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Climate and land-use changes and their interactions have a profound effect on

biodiversity, especially in biodiverse areas such as Southeast Asia (SEA) where

aggregations of endemic species are widespread. To increase the effectiveness

of biodiversity protection, it is crucial to understand the effect of climate and

land-use changes on biodiversity. In the present study, we predicted future land-

use changes based on a Cellular automaton Markov chain model (CA-MARKOV),

and took Galliformes species as an example to assess the impact of climate and

land-use changes on the effectiveness of protected areas in SEA. In addition, we

used an ensemble of species distribution models (SDMs) to assess the potential

habitats and their dynamics of 62 Galliformes species currently and in the 2070s.

Our results showed that climate and land-use changes would reduce the suitable

habitats of these Galliformes species. Among them, 22 or 31 species would

migrate upward because of a decrease in habitat suitability at lower elevations

caused by climate and land-use changes, while other 40 or 30 species were

predicted to migrate downward because of land use changes under two

dispersal scenarios. These changes would expand the area with low and high

diversity, but there would be a mismatch between the current protected areas

(PAs) and future suitable habitats with high diversity. In order to effectively ensure

biodiversity protection and conserve 30% of the planet by 2030, our findings

suggest that we should establish new PAs or adjust the range of PAs based on the

impact of climate and land-use changes.
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1 Introduction

Global warming and anthropogenic land-use changes are

considered to have irreversible effects on biodiversity (Jetz et al.,

2007; Pearce-Higgins et al., 2017), including suitable habitat range

reduction (Brambilla et al., 2020), population decline (Powers and

Jetz, 2019) and genetic diversity loss (Hu et al., 2021). Climate

change usually affects the species distribution of mammals (Brodie,

2016; Hidasi-Neto et al., 2019), birds (Jetz et al., 2007; Lehikoinen

and Virkkala, 2016), lizards (Jiang et al., 2023), etc. by reducing

habitat suitability. Besides, it may aggravate the extinction risk of

species (Urban, 2015; Manes et al., 2021). For instance, Sekercioglu

et al. (2007) have predicted that 400–550 landbirds will be extinct as

a result of future changes by 2100. Protected areas (PAs) are

considered as refuges for species, and can mitigate the impact of

climate change on species (Shen et al., 2015; Michalak et al., 2018).

However, recent studies have suggested that current PAs will be

challenged by future climate change (Kyprioti et al., 2021; Salvadeo

et al., 2021), and may fail to provide enough space for species.

Therefore, an accurate prediction of future species distribution is

necessary for managers to develop policies that can mitigate the

impact of future climate change on species.

Moreover, landscape patterns also need to be considered in the

prediction of future species distribution. A previous study has

predicted that 1700 species of mammals, birds and amphibians

may lose suitable habitats due to land-use changes between 2015

and 2070 (Powers and Jetz, 2019). Current land-use changes such as

road construction, urbanization and transforming natural habitats

into farmland can influence habitat connectivity (Krauss et al.,

2010; Hansen et al., 2013; Wilson et al., 2015; Tang et al., 2020).

Habitats changed by human activity were hereinafter referred to as

“altered habitats”. Although several species of birds have been

demonstrated to inhabit altered habitats or edges between natural

and altered habitats (Kark et al., 2007; Møller et al., 2012; Carlen

et al., 2021), most wild species have suffered habitat loss due to land-

use changes (Powers and Jetz, 2019; Shahabuddin et al., 2021).

In addition, climate and land-use changes are widely observed

to have a combined influence on species (Côté et al., 2016; Keshtkar

and Voigt, 2016; Symes et al., 2018; Northrup et al., 2019; Bühne

et al., 2021). The interactions between climate and land-use changes

are predicted to have more negative impacts on species than any

single factor (Symes et al., 2018; Northrup et al., 2019; Bühne et al.,

2021). The increased quantity of manmade landscapes is attributed

to declining natural habitats, increased CO2 emissions and

accelerated global warming (Kucuker et al., 2015). Habitat loss

has especially disastrous consequences for forest-dependent species

(Gaüzère et al., 2020; Hülber et al., 2020), and climate change

further aggravates the impact of land-use changes on species with

specific geographic ranges and migration abilities (Jetz et al., 2007;

Brodie, 2016; Dai et al., 2021). Ignoring the combined influence of

climate and land-use changes on biodiversity may result in an

underestimation of the situation, whereas examining the combined

impacts of these variables can provide a better prediction for species

conservation (Titeux et al., 2016; Northrup et al., 2019).

Southeast Asia (SEA) is a world-famous biodiversity hotspot

with abundant forest resource. However, people have been
Frontiers in Ecology and Evolution 02
transforming forest into farmland and towns for survival and

economic development, which led to the loss and fragmentation

of forests (Estoque et al., 2019). These undoubtedly exacerbated the

loss of biodiversity, and it seems unstoppable (Sodhi et al., 2010).

Galliformes is an important component of biodiversity and they

have a high value in economy and culture for residents of SEA.

Therefore, they were often regarded as the main targets of hunters

(Savini et al., 2021). According to the records, SEA encompassed the

habitat range of 77 Galliformes species, and about 27% of them are

at risk of extinction (IUCN, 2023). Unfavorable forest

transformation always had negative effects on Galliformes species

that inhabit forest landscapes (Grainger et al., 2018; Savini et al.,

2021), and it directly changed land-use patterns and indirectly

accelerates global warming (Bos et al., 2020). These changes will

aggravate the survival pressure of Galliformes. Protected areas were

powerful tools for protecting wildlife and their habitat (UNEP-

WCMC, 2022), Previous study showed that intensities of human

interference in protected areas of SEA are greater than that of other

regions in the world (Geldmann et al., 2019), and protected areas

could not protect the intact forests effectively in SEA (Potapov et al.,

2017). Galliformes were often taken as indicators of habitat

conditions (Bagaria et al., 2021), and because of their extinction

risk, they also were used to evaluate the conservation status of SEA

(Grainger et al., 2018). Therefore, evaluating how the Galliformes

species inhabiting forest landscapes respond to climate and land-

use changes is crucial to assess the conservation status of SEA and

formulate management measures. Here, we assessed the potential

habitats of Galliformes species and their variations under climate

and land-use changes in SEA. We aimed to: 1) evaluate the impact

of climate and land-use changes on the distribution of Galliformes

species; 2) predict the changes in species diversity; and 3) identify

conservation gaps and provide suggestions for future protection.
2 Materials and methods

2.1 Study area and species data collection

SEA encompassed countries (Figure 1) including the Republic

of the Union of Myanmar (MMR), Thailand (THA), Brunei

Darussalam (BRN), Lao People’s Democratic Republic (LAO),

Cambodia (KHM), the Socialist Republic of Vietnam (VNM),

Malaysia (MYS), the Republic of Singapore (SGP), the Republic

of Indonesia (IDN), the Republic of the Philippines (PHL) and the

Democratic Republic of Timor-Leste (TMP) (Grainger et al., 2018;

Savini et al., 2021).

