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Introduction: Coleoptera is the most species-rich order of animals with the

widest distribution area; however, little is known about its global suitability

distribution, and a substantial number of species are experiencing silent

extinction. Most of Earth’s biocommunities are concentrated in biodiversity

hotspots, and these hotspots receive the largest investment of conservation

funds. The survival of beetles is closely related to the richness of biodiversity, so

habitat loss in hotspots results in a high extinction risk for beetles.

Methods:We used the MaxEnt model to simulate the spatial suitable distribution

in six time periods (1970-1980, 1980-1990, 1990-2000, 2000-2010, 2010-2020,

and 1970-2020). Furthermore, we determined the priority suitable regions in

hotspots after coupling the current biodiversity zones and evaluated the

congruence between the suitable habitat of beetles and hotspots.

Results: The results revealed that less than 30% of suitable regions were located

in hotspots, and approximately 49.08% of the suitable habitat remained constant

in all six periods, and can be regarded as climatically stable refugia. The

Mediterranean Basin had the largest suitable area in each period and was

always ranked first; other regions, such as Indo-Burma, Irano-Anatolian, and

Mesoamerica, also had large areas of suitable habitat. Nine excellent, ten stable,

and seventeen lower hotspots were identified based on their dynamic changes in

36 hotspots.

Discussion: Based on these results, corresponding planning and management

measures should be implemented in different biodiversity hotspots according to

the changes in geographic distribution. In this paper, we propose practical advice

for different regions to improve isolated and fragmented habitats, which will

support the conservation of Coleoptera taxa and the restoration of biodiversity.
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1 Introduction
Biodiversity hotspots, defined as sites with the highest species

diversity or as the most threatened and diverse sites, have been

widely used in multiple disciplines to identify the priority areas for

conservation (Reid, 1998; Ceballos and Ehrlich, 2006; Jha and Bawa,

2006; Willis et al., 2007; Davies, 2010). Based on this definition,

hotspots are usually described as the concentration areas with rare

species, threatened species, and 70% loss of primary vegetation

(Myers et al., 2000). Most of Earth’s biodiversity is found in

hotspots, and these hotspots provide a refuge or suitable habitat

for vascular plants, mammals, amphibians, insects and others

(Habel et al., 2019; Kidane et al., 2019; Trew and Maclean, 2021).

Currently, 36 biogeographical regions are highlighted as global

conservation priorities owing to their exceptional endemism, and

there is a great threat to vegetation integrity (Hrdina and Romportl,

2017). The annual average cost of the global network of

conservation zones is estimated to be US$ 27.5 billion,

representing the largest investment in protection funds (Gössling,

2002; Mittermeier et al., 2011). Further determining priority

conservation zones on different geographic scales for species

considering hotspots helps determine the concentration of

resources and reallocation (Jepson and Canney, 2001; Trew and

Maclean, 2021). However, few studies have discussed the spatial

suitability of species in biodiversity hotspots. Evaluating the

distribution suitability of species in hotspots is important for

biodiversity conservation. For instance, the potential distribution

map regarding wild strawberry and Ageratina adenophora was

obtained by two studies (Yang et al., 2020; Changjun et al., 2021),

and they both demonstrated the importance of exploring the

distribution in hotspots. Farashi and Shariati (2017) studied Iran

biodiversity hotspots and used a niche model and setting amounts

of buffers for mammal, bird, and reptile species. Exploring the

habitat suitability for some species and groups in the context of

biodiversity hotspots is conducive to the implementation of targeted

measures and the further conservation of biodiversity.

Insects, a neglected group, contribute to many functions and

services in the natural ecosystem (Noriega et al., 2018; Elizalde et al.,

2020; Noriega et al., 2020). Some of their contributions, such as

pollination, pest control, and nutrient cycling, are of high value

(Potts et al., 2016; Dainese et al., 2019; Uhler et al., 2021). For

decades, increasing evidence has indicated that insect assemblages

are undergoing significant changes in biodiversity owing to a suit of

anthropogenic stress and climate change, especially in hotspots

(Fattorini, 2011; Cardoso et al., 2020; Halsch et al., 2021; Moir,

2021; Outhwaite et al., 2022). This is attributable to the fact that

substantial extinction pressure is put on insect populations by the

fragmentation of biodiversity hotspots (Fonseca, 2009; Stork, 2010;

