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Abstract 

To help address the underrepresentation of arthropods and Asian biodiversity from climate-

change assessments, we carried out year-long, weekly sampling campaigns with Malaise traps at 
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different elevations and latitudes in Gaoligongshan National Park in southwestern China. From 

these 623 samples, we barcoded 10,524 beetles and compared scenarios of climate-change-

induced biodiversity loss, by designating seasonal, elevational, and latitudinal subsets of beetles 

as communities that plausibly could go extinct as a group, which we call ‘loss sets.’ The 

availability of a published mitochondrial-genome-based phylogeny of the Coleoptera allowed us 

to compare the loss of species diversity with and without accounting for phylogenetic 

relatedness. We hypothesised that phylogenetic relatedness would mitigate extinction, since the 

extinction of any loss set would result in the disappearance of all its species but only part of its 

evolutionary history, which is still extant in the remaining loss sets. We found different patterns 

of community clustering by season and latitude, depending on whether phylogenetic information 

was incorporated. However, accounting for phylogeny only slightly mitigated the amount of 

biodiversity loss under climate change scenarios, against our expectations: there is no 

phylogenetic “escape clause” for biodiversity conservation. We achieve the same results whether 

phylogenetic information was derived from the mitogenome phylogeny or from a de novo 

barcode-gene tree. We encourage interested researchers to use this dataset to study lineage-

specific community assembly patterns in conjunction with life-history traits and environmental 

covariates. 

 

Key words: beetles, Coleoptera, OTU, phylogenetic diversity, Gaoligongshan, Hengduan 

Mountains, phylogenetic placement, barcodes 
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1. Introduction 

Insect populations appear to be declining worldwide (Cardoso et al., 2020; Vaidyanathan, 

2021; Abrego et al. 2021). Our particular interest here is to gauge the threat posed by climate 

change to arthropod communities. Their responses to changing climate are underrepresented in 

vulnerability assessments (Pacifici et al., 2015), and the requisite long-term time-series data of 

their community composition needed for such assessment are especially lacking in Asia 

(Sánchez-Bayo & Wyckhuys, 2019; Srivathsan et al. 2022). To start addressing this 

underrepresentation, we conducted year-long, weekly sampling campaigns with Malaise traps at 

different elevations and latitudes in Gaoligongshan (Chinese for Mt. Gaoligong, 高黎贡山) 

National Park in Yunnan province in southwestern China, part of the Hengduan Mountains 

biodiversity hotspot (Myers et al., 2000).  

Gaoligongshan runs nearly 500 km north to south between 28˚ 30' N and 24˚ 40' N, 

paralleling the China-Myanmar border (Fig 1) and varying in elevation from 523 m above sea 

level to a snow cap at 5,128 m. Its vegetation types range from mixed coniferous-broadleaf forest 

in the north to subtropical forest in the south (Li & Li, 2020; Liu et al., 2021). The region’s 

rugged topography has generated high species richness in plants (Li et al., 2000), vertebrates 

(Dumbacher et al., 2011; Yang et al., 2019), and arthropods (Liu et al., 2020; Yi et al. 2021). At 

28,000 km2 (7% of the area of Yunnan), Gaoligongshan contains at least 57.5% of birds, 61% of 

mammals, and 23% of ant species ever reported in Yunnan.  

We barcoded beetles (Phylum: Arthropoda, Order: Coleoptera) from our Malaise trap 

samples to estimate the extent of biodiversity loss if seasonal, elevational, or latitudinal subsets 

of them are to be extirpated by a changing climate. We designate these subsets of beetles 

communities that plausibly could go extinct as a group as “loss sets”. (1) Latitudinal loss set: 
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northern biota might be more at risk in response to global warming because these species tend to 

be replaced by poleward-moving tropical organisms (“tropicalisation”, see Osland et al., 2021), 

while the southern biota might be more at risk if, for instance, heatwaves and forest fires become 

frequent (Neeraja et al., 2021; Ward et al., 2020). (2) Elevational loss set: mountainous species 

could migrate upslope in response to warming (Elsen & Tingley, 2015) while high-elevation 

endemics could go extinct (Wilson et al., 2007). (3) Seasonal loss set: either summer or winter 

specialists might be more at risk, depending on the effects of climate change on species 

physiologies and the phenologies of host plants (Ding & Gao, 2020; Schuldt et al., 2020; Abrego 

et al., 2021).  

These latitudinal, elevational and seasonal loss sets map directly to the three predominant 

patterns predicted for vegetation responses to future climate change in the Hengduan Mountains: 

(1) a northern shift of plant distributions (Peng et al. 2022; He et al.2019a,b; Liang et al. 2018); 

(2) an upward shift in both treeline and alpine species (He et al. 2020; Tian et al. 2022; Liang et 

al. 2018); (3) and a 4-5°C increase of mean annual temperature by 2070, under the pessimistic 

high-emission scenario (RCP 8.5). To put this increase in context, the current temperature 

difference between mean summer and winter temperatures is around 13°C at Gaoligongshan 

(calculated from WorldClim CMIP5, 2.5 minutes resolution, Fick & Hijmans, 2017). Combining 

these effects, Liang et al. (2018) modelled the distribution shift of 151 representative plants in 

the Hengduan Mountains (under RCP 8.5) and predicted that by 2050, their distributions would 

on average shift 1 degree north and 400m upward. Since insect and plant distributions are 

correlated (reviewed in Zhang et al. 2016), we posit that it is reasonable for the same projected 

changes in climate to result in similar range shifts (and concomitant contractions and extinctions) 

in insects.  
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Our loss set approach complements existing approaches to species climate-vulnerability 

assessment such as correlation analysis (Araújo & Peterson, 2012), mechanistic modeling 

(Jenouvrier et al., 2009), and indicator scoring (Thomas et al., 2011) in that these methods are 

trying to predict plausible loss sets, whereas we are measuring the amount of biodiversity 

contained in plausible loss sets.  

What makes this more than a species-counting exercise is that we take into account shared 

evolutionary history between species (Webb et al., 2002; Cavender-Bares et al., 2009; Davies, 

2021). For instance, two loss sets might have no species in common but still share considerable 

evolutionary history if their members are closely related. The extinction of one loss set would 

result in the disappearance of all its species but only part of its evolutionary history, which is still 

extant in the remaining loss sets. We therefore hypothesise that while certain climate change 

scenarios (e.g. a 5°C rise in mean winter temperature causing the extinction of winter-adapted 

beetles, or replacement of northern species by those dispersed from the south) will drive 

biodiversity loss by reducing species richness in one or more ecological communities, shared 

phylogenetic history might mitigate that loss via the preservation of evolutionary history in other 

communities. 

However, a test of the above hypothesis requires (1) a phylogeny that encompasses the focal 

taxon (here, Coleoptera) and (2) each sampled individual in each community to be genotyped 

and placed on the phylogeny (Ahrendsen et al., 2016; Jin et al., 2021; Kembel et al., 2011). For 

this reason, we individually DNA-barcoded the 10,524 beetles we collected, using a combination 

of Sanger sequencing and multiplexed individual barcoding (Creedy et al., 2020; Ratnasingham, 

2019), and placed the barcodes on a published mitochondrial-genome-based phylogeny of the 

Coleoptera (Linard et al., 2018). Such “phylogenetic placement” (Barbera et al., 2019) on a 
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robust phylogeny has previously been shown to improve inference in community ecological 

studies (Jassen et al., 2018). 

While the placement-based approach offers a robust phylogenetic position for each barcode, 

broad-taxon-coverage phylogenies that include the locus used for barcoding are not available for 

most taxa (which is why our study is limited to the beetles, despite them being a minority catch 

in Malaise traps, which more effectively sample Diptera, Lepidoptera, and Hymenoptera). We 

thus also asked whether we could achieve similar results with a gene-tree approach, i.e. a single-

gene phylogeny constructed using only the DNA barcodes, following the routine use of single-

gene phylogenies in microbiome community analysis (Lozupone & Knight, 2005). In other 

words, we asked whether phylogenetically informed ecological conclusions are dependent upon 

the choice of a robust reference phylogeny vs. an ad hoc barcode gene tree.  

We compare these phylogeny- informed results to the non-phylogenetically-informed 

method of treating every species independently, which we call the Operational Taxonomic Unit 

(OTU) analysis because we clustered the 10,524 barcodes into a smaller number of self-similar 

sequence clusters (i.e. OTUs), which approximate species (Floyd et al., 2002; Blaxter et al., 

2005). 

