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and Alicia Mastretta-Yanes3

1Universidad Nacional Autonoma de Mexico Instituto de Ecologia
2IPNA
3CONABIO

October 5, 2020

Abstract

Physical disruption of gene flow among mountains is commonly viewed as an important process for the generation of hyperdiverse

tropical mountain biotas. However, the role of in situ diversification within mountains has been seldom explored. Here we

evaluate spatially fine-scale patterns of arthropod community assembly within a single mountain to understand the role of

dispersal limitation and landscape features as drivers of tropical mountain diversity. We focus on a single tropical sky-island

of the Transmexican Volcanic Belt, where we sampled whole-communities of arthropods for eight orders with a comparable

design at a spatial scale ranging from 50 m to 20 km, using 840 pitfall traps and whole community metabarcoding. We explored

multiple hierarchical levels, from individual haplotypes to lineages at 0.5, 1.5, 3, 5, 7.5% similarity thresholds, to evaluate

patterns of richness, turnover and distance decay of similarity with isolation-by-distance and isolation-by-resistance approaches.

Our results showed that distance and altitude influence distance decay of similarity at all hierarchical levels. This holds for

arthropod groups of contrasting dispersal abilities, but with different strength depending on the spatial scale. Our results

suggest long-term persistence of lineages within sky islands, combined with local-scale differentiation, may be an important

driver of high arthropod biodiversity in tropical mountains.

Introduction

Mountainous tropical regions are hyperdiverse (Fjelds̊a et al., 2012; Rahbek, et al., 2019a; Rahbek, et al.,
2019b). Besides climate heterogeneity producing different habitats in a patchy distribution, it has been argued
that two additional factors particularly increase diversity in tropical mountains. First, because tropical taxa
have narrow physiological tolerances to temperature, tropical mountain passes are more effective barriers to
dispersal than those in temperate regions, thus promoting speciation through physical disruption of gene flow
(Janzen, 1967; Polato et al., 2018; Sheldon et al., 2018). Second, coupling altitudinal gradients with tropical
latitudes allows populations within tropical mountains to persist relatively in situ despite global climate
fluctuations (Mastretta-Yanes, et al., 2018; Rahbek, et al., 2019a; Rahbek, et al., 2019b). These processes of
isolation and long-term persistence have been widely used to explain diversification among tropical mountain
peaks across the world (e.g., Fjelds̊a et al., 2012; He et al., 2019; Knowles, 2001; Mastretta-Yanes et al., 2018;
McCormack et al., 2009; Uscanga et al. in review). However, recent evidence suggests that neutral processes
within a single mountain could also play an important role in generating endemism (Bray & Bocak, 2016),
but diversification at the single mountain scale and short geographic distances has seldom been explored.

Studying evolutionary processes in mountain ranges across fine spatial scales is challenging due to their
complexity with regard to topography and geological and climatic history. However, the insular nature
of sky-islands reduces the complexity of mountainous regions, thus providing more simplified systems to
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analyze evolutionary processes. Within true oceanic islands, habitat discontinuity has been demonstrated
to have an important role in driving geographical diversification (Garćıa-Olivares et al., 2019; Goodman et
al., 2012). Additionally, Salces-Castellano et al. (2020) have demonstrated that, when dispersal ability and
climate tolerance are restricted, strong geographic isolation over distances of only a few kilometers can be
found for multiple co-occurring arthropod species of an oceanic island. These results suggest that besides
allopatric diversification between different islands, island systems could also promote high levels of intra-
island geographical diversification, acting as a local-scale diversity source. If geographical diversification
were occurring within individual sky-islands in this way, following the expectations of the neutral theory of
biodiversity, it would be expected to find similar spatial patterns of differentiation from the haplotype to the
community levels (Baselga et al., 2013).

Arthropod communities are ideal systems to test evolutionary processes at fine spatial scales within sky-
islands because they are locally abundant and diverse and relatively easy to sample massively. They also
harbour a broad diversity of groups with different dispersal abilities, e.g. including winged and non-winged
species and varying body-sizes. However, taxonomic identification to the species level of rich communities
of arthropods with traditional methods is challenging (Favreau et al,. 2006, Yu et al., 2012). In this
sense, new high throughput sequencing approaches applied to the study of arthropods are revolutionizing
the understanding of complex arthropod communities (Andujar et al., 2015; Arribas et al., 2016; Ji et al.,
2013; Yu et al., 2012). Specially promising is the use of whole community metabarcoding (cMBC) for
the bulk sequencing of the mitochondrial COI gene of mixed communities (Andujar et al., 2018). Recent
improvements for denoising metabarcoding datasets (e.g., Edgar, 2016; Callahan et al., 2016) and evaluating
the prevalence of sequencing errors and co-amplified pseudogenes (Andujar et al., 2020) raised the prospect
of read-based, haplotype-level analyses with mitochondrial COI cMBC data, which represents a step change
for the study of diversity patterns through whole-community genetic analyses (Andujar et al., 2018; Arribas
et al., 2020).