Sullivan and Ozman-Sullivan, 2021). Hochkirch (2016) stated that

we must preserve invertebrate biodiversity and pay more attention

to the insect crisis. Thus, the protection of biodiversity hotspots will

facilitate the reproduction and survival of insect taxa (Samways,

2007; Stork and Habel, 2014). Beetles, also known as Coleoptera, is

the most diverse and species-rich insect group, and more than

380,000 species have been described worldwide (Zhang et al., 2018).
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Most beetles must rely on forests to survive, indicating that the

increasing fragmentation of forest habitats will place enormous

pressure on beetles. In addition to climate change, the alternation of

natural landscapes by humans is a critical cause of insect

biodiversity loss, especially for beetles. We focus on this group

not only because it is the group with the largest number of species,

but also because it has a high value for ecosystem services. For

example, dung beetles perform functions such as nutrient cycling,

bioturbation, secondary seed dispersal, and play an important role

in increasing primary productivity and suppressing parasites in

livestock (Nichols et al., 2008). Additionally, some beetles, such

as ground beetles, are seen as bioindicators of the evaluation

of environmental pollution and the recovery processes in

postindustrial areas in accordance with their extreme sensitivity

to ecological parameters, such as water quality and soil degradation

(Elliott, 2008; Ghannem et al., 2018). Therefore, the critical role of

beetles in ecological functions and ecosystems suggests that more

attention should be given to beetle conservation. Understanding

species distribution helps guide protection; however, there have

been few studies on the distribution of beetles on the macro scale,

which has fascinated many scholars. Consequently, exploring the

spatial dynamics of the potential suitability distribution for beetles

on several time scales may not only facilitate beetle biodiversity

conservation, but also may be conducive to mitigating biodiversity

degradation in hotspots.

For decades, the human footprint has spread all over the world,

posing a huge threat to biodiversity, and thousands of species have

lost their homes. As a means of determining global conservation

priorities, exploring the spatial dynamics of beetles in hotspots is

conducive to the conservation of biodiversity. Recently, the species

distribution model (SDM) has been widely used to predict the

potential geographic distribution of species, including the

maximum entropy (MaxEnt) model, rule set prediction (GARP),

ecological niche factor analysis (ENFA), and random forest (RF)

(Pulliam, 2000; Farashi et al., 2013; Sheridan, 2013; Noriega et al.,

2020; Yang et al., 2022). Among these, MaxEnt is preferred due to

its impressive advantages, such as ease of operation, good

performance, short run time, and relatively accurate results

(Phillips and Dudıḱ, 2008; Merow et al., 2013). Kong et al. (2021)

established a climate distribution model under four climate change

scenarios and revealed that isolated, fragmented giant panda

populations were more vulnerable than other populations to

extinct ion risk. Chowdhury et al . (2021) found that

approximately 15% of butterflies may be at elevated extinction

risk in the tropics, and most migratory butterflies face strong

seasonal variation in habitat suitability by using MaxEnt to

simulate the seasonal spatial dynamics of butterfly migration. To

identify a stable refugia for relict plant species, Tang et al. (2018)

mapped the distribution patterns for relict species in East Asia to

identify suitable regions and obtained a long-term refuge combined

with an abundance map. We also utilized this modeling approach

to simulate the spatially suitable distribution for beetles in

biodiversity hotspots.

Here, we develop current niche models for beetles and identify

the priority suitable habitat under decades scales combined with

hotspots, which allows us to observe the characteristics of spatial
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changes over the past decades. The objectives of this study include

the following: (1) to simulate the integrated spatial suitability of

beetles; (2) to identify the priority suitable habitat and hotspots for

beetles at five scales; and (3) to evaluate the congruence between the

suitable habitat of beetles and biodiversity hotspots.
2 Material and methods

2.1 Material

We obtained occurrence records (7,719,124 records) from the

Global Biodiversity Information Facility (https://www.gbif.org/),

which is an international network of data infrastructure that

provides the most comprehensive and successful service for

searches on taxa, species, or datasets. All occurrence point data

were collected between 1970 and 2020. To explore the spatial

dynamic changes in beetles, we grouped occurrence records into

five periods (1970-1980, 1980-1990, 1990-2000, 2000-2010, 2010-

2020, and 1970-2020). Then, we removed black cells and data

without accurate coordinate information, and invalid coordinates

outside the world were also deleted during the data clearing process

of each scale. To improve the accuracy of the modeling, duplicate

records were deleted in our study, and only one point was included

in every grid cell (10 km×10 km) (Aiello-Lammens et al., 2015;