We identified 77 native Galliformes species distributed in SEA

and verified species whether is extinct or introduced in 11 countries

according to IUCN Red List, also collected the occurrence data of

them from Global Biodiversity Information Facility (GBIF.org,

2021), ebirds (https://ebird.org/) and inaturalist (https://

www.inaturalist.org/) from 2000 to 2020. To develop the

effectiveness of these data (Meyer et al., 2016; Stropp et al., 2016),

we excluded points that were not displayed in A Checklist on the

Classification and Distribution of the Birds of the World (Second

Edition) (Zheng, 2021), and deleted the repetitive and default (NA
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value) points. Specifically, red junglefowl (Gallus gallus) was not

considered in our study due to the possibility of misidentification

between wild and domestic individuals during observation. We

excluded species with less than 10 individuals. As a result, we

obtained a total of 7701 points of 62 species for further analysis

(Appendix. Table B.1).
2.2 Environmental variables

2.2.1 Climatic variables
Climate change can alter the climate niche of species (Selwood

and Zimmer, 2020). To describe the potential effect of future climate

change on Galliformes species in SEA, we compared the species

distribution areas of Galliformes species between current and future

climate conditions. We downloaded 19 bioclimatic variables from

WorldClim 2.1 (at 1 km resolution; https://www.worldclim.org/),

and they were used to represent the current climate conditions.

These 19 bioclimatic variables represented annual trends (e.g., mean

annual temperature and annual precipitation), seasonality (e.g.,

annual range in temperature and precipitation) and extreme or

limiting environmental factors (e.g., temperature in the coldest and

warmest months, and precipitation during the wet and dry

quarters) (Fick, 2017), and were also related to the distribution of

Galliformes species (Johnsgard, 1999). We also downloaded these

19 bioclimatic variables during 2061–2080 (the 2070s), and they

were used to represent the future climate conditions, which covered

three Shared Socioeconomic Pathways (SSP) and the Representative

Concentration Pathways (RCP), including SSP126, SSP370 and
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SSP585. SSP126 was the combination of SSP1 and RCP 2.6,

representing a low level of greenhouse gas emissions; SSP370 was

the combination of SSP3 and RCP 7.0, representing a medium level

of greenhouse gas emissions; and SSP585 was the combination of

SSP5 and RCP 8.5, representing a high level of greenhouse gas

emissions. Climatic datasets were obtained using the Beijing

Climate Center Climate System Model (BCC-CSM2-MR) based

on the Coupled Model Intercomparison Project (CMIP6).

2.2.2 Projection of land use and land
cover changes

The Cellular automaton Markov chain model (CA-MARKOV)

was used to evaluate the land use and land cover change (LULCC)

from 2020 to 2080. This model combines CA method and the

Markov chain model, and is widely used to predict effectively

spatiotemporal changes in LULCC (Halmy et al., 2015). The CA-

MARKOV model predicts future changes by quantifying the

changes in LULCC between two periods (Mansour et al., 2022).

First, we obtained the land cover data for 2000, 2010 and 2020 from

the European Space Agency (at 300m resolution; https://

cds.climate.copernicus.eu/). Next, we used the Markov chain

model to calculate the transition probability and the transition

area matrixes from to 2000 to 2010. Then, we used the CA-

MARKOV method to test the spatial changes in cell condition

and predict the spatial changes in 2020, and generated the

prediction map (we refer to this as “2020p” hereinafter). The

Kappa index was used to compare the similarity between 2020

and 2020p. The greater the value of the Kappa index, the more

accurate the prediction (Gidey et al., 2017). We further predicted
FIGURE 1

Location of eleven countries of Southeast Asia in our study.
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the LULCC in the 2070s (Powers and Jetz, 2019). The model

processes are as follows:

S(t + 1) = Pij*S(t) (1)

║ Pij ║ =

P1,1 P1,2 ⋯ P1,n

P2,1 P2,2 ⋯ P2, n

⋮ ⋮ ⋱ ⋮

Pn,1 Pn,2 ⋯ Pn,n
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(2)

where S(t)/S(t+1) represents the land use status at time t and

t+1, while Pij is the transition probability matrix in a state,

representing the possibility of converting from current states i to

another state j at time n; Range of Pij is from 0 to 1, and the higher

the value, the higher transition possibility.

2.2.3 Other environmental variables
Other environmental variables were used in our model

including Topographic Position Index (TPI), slope and aspect.

We collected the Digital Elevation Model (DEM) from SRTM (at

30m resolution; https://srtm.csi.cgiar.org). Slope and aspect were

extracted from DEM by ArcGIS 10.6. The neighborhood of TPI

adopted the rectangle (both of width and height are 3 pixels), and

the calculation formula of TPI is as follows:

TPI = E − E

where E represents the elevation of a point; E represents the

mean elevation of areas around this point. We kept these variables

stable in future analysis.
2.3 Data analysis

2.3.1 Spatial resolution of environmental variables
All variables were in raster format, and we resampled them to

1 km resolution under GCS_WGS_1984. Variance Inflation Factor

(VIF) was used to deal with the collinearity of environmental variables.

The variables with VIF values > 10 were excluded from the analysis.

2.3.2 Species distribution model
formulation process

Species distribution models (SDMs) are widely used to predict a

species’ current and future distribution and habitat occupancy

(Phillips et al., 2006; Jones-Farrand et al., 2011; Dai et al., 2021).