Haplotype data from hyperdiverse arthropod communities can be used directly for analyses of genetic diver-
sity, or aggregated into species-level entities for analyses of species diversity, allowing for the joint analysis
of turnover (beta diversity) at multiple hierarchical levels. Local assemblages may diverge simply due to the
lack of population movement which, when assessed for entire communities, results in a largely regular decay
of community similarity with spatial distance for the typically neutral haplotype variation of the mitochon-
drial COI gene (Baselga et al., 2013). Under a scenario where dispersal constraints are a dominant driver
of spatial variation in community structure, assemblage turnover at the species level should mirror these
haplotype patterns, albeit at a higher level of similarity (Baselga et al., 2013; Baselga, Gomez-Rodriguez,
& Vogler, 2015). This analytical approach has been exploited to determine whether the composition across
multiple beetle taxa assemblages is predominantly driven by dispersal (Baselga et al., 2013; Baselga, Gomez-
Rodriguez, & Vogler, 2015) and has been proposed as a useful way to compare relative dispersal constraints
between lineages from different taxonomic groups (Gomez-Rodriguez et al., 2019, Murria et al., 2017). These,
and other studies using a multi-hierarchical approach, have focused from regional to continental-scale dis-
tances. However recent work has also exploited this framework to analyze community assemblage at finest
geographic scales (<15 km) using cMBC data, while also allowing to explore hyperdiverse communities, like
soil mesofauna (Arribas et al., 2020). Therefore, applying the cMBC approach to the hyperdiverse arthro-
pod faunas of tropical mountains offers much potential for understanding their community structure and the
processes that have shaped it.

Here, we evaluate fine-spatial community patterns within the arthropod fauna of a tropical sky-island forest,
to better understand the roles of dispersal limitation and landscape features as drivers of the diversity
found in tropical mountains. To do this, we performed a systematic sampling consisting of 840 pitfall traps
across Abies religiosaforests within the Nevado de Toluca, a sky-island from the Transmexican Volcanic Belt
(TMVB). We generated haplotype-level metabarcoding data for 42 arthropod communities distributed in
sampling blocks separated from 50 m to 19 km, and evaluate patterns of richness, turnover and distance decay
in community similarity at multiple hierarchical levels (haplotype, putative species (OTU) and supra-specific
levels). As we are interested in the effect of ecological and topographic features on dispersal limitation, in

2



P
os

te
d

on
A

u
th

or
ea

5
O

ct
20

20
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

19
33

34
.4

52
24

58
2/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

addition to testing for the effect of isolation-by-distance (IBD), we also performed an isolation-by-resistance
(IBR) analysis. This allows cost dispersal given by landscape features to be incorporated, yielding biologically
more informative distance decay relationships than Euclidean distance alone (McRae, 2006). Our analytical
framework thus allows us to assess the role of dispersal constraint within a local spatial setting on tropical
mountain diversity.

Materials and methods

2.1. Study area and bulk sampling

The study area comprises Abies religiosa forests which grow at around 2800-3500 m.a.s.l. in the Nevado de
Toluca volcano, which acts as sky-island in the TMBV (Mastretta-Yanes et al., 2015; Rzendowski, 2006).
We sampled arthropods from 14 sampling points distributed in four sites: Tlacotepec (TLC; 3 sampling
points), San Juan de las Huertas (SJH; 3 sampling points), San Bartolo (ASB; 5 sampling points) and Agua
Bendita (AAB; 3 sampling points; Figure 1c), all within the conservation zone of Nevado de Toluca’s natural
protected area (Figure 1a). Sampling was performed during the rainy season of 2015 during mid August
and September for all the sites. At each of the 14 sampling points, three sampling blocks of 20 x 15 m
were established, resulting in a total of 42 community samples (Figure 1b). Each sample consisted in all
the specimens collected by 20 pitfall traps distributed equidistantly inside each sampling, which were left
in the field for 15 days, totalling 840 pitfall traps. Sampling blocks were separated by at least 50 m within
each sampling point, and maximum distance among sampling points was 19 km (Figure 1b). Pitfall traps
consisted in a plastic cup of 13 cm height and 10 cm diameter, with rectangular perforations of 2 x 1.5 cm
length and width, respectively, 8 cm above the cup base. Lids of the pitfall traps were painted with brown
color. Each perforation was 2 cm apart from one another and 10 cm above the plastic cup base. Traps
were filled with a mixture of 185 ml of ethanol 70% and 15 ml of glycerin (Figure 1b; Figure S1a). Pitfall
traps of each block site (20 traps) were collected after 15 days and pooled in a single bulk-sample in a bottle
containing ethanol at 96%. Sampling was performed with SEMARNAT permit No. SGPA/DGVS/02641/15.

2.2 Molecular laboratory processes

We cleaned up each sample (comprised of 20 pitfalls pooled) following a Flotation-Filtration-Stereoscope
protocol (FFS) that allowed us to have a ‘clean’ extraction (see Figure S1b-g). To prevent differences of
biomass from causing biases at the DNA extraction and PCR steps (Elbrecht & Leese, 2015), we divided
the specimens by size into: small (e.g., sizeDrosophila melanogaster ), medium (e.g., size Apis mellifera ), or
large specimens (e.g., adult grasshopper). We then divided each sample in two subsamples, one including the
complete bodies from small arthropods, and the second with the thorax (head included) from medium-sized
arthropods and two legs from large arthropods. Subsamples (n=84) were processed independently for DNA
extraction and library construction, but using the same library barcode identifier (thus, the final number
of libraries retrieved was 42, one library per sample). For DNA extractions, we treated each bulk-sample
with an electric homogenizer (Qiagen TissueLyser II: two times for 1 min at 30 Hz and 30 s at 30 Hz) using
platinum beads with Qiagen DNeasy Blood & Tissue Kit and BSA buffer 1x.

