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Insects make up the bulk of terrestrial diversity and about half of insect species are
herbivores that have direct relationships with their host plants and are the basis of
the entire food chain, on which wildlife and humanity depend. Some herbivorous
insect traits, such as their spatio-temporal distribution, are especially relevant in the
current scenario of global changes, which are more pronounced in high elevation areas,
helping to improve the effectiveness of conservation actions. Here we evaluated the
influence that different spatiotemporal scales have on three free-feeding herbivorous
insect guilds (fluid-feeding, leaf-chewing, and xylophagous insects) in montane forest
islands immersed in a grassland-dominated matrix (campo rupestre). We assessed
whether species turnover or nestedness was the main component determining both
spatial and temporal species composition variation (B-diversity) of the herbivorous
insect community. We also checked the temporal effect on herbivorous insect guilds
composition between vertical strata. We sampled herbivorous insects during two
summers and two winters in 14 forest islands of different sizes and shapes in a natural
mountainous fragment located in southeastern Brazil. A total of 6597 herbivorous
insects representing 557 morphospecies were sampled, 290 of which were fluid-
feeding, 147 leaf-chewing and 120 xylophagous insects. We found a main contribution
of time scale in the organization of the herbivorous insect composition sampled in this
study, mainly by turnover, with small differences among guilds. Additionally, we could see
that climate determined the local variation of species, corroborating that we have a highly
variable always-green system over space and time where the understory community
varies less in comparison to the canopy community. Our findings suggest that long-term
ecological research on herbivorous community structure in relation to climatic variation
is a key element for future investigations, which can be decisive for the conservation
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of herbivorous insect communities. We also suggest that the effects of anthropogenic
pressures must be monitored in this system, since these forest islands may serve as
warming refuges in a fragmented landscape holding an invaluable diversity of species
that, without these old-growth forest reservoirs, would be doomed to disappear.

Keywords: Atlantic Forest, campo rupestre, chewing insects, fluid-feeding insects, xylophagous insects,

B-diversity, Malaise trap

INTRODUCTION

Insects make up the bulk of terrestrial diversity (Sabrosky,
1953; Chapman, 2009; Stork, 2018), being considered the most
important animals in terrestrial environments (Wilson, 1987).
However, recent case studies have shown drastic declines in the
total biomass of different insect groups (Schuch et al., 2012;
Dirzo et al., 2014; Hallmann et al., 2017; Lister and Garcia, 2018),
which can lead to the loss of multiple critical ecosystem services
provided by them (e.g., pollination and decomposition) (Ashton
etal., 2019). Out of their vast numbers, about half are represented
by herbivorous insects that have direct relationships with their
host plants (Stork, 2018) and are the basis of the entire food
chain, on which wildlife and humanity depend (Cardoso et al,,
2020). Many feeding guilds have evolved among herbivorous
insects (e.g., fluid-feeding, leaf-chewing and xylophagous insect
guilds), with high variability in spatio-temporal distribution
(Neves et al., 2014; Kuchenbecker and Fagundes, 2018; Macedo-
Reis et al., 2019). Several works report the distinction between
some different guilds and the importance of working with each
one (see Novais et al., 2018; Monteiro et al., 2020). Changes in
habitat characteristics, such as vegetation structure and climatic
variations, determine the organization of these guilds in different
ways, and changes in the herbivore community have substantial
effects on biological interactions throughout the food chain
(Leal et al, 2016; Novais et al, 2016, 2019). In addition,
some herbivorous insect traits, such as their spatio-temporal
distribution (Lewinsohn et al., 2005), are especially relevant in
the current scenario of global changes that are more pronounced
in high elevation areas (Janzen and Hallwachs, 2019), helping to
improve the effectiveness of conservation actions (Cooke et al.,
2013; Callisto et al., 2019).

