http://doi.org/10.1111/j.1558-5646.2007.00114.x
http://doi.org/10.4289/0013-8797.114.2.224
https://www.nhm.uio.no/english/research/infrastructure/past/
http://doi.org/10.1002/joc.5086
http://doi.org/10.1111/ecog.03986
http://doi.org/10.17161/bi.v15i2.13376
http://doi.org/10.1016/j.ecolmodel.2011.02.011
http://doi.org/10.1641/0006-3568(2001)051[0933:TEOTWA]2.0.CO;2
http://doi.org/10.17161/bi.v2i0.4
http://doi.org/10.1016/j.rmb.2017.03.011
https://docs.qgis.org/3.16/en/docs/index.html
http://doi.org/10.7717/peerj.6281
http://doi.org/10.1111/ecog.03049
http://doi.org/10.7717/peerj.3093
http://doi.org/10.1111/jbi.12227
http://doi.org/10.1002/ece3.4014
http://biodiversityinformatics.amnh.org/open_source/maxent/
http://biodiversityinformatics.amnh.org/open_source/maxent/
http://doi.org/10.7717/peerj.4647
http://geoportal.conabio.gob.mx/metadatos/doc/html/rbiog4mgw.html
http://doi.org/10.1038/s41559-018-0608-1
http://www.ncbi.nlm.nih.gov/pubmed/30038417
http://doi.org/10.1890/10-1171.1
http://doi.org/10.1038/s41598-020-80062-1
http://doi.org/10.1016/j.ecolmodel.2007.11.008
http://doi.org/10.3389/fevo.2020.00200
http://doi.org/10.1111/epp.12208
http://doi.org/10.3390/f12040385


Forests 2022, 13, 1067 14 of 14

62. Kutywayo, D.; Chemura, A.; Kusena, W.; Chidokom, P.; Mahoya, C. The impact of climate change on the potential distribution of
agricultural pests: The case of the coffee white stem borer (Monochamus leuconotus P.) in Zimbabwe. PLoS ONE 2013, 8, e73432.
[CrossRef]

63. Godefroid, M.; Rasplus, J.Y.; Rossi, J.-P. Is phylogeography helpful for invasive species risk assessment? The case study of the
bark beetle genus Dendroctonus. Ecography 2016, 39, 1197–1209. [CrossRef]

64. Early, R.; González-Moreno, P.; Murphy, S.T.; Day, R. Forecasting the global extent of invasion of the cereal pest
Spodoptera frugiperda, the fall armyworm. NeoBiota 2018, 40, 25–50. [CrossRef]

65. Twisa, S.; Buchroithner, M.F. Impact on rural water supply services in the Wami river basin, Tanzania. Water 2019, 11, 2055.
[CrossRef]

66. Banhadi-Marín, J.; Fereres, A.; Pereira, J.A. A model to predict the expansion of Trioza erytreae throughout the Iberian peninsula
using a pest risk analysis approach. Insects 2020, 11, 576. [CrossRef] [PubMed]

67. Orr, M.C.; Kock, J.B.; Griswold, T.L.; Pitts, J.P. Taxonomic utility of niche models in validating species concepts: A case study in
Anthophora (Heliophila) (Hymenoptera: Apidae). Zootaxa 2014, 3846, 411–429. [CrossRef] [PubMed]

68. Mamtimin, A.; Wang, Y.; Sayit, H.; Yang, X.-H.; Yang, F.; Huo, W.; Zhou, C. Seasonal variations to the near-surface atmospheric
boundary layer structure in China´s Gurbantünggüt desert. Adv. Meteorol. 2020, 2020, 6137237. [CrossRef]

69. Ashraf, U.; Chaudhry, M.N.; Peterson, A.T. Ecological niche models of biotic interactions predict increasing pest risk to olive
cultivars with changing climate. Ecosphere 2021, 12, e03714. [CrossRef]

70. De Somviele, B.; Lyytikäinen-Saarenmaa, P.; Niemelä, P. Sawfly (Hym., Diprionidae) outbreaks on Scots pine: Effect of stand
structure, site quality and relative tree position on defoliation intensity. For. Ecol. Manag. 2004, 194, 305–317. [CrossRef]

71. Kosunen, M.; Kantola, T.; Starr, M.; Blomqvist, M.; Talvitie, M.; Lyytikäinen-Saarenmaa, P. Influence of soil and topography
on defoliation intensity during an extended outbreak of the common pine sawfly (Diprion pini L.). iForest 2016, 10, 164–171.
[CrossRef]

72. Aguirre, J.; Duivenvoorden, J.F. Can we expect to protect threatened species in protected areas? A case study of the genus Pinus
in Mexico. Rev. Mex. Biodiv. 2010, 81, 875–882.

73. Laacke, R.J. Abies Concolor (Gord. & Glend.) Lindl. ex Hildebr. White Fir; Burns, R.M., Honkala, B.H., Eds.; Silvics of North America,
U.S. Department of Agriculture, Forest Service: Washington, DC, USA, 1990; pp. 36–46.

http://doi.org/10.1371/journal.pone.0073432
http://doi.org/10.1111/ecog.01474
http://doi.org/10.3897/neobiota.40.28165
http://doi.org/10.3390/w11102055
http://doi.org/10.3390/insects11090576
http://www.ncbi.nlm.nih.gov/pubmed/32867262
http://doi.org/10.11646/zootaxa.3846.3.5
http://www.ncbi.nlm.nih.gov/pubmed/25112259
http://doi.org/10.1155/2020/6137237
http://doi.org/10.1002/ecs2.3714
http://doi.org/10.1016/j.foreco.2004.02.023
http://doi.org/10.3832/ifor2069-009

	Introduction 
	Materials and Methods 
	Obtaining Presence Records 
	Environmental Variables 
	Model Calibration 
	Development of Candidate Models 
	Model Evaluation 
	Model Extrapolation Analysis 

	Results 
	Parameterization and Environmental Variables That Defined the Models 
	Environmental Suitability 
	Distribution of Host Species 
	Multivariate Environmental Similarity Surface (MESS) Analysis 

	Discussion 
	Conclusions 
	References