For metabarcoding library construction, we used the double dual tagging method with the XT Illumina
Adapter Kit as in Arribas et al. (2016). We amplified a 418-base pair region from the 5’ end of mitochondrial
COI gene (within the standard barcode region for metazoa) with the primers B F 5’ CCIGAYATRGCITTY-
CCICG 3’ (Shokralla et al., 2015) and Fol-degen-R 5’ TANACYTCNGGRTGNCCRAARAAYCA 3’ (Yu et
al., 2012) modified to include Illumina overhang adaptors for subsequent nested PCR. For each subsample
(n=84), we performed and pooled together three independent PCR replicates for each arthropod-size sub-
sample. We included a negative control reaction with no DNA template in all experiments. All information
regarding PCR reagents and conditions is available in Material S1 (Supporting Materials S1). Each pool
of PCR amplicons was cleaned with Agencourt AMPure XP beads (Beckman Coulter) to purify the COI
amplicon away from remaining primers and primer dimers. Then, we used primary amplicons as template
for a limited-cycle PCR amplification to add dual-indices barcodes (N7 index and S5 index) and the P5 and
P7 Illumina sequencing adapters using the Nextera XT Index Kit from Illumina. We sent the 42 resulting
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metabarcoding libraries and a negative control to the Cornell Institute of Biotechnology, Cornell University,
USA, for sequencing on a lane of Illumina MiSeq 2x300 bp (Figure S2a-f).

2.3 Bioinformatics processing to identify OTUs at different thresholds of genetic similarity

The resulting paired-end reads of the 42 samples were quality filtered following procedures described by
Arribas et al. (2020). Briefly the processing included quality checking, primer removal, pair merging,
quality filtering, denoising, and clustering each library independently. We checked raw reads quality with
fastqc(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ ). We trimmed primers using fastx trim-
mer option of thefastx-toolkit (http://hannonlab.cshl.edu/fastx toolkit/) to trim the primer sequences (20
and 26 bases for R1 and R2, respectively). Then, we processed reads in trimmomatic-0.36 (Bolger et al.,
2014) using TRAILING:20 to cut-off bases of the end of a read, if below a threshold quality of 20. We
used R1 and R2 reads to search paired sequences with pairfq-0.17 (Staton, 2013) and we merged paired reads
overlapping with fastq mergepairs command,-fastq minovlen 50 and -fastq maxdiffs 15 inusearch-9.2 (Edgar,
2013). We used quality-filtered (Maxee = 1), dereplicated (-fastx uniques ) and sorted (-sortbylength ) op-
tions to keep only reads of 418 pb in usearch-10 (Edgar & Flyvbjerg, 2015). Surviving reads were denoised to
generate zero-radius OTUs (ZOTUs) with the unoise3 and -minsize 4 commands. ZOTUs are equivalent to
Amplicon Sequence Variants (ASVs; sensu Callahan et al., 2016), and are proposed to be a set of predicted
biological sequences to be used for direct analysis without the need of OTU clustering (Callahan et al., 2017;
Edgar, 2016).

We then assigned high-level taxonomic categories in all of the reads using the lowest common ancestor
(LCA) algorithm of MEGAN-6 (Huson et al., 2016). Taxonomic identification of each read was done using
BLAST against thenucleotide NCBI nt database (June 06 2018; blastn -outfmt 5 -evalue 0.001). We fed
BLAST matches into MEGAN (Huson et al., 2016), and the taxonomic assignments were used to extract eight
ASV datasets, each one of the following orders: Diptera, Collembola, Arachnida, Coleoptera, Hymenoptera,
Hemiptera, Myriapoda, Lepidoptera. Remaining sequences were no further considered. We exported the
tree (in newick format), visualised and edited it using figtree-1.4.3 (Rambaut, 2012). Each ASV dataset was
aligned in geneious-8.0.2 with MAFFT, using the FFT-NS-1 algorithm, a scoring matrix of 200/PAM/K=2,
GAP open penalty of 3, and the Translation align option. We reviewed all sequences for insertions, deletions
or stop codons disrupting the reading frame, which were afterwards excluded.

Subsequently, we generated a community table with read-counts (haplotype abundance) of each retained
ASV for the eight orders by matching ASVs against the complete collection of reads (i.e., reads before
the dereplicating and denoising steps) using -search exact command with usearch -10 (Edgar & Flyvbjerg,
2015). Additional filtering according to AVS abundances in community tables (one ASV per taxa) was
performed as described by Arribas et al., (2020). Shortly, we first removed from each library those haplotypes
with abundances of four or fewer reads (same criteria than denoising). Second, we identified haplotypes
contributing with less than 1% of the total reads of the library where they were present, and removed them
from the analysis. The 1% cut-off value has been seen in similar datasets to remove most of the spurious
ASVswhile maximizing the number of real haplotypes (Andujar et al., 2020; Arribas et al., 2020). Lastly,
the community tables of filtered haplotypes were transformed into incidence (presence/absence) data and
used for downstream analyses.

Finally, we defined lineages at different clustering levels for each of the orders. For this, each of the ASV
filtered dataset was used to generate an UPGMA tree with corrected distances under a F84 model, and
based on this tree, all haplotypes were nested into clusterin levels (CLs) following the genetic similarity at
different thresholds (0.5%, 1.5%, 3%, 5% and 7.5%), plus an additional threshold corresponding to the result
of a species delimitation analyses conducted with the generalized mixed Yule-coalescent (GMYC) model in
R(Pons et al., 2006). The analyses were performed using vegan (Oksanen et al., 2013),cluster , PMCMR ,
hier.part , ecodist , andbetapart(Baselga & Orme, 2012).

2.4 Community diversity and composition

We used the eight taxonomic subsets (arthropod orders) of ASVs to conduct analyses of community diversity
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and composition among sampling sites, considering haplotypes (raw ASVs) and all CLs (0.5%, 1.5%, 3%,
5% and 7.5% lineages, plus that corresponding to the GMYC species delimitation. We first estimated total
accumulation richness curves for multiple levels of genetic similarity (AVS, 3% and 5% CL) using the R
package betapart(Baselga & Orme, 2012). Then we tested for significant differences in alpha diversity among
communities by performing ANOVAs with post-hoc.kruskal (method Bonferroni).