Here we report that (1) communities clustered differently by season and latitude, dependent 

on whether phylogenetic information was accounted for, and that (2) compared with the non-

phylogenetically informed OTU analysis, accounting for phylogeny only slightly mitigated the 

amount of biodiversity lost when loss sets were removed from the dataset, contrary to our 

expectation described above. In broader terms, phylogenetic diversity is highly correlated with 

species count and only weakly mitigates potential climate-driven biodiversity loss in 

Gaoligongshan beetle communities. We also report that (3) conveniently for the study of taxa 
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without a well-resolved phylogeny, we achieved the same results whether we conducted 

placement on a multi-locus reference phylogeny or used a single-gene phylogeny.  

2. Materials and Methods 

Our workflow is summarized in Fig 2. 

2 1. Beetle sampling  

We set up Malaise traps to sample flying arthropods in the north (Dulongjiang, 独龙江, 

27.68˚N, 98.28˚E)  and south (Baihualing, 百花岭, 25.31˚N, 98.80 ˚E) of Gaoligongshan. The 

two sites are 268 km apart (Fig 1D). The northern site has a higher diversity of seed plants (2816 

vs. 1549 species in the south) and higher, more uniform precipitation: monthly average 

precipitation is 156.14 mm in the north (s.d. = 81.5) and 148.1 mm in the south (s.d. = 90.0). The 

northern site is also cooler than is the south: mean monthly temperature is 13.7 °C in the north 

(s.d. = 5.6) and 16.1 °C in the south (s.d. = 4.6). This information is visualized in Fig S1, plotted 

from 0.5 degrees meteorological data from the China Meteorological Data Service Center 

(http://data.cma.cn/site/index.html). Under a pessimistic climate-change scenario (RCP 8.5), by 

2070, the mean annual temperatures of the northern and southern sites will increase by 4.1°C and 

4.4°C, respectively, and the mean temperatures of the coldest quarter will increase by 4.4°C and 

4.2°C, respectively (WorldClim CMIP5, 2.5 minutes resolution, Fick & Hijmans, 2017). 

From June 2014 to May 2015, we set up six Malaise traps in a site in the south (four at 1400 

m, two at 1800 m); from August 2015 to August 2016, we set up seven Malaise traps in a site in 

the north (five at 1400 m, two at 1800 m) (Fig 1EF). The extra trap at 1400 m in the north was 

inadvertently set up near a local Amomum tsaoko (Zingiberaceae) plantation, which we did not 

abandon. We used 95% ethanol as killing and preserving agent. Local farmers assisted by 
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changing sampling bottles weekly and storing bottles in -18 °C freezers that were given to them 

as compensation. We then periodically transferred stored bottles to a -80 °C freezer at Kunming 

Institute of Zoology (KIZ), China. At KIZ we replaced the collecting ethanol with 99.9% ethanol 

and hand-picked the beetles from the weekly sampling bottles into individual Thermo Scientific 

matrix 2D storage tubes, each with a unique 2D barcode.  

 

2.2 DNA extraction and metabarcoding 

We extracted DNA from each southern-site beetle following the glass fiber plate DNA 

extraction protocol of the Canadian Centre for DNA Barcoding (https://ccdb.ca/resources/), 

except for using a non-destructive protocol for tissue lysis (Tin et al., 2014). For the north-site 

beetles, we extracted DNA from a single leg of each larger individual (> 2 mm length) using the 

Tiangen kit (Tiangen Biotech, Beijing Co. Ltd., Beijing, China), and from whole bodies of the 

smaller individuals (≤ 2 mm) using the Qiagen kit (Qiagen, Hilden, Germany).  

For all beetles, we first attempted to amplify the full DNA barcode (658 bp, COI-5P) using 

the LCO1490/ HCO2198 primer pair (Vrijenhoek, 1994). PCR was carried out in a 15 μL 

reactions consisting of 10.625 μL ddH2O, 1.5 μL 10X Buffer, 1.2 μL dNTP, 0.075 μL TaKaRa 

Taq, 0.3 μL of each primer (10 μM), 1 μL of DNA. PCR reactions were carried out under the 

following conditions: initial denaturation at 94 °C for 1 min, followed by 5 cycles of (94 °C for 1 

min, 45 °C for 1 min, 72 °C for 1 min), 30 cycles of (94 °C for 1 min, 51 °C for 1 min, 72 °C for 

1 min) and a final extension of 72ºC for 5 min.  For each extraction, we resolved 2 µl of PCR 

product by electrophoresis on a 2% agarose gel. Successful amplicons were Sanger-sequenced. 

For beetles that failed to generate a full- length amplicon with the above-mentioned protocol, we 
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repeated the PCR procedure with the mlCOIintF/ jgHCO2198 primer pair (313 bp, a subset of 

COI, Leray et al., 2013), with same reaction and PCR cycles. 

If samples failed these two amplification attempts, they were amplified with the CFMRb 

primer pair (180 bp, a subset of COI, Jusino et al., 2019), which was then sequenced using a 

multiplexed individual barcoding protocol (Creedy et al., 2020). For every 96 samples that we 

planned to pool into a single library, we used 96 twin-tagged primer pairs to identify samples and 

eliminate tag-jump errors (Schnell et al., 2015; Yang et al., 2021). PCR was carried out in a 15 

μL reactions same as the previous approach. For failed PCR runs, a second round of PCR was 

carried out in 15 μL reactions consisted of 5.9 μL ddH2O, 7.5 μL KAPA HiFi HotStart 

ReadyMix (2X), 0.3 μL of each primer (10 μM), and 1 μL of DNA. PCR products were pooled 

and gel-purified by using a Qiagen QIAquick PCR purification kit. In total, 3120 beetles were 

pooled into 35 libraries (96 beetles per library). The PCR products were sent to Novogene 

(Beijing, China) for library construction and 150 bp paired end sequencing on an Illumina 

NovaSeq 6000. 

 

2.3 Bioinformatics 

2.3.1 Read processing and OTU table 

Read processing. Sanger-sequenced barcodes (i.e. those amplified from 

LCO1490/HCO2198 or mlCOIintF/jgHCO2198 primer pairs) were assembled in Geneious 

v10.2.6. For reads of multiplexed individual barcoded samples (i.e. those amplified with the 

CFMRb primer pair), we used AdapterRemoval v2.2.2 (Schubert et al., 2016) to trim Illumina 

adapters and Sickle v1.33 (Joshi & Fass, 2011) to remove reads with average Phred score less than 

20. Reads were then demultiplexed using DTD (Double Tag Demultiplexer, 
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https://github.com/yoann-dufresne/DoubleTagDemultiplexer) and dereplicated on MBRAVE 

(http://mbrave.net, Ratnasingham, 2019). We translated dereplicated sequences to codons using 

gotranseq (https://github.com/feliixx/gotranseq) and chose the most abundant read without a stop 

codon as the sample barcode. 

Community assignment. Our smallest unit of analysis was two Malaise-trap bottles from 

consecutive weeks pooled together (hereafter referred to as a “sample”). Each barcode was 

assigned a set of three environmental covariates:  (1) elevation (1400 m or 1800 m); (2) latitude 

(north or south); and (3) season (spring, summer, autumn, winter). Samples from June, July, and 

August are summer; September, October, November are autumn; December, January, and 

February are winter; March, April, May are spring. To assign samples to month, we used the 

month in which the starting date of each biweekly sample fell. Samples were also assigned a 

week number.  

OTU table construction. To quantify biodiversity loss using a count-based approach for 

barcoded samples, we used sumaclust 1.0.31 (Mercier et al., 2013) to group barcodes into 97%-

similarity Operational Taxonomic Units (OTUs). If an OTU contained a barcode from a sample, 

it is deemed to be present in that community. We refer to the resulting sample × OTU matrix as 

an “OTU table”. The cell values of the OTU table are the counts of barcodes (beetles) belonging 

to that row’s sample and that column’s OTU.  

 

2.3.2 Phylogenetic placement 

Maximum likelihood (ML) tree for phylogenetic placement. To quantify biodiversity loss 

using a phylogenetic-placement approach, we needed a robust reference tree. The most 

comprehensive beetle reference phylogeny to date has 10 partitions in its 19-loci alignment 
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(Linard et al., 2018), but multiple partitions (i.e. multiple sets of model parameters for the ML 

tree) are not supported in phylogenetic placement programs such as EPA-ng (Barbera et al., 2019). 

We thus needed to “downsize” the existing alignment of Linard et al. (2018) to a single partition 

and obtain a single set of parameters for its ML tree. We did this by trimming the alignment of 

Linard et al. (2018) down to a subset that contained only COI, cytb, 16s, and 12s regions (all 

three barcodes in our study are nested within COI, and all 4 loci are widely used in 

metabarcoding studies). The resulting alignment, along with the original tree from Linard et al. 

(2018), were used to re-optimize model parameters and to re-infer the best beetle ML tree ( “--

evaluate” command in raxml-ng-mpi v0.9.0, Kozlov et al., 2019). We used Ktreedist v1.0 (Soria-

Carrasco et al., 2007) and TreeCmp v2.0-b76 (Goluch et al., 2020) to check if the new ML tree 

was significantly different from that of Linard et al. (2018). The new best ML tree (and its set of 

model parameters) were used for phylogenetic placement.  