Previous studies have shown that the predictions or projections from

a single SDM may face challenges, and combining multiple SDMs

(the ensemble approach) can increase the credibility of the model

output (Araujo and New, 2007; Jones-Farrand et al., 2011; Kindt,

2018). RF and Maxent have been proved to have strong prediction

ability (Phillips et al., 2006; Prasad et al., 2006). We assembled

random forest (RF) and maximum entropy (Maxent) to predict the

suitable habitat using the “sdm” package in R v.4.0.3 (Naimi and

Araújo, 2016). We created a data object with species spatial points

(the longitude and latitude) and predictors (retained environmental
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variables). The spatial points were presence-only data, and predictors

were raster layers with the same spatial resolution, extent, and

dimensions. In general, the absence data can be confirmed when

there is sufficient evidence, but it is difficult to achieve this for living

animals (Lobo and Tognelli, 2011). Therefore, we set 1000 random

background points to obtain the pseudo-absence points in the same

research area. Two SDMs were run as follows: 1) we randomly

selected 70% of the species points for training each model, while the

remaining 30% of species points were used for testing the

performance of each model; 2) 10-fold cross-validation were

performed to evaluate the model (Sill and Dawson, 2021). 3) The

accuracy of SDMs was evaluated by the area under curve (AUC) of

the receiver operating characteristic (ROC) curve; 4) Mean of the

relative importance of variables was calculated based on AUC;

5) Suitable habitats of the prediction of two SDMs were assembled

based on a weighted averaging that was weighted by the AUC

statistic. We then used the output of fitting to project into 2070s.

2.3.3 Dispersal scenarios
Considering the dispersal behavior of species under future, we

set two scenarios to identify the species suitable habitats (Feeley and

Silman, 2010a), First, we assumed the Galliformes can dispersal to

all potential habitat as “perfect dispersal scenarios”. Secondly, we

assumed Gallidormes have the limited dispersal abilities and created

a ~111 Km buffer as “limited dispersal scenarios”(Namkhan

et al., 2022).

2.3.4 Changes in distribution
To understand the ecological impacts of climate change and

LULCC on the distribution of Galliformes, we converted the

prediction of SDMs into a binary variable (suitable or unsuitable)

map by adopting the average logistic threshold value of maximum

training sensitivity plus specificity. And suitable habitat losses and

gains were calculated by current and future binary map. Mann–

Whitney U test (variables did not pass the test for homogeneity of

variance) was adopted to compare the difference in vertical

distribution of species between current and future scenarios.

Judgment criteria for changes in vertical distribution were shown

in Appendix Table A.1. We overlapped future suitable habitat of 62

Galliformes species and used Natural breaks methods to classified

them into four diversity levels (low, general, median and high)

based on the number of species. Finally, we overlapped the future

binary maps and the PAs that were downloaded from the Protected

Planet database (https://www.protectedplanet.net/en) to identify

the gaps in the current protection areas.
3 Results

3.1 Model performance

The AUC values of each SDM were greater than 0.70, indicating

good predictive ability of the SDMs (Appendix Figure A.1). There

were no difference in predictive ability between Maxent and RF
frontiersin.o
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(P >0.05). The value of Kappa for the projection by CA-MARKOV

was 0.828, suggesting better predictive ability for land-use changes.

The CA-MARKOV model predicted that the area of urban area,

cropland, shrubland and grassland would significantly increase,

while that of forest and water would decrease in the 2070s

(Appendix Table.A.2). Variables retained in 62 SDMs were shown

in Appendix Table B.2. Land use and precipitation of warmest

quarter (Bio18) were the main factors affecting the habitat

distribution of Galliformes in SEA (Appendix Figure A.2).
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3.2 Suitable habitats of Galliformes under
future conditions

Currently, the suitable habitat area for 62 Galliformes species

ranged from 213 km2 to 4,696,502 km2 under perfect dispersal

scenarios, and ranged from 191 km2 to 1,100,116 km2 under limited

dispersal scenarios (Table 1). At perfect dispersal scenarios, SDMs

showed that the suitable habitat area for 53 species would decrease

under three future scenarios, while that for other 9 species would
TABLE 1 Current habitat area under two dispersal scenarios.

Species Latin name
Perfect dispersal scenarios Limited dispersal scenarios

Area (km2) Area (km2)

Asian Blue Quail Synoicus chinensis 1,573,342 1,050,468

Bar-backed Partridge Arborophila brunneopectus 295,060 251,944

Biak Scrubfowl Megapodius geelvinkianus 3,855 1,931

Black-billed Brush-turkey Talegalla fuscirostris 213 191

BloodPheasant Ithaginis cruentus 305,720 14,258

Blyth’s Tragopan Tragopan blythii 486,647 35,457

Bornean Crested Fireback Lophura ignita 463,542 243,181

Bornean Partridge Arborophila hyperythra 56,631 27,990

Bornean Peacock-pheasant Polyplectron schleiermacheri 938,208 133,173

Bronze-tailed Peacock Pheasant Polyplectron chalcurum 436,779 125,660

Brown Quail Synoicus ypsilophorus 286,502 77,740

Bulwer’s Pheasant Lophura bulweri 349,402 169,185

Chestnut-bellied Partridge Arborophila javanica 24,326 21,172

Chestnut-headed Partridge Arborophila cambodiana 1,722,566 90,399

Chestnut-necklaced Partridge Arborophila charltonii 277,098 90,748

Chinese Francolin Francolinus pintadeanus 1,221,800 1,100,116

Collared Brush-turkey Talegalla jobiensis 343,857 54,265

Common Quail Coturnix coturnix 176,962 25,404

Crested Argus Rheinardia nigrescens 263,562 73,095

Crested Partridge Rollulus rouloul 697,647 351,356

Crimson-headed Wood Partridge Haematortyx sanguiniceps 71,097 23,204

Dusky Scrubfowl Megapodius freycinet 80,054 33,673

Ferruginous Partridge Caloperdix oculeus 376,379 118,930

Germain’s Peacock-pheasant Polyplectron germaini 194,796 122,996

Great Argus Argusianus argus 842,916 556,457

Green Junglefowl Gallus varius 120,573 90,262

Green Peafowl Pavo muticus 955,851 759,374

Green-legged Partridge Arborophila chloropus 4,696,502 963,012

Grey Peacock-pheasant Polyplectron bicalcaratum 351,947 291,781

Grey-breasted Partridge Arborophila orientalis 37,189 19,419

(Continued)
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increase (Figure 2A). There were differences in proportion of

habitat gain and loss between countries, but no differences in

proportion of habitat gain or loss between future scenarios

(Figure 3). Laos showed a significantly higher proportion of

habitat gain than Malaysia, Myanmar, Thailand, Vietnam,

Indonesia and Philippines. Brunei, EastTimor and Singapore had
Frontiers in Ecology and Evolution 06
a significantly higher proportion of habitat gain than Indonesia and

Philippines (Figure 3A). And Singapore exhibited a higher

proportion of habitat loss than other countries (Figure 3B).