Interpreting the diversity distribution patterns of different
herbivorous insect feeding guilds enables us to understand
the influence of distinct ecological processes structuring
herbivorous insect communities (see Novotny and Weiblen,
2005; Wardhaugh, 2014). Since tropical rainforests are
notoriously heterogeneous environments (Basset et al., 2012;
Kitching et al., 2013), one of the obvious spatial gradients of
species diversity change is related to geographic distance. Insect
diversity changes in this horizontal dimension may be driven by
multiple factors, including the distance among habitat patches or
even the distance of these patches to a continuous forest (e.g., da
Silva et al., 2019). In addition, dispersal abilities of herbivorous
insects differ among guilds, which may potentially influence
them to move in different ways within and among habitats (Tews
et al,, 2004; Macedo-Reis et al., 2019). Seasonal variability is also
common in tropical environments, especially with regard to

species composition (Tylianakis et al., 2005), which is affected
by resource availability (Shaw, 2004; Inclan et al., 2014) and
can be guild-dependent. With a few notable exceptions (see
Macedo-Reis et al., 2016, 2019), temporal patterns of insect
diversity that reflect seasonal climatic conditions are frequently
ignored in tropical rainforests (Didham and Springate, 2003).
Particularly, in seasonal environments, both spatial and temporal
patterns among herbivorous insects need more attention in order
for us to understand these diversity patterns.

Naturally fragmented landscapes are exceptionally adequate
for evaluating patterns and mechanisms that determine the
distribution of species in environments without confounding
effects of human-driven fragmentation and habitat loss (Fahrig,
2017; Haddad et al., 2017). Unlike oceanic islands, which are
surrounded by a matrix that is a barrier to most terrestrial
fauna, forest islands have more permeable matrices that harbor an
important percentage of fauna (Cook et al., 2004; Driscoll, 2005;
Yekwayo et al., 2016) and provide additional resources to species
(Ockinger et al.,, 2012). In such systems, that occur immersed
in grassland-dominated ecosystems on tropical mountaintops
(Streher et al., 2017), vagile organisms like wasps, bees, dung
beetles and fruit-feeding butterflies can seek different resources
(da Silva et al., 2019; Perillo et al., 2020; Silva et al., 2020),
where habitat diversity and configuration of the landscape may
elicit different responses among them (Neves et al., 2021).
Although the distribution of host plants at a given scale represents
food resource availability and physical structure for herbivorous
insects to find shelter and breeding sites (Lewinsohn and Roslin,
2008), evidence of this relationship in forests patches at landscape
scales and its effects on herbivorous insect communities is still
poorly documented (Rossetti et al., 2019).

There is a substantial change in habitat conditions between
understory and canopy strata (Shaw, 2004; Basset et al., 2015),
and this vertical stratification is often considered to be a key factor
promoting the extreme diversity of tropical forests (Oliveira and
Schefters, 2019). This is mainly because vertical stratification is
associated with major shifts in abiotic conditions, highlighting
the great variety in resource availability that enables greater
species coexistence at small scales (Brown, 1981; Schefters et al.,
2017). In fact, herbivorous insect diversity changes in this
vertical dimension may be driven by factors such as resource
quantity and quality and microclimate conditions (DeVries
et al., 1999; Basset et al.,, 2001, 2003a,b; Brehm, 2007) and
they usually show a clear stratification that decreases from the
canopy to lower strata (Basset et al., 1992, 2003a,b; Neves et al.,
2014). Nevertheless, few studies have investigated whether local
patterns of species diversity are related to vertical stratification of
different insect feeding guilds, which may be more informative
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regarding the functional role of arthropods in tropical forests
(but see Grimbacher and Stork, 2007; Neves et al., 2014).
Furthermore, along with the increasing interest in canopy
ecosystems (Nadkarni et al., 2011; Silva J. O. et al., 2017; Swart
etal., 2020), here we simultaneously measured herbivorous insect
species diversity in both canopy and understory environments
through time to contribute to the current knowledge on the
subject (DeVries, 1988; Wolda, 1992; Skvarla et al., 2021).

The joint use of multiple scales (a-, f-, and y-diversities;
Whittaker, 1960) as well as a complimentary process-focused
approach to decompose p-diversity into turnover (species
substitution) and nestedness (a gradient of number of species)
is an adequate framework to further advance our knowledge
about how communities are structured in space and time, and
the underlying mechanisms driving diversity patterns (Baselga,
2010). Indeed, species turnover has consistently been reported
as the main component of total B-diversity for a wide range
of taxa across different ecosystems (Soininen et al, 2018),
and is a recurrent feature among insect communities (Leal
et al., 2016; Silva L. F. et al., 2017; Macedo-Reis et al., 2019).
However, such studies are still very necessary because distribution
patterns vary with the scale of observation, which can range
from centimeters to kilometers and from days to years (Allan
and Castillo, 2007). Thus, it is important to assess both the
horizontal and vertical spatio-temporal B-diversity in order to
understand the mechanisms that determine the organization
of insect communities, especially in megadiverse environments
such as tropical forests.