Total beta diversity (Sorensen index, βσορ ), additive turnover (Simpson index, βσιμ ; species replacement,
without the effect of variation in richness) and nestedness (Sorensen–Simpson index, βσνε ; pure richness
effect) components were then estimated based on community compositions at different hierarchical levels.
We used the R packagevegan (Oksanen et al., 2019) and community composition matrices to perform non-
parametric multidimensional scaling ordination (NMDS) based on Sorensen similarity. Plots were created
with the ordispideroption to visualise the compositional ordination of the communities among sites. We
then compared arthropod communities composition between sites with an analysis of similarity (ANOSIM)
test for each taxonomic group. ANOSIM is a non-parametric analogue for analyzing variance and testing
multivariate differences between groups, based on a resemblance matrix and rank dissimilarity (Clarke, 1993).
Plots were made in R using package ggplot2 (Wickham et al., 2020).

2.5 Similarity distance-decay and landscape connectivity

We are interested in the effect of landscape features on the variation of arthropods community composition,
but considering the multi-hierarchical approach of Baselga et al. (2013). For this, we tested for distance decay
of similarity across the different clustering levels, considering as independent variable geographic distance
(i.e., IBD) and effective distance, that is, resistance to dispersion considering the landscape features: slope,
altitude and vegetation types (i.e., IBR). We focused on Diptera and Collembola assemblages, because they
were the two sampled orders showing better completeness and it is expected they show strong differences
in dispersal potential (Figure S3). As response variable we used pairwise similarity of assemblages at the
haplotype, all CLs (0.5%, 1.5%, 3%, 5% and 7.5% lineages) and putative molecular species by GMYC, among
all sites. The analysis was done both with the entire dataset and at finer geographical distances within the
West (AAB and ASB), and East (SJH, TLC) sampling points of our study area (Figure 1a). At each CL,
we calculated patterns of similarity between pair of sites using the means of the Simpson’s similarity index
(1- pairwise βσιμ = a/[a + min(b,c)] diversity) with R using the package betapart(Baselga & Orme, 2012),
where a is the number of species present in both territories, and b and c the number of species unique to
one or another, respectively.

To estimate effective distances we used the programcircuitscape-4.0 (McRae et al., 2013) to calculate “re-
sistance distances” between pairs of nodes on a raster grid. The input files for circuitscape are a raster of
the study area in which each cell is assigned a conductance value corresponding to the relative probability
of the arthropods moving through it; and a list of focal nodes, that is the geographic coordinates of our
sampling blocks. In our study, we assessed whether community similarity in different arthropod groups can
be explained by landscape features, so we used conductance grids representing different levels of resistance
to dispersion depending on vegetation heterogeneity, altitude and slope. To compare the effect of these land-
scape variables against the effect of distance alone, we also generated a ‘flat’ landscape; that is, a landscape
in which all cells have equal conductance. This is equivalent to Euclidean distance but accounts for the finite
size of the input landscape being analyzed, so therefore is more appropriate for comparison with the models
using other grids (Lee-Yaw et al., 2009).

We acquired a 10 m-resolution digital land cover map of the Nevado of Toluca defining the Abies reli-
giosa forest (sampled vegetation),Pinus hartwegii forest, alpine grassland, agriculture, urbanization, water
in the crater and Nevado de Toluca’s crater (González-Fernández et al., 2018; Sunny et al., 2017). After
cross-validation with our sampling records, minor modifications were performed to adjustAbies forest distri-
bution in areas of high topographic complexity (see Supporting Material S2 for details). Then, we built the
conductance grids for the vegetation heterogeneity analyses assigning different conductance values to each
vegetation type (maximum value of conductance is 1, meaning no resistance to dispersion) as detailed in
Table S2.
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To build the conductance grids for altitude and slope, we followed a similar approach, assigning different
conductance values to altitudinal and slope ranges. In total 30 conductance grids were tested (Table S2;
Figure S5). Additionally, we tested for distance decay of similarity at smaller geographic distances, for which
we separated the West (AAB, ASB) and East (SJH, TLC) sites and performed the same analyses of above,
but only with the “flat” raster and the one with highest explanatory level on the previous test.

We used a negative exponential function ‘decay.model’ included inR package betapart (Baselga & Orme,
2012), to adjust a negative exponential function to a generalized linear model (GML). We used Simpson
similarity (1 – βσιμ ; Baselga, 2010) as a response variable, the pairwise effective distances of each resistance
surface as predictor, log link and Gaussian error (Arribas et al., 2020; Gómez-Rodŕıguez & Baselga, 2018).
Finally, we evaluated the fractal pattern (i.e., self-similar systems; Baselga et al., 2015) by a log–log Pearson
correlation of the haplotype level and (1) number of lineages, (2) initial similarity (i.e., intercept), and (3)
mean similarity independently in each group (Collembola and Diptera) for both our entire sampling and at
the East and West sections of our sampling. High correlation values are indicative of self-similarity in lineage
branching (i.e., number of lineages) and/or spatial geometry of lineage distributional ranges (i.e., initial and
mean similarity; Baselga et al., 2015). Analyses and graphical representations of data were performed with
R using the packages vegan(Oksanen et al., 2019) betapart(Baselga et al., 2018) and ecodist(Goslee & Urban,
2020).