Phylogenetic placement. We placed every unique barcode onto the ML tree using EPA-ng 

v0.3.5 (Barbera et al., 2019). Each barcode (called “queries” in EPA-ng) could be placed on 

multiple edges of the tree with different likelihoods. We evaluated the certainty of each barcode's 

placement by looking at (1) the expected distance among all its placement locations (“--edpl” 

command in Gappa v0.5.0, Czech & Stamatakis, 2019) and (2) the likelihood weight ratios of all 

of its placements (“--lwr” command in Gappa). To extract a “placement tree”, we represented 

each barcode as a pendant edge on its most likely placement position (“--graft --fully resolve” 

command in Gappa).  
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2.3.3 De novo tree construction 

To investigate whether the result of biodiversity assessment is dependent on the availability 

of a robust reference phylogeny (previous section “2.3.2 Phylogenetic placement”), we also built 

a maximum-likelihood de novo gene tree from our (unique) barcode sequences only. We used 

ModelFinder (Kalyaanamoorthy et al., 2017) to estimate the best partition scheme, and searched 

for most likely tree in IQ-TREE v1.6.12 (Nguyen et al., 2015), with 1,000 iterations for ultrafast 

bootstrap approximation (Minh et al., 2013). We refer to this best gene tree as our de novo tree. 

This procedure mimics the single-gene tree approach widely used in microbiome community 

analysis (Lozupone & Knight, 2005). We compared the topology between de novo tree and our 

placement tree using Ktreedist v1.0 (Soria-Carrasco et al., 2007) and TreeCmp v2.0-b76 (Goluch 

et al., 2020). 

 

2.4 Statistical analyses 

Unless otherwise noted, statistical analyses were performed in R v3.6.3 (R Core Team 

2020). We conducted two sets of analyses across all samples (Fig 2C): (1) we performed 

ordination analysis in the form of non-metric multidimensional scaling (NMDS, Kruskal, 1964) 

to visualize the compositional similarity across all samples; (2) we performed rarefaction 

analysis to compare how much biodiversity is lost when removing sets of ecological 

communities (see 2.4.2 below). 

We carried out these analyses on the three outputs obtained above (Fig 2B): (1) the OTU 

table (see “2.3.1 Read processing and OTU table”), (2) the placement tree (see “2.3.2 

Phylogenetic placement”), and (3) the de novo tree (see “2.3.3 De novo tree construction”). 

 1365294x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16747 by <
Shibboleth>

-m
em

ber@
uea.ac.uk, W

iley O
nline L

ibrary on [25/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

 

 

2.4.1 Ordination with non-metric multidimensional scaling  

With the OTU table, we calculated both Jaccard and Bray-Curtis dissimilarity among 

samples (Jaccard, 1912, Bray and Curtis, 1957, implemented as “(distance = 'jaccard')” or 

“(distance = 'bray')” option in “--metaMDS” command in vegan v2.5-6, Oksanen et al., 2019). In 

contrast, phylogenetically informed samples are represented as sets of tips on the placement tree 

and de novo trees. We generated dissimilarity matrices by measuring both weighted and un-

weighted UniFrac distances between samples (Lozupone et al. 2010, implemented in “--

UniFrac” command, "weighted = FALSE"  or "weighted = TRUE"  options in phyloseq v1.30.0, 

McMurdie & Holmes, 2013,). Since tree tips in our analysis are unique barcodes, unweighted 

UniFrac only accounted for unique barcode presence/ absence, while weighted UniFrac also 

accounted for the abundance of each unique barcode in each sample. We visualized these 

dissimilarity matrices with non-metric multidimensional scaling (NMDS, Kruskal, 1964, 

implemented with the “--metaMDS” command in vegan), with each point being a sample, scored 

for season (summer vs. winter), latitude (north vs. south), and elevation (1400 m vs 1800 m). 

 

2.4.2 Comparing diversity loss scenarios 

We define a loss set as the subset of all samples that share the same season, latitude, or 

elevation, these being subsets that could plausibly be lost as a group due to future climate 

warming. To avoid confusion, when we refer to a “summer loss set scenario” for example, we 

mean the whole dataset minus all summer samples. We have six loss set scenarios: (1-2) loss of 

all summer or of all winter samples; (3-4) loss of all northern or of all southern samples; and (5-

6) loss of all 1400 m or of all 1800 m samples.  
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With the OTU table, we estimated the effect on total diversity of each loss set scenario by 

extrapolating abundance-based species richness with iNEXT.3D v0.0.1 (Chao et al. 2021, 

“diversity=TD” option in “--iNEXT3D” command). With the phylogenetically informed datasets, 

samples are tips on the placement and de novo trees, and we also used iNEXT.3D to extrapolate 

abundance-based Faith's phylogenetic diversity (Faith, 1992) (“diversity=PD” option in “--

iNEXT3D” command).  

 

3. Results  

3.1 Sampling and barcoding  

We hand-pulled 12,195 beetles (3,935 from the north and 8,251 from the south) out of 632 

weekly Malaise trap bottles (a 93% bottle retrieval rate, while 44 bottles in the northern site were 

lost due to trap loss and transportation difficulties from December to March). See Table S1 for 

site and OTU information for each beetle.  

Our Sanger-based and multiplexed individual barcoding attempt obtained 10,524 barcodes,  

7,057 of which are unique. Of all the barcodes, 7,842 were full- length (658 bp) COI barcodes, 

265 were mlCOIintF/jgHCO2198 barcodes of 313 bp in length, and 2,417 were CFMRb 

barcodes 180 bp in length. Of the 1,671 unbarcoded samples, 9 were discarded due to missing 

sample information, and 1,662 (910 south + 752 north) were discarded due to PCR failures or 

not being Coleoptera. Full-length barcodes, along with individual photographs and site 

information, are available on BOLD (see Data Accessibility Statement); the 

mlCOIintF/jgHCO2198 barcodes are included in Supplementary Material; and the CFMRb 

barcodes (and quality control summary) are available on MBRAVE (see Data Accessibility 
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Statement). The spatio-temporal and taxonomic distribution of all barcodes are visualized in Fig 

3, Fig S2, Fig S3 and tallied in Table S2. 

 

3.2 OTU clustering 

A total of 10,258 out of 10,524 barcodes were clustered by 97% similarity into 2,822 OTUs. 

We omitted all 265 of our 313 bp mlCOIintF/jgHCO2198 barcodes because while they 

overlapped with full length barcodes, they did not overlap with CFRMb sequences (all three 

types of barcodes could not be clustered together to generate representative OTU sequences). 

Table S1 contains the OTU assignment of each barcode, while Table S3 presents the OTU 

table. In summary, the north contains 1277 OTUs, and (with some overlap) the south contains 

1597 OTUs. The summer contains 1796 OTUs, and the winter contains 205 OTUs. The 1400 m 

elevation contains 2110 OTUs, and the 1800 m elevation contains 1101 OTUs. 

 

3.3 Phylogenetic placement 

Our re-optimized, single-partition ML tree contained 4 loci, 3,091 alignment sites and 

13,995 species tips (see Supplementary Material for the new ML tree and model parameters). 

The new ML tree had a similar genetic distance scale (K factor = 1.08 in Ktreedist; K factor of 1 

indicates identical distance scale) to the original 10-partition tree. The Robinson-Foulds 

clustering value (RC = 0, measured in TreeCmp) indicated identical topology between the new 

and original trees. 

All barcodes were placed onto the new ML tree (see Supplementary Material for our 

placement tree). The most likely placement position of 27.63% of the barcodes have higher than 

0.96 likelihood weight ratio (LWR), indicating high certainty of placement (Fig S4A). A total of 
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43% of the barcodes have less than 0.44 LWR for their most likely placement, but 93.85% of 

those placements have an expected distance between placement locations <0.13 (Fig S4B). Since 

our ML tree has an average branch length of 0.087, a value of 0.13 means that multiple likely 

placements of the same sequence are on average within two branch lengths of each other. 

 

3.4 De novo tree 

See Supplementary Material for the de novo tree and its model parameters. Our de novo tree 

and placement tree are different in mean branch lengths (K factor = 0.56, see Soria-Carrasco et 

al. 2007 for interpretation of K factor) and topology (RC = 6895 for a total of 14112 edges, see 

Robinson and Foulds 1981 for interpretation of the RC value). 

 

3.5 Ordination  

We removed 11 samples that contained fewer than 20 OTUs for our ordination analysis. 