Aidoo et al., 2022). In total, 77,569, 89,590, 106,700, 162,694,

620,653, and 970,056 occurrence presence records for 1970-1980,

1980-1990, 1990-2000, 2000-2010, 2010-2020, and 1970-2020,

respectively, were ultimately obtained. Abundant species

populations were found in each dataset; for example, in 1970-

1980, 159 families, 5600 genera, and 24814 species were obtained.

For 1980-1990, we determined 164 families, 5972 genera, and 25697

species. For 1990-2000, the distribution database included 162

families, 6470 genera, and 28244 species. For 2000-2010 and

2010-2020, a total of 30238 and 33802 species were identified,

and they all belong to 171 and 167 families, respectively. In

summary, 55743 species from 187 families and 8174 genera were

found during the clearing of occurrence points in 1970-2020.

Finally, all occurrence data of beetles were saved in the “CSV”

format in accordance with the requirements of the MaxEnt model.

To better improve our results, we utilized 19 bioclimatic

variables (WorldClim; https://worldclim.org/) to construct the

MaxEnt model. The 19 bioclimatic parameters included annual

mean temperature, mean diurnal range, isothermality, and others

(Supplementary Table S1), which were identified by spatial

interpolation based on weather stations from between 9000 and

60000 (Fick and Hijmans, 2017).
2.2 Methods

We implemented the MaxEnt model in R (Phillips et al., 2017)

to simulate the spatial dynamics of beetles under current climate

conditions. Bioclimatic parameters were utilized in our modeling

process to comprehensively evaluate the distribution pattern in

accordance with the degree of importance of bioclimatic factors to
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species (Chowdhury et al., 2021). For each ten-year scale, we

attempted to adjust the parameters of the model to obtain more

accurate results after inputting occurrence data and environmental

variables and ultimately obtained different parameter assemblages

of the model for various scales. The kuenm package in R version

3.6.3 was utilized to optimize the regularization multiplier (RM)

and feature class parameters (FC). For RM, the values were set

between 0.5 and 4 (increments of 0.5, total 8 values), and 31 various

combinations of FC based on L (linear), Q (quadratic), H (hinge), P

(product), and T (threshold) were selected to ultimately determine

parameter collocation. The final parameters used in the MaxEnt

model depended on the results of the Akaike information criterion

(AICc), significance (partial ROC), and omission rates (E=5%). In

addition, the significant models needed to meet the following

conditions: omission rates ≤ 5%, and delta AICc values must be ≤

2 (Cobos et al., 2019).

Then, we executed the R program with 10 replicates to obtain

the average results, a logistic output format and the output file type

is “ASC” after perfect model parameter combinations were received

for each period. The AUC value represented the accuracy of the

model, and a higher value indicated more MaxEnt model results.

Then, we mapped the habitat distribution based on the results of R

produced under various time scales using ArcGIS 10.4 to further

analyze the spatial change dynamics of beetles.
3 Results

3.1 Spatial suitability of beetles

After optimizing all model combinations, we obtained the

parameter settings for each time period. Specifically, when the

RM value was 2 and FC was LQ for 1970-1980, the AICc value

was the smallest with delta (AICc=0). The RM value setting for

1980-1990, 1990-2000, 2000-2010, 2010-2020, and 1970-2020 was

0.5, 2.5, 2, 1, and 3.5, respectively, while the choice of FC for these

five periods was LHP, H, QP, LQ, and HP, respectively. Then, the

MaxEnt model was used to model the spatial distribution of beetles

under the optimal parameter setting. We developed several spatial

habitat suitability maps for beetles by using the reclassification tool

in ArcGIS 10.4 after obtaining the files originating from the results

of the MaxEnt program. These distribution maps represented the

suitability of beetles under the background of the GBIF database,

not only one species, meaning that basic survival conditions such as

temperature and precipitation were sufficient for most species, while

the distribution of suitability for individual species may differ. Six

global suitability maps were ultimately identified, including 1970-

1980 (A), 1980-1990 (B), 1990-2000 (C), 2000-2010 (D), 2010-2020

(E), and 1970-2020 (Total). Figure 1 shows the suitable distribution

of beetles from 1970 to 2020. Overall, the distribution of suitable

habitat was mainly concentrated in western and southern Europe

and North America, and southern Asia was also a critical

distribution region. Some countries, such as France, Germany,

Poland, Sweden, the United States, China, and Japan, were at

excellent levels in our assessment and occupied most of the

beetles’ suitable habitat. In contrast, the degree of habitat
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suitability for North Asia, North America, and Africa was low.

