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Abstract Sphingidae (Latreille) is one of the largest families of tropical moths, with impor-
tant roles in herbivory and pollination and great species richness. Although Veracruz has
the largest number of hawkmoths recorded in Mexico, there are few studies and no
research reported from the low deciduous forest or on mature stages in agricultural areas.
This study aimed to evaluate the species richness of Sphingidae in an agricultural ecosys-
tem associated with tropical deciduous forest fragments in Veracruz, Mexico. The study
period for this work covers January 2023 to December 2024. Insects were collected using
nocturnal capture methods with light traps from 18:00 to 06:00 h once each month. The
results are equivalent to 288 effective hours of sampling, allowing the collection of 342
hawkmoths, representing 47 species from 22 genera, three subfamilies, and four tribes,
with a 97.09% sample coverage. We report four new records for the state of Veracruz.
Models indicated that temperature and precipitation explain 45.58% and 49.97% of the vari-
ability in abundance and species richness, respectively. This work includes the first records
of hawkmoths associated with agricultural ecosystems and low deciduous forest in
Veracruz and their relationship with environmental variables.
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With over 123,000 species interacting with flowers worldwide, moths (Hetero-
cera) make up one of the most diverse group of pollinators (Wardhaugh 2015,
Ollerton 2017). Among moths, the family Sphingidae, known as sphinx, hawk,
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hummingbird, or bee moths, stands out for its relevance as ubiquitous pollinators
(Wardhaugh 2015, Salem 2022). This cosmopolitan family consists of about 1,602
described species representing 205 genera (Kitching et al. 2018), and their largest
diversity occurs in the tropical regions of the Americas, Africa, and Asia (Salem
2022).

Research on hawkmoths worldwide has focused on aspects associated with taxon-
omy, systematics, ecology, crop pollination, and even pest control in some important
crops, producing an abundance of information (Forehand et al. 2006, Johnson et al.
2017, Stöckl and Kelber 2019, Buxton et al. 2022). Many of those studies have been
conducted in the Americas, where hawkmoths are found from Nearctic to Neo-
tropical regions, resulting in a wealth of scientific information that has enhanced
our knowledge of the group (García 1978, Schreiber 1978, Haber 1983, Lamas
1985, Fernández Yépez and González 1994, Pescador Rubio 1994, Correa-Car-
mona et al. 2015, Valente and Teston 2024). Approximately 400 species have
been identified from the Americas (Pescador Rubio 1994; Kitching and Cadiou
2000), which is the most diverse Neotropical region with 312 species recorded
(Llorente-Bousquets et al. 2014, Lara-Pérez et al. 2020). Mexico is at the inter-
section of both regions (CONABIO 2020) with a record 201 species (León-Cortés
2000, Llorente-Bousquets et al. 2014, Lara-Pérez et al. 2020).

Within Mexico, Veracruz state appears to have the largest number of hawkmoths,
with 131 species recorded (Beutelspacher 1989, León-Cortés and Pescador 1998, Her-
nández-Baz and Iglesias-Andrew 2001, Zaragoza-Villela et al. 2019, Lara-Pérez et al.
2020). However, taxonomic inventories have been recorded only in vegetation of high
evergreen forests (Beutelspacher 1989), montane mesophyll forests (Beutelspacher
1978, Hernández-Baz, 1989, Cerón 2015), and midaltitude deciduous forests (Lara-
Pérez et al. 2020). We have not been able to find investigations in the low deciduous
forests in Veracruz. This type of vegetation is known for its high biodiversity and large
percentage of endemic plant species. Unfortunately, it is also known that these ecosys-
tems are facing problems due to the continuous fragmentation and diversity loss attri-
buted mainly to the expansion of agricultural and livestock activities (Trejo and Dirzo
2000, Arias et al. 2002, Silva-Aparicio et al. 2018, CONABIO 2022).