Results

Phylogenetic groups and ASVs recovered by COI

For the 42 sample libraries, MiSeq sequencing generated a total of 11,639,999 paired reads. We obtained
from 108,583 to 419,903 reads in each direction by each sample. Of these, from 39,484 to 178,720 sequences
remained after quality filtering (totalling 4,990,334). After read merging and sequence filtering to a length
of 418 bp, each sample comprised from 33,609 to 155,634 sequences (totalling 4,305,390) remained. Taxo-
nomic assignments with usearch showed high similarity for a wide range of arthropod species (Figure 2a).
The 4,305,390 sequences included 1,277 ASVs (unique variants), divided in 385 ASVs in Diptera, 270 in
Collembola, 155 in Arachnida, 136 in Coleoptera, 133 in Hymenoptera, 116 in Hemiptera, 51 in Myriapods,
and 31 in Lepidoptera (Figure 2b). The number of lineages decreased while increasing the hierarchical clus-
tering (Table S1). The GMYC threshold value obtained was 0.9% in Diptera, 2.9% in Collembola, 1.3% in
Arachnida, 0.7% in Coleoptera, 1% in Hymenoptera, 1.8% in Hemiptera, 1.5% in Myriapoda, and 0.3% in
Lepidoptera (Table S1).

Arthropod ASVs richness at multi-hierarchical levels

The rarefaction curves indicate that the sampling effort was enough to achieve from 60 to 91% completeness at
the haplotype and 3% CL in four of the eight taxa groups (Diptera, Collembola, Arachnida and Hymenoptera
Figure S3). The groups that showed larger richness within the communities (alpha diversity by sample) were
Diptera (mean = 87 SD +- 23.1 haplotypes and mean = 21 +- 5.15 lineages at 3%), Collembola (mean = 38
+- 9.44 haplotypes and mean = 16 +- 2.91 lineages at 3%), and Arachnida (mean = 12 +- 6.28 haplotypes
and mean = 9 +- 3.64 lineages at 3%). Some groups showed significant differences between sampling sites
but richness patterns across sites were not consistent for the different arthropod groups (Figure 3). The
sampling site that presented the highest mean (+- SD) richness of haplotypes was TLC with 103 (+- 19.2)
and 38 (+- 10.7) haplotypes for Diptera and Collembola, respectively; followed by SJH with 94 (+- 9.31)
and 42 (+- 13.7) haplotypes for Diptera and Collembola. The sampling site showing the highest richness at
higher clustering levels was ASB with Diptera (mean = 25 +- 2.65 and mean = 24 +- 2.45, for CLs 3 and 5%,
respectively) and Collembola (mean = 17 +- 2.13 and mean = 15 +- 2.22 for CLs 3 and 5%, respectively);
followed by SJH with Diptera (mean = 22 +- 4.04 and mean = 20 +- 4.24, for CLs 3 and 5% respectively),
and Collembola (mean = 16 +- 2.28 and mean = 15 +- 2.12, for CLs 3 and 5% respectively; Figure 3).

Community composition at multi-hierarchical levels

The overall turnover (βσιμ ) among sampling points was high for all the arthropod groups and at the multiple
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levels analysed (close to 1, βσιμ haplotypes from 0.904 to 0.957; βσιμ 3% from 0.896 to 0.945; Figure S4)
and so the average pairwise βσνε was close to zero, βσνε haplotypes from 0.010 to 0.026;βσνε 3% from 0.014
to 0.033. The mean value forβσιμ of haplotypes of Coleoptera (n=136) was 0.957, the average pairwise βσνε
was 0.014, andβτοταλ was 0.970 (βσορ ). For Diptera (n=385), the mean value for βσιμ was 0.904, the average
pairwise βσνε was 0.024, and the mean for average pairwise βσορ was 0.928.

The NMDS ordination plots showed differences in community composition among sampling sites, particularly
for those located in the western (AAB and ASB) and eastern (SJH and TLC) sampling points within
Nevado de Toluca (Figure 4). The ANOSIM results showed that differences were significant for the different
groups and multi-hierarchical levels analysed dissimilarity, except Myriapoda (Figure 4). The orders Diptera,
Collembola, Hemiptera and Coleoptera formed two groups related to the geographic origin of the samples:
1) AAB-ASB (West) and 2) SJH-TLC (East), and Arachnida had three groups: 1) AAB, 2) ASB and 3)
SJH-TLC (Figure 4). The variation in Collembola, Arachnida and Diptera among sites largely contributed
to the distinct spatial distribution patterns. The highest values were observed in Collembola (Haplotyper
2 = 0.914, p < 0.001; CL3r 2 = 0.826, p < 0.001; CL5r 2 = 0.817, p < 0.001), followed by Arachnida
(Haplotype r 2 = 0.569,p < 0.001; CL3 r 2 = 0.452,p < 0.001; CL5 r 2 = 0.461,p < 0.001), and Diptera
(Haplotyper 2 = 0.595, p < 0.001; CL3r 2 = 0.372, p < 0.001; CL5r 2 = 0.369, p < 0.001; Figure 4).

Landscape community connectivity

When analyzing the entire sampling at Nevado de Toluca (19 km), pairwise similarity within communities
from the haplotype to higher CLs (0.5 to 7.5% lineages) decreased with Euclidean (“flat”) distance (Figure
5ac). The fit of IBD was higher in Collembola (r 2 = 0.704, b = -2.07, p< 0.001 at the haplotype level,
r 2 = 0.599, b = -1.13, p < 0.001 at GMYC, tor 2 = 0.580, b = -0.92, p< 0.001 at CL 7.5%; Table S3;
Figure 5a) than Diptera (r 2 = 0.293, b = -0.56, p< 0.001 at the haplotype level, r 2 = 0.195, b = -0.38,
p < 0.001 at GMYC, tor 2 = 0.036, b = -0.14, p< 0.001 at CL 7.5%; Table S4; Figure 5c). However, the
explanatory power was slightly higher when considering effective distances by IBR (Figure 5bd; Figure S5).
For Collembola, the resistance surface “Altitude 3,000” had the highest explanatory power among CLs (from
r 2 = 0.723, b = -1.63, p< 0.001 at the haplotype level, r 2 = 0.644, b = -0.87, p < 0.001 for GMYC andr
2 = 0.615, b = -0.71, p< 0.001 at CL 7.5%; Table S3; Figure 5b). In Diptera the highest explanatory power
was given by the resistance surface “Altitude B” (from r 2 = 0.286, b = -0.15,p < 0.001 at the haplotype
level,r 2 = 0.228, b = -0.11, p< 0.001 for GMYC to 0.070, b = -0.05, p< 0.001 at CL 7.5%; Table S4, Figure
5d).