From the perspective of biogeographic regions, most of these

suitable zones belonged to the Palaearctic, Nearctic, and

Holarctic, which are relatively rich in biodiversity and

vegetation communities.

Furthermore, beetles showed a range of volatility in every ten-

year period, and the spatial distribution dynamics over fifty years

are shown in Supplementary Figure S1. We classified the habitat

suitability of beetles into two levels after comprehensively

evaluating the distribution of the beetles. In that case, Europe and

North America included most of the suitable regions, and the

distribution areas in southeastern Asia were relatively stable. In

terms of unstable regions, the suitability in South America, Africa,

and Asia fluctuated substantially, especially in central and southern

South America, and the suitable distribution zones for beetles

expanded and contracted clearly. The total area of the spatially

suitable regions for the five scales continuously decreased from the

first period to the fifth period, and approximately 11.72 × 107 km2

and 6.85× 107 km2 were then obtained for 1970-1980 and 2010-

2020, respectively. This most dramatic trend may reflect the

significant influence of climate changes on the habitat in which

beetles live. We clearly observed that the overall spatial suitable

distribution of the beetles changed from scattered to relatively

concentrated, indicating that some association between elevation

and beetles may exist. In other words, some areas that are very

sensitive to global warming may suffer more from more of the

potential for disappearance, although protective measures have

been taken by humans.
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3.2 Spatial dynamics of priority zones

To better address the increasingly significant threat of habitat

loss, 36 geographical regions were identified as conservation

priorities and named biodiversity hotspots. For each ten-year

period, the spatially suitable distribution in biodiversity hotspots

was determined by using ArcGIS 10.4 to cover them in suitable

habitats of beetles around the world. Next, we mapped the

geographic distributions for beetles in biodiversity hotspots to

explore the spatial dynamics of these populations. Specifically,

some priority areas were obtained by using the intersect tool to

overlay the biodiversity hotspots and the suitable regions received

with spatial niche models (Figure 2). For coleopteran, the

distribution of spatial suitability was relatively average while still

retaining the overall distribution dynamics. Southern Europe and

North America have always been the focus of distribution for

decades, indicating the stability of distribution, although climate

change exacerbated the degradation of habitat. In southern Asia,

the number of priority areas was concentrated at the border

between China and other countries, which may be attributed to

the strong enforcement of conservation measures. In South

America, the suitable zones of beetles changed considerably,

while sporadic distributions in Africa were always present. We

hypothesize that small populations of beetles in fragmented and

isolated habitat patches may face a high risk of local extinction.

In total, the distribution of priority areas was similar to the

global suitability of beetles, and their area also fluctuated to a

certain extent.
FIGURE 1

The habitat suitability of beetles globally in 1970-2020. We mapped the habitat suitability of beetles based on the GBIF database in six time periods,
and the others are represented in the Supplementary Material.
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Then, we counted the distribution area of suitable regions in

hotspots on each decadal scale. The total areas of selected priority

habitats for A, B, C, D, E, and Total were 2.76×107 km2, 2.03×107

km2, 2.14×107 km2, 1.66×107 km2, 1.65×107 km2, and 2.16×107

km2, respectively. In 1970-1980, the suitable areas covered by

hotspots were mostly for decades and corresponded to 23.58% of
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the overall suitable area in this period. Notably, the performance

of 1990-2000 was excellent, with approximately 27.15% of the

suitable zones being identified. In the context of various periods,

approximately no more than 30% of the habitat was comparatively

better for beetles located in hotspots, and they generally showed a

downward trend (Figure 3).
B

C

D

E

A

FIGURE 3

Spatial distribution dynamics of five time scales in biodiversity hotspots. The proportion of suitable areas in biodiversity hotspots for six scales is
shown in this figure. (A) 1970–1980, (B) 1980–1990, (C) 1990–2000, (D) 2000–2010, (E) 2010–2020.
B