Non-metric multidimensional scaling (NMDS) of the OTU table dataset resulted in samples 

clustering by latitude (north vs. south) on the first axis and then by season (winter vs. summer) 

on the second axis (Fig 4A, Fig S5A). In contrast, when phylogenetic diversity was taken into 

consideration, communities clustered by season on the first axis and then by latitude on the 

second axis (Fig 4BC for unweighted UniFrac, Fig S5BC for weighted UniFrac). Compared with 

OTU-derived ordinations, phylogenetically informed ordinations showed considerably more 

overlap between northern and southern samples, indicating phylogenetic relatedness between the 

two latitudes. We found no signal of clustering by elevation (Fig S6A). 
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3.6 Species diversity and loss set scenarios 

With the OTU table, the seasonal loss set scenarios result in little (summer) or no (winter) 

reduction of extrapolated species richness (Fig 5A) and diversity (Fig S7), whereas the latitude 

and elevation loss set scenarios do cause declines in extrapolated species-richness (Fig 5A). We 

then ask whether taking into account phylogenetic relatedness mitigates these declines. That is, 

upon the extinction of a loss set (e.g. North), is much of the phylogenetic history retained in the 

remaining part of the reserve (e.g. South)? Contrary to our expectations, the outcomes are nearly 

the same (Fig 5BC), with at most a small mitigation of diversity loss when phylogenetic 

relatedness is taken into account (Fig 5D).  

4. Discussion 

We generated a dataset of 10,524 barcoded, photographed beetles from year-long, weekly 

sampling using 623 Malaise trap bottles across both elevational and latitudinal gradients of 

Gaoligongshan (Figs. 3, 4). While further projects will build upon this dataset to explore 

coleopteran lineage-specific community assembly in conjunction with their functional traits and 

environmental covariates (see “4.3 Future directions” below), this work reports a broad-stroke 

visualization and analysis of community change over space and time. We asked how much 

species diversity would decline upon the removal of subsets of total beetle diversity (subsets 

grouped by season, latitude, or elevation) that could plausibly be lost together due to climate 

heating, and we asked whether the answer to this question would change depending on whether 

phylogenetic relatedness was taken into account (Fig. 5). Our main message is that there is no 

phylogenetic "escape clause" for biodiversity conservation. Below, we discuss our ordination 
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and rarefaction results, and we hypothesise why taking phylogeny into account does not 

materially mitigate species loss.  

 

4.1 Count-based vs. phylogenetically informed matrices 

The effect of incorporating phylogenetic information into community analysis is visible 

when comparing ordination results calculated from discrete OTUs vs. UniFrac distances (Fig 4A 

vs. 4BC). When analyzed as unrelated OTUs, the samples first cluster by latitude (north vs. 

south) and then by season (winter vs. summer) (Fig 4A). This is not surprising: out of 2,822 

OTUs, only 52 were shared between the north and south samples; slightly more than that, 59 

OTUs, were shared between winter and summer samples. In contrast, when phylogenetic 

information was accounted for, we observed the opposite pattern: samples first separated by 

season and then by latitude (Fig 4BC). Change in the predominant axis of variation from 

latitudinal to seasonal difference after incorporating phylogenetic information suggests that 

northern and southern beetles communities share more evolutionary history than do winter and 

southern beetles, which is hidden from the OTU dataset. Although yet to be examined in beetles, 

this pattern of lineage diversification along mountain valleys is a major theme of speciation in 

the Hengduan Mountains found in plants (Xing & Ree, 2017), vertebrates (Wan et al. 2021) and 

other insects (Wang & Pierce, 2022). Specifically, winter (and some summer) samples from the 

north and south overlapped (Fig 4BC, gray circles, gray dots, and green dots), reflecting shared 

evolutionary history amongst winter beetles across Gaoligongshan. We found no observable 

elevational clustering in our dataset (Fig S6A), likely in large part because the elevational 

difference is only 400m. Studies on plants, insects and birds in the same region show large 
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differences when communities are further apart in elevation (Sreekar et al., 2018; Liu et al. 2017; 

He et al. 2022). 

However, although the ordinations revealed an effect of shared evolutionary history on 

sample similarities, we did not see this effect when undertaking the loss set scenarios (Fig 5). 

Our expectation was that with the OTU table, where species are treated as discrete entities, 

extrapolated species richness would decline in line with the number of species in a loss set, but 

with the de novo and placement trees, where phylogenetic relatedness is taken into account, 

extrapolated phylogenetic diversity would decline by relatively less upon removal of the same 

loss set. For example, removal of the species-rich summer loss set from the OTU dataset should 

cause a large decline in extrapolated species richness, while removal of the summer loss set from 

the de novo- and placement-tree datasets should cause less decline because some of the 

evolutionary history of the summer species would remain in other seasonal samples.  

However, we did not observe convincing evidence for phylogenetic mitigation: for 

example, the spacings between the “all samples” and the “summer loss set” rarefaction curves 

are similar in size across Fig 5A-C. We observed, at most, small effect sizes in the 1400 m, 

South, and North loss set scenarios (Fig 5D).  

Alternatively, one could argue that intersections of loss sets (e.g. “winter” + “south” + 

“1800 m”) are more realistic biodiversity loss scenarios representing species co-existing in space 

and time. Any given community will be confronted by both rising mean habitat temperature and 

contracting high elevation habitat under future climate change. However, phylogenetic 

mitigation of such intersection loss sets is likely also to be minimal. For instance, the “winter-

south-1800 m” set contains only 9 OTUs, which constitute 0.32% of all OTUs and 0.20% or 

0.38% of phylogenetic diversity, on the de novo and placement trees, respectively.  
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The effective absence of phylogenetic mitigation recovers the theoretical expectation that 

PD is a generalized form of richness index (Chao et al. 2010). Studies have found high 

correlation between PD and species richness (Davies and Buckley 2011; Safi et al. 2011, Dias et 

al. 2020). In other words, in our dataset, we can use OTU or number of barcodes as a proxy 

number to rank loss sets by phylogenetic diversity (Table S2). This is also shown via inspection 

of Figure 3, in which the columns with the highest number of barcodes (colored bars) are in 

summer, 1400 m, and the south, which are the loss sets causing the largest declines in PD when 

removed (Fig 5C).  

  
4.2 Placement and de novo trees 

We carried out our analyses on beetles because this insect order had available a broad-

coverage phylogeny, even though our trap bottles also contain many lepidopteran, hymenopteran 

and dipteran samples yet to be (meta)barcoded. With these taxa, future phylogenetic trees could 

be assembled de novo from barcodes, which is why we have tested whether lack of a multi- locus 

phylogeny prevents correct inference. Despite differences in tree topologies, we did not observe 

major differences between de novo-tree-derived and placement-tree-derived loss set scenarios 

(Fig 5). Both their PD values were highly correlated with OTU counts. These results suggest that 

barcode-gene trees can indeed be used to test for the effect of phylogenetic relatedness on 

community structure and assembly, although this conclusion requires further testing in different 

taxa. We also note that although both approaches generate similar ordination plots (Fig 4BC), 

there is a greater degree of clustering of the high-elevation, winter samples in the ordination 

based on the placement tree.  
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4.3 Future directions 

While we report broad-stroke pattern of community diversity change across space and time 

in our dataset, we have not examined intraspecific and interspecific variations in response to 

climate change across taxa, such as thermal plasticity, microhabitat and dispersal ability (Forrest 

2016). We invite interested researchers to utilize this dataset and take further investigations in 

two directions. Firstly, in this study we have not touched on the evolutionary assembly process at 

the sample (i.e. community) level, and their environmental covariates. At the sample level, 

metrics that reveal historical and climatic patterns of community assembly (while accounting for 

effect of species richness) include the standardized effect size of PD (Webb et al. 2008), as well 

as net relatedness index (NRI) and nearest taxon index (NTI) (Webb et al., 2002). We are 

interested in whether the community assembly process itself (e.g. a phylogenetically clustered 

vs. dispersed set of species in a community) has environmental or temporal drivers. Secondly, 

we encourage researchers with taxonomic expertise to explore our dataset by pairing ecological 

and phylogenetic covariates with trait information on, for instance, feeding habit (e.g. 

xylophagous vs. herbivorous vs. insectivorous) and microhabitat preference (e.g. leaf vs. bark 

dwelling)—while keeping in mind that Malaise traps are less likely than other methods to sample 

ground-dwelling beetles (Musthafa et al. 2022). It is possible that major lineages of beetles (e.g. 

Cerambycidae, Carabidae, Curculionidae) show convergent patterns of community assembly in 

response to environmental and temporal covariates; certain taxa might respond to climate change 

as a functional group (despite being analyzed in different spatiotemporal subsets in this study); it 

is also possible that functional subsets of the beetles (or, indeed, the other arthropod taxa 

captured by the Malaise traps) could exhibit the phylogenetic mitigation that we hypothesised 

would exist for the whole-beetle dataset that we have analysed here. We also note that climate 
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change could drive the divergence of phenologies between insects and their food plants (known 

as phenological mismatch or trophic asynchrony, Renner & Zohner, 2018), which is another 

potential driver of community- level diversity loss (Visser & Gienapp, 2019) that could be 

examined using our dataset in combination with local plant phenology dataset (e.g. Peng et al. 