At limited dispersal scenarios, SDMs showed that the suitable

habitat area for 43 species would decrease under three future

scenarios, while that for other 19 species would increase
TABLE 1 Continued

Species Latin name
Perfect dispersal scenarios Limited dispersal scenarios

Area (km2) Area (km2)

Hill Partridge Arborophila torqueola 158,028 69,394

Japanese Quail Coturnix japonica 992,843 239,974

Kalij Pheasant Lophura leucomelanos 284,980 218,867

Lady Amherst’s Pheasant Chrysolophus amherstiae 12,196 813

Long-billed Partridge Rhizothera longirostris 152,065 48,334

Malay Crested Fireback Lophura rufa 778,067 48,292

Malay Crestless Fireback Lophura erythrophthalma 410,454 97,140

Malay Partridge Arborophila campbelli 32,255 8,100

Malay Peacock-pheasant Polyplectron malacense 89,478 55,403

Maleo Macrocephalon maleo 146,779 73,020

Moluccan Scrubfowl Eulipoa wallacei 306,068 43,151

Mountain Bamboo-partridge Bambusicola fytchii 259,075 131,797

Mountain Peacock-pheasant Polyplectron inopinatum 89,565 45,122

Mrs Hume’s Pheasant Syrmaticus humiae 118,104 83,186

New Guinea Scrubfowl Megapodius decollatus 534,913 63,189

Orange-footed Scrubfowl Megapodius reinwardt 217,436 81,418

Orange-necked Partridge Arborophila davidi 3,842,640 96,068

Palawan Peacock-pheasant Polyplectron napoleonis 20,415 10,295

Philippine Scrubfowl Megapodius cumingii 549,611 154,562

Rain Quail Coturnix coromandelica 486,820 418,393

Red-billed Brush-turkey Talegalla cuvieri 36,421 17,146

Red-billed Partridge Arborophila rubrirostris 87,042 56,176

Rufous-throated Partridge Arborophila rufogularis 492,051 297,477

Salvadori’s Pheasant Lophura inornata 179,063 61,689

Siamese Fireback Lophura diardi 261,786 195,279

Silver Pheasant Lophura nycthemera 646,344 350,595

Snow Mountain Quail Synoicus monorthonyx 739,899 63,088

Sula Scrubfowl Megapodius bernsteinii 19,095 3,729

Tan-breasted Partridge Arborophila rolli 112,355 39,054

Tanimbar Scrubfowl Megapodius tenimberensis 3,640 2,545

Wattled Brush-turkey Aepypodius arfakianus 64,946 17,631

White-cheeked Partridge Arborophila atrogularis 103,643 81,255
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(Figure 2B). There were also differences in proportion of habitat

gain and loss between countries, but no differences in proportion of

habitat gain or loss between future scenarios (Figure 3). Brunei

showed a higher proportion of habitat gain than other countries

(Figure 3C). Cambodia, Laos and Vietnam exhibited a higher

proportion of habitat loss than other countries (Figure 3D).
3.3 Vertical distribution of Galliformes
under future conditions

There were differences in the elevation of potential habitats

between current and future scenarios. At perfect dispersal

scenarios, 22 species would move upward in the future, because of

habitat gain at higher elevations (Table 2). Other 40 species would

move downward in the future, because of habitat gain at lower

elevations or habitats loss at higher elevations (Table 2). At limited

dispersal scenarios, 31 species would move upward in the future,

because of habitat gain at higher elevations (Table 3). Other 30
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species would move downward in the future, because of habitat gain

at lower elevations or habitats loss at higher elevations (Table 3).
3.4 Changes in species diversity and
gap analysis

There was a significant difference in species diversity between

current and future scenarios (Figures 4, 5). SDMs predicted that the

area with general and medium diversity levels would obviously

decrease under future scenarios, while the area with high and low

diversity levels would increase.

At perfect dispersal scenarios, 15.53% of the suitable habitats

were protected by PAs in 2020, while 16.52%, 16.48% and 16.50% of

the suitable habitats would be protected by PAs under SSP126,

SSP370 and SSP585. At limited dispersal scenarios, 90.89% of the

suitable habitats were protected by PAs in 2020, while 21.66%,

21.15% and 20.43% of the suitable habitats would be protected by

PAs under SSP126, SSP370 and SSP585.
A B

FIGURE 2

Proportion of habitat change under future scenarios. (A) Perfect dispersal scenarios; (B) Limited dispersal scenarios.
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FIGURE 3

The difference in changes in suitable habitat between countries. (A) Proportion of habitat gain under perfect dispersal scenarios; (B) Proportion of
habitat loss under perfect dispersal scenarios; (C) Proportion of habitat gain under limited dispersal scenarios; (D) Proportion of habitat loss under
limited dispersal scenarios.
TABLE 2 Changes in elevation between current and future scenarios under perfect dispersal scenarios.

Species Latin name
Current
elevation

SSP126 SSP370 SSP585
Changes

GainE LossE GainE LossE GainE LossE

Asian Blue Quail Synoicus chinensis 335.25 418.70 504.10 423.15 503.34 172.42 453.35 -

Bar-backed Partridge Arborophila brunneopectus 846.89 / 736.95 / 736.95 / 736.95 +

Biak Scrubfowl Megapodius geelvinkianus 228.89 / 490.55 / 490.55 / 490.55 -

Black-billed Brush-turkey Talegalla fuscirostris 50.49 / 106.35 / 106.35 / 106.35 -

BloodPheasant Ithaginis cruentus 411.94 393.96 439.77 304.95 506.15 267.48 436.24 -

Blyth's Tragopan Tragopan blythii 508.68 581.84 530.50 561.52 484.67 537.32 484.58 +

