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Abstract: Understanding how species richness changes along elevational gradients has attracted
increasing attention from many researchers. The relationships between species richness and elevations
were characterized by monotonic decreases or mid-elevational peaks. The western Sichuan Plateau
is an important species diversity hotspot. However, there is little information available about the
ant species diversity and distribution patterns of this region. In this study, we hypothesize that
ant diversity will show a monotonic decrease from mid-elevation with increasing elevation. Here,
the ant species diversity and distribution patterns of this region were investigated by plot surveys.
A total of 22,645 ants were collected from eight elevational transects in the central and northern
parts of the western Sichuan Plateau, which were identified as belonging to 40 species, 18 genera,
and 4 subfamilies. We found a unimodal relationship between elevation and ant species richness,
with the highest ant species richness occurring at mid-elevations. The similarity coefficient of ant
communities in each elevational transect was at a moderate level of dissimilarity, indicating that the
elevation difference and habitat heterogeneity had a great impact on ant communities in the central
and northern areas of the western Sichuan Plateau.
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1. Introduction

Ants (Formicidae, Hymenoptera) nearly occur in all terrestrial ecosystems and have
important ecological functions [1,2]. Some ants can improve the soil environment and soil
fertility [3—6]; they also play an important role in dispersing seed [7,8] and biological con-
trol [9-11]. However, some ant species are pests of forests, agriculture, and households [12].
Ant diversity is usually regarded as an indicator of biodiversity and forest health [13,14].

Biodiversity conservation is an important aim of forest management [15-17]. An
assessment of forest biodiversity is fundamental to ensuring the sustainability of ecosystem
functions [18]. Bioindicators could be used to monitor ecosystem health. Ants are one
of the most important representative insects for assessing biodiversity because they are
sensitive and respond rapidly to environmental changes [14,19]. Therefore, understanding
ant diversity and distribution patterns is helpful for evaluating changes in ecosystems and
developing conservation priorities and policies [20,21].

The relationship between elevation and species richness has been used as a model [22]
for investigating the response of biodiversity to environmental changes within a small
geographic scale [23], which makes it easy to test hypotheses about patterns that may occur
at a larger scale [24]. In recent years, understanding how ant species richness changes along
elevational gradients has attracted increasing attention from global researchers [25]. In
general, along elevational gradients, ant species richness exhibits a heterogeneous pattern.
Two main patterns of biodiversity along elevational gradients have been identified: (1) a
monotonous decrease with elevation [25,26]; and (2) a unimodal pattern with maximum
diversity at middle elevation [27]. Although there have been many studies describing
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elevational ant diversity patterns [28-38], a unanimous conclusion about patterns remains
elusive. Therefore, further investigation is required in different regions, especially in
previously unstudied areas. Furthermore, in view of the unparalleled importance of
mountain ecosystems, exploring the ant distribution patterns and factors that generate and
maintain biodiversity should provide valuable insights for conservation biologists.

China has 12 subfamilies, 117 genera, and 1026 species of ants [28]. In view of the
unique geographical, climatic, and ecological diversity, many ant species are yet to be
discovered, and their diversity and distribution patterns are still to be studied in the
country. The western Sichuan Plateau is located between the Qinghai-Tibet Plateau and
the Sichuan Basin, which is an important geographical transitional zone connecting the
inland region and the Qinghai-Tibet Plateau [39]. This region is rich in vegetation types
and has high forest cover. As a result, the western Sichuan Plateau is an ideal area for
studying species diversity [40,41]. Although much is known about the faunal diversity
of plants [42,43], there is little information about ant diversity and distribution patterns
in this region.

The present study focuses on the ant diversity along elevational gradients in the west-
ern Sichuan Plateau and characterizes the ant distribution pattern by testing the following
hypothesis: a unimodal pattern with maximum diversity at middle elevation. Our study
will improve our knowledge of how ants in China are distributed along elevational gradi-
ents. Furthermore, our findings will reveal useful and relevant information for biodiversity
monitoring and conservation planning.