Performing DDRs analyses at even finer geographic distances in Nevado de Toluca (i.e., independently
analysing communities within western or eastern sampling points), DDRs remained strong in Collembola,
but were weaker or non-significant in Diptera (Figure 6). The subset of sites within the East sampling points
(<5 km), also showed distance decay of similarity in Collembola (from haplotype levelr 2 = 0.485, b = -1.22,
p< 0.01 to 7.5% CL r 2 = 0.141,b = -.27, p < 0.01; Table S5, Figure 6a), and Diptera, but coefficients
were lower in the second (from haplotype levelr 2 = 0.110, b = -0.17, p< 0.01 to 7.5% CL r 2 = 0.031,b =
-0.12, p < 0.01; Table S5, Figure 6c). When considering altitudinal limitations to dispersal with the IBR
analysis, very similar results were found (Table S5, Figure S6ac). For the sites within the West section of
our sampling (<2 km), a similar pattern was found for Collembola (from haplotype levelr 2 = 0.544, b =
-1.36, p< 0.01 to 7.5% CL r 2 = 0.240,b = -0.41, p < 0.01; Table S5, Figure 6b) but in Diptera the tests
yielded non-significant results both for the IBD and IBR analyses (Table S5, Figure 6d, Figure S6d). The
slopes of the exponential decay curves in Collembola were higher than in Diptera, scales were very similar
at all threshold levels, and all similarity of assemblage increased with each multi-hierarchical level (Figure
5,6; Table S3, S4). The levels of initial genetic similarity showed a significant log–log correlation with the
number of lineages, initial similarity and mean similarity of communities for both our entire sampling area
and focusing on the West and East sides of it (Table S6). Thus we found that community variation across
genetic similarity levels can be described by a fractal geometry in each group in all the geographic scales
sampled. The log-log linear correlations suggest that the patterns of assemblage variation across hierarchical
levels can be described by a fractal geometry (Baselga et al., 2013, 2015).
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Discussion

We recovered 1,277 ASV, 496 lineages at 3% CL, 441 at 5% CL and 570 using GMYC for the eight arthropod
orders. Overall composition of arthropod communities exhibited high turnover among sampling blocks and
ordination tests also showed significant differences among sites. Within our entire sampling (maximum
19 km between sampling blocks), we found that distance (pure geographical distance and once corrected
by elevation) plays a primarily role driving community structure, from the level of haplotypes through to
lineages. This pattern holds at finer geographic distances (<2 km), but only in the group with considerably
low dispersal ability (non-winged Collembola).

Arthropod communities recovered by metabarcoding and sampling blocks

The estimation of species richness in any ecological setting, and especially in forested environments, can
be challenging due to the rarity of some species, differences in detection probabilities, and the field effort
necessary to collect enough samples or species to ensure meaningful coverage (Andújar et al., 2017; Arribas
et al., 2016; Creedy et al., 2019). In our study, we used pitfall traps in sampling blocks, maximizing the pro-
bability of detecting arthropod species by sampling intensively at multiple sites in one mountain, covering
eight orders of arthropods from haplotypes to communities. Our sampling method and size sorting step allo-
wed the recovery of eight major arthropod orders, congruently with other metabarcoding analyses (Elbrecht
et al., 2017; Elbrecht et al., 2018; Creedy et al., 2019). According to our rarefaction curves, our sampling
detected different taxa per sample (Figure S3), demonstrating the utility of cMBC and our sampling design
to study a region of high biological diversity and ecological complexity. It is difficult to compare our results
against morphological studies in Nevado de Toluca because there are no complete checklists of arthropods for
Mexican highlands. For instance, out of 29 dung beetle species found by a recent survey of four sky-islands,
more than 10% were new species (Arriaga-Jiménez et al., 2018). Comparing our results against other cMBC
studies shows that more OTUs (913 at 3% CL) of different orders were found at a tropical forest canopy
(Creedy et al., 2019) than what was found here for a tropical conifer forest floor (476 OTUs at 3% CL).

Additionally, the metabarcoding pipeline we followed (Arribas et al., 2020) allowed us to analyze diversity
patterns for each order separately and allowed us to consider multi-hierarchical levels into community assem-
bly, from haplotypes to 7.5% CL lineages. Our metabarcoding approach coupled with pitfall traps allowed
for the automated identification of 1,277 ASV from 42 bulk samples, which contained whole organisms (or
part of them). This allowed to calculate community composition and turnover without the bias introduced
by traditional taxonomy (Creedy et al.,2019), including small taxa (< 0.5 mm), such as Collembola, and
specimens that break easily, such as Diptera (Figure 3). Thus, combining metabarcoding and pitfall traps
sampling, allows to perform large scale community composition analyses in tropical mountains.