2022). 
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Data Accessibility 

All barcodes can be downloaded from NCBI by their accession number (see Table S1). 

Barcode information and OTU table are presented in the Supplementary Material. 

References 

Abrego, N., Roslin, T., Huotari, T., Ji, Y., Schmidt, N. M., Wang, J., . . . Ovaskainen, O. (2021). 
Accounting for species interactions is necessary for predicting how arctic arthropod 
communities respond to climate change. Ecography, 44(6), 885-896. 
https://doi.org/https://doi.org/10.1111/ecog.05547   

Ahrendsen, D., Aust, S., & Kellar, P. (2016). Biodiversity assessment using next-generation 
sequencing: comparison of phylogenetic and functional diversity between Nebraska 
grasslands. Plant Systematics and Evolution, 302. https://doi.org/10.1007/s00606-015-1246-
6   

Araújo, M. B., & Peterson, A. T. (2012). Uses and misuses of bioclimatic envelope modeling. 
Ecology, 93(7), 1527-1539. https://doi.org/10.1890/11-1930.1   

Barbera, P., Kozlov, A. M., Czech, L., Morel, B., Darriba, D., Flouri, T., & Stamatakis, A. 
(2018). EPA-ng: Massively Parallel Evolutionary Placement of Genetic Sequences. 
Systematic Biology, 68(2), 365-369. https://doi.org/10.1093/sysbio/syy054   

Blaxter, M., Mann, J., Chapman, T., Thomas, F., Whitton, C., Floyd, R., & Abebe, E. (2005). 
Defining operational taxonomic units using DNA barcode data. Philos Trans R Soc Lond B 
Biol Sci, 360(1462), 1935-1943. https://doi.org/10.1098/rstb.2005.1725   

Bray, J. R., & Curtis, J. T. (1957). An Ordination of the Upland Forest Communities of Southern 
Wisconsin. Ecological Monographs, 27(4), 325-349. 
https://doi.org/https://doi.org/10.2307/1942268   

Cardoso, P., Barton, P., Birkhofer, K., Chichorro, F., Deacon, C., Fartmann, T., . . . Samways, 
M. (2020). Scientists' warning to humanity on insect extinctions. Biological Conservation, 
242, 108426. https://doi.org/10.1016/j.biocon.2020.108426   

Cavender-Bares, J., Kozak, K. H., Fine, P. V. A., & Kembel, S. W. (2009). The merging of 
community ecology and phylogenetic biology. Ecology letters, 12(7), 693-715. 
https://doi.org/https://doi.org/10.1111/j.1461-0248.2009.01314.x   

Chao, A., Chiu, C.-H., & Jost, L. (2010). Phylogenetic diversity measures based on Hill 
numbers. Philosophical transactions of the Royal Society of London. Series B, Biological 
sciences, 365(1558), 3599-3609. https://doi.org/10.1098/rstb.2010.0272   

Chao, A., Henderson, P. A., Chiu, C.-H., Moyes, F., Hu, K.-H., Dornelas, M., & Magurran, A. E. 
(2021). Measuring temporal change in alpha diversity: A framework integrating taxonomic, 
phylogenetic and functional diversity and the iNEXT.3D standardization. Methods in 
Ecology and Evolution, 12(10), 1926-1940. https://doi.org/https://doi.org/10.1111/2041-
210X.13682   

Creedy, T. J., Norman, H., Tang, C. Q., Qing Chin, K., Andujar, C., Arribas, P., . . . Vogler, A. 
P. (2020). A validated workflow for rapid taxonomic assignment and monitoring of a 

 1365294x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16747 by <
Shibboleth>

-m
em

ber@
uea.ac.uk, W

iley O
nline L

ibrary on [25/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/https:/doi.org/10.1111/ecog.05547
https://doi.org/10.1007/s00606-015-1246-6
https://doi.org/10.1007/s00606-015-1246-6
https://doi.org/10.1890/11-1930.1
https://doi.org/10.1093/sysbio/syy
https://doi.org/10.1098/rstb.2005.1725
https://doi.org/10.1016/j.biocon.2020.108426
https://doi.org/https:/doi.org/10.1111/j.1461-0248.2009.01314.x
https://doi.org/10.1098/rstb.2010.0272
https://doi.org/https:/doi.org/10.1111/2041-210X.13682
https://doi.org/https:/doi.org/10.1111/2041-210X.13682


 

 

national fauna of bees (Apiformes) using high throughput DNA barcoding. Molecular 
Ecology Resources, 20(1), 40-53. https://doi.org/https://doi.org/10.1111/1755-0998.13056   

Czech, L., & Stamatakis, A. (2019). Scalable methods for analyzing and visualizing phylogenetic 
placement of metagenomic samples. PLoS One, 14(5), e0217050. 
https://doi.org/10.1371/journal.pone.0217050   

Davies, T. J. (2021). Ecophylogenetics redux. Ecology letters, 24(5), 1073-1088. 
https://doi.org/https://doi.org/10.1111/ele.13682   

Davies, T. J., & Buckley, L. B. (2011). Phylogenetic diversity as a window into the evolutionary 
and biogeographic histories of present-day richness gradients for mammals. Philosophical 
transactions of the Royal Society of London. Series B, Biological sciences, 366(1576), 
2414-2425. https://doi.org/10.1098/rstb.2011.0058   

Dias, R. A., Bastazini, V. A. G., Knopp, B. d. C., Bonow, F. C., Gonçalves, M. S. S., & Gianuca, 
A. T. (2020). Species richness and patterns of overdispersion, clustering and randomness 
shape phylogenetic and functional diversity–area relationships in habitat islands. Journal of 
Biogeography, 47(8), 1638-1648. https://doi.org/https://doi.org/10.1111/jbi.13849   

Ding, T., & Gao, H. (2020). The Record-Breaking Extreme Drought in Yunnan Province, 
Southwest China during Spring-Early Summer of 2019 and Possible Causes. Journal of 
Meteorological Research, 34(5), 997-1012. https://doi.org/10.1007/s13351-020-0032-8   

Dumbacher, J., Miller, J., Flannery, M., & Yang, X. (2011). Avifauna of the Gaoligong Shan 
Mountains of Western China: A Hotspot of Avian Species Diversity. Ornithological 
Monographs, 70, 30-63. https://doi.org/10.1525/om.2011.70.1.30   

Elsen, P. R., & Tingley, M. W. (2015). Global mountain topography and the fate of montane 
species under climate change. Nature Climate Change, 5(8), 772-776. 
https://doi.org/10.1038/nclimate2656   

Faith, D. P. (1992). Conservation evaluation and phylogenetic diversity. Biological 
Conservation, 61(1), 1-10. https://doi.org/https://doi.org/10.1016/0006-3207(92)91201-3 

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: New 1-km spatial resolution climate surfaces 
for global land areas. International Journal of Climatology, 37(12), 4302–4315. 
https://doi.org/10.1002/joc.5086 

Forrest, J. R. (2016). Complex responses of insect phenology to climate change. Current Opinion 
in Insect Science, 17, 49–54. https://doi.org/10.1016/j.cois.2016.07.002 

Floyd, R., Abebe, E., Papert, A., & Blaxter, M. (2002). Molecular barcodes for soil nematode 
identification. Molecular Ecology, 11(4), 839-850. https://doi.org/10.1046/j.1365-
294x.2002.01485.x   

Goluch, T., Bogdanowicz, D., & Giaro, K. (2020). Visual TreeCmp: Comprehensive 
Comparison of Phylogenetic Trees on the Web [https://doi.org/10.1111/2041-210X.13358]. 
Methods in Ecology and Evolution, 11(4), 494-499. 
https://doi.org/https://doi.org/10.1111/2041-210X.13358   

Hallmann, C. A., Sorg, M., Jongejans, E., Siepel, H., Hofland, N., Schwan, H., . . . de Kroon, H. 
(2017). More than 75 percent decline over 27 years in total flying insect biomass in 
protected areas. PLoS One, 12(10), e0185809. https://doi.org/10.1371/journal.pone.0185809  

He, X., DuBay, S., Zhangshang, M., Cheng, Y., Liu, Z., Li, D., . . . Wu, Y. (2022). Seasonal 
elevational patterns and the underlying mechanisms of avian diversity and community 
structure on the eastern slope of Mt. Gongga. Diversity and Distributions. 
https://doi.org/10.1111/ddi.13475 

 1365294x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16747 by <
Shibboleth>