Since global change would lead to multifaceted ecosystem
modifications, including shifts in species distribution ranges and
diversity (Chen et al., 2011) and other unpredictable cascading
effects at different levels of ecological organization (Pefiuelas
et al, 2013), here we aimed to explore the spatiotemporal
patterns of herbivorous insect diversity (i.e., richness, abundance,
and composition) in forest islands in a mountain range in
eastern South America (Coelho et al., 2016). Four spatiotemporal
scales were considered: three spatial scales (within Malaise traps;
between strata of vegetation within forest sites; and among
forest islands within sampling dates) and one temporal scale
(over 4 sampling dates). We then tested (i) whether different
spatiotemporal scales contribute in a different way to the diversity
of three herbivorous insect guilds (i.e., fluid-feeding, leaf-
chewing, and xylophagous) in the forest islands; (ii) whether the
variation of species composition over four seasons (spatial and
temporal B-diversity) is determined by substitution (turnover),
and (iii) whether the temporal variation of species composition
(temporal B-diversity) varies between the vertical strata and
among guilds. Specifically, we expect that:

i Spatial scale has the main contribution to the total diversity
of herbivorous insects, since the forest islands are of
different sizes, shapes and distances to the nearest island
or to the continuous forest (Coelho et al., 2018) and the
canopy faces higher levels of UV radiation, wind speed
and variations in humidity and temperature than the
understory (Basset et al., 2003b);

ii Species turnover among sites is more important than
nestedness in determining community organization within
a region, as nestedness patterns are considerably less
common to herbivorous insects in fragmented habitats
(Macedo-Reis et al., 2019);

iii Canopy presents the higher variation in species
composition (temporal B-diversity) for all three
herbivorous insect guilds, as canopy environmental
conditions and resource availability vary more than in the
understory (Basset et al., 2003b).

MATERIALS AND METHODS
Study Area

We conducted this study in a natural forest archipelago situated
in Serra do Cipd (the southern portion of the Espinhaco
Range), Minas Gerais state, southeastern Brazil (19°14'19”S,
43°31'35”W; Figure 1). The Espinhaco formation is an important
mountainous formation in Brazil due to its high biodiversity
and endemism (Silveira et al., 2016; Miola et al., 2020). It
extends almost continuously for 1200 km from northeastern to
southeastern Brazil, across two states (Bahia and Minas Gerais),
and acting as a humidity barrier between two biomes, the Cerrado
(Brazilian savannah) to the west and the Atlantic Forest to the
east. Above 900 m. a.s.l. in this region a continuous grassland
matrix called campo rupestre is predominant. In the campo
rupestre matrix there are some forest islands that merge as
natural patches of vegetation from mountaintops. These forest
islands occur mainly at 1200 m a.s.l. and their maintenance is
dependent on specific climate and soil parameters (see Coelho
et al, 2016 for a review). They have a floristic composition
similar to seasonal semi-deciduous forests associated with
the Atlantic Forest domain (Coelho et al., 2016, 2018). The
species composition includes families with wide geographical
distributions, although many species are largely endemic and
reveal the former isolation of this refuge, which can be called a
cloud forest. Compared with lowland forests, these forest islands
have a lower canopy and a greater abundance of epiphytes, with a
significant representation of Araceae, Orchidaceae, Bromeliaceae,
Pteridophyta, and Bryophyta. This elevated representativeness
of epiphytes is a consequence of the high humidity in
these formations (Whitmore, 1990; Van der Hammen, 1995;
Webster, 1995). The plant families with the greatest species
richness in these forest islands are Myrtaceae, Lauraceae,
and Melastomataceae, followed by Fabaceae, Asteraceae, and
Rubiaceae (Coelho et al,, 2016). Parameters such as density,
diameter, average height, richness and diversity of plant species
vary conspicuously between the edge and the nuclear zones
of the forest islands. The soil also differs spatially in its
physicochemical characteristics and its conditions in nuclear
zones are more favorable to the establishment of characteristic
species of late stages of succession (Coelho et al., 2016). The
climate is mesothermic (Cwb in the Koppen classification), with
dry winters and rainy summers, a mean annual rainfall of
1500 mm and average annual temperature ranging from 17.4 to
19.8°C (Ferrari et al., 2016; Silveira et al., 2016).
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FIGURE 1 | Map showing (A) Espinhaco Range in Brazil and (B) the 14 naturally fragmented forest islands (orange shapes) where we sampled herbivorous insects
in a campo rupestre matrix of the Serra do Cipd, southern portion of the Espinhago Range Biosphere Reserve, Minas Gerais, Brazil.
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Sampling Design