Strong turnover of arthropods communities at multi-hierarchical levels

Our study provides haplotype-level data of entire communities, which allows surveys of community compo-
sition and species turnover of eight taxonomic orders based on presence–absence of haplotypes and higher
lineages (Figure 4, Figure S4). High beta diversity was found across communities in all orders, and was
dominated by lineage turnover (βσιμ ) instead of nestedness (βσνε ) from haplotypes to higher hierarchical
levels (Figure S4). We found significant differentiation among sites placed in a single mountain and vege-
tation type (Abies forests) according to site haplotype composition, but also when molecular entities that
conservatively represent species are considered. Diptera and Collembola presented the highest differentiation
among sites, specifically dividing the East (SJH-TLC) and the West (AAB-ASB) sampling points, as shown
by the NMDS and ANOSIM analyses (Figure 4). Again, this occurs at the level of haplotype, 3% CL and
5% CL (Figure 4). The West-East division in community structure within Nevado de Toluca (Figure 4) im-
plies opposing hillsides. In mountain landscapes, East-facing slopes with morning sun may provide different
conditions from cold and foggy West-facing slopes (Rahbek et al., 2019a), which could influence community
assembly. While we can not discard the role of environmental heterogeneity (environmental distance) driving
community differences between western-eastern sampling points, it should be emphasized that all sampling
points were located withinA. religiosa forests with no apparent differentiation within the Nevado de Toluca.
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In fact, A. religiosa forests are expected to grow under similar conditions within a single mountain, having
a quite restricted environmental niche associated with moist and cold sites (Rzendowski, 2006).

Dispersal limitations drive community structure across multi-hierarchical levels at fine geographical scales

To investigate whether dispersal limitations shape distance-decay relationships within a mountain, we per-
formed an IBD and IBR analyses on Diptera and Collembola, which have contrasting dispersal capabilities
(winged and unwinged, respectively). The unified neutral theory of biodiversity predicts that similarity in
species composition decreases with distance due to dispersal limitation (Hubbell, 2001). To test this, we
examined if DDRs at multi-hierarchical levels can be explained by the dispersion limitation in addition to
distance. Specifically we analyzed which landscape variables (Figure S5) influenced DDRs in arthropods
of contrasting dispersal abilities (Collembola and Diptera), considering our entire sampling in Nevado de
Toluca (19 km max distance among sampling points) and finer geographic scales within the East (<5 km)
and West (<2 km) subsets of our sampling. We found that decay of similarity of communities decreases with
spatial distance at the level of haplotypes, all CLs (0.5 to 7.5% lineages) and putative molecular species by
GMYC (Figure 5). This occurs both in Collembola and Diptera, but is more marked in Collembola whose
dispersal abilities are more limited. Interestingly, for Collembola our results also hold both considering our
entire sampling as well as finer (<2 km) geographic distances (Figure 5, 6) which is consistent with genetic
studies within Collembola showing genetic differentiation over very short geographic distances (Cicconardi
et al., 2013; Faria et al., 2019).

High dispersal ability is expected to enhance community similarity (Baselga et al., 2012). Our results support
this, because the fit of the decay is higher in the wingless Collembola (r 2 = 0.704 andr 2 = 0.599 at the
haplotype and GMYC levels, respectively; Table S3; Figure 5a) than in the winged Diptera (r 2 = 0.293
and r 2 = 0.195 at the haplotype and GMYC levels, respectively; Table S4; Figure 5c). Similar patterns
of higher distance decay relationships at multi-hierarchical levels in poorly dispersing organisms than in
better dispersers were found in European water beetles (Baselga et al., 2013), Iberian leaf beetles (Baselga
et al., 2015) and European beetles (Gómez-Rodŕıguez & Baselga, 2018) at much larger (hundreds of km)
geographical scales than here (but see Gómez-Rodŕıguez et al., 2019 where the pattern was not clear for
terrestrial molluscs). Communities of good dispersers are more homogeneous not only because they can
disperse larger distances, but also because they can more easily overcome geographical barriers between
suitable habitat (Thompson & Townsend, 2006; Vellend, 2010). Thus, if dispersal abilities matter, then
landscape features impeding dispersal may also play a role in structuring diversity, which can be explicitly
tested including landscape features in analyses such as IBR.

IBR quantifies ‘effective distances’ between communities that may yield more biologically informative DDRs
than Euclidean distance (McRae, 2006; McRae et al., 2008). Our results show positive significant correlation
with different explanatory power depending on the surface used, with altitudinal differences better explaining
similarity decay than distance alone (“flat” landscape), slope or vegetation type. The resistance surface “flat”
(i.e., IBD) has slightly less explanatory power for Collembola (r 2 = 0.704 at the haplotype level,r 2 = 0.599
at GMYC; Table S3; Figure 5a) than “Altitude 3,000” (r 2 = 0.723 at the haplotype level, r 2 = 0.644
at GMYC; Table S3; Figure 5b), the best fitting resistance surface. This resistance surface corresponds
to the elevation at which the Nevado de Toluca volcano massif begins (Figure S5; Table S2), suggesting
that Collembola followed a pattern of IBD and that their limited dispersal is not impacted by landscape
features. For Diptera, the highest explanatory power was provided by the resistance surface “Altitude B”
(r 2 = 0.319 at the haplotype level,r 2 = 0.228 at GMYC; Table S4; Figure 5d). This resistance surface
assumes maximum conductance at the mean altitude of our sampling and a gradual decrease until reaching
altitudes outside of our sampling range, but still where Abies forest can be found (Table S2). This suggests
that besides being able to disperse larger distances, Diptera moves through relatively unsuitable conditions
(different altitudes) less efficiently. Therefore, for Diptera it is not distance alone that drives community
structure, but also landscape features. Thus, although our sampling blocks are separated by short distances
from 50 m to 19 km, connectivity among sites for Diptera depends upon the elevation model used to set
the conductance values (Table S2; Figure S5). This is congruent with Janzen’s prediction of “mountain
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passes being higher the tropics” (Janzen, 1967), and adds to the recent empirical data (Polato et al., 2018)
corroborating it. However, although our results show that landscape connectivity contributes to dispersal
limitation, geographic distance seems to play a more dominant role both for both orders. This is consistent
with dispersal limitation acting over evolutionary time, as has been suggested to explain the small spatial
scale diversification ofScarelus beetles within tropical mountains (Bray & Bocak, 2016).

