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RESUMEN

La deforestacién de los bosques contribuye significativamente a la pérdida de biodiversidad
y a la disminucién de los servicios ecosistémicos. Como estrategia para combatir esta
degradacion, se ha propuesto la restauracion de dareas deforestadas a través de
plantaciones forestales, asi como la reduccion de la tasa de deforestacion en los bosques
aun existentes promoviendo el manejo forestal sustentable como alternativa a la tala ilegal.
Sin embargo, para garantizar el cumplimiento de estos objetivos a nivel local, es necesario
contar con una linea base de conocimiento sobre la diversidad local y realizar monitoreos
periddicos para determinar si las plantaciones, el manejo forestal y los procesos de
dispersién neutral al facilitar el flujo de genes entre poblaciones, puede favorecer en la
configuracion de la dindmica evolutiva de las especies y prevalencia de la biodiversidad de

las comunidades faunisticas.

Los artréopodos son especialmente apropiados para este propdsito, ya que la diversidad de
estos organismos contribuye un sdélido indicador de la integridad estructural de los
ecosistemas debido a su riqueza, abundancia, diversidad de nichos y a la presencia de
especies con historias biogeograficas diferentes en México. Por consiguiente, el analisis de
comunidades completas de artrépodos puede proporcionar los datos necesarios para
investigar si los cambios en la composicion de las comunidades se deben a la distancia
geografica o a los tratamientos dentro del bosque, desde una perspectiva ecolégica, y

brindar recomendaciones de manejo. Por lo tanto, el objetivo principal de este estudio
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consistié en detectar la variacidon espacial y temporal en la composicion de la comunidad de
artrépodos en los ecosistemas de la FVTM (Faja Volcénica Transmexicana), considerando
las condiciones ambientales, las historias filogeograficas, las diferencias en el manejo y el

estado de conservacidn a escala fina.

Para lograr este objetivo, realizamos una revisién de los conceptos de monitoreo y de las
comunidades bioldgicas de artrépodos como indicador ecolégico, ademdas de considerar
aspectos metodoldgicos que abarcan desde el disefio de muestreo hasta la bioinformatica
aplicada al metabarcoding de toda la comunidad (wcMBC, por sus siglas en inglés) y los
flujos de analisis de datos basados en variantes de secuencias de ampliaciones (ASV, por sus
siglas en inglés). Luego, evaluamos multiples niveles jerarquicos en bosques bajo
conservacion, desde haplotipos individuales hasta linajes utilizando umbrales de similitud
de 0.5, 1.5, 3.0, 5.0, 7.5%, esto nos permitido analizar patrones de riqueza, rotacion y
disminucién de distancia de similitud utilizando enfoques de aislamiento por distancia y
aislamiento por resistencia (este ultimo, considerando los costos de dispersién
determinados por las caracteristicas del paisaje). Finalmente, exploramos multiples niveles
jerarquicos, desde haplotipos hasta linajes en umbrales de similitud de 3% y 5%. Evaluamos
patrones de riqueza, rotacion y disminucion de la distancia de similitud con un enfoque de
aislamiento por distancia para analizar el impacto de las limitaciones de dispersion, el
manejo forestal, la reforestacidn, el disturbio y la conservacion como impulsores de la

diferenciacion de las comunidades dentro de la isla del cielo tropical Nevado de Toluca.
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Los resultados del primer estudio muestran que el éxito de wcMBC depende de buenas
practicas de laboratorio, que incluyen la correcta limpieza de las muestras a granel y la
clasificacién por tamafio de los artropodos, la eficiencia de la extraccién y cuantificacién del
ADN en la construccién de bibliotecas, la eleccion adecuada de marcadores genéticos para

la identificacion taxondmica, el filtrado de secuencias y curacién de datos de referencias.

Los resultados del segundo estudio respaldan un modelo en el cual la diferenciacién a nivel
local esta mediada por restricciones en la dispersidn, combinada con la persistencia a largo
plazo de los linajes, lo que constituye un importante factor impulsor de la diversidad dentro
de las islas del cielo tropical. Finalmente, los resultados del tercer estudio muestran una
baja riqueza de haplotipos en los bosques bajo conservacién y manejo forestal, y revelan
gue la estructura y composicion de las comunidades varian en funcién de los diferentes
tratamientos dentro del bosque. En conclusion, la distancia, la elevacion, el manejo forestal,
la reforestacion y el disturbio influyen en la disminucién de la similitud en todos los niveles
jerdrquicos dado que cada grupo de artrépodos presenta diferentes habilidades de
dispersidn segun la escala espacial y las actividades antropogénicas. Esto destaca su
relevancia como impulsores de la diversidad dentro de una isla de cielo tropical. Todos estos
hallazgos pueden informar sobre los indices de biodiversidad de las comunidades,
promover politicas, conducir pautas efectivas de manejo y estrategias para la conservacién

de la biodiversidad en los ecosistemas forestales.
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ABSTRACT

Deforestation of forests significantly contributes to biodiversity loss and the decline of
ecosystem services. As a strategy to combat this degradation, the restoration of deforested
areas through forest plantations has been proposed, along with reducing the deforestation
rate in existing forests by promoting sustainable forest management as an alternative to
illegal logging. However, to ensure the fulfillment of these objectives at the local level, it is
necessary to have a knowledge baseline of local diversity and to conduct periodic
monitoring to determine if plantations, forest management, and neutral dispersal
processes facilitating gene flow among populations can favor the configuration of species'

evolutionary dynamics and the prevalence of biodiversity in faunal communities.

Arthropods are particularly suitable for this purpose, as the diversity of these organisms
provides a solid indicator of the structural integrity of ecosystems due to their richness,
abundance, niche diversity, and the presence of species with different biogeographic
histories in Mexico. Therefore, the analysis of complete arthropod communities can provide
the necessary data to investigate whether changes in community composition are due to
geographic distance or treatments within the forest, from an ecological perspective, and
provide management recommendations. Thus, the main objective of this study was to
detect spatial and temporal variation in the composition of the arthropod community in

ecosystems of the FVTM (Transmexican Volcanic Belt), considering environmental
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conditions, phylogeographic histories, differences in management, and conservation status

on a fine scale.

To achieve this objective, we conducted a review of monitoring concepts and arthropod
biological communities as ecological indicators, in addition to considering methodological
aspects ranging from sampling design to bioinformatics applied to whole-community
metabarcoding (wcMBC) and data analysis flows based on amplicon sequence variants
(ASVs). We then evaluated multiple hierarchical levels in forests under conservation, from
individual haplotypes to lineages using similarity thresholds of 0.5, 1.5, 3.0, 5.0, 7.5%, which
allowed us to analyze patterns of richness, turnover, and similarity distance decrease using
distance isolation and resistance isolation approaches (the latter considering dispersal costs
determined by landscape characteristics). Finally, we explored multiple hierarchical levels,
from haplotypes to lineages at similarity thresholds of 3% and 5%. We evaluated richness
patterns, turnover, and similarity distance decrease with a distance isolation approach to
analyze the impact of dispersal limitations, forest management, reforestation, disturbance,
and conservation as drivers of community differentiation within the tropical sky island

Nevado de Toluca.

The results of the first study show that the success of wcMBC depends on good laboratory
practices, including proper cleaning of bulk samples and sorting of arthropods by size,
efficiency of DNA extraction and quantification in library construction, appropriate choice

of genetic markers for taxonomic identification, sequence filtering, and reference data
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curation. The results of the second study support a model in which local-level differentiation
is mediated by dispersal constraints, combined with long-term lineage persistence, which
constitutes a significant driver of diversity within tropical sky islands. Finally, the results of
the third study show low haplotype richness in forests under conservation and forest
management and reveal that community structure and composition vary depending on
different treatments within the forest. In conclusion, distance, elevation, forest
management, reforestation, and disturbance influence the decrease in similarity at all
hierarchical levels since each group of arthropods presents different dispersal abilities
according to spatial scale and anthropogenic activities. This highlights their relevance as
diversity drivers within a tropical sky island. All these findings can inform community
biodiversity indices, promote policies, lead to effective management guidelines, and

strategies for biodiversity conservation in forest ecosystems.
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INTRODUCCION

1.1. La deforestacion y estrategias de conservacion
La deforestacion de los bosques contribuye a la pérdida de la biodiversidad y a la
disminucidn de los servicios ecosistémicos. Hasta el 2002, México habia perdido el 38% de
su cobertura forestal original (Challenger y Dirzo, 2009). Como estrategia para abordar esta
degradacion, se ha propuesto la recuperacién de areas deforestadas a través de
plantaciones forestales, y la reduccion de la tasa de deforestacion en los bosques que aun
subsisten mediante la promocidn del manejo forestal sustentable como una alternativa a la
talailegal y el cambio climatico (Back et al., 2020; Torres-Rojo et al., 2016). Estas estrategias,
por ejemplo, forman parte de los argumentos en la reclasificaciéon del Area Natural
Protegida (ANP) Nevado de Toluca (Depraz et al., 2017; Mastretta-Yanes et al., 2014). A
nivel internacional se ha postulado que las plantaciones pueden desempefiar un papel
positivo en la proteccidon y mejora de diversidad nativa, siempre y cuando no reemplacen
por completo los ecosistemas naturales o se realicen con monocultivos de especies no
nativas (Malcolm et al., 2001; Forestry Commission, 2011). No obstante, las plantaciones y
otros bosques manejados intensivamente a menudo albergan menos biodiversidad que los
bosques nativos (Wang et al., 2019; Zhang et al., 2016). En México, la Ley General de
Desarrollo Forestal Sustentable establece que el manejo forestal puede tener por objeto
tanto el aprovechamiento como la conservacién de un ecosistema forestal y debe basarse
en principios ecolégicos, respetando la integralidad funcional e interdependencia de los

recursos (Secretaria de Medio Ambiente y Recursos Naturales, 2018). Sin embargo, para
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garantizar el cumplimiento de estos objetivos a nivel local, es esencial contar con una linea

base de conocimiento de la diversidad local y realizar monitoreos periddicos.

1.2. Desafio en el monitoreo de la biodiversidad

El monitoreo de la biodiversidad consiste en documentar los cambios temporales en la
distribucién y presencia de las especies (Hajibabaei et al., 2016; Li et al., 2010). Sin embargo,
la disponibilidad de informacion, la capacidad técnica y financiera para realizar el monitoreo
y analizar las tendencias de cambio son limitados para permitir comparaciones a gran escala
(Buss et al., 2015). Anteriormente, se han desarrollado indicadores alternativos, como el
uso de especies "paraguas" (Lambeck, 1997; Launer y Murphy, 1994), y especies “banderas”
(Noss, 1990), asi como sustitutos que se refiere a medidas o indicadores alternativos
basados en el habitat (indicadores estructurales, e. g., volimenes de madera muerta,
cubierta de dosel, edad de los bosques, y complejidad estructural) que se utilizan como
fuente de informacion sobre el estado de la comunidad biolégica (Barsoum et al., 2019;
Bruce, 2013; Coote et al., 2013). También se han utilizado los sustitutos basados en taxones
(indicadores de composiciodn, e.g., carabidos, sirfidos, arafas, y plantas vasculares) que son
indicadores informativos de la riqueza de otros taxones en entornos forestales y se cree
qgue pueden predecir la biodiversidad de manera beneficiosa (Barsoum et al., 2019; Bruce,
2013; Smith et al., 2008). Sin embargo, no esta claro si estos indicadores predigan de
manera adecuada, rdpida y econdmica la verdadera riqueza de especies (Ji et al., 2013; Yu
et al., 2012). Ademads, las evaluaciones tradicionales de biodiversidad requieren
conocimientos taxonédmicos especializados, lo que aumenta los costos y el tiempo necesario

para procesar las muestras (Yu et al., 2012). En este contexto, se continla desarrollando
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esfuerzos para disenar indicadores y estrategias eficiente de monitoreo de la biodiversidad
gue sean practicos, efectivos, rapidos, rigurosos, confiables y aplicables a gran escala y de
forma consistente (Ji et al., 2013; Yu et al., 2012). Uno de estos nuevos métodos de
medicion directa y rapida de la biodiversidad se denomina ADN metabarcoding de

comunidades enteras (WcMBC, por sus siglas en inglés).

1.3. ADN metabarcoding en bosques mexicanos y monitoreo de artropodos

El wcMBC es una técnica que permite la identificacion del ADN de multiples especies
eucariotas en un ecosistema a partir de una sola muestra global compuesta por cientos o
miles de individuos y especies (Ji et al., 2013; Taberlet et al., 2012; Yu et al., 2012). Esta
técnica se basa en la capacidad de alto rendimiento de las plataformas de secuenciacién de
proxima generacion (NGS, por sus siglas en inglés) para caracterizar muestras de ADN de
comunidades mixtas, lo que permite identificar y verificar la presencia o ausencia de
multiples especies para evaluar la diversidad de forma rapida (Ji et al., 2013; Taberlet et al.,
2012; Yu et al., 2012). Ademas, permite agrupar las lecturas de ADN en unidades
taxondmicas operativas (OTU) para aproximar los perfiles de la comunidad a nivel de
especie (Andujar et al., 2017; 2021; Arribas et al., 2020; Ji et al., 2013). Varios estudios han
validado la utilizacion de este método en la evaluacion de la biodiversidad de
macroinvertebrados y artropodos (Hajibabaei et al., 2012; Ji et al., 2013; Meyer et al., 2020;
Yu et al., 2012; Zimmermann et al., 2015). Aunque la comparacién entre los enfoques
morfoldgicos y el weMBC muestra que son complementarios, a menudo la evaluacién
morfoldgica es util para la descripcidn de especies y para generar una biblioteca de

referencia, mientras que los estudios de wcMBC son Utiles para una evaluacién rapida de la
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biodiversidad (Ji et al., 2013; Zimmermann et al., 2015; Elbrecht et al., 2017; Meyer et al.,
2020).

En el caso de los bosques mexicanos, en la presente tesis se aplicd el método de
wcMBC a los artrépodos con propdsito de monitorear el estado de conservacion de los
bosques y evaluar si las plantaciones y el manejo forestal realmente pueden favorecer a la
biodiversidad nativa. Los artrépodos son un grupo taxondmico adecuado para este
proposito debido a las siguientes razones: (i) su diversidad es un sdlido indicador estructural
de los ecosistemas (Obrist y Duelli, 2010). (ii) Los artrépodos son componentes significativos
de los ecosistemas de montafia en México, dada su riqueza, abundancia y diversidad de
nichos, ademas de presentar especies con historias biogeograficas nearticas y neotropicales
(Morrone y Marquez, 2001). (iii) La composicién de las comunidades de artrépodos se
correlaciona con las comunidades de plantas (Basset et al., 2012; Lynggaard et al., 2020;
Zhang et al., 2016). (iv) Los artropodos presentan diferentes limitaciones en la dispersion,
tanto alados como no alados, con efectos diferentes en la diferenciacidén entre localidades,
como se espera segun la teoria de la biodiversidad neutral (Baselga et al., 2013; 2015). (v)
A pesar de la extincién de muchas de especies de megafauna, como los mamiferos (Ceballos
et al., 2009), la diversidad de artrépodos podria seguir siendo alta y, por lo tanto, amerita

ser conservada.

1.4. Rol de la limitacidn dispersiva y manejo forestal en la biodiversidad de artrépodos
en bosques montafiosos

La variacién y similitud de las comunidades estan influenciadas por procesos como la

especiacion, la dispersién, la extincidn y las caracteristicas del paisaje. En el caso de los
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artropodos, factores como la altitud, el aislamiento de la montaifia, el estado de
conservacion y la edad del bosque, la complejidad del dosel, el sotobosque, el tipo de uso
del suelo y la distancia espacial dentro del bosque contribuyen a moldear su composicién.
Por lo tanto, la composicién de especies en montafias cercanas puede variar debido a la
falta de continuidad climatica y topografica entre ellas, lo que resulta en aislamiento y
potencial especiaciéon (Graham y Fine, 2008; Kozak y Wiens, 2006; Uscanga et al., 2021;
Wiens, 2004). El topoclima influye en la estructura de la comunidad dentro del habitat
(Noguerales et al., 2021), pero también lo hace el estado de conservacién del bosque. Los
bosques conservados presentan una mayor riqueza de especies en comparacion con los
bosques manejados (Lynggaard et al., 2020; Paillet et al., 2010; Wang et al., 2019; Zhang et
al., 2016), ya que ofrecen un mayor niumero de nichos ecolégicos (Graham y Fine, 2008).
Los rodales bajo manejo forestal muestran composiciones de artropodos diferentes a lo

largo del tiempo (Barsoum et al., 2019).

Existen evidencias que sugiere que la biodiversidad de artrépodos es mayor en
bosques nativos y plantaciones mixtas en comparacién con los monocultivos (Wang et al.,
2019). Se ha planteado la hipétesis de que la densa cobertura del dosel en los bosques
permite una mayor diversidad de artréopodos (Lange et al., 2014; Zou et al., 2015).
Asimismo, se ha observado que el sotobosque alberga una mayor diversidad de insectos en
comparacion con areas donde la vegetacion ha sido reducida (Rambo et al., 2014; Lange et
al., 2014). Algunos grupos de artrépodos podrian estar correlacionados a bosques maduros,
ya que se ha notado un aumento en la riqueza y diversidad de insectos en lugares con mayor

complejidad estructural y heterogeneidad ambiental, como el incremento en la cobertura
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del dosel, la presencia de hojarasca y madera muerta (Fuller et al., 2008). Diferentes tipos
de uso del suelo también resultan en comunidades Unicas de artrépodos, lo que se refleja
en las marcadas diferencias en la estructura de las comunidades entre distintos tipos de
bosques (Beng et al. 2016). Ademas, se ha observado que la composicién de artréopodos
experimenta cambios en ecosistemas sujetos a procesos de restauracién (Edwards et al.,
2014; Fernandes et al., 2019; Lynggaard et al., 2020). Adicionalmente, la limitacién de la
dispersién por procesos neutrales, que restringe la ubicacién de un individuo basandose en
la ubicacidn de su progenitor, ha sido destacada como un impulsor de la diversidad local
(Hubbell, 2001; Rosindell et al., 2011). Esto significa que las limitaciones en la dispersion
generan patrones espaciales a escalas mas amplias, y pueden influir en las limitaciones de
dispersion en los artrépodos del suelo (Arribas et al., 2020; McGill, 2010).

Para logra el éxito del biomonitoreo utilizando metabarcoding depende en gran
medida de una sdlida base de datos genéticos que facilite la comprension de la
biodiversidad de artropodos a través de la FVTM y su historia filogeografica. Esta cadena
montafosa, conocida como el arco volcanico Nedgeno mas extenso de América del Norte,
se extiende a lo largo de casi 1000 km de longitud, desde el Centro de México, el sur del
Golfo de California hasta el Golfo de Meéxico, abarcando wuna superficie de
aproximadamente 160,000 km2 de oeste a este a lo largo del territorio mexicano,
comprendiendo una variedad de volcanes ubicadas entre las latitudes 18°30" y 21°30'N
(Ferrari et al., 2002; 2012). Con una formacién que se remonta a unos 19 millones de afos
debido a la actividad tectdnica asociada a la subduccién de la Placa de Cocos bajo la Placa

Norteamericana, lo cual ha generado una intensa actividad volcanica a lo largo de millones
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de afos (Ferrari et al.,, 2002; 2012; Gémez-Tuena et al., 2007). Entre los volcanes mas
destacados de esta region se encuentran el Popocatépetl, el Iztaccihuatl, el Pico de Orizaba
y el Nevado de Toluca, entre otros, con gradientes altitudinales que superan los 4,000
metros sobre el nivel del mar (Ferrari et al., 2012; Mastretta-Yanes et al., 2015). La FVTM
no solo tiene gran importancia geoldgica, también en términos de biodiversidad, ya que ha
sido moldeada por una intensa actividad volcanica, dando lugar a una variedad de paisajes
y ecosistemas que contribuyen a la generacién de endemismos y la complejidad en la
distribucidn de especies. Por esta razon, se la considera una region biogeografica relevante,
vinculada a la zona de transicién mexicana y reconocida por su papel en la diversificacion,
el endemismo vy las transiciones biogeograficas (Morrone y Marquez, 2001; Rzedowski,
2006; Mastretta-Yanes et al., 2015; Uscanga et al.,, 2021). Este contexto geoldgico y
ecoldgico permitirda comprender los procesos ecoldgicos e histéricos que generan los
hotspots de biodiversidad. Sin embargo, antes de determinar si el manejo forestal y las
plantaciones tienen un impacto positivo en la biodiversidad local, es esencial considerar las
limitaciones dispersivas de los artropodos y los posibles cambios en el ensamblaje de las
comunidades que podrian ser causados por procesos neutrales. En otras palabras, es
necesario discernir si los cambios en la composicién de las comunidades se deben a la
distancia entre los sitios o a diferencias reales entre los tratamientos de manejo forestal,
disturbio, reforestaciéon y conservacion del bosque. Aunque los artrépodos son una
herramienta valiosa en el biomonitoreo, es necesario considerar las limitaciones dispersivas
de cada grupo y su efecto en la diferenciaciéon entre localidades, tal como lo predice la teoria

de la biodiversidad neutral (Hubbel, 2001; Bell, 2001; Vellend, 2010; Rosindell et al., 2011).
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El papel de la limitacion dispersiva en la conformacion de la biodiversidad ha sido
objeto de estudio a nivel de comunidades (Baselga et al., 2013; 2015; Dong et al., 2016;
Sarremejane et al., 2017; Arribas et al., 2020). Este enfoque se fundamenta en la teoria
ecoldgica neutral, que propone que la estocasticidad en la dispersion es uno de los
principales impulsores de la diversidad local y que deberia actuar de manera analoga en
todas las escalas taxondmicas (Hubbell, 2001; Bell, 2001; Vellend, 2010; Rosindel et al.,
2011). Se ha utilizado este enfoque analitico para comparar las restricciones relativas de
dispersién entre linajes de diferentes grupos taxonémicos (Gémez-Rodriguez et al., 2019,
Mdrria et al., 2017). Los estudios empiricos que han empleado este enfoque hasta la fecha
(por ejemplo, Baselga et al., 2013; 2015; Gémez-Rodriguez & Baselga, 2018; Arribas et al.,
2020) han encontrado respaldo para la generalidad de los procesos neutrales, identificando
las restricciones en la dispersiéon como un factor predominante que impulsa la variacion
espacial en la estructura de la comunidad a multiples niveles jerarquicos (Baselga et al.,
2013; 2015). No obstante, para validar la generalidad de estos patrones observados, se
requiere la recopilacion de mas datos empiricos, que incluyan comunidades enteras (en
lugar de unos pocos linajes seleccionados), muestreadas a través de diferentes escalas
geograficas, taxondmicas y regiones del mundo (Baselga et al., 2013; Arribas et al., 2020).

Las montafias son particularmente importantes para evaluar los patrones
evolutivos, ya que las restricciones en la dispersién dentro de una Unica montafa pueden
ser determinante en la generacidon de endemismos (Bray y Bocak, 2016). No obstante, se
carece aun de datos empiricos que respalden esta hipétesis. Los pasos de montafia en zonas

tropicales actian como barreras de dispersidon mas efectivas en comparacién con los pasos
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ubicados en zonas templadas, debido a las diferencias de temperatura, lo que implica
mayores costos para la dispersidon de organismos tropicales (Janzen, 1967; Polato et al.,
2018; Sheldon et al., 2018). Las denominadas islas en el cielo (sky-island) tropicales
constituyen entornos propicios para investigar las limitaciones en la dispersién debido a las
caracteristicas particulares de su paisaje (Mastretta-Yanes et al., 2015; Rahbek et al., 2019).
Estos habitats, situados en sistemas montafiosos a altitudes elevadas y geograficamente
fragmentados, donde las tierras bajas actian como barreras para la dispersién de
organismos que residen en altitudes superiores. Esta dindmica favorece la divergencia de
las poblaciones aisladas y confiere a las islas en el cielo un estatus reconocido por su singular
diversidad bioldgica. Asimismo, estos ambientes pueden proporcionar informacién valiosa
sobre la evolucion y adaptacion de las especies frente a los cambios climaticos a lo largo del
tiempo (McCormack et al., 2009; Mastretta-Yanes et al., 2015; Wiens et al., 2019). Sin
embargo, hasta el momento, no se han llevado a cabo estudios empiricos para determinar
si la restriccion en la dispersiéon dentro de una sola montaia tropical efectivamente

constituye un factor determinante en la generaciéon de endemismos.

La evaluacion del estado de un bosque requiere contar con informacién confiable
sobre su situacién y condicién (Chapela, 2012). Esto se logra a través de monitoreos que
puedan informar sobre las tendencias de cambio de la flora y fauna nativa (Gollan et al.,
2013). Los artrépodos son muy sensibles a los cambios en el uso del suelo y, por ende,
pueden ser excelentes indicadores del efecto de las actividades humanas sobre la
biodiversidad nativa. Sin embargo, debido a la complejidad biogeografica de las islas en el

cielo, la presencia de distintos tipos de vegetaciéon y el conocimiento limitado de la
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diversidad de artrépodos locales en los bosques mexicanos es necesario realizar un analisis
especifico que evalle diferentes tipos de muestreo, variables topograficas y la historia
filogeografica de los taxa. En este trabajo, primero realizamos una revisién de las
aplicaciones de wcMBC, con el propdsito de proporcionar una guia para otros proyectos
gue busquen incorporar estas herramientas de nueva generacién al biomonitoreo de
bosques. Posteriormente, analizamos el papel de los procesos neutrales (dispersion) en la
estructura de las comunidades de artrédpodos a escalas geograficas finas, utilizando un
muestreo de bosques de Abies religiosa bajo conservacién dentro del Nevado de Toluca.
Nuestro andlisis de paisaje incluyd variables de diferentes tipos de vegetacidén vy
caracteristicas topograficas, como elevacion y pendiente. Finalmente, evaluamos los
diferentes tratamientos de manejo forestal, disturbio y conservacion dentro del bosque de
A. religiosa, asi como la reforestacion y conservacion en el bosque de Pinus hartwegii, con
el objetivo de determinar si el manejo forestal y la reforestacion realmente contribuyen a

la conservacion de la biodiversidad de artrépodos en la isla de cielo del Nevado de Toluca.
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OBIJETIVO

Detectar a una escala fina si existe limitacion dispersiva debido a variaciones espaciales y
topogréficas, influyendo en la composicion de la comunidad de artrépodos en los
ecosistemas de la FVTM, mediante el método de metabarcoding y muestreos que
consideraron condiciones ambientales, topograficas, diferencias en el manejo forestal y el
estado de conservacidn. Se hizo énfasis en la comparacion de la composicidon de la
comunidad de artréopodos en bosques dedicados a la conservacidon, bosques bajo manejoy

plantaciones forestales.
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CAPITULO |

METABARCODING DE COMUNIDADES DE ARTROPODOS COMO HERRAMIENTA PARA
BIOMONITOREO

Fotografia de Jorge Jiménez: Trampa de caida.
Fotografia de Nancy Galvez-Reyes: Sopa de la biodiversidad en bosque bajo conservacion.
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PREFACIO

La biodiversidad, piedra angular de la salud y la resiliencia de la Tierra, enfrenta desafios sin
precedentes debido a la destruccion de habitat, introduccién de especies invasoras y
cambio climatico que conducen a cambios ambientales inducidos por la humanidad
(Dobson et al., 2021). Preservar y monitorear la biodiversidad es crucial para abordar los
problemas de conservacién global y mantener el delicado equilibrio de nuestro planeta
(Mace et al., 2014). EIl ADN metabarcoding, una técnica molecular de vanguardia se ha
convertido en una poderosa herramienta para estudiar comunidades mixtas y evaluar la
biodiversidad. Esta revision profundiza en la aplicacién del ADN metabarcoding a
comunidades de artrépodos, arrojando luz sobre su potencial para monitorear la diversidad
bioldgica.

En este capitulo, presentamos una revisidon centrada en proporcionar fundamentos
para el uso del ADN wcMBC como herramienta de biomonitoreo para evaluar la
biodiversidad en comunidades de artrépodos. La atencién se centra en la deteccion de
secuencias de ADN, proporcionando una descripcion general completa de las
consideraciones metodoldgicas, desde el disefio de muestras hasta la bioinformatica.
Destacar las variantes de secuencia de amplicones (ASV) y su papel en la captura de la
variacion a nivel de haplotipo afiade profundidad a la comprensién desde la diversidad
intraespecifica (haplotipos) hasta rangos taxonémicos mas altos. El capitulo también analiza
los desafios de los métodos tradicionales de identificacion taxondmica, el potencial de los

métodos moleculares para complementar estos métodos y la necesidad de adoptar

30



enfoques integradores de monitoreo de biodiversidad. Estos enfoques deben medir la
biodiversidad repetidamente en grandes escalas espaciales y en diferentes niveles tréficos
(multi-taxones), utilizando un disefio experimental de muestreo consistente, metodologia
estandarizada metodoldgica y estandarizacién de ADN wcMBC para obtener datos de
calidad y robustos un biomonitoreo.

Los resultados de la presente revisidon evidencian que el éxito de la herramienta de
ADN wcMBC estdn vinculados al método de muestreo y las buenas practicas de laboratorio.
Esto incluye la limpieza de muestras a granel y la clasificacién de tamano de los artrépodos,
las extracciones eficientes de ADN vy la cuantificacidon confiable durante la construccion de la
biblioteca son pasos esenciales. La eleccién de marcadores genéticos y cebadores para la
identificacién taxondmica precisa, la utilizacién de datos de referencias, junto con un
filtrado de secuencias eficaz, garantiza la fiabilidad de los resultados. El capitulo presenta el
concepto innovador de incorporar datos de haplotipos en el monitoreo de la biodiversidad.
Al revelar la variacién intraespecifica, este enfoque complementa la diversidad a nivel de
especie, mejorando los analisis convencionales. Estos aspectos deben ser considerados
cuidadosamente para evitar subestimar la diversidad. La integracién del ADN
metabarcoding en la investigacion de la biodiversidad a través de un marco conceptual, las
hipdtesis y pregunta de estudio presentadas aqui puede informar estimaciones para
comunidades enteras. La informacién generada puede guiar las estrategias de conservacién
y gestion en el manejo forestal, proporcionando herramientas valiosas para abordar los

desafios ecoldgicos contemporaneos.
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Abstract

1. DNA metabarcoding has become a necessary and powerful tool to study mixed
communities from bulk samples by detecting short DNA sequences.

2. This review integrates the use of biological communities of arthropods as ecological
indicators using DNA metabarcoding. It also explores methodological considerations ranging
from sampling design to bioinformatics and highlighting Amplicon Sequence Variants-based
pipelines to allow for the incorporation of haplotype-level variation.

3. To ensure the success of DNA metabarcoding, it is crucial to follow specific sampling
methods and good laboratory practices, involving the proper cleaning of bulk-sample,
appropriate selection of arthropod sizes, efficient DNA extractions, reliable quantification
during library construction, appropriate choice of genetic markers and primers for accurate
taxonomic identification, and to perform and effective sequence filtering.

4. Incorporating haplotype data into monitoring unveils intraspecific variation that could
complement species-level diversity, thus enhancing conventional analyses. Furthermore, the
analyses should take into account either abundance- or incidence-based approaches, which
condition the choice of statistical analyses to be employed.

5. Taking into account all these aspects, it is ensured that the hypotheses and research
questions can inform biodiversity estimates for entire communities and guide ecosystem

conservation and management strategies.

Keywords: Monitoring, Structural Indicator, Insect Communities, Amplicon Sequence

Variants, DNA metabarcoding
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Introduction

Biodiversity is crucial for Earth's health and well-being, benefiting both nature and humanity.
Its preservation is a global responsibility integral to addressing environmental and
conservation challenges (Wilson et al., 2016; Hoban et al., 2022). The commitment to halting
the loss of biodiversity has emerged due to the transgression of the planetary boundaries,
such as climate change, land-system change, and rate of biodiversity loss, among others
(Rockstrom et al., 2009; Mace et al., 2014). This situation has put human well-being and the
resilience of the Earth's entire system at risk (Challenger et al., 2009; Mace et al., 2014;
Dobson et al., 2021). To secure our health and well-being and that of the planet, it is
necessary to address the main drivers of nature loss considering the role of phylogenetic
diversity, functional diversity, and biome integrity in determining a safe operating space
(Mace et al., 2014). To ensure that conservation actions are successful, we need to monitor
biodiversity through the collection of extensive data and repeated analyses at various time
points. In this context, comparing biological communities under diverse historical conditions,
human management and conservation statuses is crucial, because it allows to contrast
different sustainability strategies.

Biodiversity, encompassing diversity at various levels from genes to ecosystems,
plays a pivotal role in ecological and evolutionary processes (Bailey et al., 2009).
Understanding the spatial and temporal distribution of ecological communities is crucial for
assessing eco-evolutionary dynamics, identifying biodiversity hotspots, and guiding
conservation efforts (Vellend, 2010; Baselga et al., 2013; Gaston and Spicer, 2013; Baselga,
Gbémez-Rodriguez and Vogler, 2015; Weber et al., 2017; Gomez-Rodriguez et al., 2019;

McGill et al.,, 2019). Moreover, these distribution shifts offer insights into species'
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evolutionary history and interactions, aiding in the study of speciation, adaptive radiation,
and coevolution (Parmesan and Yohe, 2003; McGill et al., 2007). Thus, while biodiversity
monitoring is conducted for conservation or management purposes, it is essential to
acknowledge that biodiversity distribution is influenced by ecological and evolutionary
processes, independently of human intervention.

The integrated assessment of macroecological patterns at multiple levels of
genotypes, genealogies, and species, known as multihierarchical macroecology (Baselga et
al., 2013; Baselga, Gémez-Rodriguez and Vogler, 2015), explores the factors influencing
biodiversity patterns within an eco-evolutionary context. This approach investigates the
spatial patterns of variation of entire assemblages at multiple hierarchical levels between
haplotypes and species, exploring the patterns emerging across levels to discern between
neutral and non-neutral controls of assemblage variation. It is firmly based on neutral
ecological theory, which proposes that dispersal stochasticity is one of the main drivers of
local diversity and that it should operate consistently across taxonomic scales (Bell, 2001;
Hubbell, 2001; Vellend, 2010; Rosindell, Hubbell and Etienne, 2011). This theory extends
to the neutral theory of molecular evolution, which suggests that genetic drift accumulates
selectively neutral genetic changes over time (Kimura, 1968, 1983). By integrating these
neutral theories and considering migration, speciation, and extinction, researchers have
compared dispersal restrictions among different taxonomic lineages (Vellend and Geber,
2005; Papadopoulou et al., 2011; Mdrria et al., 2017; Gomez-Rodriguez et al., 2019).
Empirical studies (Baselga et al., 2013; Baselga, Gomez-Rodriguez and Vogler, 2015;
Gbémez-Rodriguez and Baselga, 2018; Arribas et al., 2020; Galvez-Reyes et al., 2021)
generally support the prevalence of neutral processes, with dispersal limitations being a

significant driver of spatial variation in community structure across multiple hierarchical
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levels. However, the generality of these observed patterns requires monitoring empirical data,
encompassing entire communities, sampled contrasting geographic scales, and diverse taxa,
and world regions (Baselga et al., 2013; Arribas et al., 2020).