C D

E

A

FIGURE 2

Priority suitable areas in biodiversity hotspots. (A) 1970–1980, (B) 1980–1990, (C) 1990–2000, (D) 2000–2010, (E) 2010–2020, and (Total)
1970–2020.
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To better observe the dynamic changes from one period to the

next, we used a Venn diagram to compare them in the basis of

habitat suitable for beetles. Ultimately, approximately 49.08% of the

suitable zones remained constant during each transition in the five

stages (Figure 3), indicating that these regions had greater survival

advantages for beetles. From A to B, 0.2% of the geographic suitable

regions increased, while approximately 26.19% of the suitable

habitat disappeared due to a variety of reasons. Then, we

obtained 7.32% of the new suitable regions, and approximately

0.16% of the areas among them were completely new when

transitioning to the third stage. Fortunately, 59.01% of the new

distribution areas metamorphosed into suitable regions when

entering the 21st century, which may be because the biodiversity
Frontiers in Ecology and Evolution 06
hotspots in this stage were being established. Apparently, many

habitats were recuperated after launching this initiative, which

greatly increased the biodiversity of habitat and further encourage

beetle reproduction.
3.3 Congruence evaluation between spatial
suitability and hotspots

According to the statistical results of suitable areas in

biodiversity hotspots, we generated a bar chart for every ten-year

period to compare the area distribution of each hotspot. The top ten

hotspots were identified based on the area of spatial geographic
B

C D

E

A

FIGURE 4

Priority areas in hotspots under six time scales. (A) 1970–1980, (B) 1980–1990, (C) 1990–2000, (D) 2000–2010, (E) 2010–2020, and (Total)
1970–2020.
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distribution, and three critical hotspots and the proportion of

suitable areas occupied by them were determined (Figure 4). The

Mediterranean Basin was the best region in this assessment,

especially in 2000-2010, and had the most suitable habitat for

beetles. Other hotspots, including Indo-Burma, North American

Coastal Plain, Cerrado, and Irano-Anatolian, had a higher degree of

suitability for the survival of beetles, and most of them were located

in Europe, North America, and Asia. In 1970-1980, the

Mediterranean Basin (11.74%), Indo-Burma (9.84%), and Cerrado

(7.78%) included most of the suitable regions, while others, such as

the North American Coastal Plain, Atlantic Forest, Tropical Andes,

Mesoamerica, Hoern of Africa, Irano-Anatolian, and Caucasus,

were relatively even. For D and E, the difference between various

hotspots was somewhat large. In addition, some hotspots, including

the Mediterranean Basin, Indo-Burma, and North American

Coastal Plain, were comparatively stable when compared with

others, such as Japan, Mesoamerica, Atlantic Forest, Himalaya,

Mountains of Central Asia, and Chilean Winter Rainfall and

Valdivian Forests. Consequently, the numbers of hotspot zones

exhibited spatial dynamics in the different periods due to climate

change. The areas described above with greater volatility may face

greater pressure and challenges, indicating that local disappearance

may occur for beetle communities.

Therefore, the biodiversity hotspots of the three levels were

obtained after comprehensively evaluating the changes in hotspots

to distinguish the suitable dynamics of different hotspots at different

ten-year scales. Specifically, a hotspot was selected as excellent if it

appeared more than four times in the six periods (A, B, C, D, E, and

Total) and was in the top ten on the scale of occurrences. Then, we

determined other hotspots on the basis of the degree of stability of

these hotspots at five scales (A, B, C, D, and E). We considered these

hotspots with little fluctuation to be stable, while the identification

of lower hotspots depended on the trend of overall decrease

(Supplementary Figure S2). Finally, approximately 25% of
Frontiers in Ecology and Evolution 07
hotspots (Mediterranean Basin, Indo-Burma, Irano-Anatolian,

Mesoamerica, Atlantic Forest, Caucasus, Cerrado, Tropical Andes,

and North American Coastal Plain) were determined to be excellent

regions (Figure 5). Among them, five biodiversity hotspots,

including the Mediterranean Basin, Indo-Burma, Mesoamerica,

Cerrado, and Tropical Andes, generally decreased, but the

suitable distribution of these hotspots was widespread, especially

in the Mediterranean Basin, Indo-Burma and Cerrado. Therefore,

corresponding vigilance should be considered, although these

regions are significant for beetle reproduction and dispersal.