2. Material and Methods
2.1. Study Site and Sample Collection

The western Sichuan Plateau belongs to the plateau climate. Most areas have long
winters, no summer, spring, or autumn connections, little precipitation, and concentration.
The temperature difference between day and night is large, the sunshine is strong, and
the sunshine is abundant. There is a complete climate distribution zone in the south of
the western Sichuan Plateau from south to north, which is the south subtropical zone, the
middle subtropical zone, the north subtropical zone, and the warm temperate zone, and
the change in dry and wet seasons in the temperate zone is extremely obvious. Due to the
complex geographical environment and obvious elevational height difference in this area,
there are still abundant natural vegetation types [29].

In this study, a total of 8 elevational transects were set up in order of geographical
location: northwest slope of Wogong Township (NWWGT), Dege County; northeast
slope of Wogong Township (NEWGT), Dege County; southeast slope of Manigange
Town (SEMGT), Dege County; northwest slope of Manigange Town (NWMGT), Dege
County; northwest slope of Shangluokema Town (NWSLT), Luhuo County; southeast
slope of Shangluokema Town (SESLT), Luhuo County; northwest slope of Miyaluo
Town (NWMYT), Lixian County; and southeast slope of Miyaluo Town (SEMYT), Lixian
County. In each elevational transect, one sample plot was set for every 250 m elevation,
and the size of the sample plot is 50 m x 50 m, so there are 42 sample plots in total
(Figure 1). Due to the complexity of terrain and the limitations of vegetation conditions,
there will be some deviation when selecting specific sample plots, and the error range is
usually controlled within 50 m. The survey situation of the study sample plot is shown
in Table S1.

2.2. Survey Method

Ants were investigated and collected by sample plot investigation and search meth-
ods [44]. For the selected sample plots, 5 quadrants with a size of 1 m X 1 m were
selected by the diagonal sampling method, and the ground-active ants were collected
and counted in the quadratic plots first. At each plot, three different sampling techniques
(soil scoring, stick beating, and hand picking) were used to collect ants. The soil layer
with a depth of 20 cm was excavated with a small hand pick. These soil cores were sifted
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using a hand sieve pan to collect ants. To sample ants on trees, bushes, etc., the stick
beating method was used. Finally, ants were collected by hand picking (one person
working for one hour) [45]. After finishing the above investigations, the information
about the sample plot location, geographical location, elevation, vegetation type, investi-
gated time, and collector was recorded, and then photos of the sample plot were taken.
The collected ant specimens were stored in a 2 mL cryopreservation tube filled with
absolute ethanol and brought back to the laboratory for classification and identification.
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Figure 1. The location of the study site in Sichuan Province, China. The black dots represent the
collected sites in the western Sichuan Plateau.

2.3. Ant Species Identification

According to the principle of the same nest, the same species, and the same morphol-
ogy, the ant samples were classified, and the individuals in the same nest or the same species
were numbered. In each specimen, less than 9 ant individuals were made into triangular
paper dry specimens, and more than 9 ant individuals were put back into a cryopreserva-
tion tube filled with absolute ethanol for impregnation and preservation. According to the
works and documents on ant taxonomy [44,46], the ant specimens were identified using
the morphological taxonomy method. Finally, the ant specimen was carefully checked by
an ant taxonomist, Professor Xu Zhenghui. Ant species were finally identified. Samples
and voucher specimens were deposited in the Southwest Forestry University Herbarium.

2.4. Diversity Index

To compare the composition, species richness, and diversity of ant communities in
different altitudinal gradients in elevational transects, EstimateS 9.1.0 software [47] was
used to process the data [48]. The ant species diversity was measured by three main indexes:
species richness, Shannon-Wiener diversity index, and Jaccard similarity coefficient [44,45].
At the same time, the iNEXT package in R [49] was used to draw the species sparsity
and prediction curve based on the number of individuals [50]. The relationship between
ant species richness and elevation was analyzed using logistic regression. The statistical
analysis was performed using R v.4.0.0 [51].