Analyzing the spatial and temporal distribution of whole communities is essential to
understand the biodiversity patterns drawn by eco-evolutionary processes and the effects of
human-induced changes on ecosystems (Vellend, 2010). Monitoring community changes can
help to detect disturbances caused by activities such as urbanization, deforestation, pollution,
and climate change (Pimm et al., 1995; Sala et al., 2000). However, for this to be possible it
is necessary to have integrative approaches that enable robust and reproducible assessment
of biodiversity at different levels (genes, species, communities), repeatedly, at large spatial
scales, and within a short time frame. Incorporating empirical data to meet these requirements
is challenging due to the significant sampling effort and the temporal bottleneck for
taxonomic identification (Favreau et al., 2006; Yu et al., 2012). Arthropods are particularly
valuable for the task, as their sensitivity to environmental change, small size, large
abundance, and presence in a wide array of niches across ecosystems means that entire
communities of them can be sampled in short time. This is also the case of insects (Chua et
al., 2023), which also represent one of the most vulnerable groups of species to explore the
loss of biodiversity during the Anthropocene and in the face of climate change. As for the
challenge of taxonomic identification, this can be done using morphological identification,
but complementing it with molecular methods can accelerate it (McCravy, 2018).

DNA barcoding allows to identify specimens using one or several short DNA
fragments (“barcodes”) (Hebert et al., 2003). In turn, DNA metabarcoding involves
identifying multiple specimens from a mixed sample, based on high-throughput sequencing

of DNA barcodes (Taberlet et al., 2012; Andujar et al., 2017). Morphological assessments
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are useful to describe species and generate a reference library (sequences assigned to
specimens with known taxonomic identifications), whereas DNA metabarcoding studies are
preferable for rapid biodiversity assessments (Ji et al., 2013; Zimmermann et al., 2015;
Elbrecht et al., 2017; Meyer et al., 2021). In particular, advances in high-throughput
molecular methods (Bourlat et al., 2013) and bioinformatics have led to an explosion of
studies generating large-scale ecological data that can be used for monitoring.

Metabarcoding involves sequencing one or several variable barcode regions and
simultaneously profiling multiple taxa within a single sample (Taberlet et al., 2018; Ruppert,
Kline and Rahman, 2019; Miyata et al., 2022). Metabarcoding can be based on DNA, RNA
or environmental DNA (eDNA). After sequencing, bioinformatic tools and reference
databases are subsequently employed to assign taxonomic identities to the sequenced
fragments (Taberlet et al., 2012; Yuetal., 2012; Ji et al., 2013). These methods were initially
applied in the context of microbial community analysis of bulk samples using 16S sequencing
(Schmidt, DeLong and Pace, 1991; Paliy and Shankar, 2016), which allowed for the
assessment of the composition and dynamic changes of complex communities (Paliy and
Shankar, 2016). Eukaryotic communities, such as arthropods or mollusks have been also
studied from bulk samples, containing hundreds of individuals, which were sequenced
focusing on fragments of the mitochondrial DNA Cytochrome ¢ Oxidase subunit I (COI)
gene (Yu et al., 2012). This is called whole-community DNA-RNA metabarcoding
(wcMBC) (Andujar, Arribas, Yu, et al., 2018).

Although the method for taxonomic identification of multiple species extracted from
a mixed sample can be from community DNA or eDNA, there are differences between the
two (Deiner et al., 2017). Particularly, in community DNA metabarcoding, the targeted

groups are most often collected in bulk (e.g., arthropods from soil, malaise, pitfall or net
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traps), and in eDNA, DNA it is isolated directly from an environmental material (e.g., soil or
water) without prior segregation of individuals (Deiner et al., 2017). In this study, we focus
on community DNA metabarcoding. A recent refinement includes the use of community
DNA metabarcoding which we will discuss further in the following sections.

DNA-RNA metabarcoding has revolutionized the understanding and monitoring of
animal communities, particularly arthropods (Yu et al., 2012; Ji et al., 2013; Anddjar et al.,
2015; Arribas et al., 2016). Data can be obtained as abundance data for each species or as a
presence-absence data for those species. Haplotype level data, which is often ignored, can
also be extracted from DNA metabarcoding data in the form of hypothetically error-free
sequences, called Exact Sequence Variants (ESVs) or Amplicon Sequence Variants (ASVs,
sensu Callahan, McMurdie and Holmes, 2017), as surrogates for haplotypes (Callahan et al.,
2016; Edgar, 2016; Elbrecht et al., 2019; Andujar et al., 2021). ASV is a single inferred DNA
sequence obtained from marker gene analysis that is generated by filtering out PCR and
sequencing errors. They allow for precise identification of sequence variations due to
individual nucleotide changes (Callahan et al., 2017). Analyzing of species intraspecific
genetic variability remains challenging from DNA metabarcoding data, but recent
improvements to denoise barcoding datasets (e.g., Edgar, 2016; Callahan et al., 2016) and
evaluating the prevalence of sequencing errors and coamplified pseudogenes (Andujar et al.,
2021) raise the possibility of performing read-based haplotype-level analyzes with
metabarcoding data from the mitochondrial COl community, which represents a radical
change for the study of animal diversity patterns through genetic analysis of the entire
community at different scales and biomes (Andujar et al., 2017; Arribas et al., 2020). The
method is still in its infancy and few studies have evaluated the genetic component using

haplotypes (Elbrecht et al., 2018; Tsuji et al., 2020; Turon et al., 2020; Zizka, Weiss and
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Leese, 2020; Arribas et al., 2020; Gélvez-Reyes et al., 2021; Noguerales et al., 2021).
Nonetheless, there are already a plethora of methodological options and applications that
need to be considered to avoid generating faulty data (Liu et al., 2020; Bohmann et al., 2021;
Creedy et al., 2022).

Therefore, the focus of this review is to provide guidelines for using DNA
metabarcoding to assess biodiversity status from haplotypes to higher taxonomic ranks. We
focus on arthropods because they constitute the most diverse and abundant biological group,
making them ideal for monitoring at both fine and large spatial scales (Gaspar, Gaston and
Borges, 2010; Basset et al., 2012). Here, we first summarize key concepts and gaps in
biodiversity monitoring. Second, we justify why arthropod communities are meaningful in
answering the relevant questions for monitoring using molecular based methods. Third, we
describe the current status quo and main methodological considerations for bulk DNA
metabarcoding of arthropod communities. Fourth, we conclude by reviewing current
advances, applications, and future possibilities of DNA metabarcoding particularly using
ASV-based approaches and other individuals-free sampling methods. Finally, we included
supplemental material about Ecological statistics based on ASV-based data and DNA

metabarcoding.

1. Key concepts of molecular-based biodiversity monitoring

Monitoring is a systematic approach using living organisms to assess ecosystem conditions
and environmental changes (Li, Zheng and Liu, 2010). This method involves observing the
effects of external factors on ecosystems over a long time period to identify patterns in biotic
attributes and their causes (Markert et al., 1999; Buss et al., 2014). Successful monitoring

requires measuring taxonomic diversity among sensitive to environmental disturbances, and
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requires specialized taxonomic knowledge (Hajibabaei et al., 2016). Biodiversity surveys
track changes in indicator species’ distribution and presence, studying population
distributions over time and space (Niemeld, 2000; Baird and Hajibabaei, 2012; Calvignac-
Spencer et al., 2013).

On the other hand, monitoring global ecosystems for biodiversity is challenging with
traditional methods for recording and identifying organisms (Baird and Hajibabaei, 2012).
To address this, various ecological indicators have been developed as alternatives to quantify
biodiversity (Barsoum et al., 2019). These indicators include flag species, umbrella species,
structural indicators, and composition indicators, which offer insights into habitat changes
and progress (Noss, 1999). Additionally, subsets of the total community based on ecological
guild (Roslin, 2001), and biological communities (Vellend, 2010; Stroud et al., 2015) have
been proposed as valuable indicators for assessing biodiversity.

A community consists of a collection of populations of species that coexist in an
environment, interacting with each other usually in reciprocal ways and forming a
hierarchical structure, trophic relationships, and functionality (Fauth et al., 1996; Vellend,
2010; Stroud et al., 2015). The community parameters are species richness, diversity,
dominance, and specific interactions are emergent attributes used to measure species
parameters in a given area (Morin, 1999; Chao and Jost, 2012). Biodiversity’s significance
lies in its impact on the community’s composition, structure and functionality, reflecting the
evolutionary history of a limited space (Whittaker, 1975). For instance, woodland arthropod
species assemblages can be very due to environmental factors, such as forest stands
composition (Barsoum et al., 2019).

Comprehensive assessment of biodiversity involving multispecies associations,

functional dynamics, and environmental changes are challenging due to difficulties in
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identifying many species (Baird and Hajibabaei, 2012; Hajibabaei et al., 2016) and the need
high quality and high-resolution survey data (Butchart et al., 2010; Bourlat et al., 2013; Bush
et al., 2020).

Multispecies associations and functional dynamics in space and time, linked to
environmental changes, have provided the most comprehensive assessment of biodiversity.
However, these analyses are limited by the difficulty of identifying many species due to
taxonomic identification challenges that may arise due to a variety of factors, including
taxonomic ambiguity, morphological variation, cryptic species, and incomplete taxonomic
knowledge (Baird and Hajibabaei, 2012; Hajibabaei et al., 2016), additionally, the vast
community diversity, lack of resources (e.g., funding to support taxonomists' expertise), and
increasing costs in terms of time and money (Yu et al., 2012; Creer et al., 2016). Also, high-
quality, high-resolution large-scale survey data is essential for accurately detecting changes
in ecosystem health, these attributes data are collected under rigorous protocols with
accurate, precise, and free from errors or bias at a fine level, involving measurements taken
at closely spaced intervals in time and space (Butchart et al., 2010; Bourlat et al., 2013; Bush
et al., 2020).

Monitoring approaches have evolved to address these challenges, Biomonitoring-1.0
initially relied on diagnostic indicators and direct biotic measurements but faced limitations
in identifying organisms (Baird and Hajibabaei, 2012). It operated locally over extended
periods, generating low-taxonomic-resolution data and binary outcomes (e.g.,
affected/unaffected), relying on specialized taxonomists (Baird and Hajibabaei, 2012;
Woodward, Gray and Baird, 2013). To enhance information gathering, biomonitoring-1.5

involves the generation of large network databases that incorporate species lists,
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biogeography, geomatics, functional traits, and species interactions enabling a more
comprehensive diagnosis beyond presence/absence (Woodward, Gray and Baird, 2013).

In recent years, biomonitoring-2.0, a recent development in ecological monitoring,
utilizes DNA metabarcoding techniques to significantly enhance the scalability and species
identification capabilities of conventional monitoring (Baird and Hajibabaei, 2012;
Woodward, Gray and Baird, 2013). This method employs high-throughput DNA/RNA
sequencing and molecular-based approaches to identify numerous eukaryotic species in an
ecosystem from a single bulk-sample, offering a more comprehensive assessment of
biodiversity of the entire community (Taberlet et al., 2012; Yu et al., 2012; Ji et al., 2013).
Additionally, it incorporates ecological trophic networks, genomics, and high-performance
computing for 'big data' analysis in large-scale monitoring efforts (Woodward, Gray and

Baird, 2013).

2. Unveiling the role of arthropod communities in monitoring

Arthropoda is highly regarded for their vast species diversity and abundance of taxa, with far
more species than any other phylum (@degaard, 2000; Budd and Telford, 2009). This phylum
comprises approximately 1,300,000 described species, divided into four subphylum groups:
Chelicerata (115,992 species), Myriapoda (12,010 species), Hexapoda (1,080,760 species),
and Crustacea (73,141 species) (@degaard, 2000; Budd and Telford, 2009; Zhang, 2013).
Arthropods are valuable for monitoring, serving as indicators of biological community health
and richness of other taxa due to their local abundance, diversity, and ease of bulk-sampling.
They possess various dispersal abilities, body sizes, short generation times, high reproduction
rates, colonization history, and variable distribution ranges (Gaspar, Gaston and Borges,

2010; Samways, McGeoch and New, 2010). Moreover, arthropods are ecologically
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significant, contributing to ecosystem services and serving as conservation status indicators
(Obrist and Duelli, 2010; Samways, McGeoch and New, 2010; Anderson et al., 2011).
Arthropods play important ecological roles due to their enormous abundance and functional
importance (e.g., pollinators, predators and herbivore, detritivores, seed dispersers,
ecosystem engineers, parasites, parasitoids, and bioindicators), exhibiting diverse responses
to the environmental factor (Smith et al., 2008; Spence et al., 2008). For instance,
Lepidoptera richness and abundance indicates young forests ecosystems (Skérka, Settele and
Woyciechowski, 2007), while Carabids (Coleoptera: Carabidae) and Syrphids (Diptera:
Syrphidae) reflect invertebrate diversity and respond differently to field layer cover
(Humphrey et al., 1999; Koivula, 2011; Pawson et al., 2011). Araneae diversity increases in
maturing forests (Smith et al., 2008).

Furthermore, it is widely assumed that a physically complex habitat provides a greater
number of ecological niches and, therefore, greater species richness (Stein et al., 2013). The
co-evolutionary relationship between plants and insects has led to a great diversity of plant
and insect species that continues to exist today (Lindenmayer, Franklin and Fischer, 2006;
Wheat et al., 2007). As a result, there is a positive correlation between arthropod diversity
and plant diversity, supporting global estimates of arthropod species based on plant diversity
(Stork et al., 2015; Zhang et al., 2016). This relationship can be leveraged through surrogate
taxa, representing biodiversity patterns across different environments (Barsoum et al. 2019).
Arthropod richness and community composition serve as indicators of forest degradation and
recovery (Ji et al., 2013). Plant diversity influences insect diversity through herbivory,
pollination, and habitat (Haddad et al., 2009; Zhang et al., 2016), enabling the use of
arthropods as measures of community diversity in monitoring, as substitutes for plant

communities (and vice versa), for improved biodiversity conservation (Castagneyrol and
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Jactel, 2012). Finally, arthropods are advantageous for ASV-based studies because their
small size and local abundance allow for meaningful haplotype-level diversity measurement,
as shown in studies by Arribas et al. (2020), Gélvez-Reyes et al. (2021), and Noguerales et

al. (2021).

3. Methodological considerations of bulk DNA metabarcoding of arthropod

communities for ASV-based analyses

DNA metabarcoding identifies multiple species in mixed samples as community DNA or
environmental DNA (eDNA), including whole arthropod communities, through bulk (group
of many organisms) or environmental samples (e.g., water or soil) (Yu et al., 2012; Ji et al.,
2013; Elbrecht et al., 2019). Taxonomic identification can be cross-validated with whole
organism samples, enabling a comprehensive understanding of the detected biodiversity's
temporal and spatial scale (Creer et al., 2016; Deiner et al., 2017). In this discussion, we will
primarily focus on bulk samples, as they are the more commonly collected target groups in
bulk. For information on eDNA sampling, refer to Deiner et al. (2017).

The main steps in bulk DNA metabarcoding of arthropod communities for ASV-
based analyses involve: (1) Robust sampling, following a robust experimental design with a
suitable number of locations and replicates. (2) Cleaning of bulk-samples using the FFS
(Flotation-Filtration-Stereoscope) protocol separate arthropods from organic matter, and (3)
Genomic DNA extraction from the bulk samples to obtain high-quality and -quantity DNA
from small and large organisms, (4) library preparation for molecular marker identification
with carefully selecting primer and PCR condition selection to avoid biases. The libraries are
then purified, quantified, and pooled, (5) Sequencing on an appropriate platform with

subsequent bioinformatic processing for clean, demultiplex, and quality-control of reads. (6)
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Species (OTUs) identification via haplotype assignment using a reference database. Based
on this, (7) creation of a community matrix from haplotypes to higher taxonomic levels, and

(8) conducting ecological, diversity, and phylogenetic analyses (Figure 1).
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Figure 1. Main steps of bulk DNA metabarcoding of arthropod communities for ASV-

based analyses. See main text for details.

DNA metabarcoding of arthropod communities involves multiple steps with crucial
methodological considerations (Figure 1). Additionally, it is important to identify the
detection of invertebrates, affecting both their absolute and relative abundance and
addressing potential sources of error during the wet-lab stage is essential to ensure accurate
under- or overestimating community diversity (Table 1). These sources of error can
significantly impact the detection of invertebrates, affecting both their absolute and relative

abundance (Elbrecht et al., 2017). For instance, studies have shown that issues like tag-jumps
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and false attribution of amplicon sequences to samples can lead to false positives, inflating

diversity estimates, and ultimately resulting in species underestimation (Schnell, Bohmann

and Gilbert, 2015).

Table 1. Common sources of wcMBC errors.

Source of error Reasons Recommendations References
Abundance and * Specimens with low (i) Samples should be divided (Elbrecht and
biomass biomass may have low  according to body size, and (ii) an Leese, 2015;

amplification.

* Variation of

amount of DNA can be adjusted
according to the sample size before
amplification and sequencing, (iii) the

Pifiol et al., 2015;
Elbrecht, Peinert
and Leese, 2017;

composition metrics former may not be necessary with Creedy et al.,
based on abundance sufficient sequencing depth. 2019)
could be due to size or
taxon biases in the
recovery.
Primers affinity * Due to the mismatch (i) Careful primer evaluation and use of  (Pifiol et al.,

and amplification

between the universal
primer and the primer
site of each species the
amplification may
cause a bias in the final
proportion of taxa
detected.

* The concentration of
blocking
oligonucleotides could
occur if species have
sequences more similar
to target species.

* The primers could
fail during the
amplification so some
taxa could remain
undetected.

* Variations in PCR
conditions can affect
the diversity detected.

specific region/ecosystem primers), (ii)
using two pairs of primers with
different sizes, allows the recovery
different specimens, (iii) an increase in
the alignment temperature increases the
specificity of the primer, however, there
is a trade-off in the recovery of species,
(iv) in silico proof of concept and mock
community testing of newly developed
primers or primers from the literature
against the specific taxa of interest, (v)
use the same primers, hybridization
temperature and PCR cycle number
across different samples and runs.

2015; Elbrecht
and Leese, 2017a;
Krehenwinkel,
Kennedy, et al.,
2018)

DNA quality

* Degraded DNA
produces short
fragments leading to
amplification and
sequencing biases.

(i) Keep samples in good storage
conditions and use ethanol-based
preservation methods, (ii) separate
target organisms from remains before
extraction, (iii) compare results against
mock communities containing various

(Steinet al.,
2013; Elbrecht
and Leese, 2017a;
Krehenwinkel et
al., 2017;
Krehenwinkel,
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* PCR is negatively known arthropods species. Fong, et al.,
affected by the 2018)
inhibitors, which may
be present especially if
DNA is extracted
together with remains
(leaves, gravel, mud,
etc.)
tag-jumping * During the labeling (i) Using matching tags, (ii) using (Schnell,
of the library by short  double dual tagging, (iii) performing Bohmann and
PCR cycles, sometimes  PCR replicates of the same sample (i.e.,  Gilbert, 2015;

sequences with
different label
combinations
(artefacts) are
generated ("tag-
jumping"). This
produces false labels
that artificially inflate
diversity.

three reactions of PCR per sample), (iv)
handling labeled amplicons,
incorporating negative controls into the
process and sequence a subset, and (v)
using unique tags per library.

Krehenwinkel,
Kennedy, et al.,
2018)

label design or

There is a trade-off

(i) Bases of the labels must be balanced

(Krueger,

index design between label length in all positions, (ii) large labelsare not ~ Andrews and
and amplification recommended, (iii) labels with different  Osborne, 2011,
efficiency. lengths can be used to increase the Coissac, Riaz and
complexity at each base position inthe  Puillandre, 2012;
sequence length. Schnell,
Bohmann and
Gilbert, 2015)
Cross- Cross-contamination (i) Sorting sample by specimen biomass (Elbrecht et al.,

contamination

can occur when
handling samples,
especially during
cleaning and size
selection.

only if specimens vary in several
magnitudes, (ii) washing equipment
between each sample with bleach,
soapy water, distilled water, ethanol,
and UV light or fire, eliminating
RNases and DNases. (iii) if plastic bags
or vials are not purchased sterile, they
can be decontaminated by UV exposure
(30 min), bleach washing, or
autoclaving, (iv) include several
negative controls and at least one or
two positive controls, at the fieldwork
and lab stages (V) if detected reads map
to ASVs in the negative controls, you
can exclude them from further analysis.

2017, 2019;
Dickie et al.,
2018; Erdozain et
al., 2019; Liu et
al., 2020; Galvez-
Reyes et al.,
2021; van der
Loos and Nijland,
2021; Holman,
Chng and Rius,
2022)

3.1 The sampling design and methods (either from individuals or from the different parts of

the environment) for monitoring studies is crucial, involving considerations such as the

research question, sampling area representativeness, statistical replication, the model used,
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and data interpretations. However, these studies often face limitations due to the effort
required to consider multiple taxa, which can vary depending on the habitat and research
method (Mueller and Geist, 2016). These limitations can create a bottleneck, as the effort,
time, and cost-effectiveness of operations can vary depending on the habitat and research
method used (Hajibabaei et al., 2016). To ensure robustness, a well-designed study should
include an adequate number of sites with proper statistical replication and collect metadata
like climatic variables, soil pH, temperature, salinity, humidity, and organic matter content
(Creer etal., 2016). A well-designed study is essential to obtain data from diverse taxonomic
groups that coexist in space and time (Schmeller et al., 2015; Mueller and Geist, 2016).
Nested stratified-random sampling design, which standardizes spatial and temporal sampling
with statistical replications, can be an effective approach, but the sampling unit's extent
should align with management site scales (Mueller and Geist, 2016). Therefore, it is
beneficial to cover the area of interest with a greater number of spatial and temporal statistical
replications in a stratified and randomized manner (Schmeller et al., 2015).

The choice of sampling design in biodiversity studies is influenced by factors such as
spatial scale, research objectives, and area size. For instance, in complex or disturbed
habitats, a one-hectare site may pose logistical challenges (Emerson et al., 2017). Smaller-
scale sampling scenarios, like 0.25-hectare quadrants (50x50 m) distributed based on
topography and logistical feasibility, have been employed (Zhang et al., 2016; Emerson et
al., 2017). In areas with varying land use, such as forests and plantations, 1x1 m quadrants
every 10 m with litter collection can be useful (Beng et al., 2016). Additionally, collecting
macroinvertebrates in small sampling points with an area of 0.45 m? has been implemented
(Elbrecht, Peinert and Leese, 2017). For larger sampling scales, block designs of 100x100 m

with stratified random sampling, considering different habitat types, have been employed
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(Zhang et al., 2016). In extensive landscapes, sites with quadrants of 500x500 m, divided
into 16 area units of 100x100 m, have been utilized (Yang et al., 2014). Representative
sampling strategies often involve a standardized design covering 0.25 hectares (50x50 m)
and employing various collection techniques like vacuum canisters, beating trays, pitfall
traps, Winkler traps, and Malaise traps to enhance species richness, cryptic species, and
ecological complexity (Emerson et al., 2017).

Various sampling methods are used to ensure adequate coverage of arthropod
diversity or targeted arthropods of interest (e.g., pollinators). Common methods used in DNA
metabarcoding studies of arthropods include Malaise traps for flying insects (Yu et al., 2012;
Jietal., 2013; Gibson et al., 2014; Yang et al., 2014; Brandon-Mong et al., 2015; Shokralla
et al., 2015), leaf litter sampling (Yang et al., 2014; Beng et al., 2016), Winkler traps for
insects in leaf litter (Yang et al., 2014), pitfall traps for ground-dwelling arthropods (Ji et al.,
2013; Pedro et al., 2017; Galvez-Reyes et al., 2021), and light traps for nocturnal insects
(Zhou et al., 2013). Malaise traps are especially effective for flying insects such as
Hymenoptera, Diptera, Lepidoptera, Neuroptera, Hemiptera and Coleoptera using an
intercept mesh and an ethanol container. Winkler traps collect insects from leaf litter, while
pitfall traps are suitable for ants, Coleoptera, and wingless micro-Hymenoptera from the soil
surface. Specimens are preserved in 70% ethanol with glycerin to prevent ethanol
evaporation and to attract insects. Light traps are suitable for night-active insects, while
Malaise traps are used in DNA metabarcoding studies even under non-optimal storage
conditions, such as two- and four-week degradation experiments (Krehenwinkel, Fong, et
al., 2018). Pitfall traps are cost-effective for terrestrial arthropods, suitable for extended
deployment in various landscapes (Pedro et al., 2017) and forests (Drummond et al., 2015;

Uscanga et al., 2021). Malaise traps efficiently capture aerial arthropods, while pitfall traps
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are effective for ground-dwelling species with limited mobility (de Kerdrel et al., 2020).
Although, the use of Malaise traps can affect the species richness and composition of bulk
samples of terrestrial arthropods (Steinke et al., 2021). These traps capture a diverse range
of arthropods, and they are highly complementary, as they sample non-overlapping
assemblages of arthropods. Combining Malaise and pitfall traps is common in DNA
metabarcoding studies, as they capture distinct arthropod assemblages (Watts et al., 2019).
These methods are well-established for generating biodiversity data. For example, in alpine
grasslands and forests at high altitudes, pitfall traps exhibited greater richness due to their
longer field deployment duration (approximately 15 days) compared to other traps (Figure

4a; see Supplementary Material 1 for details).

3.2 Bulk-sample cleaning. The cleanup of the sample can be conducted using various

methods, including decantation, individual extraction with surveillance forceps, sieving with
a strainer, and filtering with filter paper. These methods optimize the timing and separation
of arthropods from organic matter such as roots, litter, and soil debris. They also prevent
DNA contamination and PCR inhibitors (Table 1). In our experience (Figure 2), the filtration
method has shown the shortest processing time (2 hours per two samples) and highest
processing quality. This method involves placing a 20x20 cm filter paper box inside a funnel
in a 1-liter beaker, as described by Galvez-Reyes et al. (2021). The filtration method
facilitates the flotation of small organisms in a liquid medium, which can then be decanted,
leaving the arthropods on the filter paper. Next, water is added to the sediment and mixed for
15 seconds before being left to rest for 10 minutes to allow the supernatant to decant. Finally,
the filter paper is examined under a stereoscope to capture the arthropods using a clock clamp

(Figure 2). Large individuals are placed in Falcon tubes with 70% ethanol, while small
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individuals are placed in 2.0 ml microtubes. An alternative method for cleaning microfauna
samples from soil is the flotation-Berlese-flotation (FBF) method, as described by Arribas et

al. (2016).

15m
—
o0 0 ©

Arthropod size*

Small arthropods (<=3 mm) body entire kept.
Large-arthropods (=15 mm) a leg was kept.

Medium-sized-arthropods (=3 mm and <=15 mm) the head and thorax for kept.

Figure 2. Sampling and Flotation-Filtration-Stereoscope (FFS) method for cleaning
arthropod bulk-samples, modified from Galvez-Reyes et al. (2021). Bulk-samples were
collected from an Abies religiosa forest. The protocols involve several steps: (a) Setting up
20 pitfall-traps for each block site (15 x 20 m) with 200 ml (alcohol 70% + glycerin 15 ml
solution). After collecting pitfall traps, bulk-samples were processed following an FFS
protocol that allows for the ‘clean’ extraction of arthropods. The FFS protocol is based on
arthropods flotation in water, filtration process and observation in the stereoscope. (b)
Flotation and filtration steps to separate arthropods and organic matter. (c) Observation and
capture of small arthropods (<=3 mm) with a small clamp. (d) Segmentation of samples by
size, for large-arthropods (>15 mm) only a leg was kept, and the head and thorax for medium-
sized-arthropods (>3 mm and <=15 mm). (e) Additional water flotation of the sediment
portion is placed using 400 ml of water, mixing for 15 seconds, and allowing it to stand for

3 minutes. This step was done two times, depending on the sample’s level of dirtiness. (g)
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Decanting and observing in a stereoscope for capturing small specimens, and finally,
preservation in ethanol, resulting in clean bulk-sample of specimens ready for DNA

extraction.

Bulk samples may contain taxa with varying biomass, which can pose challenges for
DNA metabarcoding analyses. Specimens with large body sizes can contribute to a
qualitative and quantitative bias in the DNA sample, leading data set, while small samples
may remain undetected (Elbrecht and Leese, 2015; Elbrecht et al., 2017; Creedy et al., 2019).
The biomass-to-body size ratio can also have a negative impact on DNA metabarcoding
approaches (Table 1). To ensure consistency in DNA extractions, it is important to separate
samples by size so that the amount of tissue (biomass) used is similar. Macroinvertebrates
can be classified into three size classes based on body size (<2.5 x 5, 5 x 10, and up to 10 x
20 mm). However, it has been shown that this approach can lead to bias in the abundance
estimates in favor of specimens with higher biomass, while small and less abundant taxa may
remain undetected. In fact, on average, about 30% fewer taxa are detected in unclassified
samples (Elbrecht et al., 2017). In our experience, we used three size categories for
arthropods (Galvez-Reyes et al., 2021): entire body for small arthropods (Drosophila
melanogaster <=3 mm), the head and thorax for medium-sized arthropods (adult Apis
mellifera >3 mm and <=15 mm), and only one leg was kept for large arthropods (adult
grasshopper >15 mm, as detailed in Figure 2 and Supplementary Materials 2. Recently, Lim
(Lim et al., 2022) sorted samples into four body size categories (0-2 mm, 2-4 mm, 4-7 mm,
and >7 mm). While sorting by size can increase resolution and potential cost savings, it
should be acknowledged that sorting can be time-consuming and may lead to cross-

contamination between samples, particularly when sorting rare and small specimens
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(Elbrecht et al., 2017). However, there are methods available to avoid cross-contamination,

as listed in Table 1.

3.3 DNA extractions and primer selection. For bulk-samples, the best method is to use

electrical homogenizers with ceramic and/or platinum beads (such as TissueLyser and
FastPrep-24) along with the Qiagen DNeasy Blood & tissue Kit. The weight of the tissue in
the bulk-sample can range from 52 mg to 1000 mg, as reported in previous studies (Yang et
al., 2014; Pifiol et al., 2015; Barsoum et al., 2019). In an experiment conducted by us, we
tested two homogenization methods (liquid nitrogen and TissueLyser) and two lysis buffers
(ATL and BSA) with 500 mg of bulk-sample. Our results showed that the quality and
quantity of DNA improved when we macerated the sample with BSA buffer 1x and an
electric homogenizer (Qiagen TissueLyser I1: two times for 1 min at 30 Hz and 30 s at 30
Hz) using platinum beads, and after adding ATL digestion buffer of the Qiagen DNeasy
Blood & Tissue Kit (Galvez-Reyes et al., 2021). The BSA buffer likely prevents degradation
of the sample, while the maceration process allows for minimal manipulation, reducing the
risk of cross-contamination between samples. Additionally, one study showed that DNA
extractions performed with TissueLyser recovered six more samples (2.31%) than those
using liquid nitrogen (Elbrecht and Leese, 2015).

The successful of DNA metabarcoding relies on selecting appropriate DNA markers,
balancing the ability to distinguish taxa with the availability of reference sequences and base
degeneracy (Deagle et al., 2014; Elbrecht and Leese, 2017; Liu et al., 2020). Marker loci like
16S ribosomal RNA (16S) for bacteria, Internal Transcribed Spacer 1 (ITS1) and Internal
Transcribed Spacer 2 (ITS2) for fungi, Maturase K (matK) and Ribulose-1,5-bisphosphate

carboxylase (rbcL) for plants, 12S ribosomal RNA (12S) for fish and vertebrates, 18S
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ribosomal RNAs (18S) for eukaryotes, diatoms, and protozoa, and Cytochrome ¢ oxidase
subunit 1 (COI) for eukaryotes, and metazoa are chosen based on their taxonomic
identification potential (Tringe and Hugenholtz, 2008; Creer et al., 2010; Gibson et al., 2014;
Porter and Hajibabaei, 2022). Different loci’s recovery success aids in consistency tests and
species detection (Evans, Gilbert and Port, 2017). Using multiple loci (e.g., 16S and 18S
ribosomal gene regions) allows detection of microbe species on terrestrial arthropods
(Gibson et al., 2014). Markers can be used together to analyze mixed tissues for plants or
fungi on arthropods (Gibson et al., 2014). Employing various primer sets from a single
sample has multiple applications (Gibson et al., 2014). Primer design depends on the study’s
taxonomic groups focus and the need for broad (multiple phyla) or narrow taxonomic (single
order) coverage to test study-specific hypotheses. (Deiner et al., 2017). Also, the success of
different primer is determined by the amplicon size because there may be a trade-off in
detection with amplicon size influencing detection. Short fragments are more likely to
amplify, especially in eDNA, whereas longer fragments should provide better taxonomic
resolution (Deiner et al., 2017; Elbrecht et al., 2019; Liu et al., 2020). Longer amplicons also
capture more genetic variability when generating ESVs or ASVs as a surrogate for haplotypes
(Callahan et al., 2016; Edgar, 2016; Elbrecht et al., 2019; Andujar et al., 2021). Markers
should balance conserved primer-binding sites for broad taxonomic coverage and variable
sequences for species identification (Liu et al., 2020). Degenerate bases can enhance primer
coverage for non-conserved sites, benefiting taxonomic recovery (Ji et al., 2013; Clarke et
al., 2017; Elbrecht and Leese, 2017). While primer performance prediction is challenging,
degenerate primers can amplify diverse taxa (Creer et al., 2016; Krehenwinkel et al., 2017,

Andujar et al., 2017). Their use improves taxonomic coverage and quantitative recovery of
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species diversity (Leray et al., 2013; Elbrecht and Leese, 2017; Krehenwinkel et al., 2017),
enhancing primer universality (Krehenwinkel et al., 2017; Elbrecht et al., 2019).

Using multiple gene marker suites (multi-barcode approach) is recommended to
enhance taxonomic coverage, resolution, and reduce false negatives (Deagle et al., 2014;
Creer et al., 2016). Replicates are employed to mitigate tag switching and exclude false
taxonomic assignments (Lange et al., 2015), but they can be influenced by stochastic effects
due to low DNA yield (Elbrecht et al., 2019). Taxonomic bias from PCR primer choice has
raised concerns about marker utility (Taberlet et al., 2012; Deagle et al., 2014). However,
employing multiple primer sets for the same gene region or alternative markers doesn’t
significantly improve species detection (Elbrecht et al., 2019). The multi-barcode approach
comes with drawbacks, including increased costs for primers, sequencing, labor, and
expanding reference databases (Creer et al., 2016).

The cytochrome oxidase I (COIl) locus is a valuable tool for animal identification
(Anduajar, Arribas, Yu, et al., 2018), offering highly variability gene for distinguishing
species, making it useful for various applications like prey detection, invasive species, cryptic
species revelation, and new species discovery (Bucklin, Steinke and Blanco-Bercial, 2011;
Krehenwinkel et al., 2017). Unlike other DNA barcoding genes (such as 18S, 16S, 12S, and
ITS), COl codes for a protein, with specific sequencing requirements facilitating
bioinformatics analysis (Anddjar, Arribas, Yu, et al., 2018; Andujar et al., 2021). COI can
detect a substantial proportion of species in a bulk-sample of terrestrial arthropods (Gibson
etal., 2014). It has been widely used as a standard in whole-community DNA metabarcoding,
with available validated primers (Elbrecht et al., 2019). Multiple COI primer sets have been
explored, demonstrating their effectiveness (Alberdi et al., 2018; Zhang et al., 2018;

Hajibabaei et al., 2019; Elbrecht and Leese, 2017; Braukmann et al., 2019). Degenerate
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primers for COIl subregions have improved Metazoa DNA metabarcoding (Leray et al., 2013;
Arribas et al., 2016; Beng et al., 2016; Anddjar, Arribas, Yu, et al., 2018), enhancing the
utility, resolution, and reliability of metabarcoding data (Yu et al., 2012; Ji et al., 2013; Turon
et al., 2020; Arribas et al., 2020). COI primers find extensive use in DNA metabarcoding
(Table S1).