Bornean Crested Fireback Lophura ignita 231.72 / 277.73 / 277.73 / 277.73 -

Bornean Partridge Arborophila hyperythra 1146.41 / 1267.73 / 1267.73 / 1267.73 -

Bornean Peacock-pheasant Polyplectron schleiermacheri 88.85 454.71 21.54 505.49 27.77 493.23 26.78 +

Bronze-tailed Peacock Pheasant Polyplectron chalcurum 1150.92 / 1360.16 / 1360.16 / 1360.16 -

Brown Quail Synoicus ypsilophorus 272.59 / 248.80 / 248.80 / 248.82 +

Bulwer's Pheasant Lophura bulweri 688.48 / 838.45 / 838.45 / 838.45 -

Chestnut-bellied Partridge Arborophila javanica 1042.81 / 891.94 / 925.57 / 918.95 +

Chestnut-headed Partridge Arborophila cambodiana 709.67 / 365.51 / 365.77 / 365.83 +

Chestnut-necklaced Partridge Arborophila charltonii 326.12 / 219.60 / 219.60 / 219.60 +

Chinese Francolin Francolinus pintadeanus 393.78 / 317.65 / 317.65 / 317.65 +

Collared Brush-turkey Talegalla jobiensis 136.35 243.01 98.55 292.49 98.55 319.12 98.53 +

Common Quail Coturnix coturnix 230.81 265.87 280.47 229.38 301.63 192.75 276.13 -

Crested Argus Rheinardia nigrescens 311.15 / 434.34 / 434.34 / 434.34 -

Crested Partridge Rollulus rouloul 390.37 / 423.23 / 423.23 / 423.23 -

(Continued)
F
rontiers in Ecology and Evolution
 0
8
 f
rontiersin.org

https://doi.org/10.3389/fevo.2023.1216769
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Liu et al. 10.3389/fevo.2023.1216769
TABLE 2 Continued

Species Latin name
Current
elevation

SSP126 SSP370 SSP585
Changes

GainE LossE GainE LossE GainE LossE

Crimson-headed Wood Partridge Haematortyx sanguiniceps 1156.63 / 1176.65 / 1176.65 / 1176.65 -

Dusky Scrubfowl Megapodius freycinet 157.38 / 169.40 / 169.40 / 169.40 -

Ferruginous Partridge Caloperdix oculeus 824.47 / 823.55 / 823.55 / 823.55 -

Germain's Peacock-pheasant Polyplectron germaini 319.95 / 258.41 / 258.41 / 258.41 +

Great Argus Argusianus argus 354.35 / 351.18 / 351.18 / 351.18 +

Green Junglefowl Gallus varius 458.03 / 486.39 / 486.39 / 486.39 -

Green Peafowl Pavo muticus 409.79 792.63 396.50 828.04 395.73 484.57 395.89 +

Green-legged Partridge Arborophila chloropus 404.02 / 417.51 / 417.51 / 417.51 -

Grey Peacock-pheasant Polyplectron bicalcaratum 901.44 / 972.29 / 972.29 / 972.29 -

Grey-breasted Partridge Arborophila orientalis 661.14 / 1120.61 / 1120.61 / 1120.61 -

Hill Partridge Arborophila torqueola 1620.76 / 1621.28 / 1621.28 / 1621.28 -

Japanese Quail Coturnix japonica 148.34 496.68 183.40 497.93 171.99 490.16 170.99 +

Kalij Pheasant Lophura leucomelanos 589.65 / 803.71 / 803.71 / 803.71 -

Lady Amherst's Pheasant Chrysolophus amherstiae 242.86 294.16 255.64 270.58 250.42 259.54 257.36 +

Long-billed Partridge Rhizothera longirostris 497.41 455.79 443.51 416.88 555.75 420.77 491.34 -

Malay Crested Fireback Lophura rufa 256.53 321.84 240.14 365.63 238.38 319.37 227.00 +

Malay Crestless Fireback Lophura erythrophthalma 126.51 610.00 126.45 592.12 125.99 613.43 124.90 +

Malay Partridge Arborophila campbelli 1509.49 637.65 1602.81 637.65 1602.81 605.98 1603.38 -

Malay Peacock-pheasant Polyplectron malacense 272.44 / 332.64 / 332.64 / 332.64 -

Maleo Macrocephalon maleo 554.51 / 583.52 / 583.52 / 583.52 -

Moluccan Scrubfowl Eulipoa wallacei 459.32 / 475.29 / 475.29 / 475.29 -

Mountain Bamboo-partridge Bambusicola fytchii 1220.83 / 1100.13 / 1100.13 / 1100.13 +

Mountain Peacock-pheasant Polyplectron inopinatum 417.32 191.36 940.95 260.59 751.09 736.74 815.23 -

Mrs Hume's Pheasant Syrmaticus humiae 1007.16 / 1064.30 / 1064.30 / 1064.30 -

New Guinea Scrubfowl Megapodius decollatus 359.95 410.07 406.68 438.75 398.81 417.86 407.14 +

Orange-footed Scrubfowl Megapodius reinwardt 233.85 / 260.95 / 260.95 / 260.95 -

Orange-necked Partridge Arborophila davidi 414.80 / 243.71 / 243.71 / 243.71 +

Palawan Peacock-pheasant Polyplectron napoleonis 245.44 / 330.88 / 330.88 / 330.88 -

Philippine Scrubfowl Megapodius cumingii 272.75 / 319.83 / 319.83 / 319.83 -

Rain Quail Coturnix coromandelica 169.57 / 133.79 / 133.79 / 133.79 +

Red-billed Brush-turkey Talegalla cuvieri 310.55 / 371.14 / 371.14 / 371.14 -

Red-billed Partridge Arborophila rubrirostris 1448.62 / 1415.07 / 1415.07 / 1415.07 +

Rufous-throated Partridge Arborophila rufogularis 979.75 / 1239.47 / 1239.47 / 1239.47 -

Salvadori's Pheasant Lophura inornata 1269.27 / 1428.14 / 1428.14 / 1428.14 -

Siamese Fireback Lophura diardi 316.21 / 371.04 / 371.04 / 371.04 -

Silver Pheasant Lophura nycthemera 922.91 / 1013.62 / 1013.79 / 1013.80 -

Snow Mountain Quail Synoicus monorthonyx 554.23 / 3157.86 / 3157.86 / 3157.86 -

Sula Scrubfowl Megapodius bernsteinii 117.15 / 223.85 / 223.85 / 223.85 -

(Continued)
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TABLE 2 Continued

Species Latin name
Current
elevation

SSP126 SSP370 SSP585
Changes

GainE LossE GainE LossE GainE LossE

Tan-breasted Partridge Arborophila rolli 1451.66 / 1479.88 / 1479.88 / 1479.88 -

Tanimbar Scrubfowl Megapodius tenimberensis 68.06 196.87 95.44 261.51 86.77 230.94 94.03 +

Wattled Brush-turkey Aepypodius arfakianus 1081.00 455.06 898.16 675.02 898.32 500.28 898.45 -

White-cheeked Partridge Arborophila atrogularis 571.19 225.70 546.24 142.49 547.03 196.30 546.10 -
F
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TABLE 3 Changes in elevation between current and future scenarios under limited dispersal scenarios.