To verify the adequacy of sampling in biodiversity and community surveys, species
accumulation curves were used. The solid line of the cumulative curve represents the
actual number of species and individuals, while the dotted line represents the estimated
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value of species and individuals. It is generally believed that when the dotted line tends to
be flat, it indicates that the sampling is sufficient. The dashed lines of the eight elevational
transects all show a strong rise and then tend to become flat, indicating that the sampling is
sufficient for diversity analysis (Figure 2).

40
@ a
b
30 c
2 = d
o f
.8 20+
& N

i = « Extrapolation

107 f pomr = = = = == Rarefacition

|

fﬂ-

0 4000 8000 12,000
Number of individuals

Figure 2. Accumulation curves for the observed and estimated number of ant species in the central
and northern parts of the western Sichuan Plateau, China. a-h, respectively, represent eight elevational
transects, which are the northwest slope of Wogong Township, Dege County; the northeast slope
of Wogong Township, Dege County; the northwest slope of Manigange Town, Dege County; the
southeast slope of Manigange Town, Dege County; the northwest slope of Shangluokema Town,
Luhuo County; the southeast slope of Shangluokema Town, Luhuo County; the northwest slope of
Miyaluo Town, Lixian County; and the southeast slope of Miyaluo Town, Lixian County.

2.5. Community Structure Analysis

According to the percentage of individual species in the community, it can be divided
into five grades: (1) >10% is the dominant species, which is indicated by A; (2) 5.0~9.9%
are common species, represented by B; (3) 1.0~4.9% are less common species, which are
expressed by C; (4) 0.1~0.9% are rare species, which are expressed by D; (5) <0.1% is a very
rare species represented by E [36].

3. Results

A total of 22,645 ant individuals were recorded and identified in 40 species from
18 genera representing four subfamilies (Table 1, Figure 3) in the central and northern
parts of the western Sichuan Plateau. Among them, two are dominant species, Formica
sentschuensis Ruzsky and Myrmica kozlovi Ruzsky, accounting for 5% of the total species.
Ectomomyrmex javanus Mayrita; Myrmica ritae Emery; Lordomyrma bhutanensis (Baroni
Urbani); Temnothorax reticulatus (Chang and He); and Camponotus sp. are the rarest
species (Table 1). The elevational pattern of ant species diversity distribution was
unimodal, increasing from seven species at 1000 m to thirteen species at 2000 m and then
decreasing to one species at 4500 m (Figure 4, Table S2). The most diverse elevational
transect was the southeast slope of Miyaluo Town in Lixian County, followed by the
southeast slope of Shangrokoma Town in Luhuo County. There were no species in the
3750 m alpine meadow and the 4530 m alpine meadow on the northwest slope of Wogong
Township, Dege County (Table S3, Figure 4).
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Table 1. Ant community composition in the central and northern parts of the western Sichuan Plateau.