The proximity and association of tropical forest remnants with agricultural eco-
systems may increase some benefits of pollination services as reported by Rick-
etts (2004) and Ricketts et al. (2004). Therefore, agricultural ecosystems adjacent
to deciduous forest fragments represent an opportunity to evaluate the interaction
between biodiversity and agriculture. Climate change and continued fragmentation
threaten low deciduous forests because of their marked climatic seasonality
(CONABIO 2022). Previous studies have produced mixed results regarding the
correlation of environmental variables with the richness and abundance of Sphin-
gidae (Ríos-González et al. 2019, Lara-Pérez et al. 2020). Pollinator populations
are experiencing a global decline (ENCUSP 2021). Because of this situation,
analyses of how these variables interact in low deciduous forest environments
are of interest (Siyum 2020). Our objective was to evaluate the species richness
of the family Sphingidae in an agricultural ecosystem associated with fragments
of a deciduous forest in Veracruz, Mexico. Because of the marked climatic sea-
sonality of this ecosystem, unlike other ecosystems, we expected that the rainy
seasons would support a greater richness and abundance of species.
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Materials and Methods

Study site. The study was conducted at La Bandera Experimental Center at
the Agricultural Sciences School (FCA), Universidad Veracruzana at a site located
in the Actopan municipality, Veracruz (19° 27 0 2700 N, 96° 34 0 1800 W) with an aver-
age altitude of 183 m above sea level. The area is about 21 ha, 14 ha of which are
mostly used to grow Manilkara zapota (L.) P. Royen (sapodilla, chicozapote; Sap-
otaceae) and Manguifera indica L. (mango; Anacardiaceae), and 7 ha are a pre-
served area of low deciduous forest. The climate is tropical rainy with a dry season
in winter and a mean annual temperature of 24°C and a mean annual rainfall of
1,026 mm (Domínguez and Ruíz 2013).

Collection. Specimens of Sphingidae were collected under SEMARNAT sci-
entific collector license FAUT-0194 for 2 yr (January 2023 through December
2024). A light trap with a 250 W mercury vapor bulb on each side of the screen
was used for indirect collection. The trap was located in the ecotone between the
preserved area and the agricultural crops (19° 27 0 3700 N, 96° 34 0 1200 W). Entomo-
logical nets were used for direct collection. The overall collection was conducted
once each month during nights with a new moon, from 18:00 to 06:00 h. The col-
lected specimens were killed with ethyl acetate and stored in paper envelopes.

Mounting and specimen identification. Collected hawkmoths were Identified
to subfamily, genus, and species based on the information from D’Abrera (1986),
Kitching and Cadiou (2000), Kitching (2023), and Haxaire and Melichar (2023).
The obtained data are included in the “Moth” database at the Faculty of Biology,
Universidad Veracruzana, Mexico, where the collected specimens are deposited.

Statistical analysis. Alpha diversity was evaluated with the Chao 1 estimator
of the iNext package in the R programming language version 4.3.1 (R Core Team
2023) with a configuration of 40 iterations and bootstrap applied to 300 replica-
tions. Rarefaction and extrapolation curves were generated to assess the ade-
quacy of the sampling effort and to project diversity. Sampling coverage curves
were calculated to determine whether the current data obtained are representative
of the actual diversity at the site (Chao et al. 2014, Hsieh et al. 2016).

Differences in species composition between rainy and dry seasons were evaluated
with a multidimensional non-metric scaling analysis (NMDS) using the Bray-Curtis dis-
similarity distance. The analysis was performed with the metaMDS function of the
vegan package in R. The quality of the model fit was evaluated by the stress value,
considering a value,0.2 as acceptable. A permutational analysis of variance (PER-
MANOVA) was applied using the adonis2 function to determine whether there were
statistically significant differences in species composition between seasons, with 999
permutations. To identify indicator species associated with each season (rainy and
dry), indicator value analysis (IndVal) was used.