Furthermore, a total of ten (28%) and seventeen (47%) hotspot

regions were deemed stable and lower, respectively. We can clearly

see that most stable hotspots covered many sea areas, which is a key

reason why these zones were identified as stable regions. Owing to

proximity to the ocean, the combination of the low influence of

human interference on habitat fragmentation and insusceptibility of

endemic biodiversity to climate change has resulted in a smooth

evolution of the beetles’ habitat suitability. For seventeen lower

hotspots, the fragmentation of the landscape should be given more

attention by managers, and sufficient eco-compensation payments

and more conservation measures, such as reforestation or habitat

recovery, could be implemented to reduce extinction possibilities.

The purpose of this study was to propose informative

suggestions based on our results to better protect biodiversity

hotspots. For beetles, the degree of suitability for survival often

depends on the species richness in the forest, especially the

vegetation diversity. Therefore, constructive suggestions for forest

restoration are provided based on the suitability distributions of

beetles. We carried out this exercise: a series of spatial suitability

distribution maps of hotspot areas at six ten-year scales (A, B, C, D,

E, and Total) are produced (Supplementary Figures S3-S5). Then,

the geographic distribution dynamics of each hotspot for beetles

from 1970 to 2020 was clearly observed. Intriguingly, some regions

experienced substantial expansion and contraction, such as the
FIGURE 5

Three levels of biodiversity hotspots identified. The excellent hotspots represent the areas with the highest biodiversity, the lower hotspots indicate
the regions where biodiversity has been or is vulnerable to destruction, and the stable means that biodiversity in these regions has not fluctuated
much over the past few decades.
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Cerrado, Coastal Forest of Eastern Africa, Guinean Forest of West

Africa, Horn of Africa, Mountains of Southwest China, the

Philippines, Succulent Karoo, Sundaland, Tumbes-Choco-

Magdalena, and Wallacea. However, some hotspots, including the

Mountains of Southwest China, Succulent Karoo, and others,

eventually tended to have a stable suitability distribution. In the

Mediterranean Basin, the suitable habitat areas of landmasses had a

high degree of consistency across six timescales for countries such

as Spain, Morocco, Algeria, Italy, Greece, and Turkey, although

large swaths of oceans were identified as hotspots. For the Coastal

Forest of Eastern Africa, Guinean Forest of West Africa, and Horn

of Africa, the dynamic changes in beetle habitats were surprisingly

dramatic. Climate change, human interference, and the

vulnerability of the original ecology contributed to large areas of

local habitat loss, and conservation and restoration measures should

be implemented in local countries, including Somalia, Kenya,

Ghana, Nigeria, Liberia, and Mozambique.
4 Discussion

To identify the level of complexity warranted, quantitative

evaluation constitutes a significant component of distribution

modeling, and the selection of optimal models was based on the

results of evaluating various levels of complexity, resulting in

different parameter combinations for different species under

different times and spaces (Warren and Seifert, 2011;

Radosavljevic and Anderson, 2014; Cobos et al., 2019; Kass et al.,

2021). In our study, the complexity of the MaxEnt model became a

critical part of obtaining a suitable distribution of Coleoptera in the

context of 1970 to 2020, with temperature and precipitation as

important driving factors. We determined different parameter

combinations for beetles to simulate the comprehensive

distribution under current climate changes. Unsurprisingly,

model performance was effectively improved, as reflected in the

model evaluation metrics (AUC≥0.85) and the agreement between

the potential and actual distribution of beetles. Ultimately, we

coupled current biodiversity hotspots with potential distributions

to model the spatial priorities of beetles, and the consistency

between them was assessed. This study also revealed the

extinction risk of beetles in every biodiversity hotspot and the

spatial dynamics of changes. Due to the high human interference of

hotspots, we paid particular attention to some regions whose

extinction risk in local habitat was correspondingly higher.