Primer success on base degeneracy and available reference data (Elbrecht and Leese,
2017). High degeneracy of primer insect taxa amplification but requires careful evaluation
against reference data due to design flaws (Elbrecht and Leese, 2017). Arribas et al. (2016)
achieved resolution in beetles, mites, and Collembola with COI primers from Yu et al. (2012)
though they faced a 150 bp gap issue with MiSeq Illumina (2x300). Arribas et al. (2020)
resolved this by overlapping R1 and R2 and proposed using Fold-degen-R (Yu et al., 2012)

and the BF (Shokralla et al., 2015) primers for a 418 bp COI with MiSeq Illumina.

3.4 Library preparation using tag by PCR. Faadrosh et al. (2014) employed a double indexing
design for the VV3-V4 hypervariable regions of the 16S rRNA gene, enabling multiplexing of
numerous samples. The use 8 bp indices on both the 5’ and 3’ end adapters, differing by 4
bp between samples, processing up to 200 bulk-samples on a single MiSeq lane with 20 and
10 adapters for the 5' (index 5') and 3' (index 3") ends, respectively. Fadrosh et al. (2014)
grouped 371 microbial samples based on their 16S sequences and performed taxonomic
classification.

However, before adapter preparation, it's essential to consider potential drawbacks,
including degenerate primers (Yu et al., 2012), optimal barcode selection, and the risk of tag-
jumping in single PCR library preparations (Schnell, Bohmann and Gilbert, 2015). To

address these concerns, Arribas et al. (2016) recommended the use of dual labeling to
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maximize unique labels per library. Additionally, it is advisable to employ primers with high-
performance liquid chromatography (HPLC) purification to mitigate issues (Arribas et al.,
2016). HPLC is a chromatographic technique for molecule purification utilizing columns
with 3 to 10-micron particles. Furthermore, Arribas et al. (2016, 2020) suggested
implementing the double dual tagging method using the XT Illumina adapter kit in library

preparation.

3.5 Sequencing, bioinformatic methods and reference databases. Coverage results in DNA

metabarcoding can be influenced by sample biomass size and may reflect the sample
diversity. For instance, Arribas et al. (2016) sequenced 96 DNA metabarcoding libraries per
lane as their samples were diverse. To optimize sequencing, biomass homogenization is
crucial (Elbrecht et al., 2017; Ji et al., 2013; Yang et al., 2014). To estimate bulk sample
numbers for a MiSeq lane, consider sufficient COIl sequence coverage per arthropod. For
example, MiSeq can process 25 million reads, allowing up to 250 bulk-samples can be placed
in a single lane. Shokralla et al. (2015) reported obtaining a sequencing coverage of
10,480,349 reads for a bulk sample comprising 1,010 individuals, while Liu et al. (2013)
obtained 4,258,353 reads for a bulk sample comprising 795 individuals and 6,246,714 reads
for a bulk sample comprising 316 individuals. Tag jumping can introduce errors, but double-
indexing adapters mitigate this issue (Kircher, Sawyer and Meyer, 2012), enabling
sequencing of up to 96 samples per Illumina MiSeq Lane (Figure 3, Illumina Nextera XT
with dual tagging from COI amplification).

The diverse applications of sequencing platforms in arthropod biodiversity studies
involve selecting the most suitable platform based on research goals and constraints (Singer

et al., 2019). For scalability and accuracy, Illumina Novaseq is a preferred choice, as
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demonstrated by Hebert et al. (2018). Johnson et al. (2023) successfully applied Illumina
technology for environmental DNA metabarcoding in arthropod analysis. Oxford Nanopore
MinlON, known for portability and long-read sequencing, was used by Baloglu et al. (2021)
and Davidov et al. (2020) in arthropod research and environmental studies, respectively,
showcasing its versatility. MinlON was also compared with Illumina by Lemoinne et al.
(2023), revealing its ability to elucidate finer community structures. PacBio, another
platform, excels in accurate identification, as indicated by Loit et al. (2019) and Gueidan et
al. (2019) in the context of fungal pathogens and lichen herbarium specimens. Comparative
analysis by Anslan et al. (2021) suggested that different Illumina platforms, including
Novaseq, yield consistent results. Additionally, nanopore metabarcoding, as demonstrated
by Chang et al. (2023), offers accurate consensus barcodes with fewer indels, making

MinlON a promising option for arthropod research.
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Figure 3. Library preparation of bulk-samples using lHlumina MiSeq sequencing with

Nextera XT adapters dual double tagging involved the following steps. (a) PCR
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amplification of the COI region (PCR1): three times for each bulk-sample, using primers
from the COI region with overhang adapters. (b) Pooling and purification of PCR products
using Ampure XP beads (PCR clean-up). (c) Indexing of libraries via a second PCR (PCR2)
with Nextera XT kit primers. (d) Another purification step using magnetic beads from the
pool with Ampure XP. (e) Quantification, normalization, and library pooling, and finally. (f)

Sequencing on the lllumina MiSeq platform (2x300 bp).

In an experimental validation of our recommendations were tested in a proof-of-
concept experiment that involved assessing PCR bias, ligation, and sequencing. We
minimized bias through various techniques including sample processing, cleanups, tissue size
separation, replicates, and sequence filtering (refer to Figure 4bc and Supplementary
Materials 2). Our results on diversity soup, which combine large and small specimens with
different barcodes showed no significant differences in richness and compositions shown
within the pools. This suggests that pools can be generated from the samples if the pooling
is done up to the sequencing step. Although large (L) and small (S) specimen soups tended
to have fewer ASVs, the difference with the combined pool (L+S) was not significant (refer

to Figure 4bc and Supplementary Materials 2).
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Figure 4. Arthropods richness using various sampling traps and assessed the impact of
tissue size selection during DNA extraction on alpha and beta diversity. For sampling
and methodological details see Supporting Material 1 and 2. a) Richness at 3% lineages level
(similar to “species” level) across different sampling traps (S=Soapy-water, P=Pitfall traps,
B=Beating tray, and W=Winkler traps). Same letters indicate that there are no significant
differences among trap types. Significance codes *:p<0.05, ns: non-significant. b) Diptera
and Hymenoptera richness at the 3% lineages level categorized by tissue sizes (L=large
specimens, S=small specimens, and L+S=Soup of large and small specimens pooled together
after DNA extraction). ¢) Non-Metric Multidimensional scaling (NMDS) ordinations

showing community similarity (Simpson index, Bsim) at 3% lineages level for Diptera and
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Hymenoptera groups. Blue=large specimens, yellow=small specimens, and light-blue=Pool
of large and small specimens. ns=non-significant differences of community structure

estimated with ANOSIM.

Bioinformatic methods in DNA metabarcoding used in pipelines for biodiversity
analysis involve multiple stages, including quality assessment, primer removal, pair merging,
size filtering, denoising and dereplication. Subsequently, sequences are clustered into
Operational Taxonomic Units (OTUs), independently for each library. Quality control steps
involve filtering steps that are tailored to the specific experimental design and ecological
question (Elbrecht et al., 2018; Zinger et al., 2019). However, recent pipelines, such as those
described by Callahan et al. (2017), enable the generation of data at the haplotype level,
referred to as Amplicon Sequence Variants (ASVs). Now DNA sequences can be analyzed
without the need for OTU clustering (Edgar, 2016; Callahan, McMurdie and Holmes, 2017).
Once an ASV matrix is generated, downstream analysis is conducted to address ecological
inquiries and estimate biodiversity indices for ecosystem conservation purposes.

The identification of lineages based on various genetic similarity thresholds for
OTUS clustering was proposed by Arribas et al. (2020). This approach encompasses quality
checking, primer removal, pair merging, quality filtering, denoising, and independent library
clustering. Raw reads underwent initial quality assessment using fastqc. Primers were
trimmed, and then the reads were subsequently processed using trimmomatic-0.36 (Bolger,
Lohse and Usadel, 2014) to remove low-quality bases at the end of the reads below a
specified threshold. Paired-end reads were searched using pairfg-0.17 (Staton, 2019) and
overlapping paired-end reads (R1 and R2) were merged with usearch-9.2 (Edgar, 2013).

Denoising of resulting reads generated ASVs, capable of discerning haplotypes. ASVs are
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instrumental for species grouping based on DNA sequences, recognizing biological and
environmental variations, and elucidating ecological patterns (Callahan, McMurdie and
Holmes, 2017).

ASVs are amplified from genes that may also contain spurious sequences and nuclear
mitochondrial DNA (NUMT)-driven taxonomic inflation, necessitating the filtering of such
sequences (Elbrecht et al., 2018; Arribas et al., 2020). The removal of non-authentic ASVs
requires the use of optimized filtering based on metaMATE software (Andujar et al., 2021).
For DNA metabarcoding studies to ensure quality and reproducibility, it is advisable to apply
common filtering approaches, including quality, length, chimera, translation, frequency
filtering, and denoising (Creedy et al., 2022). A recent review by Creedy et al. (2022) on
bioinformatic approaches in metabarcoding have shown a lack of harmonization, and high
heterogeneity across pipelines, tasks, and tools, as well as limited adaptation of bioinformatic
procedures to the COI fragment's characteristics. To ensure appropriate, comprehensive, and
comparable bioinformatic analyses it is recommended to follow the standards and
recommendations proposed by Creedy et al. (2022).

A reference database consists of DNA barcodes from well-curated morphological
specimens, with DNA-barcodes being short sequences from mitochondria or chloroplast
DNA that identify species (Hebert et al., 2003; Ratnasingham and Hebert, 2007). To create
reference databases primarily use male adult specimens for their accuracy (Elbrecht and
Leese, 2017; Liu et al., 2020) and play a crucial role in linking DNA sequences with
taxonomic identities by associating them to physical reference collections (Liu et al., 2020;
Cuff et al., 2021). The completeness of these databases is vital for resolution taxonomic
assignments (Gibson et al., 2014; Corse et al., 2019), especially as DNA-based methods

become more prevalent for monitoring animal communities (Leray et al., 2019). Accurate
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taxonomic identification depends on appropriate reference databases, which are accessible
through public databases like GenBank (Benson et al., 2014) and the Barcode of Life Data
Systems (BOLD) (Ratnasingham and Hebert, 2007). Specialized databases for DNA
metabarcoding contain millions of sequences from thousands of species, and continue to
grow (Ratnasingham and Hebert, 2007), such as those provided by Porter and Hajibabaei
(2020), Ji et al. (2013), and Magoga et al. (2022). BOLD contributes to GenBank, enhancing
the availability of public BOLD data (Porter and Hajibabaei, 2020), and combining COI

sequences from each database improves taxonomic coverage (Porter and Hajibabaei, 2020).

4. DNA metabarcoding and ASV-based approaches, status quo and future possibilities

Several studies have demonstrated the effectiveness of DNA metabarcoding in assessing
arthropod biodiversity in various ecosystems (Yu et al., 2012; Ji et al., 2013; Bush et al.,
2020). It has been evaluated using amplicon and shotgun sequencing, as well as PCR-free
whole mitochondrial genome sequencing of (Bista et al., 2018). This approach has gained
popularity in terrestrial, freshwater, and marine environments (Table S1), and has been used
to analyze arthropod diversity in various contexts, such as tropical forests (Bittleston et al.,
2016), anthropogenic-impacted sites (Ji et al., 2013; Beng et al., 2016), deep-sea sediment
(Sinniger et al., 2016), expanding grasslands (Bowser et al., 2017), Antarctic sediments
(Fonseca et al., 2017), and diet assessment in bat feces (Galan et al., 2018). Community DNA
metabarcoding can be taxonomically verified through Sanger sequencing when specimens
are preserved, unlike eDNA metabarcoding with lacks whole organisms (Creer et al., 2016;
Deiner et al., 2017). As a consequence, the difference in source material has implications for
the interpretation of biodiversity over time and space (Creer et al., 2016; Deiner et al., 2017).

Nevertheless, both community DNA and eDNA metabarcoding have successfully identifier
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biodiversity drivers and responses of multiple taxa to land-use change characterized soil
arthropod communities, profiled hyperdiverse mesofauna assemblages, and identifying
invertebrates in freshwater and terrestrial ecosystems (Wood et al., 2017; Oliverio et al.,
2018; Arribas et al., 2016, 2021; Kirse et al., 2021; Hajibabaei et al., 2011; Elbrecht and
Leese, 2017; Elbrecht et al., 2017; AndUjar et al., 2018; Ji et al., 2013).

The significance of assessing biodiversity response to environmental variations and
comparing it with taxa- and habitat-based surrogate measures has been emphasized by
Barsoum et al. (2019), Creedy et al. (2019), Wang et al. (2019), and Cai et al. (2021). These
studies also highlighted the advantages of tropical forest canopy, native forests, mixed-
species plantations over monoculture plantations, and insect biodiversity in pine plantations.
DNA metabarcoding of terrestrial arthropods may yield varying richness levels, but provides
robust beta diversity, as observed in soil arthropods (Porter et al., 2019). It has the potential
to evaluate wildflowers as a source of arthropod eDNA since arthropods leave DNA traces
on flowers (Thomsen and Sigsgaard, 2019). Additionally, DNA metabarcoding can reveal
metacommunity dynamics (Bush et al., 2020).

Regarding the new opportunities offered by ASVs-based approaches, Shum and
Palumbi (2021) suggest that ASVs-based approaches offer new opportunities to explore
intraspecific variation using haplotype data. This can provide insights beyond species-level
diversity by (i) indicating the co-occurrence of multiple individuals from the same species
when multiple intraspecific haplotypes are present within a single environmental sample, (ii)
revealing population structure and dispersal barriers through differences in intraspecific
haplotypes between samples, and (iii) estimating demographic parameters like long-term
population sizes and demographic shifts based on the distribution of haplotype differences

within a species.
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Various habitats have been studied using whole community metabarcoding and
ASVs-based approaches, including subtropical forest, temperate woodland (Ji et al., 2013),
grasslands, forests (Arribas et al., 2020), rainforest (Krehenwinkel, Fong, et al., 2018),
tropical sky-islands (Gélvez-Reyes et al., 2021), and different land-uses (Noguerales et al.,
2021). These studies targeted on diverse taxonomic groups such as Araneae, Collembola,
Myriapoda, Insecta, Nematoda, Bacteria, Fungi, and Plantae, using genetic markers like COl,
16S, 18S, ITS, and 28S. Several sequencing platforms used were with primer pairs of varying
size from 127 bp to 418 bp (see Table S1). ASVs-based approaches, employing the
metaMATE pipeline (Andujar et al., 2021) have been used to assess alpha and beta diversity
at different hierarchical levels in entire community of Acari, Collembola and Coleoptera from
temperate forests (Arribas et al., 2020), Collembola and Diptera communities in a tropical
sky-island forest (Galvez-Reyes et al., 2021), and to understand how stochastic and niche-
based processes shape structure these communities (Noguerales et al., 2021).

Recent advancements in COl DNA metabarcoding datasets have allowed for the
exploration, of intraspecific genetic diversity (Elbrecht et al., 2018; Andujar et al., 2022),
enabling the use multispecies phylogeography, also known as metaphylogeography (Turon
et al., 2020). Carefully filtering and error removal are essential for performing
metaphylogeographical analysis and obtaining ASVs (Callahan et al., 2016; Callahan,
McMurdie and Holmes, 2017; Andujar et al., 2021). Several studies have simultaneously
investigated intraspecific patterns and phylogeographic features across hundreds of species
(Elbrecht et al., 2018; Tsuji et al., 2020; Anddjar et al., 2022; Antich et al., 2023). For
example, haplotypes from DNA metabarcoding were used to examine population genetic
structure and demographic patterns in co-inhabiting kelp forest species across ecological

gradients (Shum and Palumbi, 2021). DNA metabarcoding diet analysis of vampire bats
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assessed predator population structure and a wide range of prey taxa (Bohmann et al., 2018).
Studies also evaluated the impact of environmental variables on intraspecific genetic
diversity through haplotypes (Zizka, Weiss and Leese, 2020). Despite variations in laboratory
procedures for DNA metabarcoding, general patterns were consistent between samples, as
demonstrated in an international cross-laboratory experiment (Zaiko et al., 2022). A recent
study discussed the relationship between biogeographic and phylogeographic processes in
marine environments using haplotype data (Antich et al., 2023).

The 18S rRNA gene is a valuable tool for characterizing eukaryotic soil invertebrates
in terrestrial arthropod metabarcoding. It offers comprehensive insights into soil invertebrate
fauna and their responses to environmental changes. This gene has been employed in various
studies to assess soil biodiversity and develop best practices for invertebrate biodiversity
assessment. For instance, Singh et al. (2019) used it to study tropical forest conversion to
rubber plantations, highlighting its ecological significance. Giebner et al. (2020) compared
biodiversity assessment methods, emphasizing the utility of 18S rRNA and discussing its
pros and cons relative to COIl. Kirse et al. (2021) stressed its importance in accurate
biodiversity assessments and conservation efforts. Smenderovac et al. (2022) applied 18S
rRNA metabarcoding to study wood ash effects on forest soil biotic communities in Canada,
demonstrating its value in sustainable forest management. Jorna et al. (2023) analyzed arctic
tundra soil ecosystems with 18S rRNA metabarcoding, revealing diverse communities in
challenging environments. These studies highlight the versatility and significance of 18S
rRNA metabarcoding in terrestrial arthropods and soil invertebrate research for assessing
metazoan diversity in solid substrates. The inclusion of COI and 18S sequence data gathered
from arthropod-focused sampling allows the simultaneous detection of both insect and

microbial taxa (Gibson et al., 2014). Therefore, comparison primers that target two
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frequently used genetic markers, mitochondrial cytochrome oxidase (COI) and ribosomal
18S genes can determined the utility in broad soil arthropods studies.

DNA metabarcoding holds significant potential for ecological studies, as it focuses
on the current communities (Pompanon et al., 2012; Taberlet et al., 2012; Yu et al., 2012).
While DNA metabarcoding methods are evolving, there is emerging standardization in field
and laboratory procedures (Andujar et al., 2018; Krehenwinkel, Kennedy, et al., 2018; Liu
et al., 2020; Creedy et al., 2022; Zaiko et al., 2022). Establishing a robust framework for

DNA metabarcoding-based haplotype approaches is crucial to enable effective monitoring.

4.1 Insights into Insect declines: Global trends and monitoring strategies. Recent research

has brought attention to concerning declines in insect populations (Butchart et al., 2010; Del-
Val et al., 2021), yet uncertainties persist regarding the magnitude and distribution of these
declines (Van Klink et al., 2020). Van Klink and colleagues synthesized data from 166
extensive surveys across 1,676 sites worldwide, confirming declines in terrestrial insect
populations, although not as drastic as suggested by certain earlier studies. Conversely, they
noted an overall increase in freshwater insect populations, potentially attributed to initiatives
promoting clean water and shifts in climate. Variations in trends suggest that localized factors
likely drive many population changes, presenting opportunities for targeted conservation
efforts. However, the implementation of such programs has been hindered by the time and
specialized expertise required to analyze samples from entire arthropod communities (Yu et
al., 2012). Without extensive, minimally biased data, it is challenging to evaluate which
potential drivers of long-term declines are most significant and therefore most crucial to
address (Ji et al., 2013; Van Klink et al., 2022). Thus, high-throughput sequencing (HTS)

combined with abundance measurement methods offers a pathway to practical and
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comparable long-term monitoring of communities globally (Emerson et al., 2023).
Moreover, sky-islands emerge as critical priorities for monitoring due to their relative
biodiversity value and significance as indicators of broader global change. (Uscanga et al.,
2021; Mastretta-Yanes et al., 2018). However, they are often overlooked in global
biodiversity monitoring initiatives and biodiversity indicator frameworks (Uscanga et al.,
2021). The high throughput and efficiency of HTS barcoding approaches represent a viable
long-term solution for monitoring and documenting changes within sky island arthropod
communities (Galvez-Reyes et al., 2021). Suggestions for a coordinated approach to
inventory and temporal monitoring, through spatially extensive inventories with a subset of
sites subject to temporal sampling (Arribas et al., 2020), can provide necessary baseline data
for conservation planning (Emerson et al., 2023). Range size is often used in conservation
planning, prioritizing species with small ranges and frequently declining abundances. More
sophisticated implementations of stratigraphically structured sampling and HTS barcoding
with abundance data, such as multiplex barcoding or whole-community DNA barcoding with
artificial intelligence for image recognition, also have the potential to simultaneously
contribute local species records, basic niche information (stratigraphic distribution), and local

abundance (Emerson et al., 2023).

6. Conclusions

To ensure the relevance of biodiversity data and monitoring studies, it is crucial to integrate
basic concepts and practical recommendations. The success of community metabarcoding
and ASVs-based approaches depends on the conceptual framework, the hypotheses and

research questions, the DNA extraction technique, the choice of genetic markers and primers
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for taxonomic identification, the reference databases, and the bioinformatic methods
employed. Despite the technical biases and challenges in DNA-based biodiversity analyses,
molecular data can provide approximate but comparable estimates of indices to assess
ecosystem health and provide promising avenues for monitoring and documenting changes
within sky island arthropod communities. Also, integrating haplotype level data with ASVs-
based approaches allows for testing ecological and evolutionary questions based on neutral
assumptions and evaluating the effects of environmental changes at the population level, thus
creating new opportunities for biodiversity monitoring, can offer valuable baseline data for
conservation planning. These efforts are crucial for prioritizing species with small ranges and
frequently declining abundances and addressing the broader impacts of climate change on

arthropod communities.

Glossary

Amplicons. Target of DNA/RNA that is the source or product of natural or artificial events
of amplification or replication. DNA/RNA amplicons of a selected marker are the results of
the PCR amplification.

ASV. Amplicon Sequence Variants are DNA sequences recovered from a high-throughput
marker gene analysis and distinguish sequence variation by a single nucleotide change after
removal of erroneous sequences generated during PCR and sequencing.

Barcodes. A DNA barcode is one or more short gene sequences taken from standardized
zones of the eukaryotic genome using a molecular tag to identify species. In a broad sense, a

DNA barcode is any DNA sequence used for identification at any taxonomic level.
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Monitoring. Systematic use of living organisms or their responses to determine the condition
or changes in the environment.

Bulk-sample DNA. DNA derived from many individuals that represent several species.
Composition indicators. Key taxa in the trophic chain are considered representative of a
broader segment of biodiversity, and they are indicators of the landscape state (Smith et al.,
2008).

Degenerate primer. A mixture of DNA oligonucleotides that contain different possible
bases at one or several nucleotide positions, which are referred to as degenerate bases
positions. The purpose of using a degenerate primer is to amplify DNA sequences that are
similar but not identical. Degenerate primers are often used in amplicon sequencing, where
the targeted gene(s) have some variation. Degenerate primers can be represented by IUPAC
nucleotide ambiguities, or contain an inosine base, especially at 3rd codon positions for
coding regions, where several different possible bases are allowed.

Ecological guild. Functional subdivision of species that plays similar roles in ecological
processes and exists in the same community, in which, not necessarily show similar spatial
relationships (Fauth et al., 1996; Stroud et al., 2015).

Ecological niche. Corresponds to the role or occupation that the species plays within a
community.

Flag species. Charismatic species that serve as a symbol to attract government support,
public or private donors for implementation and development of conservation programs, and
it is advantageous if the species are sensitive to disturbances (Noss, 1990).

Haplotypes. Combination of alleles from different loci on a chromosome that are usually

inherited together.
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OTU. Operational Taxonomic Unit. An OTU could be an individual organism, a taxonomic
group named as a species or genus, or a group with indeterminate evolutionary relationships
that share a set of observed characters. In molecular studies molecular OTUs (MOTUs) are
defined by combining reads with a certain maximum distance threshold together.

DNA metabarcoding. A rapid method of biodiversity assessment that combines two
technologies: DNA taxonomy and high-throughput DNA sequencing to automated identify
of several species from a single bulk sample containing whole organisms. This uses specific
PCR primers to amplify DNA genes from a collection of organisms.

Phylogenetic diversity. The sum of the genetic distances that connect all the taxa in a
stepped phylogeny or molecular clock. It focuses on the general evolutionary divergence
between taxa rather than number of species (Simpson's Diversity) alone in a community or
habitat.

Structural indicators. Features of forest that include horizontal and vertical structural
complexity, age structure, stumps, natural regeneration levels, prevalence of native species
and diversity of tree species (Smith et al., 2008; Barsoum et al., 2019).

Tag-jumping. Sequences with false label (index) combinations. It occurs when samples
from one sample get mix-barcoded so it looks like they are from a different sample (or have
a non-existent pair of barcodes). This happens during library preparation when there are
many different labeled samples in the mix and some form chimeric sequences (annealing of
similar bases in a homologous region) or when single-stranded DNA form heteroduplexes

(Schnell, Bohmann and Gilbert, 2015).
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PREFACIO

La evaluacion integradora de los patrones de diversidad a diferentes escalas bioldgicas
puede arrojar luz sobre la identidad y la fuerza de los procesos ecoldgicos y evolutivos que
impulsan la distribucion de la biodiversidad (Gomez-Rodriguez et al., 2019; McGill et al.,
2019; Weber et al., 2017). Sin embargo, los patrones de diversidad normalmente se
describen de manera aislada para cada uno de los niveles de biodiversidad, desde los genes
hasta los ecosistemas. La evaluacion integrada de patrones macroecoldgicos en varios
niveles, que abarca genotipos, genealogias y especies (Baselga et al., 2013; Baselga, Gomez-
Rodriguez, y Vogler, 2015) proporciona una nueva via para explorar en un marco
ecoevolutivo los impulsores potenciales de los patrones de biodiversidad. Este enfoque se
basa en la teoria ecoldgica neutral, que postula que la estocasticidad de la dispersion es uno
de los principales impulsores de la diversidad local y deberia actuar de manera analoga en
todas las escalas taxondmicas (Hubbell, 2001; Bell, 2001; Vellend, 2010; Rosindel et al.,
2011). Los estudios empiricos que utilizan este enfoque hasta la fecha (por ejemplo, Baselga
et al., 2013; 2015; Gémez-Rodriguez y Baselga, 2018; Arribas et al., 2020) han encontrado
apoyo para la generalidad de los procesos neutrales, siendo las restricciones de dispersion
un factor dominante impulsor de la variacién espacial en la estructura de la comunidad en
multiples niveles jerarquicos (Baselga et al., 2013; 2015). Sin embargo, la generalidad de
estos patrones observados requiere mas datos empiricos, incluidas comunidades enteras
(en lugar de unos pocos linajes seleccionados) muestreadas a través de escalas geograficas,

taxones y regiones del mundo (Baselga et al., 2013; Arribas et al., 2020).
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En este capitulo, nos enfocamos en una montana tropical dentro de la Faja Volcanica
Transmexicana para evaluar patrones espaciales en el ensamblaje de la comunidad de
artropodos a escala fina (<19 km) con el fin de comprender el papel de la limitacion de la
dispersién y las caracteristicas del paisaje como impulsores de la diversidad. Recolectamos
muestras de comunidades enteras de artrépodos para ocho drdenes a una escala espacial
que va desde 50 m hasta 19 km, utilizando ADN de wcMBCm. Exploramos multiples niveles
jerarquicos, desde haplotipos individuales hasta linajes en umbrales de similitud de 0.5, 1.5,
3, 5, 7.5%, para evaluar patrones de riqueza, rotacién y disminucion de la distancia de
similitud con respecto al aislamiento por distancia y aislamiento por resistencia (costos de
dispersién dados por las caracteristicas del paisaje).

Nuestros resultados revelaron que la distancia y la altitud influyen en la disminucion
de la distancia de similitud en todos los niveles jerarquicos. Este fendmeno es valido para
grupos de artrépodos de capacidades de dispersion contrastantes, aunque la fuerza varia
segun la escala espacial. Nuestros hallazgos respaldan un modelo en el que la diferenciacién
a escala local mediada por restricciones de dispersién y combinada con la persistencia a
largo plazo de los linajes, emerge como un impulsor significativo de la diversidad dentro de

las islas de cielo de altas montanias.

Articulo: Dispersal limitations and long-term persistence drive
differentiation from haplotypes to communities within a tropical sky-island:
evidence from community metabarcoding. (Publicado)
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Abstract

Neutral theory proposes that dispersal stochasticity is one of the main drivers of local
diversity. Haplotypes-level genetic variation can now be efficiently sampled from
across whole communities, thus making it possible to test neutral predictions from
the genetic to species-level diversity, and higher. However, empirical data is still lim-
ited, with the few studies to date coming from temperate latitudes. Here, we focus
on a tropical mountain within the Transmexican Volcanic Belt to evaluate spatially
fine-scale patterns of arthropod community assembly to understand the role of dis-
persal limitation and landscape features as drivers of diversity. We sampled whole-
communities of arthropods for eight orders at a spatial scale ranging from 50 m to
19 km, using whole community metabarcoding. We explored multiple hierarchical lev-
els, from individual haplotypes to lineages at 0.5, 1.5, 3, 5, and 7.5% similarity thresh-
olds, to evaluate patterns of richness, turnover, and distance decay of similarity with
isolation-by-distance and isolation-by-resistance (costs to dispersal given by land-
scape features) 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 support a model where local-scale differentiation mediated by dis-
persal constraints, combined with long-term persistence of lineages, is an important
driver of diversity within tropical sky islands.
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in sampling blocks separated from 50 m to 19 km, and evaluated
patterns of richness, turnover, and distance decay in community
similarity at multiple hierarchical levels (haplotype, putative spe-
cies and supra-specific levels). As we are interested in the effect
of ecological and topographic features on dispersal limitation, in
addition to testing for the effect of isolation-by-distance (IBD),
we also performed isolation-by-resistance (IBR) analyses, incorpo-
rating costs to dispersal for landscape features such as altitude or
habitat type (McRae, 2006). This method yields biologically more
informative distance decay relationships than Euclidean distance
alone (McRae, 2006). Our analyses allow us to test with empirical
data and within a neutral framework, the suggestion that global
patterns of hyperdiverse tropical mountains can be reinforced by
differentiation of small isolated populations, combined with their
long-term persistence (Bray & Bocak, 2016; Rahbek, Borregaard,
Colwell, et al., 2019).

2 | MATERIALS AND METHODS

2.1 | Study areaand 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
is a sky-island in the TMBV (Mastretta-Yanes et al., 2015; Rzedowski,
2006). We sampled arthropods from 14 sampling points distributed
across four sites: Tlacotepec (TLC; three sampling points), San Juan

(a)
=]
FIGURE 1 Study site and sampling (c) 20m
design. (a) Location of study area within e v
Mexico. (b) Nevado de Toluca volcano BI% e W
natural protected area over a topographic ==

map. (c) At each sampling point (red

circle) we sampled three sampling

blocks of 20 x 15 m using 20 pitfall

traps equidistantly distributed. Sampling
blocks were separated by 50 m (within
sampling points) to 19 km (between
sampling points). Sampling points were
distributed in four sites to the West (ABB:
Agua Bendita and ASB: San Bartolo) and
East (SJH: San Juan de las Huertas, and
TCL: Tlacotepec) hillsides of Nevado

de Toluca. Vegetation types are from
Gonzalez-Fernandez et al. (2019), see text
for details [Colour figure can be viewed at
wileyonlinelibrary.com]
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de las Huertas (SJH; three sampling points), San Bartolo (ASB; five
sampling points) and Agua Bendita (AAB; three sampling points;
Figure 1), all within the conservation zone of the natural protected
area of Nevado de Toluca (Figure 1). Sampling was performed dur-
ing the rainy season of 2015 during mid-August and September.
Pitfall traps were active for 15 days, and both the placement and
collection of all traps was undertaken within a 2-day period to re-
duce stochastic heterogeneity among samples due to temporal
climatic variation. At each of the 14 sampling points, three sam-
pling blocks of 20 x 15 m were established, resulting in a total of
42 community samples (Figure 1). Each sample consisted of all the
specimens collected by 20 pitfall traps distributed equidistantly in-
side each sampling totalling 840 pitfall traps. Sampling blocks were
separated by at least 50 m within each sampling point, and maxi-
mum distance among sampling points was 19 km (Figure 1). Pitfall
traps consisted of plastic cups of 13 cm height and 10 cm diameter,
with five 2 x 1.5 cm perforations, 2 cm apart from each other, at a
height of 10 cm above the base. Cups were buried to the height of
the window and lids were added to prevent the entry of rainwater.
Cups were filled with a mixture of 185 ml of ethanol 70% and 15 ml
of glycerin (Figure 1b; Figure S1a), which we previously tested was
enough to prevent evaporation and thus DNA degradation. Pitfall
traps of each block site (20 traps) were collected after 15 days, as
suggested by Cardoso et al. (2008, 2009) and Emerson et al. (2017)
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.
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2.2 | Molecular laboratory processes

We cleaned up each sample (comprising 20 pooled pitfalls) following
a Flotation-Filtration-Stereoscope protocol (FFS) that allowed us to
have “clean” bulk specimens ready for DNA extraction (see Figure
S1b-g). The samples had considerably different body sizes, so to
prevent differences in biomass between specimens from causing bi-
ases at the DNA extraction and PCR steps (Elbrecht & Leese, 2015),
we divided specimens by size class boundaries into: small (e.g., size
Drosophila melanogaster <=3 mm), medium (e.g., size adult Apis mellif-
era >3 mm and <=15 mm), or large specimens (e.g., adult grasshopper
>15 mm). We then divided each sample as follows: complete bodies
for small arthropods, the thorax (head included) from medium-sized
arthropods and two legs from large arthropods. Subsets of a few
samples were weighed to determine that the head + thorax of me-
dium sized individuals were comparable in weight to two legs of the
larger size class. Samples (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 TissuelLyser Il:
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 lllumina Adapter Kit, as in Arribas et al.
(2016). We amplified a 418-base pair region from the 5’ end of mito-
chondrial COI gene (within the standard barcode region for metazoa)
withthe primers B_F 5' CCIGAYATRGCITTYCCICG 3’ (Shokrallaetal.,
2015) and Fol-degen-R 5 TANACYTCNGGRTGNCCRAARAAYCA
3’ (Yu et al., 2012) modified to include lllumina overhang adaptors
for subsequent nested PCR. For each subsample (n = 84), we per-
formed and pooled together equimolar amounts of three indepen-
dent PCR replicates for each arthropod-size sample. We included a
negative control reaction with no DNA template in all experiments.
All information regarding PCR reagents and conditions is available
in Appendix S1. Each pool of PCR amplicons was cleaned of remain-
ing primers and primer dimers with Agencourt AMPure XP beads
(Beckman Coulter) to purify the COl amplicon away from remaining
primers and primer dimers. Then, amplicons were used as template
for a limited-cycle PCR amplification to add dual-indices barcodes
(N7 index and S5 index) and the P5 and P7 lllumina sequencing
adapters using the Nextera XT Index Kit from lllumina. The 42 result-
ing metabarcoding libraries and a negative control were sequenced
on a lane of lllumina MiSeq 2 x 300 bp at the Cornell Institute of
Biotechnology, Cornell University, USA (Figures S2a-f).