Species Latin name
Current
elevation

SSP126 SSP370 SSP585
Changes

GainE LossE GainE LossE GainE LossE

Asian Blue Quail Synoicus chinensis 319.84 370.16 / 370.16 / 370.16 / +

Bar-backed Partridge Arborophila brunneopectus 631.59 / 735.25 / 735.25 / 735.25 –

Biak Scrubfowl Megapodius geelvinkianus 703.45 751.89 / 751.89 / 751.89 / +

Black-billed Brush-turkey Talegalla fuscirostris 1218.23 1350.74 1467.17 1392.82 1487.22 1259.90 1526.13 –

BloodPheasant Ithaginis cruentus 2399.26 3572.71 2813.91 3428.11 2815.84 3435.68 2816.67 +

Blyth’s Tragopan Tragopan blythii 213.69 / 183.31 / 183.31 / 183.31 +

Bornean Crested Fireback Lophura ignita 645.57 / 574.53 / 576.58 / 577.64 +

Bornean Partridge Arborophila hyperythra 299.82 / 237.39 / 237.39 / 237.39 +

Bornean Peacock-pheasant Polyplectron schleiermacheri 129.92 504.60 32.78 515.01 36.30 551.63 34.32 +

Bronze-tailed Peacock Pheasant Polyplectron chalcurum 904.61 593.35 / 593.35 / 593.35 / –

Brown Quail Synoicus ypsilophorus 1749.94 / 3260.15 / 3260.15 / 3260.15 –

Bulwer’s Pheasant Lophura bulweri 1222.79 1796.73 / 1796.73 / 1796.73 / +

Chestnut-bellied Partridge Arborophila javanica 1078.77 350.00 714.33 273.71 714.40 458.41 714.34 –

Chestnut-headed Partridge Arborophila cambodiana 779.49 / 578.62 / 578.62 / 578.62 +

Chestnut-necklaced Partridge Arborophila charltonii 1118.35 203.75 1048.92 196.43 1048.92 165.00 1048.92 –

Chinese Francolin Francolinus pintadeanus 349.61 128.68 72.63 132.03 234.18 127.92 219.08 –

Collared Brush-turkey Talegalla jobiensis 47.25 / 66.60 / 66.60 / 66.60 –

Common Quail Coturnix coturnix 87.62 340.38 / 340.38 / 340.38 / +

Crested Argus Rheinardia nigrescens 476.87 148.25 106.45 150.72 72.89 148.04 34.04 +

Crested Partridge Rollulus rouloul 356.12 197.76 96.00 197.76 89.50 197.76 / +

Crimson-headed Wood Partridge Haematortyx sanguiniceps 1198.23 / 1285.78 / 1285.78 / 1285.78 –

Dusky Scrubfowl Megapodius freycinet 127.71 / 124.88 / 124.88 / 124.88 +

Ferruginous Partridge Caloperdix oculeus 164.47 132.67 436.05 131.20 409.15 134.38 416.75 –

Germain’s Peacock-pheasant Polyplectron germaini 421.32 173.42 / 173.42 / 173.42 / –

Great Argus Argusianus argus 1787.62 581.36 1593.82 616.51 1595.59 609.72 1612.99 –

Green Junglefowl Gallus varius 495.93 345.80 / 347.60 / 347.66 546.03 –

Green Peafowl Pavo muticus 948.73 1051.64 / 1051.64 / 1051.64 / +

Green-legged Partridge Arborophila chloropus 345.14 388.31 / 388.31 / 388.31 / +

Grey Peacock-pheasant Polyplectron bicalcaratum 287.98 / 351.73 / 351.73 / 351.73 –

(Continued)
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PAs covered most areas with low diversity level under two

dispersal scenarios (Figure 6). Conservation gaps for Galliformes

species would mainly occur in areas with medium and high

diversity levels under perfect dispersal scenarios (Figure 6A) and

occur in areas with general, medium and high diversity levels under

limited dispersal scenarios (Figure 6B).
Frontiers in Ecology and Evolution 11
4 Discussion

Our study emphasized that future climate and land-use changes

would accelerate suitable habitat loss, and land use changes, Bio18,

Bio13 and Bio2 were the main influencing variables. We found that

precipitation of extreme quarters (Bio18 and Bio19) and
TABLE 3 Continued

Species Latin name
Current
elevation

SSP126 SSP370 SSP585
Changes

GainE LossE GainE LossE GainE LossE

Grey-breasted Partridge Arborophila orientalis 999.29 384.72 / 384.72 / 384.72 / –

Hill Partridge Arborophila torqueola 895.25 1015.71 580.93 962.80 580.03 / 581.25 +

Japanese Quail Coturnix japonica 800.99 / 759.91 / 759.77 / 759.91 +

Kalij Pheasant Lophura leucomelanos 101.78 149.19 205.27 85.97 203.09 67.87 202.57 –

Lady Amherst’s Pheasant Chrysolophus amherstiae 241.07 199.90 227.66 187.26 248.69 187.18 240.52 –

Long-billed Partridge Rhizothera longirostris 517.30 / 465.18 / 465.18 / 465.18 +

Malay Crested Fireback Lophura rufa 86.32 28.57 135.91 109.00 135.91 185.74 135.91 +

Malay Crestless Fireback Lophura erythrophthalma 848.56 41.00 878.46 30.44 878.47 41.60 878.48 –

Malay Partridge Arborophila campbelli 193.39 / 331.44 / 331.51 / 331.51 –

Malay Peacock-pheasant Polyplectron malacense 400.48 456.13 357.60 418.91 357.39 417.26 357.45 +