The hypothesis that the richness and abundance of Sphingidae species are higher
during the rainy season was tested. The data obtained were grouped into two climatic
seasons: dry (November to May) and rainy (June to October). For this analysis the
sampling unit was defined as each monthly sampling night. Because the data were not
normally distributed, nonparametric Wilcoxon rank sum tests were used to compare
richness and abundance between seasons. The tests were performed in the R pro-
gramming language, using a one-way alternative hypothesis, which posits that values
during the rainy season are significantly higher than those during the dry season.
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A Spearman correlation analysis was performed to evaluate the relationships among
the variables of richness, abundance, accumulated monthly precipitation, and mean
monthly temperature, with a significance level of a ¼ 0.05. The climatic data were
obtained from the meteorological station located in Los Idolos town, in the municipality
of Actopan, Veracruz, 8.08 km from our study site. Multiple linear regression models
were fitted to explore trends in greater detail. The analysis was conducted in the R pro-
gram (version 4.3.1), using the packages “stats” for the calculation of Spearman corre-
lations and “ggplot2” for the generation of scatter plots and visualization of trends.

Results

Collections were conducted from January 2023 through December 2024, which was
the equivalent of 288 effective hours of sampling. A total of 342 hawkmoths were col-
lected, of which 47 species belonging to 22 genera, three subfamilies, and four tribes
were identified, with a sex ratio of 85.09%males and 14.91% females. Macroglossinae
was the most frequently represented subfamily with 269 individuals of 35 species, pre-
dominantly from the tribe Dilophonotini with 30 species and Macroglossini with five spe-
cies. The second most abundant subfamily was Sphinginae with 66 individuals of 10
species, all in the tribe Sphingini. Smerinthinae was represented by seven individuals of
two species within the tribe Ambulycini (Table 1).

The most abundant genera were Erinnyis (83 individuals), Cautethia (53 individ-
uals), Manduca (38 individuals), Eumorpha (32 individuals), and Callionima (26
individuals). The most representative species were Erinnyis yucatana (H. Druce)
(48 individuals), Cautethia spuria (Boisduval) (47 individuals), Ceratomia igualana
(Schaus) (23 individuals), Manduca florestan (Stoll) (21 individuals), and Erinnyis
ello (L.) (20 individuals). Species richness and abundance was temporally variable
throughout the study period, and an increase was observed during June through
September 2023 and July through September 2024, with the highest species rich-
ness and abundance in September 2024 (Fig. 1). The month of September in both
2023 and 2024 had the highest number of females recorded (Table 1).

The estimate of species richness (q ¼ 0) using Chao 1 was 47 species (95%
confidence interval [CI]: 42.68–51.32) with a sampling coverage of 97.08%
(Fig. 2a, b, c). If the sampling effort were doubled, the estimator indicated a total of
52.37 species (95% CI: 45.06–59.66) with a coverage of 99.28% and an asymp-
totic richness of 54.12 species. The observed Shannon index (q ¼ 1) was 25.51
(Fig. 1), and its asymptotic estimate was 27.78 (95% CI: 24.43–31.13). The
observed Simpson index (q ¼ 2) was 16.15, with an asymptotic estimate of 16.90
(95% CI: 14.01–19.80) (Fig. 2).

The composition of the hawkmoth community did not differ significantly
between seasons (PERMANOVA: P ¼ 0.296; NMDS: stress ¼ 0.187) (Fig. 3a).
However, Callionima falcifera (Gehlen) was moderately associated with the dry
season (IndVal ¼ 0.43, P ¼ 0.04), being 42.9% more frequent in this period. No
other species had a significant seasonal preference. Species richness (W ¼ 122,
P ¼ 0.0012) and abundance (W ¼ 129, P ¼ 0.0003) were significantly higher dur-
ing the rainy season (Fig. 3b).

The Spearman correlation analysis indicated a significant positive correlation
between temperature and the richness (q ¼ 0.560, P ¼ 0.0045) and abundance
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(q ¼ 0.642, P ¼ 0.0007). In contrast, precipitation had positive correlations with only
a lag of 1 mo (lag þ1), both in richness (q ¼ 0.476, P ¼ 0.0216) and abundance
(q ¼ 0.473, P ¼ 0.0228). Multiple linear regression analysis were used to evaluate
the influence of monthly total rainfall with a 1-mo lag and monthly mean temperature
on hawkmoth abundance and richness. For abundance, the model suggested that
45.58% of the variability could be explained by the climatic variables (multiple R2:
0.5052; adjusted R2: 0.4558). Lagged precipitation had a coefficient of 0.10208 (P ¼
0.00231), indicating a significant positive relationship with abundance, as did tem-
perature, which had a coefficient of 2.39388 (P ¼ 0.04897). The F test (F ¼ 10.21,
P ¼ 0.0008) indicated that the model was statistically significant.