-m
em

ber@
uea.ac.uk, W

iley O
nline L

ibrary on [25/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/
https://doi.org/10.1371/journal.pone.0217050
https://doi.org/https:/doi.org/10.1111/ele.13682
https://doi.org/10.1098/rstb.2011.0058
https://d/
https://doi.org/10.1007/s13351-020-0032-8
https://doi.org/10.1525/om.2011.70.1.30
https://doi.org/10.1038/nclimate2656
https://doi.org/https:/doi.org/10.1016/0006-3207(92)91201-3
https://doi.org/10.1046/j.1365-294x.2002.01485.x
https://doi.org/10.1046/j.1365-294x.2002.01485.x
https://doi.org/10.1111/2041-210X.13358
https://doi.org/https:/doi.org/10.1111/2041-2
https://doi.org/10.1371/journal.pone.0185809
https://doi.org/10.1111/ddi.13475


 

 

He, X., Burgess, K. S., Gao, L.-M., & Li, D.-Z. (2019a). Distributional responses to climate 
change for alpine species of Cyananthus and Primula endemic to the Himalaya-Hengduan 
Mountains. Plant Diversity, 41(1), 26–32. https://doi.org/10.1016/j.pld.2019.01.004 

He, X., Burgess, K. S., Yang, X., Ahrends, A., Gao, L., & Li, D. (2019b). Upward elevation and 
northwest range shifts for alpine Meconopsis species in the Himalaya–Hengduan Mountains 
region. Ecology and Evolution, 9(7), 4055–4064. https://doi.org/10.1002/ece3.5034 

He, Y., Xiong, Q., Yu, L., Yan, W., & Qu, X. (2020). Impact of Climate Change on Potential 
Distribution Patterns of Alpine Vegetation in the Hengduan Mountains Region, China. 
Mountain Research and Development, 40(3). https://doi.org/10.1659/MRD-JOURNAL-D-
20-00010.1 

Jaccard, P. (1912). The Distribution of the Flora in the Alpine Zone. The New Phytologist, 11(2), 
37-50. http://www.jstor.org/stable/2427226   

Janssen, S., McDonald, D., Gonzalez, A., Navas-Molina, J. A., Jiang, L., Xu, Z. Z., . . . Knight, 
R. (2018). Phylogenetic Placement of Exact Amplicon Sequences Improves Associations 
with Clinical Information. mSystems, 3(3). https://doi.org/10.1128/mSystems.00021-18   

Jenouvrier, S., Caswell, H., Holland, M., Stroeve, J. C., & Weimerskirch, H. (2009). 
Demographic models and IPCC climate projections predict the decline of an Emperor 
penguin population. Proceedings of the National Academy of Sciences of the United States 
of America, 106, 1844-1847. https://doi.org/10.1073/pnas.0806638106   

Jin, L., Liu, J. J., Xiao, T.-W., Li, Q. M., Lin, L. X., Shao, X. N., . . . Ge, X.-J. (2021). 
Plastome‐ based phylogeny improves community phylogenetics of subtropical forests in 
China. Molecular Ecology Resources. https://doi.org/10.1111/1755-0998.13462   

Joshi, N., & Fass, J. (2011). Sickle: A sliding-window, adaptive, quality-based trimming tool for 
FastQ files (Version 1.33) [Software]. Available at https://github.com/najoshi/sickle.   

Jusino, M. A., Banik, M. T., Palmer, J. M., Wray, A. K., Xiao, L., Pelton, E., . . . Lindner, D. L. 
(2019). An improved method for utilizing high-throughput amplicon sequencing to 
determine the diets of insectivorous animals. Molecular Ecology Resources, 19(1), 176-190. 
https://doi.org/10.1111/1755-0998.12951   

Kalyaanamoorthy, S., Minh, B. Q., Wong, T. K. F., von Haeseler, A., & Jermiin, L. S. (2017). 
ModelFinder: fast model selection for accurate phylogenetic estimates. Nature Methods, 
14(6), 587-589. https://doi.org/10.1038/nmeth.4285   

Kembel, S. W., Eisen, J. A., Pollard, K. S., & Green, J. L. (2011). The phylogenetic diversity of 
metagenomes. PLoS One, 6(8), e23214-e23214. 
https://doi.org/10.1371/journal.pone.0023214   

Kozlov, A. M., Darriba, D., Flouri, T., Morel, B., & Stamatakis, A. (2019). RAxML-NG: a fast, 
scalable and user-friendly tool for maximum likelihood phylogenetic inference. 
Bioinformatics, 35(21), 4453-4455. https://doi.org/10.1093/bioinformatics/btz305   

Kraft, N. J. B., Comita, L. S., Chase, J. M., Sanders, N. J., Swenson, N. G., Crist, T. O., . . . 
Myers, J. A. (2011). Disentangling the drivers of β diversity along latitudinal and 
elevational gradients. Science, 333(6050), 1755-1758. 
https://doi.org/doi:10.1126/science.1208584   

Kruskal, J. B. (1964). Nonmetric multidimensional scaling: A numerical method. Psychometrika, 
29(2), 115-129. https://doi.org/10.1007/BF02289694   

Leray, M., Yang, J. Y., Meyer, C. P., Mills, S. C., Agudelo, N., Ranwez, V., . . . Machida, R. J. 
(2013). A new versatile primer set targeting a short fragment of the mitochondrial COI 

 1365294x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16747 by <
Shibboleth>

-m
em

ber@
uea.ac.uk, W

iley O
nline L

ibrary on [25/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.jstor.org/stable/2427226
https://doi.org/10.1128/mSystems.00021-18
https://doi.org/10.1073/pnas.0806638106
https://doi.org/10.1111/1755-0998.13462
https://github.com/najoshi/sickle
https://doi.org/10.1111/1755-0998.12951
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1371/journal.pone.0023214
https://doi.org/10.1093/bioinforma
https://doi.org/doi:10.1126/science.1208584
https://doi.org/10.1007/BF02289694


 

 

region for metabarcoding metazoan diversity: application for characterizing coral reef fish 
gut contents. Frontiers in Zoology, 10, 34. https://doi.org/10.1186/1742-9994-10-34   

Li, H., & Li, R. (2020). Plant Resources and Geography of the Gaoligongshan Mountains in 
Southeast Tibet [in Chinese] Hubei Science and Technology Press. 

Liang, Q., Xu, X., Mao, K., Wang, M., Wang, K., Xi, Z., & Liu, J. (2018). Shifts in plant 
distributions in response to climate warming in a biodiversity hotspot, the Hengduan 
Mountains. Journal of Biogeography, 45(6), 1334–1344. https://doi.org/10.1111/jbi.13229 

Linard, B., Crampton-Platt, A., Moriniere, J., Timmermans, M., Andújar, C., Arribas, P., . . . 
Vogler, A. (2018). The contribution of mitochondrial metagenomics to large-scale data 
mining and phylogenetic analysis of Coleoptera. Molecular Phylogenetics and Evolution, 
128, 1-11. https://doi.org/10.1016/j.ympev.2018.07.008   

Liu, C., Dudley, K. L., Xu, Z.-H., & Economo, E. P. (2018). Mountain metacommunities: 
climate and spatial connectivity shape ant diversity in a complex landscape. Ecography, 
41(1), 101-112. https://doi.org/https://doi.org/10.1111/ecog.03067   

Liu, C., Fischer, G., Hita Garcia, F., Yamane, S., Liu, Q., Peng, Y. Q., . . . Pierce, N. E. (2020). 
Ants of the Hengduan Mountains: a new altitudinal survey and updated checklist for 
Yunnan Province highlight an understudied insect biodiversity hotspot 
[10.3897/zookeys.978.55767]. ZooKeys, 978, 1-171. 
https://doi.org/10.3897/zookeys.978.55767   

Liu, S.-Q., Bian, Z., Xia, C.-Z., Bilal, A., Zhang, M., Chen, J., . . . Zhang, K.-B. (2021). Forest 
biomass carbon pool dynamics in Tibet Autonomous Region of China: Inventory data 1999-
2019. PLoS One, 16(5), e0250073-e0250073. https://doi.org/10.1371/journal.pone.0250073   

Lozupone, C., & Knight, R. (2005). UniFrac: a New Phylogenetic Method for Comparing 
Microbial Communities. Applied and environmental microbiology, 71(12), 8228-8235. 
https://doi.org/doi:10.1128/AEM.71.12.8228-8235.2005   

Lozupone, C., Lladser, M. E., Knights, D., Stombaugh, J., & Knight, R. (2011). UniFrac: an 
effective distance metric for microbial community comparison. The ISME Journal, 5(2), 
169-172. https://doi.org/10.1038/ismej.2010.133   

McMurdie, P. J., & Holmes, S. (2013). phyloseq: An R Package for Reproducible Interactive 
Analysis and Graphics of Microbiome Census Data. PLoS One, 8(4), e61217. 
https://doi.org/10.1371/journal.pone.0061217   