Maleo Macrocephalon maleo 164.20 / 444.55 / 444.55 / 444.55 –

Moluccan Scrubfowl Eulipoa wallacei 365.65 / 366.53 / 366.53 / 366.53 +

Mountain Bamboo-partridge Bambusicola fytchii 1170.31 / 759.98 / 759.98 / 759.98 +

Mountain Peacock-pheasant Polyplectron inopinatum 243.57 / 293.55 / 293.55 / 293.55 –

Mrs Hume’s Pheasant Syrmaticus humiae 292.61 / 271.83 / 271.83 / 271.83 +

New Guinea Scrubfowl Megapodius decollatus 230.40 388.03 / 388.03 / 388.03 310.02 +

Orange-footed Scrubfowl Megapodius reinwardt 285.85 / 296.04 / 296.04 / 296.04 –

Orange-necked Partridge Arborophila davidi 421.40 / 389.48 / 389.48 / 389.48 +

Palawan Peacock-pheasant Polyplectron napoleonis 248.89 / 258.79 / 258.79 / 258.79 –

Philippine Scrubfowl Megapodius cumingii 338.18 / 310.02 / 310.02 / / +

Rain Quail Coturnix coromandelica 107.06 / 174.48 / 174.48 / 174.48 –

Red-billed Brush-turkey Talegalla cuvieri 274.15 / 284.64 / 284.64 / 284.64 –

Red-billed Partridge Arborophila rubrirostris 1345.21 / 1271.30 / 1271.30 / 1271.30 +

Rufous-throated Partridge Arborophila rufogularis 1310.24 2935.67 / 2935.67 / 2935.67 / +

Salvadori’s Pheasant Lophura inornata 289.99 / 359.11 / 359.11 / 359.11 –

Siamese Fireback Lophura diardi 568.69 354.04 531.17 415.72 531.48 316.31 531.84 –

Silver Pheasant Lophura nycthemera 213.95 253.41 / 253.41 / 253.41 / +

Snow Mountain Quail Synoicus monorthonyx 953.18 / 1028.41 / 1028.41 / 1028.41 –

Sula Scrubfowl Megapodius bernsteinii 339.64 531.70 / 531.70 / 531.70 / +

Tan-breasted Partridge Arborophila rolli 425.32 99.36 400.22 96.48 371.57 87.69 408.86 –

Tanimbar Scrubfowl Megapodius tenimberensis 55.53 / 67.81 / 67.81 / 67.81 –

Wattled Brush-turkey Aepypodius arfakianus 1652.28 / 1652.28 / 1652.28 / 1652.28 /

White-cheeked Partridge Arborophila atrogularis 328.52 342.38 / 342.38 / 342.38 / +
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temperature (Bio2) explained a large proportion of variations in

potential species distribution. Temperature and precipitation are

widely recognized as the factors inducing suitable habitat loss

(Conrey et al., 2016; Chiatante et al., 2021; Yao et al., 2021).

Long-term changes can alter physiological conditions of species,

thus affecting the climatic niche (Jiang et al., 2023) and forcing

species to adjust their habitat selection strategies. Moreover,

temperature and precipitation also affect life cycles and food

resource distribution (insects and plants) (Memmott et al., 2007;

Zi et al., 2023), which makes original habitats more suitable or

unsuitable for species. Our model showed that precipitation had a
Frontiers in Ecology and Evolution 12
stronger influence on the potential distribution of Galliformes

species than temperature, probably because El Nino events have

once caused severe drought in Southeast Asia. Precipitation

shortage and severe drought are fatal to Galliformes species, as

they not only impede the growth of plants but also cause disasters

such as water scarcity and forest fires (Chokkalingam et al., 2005).

Water and food resources are necessary for all animals to survive,

and forest fires may directly kill Galliformes.

Our results showed that land-use changes had the biggest

contribution to the potential distribution of Galliformes species,

and forest cover would decrease and cropland area would increase
FIGURE 4

The difference in changes in species diversity between scenarios under perfect dispersal scenarios.
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by 2080. Many researchers have confirmed that the forests of SEA

are disappearing, mainly due to deforestation and infrastructure

construction (Savini et al., 2021; Reddiar and Osti, 2022). For

instance, in order to earn a living, indigenous people of southern

Palawan exploit and supply forest products and transform forest

land into cropland (Smith and Dressler, 2019). Construction of

roads has provided convenient access to forests for people in

Indonesia (Wilkie et al., 2000). It is worth noting that hunting is

rampant in SEA and Galliformes species are the main target of

hunters (Gray et al., 2018; Savini et al., 2021). Therefore, convenient

access to forests may increase the hunting risks of Galliformes

species. Besides, land-use changes have absolutely increased the
Frontiers in Ecology and Evolution 13
degree of forest fragmentation (Wilson et al., 2015; Tang et al.,

2020). Although the suitable habitat area of 62 Galliformes species

would increase or decrease, it is still a thorny issue whether species

can move from original habitats to new habitats.

It is generally believed that future climate change will force species

to move to higher elevations (LaSorte and Jetz, 2010; Freeman et al.,

2018; Wallingford et al., 2020). Our results also supported this opinion,

and showed that 22 (perfect dispersal scenarios) or 31 (limited dispersal

scenarios) of 62 species would migrate upward under future scenarios,

as climate and land-use changes would reduce the habitat suitability at

lower elevations. For example, we predicted that Bornean Peacock-

pheasant (Polyplectron schleiermacheri), Great Argus (Rheinardia
FIGURE 5

The difference in changes in species diversity between scenarios under limited dispersal scenarios.
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ocellata) and Green Peafowl (Pavo muticus) will shift to higher

elevation. According to IUCN red list, upper elevation limit of three

species was 1000m, 1500m and 2100m, respectively. This indicated that

changes in elevation of these three species meet the biological

characteristics. However, these species may still be faced with

survival stress if forest line has no changes. A recent study has

demonstrated that the elevation of future habitats for 55 Galliformes

species will increase or remain stable by 2100 in SEA (Namkhan et al.,

2022). On the contrary, our results showed that 42 (perfect dispersal

scenarios) or 30 (limtted dispersal scenarios) of 62 species would move

to lower elevations or lose a large number of distribution areas at high

elevations. There may be two explanations for this phenomenon. First,

these species may have better adaptability to climate and land-use

changes. Second, species living in warmer areas can tolerate future

temperatures (the truncated niche hypothesis) (Feeley and Silman,

2010b), so they do not need to move to higher elevations. These species

would choose to live at lower elevations, probably because of the

deteriorating living conditions in original habitats caused by land-

use changes.