A total of 14 forest islands were selected. The chosen areas
vary in size (1.21-39.89 ha, mean = 8.21 ha, SD = 10.24 ha)
and shape (from circular to elongated limits), and are spaced
at variable distances (0.1-1.5 km) (see Supplementary Table 1
for more details). A 20 x 50 m plot was established in the
center of each forest patch, where sampling was performed over
two consecutive years (2014-2015) with two sampling events
in the summer - rainy season (February 9-16, 2014; February
21-28, 2015) and two in the winter - dry season (August 16—
23, 2014; August 22-29, 2015). In each sampling period we
collected herbivorous insects using two Malaise traps (one soil
Malaise trap and one canopy Malaise Window trap — mean height
4,5m =+ SE 0,44 - see Supplementary Table 1 to check the
heights of each Malaise window traps) located in the center of
each plot, which remained in the field for seven days (9408 trap-
hours for each type) (Perillo et al., 2020). These types of traps
are one of the most widely used non-attractant, static insect traps
in surveys of insect diversity (Noyes, 1989; Muirhead-Thomson,
1991; Southwood and Henderson, 2000; also see Skvarla et al.,
2021 for a review). Collected herbivorous insects were grouped
into one of three guilds according to their feeding habits: fluid-
feeding, leaf-chewing or xylophagous insects (wood-associated
fauna) (Macedo-Reis et al., 2019). We considered as herbivorous

insects every insect belonging to families that directly or
indirectly depend on plant resources for survival (Moran and
Southwood, 1982; Neves et al., 2014; Macedo-Reis et al., 2019).
The insects were identified using taxonomic keys and separated
into morphospecies based on external morphological features.
All collected insects were stored in the entomological collection
of the Laboratory of Insect Ecology at the Federal University of
Minas Gerais (Universidade Federal de Minas Gerais - UFMG).

Herbivorous Insect Guilds

We chose to work with exophagous insects, which are free-living
organisms that move within and between plant species in search
of resources. They present different life-forms (Neves et al., 2010;
Aratjo, 2013) and can be classified into several trophic guilds
according to their feeding habit (Novotny et al., 2010), such as
fluid-feeding herbivores, with a modified oral apparatus or stylet
to suck plant sap (Ribeiro et al., 1994); chewing herbivores, with
well-developed jaws specialized in cutting and grinding plant
tissue (Raupp, 1985); and xylophagous herbivores, that breed in
inner bark (dead phloem tissue; Raffa et al., 2015) and some
feed on symbiotic “ambrosia” fungi that grow in the nutrient
poor xylem tissue of woody plants (Gohli et al., 2017). In the
case of fluid-feeding herbivores, the stylet needs to overcome
the physical protective barriers of plants, such as waxes and
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trichomes, to access plant tissues. Thus, they are mostly affected
by sap nutrient content (Price, 1997; Huberty and Denno, 2006)
and tend to specialize more than chewing and xylophagous
herbivores by surviving for several generations on a single host
plant (Denno and Perfect, 1994; @degaard, 2003; Novotny et al.,
2010). Chewing herbivores generally have a broad diet of host
plant species and are directly influenced by leaf mechanical
properties and chemistry (Peeters, 2002; Read and Sanson, 2003).
They are considered to comprise the most abundant and species-
rich guild (Novotny et al,, 2012). Xylophagous herbivores feed
on several host families with generally low host specificity
(Beaver, 1979; Macedo-Reis et al., 2016) and many of them are
capable of quick dispersal and establishment in new habitats
(Allen and Humble, 2002; Haack, 2006). The perception of
landscape structure by all these insect guilds in different habitats
depends on their dispersal ability and foraging range (Weibull
et al., 2000; Toivonen et al., 2017; da Silva et al., 2019), which
differ among guilds due to several factors, including habitat
selection and mortality risks, potentially influencing them to
move within forest environments (Tews et al., 2004; Macedo-Reis
et al,, 2019). Also, these herbivorous insect feeding guilds may
respond differently to the same habitat conditions due to their
level of specialization and life history constraints (Denno and
Roderick, 1991; Vehvildinen et al., 2007; Sobek et al., 2009). Thus,
different feeding guilds respond to environmental characteristics
differently, especially if we consider different spatial scales (Neves
et al,, 2013; Lourengo et al., 2015).