2.3 | Bioinformatics processing to identify lineages
different thresholds of genetic similarity

The resulting paired-end reads of the 42 samples were quality fil-
tered following procedures described by Arribas et al. (2020). Briefly,

processing included quality checking, primer removal, pair merging,

quality filtering, denoising, and clustering each library indepen-
dently. Raw reads were quality checked with fastqc (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/). Primers were
trimmed using the fastx_trimmer option of fastx-toolkit (http://
hannonlab.cshl.edu/fastx_toolkit/), trimming 21 and 27 bases for R1
and R2, respectively. Reads were then processed in trimmomatic-
0.36 (Bolger et al., 2014) using TRAILING:20 to remove bases at the
end of a read, if below a threshold quality of 20. R1 and R2 reads
were used to search paired sequences with pairFQ-0.17 (Staton,
2019) and overlapping paired reads were merged with the fastq_
mergepairs command, -fastq_minovlen 50 and -fastq_maxdiffs 15 in
USEARCH-9.2 (Edgar, 2013). Quality-filtered (Maxee = 1), dereplicated
(-fastx_uniques) and sorted (-sortbylength) options were used to
keep only reads of 418 bp in usearcH-10 (Edgar & Flyvbjerg, 2015).
Surviving reads were denoised to generate amplicon sequence vari-
ants (ASVs; sensu Callahan et al., 2016), which are suggested to be
predicted biological sequences to be used for direct analysis without
the need of OTU clustering (Callahan et al., 2017; Edgar, 2016).

High-level taxonomic categories (order level) were then assigned to
ASVs for each of the following orders: Diptera, Collembola, Arachnida,
Coleoptera, Hymenoptera, Hemiptera, Myriapoda, Lepidoptera, using
the lowest common ancestor (LCA) algorithm of Mecan-6 (Huson et al.,
2016). Taxonomic identification of each read was done using BLAST
against the nucleotide NCBI nt database (6 June 2018; blastn -outfmt
5 -evalue 0.001). Remaining sequences were not further consid-
ered. The tree was exported, visualised and edited using FiGTrRee-1.4.3
(Rambaut, 2012). Each ASV data set 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.
All sequences were inspected for insertions, deletions or stop codons
disrupting the reading frame, which were then excluded.

A community table was then generated with read-counts (haplo-
type abundance) of each retained ASV for the eight orders by match-
ing ASVs against the complete collection of reads (i.e., reads before
the dereplicating and denoising steps) using the -search_exact com-
mand with usearcH-10 (Edgar & Flyvbjerg, 2015). Additional filtering
according to ASV abundances in community tables (one ASV per
taxa) was performed as described by Arribas et al. (2020). To sum-
marise, we first removed from each library those ASVs with abun-
dances of four or fewer reads (same criteria as denoising). Second,
within each library we removed ASVs that comprised less than 1% of
reads within the taxonomic group that they belonged to. Although
the recently released MeTamaTE software (Anddjar et al., 2021) can
provide for a more robust evaluation of filtering strategies, its appli-
cation here was compromised by the limited availability of reference
sequences matching the obtained ASVs (only five ASVs were classi-
fied as verified-authentic ASV). However, we were able to compare
the efficiency of the 1% threshold used here with MeTamATE, but only
indirectly as MetamATE excludes ASVs only if they fall below a given
threshold in all libraries (or binning groups) where they are found.
Consequently, we used MeTAMATE to explore the effect of filtering by
taxonomic group and library with thresholds of 0.8%, 1%, and 1.5%.
These three thresholds removed respectively 79%, 83%, and 88% of
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ASVs identified as verified non-authentic by MeTamate, indicating that
our filtering appropriately reduces the prevalence of NUMTs and se-
quencing noise for the estimation of community-wide geographical
patterns within the multihierarchical approach. Community tables of
filtered haplotypes were then transformed into incidence (presence/
absence) data and used for downstream analyses.

To identify lineages within each of the orders we use a range of
clustering levels. Each of the ASV filtered data sets was used to gen-
erate an UPGMA tree with corrected distances under a F84 model,
and based on this tree, filtered ASVs were considered haplotypes,
which were then nested into lineages following the genetic similarity
at different thresholds of genetic similarity (0.5%, 1.5%, 3%, 5% and
7.5%), plus an additional threshold derived from a species delimita-
tion analyses conducted with the generalized mixed Yule-coalescent
(GMYC) model in R (Pons et al., 2006). Analyses were performed
using veGaN (Oksanen et al., 2019), cluster, PMCMR, hier.part, ecopisT,
and BETAPART (Baselga & Orme, 2012).

2.4 | Community diversity and composition
The eight arthropod orders subsets of ASVs were used to conduct
analyses of community diversity and composition among sampling
sites, considering haplotypes (raw ASVs) and all lineages (0.5%,
1.5%, 3%, 5% and 7.5% lineages, plus that corresponding to the
GMYC species delimitation). Total accumulation richness curves
were first estimated for multiple levels of genetic similarity (haplo-
types, lineages at 3% and 5%) using the R package BeTAPART (Baselga
& Orme, 2012). ANOVAs with post-hoc.kruskal (Bonferroni method)
were then used to test for significant differences in alpha diversity
among communities.

Total beta diversity (Sorensen index, f4_), additive turnover

sor’

(Simpson index, 4, .; species replacement, without the effect of varia-

im’
tion in richness) and nestedness (Sorensen-Simpson index, fines PUTE
richness effect) components were then estimated based on community
compositions at different hierarchical levels. We used the R package
VEGAN (Oksanen et al., 2019) and community composition matrices to
perform nonparametric multidimensional scaling ordination (NMDS)
based on Sorensen similarity. Plots were created with the ordispider
option to visualise the compositional ordination of the communities
among sites. An analysis of similarity (ANOSIM) was performed for
each taxonomic group to compare arthropod community composition
among sites. ANOSIM is a nonparametric method for analysing vari-
ance and testing multivariate differences between groups, based on a
resemblance matrix and rank dissimilarity (Clarke, 1993). Plots were
visualised with the R package ccprLoT2 (Wickham et al., 2020).

2.5 | Distance-decay of similarity and landscape
connectivity

To examine the effect of landscape features on the variation

of arthropods community composition, but considering the
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multihierarchical approach of Baselga et al. (2013), we tested for
distance decay of similarity across the different lineages. We consid-
ered the following as independent variables: (i) geographic distance
(i.e., IBD), and (ii) effective distance, that is, resistance to disper-
sion considering landscape features of slope, altitude, and vegeta-
tion type (i.e., IBR). We focused on Collembola, Diptera, Arachnida,
Coleoptera, Hemiptera, and Hymenoptera assemblages for IBD, be-
cause they were the six sampled orders showing the highest com-
pleteness values, and in Collembola and Diptera for IBR because
they demonstrate strong differences in dispersal potential (Figure
S3). For response variables, pairwise similarity of assemblages at the
haplotype and higher lineages (0.5%, 1.5%, 3%, 5%, 7.5% and GMYC)
among all sites were used. The analysis was done with all six orders
for the entire sampling area, but only with Diptera and Collembola
at finer geographical distances within the West (AAB and ASB), and
East (SJH, TLC) sampling points of our study area (Figure 1a). These
orders were chosen because they have contrasting dispersal abili-
ties. At each lineage threshold, patterns of similarity between pairs
of sites were calculated using the means of the Simpson's similar-
ity index (1 - pairwise f

}.m = a/[a + min(b,c)] diversity) using the R
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.

The program circuitscape-4.0 (McRae et al., 2013) was used to
calculate “resistance distances” between pairs of nodes on a raster
grid. Rasters of the study area were used as input files for circuits-
cape, in which each cell is assigned a conductance value correspond-
ing to the relative probability of movement through it, together with
a list of focal nodes - the geographic coordinates of the sampling
blocks. To assess the extent to which community similarity in dif-
ferent arthropod groups can be explained by landscape features,
conductance grids were used, representing different levels of resis-
tance to dispersion depending on vegetation heterogeneity, altitude
and slope. We developed 30 alternative “hypotheses” of resistance
surfaces computed from a range of conductance matrices compris-
ing: 10 alternative hypotheses (A-J) based on conductance values
assigned to vegetation type, 12 hypotheses based on binary altitude
thresholds, three hypotheses based on distribution of conductances
around average sampling altitude and four hypotheses based on
slope (Table S2). This approach has been extensively used to test
how landscape features (present or past) drive genetic differentia-
tion within species (e.g., Lee-Yaw et al., 2009; Mastretta-Yanes et al.,
2018; Roffler et al., 2016). To compare the effect of these landscape
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 analysed, and is thus
more appropriate for comparison (Lee-Yaw et al., 2009).

For the vegetation type rasters, a high resolution digital land
cover map of the Nevado of Toluca was used, based on satellite
images (SPOT 6/7) of 2015 defining the Abies religiosa forest (sam-
pled vegetation), Pinus hartwegii forest, alpine grassland, agriculture,

urbanization, water in the crater and Nevado de Toluca's crater
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(Gonzalez-Fernandez et al., 2019). After cross-validation with our
sampling records, minor modifications were performed to adjust
Abies forest distribution in areas of high topographic complexity (see
Appendix S2 for details). Conductance grids were then constructed
for the vegetation heterogeneity analyses assigning different con-
ductance values to each vegetation type (maximum value of con-
ductance is 1, meaning no resistance to dispersion) as detailed in
Table S2.

To build the conductance grids for altitude and slope, a similar
approach was followed, assigning different conductance values to
altitudinal and slope ranges. In total 30 conductance grids were
tested (Table S2; Figure S5). Additionally, distance decay of similar-
ity was tested for at smaller geographic distances, for which West
(AAB, ASB) and East (SJH, TLC) sites were analysed separately, but
using only the “flat” raster and the raster from the previous analysis
with the highest explanatory power.

A negative exponential function “decay.model” in the R pack-
age BETAPART (Baselga & Orme, 2012) was used to adjust a negative
exponential function to a generalized linear model (GML). We used
Simpson similarity (1 - 4, ; Baselga, 2010) as a response variable,
pairwise effective distances of each resistance surface as predictors,
log link and Gaussian error (Arribas et al., 2020; Gémez-Rodriguez
& Baselga, 2018). Finally, we evaluated the fractal pattern (i.e.,
self-similar systems; Baselga et al., 2015) by a log-log Pearson cor-
relation of the haplotype level and, independently: (1) number of
lineages, (2) initial similarity (i.e., intercept), and (3) mean similarity.
This was undertaken for each of the six orders across the sampling
area, and for Collembola and Diptera at the East and West sections.
High correlation values are indicative of self-similarity in lineage
branching (i.e., number of lineages) and/or spatial geometry of lin-
eage distributional ranges (i.e., initial and mean similarity; Baselga
et al., 2015), supporting the presence of fractal patterns, which are
predicted under a neutral process of community evolution (Arribas
et al., 2020). Analyses and graphical representations of data were
performed with the R packages vecan (Oksanen et al., 2019) BETAPART
(Baselga et al., 2018) and ecopisT (Goslee & Urban, 2020).

3 | RESULTS

31 |
COl

Phylogenetic groups and ASVs recovered by

Across the 42 libraries, MiSeq sequencing generated a total of
11,639,999 paired reads. We obtained from 108,583 to 419,903
reads in each direction for 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 between 33,609 and 155,634 se-
quences (totalling 4,305,390). Taxonomic assignments with use-
arch showed high similarity to a broad range of arthropod species
(Figure 2a). The 4,305,390 sequences comprised 1,277 ASVs
(unique variants: Diptera, 385; Collembola, 270; Arachnida, 155;

Coleoptera, 136; Hymenoptera, 133; Hemiptera, 116; Myriapoda,
51; Lepidoptera, 31) (Figure 2b). The GMYC threshold values ob-
tained were: Diptera, 0.9%; Collembola, 2.9%; Arachnida, 1.3%;
Coleoptera, 0.7%; Hymenoptera, 1%; Hemiptera, 1.8%; Myriapoda,
1.5%; Lepidoptera 1.5% (Table S1).

3.2 | Arthropod ASVs richness at
multihierarchical levels

Rarefaction curves indicate that sampling effort was sufficient to
achieve from 60 to 91% completeness at the levels of individual
haplotypes and lineages at 3%, for four of the eight taxa (Diptera,
Collembola, Arachnida and Hymenoptera Figure S3). The groups
that yielded higher richness within 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 hap-
lotypes and mean = 16 + 2.91 lineages at 3%), and Arachnida
(mean = 12 + 6.28 haplotypes and mean = 9 + 3.64 lineages at 3%).
Diptera, Collembola, Arachnida, Hymenoptera and Coleoptera pre-
sented significant differences in richness among sampling sites but

patterns were not consistent across groups (Figure 3).

3.3 | Community composition at
multihierarchical levels

The overall turnover (4, ) among sampling points was high for all

sim
the arthropod groups across all levels analysed (close to 1, 4 hap-
lotypes from 0.904 to 0.957; 4;.. 3% from 0.896 to 0.945; Figure
S4) and average pairwise f.__ was close to zero, #.__ haplotypes from

sne sne
0.010 to 0.026; 4, . 3% from 0.014 to 0.033. The mean value for j

sim

for haplotypes of Coleoptera (n = 136) was 0.957, the average pair-
was 0.014, and 4., was 0.970 (). For Diptera (n = 385),

wise f3 o

sne

the mean value for £

Lim Was 0.904, the average pairwise f# . was

sne
0.024, and the average pairwise f  was 0.928.

NMDS ordination plots revealed differences in community com-
position among sampling sites, particularly among those located in
the West (AAB and ASB) and East (SJH and TLC) sampling points
within Nevado de Toluca (Figure 4). ANOSIM revealed that differ-
ences of dissimilarity were significant for the different groups and
lineages at 3 and 5%, except on Myriapoda (Figure 4). The orders
Diptera, Collembola, Hemiptera and Coleoptera each formed two
geographic groups: (i) AAB-ASB (West) and (i) SJH-TLC (East). In
contrast, three groups were recovered within Arachnida: (i) AAB,
(ii) ASB and (iii) SJH-TLC (Figure 4). The variation in Collembola,
Arachnida and Diptera among sites largely contributed to the or-
dinations of community similarity among sites. The highest values
were observed in Collembola (Haplotype r? = 0.914, p < .001; lin-
eages at 3% r? = 0.826, p < .001), followed by Diptera (Haplotype
r? = 0.595, p < .001; lineages at 3% r?> = 0.372, p < .001) and
Arachnida (Haplotype = 0.569, p <.001; lineages at 3% P= 0.452,
p <.001; Figure 4).

94



GALVEZ-REYES t1 AL.

FIGURE 2 Amplicon sequence variant
(ASV) diversity at Nevado de Toluca (a)
Abies forests. (a) Phylogenetic tree
constructed by taxonomic composition of
the arthropods estimated with the lowest
common ancestor (LCA) algorithm on
MEGAN. (b) Number of ASVs recovered at
haplotype level for each order. Numbers
above the bar show putative species

by GMYC and values inside of brackets
are lineages at 3% [Colour figure can be
viewed at wileyonlinelibrary.com]
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3.4 | Landscape community connectivity
Across all sampling sites (max distance 19 km), pairwise similar-
ity within communities at all levels of clustering decreased with
Euclidean (“flat”) distance (Figure 5ac, Figure S7). The fit of IBD was
higher in Collembola (from r?=0.704,b = -2.07, p <.001 at the hap-
lotype level, to r?=0.580,b=-0.92, p <.001at 7.5% lineages; Table
S3; Figure 5a) than Diptera (from r?*=0.293,b =-0.56, p <0.001 at
the haplotypelevel, to r?*=0.036,b=-0.14, p <.001 lineages at 7.5%;
Table S4; Figure 5c). Similar IBD results were found for Arachnida,
Coleoptera, Hemiptera and Hymenoptera (Figure S7, Table S7).
However, variation was better explained by IBR (Figure 5bd; Figure
S5). For Collembola, the explanatory power of the resistance sur-
face “Altitude 3,000" was slightly higher than the “flat surface” at
different lineages (from r? = 0.723, b = -1.63, p < .001 at the haplo-
type level, b = -0.71, p < .001 at 7.5% lineages; Table S3; Figure 5b).
In Diptera the highest explanatory power was given by the resist-
ance surface “Mean-elevation peak (symmetrical)” (from r? =0.286,
b=-0.15,p < .001 at the haplotype level, b = -0.05, p < .001 at 7.5%
lineages; Table S4, Figure 5d).

Distance-decay relationships (DDR) at a finer geographic scale
within the West and East regions remained strong in Collembola, but

P

102 [87] 94 (83
64 [55]

Arachnida Col

P ak ptera Myriapoda Lepidoptera

Taxa

were weaker or nonsignificant in Diptera (Figure 6). East sampling
points (<5 km), also showed distance decay of similarity in Collembola
(Table S5, Figure 6a), and Diptera, but coefficients were lower in the
second (Table S5, Figure 6c). When considering IBR analysis, very
similar results were found (Table S5, Figure Séa,c). In the West section
of our sampling (<2 km), a similar pattern to the East was found for
Collembola (Table S5, Figure 6b) but Diptera showed nonsignificant
results both for the IBD and IBR analyses (Table S5, Figure 6d, Figure
Sé6d). Exponential decay curves yielded higher slopes for Collembola
than Diptera. All lineages of Diptera and Collembola show the same
pattern of distance decay, but each lineage shows equal or greater
pairwise similarity than at the previous one (Figures 5 and 6; Table S3
and S4). Regarding the multihierarchical analysis, the distance decay
at the haplotype level showed a significant log-log correlation with
the number of lineages, initial similarity, and mean similarity of com-
munities. This is true for both our entire sampling area and focusing
on the West and East areas (Table S6). 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). Thus, we found that community variation across genetic sim-
ilarity levels can be described by a fractal geometry in each group in
all the geographic scales sampled.
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FIGURE 3 Arthropods richness at different clustering levels by sampling sites. AAB, Agua Bendita; ASB, San Bartolo; SJH, San Juan de las
Huertas; TLC, Santiago Tlacotepec. Same letters indicate that there are no significative differences among those sites p < .05. Significance
codes *p < .05, **p < .01, ***p <.001, ns, nonsignificant
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FIGURE 4 Nonmetric multidimensional scaling (NMDS) ordinations of community similarity (Simpson index, psim) at the haplotype, 3%
and 5% lineages for each of the eight taxonomic orders studied. The asterisk represents significant differences of community structure
among sites estimated with ANOSIM at *p < .05, **p < .01 ***p < .001 and ns, nonsignificant values [Colour figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 5 Distance decay of community similarity at Nevado de Toluca for Collembola (a, b) and Diptera (c, d) at multiple levels of genetic
similarity. Decay of similarity is shown against flat effective distance (“flat” surface; a, c) and against effective distance using the resistance
surface “Altitude 3,000” for Collembola (b) and “Mean-elevation peak (symmetrical)” for Diptera (c), which were the ones showing the
highest explanatory power (significance levels in Table S3). Dots represent similarity between pairs of sampling sites and lines are the fitted
model for each lineage. Altitude rasters as in Figure S5. Significance levels and r? are in Table S3 and S4. Notice that effective distances are
resistances and hence are not comparable to km [Colour figure can be viewed at wileyonlinelibrary.com]

4 | DISCUSSION

We recovered 1,277 ASVs, 496 lineages at 3%, 441 at 5% and 570
using GMYC across the eight arthropod orders. Composition of
arthropod communities exhibited high turnover among sampling
blocks and ANOSIM tests also showed significant differences
among sites within blocks. Across all sampling points, spanning a
maximum distance of only 19 km, we found that distance (pure geo-
graphical distance and corrected by elevation) is a key variable ex-
plaining community structure, from the level of haplotypes through
to lineages, suggesting that dispersal limitations drive community
structure across multihierarchical levels within a single sky-island.
This pattern holds at finer geographic distances (<2 km), but only on
it up with considerably low dispersal ability (nonwinged Collembola).

41 | 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 en-
sure meaningful coverage (Andujar et al., 2017; Arribas et al., 2016;
Creedy et al., 2019). In our study, we used pitfall traps in sampling
blocks, maximizing the probability of detecting arthropod species
by sampling intensively at multiple sites in one mountain, covering
eight orders of arthropods, and characterising these from haplo-
types to communities. Our sampling method and size sorting step
allowed the recovery of eight major arthropod orders, congruently
with other metabarcoding analyses (Creedy et al., 2019; Elbrecht
etal., 2017, 2018). 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 com-
pare 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).

The (Arribas

et al., 2020) allowed us to analyse diversity patterns for each order

metabarcoding pipeline we implemented
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FIGURE 6 Distance decay of community similarity at fine geographic distances within Nevado de Toluca for Collembola (a, b) and Diptera
(c, d). Analysis at <5 km (a, c) using the Eastern subset of sampling sites (SJH and TLC) and at <2 km (b, d) using the Western subset (AAB
and ASB). Decay of similarity is shown against geographic distance (“flat” surface). Dots represent pairs of sampling sites for each clustering
level and lines are the fitted model. Flat rasters are in Figure S5. Significance levels and r? are in Table S5 [Colour figure can be viewed at

wileyonlinelibrary.com]

separately and to analyse community assembly within a multihierar-
chical framework, from individual haplotypes to lineage divergence
at 7.5%. Our approach identified 1,277 ASVs from 42 bulk samples,
allowing us to estimate community composition and turnover with-
out 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). Although the cMBC
method allowed us to explore a large data set of hundreds of pitfall
traps, there are potential limitations which may introduce bias such
as the use of universal primers for PCR (Pifol et al., 2015), biomass
differences (Elbrecht et al., 2017), and/or tag jumping (Schnell et al.,
2015). We have attempted to reduce potential bias by conducting
PCRs in triplicate, dividing our specimens by size classes, and by
using HLD desalted primers to decrease tag jumping.

4.2 | Strong turnover of arthropods communities at
multihierarchical levels

Our study provides haplotype-level and higher lineages data of
entire communities (Figure 4, Figure S4). High beta diversity was
found across communities in all orders, and was dominated by lin-
eages turnover (4, ) instead of nestedness (4, ), from haplotypes
to higher hierarchical levels (Figure S4). We found significant dif-
ferentiation among sites and vegetation type (Abies forests) accord-
ing to site haplotype composition, and this differentiation persisted

when molecular entities that conservatively represent species were

considered. Diptera and Collembola presented the highest dif-
ferentiation 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 from the level
of haplotype to higher lineages (Figure 4). The West-East division
in community structure within Nevado de Toluca (Figure 4) corre-
sponds to opposing hillsides. In mountain landscapes, East-facing
slopes with morning sun may provide different conditions from cold
and foggy West-facing slopes (Rahbek, Borregaard, Colwell, et al.,
2019), 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 within A. religiosa forests with no apparent differen-
tiation within the Nevado de Toluca. 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).

4.3 | Dispersal limitations drive community
structure across multihierarchical levels at fine
geographical scales

To investigate whether dispersal limitations shape distance-decay
within a mountain, we examined DDR at multihierarchical levels, in-

cluding haplotypes which are expected to behave neutrally (but see
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Gerber etal., 2001), even across environmental gradients. IBD analy-
ses were conducted for six orders, and IBR analyses were conducted
for Diptera and Collembola (which have contrasting dispersal abili-
ties) using 30 conductance matrices. For Diptera and Collembola,
we considered 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, at all levels of lineage di-
vergence (from 0.5 to 7.5%), and when haplotypes were segregated
to putative molecular species using GMYC (Figure 5). Distance decay
was high in all orders (Figure 6, Figure S7), but it is more marked
in groups with more limited dispersal abilities (e.g., Collembola
and Arachnida) than in groups with higher dispersal abilities (e.g.,
Diptera, Coleoptera, Hemiptera and Hymenoptera). Interestingly,
for Collembola our results hold both considering our entire sampling
as well as finer (<2 km) geographic distances (Figures 5 and 6), which
is consistent with genetic studies within Collembola showing genetic
differentiation over very short geographic distances (Arribas et al.,
2020; Cicconardi et al., 2013).

High dispersal ability is expected to enhance community similar-
ity (Baselga et al., 2012). Our results support this, as distance decay
is higher in the wingless Collembola (r? = 0.704 and r? = 0.599 at
the haplotype and GMYC levels, respectively; Table S3; Figure 5a)
than in the winged Diptera (* = 0.293 and r? = 0.195 at the hap-
lotype and GMYC levels, respectively; Table S4; Figure 5c). Similar
patterns of higher distance decay relationships at multihierarchical
levels in poorly dispersing organisms than in better dispersers have
been found in European water beetles (Baselga et al., 2013), Iberian
leaf beetles (Baselga et al., 2015) and European beetles (Gémez-
Rodriguez & Baselga, 2018) at much larger (hundreds of km) geo-
graphical scales than here (but see Gdmez-Rodriguez et al., 2019
where the pattern was not clear for terrestrial molluscs), and only re-
cently even at the scale of a few kilometres, in Collembola, Acari and
Coleoptera (Arribas et al., 2020). Communities of good dispersers
are more homogeneous not only because they can disperse larger
distances, but also because they can more easily overcome geo-
graphical barriers between suitable habitat (Thompson & Townsend,
2006; Vellend, 2010). Thus, as dispersal abilities become limited,
landscape features impeding dispersal are expected to play a more
important 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 DDR than Euclidean dis-
tance (McRae, 2006; McRae et al., 2008). We found that altitudi-
nal differences better explain 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* = 0.704, p < .001 at the haplotype level; Table S3; Figure 5a)
than “Altitude 3,000" (r? = 0.723, p < .001 at the haplotype level;
Table S3; Figure 5b), the best fitting resistance surface. Altitude
3,000 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 within
their limited dispersal ability, landscape features do not represent an
impediment. For Diptera, the highest explanatory power was pro-
vided by the resistance surface “mean-elevation peak (symmetrical)”
( = 0.286, p < .001 at the haplotype level; Table $4; Figure 5d).
This resistance surface assumes maximum conductance at the mean
altitude of our sampling and a gradual decrease until reaching alti-
tudes outside of our sampling range, but still where Abies forest can
be found (Table S2). This suggests that even though they are good
dispersers, the efficiency of Diptera movement through relatively
unsuitable conditions (different altitudes) is compromised. We thus
find that for Diptera, it is not distance alone that drives community
structure, but also landscape features. Although our sampling blocks
are separated by short distances from 50 m to 19 km, effective dis-
tances among sites depends upon the elevation model used to set
the conductance values (Table S2; Figure S5). This is consistent with
Janzen's prediction of “mountain passes being higher in the tropics”
(Janzen, 1967), and adds to the recent empirical data corroborating
it (Polato et al., 2018). However, although our results show that land-
scape 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 diversi-
fication of Scarelus beetles within tropical mountains (Bray & Bocak,
2016).

Distance decay patterns at the species level could reflect spa-
tially correlated environmental heterogeneity (i.e., between western
and eastern sides of the Nevado de Toluca). While some degree of
environmental distance could explain biodiversity patterns (but see
above on the homogeneity of the sampling study habitat), the fol-
lowing findings point to dispersal limitation within this single single
sky-island as a major driver of community assembly: (i) spatial pat-
terns of community dissimilarity are recurrently found for multiple
hierarchical levels; (ii) high values of turnover and local endemicity
occur at multiple spatial scales; and (jii) there is a consistent multihi-
erarchical pattern of distance decay in community similarity at even
small spatial scales for less dispersive species, and to a lesser extent
for more dispersive species.

Multihierarchical approaches are useful to assess whether vari-
ation in biological assemblages driven by dispersion follow a frac-
tal geometry where clumping arises at all spatial scales and hence
the distribution of haplotypes and higher lineages is self-similar
(Baselga et al., 2013, 2015; Gémez-Rodriguez et al., 2019). Our re-
sults also reveal the existence of a fractal pattern for DDR, with sim-
ilarity decreasing with spatial distance from the haplotype level to
7.5% lineages (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). DDR 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, DDR can occur at very fine geographic
distances and at all multihierarchical levels, within the geographic
confines of a sky island. Given these short distances, our findings
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are important not only for understanding evolution, but also for bio-
monitoring efforts aiming to detect changes in community assembly,
even in relatively short distances among sampling points.

4.4 | Implications for evolution in insular
systems and tropical mountains

We found that dispersal limitations drive community structure
across multihierarchical levels within a single habitat in a geographi-
cally 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.,, 2020). Our results thus represent an additional
source of evidence of how topography and dispersal limitations can
interact to promote community wide diversification, even at a very
limited spatial scale.

Dispersal constraints are expected to be more pronounced in
the tropics than temperate areas, as tropical species have typically
narrower 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
tropical sky-islands archipelago, and considering this broader spatial
context has interesting implications for why tropical mountains are
biodiversity hotspots. It has been hypothesized that the global pat-
tern of hyperdiverse tropical mountains probably reflects the differ-
entiation of small, spatially isolated populations combined with the
long-term maintenance of these populations, leading to speciation
(Rahbek, Borregaard, Colwell, et al., 2019). In this context, spatial
isolation normally refers to habitat fragments distributed across
different mountain peaks (Fjeldsa et al., 2012; Rahbek, Borregaard,
Antonelli, et al., 2019; Rahbek, Borregaard, Colwell, et al., 2019).
However, our results suggest that the processes of differentiation
and long-term persistence of small populations may also hold at
local scales, within sky islands. First, our data shows that a single
sky-island harbours arthropod communities that are spatially struc-
tured, at the haplotype and lineage levels, even within a single type
of forest with presumably similar environmental conditions, even at
short geographic distances. Second, it has previously been shown
that montane ecosystems within the TMVB (including Nevado de
Toluca) are able to persist within the same mountain during climate
fluctuations (Mastretta-Yanes et al., 2018). Coupling these results
together points to a model where 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 single-species case studies on poor dispersing bee-
tle taxa have reached similar conclusions (Bray & Bocak, 2016), but
our multiorder community-level data (Figure 5, Figure S7) shows
that rather than a particular case restricted to few poor dispersing
taxa, the phenomenon could be widespread among montane tropi-
cal arthropods.

MOLECULAR ECOLOGY

5 | CONCLUSIONS

Our results provide strong empirical support for the suggestion that
global patterns of hyperdiverse tropical mountains can be reinforced
by differentiation of small isolated populations, combined with their
long-term persistence (Bray & Bocak, 2016; Rahbek, Borregaard,
Colwell, et al., 2019). Our work shifts the focus from population iso-
lation among different mountains, as we find that arthropod com-
munities can have strong turnover at the intraspecific level within a
sky-island, and at a limited geographic scale (<20 km). Distance and
elevation are found to be strong drivers of biodiversity structure,
from the level of individual haplotypes through to presumed spe-
cies and higher levels. This pattern holds even at a very fine spa-
tial scale (<2 km) for taxa for which inherent dispersal ability is low,
being exemplified by Collembola. Thus, our results support a general
model where dispersal limitations act as a source of local-scale ge-
netic differentiation within tropical mountains, which may translate

to species-level diversification over time.
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CAPITULO Il

RIQUEZA Y COMPOSICION EN LAS COMUNIDADES DE ARTROPODOS EN BOSQUES BAJO
MANEJO FORESTAL, DISTURBIO Y REFORESTACION

Fotografia de Giezi Anthony Galvez: Crater y bosque del Nevado de Toluca.
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PREFACIO

Actualmente, la amenaza pérdida de la biodiversidad y servicios ecosistémicos causada por
la deforestacién y la fragmentacién de los bosques es recurrente. La solucién consiste en la
recuperacion de dreas deforestadas mediante plantaciones forestales y silvicultura
sustentable (Back et al., 2020; Torres-Rojo et al., 2016). Sin embargo, es crucial monitorear
el impacto de estas estrategias en la biodiversidad para garantizar el cumplimiento de los
objetivos de conservacién. El ADN de wcMBC de artrépodos se presenta como una
metodologia capaz de proporcionar datos de alta resolucién para monitorear el estado de
conservacion. Los artréopodos constituyen un taxén apropiado para evaluar las diferencias
entre comunidades, y su composicion puede indicar los efectos del manejo forestal, los
disturbios y la reforestacion sobre la biodiversidad.

Aqui evaluamos el papel de las limitaciones de dispersidon, el manejo forestal, el
disturbio, y la reforestacién como impulsores de la diferenciacién de haplotipos a nivel
comunitario dentro de la Isla del cielo tropical, ubicada en el Nevado de Toluca, la cual
también es un drea protegida con bosques bajo conservacién y manejo forestal de algunas
areas. Para llevar a cabo de este analisis, recolectamos muestras de artropodos de seis
ordenes utilizando ADN wcMBC, con un rendimiento de secuenciacién de variantes de
secuencias de amplicones COl (ASV). Exploramos multiples niveles jerarquicos, desde
haplotipos hasta linajes, estableciendo umbrales de similitud del 3% y 5%, con el fin de
evaluar patrones de riqueza, rotacion y disminucion de la distancia de similitud, utilizando

un enfoque de aislamiento por distancia. Nuestros resultados revelaron que los bosques
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bajo conservacién exhiben la mayor riqueza, y se observa un cambio significativo en la
estructura y composicién de las comunidades, el cual varia segun los diferentes tipos de
condiciones de uso del bosque. Finalmente, encontramos que la distancia, el manejo
forestal, el disturbioy las actividades de reforestacion influyen en el deterioro de la similitud
en todos los niveles jerarquicos, lo que sugiere que son impulsores importantes de la

diversidad dentro de las islas tropicales.
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Abstract (150-250 words)

Recovering deforested areas through forest plantations and sustainable forestry has been
proposed as a strategy to combat biodiversity loss, arguing that plantations and sustainable
forestry ensure the persistence of the tree cover. However, they also involve anthropogenic
changes and disturbances, whose effects on fauna communities and biodiversity evolution
are poorly known. Besides, fine-scale community differences can be due to neutral processes,
confounding the effect of human activities. Here, we evaluate the role of dispersal limitations,
management and reforested activities as drivers of differentiation from the haplotype to the
community levels within the tropical sky-island Nevado de Toluca, which is also a protected
area with forests under both conservation or sustainable forestry. For this, we sampled
arthropods of six orders using whole-communities metabarcoding with COIl sequencing
throughput Amplicons Sequences Variant (ASV). We explored multiple hierarchical levels,
from haplotypes to lineages at 3% and 5% similarity thresholds, to evaluate patterns of
richness, turnover, and distance decay of similarity with an isolation-by-distance approach.
Our results showed that forests under conservation have the highest richness and that there
is strong turnover in the structure and composition of communities, varying according to the
different types of forest use conditions. Finally, distance and human activities influence on
the decay of similarity at all hierarchical levels. The patterns vary by arthropod group due to
each having different dispersal abilities, depending on spatial scale and the type of

anthropogenic change.

Keywords: Arthropods, management forest, reforestation, under conservation, whole-

community metabarcoding, Nevado de Toluca.
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Introduction

Deforestation and fragmentation of forests are main threats to biodiversity and ecosystem
services. As a strategy to combat this biodiversity decline, it has been proposed to recover
deforested areas through forest plantations and to perform sustainable forestry as an
alternative to illegal logging (Back et al., 2020; Torres-Rojo et al., 2016). For example, these
strategies were part of the arguments used to change the type of natural protected area of the
Nevado de Toluca, México, which was downgraded from “National Park” to “Area of
Protection for Flora and Fauna” (Depraz et al., 2017; Mastretta-Yanes et al., 2014), thus
allowing sustainable forestry in territories previously devoted to conservation. However, to
ensure that conservation objectives are fulfilled locally, it is necessary to have a baseline of
local diversity and perform periodic monitoring. From studying plantations and other
intensively managed forests we know that they often support less biodiversity than native
forests (Wang et al., 2019; Zhang et al., 2016), for this reason it has been proposed to divide
the landscape into reserves separated from areas of extensive management (Betts et al.,
2021), but forest under sustainable management had been less studies. However, plantations
with native species and sustainable forestry indeed ensure the persistence of tree cover
(Nghiem & Tran, 2016), so it is necessary to understand with detail the effects of forestry on
fauna communities and the evolution of biodiversity. In addition to that, fine-scale
community differences can be due to neutral processes, related to dispersal limitations
(Arribas et al., 2020; Baselga et al., 2013, 2015), confounding the effect of human activities.
Therefore, changes in the richness and composition of arthropod communities could be either
due to the differences between the different management treatments (e.g., plantations,

sustainable forestry) or due to neutral processes through the dispersive limitation of the
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individuals conforming the communities. To study these effects from an ecological
perspective and to provide effective management recommendations, data on the distribution
of richness and composition of whole-communities over fine and large geographic scales and
management types are needed, but this has been hampered by the absence of sufficient
empirical data and monitoring schemes.