Subfamily Species Name Number of Individuals Dominance Values = Dominance Grades
Formicinae Formica sentschuensis Ruzsky, 1915 8348 41.62 A
Myrmicinae Myrmica kozlovi Ruzsky, 1915 3092 15.41 A
Myrmicinae Aphaenogaster caecilinze Viehmeyer, 1922 1631 8.13 B
Myrmicinae Myrmica afghanica Radchenko and Elmes, 2003 1939 9.67 B
Myrmicinae Myrmica pararitae Radchenko and Elmes, 2008 312 1.56 C
Myrmicinae Myrmica jessensis Forel, 1901 357 1.78 C
Formicinae Formica fusca Linnaeus, 1758 850 423 C
Formicinae Formica candida Smith, 1878 579 2.89 C
Formicinae Lasius niger (Linnaeus, 1758) 497 248 C
Dolichoderinae Liometopum sinense Wheeler, 1921 201 1.00 C
Formicinae Lasius flavus (Fabricius, 1782) 461 2.30 C
Formicinae Formica sinensis Wheeler, 1913 557 2.78 C
Myrmicinae Tetramorium caespitum (Linnaeus,1758) 174 0.88 D
Myrmicinae Aphaenogaster xuantian Terayama, 2009 80 0.40 D
Formicinae Camponotus japonicus Mayr, 1866 63 0.31 D
Formicinae Camponotus herculeanus (Linnaeus,1758) 26 0.13 D
Dolichoderinae Dolichoderus sibiricus Emery, 1889 22 0.11 D
Formicinae Paraparatrechina aseta (Forel, 1902) 144 0.72 D
Formicinae Formica gagatoides Ruzsky, 1904 113 0.56 D
Myrmicinae Aphaenogaster tibetana Donisthorpe, 1929 68 0.34 D
Dolichoderinae Tapinoma rectinotum Wheeler, 1927 68 0.34 D
Myrmicinae Aphaenogaster angulata Viehmeyer, 1922 35 0.17 D
Formicinae Lasius sp. 62 0.31 D
Myrmicinae Myrmica sp. 27 0.13 D
Formicinae Lasius himalayanus Bingham, 1903 17 0.08 E
Formicinae Nylanderia flavipes (Smith, 1874) 3 0.02 E
Formicinae Nylanderia taylori (Forel, 1894) 16 0.08 E
Ponerinae Ectomomyrmex javanus Mayr, 1867 1 0.005 E
Ponerinae Hypoponera exoecata (Wheeler, 1928) 4 0.02 E
Ponerinae Odontomachus monticola Emery, 1892 2 0.01 E
Myrmicinae Pristomyrmex punctatus (Smith, 1860) 2 0.01 E
Formicinae Lasius umbratus (Nylander, 1846) 14 0.07 E
Formicinae Pseudolasius zamrood Akbar et al., 2017 9 0.04 E
Formicinae Lasius nipponensis Forel, 1912 2 0.01 E
Formicinae Lasius coloratus Santschi, 1937 18 0.09 E
Myrmicinae Myrmica ritae Emery, 1889 1 0.005 E
Myrmicinae Lordomyrma bhutanensis (Baroni Urbani, 1977) 1 0.005 E
Myrmicinae Myrmica sulcinodis Nylander, 1846 8 0.04 E
Myrmicinae Temnothorax reticulatus (Chang and He, 2001) 1 0.005 E
Formicinae Camponotus sp. 1 0.005 E
— 22,645 — —

Note: division standard grades for species types: > 10% dominant species, expressed as A; 5.0-9.9% common
species, expressed as B; 1.0-4.9% less common species, expressed as C; 0.1-0.9% relatively rare species, expressed

as D; < 0.1% very rare species, expressed as E.

Dolichoderinae
7.50%

Ponerinae
7.50%

Formicinae
47.50%

Figure 3. Species-richness pattern of subfamilies in the central and northern parts of the western Sichuan

Plateau, China. The members of subfamilies are given as percentages of a total of 40 species occurrences.
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Figure 4. The relationships between ant species richness and elevation for every 250 m elevation
from 1000 m to 4500 m across 42 sampling plots in the central and northern parts of the western
Sichuan Plateau, China. The empty circles represent the means after the same elevation was averaged.
The graph was visualized according to ant species richness. The fitted lines display the predicted
probabilities of ant species as fit by logistic regression models.

The southeast slope of Miyaluo Town in Lixian County was the elevation belt with
the highest diversity (8.62), while the northwest slope of Wogong Town in Dege County
had the lowest diversity index of ant communities in the central and northern parts of the
western Sichuan Plateau (1.17) (Table S3).

The similarity between ant communities in the west and southeast slope of Miyaluo
Town in Lixian County and the northwest slope of Wogong Township in Dege County
is the lowest at a very dissimilar level (0.08). The similarity of ant communities between
the northwest slope of Shangluokoma Town in Luhuo County and the southeast slope of
Manigango Town in Dege County is the highest (1.00) (Figure S1, Table S4).