Our study indicated that ≤30% of the suitable zones in every

ten-year period fell within the biodiversity hotspots, while the

majority of suitable habitat were outside the hotspots, which did

not mean that these suitable regions were not ecologically

significant. In contrast, a higher suitability may occur in some

other regions, but more concentrated manifestations were found in

biodiversity hotspot areas because the delineation of hotspots

contains more ecological significance (Cincotta et al., 2000;

Marchese, 2015; Grande et al., 2020). Not only are these regions
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especially rich in endemic species and particularly threatened by

human interference, but the largest sum was assigned to a single

protection project (Norman, 2003). We clearly observed that most

of Earth’s biodiversity is found in hotspots, and over 150,000

endemic plant species and approximately 13,000 endemic

terrestrial vertebrates are sheltered (Bellard et al., 2014; Habel

et al., 2019). However, the survival of insects and the richness of

biodiversity go hand in hand, and thousands of modern insect

extinctions are estimated to have occurred, which are the

consequences of silent habitat loss and endemic biodiversity

extinction (Dunn, 2005; Fonseca, 2009). The island biogeography

theory proposed by Janzen (1968) states that any reduction in a

plant species will result in a decrease in the richness of insect fauna.

Direct conservation efforts have not been focused on insects.

Therefore, we simulated the spatial distribution dynamics for

Coleoptera, the largest order of insects, to explore the laws of

changes and propose conservation recommendations. The results

of this study indicated that the integrated suitability of beetles

outside or in hotspots have similar dynamic changes. As the focus of

distribution, Southern Europe and North America had a

corresponding stability, while South America and Africa

experienced a higher extinction risk, which may be attributed to

climate changes, land use, and extensive growth of agriculture in

recent decades (Higgins, 2007; Griffiths et al., 2010; Perrings and

Halkos, 2015).

Although the overall distribution of suitable habitat in hotspots

for beetles was relatively severe, these areas also demonstrated

potential for beetle conservation and biodiversity restoration. Our

results revealed that the potential areas for biodiversity

improvement were 2.76×107 km2, 2.03×107 km2, 2.14×107 km2,

1.66×107 km2, 1.65×107 km2, and 2.16×107 km2 for A, B, C, D, E,

and Total, respectively. In particular, approximately 49.08%

(1.38×107 km2) of fragmented habitat will strengthen forest

restoration to increase carrying capacity. Thus, corresponding

conservation and management measures should be implemented

in some critical countries, including Spain, Turkey, Morocco, Italy,

America, and Brazil. Natural recovery and reduction of human

disturbance in these regions are significant measures, while a certain

level of forest management monitoring should be implemented. For

zones with a small but very concentrated distribution of suitable

habitat, legislation should be strengthened to facilitate

administration, and the further expansion of anthropogenic land

must be reduced. Forest areas in these regions will continue to

expand, diverse species may be reintroduced, and biodiversity will

be improved to accommodate more populations in the long term.

China, Chile, South Africa, Australia, and Japan are important

countries to prioritize, and cross-border protection is a considerable

initiative such as China, which will enhance connectivity between

different suitable areas. For other scattered regions, implementing

protection planning measures is a huge challenge as a result of

fragmented suitability habitat, and many countries are involved. We

must remind these countries, such as Mexico, Colombia, Feru,

Bolivia, Ecuador, Iran, Kenya, and Tanrania, that attention should
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be given and that the fragmented suitable regions identified in this

study will provide a useful reference for their conservation work.

Additionally, the Mediterranean Basin, Indo-Burma, Irano-

Anatolian, and other excellent regions are optimistic. Local

habitat restoration of forests and improvement of habitat

connectivity for beetles can reduce the extinction risk and

increase the population size. Most of beetles have difficulty

traveling long distances (Ribak et al., 2013; Chen and Jackson,

2017; Javal et al., 2018). The beetle’s flight capacity is affected by

environmental factors such as temperature, precipitation, elevation,

and wind, so a significant influence produced by climate change on

beetle dispersal and communication (Atkins, 1961; Evenden et al.,

2014; Jones et al., 2019; Wijerathna and Evenden, 2020). This is also

an important reason why the beetle’s suitable habitat is threatened.

The restriction of dispersal and movement of insects can act at the

individual to local ecosystem level and then affect the balance of the

ecosystem (Loxdale and Lushai, 1999; Hore and Banerjee, 2017;

Misso et al., 2017). Consequently, the improvement of fragmented

habitat and local connectivity is imperative. Apparently, some

conservation work is being carried out in an orderly manner,

such as the construction of artificial log pyramids, the stumps

colonized by a large tree transplanter, and a large-scale

reintroduction of insects in Denmark (Tochtermann, 1987; Ebert,

2011; Méndez and Thomaes, 2021). Such protection measures

specific to individual species are important for rare species and

should be combined with measures such as afforestation and land

use reduction to restore beetle habitat. All strategies, including

increasing afforestation activities, reducing anthropogenic

interference, and implementing other improvement measures,

should be further implemented in different regions in

combination with local management policies (Duffus et al., 2023).