Biodiversity monitoring documents temporal changes in the distribution and
existence of species (Hajibabaei et al., 2016; Li et al., 2010). However, the information,
technical and financial capacity to monitor and analyze trends of change are limited to allow
large-scale comparisons (Buss et al., 2015). Whole-communities metabarcoding (wcMBC)
is a methodology that involves bulk sampling sequencing of mixed communities and
subsequent clustering of DNA reads into operational taxonomic units (OTUs) to approximate
community profiles at the species level (Andujar et al., 2017, 2021; Arribas et al., 2020; Ji et
al., 2013).

The wecMBC of arthropods could be applied to monitor the conservation status of
Mexican forests, because it has shown to produce high resolution data within a single
Mexican mountain (Galvez-Reyes et al., 2021). Additionally, arthropods are a suitable taxon
for evaluating if community differences are due to neutral processes or management
(treatments) differences because arthropod diversity is a good structural indicator of
ecosystems (Obrist & Duelli, 2010), correlating with plant communities (Basset et al., 2012;
Lynggaard et al., 2020; Zhang et al., 2016). Arthropods constitute important components of
the mountains of Mexico due to their richness, abundance, diversity of niches they occupy
and for presenting species with both Neartic and Neotropical biogeographic histories

(Morrone & Marquez, 2001). In addition, they have different dispersive limitations with
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different effects on the differentiation between localities, as expected by the theory of neutral
biodiversity (Baselga et al., 2013, 2015).

The composition of the arthropod communities in montane regions is shaped by the
height and isolation of the mountain, the habitat, the degree of conservation and age of the
forest, complexity of the canopy, undergrowth, spatial distance and human activities
(Barsoum et al., 2019; Colwell et al., 2008; Lynggaard et al., 2020; Uscanga et al., 2021;
Zhang et al., 2016). For example, different nearby mountains may have different species
composition since climates are not continuous between them, leading to isolation and
increased potential for speciation (Graham & Fine, 2008; Kozak & Wiens, 2006; Uscanga et
al., 2021; Wiens, 2004). Topoclimatic variables can be a driver of metacommunity structure
within habitat (Noguerales et al., 2021). As for the effect of land-use, conserved forests are
often richer than managed forests (Lynggaard et al., 2020; Paillet et al., 2010; Wang et al.,
2019; Zhang et al., 2016), since this type of habitat can offer diverse ecological niches
(Graham & Fine, 2008). The composition of arthropods has been explained by the different
land-uses in the forest according to stands under forest management over time (Barsoum et
al., 2019). Forest arthropod monitoring can detect the biodiversity benefit of native forests
and mixed plantations over monocultures (Wang et al., 2019). As well as detecting changes
in the composition of arthropods in ecosystems under restoration (Edwards et al., 2014;
Fernandes et al., 2019; Lynggaard et al., 2020). It has also been suggested that the dense
canopy cover of forests allows for greater diversity (Lange et al., 2014; Zou et al., 2015). In
addition, the undergrowth harbors a greater diversity of insects compared to its thinning
(Rambo et al., 2014); in such a way that the ground vegetation (undergrowth) could harbor
greater diversity and richness of arthropods (Lange et al., 2014). Thus, it is possible that some

groups of arthropods are correlated to mature forests. For example, a study found that insect
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richness and diversity increased in locations with greater structural complexity and
environmental heterogeneity, particularly with increasing canopy cover, litter, and dead
wood (Fuller et al., 2008). Likewise, Beng et al. observed that different types of land-use
showed different communities of unique arthropods, this is reflected in the marked
differences in the structure of the communities between the different types of forests (Beng
et al., 2016). In parallel to the former drivers of differentiation, the neutral dispersal
limitation, which is the process that causes the location of an individual to be restricted in
some sense by the location of its parent, has been highlighted by the neutral theory as the
main driver of local diversity (Hubbell, 2001; Rosindell et al., 2011). This means that
dispersal limitations of individuals give rise to spatial patterns at large (McGill, 2010), and
that the limited spatial scale may influence dispersal restrictions in soil arthropods (Arribas
et al., 2020; Noguerales et al., 2021). Just as community connectivity occurs due to height
and distance within a forest under conservation (Galvez-Reyes et al., 2021), and dispersal
capacity and climatic tolerance are restricted, strong geographic isolation can be found over
distances of only a few kilometers for multiple arthropod species coexisting on an oceanic
island (Salces-Castellano et al., 2020). Therefore, before testing whether forest management
and plantations are being carried out in a way that impacts local biodiversity, arthropod’s
dispersal limitations should be considered.

The tropical sky islands are useful for testing dispersal constraints of arthropods
because they provide an environment of high elevation gradients and steep valleys, inhabited
by highly isolated communities or communities from other mountains (Mastretta-Yanes et
al., 2015; Rahbek et al., 2019; Uscanga et al., 2021). These factors have been used to explain
the phylogeographic and biogeographic patterns of structure found among the Mexican

tropical sky islands (Mastretta-Yanes et al., 2015; Uscanga et al., 2021). We now know that
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the changes in the composition, from the genetic to the community level, can occur due to
neutral processes at a fine geographical scale inside the sky-island Nevado de Toluca
(Gélvez-Reyes et al., 2021). However, changes can also be due to differences between types
of management, therefore it is necessary to determine if forest management and plantations
are being carried out in a way that impacts the local structure and biodiversity and the
confounding effect of both, isolation by distance and treatment. We hypothesized that the
diversity and structure of the arthropod community varies according to the distance locality
and the different human activities (forest management, disturbed and reforested) in the
Nevado de Toluca. Here, we evaluate fine-scale spatial patterns of diversity and composition
of arthropod fauna to test the role of dispersal limitation and different types of forest

management and forest conservation status.

Materials and methods

Study sites and sampling design

The study sites include Abies religiosa and Pinus hartwegii forests which grow at around
2,500-3,500 m.a.s.l. in the Nevado de Toluca mountain (Figure 1a), which is a sky-island
within the TMBYV (Mastretta-Yanes et al., 2015; Rzendowski, 2006). We sampled arthropods
from treatments that include forests under conservation, forestry managed forest, Abies
religiosa disturbed forests and reforested forests of Pinus hartwegii as detailed below and in
Table S1. Sampling was performed in the rainy season of 2015 during mid-August and
September with pitfall traps as detailed in Galvez-Reyes et al. (2021). At each sampling point
arthropods were sampled with pitfall traps distributed in three blocks of 15 x 20 m with 20

pitfalls each (Figure 1c). Each sample (biodiversity soup) consisted of all the specimens
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collected by 20 pitfall traps, totalling 2,880 pitfall traps and 115 biodiversity soups (Figure
1; Table S1). Sampling blocks were separated by at least 50 m and maximum distance among
sampling points was 20 km (Figure 1). Pitfall traps of each block site (20 traps) were collected
after 15 days, as suggested by Cardoso et al. (2008, 2009) and Emerson et al. (2017) and
pooled in a single bulk-sample in a bottle containing ethanol at 96% as suggested by Gélvez-
Reyes et al. (2021). Sampling was performed with SEMARNAT permit No.
SGPA/DGVS/02641/15.

Our experimental design included the following comparisons: (i) A. religiosa forests
under management versus forest under conservation. Forest under conservation (CON) were
inside the protected area Nevado de Toluca. Forestry management included chaponeo
(cutting herbs and bushes to increase light availability to young trees and decrease fuel
material for forest fires) activity chaponeo, cut 10% of the wood volume one year ago (Y1),
seven years ago (Y7), and 10 years ago (Y10). The former treatments were sampled with 63
biodiversity soups (1,260 pitfall traps in total) distributed in the Amanalco locality. (ii)
Disturbed forest (DIS) vs forest under conservation. The disturbed forest was an A. religiosa
forest where cows were allowed to pasture freely. For this, 18 biodiversity soups were used
(360 pitfall traps) in the Santiago Tlacotepec locality. (iii) Reforested plantation vs forest
under conservation. This is a Pinus hartwegii forest that had been reforested in 2013 (R13)
and another which was reforested in 1980 (R80). In total 27 biodiversity soups were used
(540 pitfall traps) distributed across Santiago Tlacotepec and Zinacantepec localities. (iv) A.
religiosa vs P. hartwegii forests under conservation. For these 36 biodiversity soups were
used (720 pitfall traps), distributed across San Juan de las Huertas, Santiago Tlacotepec and

Zinacantepec localities.
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@ Abiesreligiosaunder conservation
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@& Chaponeo
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Figure 1. Study site and sampling design. a) Location of the study area in Mexico and Map
of the protected natural area Nevado de Toluca. b) Sampling points area over a vegetation
and land-use map. At each sampling point (symbols) we sampled three sampling blocks
included under conservation (CON: red empty circle), management forest includes chaponeo
activity (chaponeo: yellow circle), Cut one year ago (Y1: triangle purple light), Cut seven
years ago (Y7: triangle magenta), Cut ten years ago (Y10: triangle purple) and disturbed
(DIS: brown symbol) Abies religiosa forest. The reforestation forest includes reforestation
2013 (R13: blue light full circle) and reforestation 1980 (R80: blue full circle) within Pinus
hartwegii forest. ¢) Sampling blocks were separated by 50 m (within sampling points) to up
to 20 km (between sampling points), each block of 20 x 15 m had 20 pitfall traps equidistantly
distributed. Treatments sampling points were distributed in five sites to the West (ABB: Agua
Bendita and ASB: San Bartolo) and East (SJH: San Juan de las Huertas, TCL: Tlacotepec
and ZIN: Zinancatep) hillsides of Nevado de Toluca. For vegetation types of details see

Gonzélez-Fernandez et al. (2019).
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Molecular biology methods

Samples (comprising 20 pooled pitfalls each) were cleaned up following the Flotation-
Filtration-Stereoscope protocol (FFS) that allowed us to have ‘clean’ bulk specimens ready
for DNA genomic extraction (see Galvez-Reyes et al., 2021). Due to the samples having
considerably different body sizes, we divided specimens by size class boundaries as
suggested by Galvez-Reyes et al. (2021): small (e.g., size Drosophila melanogaster <=3
mm), medium (e.g., size adult Apis mellifera >3mm and <=15 mm), or large specimens (e.g.,
adult grasshopper >15mm). After size classification, we divided each specimen according to
Galvez-Reyes et al. (2021) as follows:complete bodies for small arthropods, the thorax (head
included) from medium-sized arthropods and two legs from large arthropods. This procedure
generated 288 subsamples of bulk specimens for DNA extraction and library prep processed
independently and then pooled (see below), but using the same library barcode identifier per
subsample (thus, the final number of libraries retrieved was 115, one library per sample). For
DNA genomic extractions, each bulk-sample was independently homogenized with an
electric disruptor (Qiagen TissueLyser I1: two times for 1 min at 30 Hz and 30 s at 30 Hz)
using sterile 7mm stainless steel beads and Qiagen DNeasy Blood & Tissue Kit and BSA
buffer 1x. We quantified the DNA concentration using Qubit 3.0 Fluorometer.

The preparation of metabarcoding libraries was performed as follows: we used the
double dual tagging method with the XT Illumina Adapter Kit (Arribas et al., 2016). We PCR
amplified a 418-base pair within the standard barcode region from the 5° end of
mitochondrial COI gene for metazoa with the primers B_F 5' CCIGAYATRGCITTYCCICG
3' (Shokralla et al., 2015) and Fol-degen-rev 5 TANACYTCNGGRTGNCCRAARAAYCA
3' (Yuetal., 2012) modified to include HHlumina overhang adaptors for subsequent PCR. For

each subsample (n=288), we performed and pooled together equimolar amounts of three
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independent PCR replicates for each arthropod-size sample. We included a negative control
reaction with no DNA template in all experiments. Amplifications were performed following
the PCR condition and information regarding PCR reagents are available in Arribas et al.
(2016) and Galvez-Reyes et al. (2021). Each pool of PCR amplicons was purified of
remaining primers and primer dimers using magnetic bead-based Agencourt AMPure XP
beads protocol (Beckman Coulter). Then, amplicons were used as template for a limited-
cycle PCR amplification to add dual-indices barcodes (N7 index and S5 index) and the P5
and P7 lllumina sequencing adapters using the Nextera XT Index Kit from Illumina (Gélvez-
Reyes et al., 2021). PCR products were visualized on agarose gel and red gel. The 115
metabarcoding libraries and two negative controls (DNA extraction and PCR amplification)
were sequenced on two lanes of Illumina MiSeq 2x300-bp at the Cornell Institute of

Biotechnology, Cornell University, USA.

Metabarcoding bioinformatics read processing

The paired-end reads processing of the 115 libraries were quality filtered following
procedures described by Arribas et al. (2020). Briefly, processing included quality checking,
primer removal, pair merging, quality filtering, denoising, and clustering each library
independently. Raw reads were quality checked using Fastqc version 0.11.7 (Babraham
Institute, 2013). Primers were trimmed at 21 and 27 bases for R1 and R2, respectively using
the fastx_trimmer option of the Fastx-toolkit version 0.7 (Hannon, 2010) and reads were
processed in Trimmomatic-0.36 (Bolger et al., 2014) using TRAILING:20 to remove bases
at the end of a read. R1 and R2 reads were used to search paired sequences with pairfq-0.17
(Staton, 2013/2019). After this, libraries were processed with several steps including the

following: reads were merged with the fastq_mergepairs command, -fastq_minovlen 50 and
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-fastg_maxdiffs 15 from Usearch-9.2 (Edgar, 2013). Quality-filtered (Maxee = 1),
dereplicated (-fastx_uniques) and trimmed to full length amplicons of 416-420 bp by sorted
(-sortbylength) options in Usearch-10 (Edgar & Flyvbjerg, 2015). Surviving reads were
denoised and chimera checked (-unoise3: -alpha 2, -minsize 4) to generate Amplicon
Sequence Variants (ASVs) sensu (Callahan et al., 2016), which are suggested to be predicted
biological sequences to be used for direct analysis without the need of OTU clustering
(Callahan et al., 2017; Edgar, 2016).

High-level taxonomic categories (order level) were then assigned to ASVs for each
of the following orders: Diptera, Collembola, Arachnida, Coleoptera, Hymenoptera, and
Lepidoptera, using the lowest common ancestor (LCA) algorithm of MEGAN-6 (Huson et
al., 2016). Taxonomic identification of each read was done using BLAST search against a
reference library including the NCBI nt database and BOLD (accessed on January 03 2022;
blastn -outfmt 5 -evalue 0.001). Remaining sequences were not further considered. The tree
was exported, visualized, and edited using figtree-1.4.3 (Rambaut, 2015/2023). 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.
All sequences were inspected for insertions, deletions or stop codons disrupting the reading
frame, which then were excluded.

A community table was then generated with read-counts (haplotype abundance) of
each retained ASV for the six orders by matching ASVs against the complete collection of
reads (i.e., reads before the dereplicating and denoising steps) using the -search_exact
command with usearch-10 (Edgar & Flyvbjerg, 2015). Additional filtering according to ASV
abundances in community tables (one ASV per taxa) was performed as described by Arribas

et al. (2020). To summarize, we first removed from each library those ASVs with abundances
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of four or fewer reads (same criteria as denoising). Second, within each library we removed
ASVs that comprised less than 1% of reads within the taxonomic group that they belonged
to. Although the recently released metaMATE software (Anddjar et al., 2021) can provide
for a more robust evaluation of filtering strategies, its application here was compromised by
the limited availability of reference sequences matching the obtained ASVs (only 5 ASVs
were classified as verified-authentic ASV). However, we were able to compare the efficiency
of the 1% threshold used here with metaMATE, but only indirectly as metaMATE excludes
ASVs only if they fall below a given threshold in all libraries (or binning groups) where they
are found. Consequently, we used metaMATE to explore the effect of filtering by taxonomic
group and library with thresholds of 0.8%, 1%, and 1.5%. These three thresholds removed
respectively 79%, 83%, and 88% of ASVs identified as verified non-authentic by
metaMATE, indicating that our filtering appropriately reduces the prevalence of NUMTs and
sequencing noise for the estimation of community-wide geographical patterns within the
multi-hierarchical approach. Community tables of filtered haplotypes were then transformed
into incidence (presence/absence) data and used for downstream analyses.

To identify lineages within each of the orders we use a range of clustering levels.
ASVs filtered data sets were used to generate an UPGMA tree under corrected distances
using F84 model, and based on this tree, filtered ASVs were considered haplotypes, which
were then nested into lineages following the genetic similarity at different thresholds of
genetic similarity (0.5, 1.5, 3, 5 and 7.5%), plus an additional threshold derived from a
species delimitation analyses conducted with the generalized mixed Yule-coalescent
(GMYC) model in R (Pons et al., 2006). Analyses were performed using Vegan (Oksanen et
al., 2019), Cluster (Maechler et al., 2022), PMCMR (Pohlert, 2021), Hier.part (Nally &

Walsh, 2004), Ecodist (Goslee & Urban, 2007), and Betapart (Baselga & Orme, 2012).
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Community diversity, composition, and ordination of the treatments

The subsets of ASVs of six arthropod orders were used to conduct analyses of community
diversity and composition among treatments, considering haplotypes (raw ASVs) and all
lineages (0.5, 1.5, 3, 5 and 7.5% lineages, plus that corresponding to the GMYC species
delimitation). Total accumulation richness curves were first estimated for multiple levels of
genetic similarity (haplotypes, lineages at 3% and 5%) using the R package Betapart (Baselga
& Orme, 2012). Then, ANOVAs were used to test for significant differences in alpha
diversity between the communities of different treatments of each sampling point.

The community composition variation from different treatments were assessed. Total
beta diversity (Sorensen index, Psor), additive turnover (Simpson index, Psim; species
replacement, without the effect of variation in richness) and nestedness (Sorensen—Simpson
index, Psne; pure richness effect) components (Baselga, 2010) were then estimated based on
community compositions at different hierarchical levels. We used the R package Vegan
(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 ordispider option to visualize the compositional ordination of the
communities according to respective treatment. An analysis of similarity (Anosim) was
performed for each taxonomic group to compare arthropod community composition among
sites. Anosim is a non-parametric method for analyzing variance and testing multivariate
differences between groups, based on a resemblance matrix and rank dissimilarity (Clarke,

1993). Plots were visualized with the R package ggplot2 (Wickham et al., 2020).
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Distance decay of similarity of communities

To examine the effect of distance on the variation of arthropods community composition but
considering the multi-hierarchical approach of Baselga et al. (2013), we tested for distance
decay of similarity across the different lineages. We considered the following as independent
variables: (i) each local site and treatment (1 — pairwise beta diversity) and (ii) geographic
distance (i.e., isolation by distance, IBD) using the Euclidean distance in kilometers. We
focused on Diptera, Collembola, Arachnida, Coleoptera, Hymenoptera and Lepidoptera
assemblages for IBD, because they were the six sampled orders showing the highest
completeness values. For response variables, pairwise similarity of assemblages at the
haplotype and higher lineages (0.5%, 1.5%, 3%, 5%, 7.5% and GMY C) among all treatments
were used. The analysis was done with all six orders for the entire treatment sampling. At
each lineage threshold, patterns of similarity between pairs of treatment were calculated using
the means of the Simpson’s similarity index (1- pairwise Bsim = a/[a + min(b,c)] diversity)
using the R package betapart (Baselga & Orme, 2012), where a is the number of species
present in both territories, and b and ¢ the number of species unique to one or another,
respectively.

For the multihierarchical assessment of the variation in community composition
(distance decay of similarity patterns) with spatial distance (computed in meters as the
Euclidean distance) were assessed at each level of genetic similarity (from haplotypes to
7.5% lineages). A negative exponential function ‘decay.model’ in the R package Betapart
(Baselga & Orme, 2012) was used to adjust a negative exponential function to a generalized
linear model (GML). We used Simpson similarity (1 — Bsim; Baselga, 2010) as a response
variable, pairwise effective distances of each resistance surface as predictors, log link and

Gaussian error (Arribas et al., 2020; Gémez-Rodriguez & Baselga, 2018). Analyses and
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graphical representations of data were performed with the R packages Vegan (Oksanen et

al., 2019), Betapart (Baselga et al., 2018) and Ecodist (Goslee & Urban, 2007).

Results

Sequencing metabarcoding data and ASVs recovering

In total, we processed 115 metabarcoding libraries performed by double dual tagging of COI
amplicons with Miseq Illumina sequencing that generated 30,410,338 paired reads. We
obtained from 95,756 to 466,792 reads in each direction per sample. Of these, from 39,484
to 192,273 sequences remained after quality filtering (totalling 13,061,708). After read
merging and sequence filtering to a length of 418 bp, each sample comprised between 31,006
and 167,120 sequences (totalling 11,229,150). Taxonomic assignments with usearch showed
high similarity to a broad range of arthropod species (Figure S2). The 4,400,273 sequences
comprised 2,315 ASVs (unique variants: Diptera, 685; Collembola, 470; Arachnida, 255;
Coleoptera, 236; Hymenoptera, 183; Lepidoptera, 71). The GMYC threshold values obtained
were: Diptera, 0.9%; Collembola, 2.9%; Arachnida, 1.3%; Coleoptera, 0.7%; Hymenoptera,
1%; and Lepidoptera 1.5% (Table S2).

The results of rarefaction curves indicated that sampling effort was sufficient to
achieve from 60 to 91% completeness at the levels of individual haplotypes and lineages at
3% and 5%, for four of the six taxa (Diptera, Collembola, Araneae, Hymenoptera,
Coleoptera, and Lepidoptera, Figure S3). Diptera, Collembola, Arachnida, Coleoptera,
Hymenoptera and Lepidoptera presented significant differences in richness and structure

among sampling treatments, but patterns were not consistent across groups (Figure 2, 3).
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Managed forests

In the dataset including chaponeo vs conserved forests (CON) we found from 2 to 130
haplotypes and from 2 to 20 lineages at 3%, depending on the order of arthropods (Figure 2).
Of all arthropod orders, only Araneae and Coleoptera showed statistical differences in
richness between the chaponeo and conservation treatments, both at the haplotypes, and
lineages at 3% and 5%. We detected higher levels of turnover between sites in chaponeo
treatment than in conservation (Figure 5). Low to moderate beta diversity was found across
communities in all orders, from haplotypes to higher hierarchical levels (Figure 5; Figure
S3). The results of differences in species diversity and composition with ordination plots of
NMDS showed that the chaponeo activity and conservation forest have distinct assemblages,
with each treatment forming a separate group (Figure 5). The Anosim showed that the
Arthropoda community differed significantly between the chaponeo vs conserved forests
based on Bray-Curtis dissimilarity (r> = 0.15, P < 0.01; r?= 0.36, P < 0.001 at haplotypes
level). Collembola and Lepidoptera groups have significant differences in community
structure from haplotypes to lineages 3% and 5%, and Diptera has significant differences at
the haplotype level. In the four orders (Diptera, Collembola, Arachnida, and Hymenoptera)
where isolation by distance analyses were carried out, we found that decay of similarity of
communities decreases with spatial distance at all levels of lineage divergence (from 0.5 to
7.5%) (Figure 9c, 10c, 11c, 12c). Distance decay was low in all orders (Figure 6, Figure S7),
but it is more marked in groups with more limited dispersal abilities (e.g., Collembola and
Arachnida) than in groups with higher dispersal abilities (e.g., Diptera and Hymenoptera).
Interestingly, these patterns occur even at fine (<1.5 km) geographic distances (Figure 9c;

10c; 11c, 12c¢).
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In the comparison including A. religiosa managed forests that were cut 1, 7 or 10
years ago vs conserved forests (CutYl, CutY7, CutY10, CON, respectively) our results
showed a richness of 2 to 120 haplotypes and from 2 to 20 lineages 3%, depending on the
order of arthropods (Figure 3). Most of the groups yielded high richness within communities
(alpha diversity by sample), and only the Diptera, Collembola, Araneae and Hymenoptera
groups presented significant differences in richness among different cut years and
conservation (Figure 3). Likewise, we detected higher levels of turnover between sites in all
treatments than in conservation forests. Low to high beta diversity was presented across
communities in all orders, from haplotypes to high hierarchical levels (Figure 6; Figure S3),
with significant differentiation among cut sites vs conserved forests. Ordination plots showed
that CutY1, CutY7, CutY10 and conservation have clearly distinct assemblages, with each
treatment type showing separated groups for the six arthropods orders (Figure 6).
Specifically, CutY1, CutY10, and conservation forests were distinct from CutY7 forests in
Collembola, Araneae, Diptera, Coleoptera and Hymenoptera. The Anosim detected that the
Arthropoda community differed significantly across the cut vs conserved forests based on
Bray-Curtis dissimilarity (r> = 0.08, P < 0.01; r?=0.67, P < 0.001). We found isolation by
distance (IBD), in even less than three km (Figure 9a, 10a, 11a, 12a). The IBD occurs in all

groups but was more marked in Collembola and Arachnida (Figure 10a. 11a).

Disturbed forests

In the sites that include disturbed vs conservation treatments, we observed that the richness
presented from 2 to 150 haplotypes and from 2 to 20 lineages at 3%. Diptera’s lineages at
3% have significant differences in richness between disturbed and conserved forests.

However, the richness of all other arthropod groups showed non-significant differences
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between the disturbed treatment versus conservation. The estimation of beta diversity showed
that the total beta diversity ranged from 0.13 for Lepidoptera to 0.8 for Collembola (Figure
S1). For each taxon, community composition variation was explained mainly by turnover
(Bsim; species replacement between sites), rather than nestedness (pnes; species loss from
one site to another) (Figure S2). Collembola, Araneae, Coleoptera and Diptera at disturbed
forests have higher levels of turnover between sites than conservation forests. The former
holds from haplotypes to lineages at 3% and 5%. However, patterns of species turnover
varied by the disturbed treatment and geographical distance. Ordination plots showed that
the disturbed and conserved forests presented different groups assemblages. This NMDS and
Anosim analysis showed a high-resolution power of arthropod communities to distinguish
the different sampling sites of treatment (Figure 8). Our study demonstrates a distance-decay
pattern of community similarity in conserved and disturbed forests. We found isolation by
distance (IBD), in even less than 2.5 km (9b, 10b, 11b, 12b). This occurs in all groups but

was more marked in Collembola and Arachnida (Figure 10b. 11b).

Reforested forest

Overall, richness presented from 2 to 80 at haplotypes level and from 2 to 30 lineages at 3%.
Richness a-diversity was significantly higher in the forest under conservation than in
reforested forests for Collembola, Araneae and Hymenoptera, but there were no differences
between forest reforested in 1980 versus 2013, and this increase did not affect overall a-
diversity patterns in other groups (Figure 4). In addition, we detected higher levels of
turnover between sites in conservation forests than in reforestation (both 1980 and 2013) for
Diptera, Collembola, Coleoptera, Arachnida, and Hymenoptera (Figure 7). Similarly, higher

levels of turnover were detected in both reforestation treatments (Figure S1). Ordination plots
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showed that the forest under conservation have distinct assemblages, with each reforestation
date forming a separate group (Figure 7). Interestingly, forests reforested two years before
the sampling were also distinct from forests reforested 35 years ago. Pattern that holds from
haplotype to lineages 3% and 5%. The Anosim showed that the Arthropoda community
differed significantly across the reforested and conservation forest sites based on Bray-Curtis
dissimilarity (r?> = 0.46, P < 0.001; r?=0.87, P < 0.001). Finally, across reforested sampling
sites (max distance 8 km), pairwise similarity within communities at all levels of clustering
decreased with geographic distance (Figure 9d, 10d, 11d,12d). The fit of the IBD was high
in Collembola (from r?=0.404, b = -2.07, p < 0.001 at the haplotype level, Table S3; Figure
10d). Similar I1BD results were found for Diptera, Arachnida, and Hymenoptera (Figure 9d,

11d, 12d; Table S2, Table S3).

Discussion

The wcMBC recovers species richness and composition of diverse arthropod communities,
making it a reliable tool for assessing biodiversity across sites. Although turnover patterns
were slightly similar across studied treatments, the communities in each treatment were
distinct and non-overlapping. Community composition (as represented by NMDS) exhibited
clear differences among treatments and between conservation forest and other treatments, as
confirmed by the Anosim test. Our results indicate that distance decay is significant even
within a maximum distance of only 8 km between treatments, and that forest management
treatments have an effect. These patterns are observed across multiple hierarchical levels,
from haplotypes to higher lineages, suggesting that dispersal limitations and human activities

drive community composition. This pattern holds even at finer geographic distances (<1.5
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km), but only for groups with low dispersal ability, such as non-winged Collembola and

Arachnida, in the chaponeo treatment.

Haplotypic richness differences between treatments and forest conservation

Tropical mountains are important centers for the generation and maintenance of biodiversity
owing to their ecological and evolutionary variables (Fjeldsa et al., 2012; Rahbek et al.,
2019). In particular, the Nevado de Toluca is of great ecological and evolutionary
significance because it (i) encompasses forests that exist in large, relatively continuous
sections, (ii) hosts genetically diverse tree populations, and (iii) comprises forests located in
an area of long-term climatic stability, a feature that promotes the accumulation of genetic
diversity (Mastretta-Yanes et al., 2014).

A major challenge in forest conservation is to quantify the impact of new public
policies on biodiversity, particularly in regions undergoing changes in land use (Wang et al.,
2019). In an extreme case, forest management can lead to the complete replacement of
dominant tree species with other more economically valuable species, resulting in significant
changes to the habitat (Brunet et al., 2010). In a less severe scenario, forest management can
affect forest-dwelling arthropod communities either directly, by reducing population size
during harvesting activities, or indirectly, by affecting habitat availability (e.g., shelter,
overwintering structures), habitat heterogeneity, or prey availability (Lange et al., 2014).

Although the forests and natural grasslands of Nevado de Toluca have been subject
to deterioration due to agricultural expansion (which occurred before 1972), grazing, mining
activities for construction materials, and legal and illegal logging throughout its history
(Mastretta-Yanes et al., 2014), the impact of forestry activities on forest-dwelling animal

communities had not yet been studied. In this study, we aimed to investigate whether forest
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management practices affect the richness and composition of animal communities in
different types of forests, including those undergoing management, reforestation, and
conservation, using wcMCB data. We found significant differences in arthropod community
richness at the haplotype level, and low or none differences at the species level (lineages 3%
or GMYC) for most groups.

We observed variation in haplotype richness between different years after logging
and conservation treatments, with most arthropod groups showing differences (Figure 3). In
the reforestation treatment, Collembola had slightly increased haplotype richness compared
to the forest under conservation, while Diptera, Araneae, and Hymenoptera showed variation
between treatments. The richness of arthropod haplotypes in the reforestation treatment was
only half that of other A. religiosa treatments, such as forest management, disturbance, and
conservation (Figure 4). Notably, Araneae and Coleoptera showed high variation in
haplotype richness in the conservation chaponeo treatment, while only Diptera with 3%
lineages showed slightly more variation in disturbed forests than conserved forests. These
results indicate that studies looking for changes at the species level (3% linages) may
overlook a loss of diversity that may be already occurring at the genetic level. In other words,
while species may still be present thus not affecting patterns of genetic diversity, population
bottlenecks within species may be occurring, which get reflected at the haplotypic level. This
is congruent with studies in many animal taxa showing that genetic diversity is decreasing
within species due to human activities (Allentoft & O’Brien, 2010; Des Roches et al., 2021;
Garner et al., 2005). Case studies in arthropods have also found a reduction of genetic
diversity due to habitat fragmentation, environmental modifications and their consequential
reduction of local population sizes, affecting more in particular specialist species (Ferreira-

Neto et al., 2017; Gaublomme et al., 2013; Ortego et al., 2015).
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Although the signal was weaker than at the haplotype level, we also found some
differences in richness at 3% lineages and higher levels. Interestingly, we observed slightly
higher arthropod richness in treatments under forest management, disturbance, and
reforestation compared to conservation for some groups. In other studies, native forests and
mixed plantations have been found to have the highest levels of arthropod diversity,
particularly in regions where they mainly consist of small-scale monocultures planted in a
checkerboard pattern (Wang et al., 2019). In our study, sites under forest management were
located close to forests under conservation, which facilitated the dispersal of individuals from
the populations of origin and the impact of the forest on microclimate (Arribas et al., 2020;
Baker et al., 2014).

The richness of most groups of arthropods and treatments did not show significant
differences. In contrast, previous studies have suggested that arthropod richness can be a
reliable predictor of plant richness or vice versa in tropical forests (Basset et al., 2012;
Lynggaard et al., 2020; Zhang et al., 2016). The lack of significant results in richness for
some treatments and groups may indicate that species richness is highly sensitive to the
wcMBC bioinformatics strategy (Liu et al., 2020). For instance, Barsum et al. (2019)
cautioned about the transferability of these taxa-specific responses in different spatial and
temporal contexts, as they found no significant differences in spider species richness between
stand types at all sampling intervals. Therefore, the current focus of biodiversity studies is
on changes in community composition rather than species richness (Lynggaard et al., 2020;
Magurran, 2016; Wang et al., 2019). Consistent with this, Lynggaard et al. (2020) reported
that species richness appears to recover rapidly after revegetation, and hence, changes in
community composition should be the main focus. The argument is that anthropogenically

disturbed communities can maintain species richness and phylogenetic diversity, even when
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local or endemic species go extinct and are replaced by cosmopolitan species (Wang et al.,
2019). Moreover, changes in alpha diversity may not be noticeable due to taxa substitution
(Lynggaard et al., 2020). To address this issue, several filter steps have been employed to
remove false OTUs (Andujar et al., 2021), and it has been proposed to use "iNextPD" to
generate robust alpha diversity comparisons by estimating phylogenetic diversity instead of

species richness (Wang et al., 2019).

Significant turnover in the community composition between treatments and forest
conservation

Community composition and structure are key indicators of changes in biodiversity
(Lynggaard et al., 2020; Wang et al., 2019). Changes in species structure and composition
can be attributed to both natural and anthropogenic causes (Lynggaard et al., 2020; Magurran,
2016; Wang et al., 2019). Our results support this hypothesis, as forest management,
disturbance, and reforestation had marked effects on arthropod groups' structure and
composition. Specifically, forests regenerating 1, 7, and 10 years after logging were
significantly different from those under conservation for all groups. Notably, there was no
overlap between sites under conservation and regeneration forest in the ordination (NMDS),
indicating a significant separation between arthropod communities in forests under
conservation and at different times after logging. This finding is consistent with studies of
beetle community composition in other forests, where the authors examined regenerating
forests between 40 and 58 years ago and found that forests remained significantly different
from mature forests after clearcutting 40 and 58 years ago (Liu et al., 2021). Similarly, there
was a response of arthropod composition to land use change in the tropics (Beng et al., 2016).