Distance decay patterns at the species level could reflect environmental heterogeneity spatially correlated
(i.e., between western and eastern sides of the Nevado de Toluca). While some degree of environmental
distance could impact on the obtained biodiversity patterns (but see above on the homogeneity of the
sampling study habitat), our results on i) spatial patterns of community dissimilarity recurrently found for
multiple hierarchical levels, including haplotypes which are expected to behave neutraly across environmental
gradients; ii) high values of turnover and local endemicity at multiple spatial scales and iii) the consistent
multihierarchical pattern of distance decay in community similarity at reduce scales (within mountain sites)
for less dispersive species, while substantially diluted for the more dispersive ones, point to dispersal limitation
within this single single sky-island as a major driver of community assemblage.

Multi-hierarchical approaches are useful to assess whether variation in biological assemblages driven by
dispersion follow a fractal geometry where the same neutral processes underlie the distribution of haplotypes
and higher clustering levels (Baselga et al., 2013, 2015). Fractal patterns have been revealed in aquatic
beetles, leaf beetles, and terrestrial molluscs, highlighting an important role for neutral processes in the
spatial structuring of biodiversity (Baselga et al., 2013, 2015; Gomez-Rodriguez et al., 2019). Our results
also reveal the existence of a fractal pattern for DDRs, with similarity decreasing with spatial distance from
the level of haplotypes to 7.5% CLs (Table S6). These patterns represent a considerably finer geographic
scale than that reported in previous studies (from 820 km to 4,500 km as in Baselga et al., 2013, 2015). DDRs
decreased with distance at even finer geographic scales (<5 and <2 km) in Collembola (Table S5, Figure 6
and S6), revealing that for arthropods with low dispersal ability, DDRs can occur at very fine geographic
distances and at all multi-hierarchical levels, within the geographic confines of a sky island. Further to
this, we reveal that DDRs can also emerge within arthropod groups that are typically considered as good
dispersers (Diptera), but at comparatively larger geographic distances (Figure 5). Our results align well with
analyses performed in Iberian forest and grassland mesofauna, where DDRs were found at all hierarchical
levels, also in less than 15 km, for soil taxa with low dispersal abilities (Arribas et al., 2020). Given these
short distances, our findings are important not only for understanding evolution, but also for biomonitoring
efforts aiming to detect changes in community assembly, even in relatively short distances among sampling
points.

Implications for evolution in insular systems and tropical mountains

Our results are interesting in the context of evolution within insular systems. We found that dispersal limi-
tations drive community structure across multi-hierarchical levels within a single habitat in a geographically
limited sky-island. This is congruent with analyses in oceanic islands, showing that when dispersal ability
and climate tolerance are restricted, strong geographic isolation within an island can occur even in a few kms
but extending back even millions of years (Salces-Castellano et al., 2019). Therefore, our results represent
an additional source of evidence of how topography and neutral processes can promote biodiversity diversi-
fication even at short geographic distances within insular systems. This pattern of dispersal constraints is
expected to be more pronounced in the tropics than temperate areas, as tropical species have typically nar-
rower thermal tolerances and lower dispersal than temperate species, leading to higher isolation-by-distance
and isolation-by-elevation (e.g., Polato et al., 2018).

Nevado de Toluca is part of a geographically extensive sky-islands complex, and considering this broader
spatial context has interesting implications for why tropical mountains are biodiversity hotspots. It has been
hypothesized that the global pattern of hyperdiverse tropical mountains likely reflects the differentiation of
small, spatially isolated populations combined with the long-term maintenance of these populations, leading
to speciation (Rahbek et al., 2019a). In this context, spatial isolation normally refers to habitat fragments
distributed across different mountain peaks (Fjeldsa et al., 2012; Rahbek et al., 2019a, 2019b), however
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our results support that the processes of differentiation and long-term persistence of small populations may
also hold at local scales. Firstly, our data shows that a single sky-island harbour arthropod communities
that are spatially structured, at the haplotype and lineage levels, even within a single type of forest with
presumably similar environmental conditions at short geographic distances. Secondly, a previous study on
sky-islands of the TMVB (including Nevado de Toluca) showed that montane ecosystems are able to persist
within the same mountain during climate fluctuations, but shifting up and down slope (Mastretta-Yanes
et al., 2018). Coupling these results together, it is supported that a single sky-island can act as a cradle for
population differentiation and that this differentiation can persist, and accumulate, relatively in situ over
evolutionary time scales. Previous case studies on beetle species have reached similar conclusions (Bray &
Bocak, 2016), but here we show that rather than a particular case restricted to extremely poor dispersing
taxa, the phenomenon could be widespread among tropical arthropods.

Conclusions

Our results are consistent with the expectations of the neutral theory of biodiversity (Hubbell, 2001) and
with the idea that global patterns of hyperdiverse tropical mountains reflect the differentiation of small
isolated populations combined with their long-term persistence (Bray & Bocak, 2016; Rahbek et al., 2019a).
Complementing studies that focus on population isolation among different mountains, here we found that the
composition of arthropods communities shows strong turnover within a sky-island and a limited geographic
scale (<20 km). We also found that distance and elevation drive biodiversity structure from haplotypes
to lineages levels. In groups of low dispersal ability (Collembola), this pattern holds even at a very fine
spatial scale (<2 km). Therefore, our results support a general model where neutral dynamics and dispersal
limitations act as a source of local-scale diversity within tropical mountains.
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