Data Analysis

In order to show extrapolated values of species richness to a
similar number of individuals we constructed rarefaction curves
using the R package “INEXT” (Chao et al., 2014; Hsieh et al.,
2016), available at https://chao.shinyapps.io/INEXTOnline/. We
accounted for every individual collected in the two Malaise traps,
in all different seasons, for the three guilds of herbivorous insects.
Thus, we estimated the sample completeness for each individual
sampled. For extrapolation curves, the number of individuals
was up to twice the actual reference size (Chao et al., 2013). We
then built rarefaction curves with different sampling intensities,
these curves representing the gamma diversity of each stratum
per herbivorous insect guild. The sample units (i.e., the 14 forest
islands) were used as the independent variable and the richness of
each herbivorous insect guild was the dependent variable. Thus,
we were able to obtain information about the completeness of
herbivorous insect species in relation to each sampling unit. We
also assessed the alpha diversity in our smallest sampling unit for
each herbivorous insect guild. For this, we used the hill number
9D to show the observed accumulated species richness for our
sampling units, with their respective confidence intervals. The
non-overlapping of confidence intervals indicates that the insect
richness found in the canopy is lower for all three guilds.

To test our hypothesis that spatial scale has a main
contribution to the total diversity of herbivorous insects, we
partitioned the y-diversity (i.e., diversity in the 14 islands) into
a-diversity (i.e., diversity within Malaise traps) and p-diversity
(which was partitioned into Bl - between strata within forest
sites; P2 — among forest islands within sampling dates and

B3 - over sampling dates). We performed these analyses with the
“adipart” (additive diversity partitioning) function, which works
with a statistic returned by a function that is assessed according
to a nested hierarchical sampling design (our three dimensions),
both from the R package “vegan” (Oksanen et al., 2018). We used
this function only to describe the species richness per dimension.

We assessed the spatial and temporal variations of the
herbivorous species composition (B-diversity) using the Serensen
dissimilarity index in a multiple-spatial and time approach (see
Baselga, 2010; Neves et al., 2021). So, we decomposed total spatial
and temporal B-diversity among the forest islands (using the
Serensen and Simpson index of similarity), which we partitioned
into turnover and nestedness-related components using the
“beta.multi” function in the “betapart” R package (Baselga and
Orme, 2012). Data were aggregated by forest sites for the spatial
partition of B-diversity among sites and aggregated by sampling
dates for the partition of p-diversity over sampling dates. The
function ‘beta-multi’ includes the functions to compute multiple-
site dissimilarities Bsor, Pstm and Pngs, called beta.SOR(x),
beta.SIM(x), and beta.NES(x), respectively, where x is a data
frame in which sites are rows and species are columns. We
used the results of this calculation to determine whether species
substitution or species loss/gain influenced the general spatial
pattern of temporal B-diversity (Baselga, 2010; Neves et al., 2021).

Linear mixed models (LMMs) were used to test the effect of
the strata on each herbivore guild (fluid-feeding, leaf-chewing,
and xylophagous) temporal B-diversity over seasonal samples,
where temporal B-diversity was used as a dependent variable and
the strata as an independent variable. The identity of each forest
island (14 in total) was used as a random factor in LMMs, to
account for spatial pseudoreplication (Bolker et al., 2009). The
Ime4 package and Imer function were used to perform LMM
analyses (Bates et al,, 2018). The function Anova of package
car, which allows ANOVA in mixed models, was used to deem
variables significant or not. All models were subjected to residual
analyses to check for model fit and error structure suitability
(Crawley, 2013). All statistical analyses were performed using
R software v.4.0.

RESULTS

General Patterns

We recorded a total of 6597 herbivorous insects belonging to
41 families, two subfamilies and 557 morphospecies (Table 1).
Among these morphospecies, 290 were fluid-feeding, 147 were
leaf-chewing and 120 were xylophagous insects. Among fluid-
feeding herbivorous insects, Cicadellidae and Psyllidae were
the richest in species (28%) and most abundant (72.9%), with
the Cicadelidae family alone representing 22.1% and 69.7%
of the total richness and abundance, respectively. For leaf-
chewing insects, Chrysomelidae and Curculionidae were the
richest in species (23.5%) and most abundant (13.4%) while
for xylophagous insects, Cerambycidae, and Scolytinae were the
richest in species (9.7%) and Cerambycidae and Anobiidae were
the most abundant (2.1%), together representing 61.2% of the
total richness and 88.4% of the total individuals sampled. There
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TABLE 1 | Herbivorous insects morphospecies richness and abundance sampled in Serra do Cipo, Minas Gerais, Brazil.