Even subtle differences in forest beetle communities after disturbance have been observed
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(Liu et al., 2020). These findings can be explained by the higher diversity of vegetation and
variation in height and three-dimensional structure, allowing for greater sunlight penetration
into the understory, resulting in the availability of food and other resources (Wang et al.,
2019). Moreover, changes in forests due to anthropogenic activities translate into changes in
ecosystem functioning in forests due to changes in the arthropod community (Brandon-Mong
et al., 2018).

In our study, we found that chaponeo, and disturbances had no effect on the structure
and composition of some groups of arthropods. Our results indicate that the structure and
composition of the arthropod community in logged forests differed significantly from that in
conservation forests for Collembola, Lepidoptera and Diptera (at the haplotype level).
However, there was a high degree of overlap between sites under conservation and
management in the ordenation (NMDS), suggesting that the communities of Arachnida,
Hymenoptera, Coleoptera, and Diptera (3% and 5% lineages) showed an incipient but non-
significant separation between in logged forests and forest under conservation. Liu et al.
(2020) reported subtle but significant differences in beetle community composition in the
renewal of the arthropod community in regenerating very late successional forests,
approximately 55 years old, and mature unlogged forests. Interestingly, one mechanism that
may drive arthropod composition is the effect of light availability on understory vegetation
and microclimate (Cai et al., 2021).

Mixed plantations can provide increased diversity and composition of arthropods
being highly correlated with native forests (Wang et al., 2019). The effects of reforestation
in Mexican forests show that the structure and composition do not overlap, and this separation
was significant for all groups. This is similar with one study, where croplands support an

arthropod community similar in richness and diversity to mixed plantations and just below
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native forests, but where the species composition of cropland is different from native forest,
and cropland cannot compensate for the loss of biodiversity that native forest depends on
(Wang et al., 2019). In addition, the composition and structure of plants (or vice versa) in
tropical landscapes (Basset et al., 2012; Lynggard et al., 2020; Zhang et al., 2016), especially
in native forests, the high diversity of arthropods prevails (Lynggard et al., 2020; Zhang et
al., 2016; Wang et al., 2019).

The composition of arthropod communities exhibited considerable variation across
treatments and arthropod groups. Additionally, a correlation was observed between
geographical distance and changes in species composition, indicating that forest
management, disturbances, reforestation, and distance work synergistically to shape
biodiversity and community composition. This is consistent with previous findings which
have established strong correlations between environmental gradients and changes in species
composition across forest types, suggesting that differences in 3 diversity could be driven by
interactions between forest type, environmental heterogeneity, and the life history of species
(Beng et al., 2016). Moreover, dispersal constraints have been shown to play a critical role
in shaping community structure across multiple hierarchical levels at fine-scale geographical
features, within a habitat-based framework (Arribas et al., 2020; Noguerales et al., 2021,
Galvez-Reyes et al., 2021). Therefore, it is crucial to examine subtle differences in
community composition to gain a better understanding of the underlying mechanisms driving
biodiversity turnover in communities and to inform adaptive management strategies
(Barsoum et al., 2019). For instance, bark beetle-induced forest dieback does not result in
detectable differences in species diversity but does result in changes in community
composition (Cai et al., 2021). Hence, heterogeneous forests are more resistant to pests and

diseases and harbor higher diversity (Cai et al., 2021).
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Forest management treatments and dispersal limitations are driving community structure
To investigate whether dispersal constraints shape community structure, we evaluated the
dispersal distance relationship (DDR) from haplotype levels to communities in different
forest management and reforestation activities. We calculated isolation by distance (IBD) for
four orders with contrasting dispersal capacities: Diptera, Collembola, Hymenoptera, and
Arachnida, and considered all our sampling locations in Nevado de Toluca, with a maximum
distance of 8 km between treatment sampling points and a minimum distance of 50 m within
plots. We found that dispersal limitation plays an important role within each treatment
because the similarity of communities decreases with spatial distance from the haplotype
level to all levels of lineage divergence (from 0.5% to 7.5%), and the same pattern was
observed with molecular putative species GMYC (Figures 9, 10, 11, and 12). The decay of
similarity of arthropod communities across distance was high in all orders and treatments
(Figures 9, 10, 11, and 12), but it was more marked for all groups within the reforestation
treatment (Figures 9d, 10d, 11d, and 12d). Similarly, it was more pronounced in groups with
more limited dispersal abilities, such as Collembola and Arachnida, than in groups with
higher dispersal abilities, such as Diptera and Hymenoptera. Interestingly, for the Collembola
and Arachnida group, a marked decay of similarity was found within forest management with
chaponeo at less than 1.5 km. This is consistent with other studies showing that dispersal
limitations drive community structure across multiple hierarchical levels at fine geographical
scales within Collembola and Arachnida, resulting in community differentiation at very short
geographic distances (<2 km) within forests (Arribas et al., 2020; Galvez-Reyes et al., 2021).
Baselga et al. (2012) suggest that dispersal capacity is a key factor driving community
similarity at multihierarchical levels. Recent studies have demonstrated that dispersal

restrictions play a critical role even at relatively small spatial scales of a few kilometers in
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soil microarthropods (Arribas et al., 2020). Consistent with these findings, our results show
that the decrease in similarity with increasing distance is more pronounced in wingless
Collembola (r? = 0.404 at the haplotype level; Table S3; Figure 10) than in winged Diptera
(r> = 0.15 at the haplotype level), within forests at finer geographic scales <1.5 km. Similar
patterns have been reported in arthropods inhabiting conservation forests, where the distance
decrease is greater in wingless Collembola (r? = 0.704 and r? = 0.599) at the haplotype and
GMYC levels than in winged Diptera (r?> = 0.293 and r? = 0.195) at the haplotype and GMYC
levels (Géalvez-Reyes et al., 2021). However, as dispersal capabilities become limited,
landscape features that restrict dispersal are expected to play a more prominent role in
shaping diversity (Vellend, 2010), including human modifications to the ecosystems. Thus,
different land uses are likely to have varying impacts on community dissimilarity (Barsoum
et al., 2019; Wang et al., 2019). Our results support that the decrease in similarity is given by
treatment for example Chaponeo. But also, within in the dissimilarity is greater in wingless
Collembola (r? = 0.24 at the haplotype level; Table S3; Figure 10) than in winged Diptera (r?
= 0.16 at the haplotype level; Table S3; Figure 9) at finer geographic scales <1.5 km. This
suggests that there is a synergistic effect between distance and treatment in shaping the
composition of most groups. Finally, we observed that the proportion of Diptera was
significantly affected by the different treatments. Our observations are consistent with those
of Brandon-Mong et al. (2018) and Zhang et al. (2016), who also reported similar proportion
of Diptera in anthropogenic forests. Furthermore, Brandon-Mong et al. (2018) emphasized
the positive feedback mechanism between land use and temperature, which poses threats to
arthropod communities and has implications for ecosystem functioning and human well-

being.
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Opportunities and limitations of metabarcoding in measures of biodiversity monitory

The wcMBC of arthropods is a valuable tool for evaluating biodiversity from bulk samples,
which can be used to inform management practices and policy development (Ji et al., 2013;
Yu et al., 2012). High-quality wcMBC data may contribute to global efforts to generate
sequence data for many species on Earth (Creedy et al., 2019; Ji et al., 2013), particularly in
poorly understood, diverse ecosystems such as tropical mountain forests (Galvez-Reyes et
al., 2021). Our results revealed six taxonomic groups that are sensitive to different forest
management and reforestation activities, from haplotype levels to multiple hierarchical
lineages. Similar results were obtained when evaluating alpha, beta, and gamma diversity of
soil mesofauna in forests and grasslands (Arribas et al., 2020), within forest types
(Noguerales et al., 2021). Other studies have evaluated the richness and composition of
arthropods in native forests, forest plantations, monocultures, disturbed and restored forests
(Barsoum et al., 2019; Beng et al., 2016; Liu et al., 2020; Lynggaard et al., 2020; Wang et
al., 2019).

However, our focus on wcMB of bulk samples has certain limitations when it comes
to obtaining accurate ASV-based data. The success of metabarcoding studies for assessing
invertebrate diversity in bulk samples depends on various methodological factors, such as
sampling design, sampling method, bulk-sample cleaning, DNA extraction, primer selection,
library tagging by PCR (to avoind tag-jumps), sequencing coverage, bioinformatic methods,
and database reference (Bohmann et al., 2021; Creedy et al., 2019; Liu, Clarke, et al., 2020;
Elbrecht et al., 2017, 2019; Elbrecht & Leese, 2015; Krehenwinkel et al., 2017, 2018; Pifiol
et al., 2015; Schnell et al., 2015; van der Loos & Nijland, 2021). Key sources of error at the
wet-lab stage can strongly influence the absolute and relative amounts of invertebrates

detected (Elbrecht et al., 2017). For instance, according to Creedy et al. (2019), the size of
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the arthropods can have implications for canopy arthropod studies, but this can be overcome
by ensuring sufficient sequencing depth. It is necessary to overcome challenges related to
size and biomass control, and to consider the sampling period, which can indicate
compositional changes over time (Barsoum et al., 2019; Creedy et al., 2019; Elbrecht et al.,
2017). The lack of a comprehensive reference database makes taxonomic assignment to
operational taxonomic units (OTUs) difficult (Elbrecht & Leese, 2017; Liu et al., 2019; Liu
et al., 2020). To avoid generating faulty data, researchers should consider reviewing
methodological options and applications to improve the accuracy and reliability of results.
The wcMB approach captures fine-scale temporal variations in the composition of arthropod
communities, emphasizing the importance of controlling for temporal effects in sampling. In

our study, the sampling periods were two weeks apart.

Implications for forest management in the Nevado de Toluca

Our data evaluate the richness and composition of arthropods in relation to forest
management and reforestation activities carried out within the A. religiosa forest and
reforested P. hartwegii forests. We suggest the establishment of a monitoring program that
integrates forest conservation and the monitoring of arthropod diversity and composition
within the forests of Nevado de Toluca. Such a program would allow for the assessment of
the effectiveness of forest management practices and the identification of any potential
threats to the arthropod communities within the protected area (Barsoum et al., 2019).
Similarly, environmental policies should promote appropriate forest management practices
that minimize negative impacts, limit forest plantations to small areas, and maintain a dense
and old canopy to ensure suitable habitats for shade-requiring and old forests arthropod

specialists. Conservation of forest connectivity is also crucial. It is important to consider that
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the response to high temperatures may vary among arthropod orders and forest types
(Barsoum et al., 2019; Creedy et al., 2019; Wang et al., 2019) when formulating policies.
Conservation strategies for managing biodiversity in tropical high mountains must take into
account specific taxonomic differences. In our study, we identified approximately 2,277
haplotypes in the entire arthropod community. It is also important to consider functional
diversity to assess the health status of ecosystems (Lynggaard et al., 2020). For instance,
springtails (Entomobryidae) are known to play a crucial role in soil rehabilitation, and their
large presence in the initial stages is a key factor in the recovery of soil functions (Langmaack
et al., 2001). To better detect differences in biodiversity levels, forest monitoring could
include temporal assessments of arthropod diversity over time (Barsoum et al., 2019; Creedy
et al., 2019).

Finally, it is essential to report on the landscape-scale impacts and habitat
connectivity of forest management practices, disturbance, and reforestation to improve
monitoring programs. Weather conditions should be considered to refine management
practices. The effects of mature forest on harvested areas (1, 7, and 10 years after logging)
are likely the result of a combination of interacting features, including the influence of forest,
landscape context, logging-related features, landscape setting, and distance. Biodiversity data
should be collected to identify forests of conservation concern, detect threats such as climate
change and new pests and pathogens, and measure the effectiveness of forest policy measures
designed to enhance forest biodiversity (Barsoum et al., 2019; Lynggaard et al., 2020; Wang
et al., 2019). To mitigate the deterioration caused by the opening of agricultural fields,
grazing within forests, mining for construction material extraction, and legal and illegal
logging throughout the history of Nevado de Toluca (Mastretta-Yanes et al., 2014), it is

crucial to inform the indices of biodiversity and community composition. Haplotype data
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should also be incorporated into biomonitoring as a complement to species-level diversity to

promote conservation and forest management strategies.

Conclusion

Biodiversity assessments are a fundamental requirement for ecosystem management. To
achieve this, a holistic integration of high-throughput technology and efficient sampling,
combined with the COl marker, can be used to interpret the biodiversity of the entire
arthropod community. Metabarcoding provides an efficient method for assessing biodiversity
samples from forests under conservation, stands under forest management and reforestation,
and different geographic distances. These factors drive changes in the richness and
composition of arthropod communities. However, the utility of DNA metabarcoding for
ecological management and biodiversity monitoring could be enhanced with more
comprehensive reference databases (Liu et al., 2020).

To better inform policy discussions and monitoring efforts, it is important to consider
the link between the richness and composition of arthropod communities and plant diversity
in different forest ecosystems, as well as the impact of climate change on forest dynamics.
Promoting interdisciplinary research on indicators of biodiversity composition and forest
management can lead to the development of effective biodiversity management guidelines
for forest and conservation managers based on recent scientific results. By doing so,

management of biodiversity in forest ecosystems can be more assertive.
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Figure 5. Non-Metric Multidimensional scaling (NMDS) ordinations of community
similarity (Simpson index, Bsim) in forest under conservation (CON: red color) and
chaponeo activity (chaponeo: yellow color) at the haplotype, 3% and 5% lineages of the six
taxonomic orders studied. The asterisk represents significant differences of community
structure among sites estimated with Anosim at *:p<0.05, **:p<0.01 ***:p<0.001 and ns:
non-significant values.
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Figure 6. Non-Metric Multidimensional scaling (NMDS) ordinations of community
similarity (Simpson index, fsim) in forest under conservation (CON: red color), cut one year
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before (Cutl0Y: violet color) at the haplotype, 3% and 5% lineages of the six taxonomic
orders studied. The asterisk represents significant differences of community structure among
sites estimated with Anosim at *:p<0.05, **:p<0.01 ***:p<0.001 and ns: non-significant

values.
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Figure 7. Non-Metric Multidimensional scaling (NMDS) ordinations of community
similarity (Simpson index, Psim) in forest under conservation (CON: red color),
reforestation two year ago before the sampling (REF13: light blue color) and reforestation
35 year ago before the sampling (REF80: blue color) at the haplotype, 3% and 5% lineages
of the six taxonomic orders studied. The asterisk represents significant differences of
community structure among sites estimated with Anosim at *:p<0.05, **:p<0.01

***:p<0.001 and ns: non-significant values.
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Figure 9. Distance decay of Diptera community similarity at multiple levels of genetic

similarity in Nevado de Toluca conserved and managed forests. (a) Decay of similarity

is shown against geographic distance for Diptera in A. religiosa forest under conservation

and forest cut one year before, cut seven years before, and cut ten years before. (b) Decay of

similarity versus geographic distance within A. religiosa forest under conservation and forest

under disturbed. (c) Decay of similarity versus geographic distance in A. religiosa forest

under conservation and chaponeo treatment. (d) Decay of similarity versus geographic

distance in P. hartwegii forest under conservation versus reforestation two years ago before

the sampling and reforestation 35 years ago before the sampling. Dots represent similarity

between pairs of sampling sites and lines are the fitted model for each lineage. The

significance levels and r? are in Table S3.
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Figure 11. Distance decay of Arachnida community similarity at multiple levels of

genetic similarity in Nevado de Toluca. (a) Decay of similarity is shown against geographic

distance for Arachnida in A. religiosa forest under conservation and forest cut one year

before, cut seven years before, and cut ten years before. (b) Decay of similarity versus

geographic distance within A. religiosa forest under conservation and forest under disturbed.

(c) Decay of similarity versus geographic distance in A. religiosa forest under conservation

and chaponeo treatment. (d) Decay of similarity versus geographic distance in P. hartwegii

forest under conservation versus reforestation two years ago before the sampling and

reforestation 35 years ago before the sampling. Dots represent similarity between pairs of

sampling sites and lines are the fitted model for each lineage. The significance levels and r?
are in Table S3.
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geographic distance within A. religiosa forest under conservation and forest under disturbed.
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DISCUSION GENERAL

Las comunidades de artrépodos recuperadas por ADN wcMBC, bloques de muestreo y
trampas pitfall demostraron ser exitosas, ya que logramos obtener datos a nivel de
haplotipos con enfoques basados en ASV. Esto nos permite evaluar las comunidades de
artropodos muestreadas en un drea montafiosa bajo conservacién y bajo la influencia de
actividades antropogénicas.

En los bosques bajo conservacion, se encontraron mas de 1,200 especies de
artropodos distintas en una sola montafia, y la composicion de estas comunidades vario
significativamente en 42 puntos de muestreo diferentes. El estudio reveld que la distancia
entre los sitios de muestreo fue un factor clave en la estructura de estas comunidades, lo
gue indica que las limitaciones de dispersion desempefian un papel importante en su
configuracion. Este patron se observd tanto en distancias geograficas grandes como
pequeiias, pero solo en especies de artréopodos con capacidades de dispersién limitadas.

En los bosques sujetos a actividades antropogénicas y bajo conservacién, la
evaluacién de la biodiversidad en 115 sitios permitié recuperar 2,315 especies de
artrépodos diferentes y analizar tanto la riqueza de especies como la composicién de las
comunidades de artrépodos. Se evidenciaron diferencias significativas en la composicion de
las comunidades entre los diferentes tratamientos y en comparacion con el bosque de
conservacion. Los resultados sefialan que la distancia entre los sitios de muestreo ejerce un
efecto notable, incluso en distancias cortas de hasta 8 km entre tratamientos, y que los

tratamientos de manejo forestal influyen en la composicidn de la comunidad. Este patrén
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se mantuvo incluso en distancias geograficas mas reducidas (<1,5 km), pero solo fue
evidente para grupos de artrépodos con capacidad de dispersién limitada, como Collembola

y Arachnida sin alas, en el tratamiento de chaponeo.

Avanzando hacia enfoques de haplotipos basados en ADN wcMBC para el monitoreo
eficiente de comunidades de artropodos terrestres

La integracion de conceptos holisticos y la implementacién de recomendaciones practicas
son fundamentales para mejorar la precision de los datos de biodiversidad y los estudios de
monitoreo que emplean enfoques basados en ADN wcMBC y ASV. En este contexto, el éxito
del enfoque wcMBC depende de varios factores, tales como la limpieza de las muestras a
granel y la homogeneizacion del tamano de los artropodos, la eficiencia de la extraccién de
ADN, la cuantificacién en la construccién de bibliotecas, el disefio de las etiquetas, la
afinidad de los primer y la amplificacidn para la identificacion taxondmica, la etiquetacion
de las bibliotecas mediante PCR, la prevencién de la contaminacion cruzada, la cobertura
de secuenciacién, los métodos bioinformaticos, el filtrado de secuencias, los datos de
referencia y el periodo de muestreo (Barsoum et al., 2019; Creedy et al., 2019; Elbrecht et
al., 2017, 2019; Elbrecht & Leese, 2015, 2017; Galvez-Reyes et al., 2021; Krehenwinkel et
al,, 2017, 2018; Liu et al., 2019; Liu et al., 2020; Pifiol et al., 2015; Schnell et al., 2015; van
der Loos y Nijland, 2021).

Aunque existen desafios y sesgos técnicos, los datos obtenidos mediante wcMBC
proporcionan aproximaciones de indices de riqueza y composicidn que permite evaluar el

estado de los ecosistemas. Los primeros estudios basados en haplotipos (Elbrecht et al.,
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2018; Arribas et al., 2020), que utilizan variantes de secuencia de amplicones (ASV; sensu
Callahan et al., 2017), han abordado la biodiversidad de las comunidades. En este sentido,
la incorporacion de datos a nivel de haplotipos con enfoques basados en ASV puede
contribuir a responder preguntas ecoldgicas y evolutivas, asi como evaluar el impacto de
los cambios ambientales a nivel de poblacién, mediante el estudio de la diversidad
intraespecifica de especies, brindando nuevas oportunidades para el monitoreo de la
biodiversidad a través de la ampliacion de ADN wcMBC (Elbrecht et al., 2018; Tsuji et al.,
2020; Turon et al., 2020; Zizka et al., 2020; Arribas et al., 2020; Galvez-Reyes et al., 2021;

Noguerales et al., 2021).

Riqueza, estructura de comunidades de artréopodos: influencia de limitaciones de
dispersion y su implicacion en la evolucion de sistemas de montanas tropicales

Las comunidades de artrépodos recuperadas mediante ADN wcMBC permitieron conocer
la riqueza y la estructura de artrépodos en regiones de alta diversidad bioldgica y
complejidad ecoldgica. Estudios previos también emplearon métodos similares para
evaluar la comunidad de especies en bosques y determinar el esfuerzo de campo necesario
para obtener muestras representativas (Andujar et al., 2017; Arribas et al., 2016; Creedy et
al., 2019). Ademas, nuestro muestreo y clasificacion por tamafio nos permitieron identificar
ocho d6rdenes principales de artrépodos, lo cual concuerda con otros analisis de ADN
wcMBC (Elbrecht, Peinert y Leese, 2017; Elbrecht et al., 2018; Creedy et al., 2019). El flujo
deanalisis de datos de ADN wcMBC nos facilité analizar patrones de diversidad vy

composicioén a nivel de cada orden de artréopodos en un marco multijerarquico, evitando el
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sesgo introducido por la taxonomia tradicional (Creedy et al., 2019). Sin embargo, es
importante tener en cuenta las posibles limitaciones de nuestro enfoque, como el uso de
cebadores universales para PCR, diferencias en biomasa y salto de etiquetas (Pifiol et al.,
2015; Elbrecht, Peinert y Leese, 2017; Schnell, Bohmann y Gilbert, 2015), que mitigamos
mediante la realizacion de PCR por triplicado, la clasificacién de muestras por tamafio y el
uso de primers desalinizados con precipitacion de cromatografia de liquidos de alta
resolucidon HPLC por sus siglas en inglés (High Performance Liquid Chromatography).

El recambio de comunidades de artrépodos a niveles multijerarquicos fue notable
mediante la identificacion de 1,277 especies de artrépodos pertenecientes a ocho érdenes.
Este recambio en las comunidades de artropodos fue significativo entre diferentes areas de
muestreo y tipos de vegetacion. El recambio de especies demostrd ser mas dominante que
el anidamiento en la estructura de las comunidades, y esta diferenciacion persistio incluso
al considerar especies de manera conservadora a nivel molecular. La distancia se revelé
como un factor clave que explico la estructura de la comunidad, desde haplotipos hasta
linajes, sugiriendo que las limitaciones de dispersién impulsan la estructura de la comunidad
en distintos niveles multijerarquicos dentro de una sola isla del cielo tropical. Ademas, se
identificé una divisidon Este-Oeste en la estructura de la comunidad dentro del area de
estudio, correspondiente a laderas opuestas de la montaiia, lo que podria influir en el
ensamblaje de la comunidad. Esto se debe a que las laderas orientadas al Este con
exposicion matutina al sol, pueden presentar condiciones ambientales diferentes a las
laderas orientadas al Oeste, que son mas frias y con mayor presencia de niebla (Rahbek et

al., 2019). De hecho, se espera que los bosques de A. religiosa, crezcan en condiciones
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similares dentro de una misma montafia, con un nicho ambiental restringido asociado a
sitios humedos y frios (Rzendowski, 2006).

Las limitaciones de dispersidon impulsan la estructura de la comunidad en niveles
multijerdrquicos en escalas geograficas finas dentro de una montafia, a nivel de haplotipos,
utilizando andlisis de IBD e IBR. Se observd que la disminucion de la similitud entre las
comunidades disminuye con la distancia espacial, especialmente en grupos con capacidades
de dispersion mas limitadas. Las comunidades con buenos dispersores no solo son
homogéneas debido a su capacidad para dispersarse a distancias mayores, sino también
porgue pueden superar barreras geograficas que separan habitats adecuados. Este patron
fue particularmente evidente para Collembola a distancias geograficas mas finas (<2 km),
consistente con estudios genéticos dentro de Collembola que muestran diferenciacion
genética en distancias geograficas muy cortas (Cicconardi et al., 2013; Arribas et al., 2020).
Este fendmeno también se ha observado en otros escarabajos de hojas y acuaticos (Baselga
et al., 2013; 2015; Gémez-Rodriguez y Baselga, 2018) a escalas geograficas mucho mas
amplias (cientos de km), y sélo recientemente a escala de pocos kilémetros, en Collembola,
Acari y Coleoptera (Arribas et al., 2020). Ademas, las diferencias altitudinales tienen un
mayor impacto en la similitud que la distancia, la pendiente o el tipo de vegetacién por si
solos. Las caracteristicas del paisaje también influyen en la estructura de la comunidad de
Diptera, aunque no para Collembola debido su capacidad limitada de dispersién. La
distancia efectiva entre los sitios de muestreo depende del modelo de elevacién utilizado
para establecer los valores de conductancia. Esta observacidn es congruente con la

prediccidn de Janzen de que las barreras de montafias son mas pronunciadas en regiones
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tropicales (Janzen, 1967), respaldadas por estudios empiricos recientes (Polato et al., 2018).
Aunque la conectividad del paisaje contribuye a la limitacién de la dispersion, la distancia
geografica parece desempenar un papel predominante en ambos drdenes. Se sugiere que
la limitacién de la dispersién actua a lo largo del tiempo evolutivo y puede explicar la
diversificacién a pequena escala espacial de ciertos escarabajos Scarelus en las montafas
tropicales (Bray y Bocak, 2016). Por ultimo, se destaca la utilidad de los enfoques
multijerarquicos para evaluar la variacion en los ensamblajes bioldgicos impulsados por la
dispersién que sigue una geometria fractal en la que la distribucién de haplotipos vy linajes
superiores es similar consigo misma (Baselga et al., 2013, 2015; Gémez-Rodriguez et al.,
2019).

Las implicaciones para la evolucion en sistemas insulares y montafias tropicales
revelaron que las limitaciones de dispersion, derivadas de la geografia y topografia de estas
areas, afectan la estructura de la comunidad de manera similar a lo observado en las islas
ocednicas (Salces-Castellano et al., 2019). Es probable que las restricciones de dispersion
sean mas significativas en los trépicos debido a las caracteristicas propias de las especies
tropicales, como tolerancias térmicas estrechas y menor capacidad de dispersion, lo que
conduce a un mayor aislamiento por distancia y aislamiento por elevacién (Polato et al.,
2018). En consecuencia, la combinacién de factores geograficos, topograficos y las
caracteristicas especificas de dispersidon, adaptaciones particulares o estrategias de
colonizacién de los linajes taxondmicos puede influir en la dinamica de dispersién y, por
ende, en la estructura de la comunidad en estos entornos (Salces-Castellano et al., 2019;

Polato et al., 2018). El archipiélago de islas del cielo, que incluye el Nevado de Toluca, podria

164



explicar por qué las montafias tropicales son puntos criticos de biodiversidad, ya que se ha
propuesto que la diferenciacién de poblaciones pequefias y aisladas espacialmente,
combinada con su mantenimiento a largo plazo, puede conducir a la especiacién (Rahbek
et al., 2019). Este estudio evidencia que una sola isla del cielo puede actuar como cuna de
diferenciacion poblacional, y que este proceso puede persistir a lo largo de escalas de
tiempo evolutivas. A diferencia de estudios anteriores centrados en taxones especificos de
baja dispersidon que llegaron a conclusiones similares (Bray y Bocak, 2016), nuestros datos
a nivel de comunidad sugieren que este fendmeno podria ser generalizado entre los
artropodos tropicales de montafia. Este descubrimiento se ve respaldado por diversos
estudios que exploran las limitaciones de la dispersién espacial en comunidades de
artropodos del suelo, moluscos terrestres, escarabajos de las hojas y microartrépodos del
suelo mediante el metabarcoding a nivel de haplotipo (Arribas et al.,, 2020; Gémez-
Rodriguez et al., 2019; Andujar et al., 2022; Noguerales et al., 2021). A medida que se
profundiza en el andlisis de la biodiversidad del suelo en islas oceanicas, "Islas en el Cielo",
regiones montafiosas y bosques nubosos, se destaca la relevancia del filtrado ambiental, la
topografia y los procesos espaciales en el ensamblaje comunitario (Andujar et al., 2022;
Gdlvez-Reyes et al.,, 2021; Noguerales et al., 2021). Las comunidades completas de
artrépodos en gradientes de elevacion dentro de unaisla (Lim et al., 2022) revelaron que el
conservadurismo del nicho climatico es un factor importante que da forma al ensamblaje
ecoldgico a lo largo de la elevacidn, sugiriendo que la complejidad topografica es un
impulsor significativo de la diversificacion. De manera similar, los enfoques de

metabarcoding de toda la comunidad de artrépodos del suelo revelaron fuertes
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limitaciones en el filtrado y la dispersién del habitat como impulsores del ensamblaje de
comunidades y la metafilogeografia de la biodiversidad dentro de una isla ocednica (Andujar
et al,, 2022; Noguerales et al., 2021). La exploracién de gradientes altitudinales en bosques
subtropicales y montanas tropicales revela patrones consistentes en la diversidad
microbiana del suelo, resaltando la influencia de los microclimas, la variabilidad climatica
(Ma et al., 2022; Zhang et al., 2023) y las diferentes elevaciones, respaldando la hipétesis
de Janzen relacionada con la variabilidad climatica (Feng et al., 2023). Aunque los
organismos difieren, la sensibilidad de las comunidades microbianas sugiere aplicaciones
extrapolativas a otros organismos y ambientes. En las montanas neotropicales, se observa
un interés en el recambio comunitario a lo largo de gradientes altitudinales, poniendo a
prueba la hipdtesis de que 'los pasos de montafia son mas altos en el tropico' para las
comunidades de insectos (Shimabukuro et al., 2023). A pesar de las diferencias en
organismos y ecosistemas, se destaca que las metodologias y enfoques utilizados ofrecen
una perspectiva valiosa para la investigacién de la biodiversidad y el ensamblaje
comunitario en diversos entornos. Los procesos generales que se pueden caracterizar del
ensamblaje comunitario incluyen la importancia relativa de la estocasticidad, el aislamiento
por distancia, la diferenciacién asociada al habitat o al huésped, filtrado ambiental y
limitacion de dispersién, que sugieren un potencial de extrapolacién, aunque se destaca la
necesidad de replicar estudios en diferentes regiones y ecosistemas para validar la

generalidad de los patrones observados.
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Impacto del manejo forestal y las limitaciones de dispersion en la estructura y riqueza de
comunidades: Implicaciones para el monitoreo de biodiversidad

La conservacidon de los bosques se enfrenta desafios derivados de cambios en el uso del
suelo impulsados por politicas publicas (Wang et al., 2019). Las practicas de manejo forestal
pueden tener impactos significativos en la biodiversidad, como la sustitucién de especies
de drboles, efectos de la heterogeneidad del habitat y la disponibilidad de presas para
artropodos (Brunet et al., 2010; Lange et al., 2014). El estudio reveld diferencias
significativas en la riqueza de artréopodos entre distintos tratamientos de manejo forestal,
observédndose un ligero aumento en la diversidad genética en dareas reforestadas en
comparacion con la conservacion, aunque menor que otros tratamientos. Estos resultados
concuerdan con estudios previos que han identificado ensamblajes Unicos de artropodos
en diferentes tipos de bosques y habitats, y destacando la importancia de la conservacion y
manejo adecuado de los bosques para preservar la biodiversidad (Beng et al., 2016; Arribas
et al., 2020; Galvez-Reyes et al., 2021; Noguerales et al., 2021; Wang et al., 2019; Baker et
al., 2014). Curiosamente, la riqueza de algunos grupos de artrépodos y tratamientos no
presentd diferencias significativas. Aunque algunos estudios han sugerido que la riqueza de
artrépodos puede ser un indicador confiable de la riqueza de plantas en bosques tropicales
(Basset et al., 2012; Lynggaard et al., 2020; Zhang et al., 2016), y entre diferentes tipos de
rodales en intervalos de tiempo (Barsoum et al., 2019), los resultados de este estudio
indican que la estrategia bioinformatica utilizada puede influir en los resultados de la
riqueza de especies (Liu et al., 2020). Similarmente, en nuestros propios resultados, algunos

grupos de artrépodos tampoco mostraron diferencias significativas en la riqueza de
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especies. En este contexto, se destaca que la composicion de la comunidad se presenta
como un enfoque mas relevante en los estudios de biodiversidad (Lynggaard et al., 2020;
Magurran, 2016; Wang et al., 2019), ya que la riqueza de especies puede recuperarse
rdpidamente después de la revegetacion (Lynggaard et al., 2020). Adema3s, los cambios en
la diversidad alfa pueden no ser detectables debido a la sustitucién de especies (Lynggaard
et al., 2020). Para abordar este problema, se han empleado varios pasos de filtro para
eliminar OTU falsos (Andujar et al., 2021), y se propone el uso de "iNextPD" para estimar la
diversidad filogenética en lugar de la riqueza de especies (Wang et al., 2019).

Se observd un cambio significativo en la composicién de la comunidad entre los
tratamientos y la conservacion del bosque. Nuestro estudio examind el impacto de la
gestion forestal, las perturbaciones y la reforestacion en la composicion y estructura de la
comunidad de artrépodos, que pueden ser indicadores de la biodiversidad (Lynggaard et
al., 2020; Wang et al., 2019). Se encontraron cambios notables en la composicién de la
comunidad entre los bosques regenerados después de la talay los bosques de conservacion,
especialmente en ciertos grupos de artropodos. Estos hallazgos son consistentes con
estudios previos sobre la composicion de la comunidad de escarabajos en bosques en
regeneracion (Liu et al., 2021) y la respuesta de la composicion de artrépodos al cambio de
uso de la tierra y la regeneracion en los trépicos (Beng et al., 2016; Lynggaard et al., 2020;
Magurran, 2016; Wang et al., 2019). Sin embargo, algunos grupos de artropodos mostraron
una separacion incipiente pero no significativa entre los bosques explotados y los bosques
de conservacion. Se observé que las plantaciones mixtas aumentaban la diversidad y

composicién de artropodos, pero no compensaban la pérdida de biodiversidad en
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comparacion con los bosques nativos (Wang et al., 2019). Ademds, factores como la
distancia geografica y otros factores ambientales interactian de manera sinérgica en la
configuracion de la biodiversidad y la composicion de la comunidad (Beng et al., 2016;
Arribas et al., 2020; Noguerales et al., 2021; Galvez-Reyes et al., 2021). Por lo tanto, es
importante comprender las sutiles diferencias en la composicion de la comunidad y los
mecanismos subyacentes para la gestion adaptativa (Barsoum et al., 2019). Nuestro estudio
destaca la complejidad y dinamismo de las respuestas de la comunidad de artrépodos a los
esfuerzos de manejo y conservacion forestal, y subraya la necesidad de mas investigacién
en este campo.