Mercier, C., Boyer, F., Bonin, A., & Coissac, E. (2013). “SUMATRA and SUMACLUST: fast 
and exact comparison and clustering of sequences,” in Programs and Abstracts of the 
SeqBio 2013 Workshop. Abstract, (Citeseer), 27–29.  Available online at: 
https://git.metabarcoding.org/obitools/sumatra/wikis/home  

Minh, B. Q., Nguyen, M. A. T., & von Haeseler, A. (2013). Ultrafast Approximation for 
Phylogenetic Bootstrap. Molecular Biology and Evolution, 30(5), 1188-1195. 
https://doi.org/10.1093/molbev/mst024   

Musthafa, M. M., Abdullah, F., & Koivula, M. J. (2022). The functioning of different beetle 
(Coleoptera) sampling methods across altitudinal gradients in Peninsular Malaysia. PloS 
one, 17(3), e0266076. https://doi.org/10.1371/journal.pone.0266076 

Myers, N., Mittermeier, R. A., Mittermeier, C. G., da Fonseca, G. A., & Kent, J. (2000). 
Biodiversity hotspots for conservation priorities. Nature, 403(6772), 853-858. 
https://doi.org/10.1038/35002501   

 1365294x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16747 by <
Shibboleth>

-m
em

ber@
uea.ac.uk, W

iley O
nline L

ibrary on [25/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1186/1742-9994-10-34
https://doi.org/10.1016/j.ympev.2018.07.008
https://doi.org/https:/do
https://doi.org/10.3897/zookeys.978.55767
https://doi.org/10.1371/journal.pone.025
https://doi.org/doi:10
https://doi.org/10.1038/ismej.2010.133
https://doi.org/10.1371/journal.pone.0061217
https://git.metabarcoding.org/obitools/sumatra/wikis/home
https://doi.org/10.1093/molbev/mst024
file:///C:%5CUsers%5Csivaniraji.m%5CDownloads%5CMusthafa,%20M.%20M.,%20Abdullah,%20F.,%20&%20Koivula,%20M.%20J.%20(2022).%20The%20functioning%20of%20different%20beetle%20(Coleoptera)%20sampling%20methods%20across%20altitudinal%20gradients%20in%20Peninsular%20Malaysia.%20PloS%20one,%2017(3),%20e0266076.%20https:%5Cdoi.org%5C10.1371%5Cjournal.pone.0266076
https://doi.org/10.1038/35002501


 

 

Neeraja, U. V., Rajendrakumar, S., Saneesh, C. S., Dyda, V., & Knight, T. M. (2021). Fire alters 
diversity, composition, and structure of dry tropical forests in the Eastern Ghats. Ecology 
and Evolution, 11(11), 6593-6603. https://doi.org/https://doi.org/10.1002/ece3.7514   

Nguyen, L. T., Schmidt, H. A., von Haeseler, A., & Minh, B. Q. (2015). IQ-TREE: a fast and 
effective stochastic algorithm for estimating maximum-likelihood phylogenies. Molecular 
Biology and Evolution, 32(1), 268-274. https://doi.org/10.1093/molbev/msu300   

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., . . . Wagner, H. 
(2019). R package version 2.5-6. In. 

Osland, M. J., Stevens, P. W., Lamont, M. M., Brusca, R. C., Hart, K. M., Waddle, J. H., . . . 
Seminoff, J. A. (2021). Tropicalization of temperate ecosystems in North America: The 
northward range expansion of tropical organisms in response to warming winter 
temperatures. Global Change Biology, 27(13), 3009-3034. 
https://doi.org/https://doi.org/10.1111/gcb.15563   

Pacifici, M., Foden, W. B., Visconti, P., Watson, J. E. M., Butchart, S. H. M., Kovacs, K. M., . . . 
Rondinini, C. (2015). Assessing species vulnerability to climate change. Nature Climate 
Change, 5(3), 215-224. https://doi.org/10.1038/nclimate2448 

Peng, S., Zhang, J., Zhang, X., Li, Y., Liu, Y., & Wang, Z. (2022). Conservation of woody 
species in China under future climate and land‐cover changes. Journal of Applied Ecology, 
59(1), 141–152. https://doi.org/10.1111/1365-2664.14037 

Robinson, D. F., & Foulds, L. R. (1981). Comparison of phylogenetic trees. Mathematical 
Biosciences, 53(1–2), 131–147. https://doi.org/10.1016/0025-5564(81)90043-2 

Ratnasingham, S. (2019). mBRAVE: The Multiplex Barcode Research And Visualization 
Environment. Biodiversity Information Science and Standards, 3. 
https://doi.org/10.3897/biss.3.37986   

Safi, K., Cianciaruso, M. V., Loyola, R. D., Brito, D., Armour-Marshall, K., & Diniz-Filho, J. A. 
F. (2011). Understanding global patterns of mammalian functional and phylogenetic 
diversity. Philosophical transactions of the Royal Society of London. Series B, Biological 
sciences, 366(1577), 2536-2544. https://doi.org/10.1098/rstb.2011.0024   

Sánchez-Bayo, F., & Wyckhuys, K. A. G. (2019). Worldwide decline of the entomofauna: A 
review of its drivers. Biological Conservation, 232, 8-27. 
https://doi.org/https://doi.org/10.1016/j.biocon.2019.01.020 

Renner, S. S., & Zohner, C. M. (2018). Climate Change and Phenological Mismatch in Trophic 
Interactions Among Plants, Insects, and Vertebrates. Annual Review of Ecology, Evolution, 
and Systematics, 49(1), 165–182. https://doi.org/10.1146/annurev-ecolsys-110617-062535 

Schnell, I. B., Bohmann, K., & Gilbert, M. T. (2015). Tag jumps illuminated--reducing 
sequence-to-sample misidentifications in metabarcoding studies. Molecular Ecology 
Resources, 15(6), 1289-1303. https://doi.org/10.1111/1755-0998.12402   

Schubert, M., Lindgreen, S., & Orlando, L. (2016). AdapterRemoval v2: rapid adapter trimming, 
identification, and read merging. BMC Research Notes, 9, 88. 
https://doi.org/10.1186/s13104-016-1900-2   

Schuldt, B., Buras, A., Arend, M., Vitasse, Y., Beierkuhnlein, C., Damm, A., . . . Kahmen, A. 
(2020). A first assessment of the impact of the extreme 2018 summer drought on Central 
European forests. Basic and Applied Ecology, 45, 86-103. 
https://doi.org/https://doi.org/10.1016/j.baae.2020.04.003   

 1365294x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16747 by <
Shibboleth>

-m
em

ber@
uea.ac.uk, W

iley O
nline L

ibrary on [25/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/https:/doi
https://doi.org/10.1093/molbev/msu300
https://doi.org/https:/doi.org/10.1111/gcb.15563
https://doi.org/10.1038/nclimate2448
https://doi.org/10.3897/biss.3.37986
https://doi.org/10.1098/rstb.2011.0024
https://doi.org/https:/doi.org/10.1016/j.biocon.2019.01.020
https://doi.org/10.1111/1755-0998.12402
https://doi.org/10.1186/s13104-016-1900-2
https://doi.org/https:/doi.org/10.1016/j.baae.2020.04.003


 

 

Soria-Carrasco, V., Talavera, G., Igea, J., & Castresana, J. (2007). The K tree score: 
quantification of differences in the relative branch length and topology of phylogenetic 
trees. Bioinformatics, 23(21), 2954-2956. https://doi.org/10.1093/bioinformatics/btm466 

Srivathsan, A., Ang, Y., Heraty, J. M., Hwang, W. S., Jusoh, W. F. A., Kutty, S. N., 
Puniamoorthy, J., Yeo, D., Roslin, T., & Meier, R. (2022). Global convergence of 
dominance and neglect in flying insect diversity [Preprint]. Ecology. 
https://doi.org/10.1101/2022.08.02.502512 

Team, R. C. (2020). R: A language and environment for statistical computing. URL 
https://www.R-project.org/.   