For species richness, the model suggested that 49.97% of the variability could be
explained by climatic variables (multiple R2: 0.5452; adjusted R2: 0.4997). Precipitation
had a coefficient of 0.024747 (P¼ 0.00313), indicating a significant positive relationship
with richness, as did temperature, with a coefficient of 0.805606 (P ¼ 0.01104). The F
test (F¼ 11.99, P¼ 0.0003) indicated that the model was statistically significant.

Discussion

This study is the first in which the richness and abundance of hawkmoths was
assessed in an agricultural environment associated with low deciduous forest frag-
ments in the state of Veracruz. In total, 47 hawkmoth species were recorded,
mainly from the subfamily Macroglossinae, tribe Dilophonotini, and both E. yuca-
tana and C. spuria. The only species identified as endemic was Darapsa myron
mexicana Gehlen. The diversity analysis indicated effective sampling because a
representative sample of the community was captured with a coverage of 97.08%

Fig. 1. Monthly patterns of species richness, species abundance, and the climate
variables of mean monthly temperature and total monthly precipitation
throughout the study period (January 2023 through December 2024).
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Fig. 2. Rarefaction and extrapolation curves of hawkmoth species richness
based on sample size and coverage. (a) Rarefaction and extrapolation
curves based on sample size for diversity orders q ≥ 0. (b) Sample
coverage curve relative to the number of individuals. (c) Rarefaction
and extrapolation curves of species richness as a function of sample
coverage. Solid lines represent observed data (rarefaction), dashed
lines represent extrapolated estimates, shaded areas are 95% confi-
dence intervals, and symbols indicate diversity orders.
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and an asymptotic estimate of up to 54.12 species. The high value of the Shannon
index compared with the Simpson index suggests high species diversity with con-
tributions from both common and rare species.

According to the species list of León-Cortés (2000), which includes 131 species
for Veracruz, we documented four new records for the state: Callionima falcifera
(Gehlen), Eumorpha vitis (L.), Madoryx bubastus (Cramer), and Nyceryx coffaeae
(Walker), which increases the total to 135 species for the region. Of these, three
species (C. falcifera, E. vitis, and N. coffaeae) with previous records in the Global
Biodiversity Information Facility (www.gbif.org) are supported by preserved speci-
mens.Madoryx bubastus represents a new record for Veracruz.

The results of this study indicate that species richness in our study site is higher
than what has been previously documented in other studies conducted in the state
of Veracruz. Lara-Pérez et al. (2020), who used a methodology similar to that of our
study, recorded 41 species in the semideciduous forest of Veracruz with a sampling
coverage of 96% and an asymptotic richness of 50 species. Cerón (2015) observed
35 species in the mesophytic forest of Zongolica, Veracruz. Hernández-Baz (1989)
documented 39 species in the urban area and coffee plantations of the city of
Xalapa. Beutelspacher (1978) recorded 42 species in the mountain mesophyll forest
of Las Minas, Veracruz. The species richness found in the that study was lower than
that reported by Beutelspacher (1989) in the high evergreen forest of Veracruz,
where 71 species were recorded. The differences observed among these studies
could be attributed to habitat heterogeneity, altitudinal gradient, climatic variations,
or even differences in sampling effort.