Los tratamientos de manejo forestal y las limitaciones de dispersion estan
impulsando la estructura de la comunidad. El papel de las limitaciones de dispersion en la
configuracion de la estructura de la comunidad en los ecosistemas forestales fue
investigado por Arribas et al. (2020). El presente estudio evalud la influencia de las
limitaciones de dispersidon en la estructura de la comunidad en ecosistemas forestales,
centrandose especificamente en el Nevado de Toluca, México. Se encontré que las
limitaciones de dispersion desempefian un papel importante en la configuracién de la
estructura de la comunidad, con una disminucidén de la similitud de las comunidades a
medida que aumenta la distancia espacial. Este patrén es mds pronunciado en grupos con
capacidades de dispersién mds limitadas, como Collembola y Arachnida, en comparacién
con grupos con capacidades de dispersidon mas amplias, como Diptera e Himendptera.
Asimismo, se observd que el manejo forestal, como el chaponeo, interactta con la distancia

a menos de 1,5 km, influenciando la configuracién de la composicion de la comunidad de
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Collembola y Arachnida. Esto indica que las limitaciones de dispersion impulsan la
estructura de la comunidad a escalas geograficas finas dentro de los bosques bajo
conservacion, como se informd en otros estudios (Arribas et al., 2020; Galvez-Reyes et al.,
2021). Ademas, se evidencié que el manejo forestal especifico tiene un impacto en la
estructura de la comunidad, respaldando hallazgos de estudios previos de Brandon-Mong
et al. (2018) y Zhang et al. (2016), quienes también encontraron patrones similares en
bosques afectados por actividades antropogénicas.

El wcMBC es una herramienta que evalla la biodiversidad en muestras a granel y
proporciona informacion sobre practicas de gestidn y politicas de desarrollo (Ji et al., 2013;
Yu et al., 2012). Algunos estudios han demostrado que el wcMBC puede revelar grupos
taxondmicos sensibles a diferentes actividades de manejo forestal y reforestacion en
niveles multijerarquicos (Arribas et al., 2020; Noguerales et al., 2021; Galvez-Reyes et al.,
2021). Aunque existen varios factores metodologicos que pueden afectar la precision y
confiabilidad de los resultados, como el disefio de muestreo, la extraccion de ADN, la
seleccién de primers, la cobertura de secuenciacién, los datos de referencias, y los métodos
bioinformaticos (Bohmann et al., 2021; Creedy et al., 2019; Liu et al., 2020; Elbrecht et al.,
2017, 2019; Elbrecht & Leese, 2015; Krehenwinkel et al., 2017, 2018; Piiiol et al., 2015;
Schnell et al., 2015; van der Loos & Nijland, 2021); se ha explorado la riqueza y composicién
de artrépodos en diferentes tipos de bosques y uso de la tierra (Barsoum et al., 2019; Beng
et al., 2016; Liu et al., 2020; Lynggaard et al., 2020; Wang et al., 2019). Por lo tanto, se
sugiere revisar cuidadosamente las opciones y aplicaciones metodolégicas para mejorar la

precision y confiabilidad de los resultados, asi como controlar los efectos temporales en el
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muestreo para capturar variaciones temporales a escala fina en la composicion de las
comunidades de artréopodos (Creedy et al., 2019; Elbrecht et al., 2017).

Las implicaciones para el manejo forestal en el Nevado de Toluca sugieren la
implementacién de un programa de monitoreo que integre el manejo forestal, la
conservacion forestal y la deteccidon de amenazas potenciales para la diversidad de
artropodos. Nuestros hallazgos aportan evidencias sobre los efectos del manejo forestal y
la reforestacién sobre la riqueza y composicion de artréopodos. Para lograr esto, se
recomienda promover practicas de manejo forestal que minimicen los impactos negativos
y considerar la diversidad funcional de la comunidad de artrépodos (Lynggaard et al., 2020).
Para detectar las diferencias en los niveles de biodiversidad, el monitoreo forestal podria
incluir evaluaciones temporales de la diversidad de artrépodos (Barsoum et al., 2019;
Creedy et al., 2019). Se deben recopilar datos de biodiversidad para identificar los bosques
de interés para la conservacion, detectar amenazas como el cambio climatico y nuevas
plagas y patdgenos, y medir la eficacia de las medidas de politica forestal destinadas a
mejorar la biodiversidad forestal (Barsoum et al., 2019; Lynggaard et al., 2020; Wang et al.,
2019). Se sugiere la necesidad de evaluar la diversidad de artrépodos en diferentes
momentos y considerar las condiciones climaticas y los impactos a escala del paisaje en la
implementacion de practicas de manejo forestal. Para mitigar los impactos negativos que
han ocurrido en la historia del Nevado de Toluca (Mastretta-Yanes et al., 2014), se debe
informar sobre los indices de biodiversidad y la composicion de la comunidad de artrépodos

y considerar los datos de haplotipos en los esfuerzos de biomonitoreo.
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Perspectivas y estudios futuros en bosques de altas montanas

En los bosques de las montafias tropicales, es esencial contar con la capacidad técnica
(laboratorio y bioinformatica) y financiera para el monitoreo de artrépodos. Hasta ahora,
se ha demostrado que el ADN wcMBC es una herramienta eficaz para el seguimiento de
cambios en ecosistemas en proceso de restauracion (Lynggaard et al., 2021; Edwards et al.,
2014; Fernandes et al., 2019) y los bosques puede experimentar variaciones significativas
en periodos cortos de tiempo (Barsoum et al., 2019). Ademas, se ha evidenciado que la
riqueza de especies de plantas puede predecir con precisidén la riqueza de especies de
artropodos (Zhang et al., 2016), y la biodiversidad es mayor en los bosques nativos y las
plantaciones mixtas que en los monocultivos (Wang et al., 2019). Aunque, se estd
acumulando evidencia sobre la disminucidn de las poblaciones de insectos (Butchart et al.,
2010; Del-Val et al., 2021), persisten incertidumbres con respecto a la magnitud y
distribucién de estas disminuciones (Van Klink et al., 2020). Si bien las poblaciones de
insectos terrestres han disminuido, las poblaciones de agua dulce han mostrado un
aumento general, posiblemente debido a iniciativas de agua limpia y cambios climaticos
(Van Klink et al., 2020). Las variaciones en las tendencias sugieren factores localizados que
impulsan los cambios poblacionales (Van Klink et al., 2020), destacando oportunidades para
esfuerzos de conservacion especificos.

Las islas en el cielo tropicales, como el Nevado de Toluca, se identifican como
prioridades criticas para el monitoreo debido a que albergan una alta diversidad de floray
fauna (Mastretta-Yanes et al., 2018; Uscanga et al., 2019). Sin embargo, estudiar esta

diversidad en dreas poco investigadas presenta un desafio, ya que puede resultar en la falta
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de una base de datos de referencia completa, lo que dificulta la asignacidn taxonémica de
las OTUs (Lynggaard et al., 2021; Liu et al., 2019; Cuff et al., 2021). La caracterizacién de las
comunidades de artropodos basada en el ADN es una herramienta crucial para el monitoreo
a largo plazo (Galvez-Reyes et al.,, 2021) y evaluacién de impacto, pero depende de la
confiabilidad taxondmica de las bases de datos genéticas para las asignaciones taxondmicas
(Leray et al., 2019). Un monitoreo temporal y un inventario coordinado pueden
proporcionar datos de referencia para la planificacién de la conservacion (Arribas et al.,
2020; Emerson et al., 2023). Ademas, implementaciones mas sofisticadas de muestreo y
HTS (por sus siglas en inglés; High-Throughput Sequencing) con datos de abundancia tienen
el potencial de contribuir a los esfuerzos de conservacién (Emerson et al., 2023). Por lo
tanto, es necesario crear una linea base de datos de referencia de artrépodos de las
montafas de la Faja Volcanica Transmexicana y los bosques sujetos a manejo forestal,
plantaciones y reforestaciones.

Las muestras a granel en estudios de ADN pueden presentar sesgos debido a la
variabilidad en la biomasa de los especimenes, donde los especimenes grandes pueden
dominar los resultados, mientras que los pequefios pueden no ser detectados (Elbrecht y
Leese, 2015; Elbrecht, Peinert y Leese, 2017). La estandarizaciéon del tamafio del tejido es
necesario para evitar sesgos en la amplificacion del ADN, pero se sugiere aumentar la
profundidad de secuenciacion suficiente para evaluar la biodiversidad (Creedy et al., 2019).

Para el muestreo, se deben emplear varios tipos de recoleccién con el fin de abarcar
la diversidad de artrépodos, o segln los artrépodos de interés para los estudios, como, por

ejemplo, polinizadores. Para futuros estudios, se sugiere utilizar la trampa Malaise, que
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captura insectos voladores como Himendpteros, Dipteros, Lepiddpteros, Neuroptera,
Hemipteros y Coledpteros (Brandon-Mong et al., 2015; Gibson et al., 2014; Ji et al., 2013;
Shokralla et al., 2015; Yang et al., 2014; Yu et al., 2012), ya que parece apropiada para el
ADN wcMBC a partir de muestras almacenadas durante periodos no éptimos, como
experimentos de degradacion de dos y cuatro semanas (Krehenwinkel et al., 2018).
Ademads, las trampas pitfall, que recolectan artrépodos como hormigas, coledpteros y
micro-himendpteros (Ji et al., 2013; Galvez-Reyes et al., 2021) que son una opcién
econdémica para la captura de artrépodos terrestres y pueden dejarse instaladas durante
varias semanas, lo que prolonga el tiempo de muestreo y reduce la variacién en las
colecciones especificas. Ambas trampas son Utiles en el ADN wcMB ya que captura
variaciones temporales a escala fina en la composicidén de las comunidades de artréopodos
(Barsoum et al., 2019; Creedy et al., 2019).

Basandonos en nuestros hallazgos, se han identificado puntos importantes para
futuras investigaciones dentro de una sola montaia o diferentes montafias de la FVTM: (i)
Se espera que los indicadores de biodiversidad (grupos de artrépodos) estén
correlacionados con el manejo forestal y la estructura de la comunidad de plantas en el
bosque dentro de la FVTM. (ii) Se espera que las condiciones climaticas influyan en la
adaptacion de los indicadores de biodiversidad (grupos de artrépodos). (iii) Se espera que
la conectividad del habitat a nivel de paisaje, considerando los tratamientos de manejo
forestal, reforestacidon, plantacion y disturbios, asi como factores limitantes como la
topografia y elevacion de los sitios, moldeen la composicién de las comunidades de

artrépodos a nivel local (una sola montafia) y regional (entre montafias). A través de la
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obtencién de datos utilizando trampas pitfall y Malaise para recopilar informacion de toda
la comunidad de artrépodos mediante ADN wcMBC, con cuatro réplicas por tratamiento y
la plataforma NOVAseq. Los resultados mostraran que los bosques nativos dentro de las
montaias de la FVTM presentan los niveles mas altos de riqueza de especies de artropodos,
diversidad de Shannon y Simpson, y diversidad filogenética y de Faith. Ademas, la mayoria
de estas especies son exclusivas de los bosques nativos, lo cual es consistente con los
patrones de diversidad observados en otras montanas, asi como con la correlacién positiva
con la riqueza y composicién de plantas. La similitud de las comunidades sera influenciada

por la distancia entre sitios y las actividades antropogénicas a lo largo del tiempo.

CONCLUSIONES

En conclusidn, la realizacion de enfoques basados en ADN metabarcoding de toda la
comunidad (wcMBC) y ASV para la evaluacién de la biodiversidad requiere la integracion de
conceptos holisticos de monitoreo y la adhesién a recomendaciones practicas para
garantizar la relevancia de los estudios. El éxito en el ADN wcMBC depende de varios
factores, que incluyen el marco conceptual, las hipdtesis y las preguntas de investigacion,
la eficiencia de la técnica de extraccion de ADN, los marcadores genéticos, los cebadores
utilizados para la identificacion taxondmica, los datos de referencia y los métodos
bioinformaticos. A pesar de los desafios y los sesgos técnicos, los datos moleculares son
adecuados para aproximar indices bidticos basados en datos de secuencias y evaluar el

estado de los ecosistemas.
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Los resultados de este estudio proporcionan evidencia empirica de que las
montaias tropicales hiperdiversas pueden exhibir patrones globales reforzados por la
diferenciacion de pequenas poblaciones aisladas y su persistencia a largo plazo. Podria ser
necesario reconsiderar el enfoque sobre el aislamiento de la poblacién entre diferentes
montaias, ya que las comunidades de artropodos pueden mostrar una fuerte rotacién a
nivel intraespecifico dentro de una isla del cielo, incluso a escalas geograficas limitadas. La
distancia y la elevacién se identifican como impulsores significativos de la estructura de la
biodiversidad, desde haplotipos individuales hasta especies y niveles superiores, incluso a
escalas espaciales finas. Las limitaciones de dispersion pueden actuar como una fuente de
diferenciacién genética a escala local dentro de las montainas tropicales, lo que podria
conducir a la diversificacion a nivel de especies con el tiempo.

Las evaluaciones de la biodiversidad son fundamentales para una gestion efectiva
de los ecosistemas, y la tecnologia de alto rendimiento combinada con el marcador COI
puede proporcionar un método eficaz para interpretar la biodiversidad de las comunidades
de artréopodos en diferentes ecosistemas forestales. Sin embargo, la utilidad del ADN
wcMBC para la gestion ecoldgica y el control de la biodiversidad podria mejorarse ain mas
con bases de datos de referencia mas completas. Es crucial considerar el vinculo entre la
riqueza y composicion de la comunidad de artrépodos y la diversidad de plantas en
diferentes ecosistemas forestales, asi como el impacto del cambio climdtico en la dinamica
forestal, para informar las discusiones de politicas y los esfuerzos de monitoreo. La
investigacién interdisciplinaria sobre indicadores de biodiversidad y gestién forestal puede

conducir al desarrollo de directrices efectivas de gestiéon de la biodiversidad para
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administradores de bosques y conservacion basadas en hallazgos cientificos recientes,

resultando en una gestidn de la biodiversidad mas asertiva en los ecosistemas forestales.
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metabarcoding of arthropod communities.
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Arachnida, Blattaria, Plecoptera,
Trichoptera, Ephemeroptera,
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Temperate woodland
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orthoptera, chilopod
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al. 2016 (OTUS) 454 Roche
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al. (2017) HiSeq 2500 BF2/BR2_A; BF2/BR2_B;

BF2/BR1_A; BF2/BR1_B; BF1/BR2_A;
BF1/BR2_B
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2017
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al. (2017) depth/ with corer Roche 454
methodology / meiofauna GSFLX
antartic
Krehenwin | funnel-web spiders / gut | Isopoda, Coleoptera, Diptera, COl/ lllumina | mICOlintF/Fol-degen-rev (363bp)
kel, content of 27 adult Hemiptera, Hymenoptera, MiSeq Uni-MinibarF1/Uni-MinibarR1 (176bp)
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ay”?enoggerﬁieffop‘;gfé '—ggg:]‘;%era’ 18SIDNA-V1- | 12sai / 12sbi (348 bp)
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Or)t/hogtera, Psocop?otera, Trichoptera. 2, HesibhAe SEll ACR ISRl 22 (R )
V6-7, 18s 2F / 18s_4R (304 bp)
28SrDNADS6, | 28s_3F/28s_4R (318 bp)
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/Illumina

MiSeq
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/ River Diptera [llumina SSU-FO4/SSU-R22 (300 to 400).
MiSeq
Theissinger | Emergence traps// Chironomid COIl / MiSeq BF2 /BR1.
etal. Wetlands [llumina
(2018)
Krehenwin | Malaise traps / Two bulk- | Arthropods COI / lllumina | ARF1/Fol-degen-rev (418 bp)
kel et al. samples (15 mock MiSeq mICOlintF/Fol-degen-rev
(2018) communities) /Native (313 bp).
rainforests
Oliverio et | 80 soil samples/grass, Arthropods: COI/158 Primers as per Madden et al. 2016. Madden et al.
al. (2018) | forest, crops phylotypes (unique sequence variants) | /Illumina (2016).
MiSeq
Elbrecht et Plecoptera, Trichoptera, Coleoptera COI / Hllumina | (250 bp).
al. 2018 and Isopoda MiSeq and
(haplotypes) HiSeq systems
Galan et al. | 336 bat faecal samples Arthropods COI / lllumina | LepFl1/EPT-long-univR (133 bp).
(2018) MiSeq
Barsoum et | forest plantation stands / COlI / Roche Fol-degen-for / Fol-degen-rev.
al. (2019) Malaise and Pitfall traps GS FLX
Thomsen 56 individual flowers Arthropods COl, 16S/ COI~211bp and16S ribosomal RNA ~160bp
and [lluminaNextS
Sigsgaard eq500
(2019)
Wang et al. | 71 samples / forest Araneae, Formicidae, Tachinidae, COI / llumina | LCO1490/ mICOlintR (319 bp).
(2019) Phoridae, Braconidae, Thysanoptera, | MiSeq

Syrphidae, Isoptera, Lepidoptera,
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Hemiptera, Diptera, Orthoptera,
Formicidae, Thysanoptera.

Porter et al. | 216 soil samples/ boreal | Terrestrial arthropod fauna / exact COI / llumina | F230R_modN / 230R_modN.
2019 forest sequence variants (ESVs) MiSeq
Creedy et | canopy fogging Coleoptera, Formicidae, Acari, COl /418 bp | Ill_B_F (Shokralla et al., 2015) and Fol_degen_rev
al. 2019 Liquidambar styracaflua | Araneae, Hymenoptera, Hemiptera, Ilumina (Yuetal., 2012).
Diptera and Collembola. MiSeq
/0OTUs
Bushetal. | 126 and 138 samples / Arachnidae, Insecta, Gastropoda, CO1 amplicon
2020 aquatic invertebrates Collembola. using two
complementar
y primers,
BE/BR5 and
F230R
Arribas et | 144 soil samples (a) a arthropod mesofauna Acari, COI / lllumina | B_F5' CCIGAYATRGCITTYCCICG 3' (Shokralla et al.,
al. 2020 sample containing the superficial Collembola and Coleoptera MiSeq (418 2015) and Fol-degen-R 5’
zg:}a'raey;fe(tfgg’f)lgayf T bp) TANACYTCNGGRTGNCCRAARAAYCA 3' (Yuetal.,
humus up to 5 cm deep and (b) a Haplotypes 2012).
sample of the corresponding deep
soil layer (DEEP), by digging the
substrate of a 30 cm diameter core
to 30 cm depth, comprising ca. 20
litres of soil. / grasslands and
forests
Tsuji etal. | Water samples haplotypes D-loop region
2020 of
mitochondrial
DNA Miseq 7
290 bp
Turon et al. | 51 samples benthic marine communities MOTUS | COI / 313 bp
2020
Kirse et al. | 180 soil samples and 54 | Arthropods COl/ lllumina | mICOlintF / dgHC02198 (313 bp).
(2021) Malaise traps/forest MiSeq
Cai et al. 60 samples/ Malaise traps | Diptera, Lepidoptera, Hymenoptera, | COIl/lllumina | mICOlintF-Fol-degen-rev primers (313 bp).
(2021) / forest Coleoptera y hemiptera. MiSeq
platform
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Kirse etal. | 162 soil samples/ forest | Annelida, Arthropoda, Chordata, 18S and COl/ | TAReuk454FWD1/TAReukREV3r (380 bp) and
(2021) Cnidaria, Gastrotricha, Mollusca, Illumina mICOlintF/dgHC02198 (313 bp).

Nematoda, Platyhelminthes, Rotifera, | \jseq

Tardigrada/ Annelida, Arthropoda,

Chordata, Mollusca, Nematoda,

Tardigrada
Steinke et | 70 bulk-samples/ Malaise | Diptera, Hymenoptera, Lepidoptera, | COI/ Illumina | BF2 / BR2.
al. 2021 traps/ grassland and forest | Hemiptera and Coleoptera. MiSeq (421bp)
Shum and haplotypes per MOTU COI 313 bp COl, mICOlintF:
Palumbi GGWACWGGWTGAACWGTWTAYCCYCC; Leray et
2021 al., 2013, matched to jgHCO2198:

TAIACYTCIGGRTGICCRAARAAYCA,; Geller et al.,
2013).

Gélvez- 42 bulk-samples / pitfalls | Diptera, Collembola, Arachnida, COI/ lllumina | B_F5' CCIGAYATRGCITTYCCICG 3' (Shokralla et al.,
Reyes et al. | /tropical sky island Coleoptera, Hemiptera, Hymenoptera, MiSeq (418 2015) and Fol-degen-R 5’
(2021) Lepidoptera, and Myriapoda. bp) ;'SI;ISACYTCNGGRTGNCCRAARAAYCA 3" (Yuetal,
Noguerale | 88 soil samples / forest Acari, Collembola and Coleoptera. COI/ lllumina | B_F 5 CCIGAYATRGCITTYCCICG 3' (Shokralla et al.,
setal., habitat types of the MiSeq (418 2015) and Fol-degen-R 5 .
Lim et al. Araneage, Coleoptera, Hemiptera
2021 Lepidoptera, Orthroptera, Psocoptera,
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Supplementary material 1. Testing trap types for collecting bulk samples.

Sampling. Arthropods were collected in a previous work by Uscanga (2016) and Uscanga et
al. (2021) using four different trap types: Soapy-water (S), pitfall (P) traps, Winkler (W) and
beating tray (B). Sampling was done in the Transmexican Volcanic Belt, at >3,000 m.a.s.l.
in alpine grasslands and Abies religiosa forests. The traps were set during April-March 2014.

The trap types were placed according to the following details:

1) Soapy-water (S) for sampling pollinators. Samples were left in the field for six hours.

2) Pitfall (P) traps for collecting aboveground arthropods. Two sets of 20 traps
distributed in 15x20 m plots were set for two weeks. Pitfall traps consisted of plastic
cups of 13 cm height and 10 cm diameter, with five 2 x 1.5 cm perforations, 2 cm
apart from each other, at a height of 10 cm above the base. Cups were buried to the
height of the window and lids were added to prevent the entry of rainwater. Cups
were filled with a mixture of 185 ml of ethanol 70% and 15 ml of glycerin, which we
previously tested was enough to prevent evaporation and thus DNA degradation.

3) Winkler (W) traps for collecting arthropods living below ground with three soil and
litter samples, separating arthropods with Berlesse funnels.

4) Beating (B) tray net for collecting flying arthropods. Sampling was done in a 20-m

transect, with activity of 1 hour (resting every 5 min).

Wet-Lab. In total there were 12 bulk-samples of arthropod communities. Specimens were
divided in three sizes according to Galvez-Reyes et al., (2021): small arthropods (Drosophila
melanogaster <=3 mm), the head and thorax for medium-sized-arthropods (adult Apis
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mellifera >3 mm and <=15 mm), and for large-arthropods (adult grasshopper >15 mm); only
a leg was kept (Figure 2). Subsets of a few samples were weighed to determine that the head
+ thorax of medium sized individuals were comparable in weight to two legs of the larger
size class. Each sample was processed independently for DNA extraction and metabarcoding
library construction but using the same library barcode identifier followed by Géalvez-Reyes
et al. (2021). For DNA extractions, we treated each bulk-sample with an electric
homogenizer (Qiagen TissueLyser Il: 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. Each sample

was sequenced in Illumina MiSeq 2X300.

Bioinformatic steps. The resulting paired-end reads of the 12 samples were quality filtered
following procedures described by Arribas et al. (2020) and Galvez-Reyes et al. (2021).
Briefly, processing included quality checking, primer removal, pair merging, quality
filtering, denoising, and clustering each library independently. The taxonomic identification
of each read was done using BLAST against the nucleotide NCBI nt database (January 04,
2022; blastn -outfmt 5 -evalue 0.001). ANOVAs with post-hoc.kruskal (Bonferroni method)
were then used to test for significant differences in alpha diversity among communities
through four different traps. These analyses were performed using R package vegan
(Oksanen et al., 2019) and the plots were visualized with the R package ggplot2 (Wickham

et al., 2020).

Results. The richness of arthropods at different clustering levels by type of sampling trap
allowed us to know that the trap that yielded higher richness within communities (alpha

diversity by trap) was with pitfall. This trap showed a greater richness in Diptera, Arachnida,
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Hemiptera, Hymenoptera and Coleoptera (Figure S1). Diptera and Arachnida presented
significant differences in richness among traps, but patterns were consistent across the other

groups (Figure S1).
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Figure S1. Arthropods richness at different clustering levels by type of sampling trap.
S=Soapy-water, P=Pitfall traps, B=Beating tray, and W=Winkler traps. Sampling done in
alpine grasslands and Abies religiosa forests. Same letters indicate that there are no

significative differences among those sites. Significance codes *:p<0.05, ns: non-significant.
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Supplementary material 2. Testing effect of tissue size of DNA extraction on alpha and

beta diversity.

Sampling. We collected samples of arthropods using pitfall traps at >3,000 m.a.s.l. in Abies
religiosa forests in the Nevado de Toluca volcano within TMVB. Sampling was performed
during the rainy season of mid-August and September 2015. The distribution of sampling
plots (20 traps) was the same described above, also leaving them in the field for 15 days, but

in this case placing three plots of 15 x 20 m per sampling block (Galvez-Reyes et al., 2021).

Design experiment and Wet-Lab. To test the PCR bias, ligation and if sequencing was
lower by performing sample processing, cleanups, tissue size separation and replicates as
well as sequence filtering. The samples were from large specimens (L), small specimens (S),
and a mix of large and small specimens (LS) pooled together after DNA extraction. For this,
samples were processed independently for DNA extraction (bulk-samples from large and
small specimens, independently) following the protocol for separating specimens in sizes
according Galvez-Reyes et al. (2021). For DNA extractions, we treated each bulk-sample
with an electric homogenizer (Qiagen TissueLyser I1: 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.
Library construction was done using different barcodes identifiers depending on the size of

the specimens and were sequenced in Ilumina MiSeq 2X300.

Bioinformatic tools. Paired-end reads of each sample were quality filtered following

procedures described by Arribas et al. (2020) and Galvez-Reyes et al. (2021). Briefly,
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processing included quality checking, primer removal, pair merging, quality filtering,
denoising, and clustering each library independently. The taxonomic identification of each
read was done using BLAST against the nucleotide NCBI nt database (January 04, 2022;
blastn -outfmt 5 -evalue 0.001). ANOVAs with post-hoc.kruskal (Bonferroni method) were
then used to test for significant differences in alpha diversity among communities with
different sizes of arthropods. These analyses were performed using the vegan (Oksanen et
al., 2019) package of R (RStudio Team, 2020). The analysis of non-parametric
multidimensional scaling ordination (NMDS) based on Sorensen similarity was done using
the R package vegan (Oksanen et al., 2019) and community composition matrices. Plots were
created with the ordispider option to visualize the compositional ordination of the
communities among samples. An analysis of similarity (ANOSIM) was performed for each
taxonomic group to compare arthropod community composition among samples. Plots were

visualized with the R package ggplot2 (Wickham et al., 2020).

Results. Our results for richness and compositions showed that soups that come from large
and small specimens that were sequenced with different barcodes do not have significant
differences within the pool soups, which indicates that pools can be made from the samples,
as long as the extractions are done independently, and the pool is done before for the
sequencing. Although large specimens (L) and small specimens (S) soups tend to have fewer
ASVs, the difference with the pool (L+S) is not significant (Figure S2). Also, we observed
more haplotypes in the Diptera than lineages 3% because the diversity of haplotypes is at an
intraspecific level. Diptera presented the highest diversity in our samples. However, we
expected that the NMDs analyzed without structure because the samples were similar and

tagged with different barcodes.
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Figure S2. Effect of tissue size selection at the DNA extraction step on alpha and beta
diversity. a) Diptera and Hymenoptera richness at clustering levels by different sizes of
tissue. L=large specimens, S=small specimens, and L+S=Soup of large and small specimens
pooled together after DNA extraction. b) Non-Metric Multidimensional scaling (NMDS)
ordinations of community similarity (Simpson index, Bsim) from haplotype to 5% lineages
for Diptera and Hymenoptera groups. Blue=large specimens, yellow=small specimens, and
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light-blue=Pool of large and small specimens. ns=non-significant differences of community

structure estimated with ANOSIM.

Supplementary material 3. Ecological statistics _of ASV-based data and DNA

metabarcoding.

5.1 Presence-absence matrix. DNA metabarcoding offers numerous advantages, including

high taxonomic resolution and the ability to analyze bulk and complex environmental
samples, it is important to acknowledge that it may not be 100% reproducible and faces
limitations in quantifying taxon abundance-based composition metrics (Elbrecht and Leese,
2015; Pifiol et al., 2015; Creedy et al., 2019). This limitation makes it difficult to establish a
positive relationship between sequencing reads and species biomass (Bista et al., 2018; Lamb
et al., 2019). Various factors, including taxa biomass, PCR amplification bias, reaction
stochasticity, primer affinity, DNA quantity, and sequencing stochasticity (Elbrecht, Peinert
and Leese, 2017; Creedy et al., 2019), can affect the abundance of sequence reads, disrupting
correlations with species biomass and abundance (Yu et al., 2012; Elbrecht and Leese, 2015;
Creedy et al., 2019). Consequently, it’s recommended to focus on binary presence-absence
(incidence) data instead of abundances (Koleff, Gaston and Lennon, 2003; Yu et al., 2012).

To generate presence-absence data, a presence-absence matrix (PAM) is created,
using binary values (1 for presence absence) to indicate species presence in each site (Arita
et al., 2012). Recording data in the form of haplotype-level (ASVs) community matrices
improves the comparability between biodiversity surveys (Arribas et al., 2020), as haplotypes
are directly comparable across data sets (Callahan et al., 2016). To create a haplotype-level

community matrix, ASVs from different samples are filtered to remove pseudogenes likely
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to be nuclear mitochondrial (numts) using a protocol based on the abundance of distributed
reads (Andujar et al., 2021). Then, a community table is generated, displaying the abundance
of each haplotype in each sample (Arribas et al., 2020). Haplotypes with less than a low
number of reads are removed from each library, and those that contribute less than 1% of the
total reads are removed (Arribas et al., 2020). The remaining haplotypes are transformed into
incidence (presence/absence) data and combined with the filtered haplotypes for further
analysis (Arribas et al., 2020). This approach holds great promise for biomonitoring species
diversity and genetic diversity, as indicated by several studies (Arribas et al., 2016, 2020;
Elbrecht et al., 2017, 2018; Andujar et al., 2017; Galvez-Reyes et al., 2021; Noguerales et

al., 2021).

5. 2 Richness, alpha and beta diversity, structure, and composition. As with other estimates

of biodiversity, the use of DNA sequencing has provided new challenges to estimate
biodiversity (Alberdi and Gilbert, 2019). Diversity is a measure of the compositional
complexity of a community (Chao and Jost, 2012) and plays a crucial role in underlaying a
community’s composition, structure, functionality, and evolutionary history in space
(Whittaker, 1975). Diversity can be assessed using Whittaker's (1975) definitions with the
decomposition of biological diversity into local (a), regional ($), and global (y) components.
Alfa diversity represents species diversity within an ecosystem, while B-diversity measures
changes in diversity between two sites in terms of turnover and nestedness (Magurran, 2004;
Pifiero, 2005; Baselga, 2010).

Alpha diversity is typically quantified as the observed number of operational
taxonomic units (OTUs) per site. Researchers also utilize subsets of ASVs to analyze

community diversity and composition among sampling sites, using ANOVAs with post-hoc
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Kruskal (Bonferroni method) tests to assess significant differences in alpha diversity (Arribas
et al., 2020; Galvez-Reyes et al., 2021; Noguerales et al., 2021). Beta diversity is calculated
using various Sorensen and Simpson indices with data from all sites (Koleff, Gaston and
Lennon, 2003). The total B-diversity (Sorensen index, Psor), additive turnover (Simpson
index, Psim; which quantifies species replacement without accounting for changes in
richness), and nestedness (Sorensen—Simpson index, Bsne; which measures pure richness
effect) components can be estimated to assess community composition (Baselga, 2010).

For diversity estimates, raw data can be based on incidence or abundance of OTUs.
Bias in the estimates depend on the degree of regularity of abundances of OTUs (Alberdi and
Gilbert, 2019) which should be considered either with simulations or real data. Hill numbers,
denoted as "gD," are a diverse family of biodiversity indices that provide a unified framework
for quantifying diversity at various levels (Alberdi and Gilbert, 2019). The parameter "q"
represents the order of diversity, while "D" stands for diversity itself. Hill numbers are
particularly valuable in DNA-based diversity analyses, as they are sensitive to rare species
or DNA sequences often overlooked by traditional biodiversity indices (Alberdi and Gilbert,
2019). Hill numbers are used when sequencing environmental samples like soil or water to
gain insights into community structure and function. The choice of Hill number order
depends on the research objectives: high-order Hill numbers (e.g., g = 2 or 3) are useful for
studying the impact of rare species on ecosystem stability or microbial function, while low-
order Hill numbers (e.g., g =0 or 1) focus on traditional diversity aspects like species richness
and evenness (Alberdi and Gilbert, 2019). For selecting the appropriate Hill number order
based on their research question and the characteristics of the community under investigation.

ASV-based datasets provide the opportunity to test for fractal patterns in the

accumulation diversity, which refers to self-similar systems (Baselga, Gmez-Rodriguez and
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Vogler, 2015). To perform this analysis, a log-log Pearson correlation is calculated between
haplotype level and the number of lineages, initial similarity (i.e., intercept), and mean
similarity. High correlation values indicate self-similarity in lineage branching (i.e., number
of lineages) and/or spatial geometry of lineage distributional ranges (i.e., initial and mean
similarity), thus supporting the presence of fractal patterns, suggesting neutral community
evolution processes (Arribas et al., 2020). Detecting these patterns offers valuable insights
into the mechanisms shaping community structure and diversity (Baselga, GOomez-

Rodriguez, and Vogler, 2015).

5.3 Network analyses, phylogenetic diversity and phylogeography. Network analysis is a

valuable tool for studying ecological communities, offering insights into species interactions
and ecological processes. Different types of network analyses are available, each with its own
set of data requirements and analytical methods (Beckett, 2016). One type of network
analysis is the bipartite network, to understand the degree of specialization of arthropods
assessing the degree of interactions between two distinct node classes (Dormann et al., 2009;
Beckett, 2016). Bipartite networks are commonly used to analyze mutualistic and
antagonistic interactions (Clare et al., 2019; Encinas-Viso et al., 2022) and can assess
specialization in arthropods using regression analysis based on presence/absence data
(Bittleston et al., 2016).

Another type of network analysis is the co-occurrence network, which provide
insights into community structure, highlighting potential interaction networks, and shared
niches among community members (Ma et al.,, 2016). Co-occurrence patterns help
understanding the impact of anthropogenic activities on taxa distribution (Lanzén et al.,

2016). Also, co-occurrence networks can aid in identifying potential interaction networks
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and revealing niche spaces shared by community members and in exploring distribution
reveal trophic relationships in the benthic food webs, i.e. trophic networks (Lanzén et al.,
2016), aiding in the study of energy and nutrients flow and the identification of key species.
For example, a trophic network analysis uncovered novel hypotheses about trophic
interactions within a community (Lanzén et al., 2016). Additionally, stability analyses of site
indicator ASVs have been conducted, suggesting the potential of terrestrial arthropod fauna
as ecological integrity indicators in forest systems (Porter et al., 2019; Arribas et al., 2020).
Different network analyses address various ecological questions, with bipartite networks
informing about specialization, co-occurrence networks revealing interaction networks and
shared niches and stability analyses aiding in ecological integrity assessment (Dormann et
al., 2009; Beckett, 2016; Clare et al., 2019; Encinas-Viso et al., 2022; Ma et al., 2016;

Bittleston et al., 2016; Lanzén et al., 2016; Porter et al., 2019; Arribas et al., 2020).