Future climate and land-use changes would expand the area with

low and high diversity of Galliformes species. As we expected, suitable

habitat loss would expand the area with low diversity, but the

expansion of areas with high diversity was inconsistent with our

expectation. We believed that the finite suitable habitat would

promote species aggregation under future changes. However,

Galliformes species usually have similar habits and the restricted

activity areas, which may cause a fierce competition between species.

Our results also showed that these high-diversity areas were mainly

distributed in Borneo, Sumatra Island, Palawan island and west New

Guinea, and there was an obvious gap between these areas and

protected areas. In addition, our model predicted that most species

tended to be distributed at lower elevations under current and future

scenarios (see Table 2). For instance, Japanese Quail (Coturnix

japonica), White-cheeked Partridge (Arborophila atrogularis) and

Orange-necked Partridge (Arborophila davidi) also utilized artificial

habitat and lowland. As a result, there may be some conflicts between

Galliformes and human at lower elevations. For instance, farming
Frontiers in Ecology and Evolution
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and forest product trade are developing rapidly on the southeast

Palawan island, and numerous rice fields and commercial coconut

gardens are widely distributed in lowland coastal plains of Borneo

(Smith and Dressler, 2019). These human activities will have negative

impacts on the survival of Galliformes. Moreover, island habitats will

be the future suitable habitats for Galliformes, and these species are

thought to have a limited dispersal ability between islands. Therefore,

they will eventually be at risk of extinction if these areas are not

effectively protected. Our findings suggested that it was necessary to

establish more PAs or adjust the range of PAs based on the combined

effect of climate and land-use changes, in order to conserve 30% of

the planet by 2030 (also called 30 × 30) (Convention on Biological

Diversity, 2022).

We acknowledged that SDMs are a simulation of species

distribution, but we still believed SDMs are useful tools for

predicting current and future species distributions (Araujo and

New, 2007; Kindt, 2018; Dai et al., 2021), and may provide

suggestions for managers to adjust conservation policies

(Michalak et al., 2018; Prahalad et al., 2019; Tian et al., 2021). A

previous study has pointed out that climate change may have

limited impacts on altitudinal migrant species such as blood

pheasant (Ithaginis cruentus) (Fan et al., 2020; Wallingford et al.,

2020; IUCN, 2023). Unfortunately, we set buffers to limit the

dispersal of Galliformes, but we did not take into account species

migration in this study. Although previous studies have assessed the

independent effects of climate change and habitat loss on

Galliformes in SEA (Savini et al., 2021; Namkhan et al., 2022),

our study demonstrated that it was necessary to consider the

combined impacts of both factors on Galliformes. We did not

directly compare the impact of climate and land-use changes, as this

was not the purpose of our study. Taken together, land-use change

had a stronger impact than climate change due to its immediacy and

irreversibility, but we acknowledged that the long-term effect of

climate change could not be ignored. Hopefully, our results will be

used as a basis for understanding the future distribution of

Galliformes species in SEA and provide scientific guidance for

biodiversity conservation in the future.
A B

FIGURE 6

Protection proportion of suitable habitat with different diversity level under different scenarios. (A) Perfect dispersal scenarios; (B) Limited dispersal scenarios
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Naimi, B., and Araújo, M. B. (2016). Sdm: a reproducible and extensible R platform
for species distribution modelling. Ecography 39, 368–375. doi: 10.1111/ecog.01881

Namkhan, M., Sukumal, N., and Savini, T. (2022). Impact of climate change on Southeast
Asian natural habitats, with focus on protected areas. Glob. Ecol. Conserv. 39, e02293.
doi: 10.1016/j.gecco.2022.e02293

Northrup, J. M., Rivers, J. W., Yang, Z., and Betts, M. G. (2019). Synergistic effects of
climate and land-use change influence broad-scale avian population declines. Global.
Change. Biol. 25, 1561–1575. doi: 10.1111/gcb.14571

Pearce-Higgins, J. W., Beale, C. M., Oliver, T. H., August, T. A., Carroll, M.,
Massimino, D., et al. (2017). A national-scale assessment of climate change impacts
on species: assessing the balance of risks and opportunities for multiple taxa. Biol.
Conserv. 213, 124–134. doi: 10.1016/j.biocon.2017.06.035

Phillips, S. J., Anderson, R. P., and Schapire, R. E. (2006). Maximum entropy
modeling of species geographic distributions. Ecol. Model. 190, 231–259. doi: 10.1016/
j.ecolmodel.2005.03.026

Potapov, P., Hansen, M. C., Laestadius, L., Turubanova, S., Yaroshenko, A., Thies, C.,
et al. (2017). The last frontiers of wilderness: Tracking loss of intact forest landscapes
from 2000 to 2013. Sci. Adv. 3 (1), e1600821. doi: 10.1126/sciadv.1600821

Powers, R. P., and Jetz, W. (2019). Global habitat loss and extinction risk of terrestrial
vertebrates under future land-use-change scenarios. Nat. Clim. Change. 9 (4), 1.
doi: 10.1038/s41558-019-0406-z

Prahalad, V., Whitehead, J., Latinovic, A., and Kirkpatrick, J. B. (2019). The creation
and conservation effectiveness of state-wide wetlands and waterways and coastal
refugia planning overlays for Tasmania, Australia. Land. Use. Policy. 81, 502–512.
doi: 10.1016/j.landusepol.2018.11.009

Prasad, A. M., Iverson, L. R., and Liaw, A. (2006). Newer classification and regression
tree techniques: bagging and random forests for ecological prediction. Ecosystems 9,
181–199. doi: 10.1007/s10021-005-0054-1

Reddiar, I. B., and Osti, M. (2022). Quantifying transportation infrastructure
pressure on Southeast Asian World Heritage forests. Biol. Conserv. 270, 109564.
doi: 10.1016/j.biocon.2022.109564

Salvadeo, C., Morzaria-Luna, H. N., Reyes-Bonilla, H., Ivanova-Bonchera, A.,
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