Compared with other studies in low deciduous forests of Mexico and the Neotropical
region, in general the species richness documented in the present work is lower. For
example, Pescador Rubio (1994) reported 82 sphinx species on the Pacific slope in

Fig. 3. Seasonal comparison of hawkmoth assemblages between rainy and dry
seasons at the La Bandera Experimental Field, Actopan, Veracruz,
Mexico. (a) NMDS (Bray-Curtis; stress = 0.187) of hawkmoth assemblage.
Samples are represented by circles (rainy season) and triangles (dry sea-
son), with 95% confidence intervals depicted as solid lines (rainy season)
and dashed lines (dry season). The overlap between groups confirms
the similarity in species composition across seasons. (b) Comparison of
species richness and abundance between the rainy and dry seasons.
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Jalisco. Janzen (1986) recorded a similar richness with 83 species in the low deciduous
forest of Santa Rosa National Park, Costa Rica. These differences can be attributed
mainly to the difference in the extension and conservation status of the ecosystem. In
Mexico, the low deciduous forest has a greater extension in the Pacific zone (CONA-
BIO 2022), in contrast to the Atlantic region, where only three fragments are listed in
the north, center, and south of the country (Rzedowski 1978). In a Costa Rican National
Park, the richness could be associated with a greater extension and a better conserva-
tion status due to the protection efforts implemented in the Guanacaste Conservation
Area (Janzen and Hallwachs 2020).

We found a high proportion of males (85.09%) than females (14.91%) through-
out the study period. This finding is consistent with those of other studies because
males tend to be more attracted to light traps. However, this difference may also
be attributed to other factors, including the population or community structure
itself; males could be more numerous or perhaps more active than females in the
study area (Garris and Snyder 2010, Degen et al. 2016).

The results of the present study demonstrate the influence of rainfall and tempera-
ture on the population dynamics of Sphingidae in the study region. Although species
composition did not differ significantly between the rainy and dry seasons, significant
differences in species richness and abundance were observed, which were higher
during the rainy season. This finding suggests that the same species are present
throughout the year, but their numbers and representation fluctuate according to the
season. This result supports the hypothesis that climatic seasonality (particularly wet
conditions) positively influences the diversity of Sphingidae in agroecosystems asso-
ciated with low deciduous forest fragments in Veracruz.

The models indicated that precipitation and temperature explain 49.97% and
45.58% (adjusted R2) of the variation in species richness and abundance, respec-
tively. Precipitation, temperature, relative humidity, and photoperiods are among
the main climatic factors that temporally influence noctuid moth species turnover
(Montero-Muñoz et al. 2013, Ríos-González et al. 2019). Sphingids are ectother-
mal insects, so their behavior, physiology, phenotype, and reproductive success
are closely linked to environmental variables such as temperature and precipita-
tion, making these insects a good indicator of the impact of climate change (Hill
et al. 2021). The positive correlation of precipitation with richness and abundance
with a 1-mo lag indicates that precipitation has an indirect effect on species rich-
ness and abundance, suggesting that this correlation is due to the change in food
resources or interactions between species in this area with such distinctive climatic
seasonality based on the effect of rainfall (Deguines et al. 2017).

In the state of Veracruz, the study by Lara-Pérez et al. (2020) in the midaltitude
semideciduous forest is the only one in which the relationship between temperature
and precipitation and the richness and abundance of hawkmoths has been assessed.
These authors did not find any correlation, contrary to the results of our work. This dif-
ference in results can be easily explained by the fact that most host plants in the midalti-
tude semideciduous forest have leaves all year round, which seems to be influencing
the abundance of species (Lara-Pérez et al. 2020). Such findings are the reverse of
what had been found in low deciduous forests, where the distribution and diversity of
vegetation changes dramatically depending on climatic variations (Rzedowski 2006,
Axmacher et al. 2009, Montero-Muñoz et al. 2013).

MUÑIZ-RAMÍREZ ET AL.: Sphingid Richness in Agricultural Ecosystems 11

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-09-01 via free access



The state of Veracruz has no natural areas under protection, safeguarding frag-
ments of low deciduous forest, and no taxonomic inventories of nocturnal butter-
flies have been done in protected areas in Mexico (ENCUSP 2021). Because
inventories play an essential role in any conservation program or plan (Medina
et al. 2022), the results of the present work contribute to a baseline for pollinator
conservation, stressing the importance of implementing sustainable agricultural
practices that favor coexistence with biodiversity.
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