4. Discussion

A total of 22,645 ants were collected in 8 elevational transects in the north and central
parts of the western Sichuan Plateau, which were identified as belonging to 4 subfami-
lies, 18 genera, and 40 species. The species richness in this area was lower than that in
neighboring areas, such as eastern Daliangshan, Sichuan Province (135 species, 43 genera,
6 subfamilies) [52], central Daliangshan (44 genera, 115 species, 6 subfamilies) [53], western
Daliangshan (37 genera, 95 species, 8 subfamilies) [54], Wang Lang Nature Reserve, Sichuan
Province, and its neighboring areas (5 subfamilies, 37 genera, 77 species) [37].

The results of previous studies showed that ant species richness decreased as the
elevation increased [25,38,55-57]. However, in the eight elevational transects of the central
and northern Sichuan Plateau, this trend is not consistent. Our data would have supported
the prediction that ant species richness decreases with increasing elevation if we had only
sampled above 2000 m. However, we would have found the opposite trend if we had
only sampled below 2000 m. This highlights the importance of quantifying geographical
gradients and supports the idea that the mixed findings of previous studies might be
attributable to their limited sampling scale [55-57]. There are in fact many studies on
species, including studies on ants, that found unimodal relationships have been predicted
based on several hypotheses [30,31,58-60], and such mid-elevation peaks are probably the
rule rather than the exception. Such unimodal diversity and distribution patterns make
it possible that abiotic variables that are associated with elevation, such as temperature,
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precipitation, ultraviolet radiation, and the soil’s physical and chemical properties, may
influence ant species diversity [27,61-63]. We hope that the intriguing patterns revealed
here might stimulate future studies to collect detailed abiotic data (including data on soil,
light, and climate) and biotic data (including measurements of predators by both vertebrate
animals and invertebrate insects) to shed light on the relative importance of different factors
in shaping large-scale patterns in ant diversity and distribution patterns.

The similarity coefficients of ant communities in the eight elevational transects in the
north and central parts of the western Sichuan plateau showed a moderate dissimilarity
level; that is, different ant communities inhabited different elevational transects, and each
elevational transect had different community characteristics. Among them, the northwest
slope of Shangluokoma Town in Luhuo County and the southeast slope of Manigange
Town in Dege County have similar elevation gradients, so they reach a very similar level.
The difference between the west and southeast slopes of Miyaluo Town in Li County and
the northwest slope of Wogong Township in Dege County is due to the great difference in
elevation between elevational transects caused by the change in elevation ladder. In terms
of habitats, most of the habitats in the north and central parts of the western Sichuan Plateau
are coniferous forest, broad-leaved forest, mixed forest of coniferous and broad-leaved
forest, and shrubs. The vegetation types are complex and diverse, and the typical geological
environment and rich ecosystem types should make the overall species richness higher.

5. Conclusions

Our findings confirm the elevational pattern of ant diversity and distribution is uni-
modal, with mid-elevations having the highest ant diversity relative to lower and higher
elevations in the central and northern parts of the western Sichuan Plateau. While the ant
communities of some of the studied transects are very similar to each other, others are
extremely dissimilar. A difference in ant diversity between different slopes was not found.
The vegetation types are diverse in this region, and the typical geological environment and
rich ecosystem types should make the overall species richness higher. Our study highlights
the importance of quantifying geographical gradients and supports the idea that the mixed
findings of previous studies may be attributable to their limited sampling scale.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/d15080935/s1, Figure S1: Non-metric multidimensional scaling
(NMDS) of ant community similarity from different elevational transects in the central and northern
part of western Sichuan Plateau, China. Table S1: Sample plot situation of the ant community survey
at the central and northern part of western Sichuan Plateau; Table S2: The mean of ant species
richness were from every 250m increase in elevation across 42 sampled plots; Table S3: Main indices
of ant communities in the central and northern part of western Sichuan Plateau; Table S4: Similarity
coefficients among ant communities form elevational transects in the central and northern part of
western Sichuan Plateau. The index was sorted by sampling order.
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