Thomas, C. D., Hill, J. K., Anderson, B. J., Bailey, S., Beale, C. M., Bradbury, R. B., . . . 
Yardley, T. (2011). A framework for assessing threats and benefits to species responding to 
climate change. Methods in Ecology and Evolution, 2(2), 125-142. 
https://doi.org/https://doi.org/10.1111/j.2041-210X.2010.00065.x 

Tian, L., Fu, W., Tao, Y., Li, M., & Wang, L. (2022). Dynamics of the alpine timberline and its 
response to climate change in the Hengduan mountains over the period 1985–2015. 
Ecological Indicators, 135, 108589. https://doi.org/10.1016/j.ecolind.2022.108589 

Tin, M. M., Economo, E. P., & Mikheyev, A. S. (2014). Sequencing degraded DNA from non-
destructively sampled museum specimens for RAD-tagging and low-coverage shotgun 
phylogenetics. PLoS One, 9(5), e96793. https://doi.org/10.1371/journal.pone.0096793   

Vaidyanathan, G. (2021). The world's species are playing musical chairs: how will it end? 
Nature, 596(7870), 22-25. https://doi.org/10.1038/d41586-021-02088-3 

Visser, M. E., & Gienapp, P. (2019). Evolutionary and demographic consequences of 
phenological mismatches. Nature Ecology & Evolution, 3(6), 879–885. 
https://doi.org/10.1038/s41559-019-0880-8 

Vrijenhoek, R. (1994). DNA primers for amplification of mitochondrial cytochrome c oxidase 
subunit I from diverse metazoan invertebrates. Mol Mar Biol Biotechnol, 3(5), 294-299. 

Wan, T., Oaks, J. R., Jiang, X.-L., Huang, H., & Knowles, L. L. (2021). Differences in 
quaternary co-divergence reveals community-wide diversification in the mountains of 
southwest China varied among species. Proceedings of the Royal Society B: Biological 
Sciences, 288(1942), 20202567. https://doi.org/10.1098/rspb.2020.2567 

Wang, Z., & Pierce, N. E. (2022). Fine‐scale genome‐wide signature of Pleistocene glaciation in 
Thitarodes moths (Lepidoptera: Hepialidae), host of Ophiocordyceps fungus in the 
Hengduan Mountains. Molecular Ecology, mec.16457.https://doi.org/10.1111/mec.16457 

Ward, M., Tulloch, A. I. T., Radford, J. Q., Williams, B. A., Reside, A. E., Macdonald, S. L., . . . 
Watson, J. E. M. (2020). Impact of 2019–2020 mega-fires on Australian fauna habitat. 
Nature Ecology & Evolution, 4(10), 1321-1326. https://doi.org/10.1038/s41559-020-1251-1  

Webb, C. O. (2000). Exploring the Phylogenetic Structure of Ecological Communities: An 
Example for Rain Forest Trees. Am Nat, 156(2), 145-155. https://doi.org/10.1086/303378   

Webb, C. O., Ackerly, D. D., & Kembel, S. W. (2008). Phylocom: software for the analysis of 
phylogenetic community structure and trait evolution. Bioinformatics, 24(18), 2098-2100. 
https://doi.org/10.1093/bioinformatics/btn358   

Webb, C. O., Ackerly, D. D., McPeek, M. A., & Donoghue, M. J. (2002). Phylogenies and 
Community Ecology. Annual Review of Ecology and Systematics, 33(1), 475-505. 
https://doi.org/10.1146/annurev.ecolsys.33.010802.150448   

Wilson, R., GutiÉRrez, D., Illán, J., & Monserrat, V. (2007). An elevational shift in butterfly 
species richness and composition accompanying recent climate change. Global Change 

 1365294x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16747 by <
Shibboleth>

-m
em

ber@
uea.ac.uk, W

iley O
nline L

ibrary on [25/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1093/bioinformatics/btm466
https://www.r-project.org/
https://doi.org/https:/doi.org/10.1111/j.2041-210X.2010.00065.x
https://doi.org/10.1371/journal.pone.0096793
https://doi.org/10.1038/d41586-021-02088-3
https://doi.org/10.1038/s41559-020-1251-1
https://doi.org/10.1086/303378
https://doi.org/10.1093/bioinformatics/btn358
https://doi.org/10.1146/annurev.ecolsys.33.010802.150448


 

 

Biology, 13(9), 1873-1887. https://doi.org/https://doi.org/10.1111/j.1365-
2486.2007.01418.x 

Xing, Y., & Ree, R. H. (2017). Uplift-driven diversification in the Hengduan Mountains, a 
temperate biodiversity hotspot. Proceedings of the National Academy of Sciences, 114(17), 
E3444–E3451. https://doi.org/10.1073/pnas.1616063114 

Yang, C., Bohmann, K., Wang, X., Cai, W., Wales, N., Ding, Z., . . . Yu, D. W. (2021). 
Biodiversity Soup II: A bulk-sample metabarcoding pipeline emphasizing error reduction. 
Methods in Ecology and Evolution, 12(7), 1252-1264. 
https://doi.org/https://doi.org/10.1111/2041-210X.13602   

Yang, J.-H., Huang, X.-Y., Ye, J.-F., Yang, S.-P., Zhang, X.-C., & Chan, B. (2019). A report on 
the herpetofauna of Tengchong Section of Gaoligongshan National Nature Reserve, China. 
Journal of Threatened Taxa, 11, 14434-14451. 
https://doi.org/10.11609/jott.4437.11.11.14434-14451   

Yi, L., Dong, Y., Miao, B., & Peng, Y. (2021). Diversity of butterfly communities in Gaoligong 
region of Yunnan. Biodiversity Science, 29, 950-959. 
https://doi.org/10.17520/biods.2020486 

Zhang, K., Lin, S., Ji, Y., Yang, C., Wang, X., Yang, C., Wang, H., Jiang, H., Harrison, R. D., & 
Yu, D. W. (2016). Plant diversity accurately predicts insect diversity in two tropical 
landscapes. Molecular Ecology, 25(17), 4407–4419. https://doi.org/10.1111/mec.13770 

 1365294x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16747 by <
Shibboleth>

-m
em

ber@
uea.ac.uk, W

iley O
nline L

ibrary on [25/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/https:/doi.org/10.1111/j.1365-2486.2007.01418.x
https://doi.org/https:/doi.org/10.1111/j.1365-2486.2007.01418.x
https://doi.org/https:/doi.org/10.1111/2041-210X.13602
https://doi.org/10.11609/jott
https://doi.or/


 

 

Figures 

 
Fig. 1. Study area and sampling scheme. (A) Gaoligongshan (photo taken at northern site, around 1800 m, 
summer 2015. Photo credit: ZL). (B) One of 13 Malaise traps set up in our study, at northern site, 1800 m, in 
August 2015. The collection bottle (circled in red) was changed once per week. Photo credit: ZL. (C) 
Exemplars of beetles collected in Malaise trap bottles, from top to bottom: samples from family Carabidae, 
Lampyridae, Ptilodactylidae and Staphylinidae. (D) The range of Gaoligongshan, and our northern 
(Dulongjiang) and southern (Baihualing) site. (E-F) Topographical maps of northern and southern sites, with 
their Malaise traps set up at 1400 m and 1800 m. 
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Fig 2. Study design. (A) Each beetle was barcoded with Sanger sequencing (658 bp or 313 bp) or high-
throughput, multiplexed individual barcoding (180 bp). (B) Barcodes were used to construct an OTU table, a 
placement tree, and a maximum likelihood, de novo gene tree. (C) We conducted two sets of ecological 
analysis, using different barcode-derived inputs generated in the previous step. 
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Fig 3. Unique barcodes generated from northern and southern sites at 1400 m, across the year. See Fig 
S2 for samples collected at 1800 m. The placement tree is positioned to the left, and the colored bars show the 
most likely placement position of each month's barcodes on the tree. Columns for "N" and "S" indicate 
northern and southern samples, while the different colors for barcodes indicate assigned seasons (blue for 
Spring, green for Summer, brown for Autumn, black for Winter). 
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Fig. 4. Non-metric multidimensional scaling (NMDS) ordination for biweekly samples in winter and 
summer. See Fig S6BC for ordination including all four seasons. Ordinations highlighting elevational 
differences are shown in Fig S6A. (A) NMDS plot based on Jaccard distances between samples in the OTU 
table, shown separately for 1400 m (left) and 1800 m (right). For both elevations, samples first separate by 
latitude (north vs. south on NMDS axis 1), then by season (summer vs. winter on NMDS axis 2). (B) NMDS 
plot based on unweighted UniFrac distances on the de novo tree among samples, shown separately for those at 
1400 m (left) and 1800 m (right). (C) NMDS plot based on unweighted UniFrac distances on the placement 
tree among samples, shown separately for those at 1400 m (left) and 1800 m (right). For both B and C, 
samples first separate by season and then by latitude. Moreover, the winter (and some summer) samples from 
the north and south overlap. 
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Fig. 5. Rarefaction results comparing loss set scenarios. (A-C) Rarefaction results comparing the species 
richness (A), de novo tree-based Faith's PD (B), and placement tree-based Faith's PD (C) among all samples 
and their seasonal (first column), latitudinal (second column), elevational (third column) loss sets. Solid lines 
are rarefactions and dashed lines are their extrapolations. The labels on the figure indicate sets that are 
subtracted from all samples. (D) Proportions of species richness or PD remaining after subtraction of each loss 
set. For instance, in the Summer box, all three ways of measuring diversity estimate a loss of about 40% when 
the summer samples are removed. 
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