Phylogenetic diversity measures evolutionary diversity in communities (Faith and
Baker, 2007; Gerhold et al., 2015). According to Gerhold et al. (2015), while the phylogeny
of a community influences its assembly, phylogenetic diversity is related to, but not
equivalent to, species richness (Faith and Baker, 2007; et al., 2014). High phylogenetic
diversity can exist in areas with few species (Kress et al., 2014), but a disparity arises when
closely related species are concentrated. Tucker et al. (2017) quantified phylogenetic
diversity using richness (accumulated phylogenetic difference), divergence (average
differences between taxa), and regularity (variation between taxa). Despite concerns raised
by Gerhold et al. (2015) about using phylogenetic patterns as proxies for community

assembly, such patterns are employed to test hypotheses regarding local coexistence’s role
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in macroevolution within habitat reserve lineage through competition among close relatives,
leading to trait displacement and diversification.

Also, an integrated phylogeography approach involving multiple species a valuable
tool for investigating landscape-level processes, including natural and anthropogenic factors
(Elbrecht et al., 2018; Turon et al., 2020). Phylogenetic networks, as demonstrated by De
Lucaetal. (2021), can facilitate this approach. DNA metabarcoding enables phylogeographic
and phylogenetic analyses across various taxa to assess the effectiveness of conservation
strategies for arthropod biodiversity. Population demographic changes can be studied using
COlI sequences mismatch distribution and Tajima's D statistic (Shum and Palumbi, 2021),
while DNA metabarcoding can simultaneously reveal predators diets and population
structures (Bohmann et al., 2018). Additionally, landscape community connectivity,
considering geographic distance, landscape features, and environmental filtering, has been
explored (Galvez-Reyes et al., 2021; Noguerales et al., 2021). A recent study introduced a
novel analytical framework, metaphylogeography, which employs DNA metabarcoding to
detect biogeographic and phylogeographic structures of multiple species from haplotype data

(Antich et al., 2023).
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1. Information on PCR reagents and conditions

Supporting Material S1. Metabarcoding PCR reagents and conditions.

PCR on bulk-sample DNA extracts were performed in 25 pL reaction volumes containing 2 mM
MgClI2, 0.1 mM dNTPs (Thermo Scientific), 0.3 mM each primer salt-free, 0.02 mg BSA and 1 U
Taq DNA polymerase (Invitrogen™ Platinum™ 7ag DNA Polymerase High Fidelity) and 5 ng/uL.
of DNA bulk extraction. We used a cycling profile of 95°C for 4 min; 28 cycles of 95°C for 30 s;
48°C for 30 s; 72°C for 3 min, and a final extension of 72°C for 10 min. PCR protocol and
conditions were the same for previous study on metabarcoding of arthropods (Arribas et al., 2016).
Six PCR replicates were conducted on each bulk-sample and PCR products were pooled before
library construction using Illumina XT indexes. For index PCR, we perform limited-cycle PCR on
a thermal cycler using the following program: 95°C for 3 minutes, 8 cycles of: 95°C for 30 s, 55°C

for 30 s, 72°C for 30 s, 72°C for 5 minutes and hold at 4°C.
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2. Sampling and Flotation-Filtration-Stereoscope

15m

Figure S1. Sampling and Flotation-Filtration-Stereoscope (FFS) protocol for cleaning arthropod
bulk-samples. 51 bulk-samples were collected from the TMVB: 42 in Nevado de Toluca and nine
between three Natural Protected Areas above Abies religiosa forest. (a) We distributed 20 pitfall-
traps for each block site (15 x 20 m) with 200 ml (alcohol 70% + glycerin 15 ml). After collecting
pitfall traps, bulk-samples were processed following an FFS protocol that allows for the ‘clean’
extraction of arthropods. The FES protocol is based on arthropods flotation in water, filtration
process and observation in the stereoscope. (b) The Flotation and filtration steps allow the small
arthropods to remain on the filter paper, extraction of the large specimens (keep in falcon tube)
and the extraction of the organic matter (roots, leaves and soil). (c) After, we observed in a
stereoscope and captured small arthropods (<=3 mm) with a small clamp. (d) Samples were
segmented according to size, for large-arthropods (>15 mm) only a leg was kept, and the head and
thorax for medium-sized-arthropods (>3 mm and <=15 mm). (¢) Subsequently, additional water
for the last flotation of the sediment portion is placed using 400 ml of water, mixing for 15 seconds
and allowing it to stand for 3 minutes. This step was made for two times, depending on the sample’s
level of dirty. (g) The mixture was decanted on petri dishes and observed in a stereoscope for
capturing small specimens. The last step of the FFS protocol was adding ethanol on arthropods for

preservation, resulting in ‘clean’ bulk-sample of specimens ready for DNA extraction.
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3. Metabarcoding libraries

(a) Amplicon PCR1

8 7/ 9 Forward primer
5_Genomlc DNA Region for interest "
W Cox1 W
3'_[ _l G 5

X + everse primer ‘.’f
A\ (b) AMPure XP beads o,///%% /%
s @) Pur$cation 2 ¥

%
P5 Primer Overlapping
region
| (¢) Index PCR2
S5 index
: -
— | |
* A N7 index
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purification N region
\ °
| — | —
[ mmam

(e) *

Quantification, standardization and grouping of libraries

(f)
Library sequencing by lllumina MiSeq

Figure S2. Preparation of amplicon libraries for Metabarcoding of arthropods bulk-samples using
Illumina MiSeq with Nextera XT adapters. (a) Amplification by PCR of the amplicon (PCR1):
three times for each bulk-sample, using primers from the cox1 region with the overhang adapters.
(b) Pooling of the PCR repeats and PCR purification (PCR clean-up) using Ampure XP beads. (c)
The indexing of each library by PCR (PCR2) with the primers Nextera XT kit. (d) A second

cleaning with magnetic beads from the pool with Ampure XP. (e) Quantify, normalize and pool

the libraries. (f) Sequencing on the illumina MiSeq platform 2x300 bp.
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4. Supplementary information for analyses

Supporting Material S2. Corrections of the Abies forest distribution map. The digital land
cover map of Nevado of Toluca used here identifies a high resolution, based on satellite images
(SPOT 6/7) of 2015 defining the Abies religiosa forest (sampled vegetation), Pinus hartwegii
forest, alpine grassland, agriculture, urbanization, water in the crater and Nevado de Toluca’s
crater (Gonzalez-Fernandez et al., 2019). The area surrounding our West sampling points is an
area of high topographic complexity where some of the Abies forests we sampled had been

erroneously classified as Pinus forests. After consulting with the authors of the original map, we

manually corrected the cells where our sampling coordinates indicated Abies forest instead of

Pinus. Corrections were done using ArcMap 10.3.1.

Table S1. Number of haplotypes, lineages at 3% and 5%, putative species by GMYC and GMYC

threshold values for eight arthropods orders.

Order Haplotypes 3% 5% GMYC GMYC
lineages lineages threshold

Diptera 385 106 95 124 0.0088
Collembola 270 59 52 60 0.029
Arachnida 155 67 61 78 0.01258205
Coleoptera 136 87 81 102 0.007255866
Hymenoptera 133 83 71 94 0.009765845
Hemiptera 116 55 50 64 0.01771803
Myriapoda 51 15 11 20 0.01529633
Lepidoptera 31 24 20 28 0.003

Total 1,277 496 441 570
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Table S2. Strategy for testing the effects of increasingly complex models of effective distance on

arthropods communities structure. Conductance matrix for Circuitscape corresponding to various

Galvez-Reyes et. al. Supporting Information.

tests of landscape resistance of altitude and slope.

Raster

How conductance values were assigned

Vegetation type

A|B’C‘D‘E’F‘G‘HIIIJ

We assumed no resistance to dispersal (maximal conductance) in
A. religiosa forests, very small limited dispersal in agricultural or
urbanized lands and no dispersal at the volcano crater. What we
varied were the conductances of P. hartwegii and alpine
grasslands, which are the immediate natural habitats surrounding
A. religiosa forests. The conductances were chosen to explore
scenarios where these vegetations allow or impede dispersal, as
well as its combinations.

Abies religiosa

1010 {10 (10 |10 |10 |10 |10 |10 | 1.0

Pinus hartwegii

10110 |1.0]09 [07 |05]02 [02 |02 |10

Grassland 07105 (02]02 (02 {02]02 |07 |02 |07
Agriculture 0101 [01]01 |01 [01]01 [0 |02 ]05
Urbanization 01101 [01]01 |01 |01 )01 [01 |01 |O0.L

Water crater

00 (00 [00]00 |00 [00]00 [00 |00 |0.0

Nevado de Toluca’s crater

0000 {00 |00 |00 [00 00 |00 |00 |00

Altitude

Altitude 2000 m.a.s.L. ) 5

Al 2700 1| Eh il G100 70 210, 290, k) ot

Altitude 2800 m.a.s.l. the conductance was assigned 1. For example:

Altitude 2900 m.a.s.L.

Altitude 3000 m.a.s.1 Conductance matrix:

Altitude 3100 m.a.s.l. 0.2000. 0.2 )

Altitude 3200 m.a.s.l. 2000, 4457, 1

Altitude 3300 m.a.s.L.

Altitude 3400 m.a.s.L.

Altitude 3500 m.a.s.l.

Altitude 3600 m.a.s.l.

Altitude 3700 m.a.s.L

“Mean-elevation peak We gave maxirmlm levels 'of conductance (1) at 25 m abovq the

(truncated)” avera{g_e (red)dot our s?mplmg z.md 25m bglow thf: average 01 our
- . sampling, and then decreased it (0.3) until reaching the minimal

(Altitude gradient A) (green) and maximum altitudes (blue) of our sampling. Altitudes

outside of our sampling area but where Abies can still be found
were assumed to allow conductance to a lesser degree (0.1).
Altitudes outside our sampling and Abies range were allowed no
conductance (0).

Conductance matrix:
4000, 4457, 0
3386, 4000, 0.1
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3189, 3386, 0.3
3164, 3189, 1
3139,3164,1
3010, 3139, 0.3
2600, 3010, 0.2
2000, 2600, 0.1
0, 2000, 0

“Mean-clevation peak
(symmetrical)”
(Altitude gradient B)

We gave maximum levels of conductance (1) at 25 m above the
average (red) of our sampling and 25 m below the average of our
sampling, and then decreased it (0.3) until reaching the minimal
(green) and maximum altitudes (blue) of our sampling. Altitudes
outside of our sampling arca but where Abies can still be found
were assumed to allow conductance to a lesser degree (0.2).
Altitudes outside our sampling and Abies range were allowed no
conductance (0).

Conductance matrix:
4000, 4457, 0

3386, 4000, 0.2
3189, 3386, 0.3
3164,3189,1

3139, 3164, 1

3010, 3139,0.3
2000, 3010, 0.2

0, 2000, 0

“Mean-elevation peak
(narrow)”
(Altitude gradient C)

We gave maximum levels of conductance (1) from the minimal
(3,010) to the maximum altitudes (3,386) of our sampling area but
where Abies can still be found were assumed to allow
conductance to a lesser degree (0.2). Altitudes outside our
sampling and Abies range were allowed no conductance (0).

Conductance matrix:
4000, 4457, 0

3386, 4000, 0.2
3010, 3386, 1

2000, 3010, 0.2

0, 2000, 0

Slope

Low slopes facilitate
dispersal and middle slopes
partially impede it (Slope A)

Slope conductance matrix A
0,6.57,1

6.57,13.14, 0.5

13.14, 19.6999, 0.2

Low slopes facilitate
dispersal and middle slopes
partially allow it (Slope B)

Slope conductance matrix B
0,6.57,1

6.57,13.14, 0.7

13.14, 19.6999, 0.2

Only low slopes (<=6.57)
facilitate dispersal (Slope C)

Slope conductance matrix C
0,6.57,1
6.57,19.6999, 0.2

Only low slopes (<=9.85)
facilitate dispersal (Slope D)

Slope conductance matrix D
0,9.8499, 1
9.8499, 19.6999, 0.2
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Table S3. Results of Isolation by resistance in Collembola with hierarchical level and species delimitation using GMYC. Associations
with linear regressions between the pairwise effective distances and the pairwise beta diversity. The r values (77) are reported in each
hierarchical level. All tests were significative (p < 0.0001). Underlined cells correspond to the surface with the highest prediction value.

Galvez-Reyes et. al. Supporting Information.

Hierarchical level

Collembola haplotype lineages lineages Lineages Lineages lineages lineages GMYC
community 0.5 % 1.5 % 2% 3 % S% 7.5%
Surface Pseudo | slope (b) | Pseudo | slope(b) | Pseudo slope Pseud slope Pseud slope | Pseudo slope Pseud slope Pseudo slope
- -2 -2 (b) o-1° () 0-1° (b) -7 (b) 0-1° (b) -r? (b)
A 0.744 -1.668 0.704 -1.388 0.639 -0.965 0.655 -0.925 0.615 -0.854 | 0.600 -0.746 | 0.594 -0.691 0.615 -0.857
B 0.747 -1.594 0.706 -1.322 0.637 -0.914 0.654 -0.876 0.615 -0.808 [ 0.600 -0.706 | 0.592 -0.653 0.615 -0.811
C 0.753 -1.425 0.709 -1.172 0.631 -0.798 0.650 -0.765 0.611 -0.706 | 0.596 -0.614 | 0.587 -0.567 0.612 -0.708
D 0.758 -1.385 0.712 -1.134 0.630 -0.767 0.650 -0.736 0.613 -0.679 | 0.597 -0.590 | 0.588 -0.545 0.613 -0.681
E 0.762 -1.280 0.716 -1.042 0.625 -0.693 0.647 -0.667 0.614 -0.617 | 0.596 -0.534 | 0.586 -0.492 0.614 -0.619
F 0.756 -1.133 0.711 -0.917 0.612 -0.601 | 0.636 -0.579 | 0.608 -0.538 | 0.588 -0.464 | 0.577 -0.427 0.608 -0.539
G 0.699 -0.775 0.662 -0.625 0.556 -0.400 0.584 -0.388 0.567 -0.363 | 0.541 -0.310 | 0.530 -0.285 0.567 -0.364
H 0.682 -0.920 0.646 -0.747 0.546 -0.483 0.571 -0.467 0.556 -0.438 | 0.528 -0.374 | 0518 -0.344 0.556 -0.439
1 0.698 -0.824 0.661 -0.668 0.560 -0.432 0.586 -0.417 0.569 -0.391 | 0.542 -0.335 | 0.532 -0.307 0.569 -0.392
J 0.730 -1.844 0.693 -1.548 0.646 -1.103 0.656 -1.055 0.615 -0.975 | 0.599 -0.855 | 0.595 -0.795 0.615 -0.978
2000 0.702 -2.057 0.668 -1.745 0.637 -1.270 0.642 -1.212 0.599 -1.119 | 0.583 -0.986 | 0.581 -0.919 0.599 -1.123
2700 0.715 -2.011 0.685 -1.705 0.654 -1.237 0.660 -1.182 0.619 -1.092 | 0.603 -0.961 | 0.599 -0.895 0.619 -1.095
2800 0.726 -1.968 0.699 -1.667 0.667 -1.206 0.675 -1.152 0.635 -1.066 | 0.618 -0.937 | 0.614 -0.872 0.635 -1.069
2900 0.710 -1.787 0.681 -1.506 0.661 -1.093 0.659 -1.039 0.619 -0.960 | 0.599 -0.841 | 0.596 -0.783 0.619 -0.963
3000 0723 | -1.633 0.698 | -1.370 0.684 | -0.990 | 0.679 | -0.939 [ 0.644 | -0.869 | 0.622 | -0.759 | 0.615 | -0.705 | 0.644 | -0.872
3100 0.051 -0.189 0.068 -0.183 0.117 -0.155 0.088 -0.131 0.079 -0.118 | 0.065 -0.093 | 0.064 -0.084 0.079 -0.119
3200 0.078 -0.206 0.099 -0.197 0.153 -0.162 0.122 -0.140 0.112 -0.128 | 0.094 0.094 0.093 -0.094 0.112 -0.129
3300 0.285 -0.326 0.304 -0.294 0.368 -0.232 0.338 -0.214 0.322 -0.199 | 0311 -0.173 | 0.299 -0.158 0.321 -0.199
3400 0.530 -0.413 0.517 -0.357 0.513 -0.264 0.499 -0.248 0.456 -0.227 | 0.445 -0.199 | 0.438 -0.185 0.454 -0.227
3500 0.684 -0.429 0.651 -0.365 0.629 -0.268 0.629 -0.256 0.585 -0.236 | 0.571 -0.208 | 0.569 -0.194 0.585 -0.236
3600 0.690 -0.423 0.657 -0.360 0.632 -0.263 0.634 -0.251 0.590 -0.232 | 0.575 -0.205 | 0.573 -0.191 0.590 -0.232
3700 0.697 -0.417 0.663 -0.354 0.635 -0.258 | 0.638 -0.246 | 0.594 -0.228 | 0.579 -0.201 | 0.577 -0.187 0.594 -0.228
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“Mean-elevation 0.618 -0.120 0.589 -0.093 0.564 -0.076 | 0.577 -0.076 | 0.544 -0.067 | 0.513 -0.066 | 0.524 -0.037 0.546 -0.084

peak (truncated)”

“Mean-clevation 0.610 -0.514 0.585 -0.435 0.580 -0.320 | 0.581 -0.306 | 0.540 -0.282 | 0.512 -0.246 | 0.522 -0.230 0.540 -0.283

peak (symmetrical)”

“Mean-elevation 0.194 -0.514 0.184 -0.379 0.192 -0.247 | 0.189 -0.230 | 0.169 -0.205 | 0.135 -0.158 | 0.155 -0.155 0.171 -0.206

peak (narrow)”

Slope Ak 0.380 -0.966 0.398 -0.860 0.454 -0.672 | 0.431 -0.630 | 0.403 -0.587 | 0.383 -0.511 | 0.383 -0.476 0.404 -0.588

Slope B** 0.562 -1.488 0.561 -1.297 0.589 -0.987 | 0.576 -0.935 | 0.538 -0.868 | 0.521 -0.763 | 0.520 -0.713 0.539 -0.870

Slope Ok 0.085 -0.230 0.103 -0.215 0.155 -0.177 | 0.129 -0.156 | 0.118 -0.144 | 0.104 -0.118 | 0.104 -0.109 0.119 -0.145

Slope D 0.131 -0.533 0.125 -0.380 0.149 -0.252 | 0.117 -0.208 | 0.129 -0.206 | 0.135 -0.179 | 0.109 -0.148 0.129 -0.206

Flat* 0.704 -2.075 0.669 -1.755 0.637 -1.275 | 0.642 -1.217 | 0.598 -1.124 | 0.583 -0.990 | 0.580 -0.922 0.599 -1.127

Euclidean* 0.799 -0.0002 0.814 -0.0001 0.722 -6.649 | 0.760 -6.383 | 0.750 -5.933 | 0.711 -4.954 | 0.700 -4.502 0.749 -5.954
e-05 e-05 e-05 e-05 e-05 e-05 ¢-05 e-05

Table S4. Results of Isolation by resistance in Diptera at different hierarchical levels and species delimitation using GMYC.
Associations with linear regressions between the pairwise effective distances and the pairwise beta diversity. The r values (%) are
reported in each hierarchical level. All tests were significative (p < 0.0001). Underlined cells correspond to the surface with the highest

prediction value.

Hierarchical level
Diptera haplotype lincages lincages lincages lincages lincages lincages GMYC
community 0.5 % 1.5 % 2% 3% 5% 7.5%
Surface Pseudo | slope (b) | Pseudo | slope (b) | Pseudo slope | Pseudo | slope (b) | Pseud | slope Pseud slope | Pseud | slope | Pseud | slope
-2 - -2 (b) -° o-r* (b) o-r* (b) o-r* (b) o-7* (b)
A 0.301 -0.412 0.236 -0.288 0.173 -0.245 0.170 -0.243 0.146 | -0.215 0.150 -0.215 | 0.023 -0.080 | 0.204 | -0.276
B 0.300 -0.388 0.236 -0.272 0.172 -0.231 0.170 -0.228 0.146 | -0.203 0.150 -0.202 | 0.022 | -0.074 | 0.203 | -0.260
C 0.295 -0.334 0.235 -0.235 0.171 -0.199 0.169 -0.197 0.145 | -0.175 0.149 -0.174 0.020 -0.061 0.202 -0.224
D 0.296 -0.321 0.234 -0.224 0.170 -0.190 0.168 -0.188 0.144 | -0.167 0.148 -0.166 | 0.018 [ 0.726 0.201 -0.214
E 0.297 -0.289 0.232 -0.201 0.167 -0.169 0.165 -0.167 0.143 | -0.149 0.144 -0.147 | 0.016 -0.046 | 0.198 | -0.191
F 0.294 -0.250 0.227 -0.173 0.162 -0.145 0.159 -0.143 0.139 | -0.128 0.137 -0.125 | 0.012 -0.036 | 0.192 | -0.163
G 0.273 -0.166 0.203 -0.113 0.140 -0.093 0.138 -0.091 0.125 | -0.083 0.115 -0.079 | 0.007 -0.018 | 0.168 | -0.105
H 0.271 -0.202 0.196 -0.135 0.133 -0.110 0.130 -0.108 0.118 | -0.099 0.105 -0.092 0.006 -0.021 0.159 -0.125
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1 0.275 -0.180 0.203 -0.121 0.139 -0.099 | 0.136 -0.098 0.123 | -0.089 | 0.112 | -0.084 | 0.007 | -0.020 | 0.166 | -0.113
] 0.301 -0.478 0.236 -0.336 0.171 -0.286 | 0.170 -0.283 0.145 | -0.251 | 0.149 | -0.250 | 0.029 | -0.107 | 0.202 | -0.321
2000 0.293 -0.555 0.229 -0.393 0.167 -0.335 | 0.166 -0.333 0.142 | -0.296 | 0.146 | -0.295 | 0.036 | -0.141 | 0.196 | -0.375
2700 0.307 -0.543 0.240 -0.383 0.174 -0.326 | 0.173 -0.324 0.148 | -0.288 | 0.153 | -0.287 | 0.039 | -0.138 | 0.204 | -0.365
2800 0319 -0.531 0.249 -0.374 0.179 -0.317 | 0.179 -0.315 0.153 | -0.280 | 0.157 | -0.279 | 0.041 | -0.136 | 0.211 | -0.356
2900 0312 -0.479 0.247 -0.340 0.175 -0.286 | 0.173 -0.283 0.149 | -0.252 | 0.152 | -0.250 | 0.047 | -0.133 | 0.204 | -0.319
3000 0.339 -0.437 0.268 -0.309 0.184 -0.257 | 0.182 -0.254 0.158 | -0.226 | 0.158 | -0.223 | 0.054 | -0.124 | 0.215 | -0.287
3100 0.048 -0.058 0.039 -0.040 0.029 -0.034 | 0.028 -0.034 0.022 | -0.028 | 0.017 | -0.024 | 0.094 | -0.052 | 0.029 | -0.036
3200 0.064 -0.063 0.049 -0.043 0.039 0.039 0.037 -0.036 0.030 | -0.031 0.024 -0.027 0.101 -0.051 0.040 -0.039
3300 0.134 -0.091 0.068 -0.052 0.069 -0.052 | 0.060 -0.048 0.046 | -0.040 | 0.033 | -0.034 | 0.043 | -0.036 | 0.076 | -0.056
3400 0.216 -0.111 0.145 -0.073 0.127 -0.068 | 0.122 -0.066 0.107 | -0.059 | 0.106 | -0.058 | 0.034 | -0.031 | 0.147 | -0.075
3500 0.288 -0.118 0.222 -0.083 0.162 -0.071 0.160 -0.071 0.135 | -0.062 | 0.137 | -0.062 | 0.036 | -0.030 | 0.189 | -0.080
3600 0.290 -0.116 0.224 -0.082 0.163 -0.070 0.162 -0.069 0.137 | -0.061 0.139 -0.061 0.036 -0.030 | 0.191 -0.078
3700 0.292 -0.113 0.227 -0.080 0.165 -0.068 | 0.164 -0.068 0.139 | -0.060 | 0.143 | -0.050 | 0.036 | -0.029 | 0.193 | -0.077
“Mean-elevation 0.276 -0.463 0.275 -0.389 0.184 -0.279 0.182 -0.267 0.150 | -0.247 0.155 -0.213 0.055 -0.199 | 0.206 -0.248
peak (truncated)

“Mean-elevation 0.286 -0.145 0.276 -0.112 0.207 -0.097 | 0.202 -0.095 0.171 | -0.084 | 0.176 | -0.084 | 0.070 | -0.051 | 0.228 | -0.106
peak (symmetrical)”

“Mean-elevation 0.092 -0.094 0.156 -0.094 0.135 -0.086 0.126 -0.083 0.108 | -0.073 0.108 -0.072 0.095 -0.063 0.128 -0.088
peak (narrow)”

Slope Ax* 0.225 -0.310 0.187 -0.227 0.124 -0.186 0.125 -0.185 0.099 | -0.159 0.095 -0.153 0.092 -0.141 0.140 -0.204
SlOpC B** 0.287 -0.453 0.233 -0.328 0.162 -0.275 | 0.162 -0.274 0.133 | -0.239 | 0.132 | -0.234 | 0.071 -0.163 | 0.186 | -0.304
SlOpC C*x* 0.073 -0.073 0.065 -0.054 0.037 -0.040 0.038 -0.041 0.026 | -0.032 0.022 -0.029 0.089 -0.053 0.038 -0.043
SlOpC D** 0.135 -0.126 0.099 -0.083 0.022 -0.039 | 0.023 -0.039 0.020 | -0.035 | 0.015 | -0.030 | 0.024 | -0.035 | 0.028 | -0.045
Flat* 0.293 -0.558 0.228 -0.394 0.166 -0.336 0.166 -0.333 0.141 -0.296 0.146 -0.295 0.036 -0.141 0.195 -0.376
Euclidean® 0.363 2.2_5(?5 0.288 I.th(;ls 0.207 l;‘.OS; 0.208 1:_4(1)(; 0.170 le_%(; 58 0.198 1;0254 0.054 (;._40250 0.247 1;6557

*To compare the effect of landscape variables against the effect of distance alone, we generated a ‘flat’ raster landscape which 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).
Tests were also performed with Euclidean distances for reference and comparison with other IBD analyses, but these are not comparable with IBR

results. **Names of the resistance slope surfaces are in Table S2.
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Table SS. Values of IBR versus IBD (flat) on Collembola (Coll) and Diptera (Dip) community in East and West sampling areas of

Nevado de Toluca

. Significant values (p < 0.01) are highlighted in bold.

Hierarchical level
haplotypes lineages lineages lineages lineages lineages lineages GMYC
0.5% 1.5% 2% 3% 5% 7.5%
Surface Pseud slope Pseud slope Pseud slope Pseud slope Pseud slope Pseud slope Pseudo slope Pseudo | slope
o-r? (b) o-r (®) o-1? (b) o-r* (®) o-r* (b) o-r* (®) -2 () 7 (®)
C Altitude 0.489 -1.185 0.410 -0.751 0.279 -0.456 0.286 -0.442 0.149 -0.288 0.173 -0.291 0.140 -0.255 0.152 -0.292
E |lo 3000
i 1 Flat 0.485 -1.22 0.407 -0.777 0.278 -0.473 0.286 -0.459 0.150 -0.300 0.173 -0.303 0.141 -0.266 0.152 -0.305
S D! “Mean- 0.123 -0.047 0.254 -0.078 0.188 -0.074 0.199 -0.078 0.146 -0.065 0.131 -0.066 0.041 -0.037 0.197 -0.078
t i elevation
peak
P (symmetric
al)”
Flat 0.110 -0.165 0.210 -0.265 0.195 -0.279 0.205 -0.294 0.157 -0.248 0.137 -0.249 0.031 -0.119 0.200 -0.291
C Altitude 0.543 -1.020 0.428 -0.690 0.446 -0.555 0.389 -0.430 0.313 -0.338 0.217 -0.289 0.218 -0.279 0.313 -0.338
Wl o 3000
" 1 Flat 0.544 -1.359 0.442 -0.947 0.448 -0.762 0.414 -0.609 0.329 -0.479 0.242 -0.422 0.240 -0.405 0.329 -0.479
S D| “Mean- 0.022 -0.023 0.011 -0.0215 | 0.006 -0.017 0.003 -0.013 0.007 -0.006 0.001 -0.007 0.003 -0.013 0.007 -0.021
t i elevation
peak
P (symmetric
al)?’
Flat 0.020 -0.087 0.006 0.019 0.001 0.033 0.002 0.041 0.004 0.058 0.004 0.055 0.004 0.063 0.001 0.0327
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Figure S3. Taxa accumulation curves across sampled sites for each arthropod group and
three lineage levels. We used 1,000 permutations, the random method, and calculated estimated

completeness (Chao) versus observed completeness with the presence/absence data matrix.
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Figure S4. Multiple-site dissimilarity values of species turnover (fsim) and nestedness-resultant
(Bsne) components in arthropods computed among sites. fsor: Serensen dissimilarity index, fsim: the

Simpson dissimilarity index (turnover), and fes: the dissimilarity due to nestedness.

220



MOLECULAR ECOLOG

Giélvez-Reyes et. al. Supporting Information.

+ .
- . -
3000 3100 3200

3300

3500 3600 3700

Alt. A Alt. B8 ¥ Alt. C Slo. A

S Conductances

Samp
points

Figure S5. Resistance surfaces used to estimate effective distances among sites. Areas allowing

higher dispersion are shown in black. The first four rows show the surfaces using the elevation
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data; the last row shows a landscape where all cells have high conductance (‘flat’ landscape) and

the 42 sampling points. Names of the resistance surfaces as in Table S2.
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Figure S6. Distance decay of similarity against altitudes within Nevado de Toluca for
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the Eastern subset of sampling sites (SJH and TLC) and at <2 km using the Western subset (AAB
and ASB). Decay of similarity is shown against altitude rasters. Dots represent pairs of sampling
sites for each ASV and lines are the fitted model for each lineage. Altitude rasters are as in Figure

S5. Significance levels and 7 are as in Table S5. Only Collembola showed significant values (p <

0.01).
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are the fitted model for each lineage. Significance levels and /* are as in Table S7. All tests were

significative (p <0.01).
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Suplementary Information for: Strong turnover in the composition on forests
subjected to management and reforested activities revealed by metabarcoding of
arthropod communities
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Figure S2. Arthropods richness by sampling Disturbed treatment. CON = Under
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Table S1. Treatments in forests of A. religiosa and P. hartwegii with categories of forests (conserved, forest management, disturbance,
and plantations).

Treatrnent Categories Geographical sites of | Land-use Forest type Mo,  Of | Ewvaluation Hample site | Mo, irap per block | Collection mas] Biodiversity
mountains (locality) change evaluatio sampling replicates (Area=20x151m date soup
ns sites ™o -Mao. pitfall total
hlocks).
(i) Mewado Toluca Forest A religicsa 3 3 20 pitfall Llwvia 2500 & TE3ES=63
-Amanalco: San | MManagement: (2x3xixil)= (Ago-Sep 3500
Bartolo Chaponeo (18=z207=360 2015
activity 2
Newado Toluca Forest under
-Ammanalco: San | conservation
Bartolo
Mewado Toluca Forest 20 pitfall
-Amanalco: Zan | lanagement: (2x3x3x20=
Forest Bartolo Cut 7 years (18=z207=360
TTIATIA ZEMTIEML heforeagn 2
Vs Forest ™ Mewada Toluca Forest under
under -Arnanalco: San | conservation
conservation Battolo
Mewado Toluca Forest 20 pitfall
-Armanalco: Agua | Management (3x3xinil=
Bendita Cut 1 wyears (272207=540
heforeago
Newado Toluca Forest
-Agua Bendita Ilanagement: 3
Cut 10 wyears
heforeago
Mewvado Toluca Forest under
-Amanalca: Agua | conservation
B endita
(i1} Disturbed Newado Toluca Disturbed A religiosa 2 3 3 20 pitfall Llwwia 2500 & 2x3x3=18
forest ws  -Bantiago Tlacotepec forest  with (2i3xia2l)= (Ago-Bep 3500
Forest under COW 18x20=360 2015
conservation  Mewada Toluca Forest under
-Santiago Tlacotepec conservation
(111} Plantation Mewado Toluca Plantation F havtwegii 3 3 3 20 pitfall Lluwia 2500 & 3m35=27
forest ws  -Santiago Tlacotepec forest 1930 (3x3xinil= (Ago-3ep 3500
Forest  under (272207=540 2015
conservation  Mewvado Toluca Plantation
-Bantiago Tlacotepec forest 2013
Newado Toluca Forest under
-Zinacantepec cofiservation
(iv) Assessing Mewado Toluca Forest under | A religiosa 2 3 3 20 pitfall Llwwia 2500 a  2m3x5=18
diversity -Ban Juan  de  las | conservation (2u3xiunll)= (Ago-Zep 3500
under two  Huertas 18x20=360 20157
forest types -Tlacotepec
Mewado Toluca Forest under | F hariwegii 2 3 3 20 pitfall 2500 & 2m335=18
-fan Juan de las | conservation (2x3xixil)= 3500
Huertas 18320=360
-Zinacantepec
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Table S2. Number of haplotypes, lineages at 3% and 5%, putative species by GMYC and GMYC threshold values for eight
arthropods orders.

Order Haplotypes Lineages 3% Lineages 5% GMYC GMYC threshold
Diptera 2,521 385 106 95 124 0.0088
Collembola 2,370 270 59 52 60 0.029
Arachnida 1,027 155 67 61 78 0.01258205
Coleoptera 708 136 87 81 102 0.007255866
Hymenoptera 445 133 83 71 94 0.009765845
Hemiptera 240 116 55 50 64 0.01771803
Myriapoda 112 51 15 11 20 0.01529633
Lepidoptera 20 31 24 20 28 0.003

Total 7,443 1,277 496 441 570

Table S3. Results of Isolation by distance in Diptera, Collembola, Arachnida, Coleoptera, Hemiptera and Hymenoptera at different
hierarchical levels and species delimitation using GMYC. Associations with linear regressions between the pairwise effective distances
and the pairwise beta diversity. The r values (r) are reported in each hierarchical level. All tests were significative (p < 0.01).

Hierarchical level
community Haplotype lineages lineages lineages lineages lineages GMYC
0.5% 1.5% 2% 3% 5%
Surface flat Pseudo-r2 | Slope (b) | Pseudo-r? | Slope (b) | Pseudo-r? | Slope (b) | Pseudo-r? | Slope (b) | Pseudo-r? | Slope (b) | Pseudo-rz | Slope (b) | Pseudo-rz | Slope (b)
Diptera 0.373 -2.658 0.298 -1.757 0.217 -1.554 0.218 -1.456 0.180 -1.328 0.199 -1.334 0.064 -6.430 0.257 -1.667
e-05 e-05 e-05 e-05 e-05 e-05 e-05 e-05
Collembola 0.819 -0.0003 0.824 -0.0001 0.732 -6.749 0.770 -6.393 0.760 -5.943 0.712 -4.964 0.710 -4.512 0.759 -5.964
e-05 e-05 e-05 e-05 e-05 e-05 e-05 e-05
Araneae 0.333 -1.833 0.165 -1.046 0.171 -0.979 0.155 -0.993 0.179 -0.876 0.164 -0.817 0.299 -0.799 0.161 -0.974
Co|eoptera 0.164 -1.667 0.180 -1.494 0.124 -1.192 0.127 -1.282 0.130 -1.194 0.117 -1.118 0.099 -1.049 0.127 -1.215
Hymenoptera 0.182 -1.530 0.112 -0.999 0.086 -0.815 0.085 -0.797 0.054 -0.556 0.046 -0.469 0.036 -0.372 0.096 -0.936
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