In addition, we recommend that the corresponding process of

conservation work should consider the potential suitability habitat

for species, which can indicate the direction and focus of

future work.

According to the estimation areas for suitable regions in every

biodiversity hotspot, the Cerrado, coastal forest of Eastern Africa,

and others that experienced substantial expansion and contraction

can formulate corresponding restoration measures combined with

local forest distribution and biodiversity loss. Our results provide an

important reference for their spatial dynamics and focus. As the first

global study on the decadal spatial distribution of beetles, the

dynamics of each biodiversity hotspot were expressed clearly. A

detailed understanding of decade dynamics is crucial to evaluating

the influence of climate change and anthropogenic threats to the

suitable habitat of beetles, and we hope our study can provide useful

references and recommendations for biodiversity conservation. In

addition, some deficiencies exist for this study due to data

limitations such as not every insect is adequately documented,

substantial occurrence records from this database is significantly

increasing from year to year, and the records keeping varies from

region to region. All these limitations will affect the credibility and

robustness of the model. Thus, our future work will focus on solving

these challenges and collecting more accurate data, making our

results more reliable.
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Evolutionary history of Coleoptera revealed by extensive sampling of genes and species.
Nat. Commun. 9, 1–11. doi: 10.1038/s41467-017-02644-4
frontiersin.org

https://doi.org/10.1111/2041-210X.13628
https://doi.org/10.1111/2041-210X.13628
https://doi.org/10.1016/j.gecco.2019.e00670
https://doi.org/10.1038/s41559-021-01520-1
https://doi.org/10.1098/rstb.1999.0492
https://doi.org/10.1016/j.gecco.2014.12.008
https://doi.org/10.1111/icad.12465
https://doi.org/10.1111/j.1600-0587.2013.07872.x
https://doi.org/10.1111/aen.12506
https://doi.org/10.1038/35002501
https://doi.org/10.1016/j.biocon.2008.04.011
https://doi.org/10.1111/eea.12961
https://doi.org/10.1016/j.baae.2017.09.006
https://doi.org/10.1641/0006-3568(2003)053[0916:BHR]2.0.CO;2
https://doi.org/10.1038/s41586-022-04644-x
https://doi.org/10.1038/s41586-022-04644-x
https://doi.org/10.1088/1748-9326/10/9/095015
https://doi.org/10.1088/1748-9326/10/9/095015
https://doi.org/10.1111/ecog.03049
https://doi.org/10.1111/j.0906-7590.2008.5203.x
https://doi.org/10.1111/j.0906-7590.2008.5203.x
https://doi.org/10.1038/nature20588
https://doi.org/10.1046/j.1461-0248.2000.00143.x
https://doi.org/10.1111/jbi.12227
https://doi.org/10.1016/S0169-5347(98)01363-9
https://doi.org/10.1088/1748-3182/8/3/036004
https://doi.org/10.1021/ci400482e
https://doi.org/10.1007/s10531-009-9761-9
https://doi.org/10.1111/jbi.12223
https://doi.org/10.1111/aec.12932
https://doi.org/10.1038/s41467-018-06837-3
https://doi.org/10.1111/geb.13272
https://doi.org/10.1038/s41467-021-26181-3
https://doi.org/10.1890/10-1171.1
https://doi.org/10.1007/s10905-020-09760-y
https://doi.org/10.1098/rstb.2006.1976
https://doi.org/10.1016/j.gecco.2022.e02186
https://doi.org/10.3390/agronomy10070959
https://doi.org/10.1038/s41467-017-02644-4
https://doi.org/10.3389/fevo.2024.1358914
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

	Spatial dynamic simulation of beetles in biodiversity hotspots
	1 Introduction
	2 Material and methods
	2.1 Material
	2.2 Methods

	3 Results
	3.1 Spatial suitability of beetles
	3.2 Spatial dynamics of priority zones
	3.3 Congruence evaluation between spatial suitability and hotspots

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