Guild Taxa Total richness Total abundance Strata
Understory Canopy
Abundance Richness Abundance Richness
Fluid-feeding Achilidae 28 150 145 28 5 2
Aetalionidae 2 2 2 2 0 0
Aphididae 2 3 2 2 1 1
Aphrophoridae 2 2 2 2 0 0
Berytidae 1 4 4 1 0 0
Cercopidae 7 10 9 7 1 1
Cicadellidae 123 4601 4349 113 252 41
Cixiidae 11 15 15 11 0 0
Cydnidae 1 8 8 1 0 0
Delphacidae 6 10 10 6 0 0
Derbidae 3 99 98 3 1 1
Flatidae 1 1 1 1 0 0
Fulgoridae 1 3 3 1 0 0
Issidae 2 5 5 2 0 0
Kinaridae 1 1 1 1 0 0
Largidae 1 1 1 1 0 0
Lygaeidae 10 77 74 10 3 3
Membracidae 16 33 32 15 1 1
Miridae 21 81 70 20 iRl 3
Pentatomidae 4 4 4 4 0 0
Psyllidae 33 210 183 27 27 12
Pyrrhocoridae 1 1 1 1 0 0
Rhopalidae 3 4 3 3 1 1
Thyreocoridae 1 1 1 1 0 0
Tingidae 9 20 20 9 0 0
Leaf-chewing Anostostomatidae 2 2 2 2 0 0
Attelabidae 1 4 4 1 0 0
Chrysomelidae 69 688 639 67 49 18
Curculionidae 62 196 181 57 15 13
Erotylidae 6 9 9 6 0 0
Gryllidae 3 17 17 3 0 0
Megalopodidae 1 1 1 1 0 0
Meloidae 1 1 1 1 0 0
Tettigoniidae 2 2 1 1 1 1
Xylophagous Anobiidae 21 67 35 17 32 14
Anthribidae 18 30 26 17 4 3
Bostrichidae 5 19 3 16 2
Brentidae 7 21 19 7 2 1
Buprestidae 4 14 14 4 0 0
Cerambycidae 27 72 58 23 14 8
Cupedidae 4 4 0 0 4 4
Platypodinae 7 42 30 4 12 7
Scolytinae 27 62 12 8 50 22

was also a high number of rarely sampled species, comprising
244 singletons (43.8% of the total) and 84 doubletons (15.1% of
the total). Of these, 120 singletons and 38 doubletons belonged
to fluid-feeding insects guild, 58 singletons and 26 doubletons
belonged to leaf-chewing insects guild and 65 singletons and 20
doubletons belonged to xylophagous insects guild. In addition,

we had a greater number of unique morphospecies collected
in the understory for all guilds. A total of 398 (71.5%)
morphospecies were collected exclusively in the understory (224
fluid-feeding insects; 115 leaf-chewing insects; 59 xylophagous
insects), while 63 (11.3%) were collected exclusively in the
canopy (18 fluid-feeding insects; eight leaf-chewing insects; 37
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xylophagous insects) and 96 (17.2%) in both strata (48 fluid-
feeding insects; 24 leaf-chewing insects; 24 xylophagous insects).

The sampling effort was sufficient to characterize the
insect community sampled, with the rarefaction-extrapolation
accumulation curves presenting a greater sampling coverage for
those carried out in the understory (Supplementary Figure 1),
where the observed and extrapolated guilds richness and
abundance was higher. The greatest sampling was found for fluid-
feeding insects, followed by leaf-chewing insects and xylophagous
insects. We observed that the fluid-feeding species richness
ranged between 66 and 272 species and its total abundance
ranged between 303 and 5043, which corresponds to 87% and
97% of the sampling coverage values, and 91% and 99% of the
extrapolated sampling coverage abundance along the canopy
and the understory, respectively (extrapolated sample coverage
richness = 99 and 357 along the canopy and the understory,
respectively). For the leaf-chewing insects, we observed species
richness ranging between 32 and 139 species and its total
abundance ranged between 65 and 855, which corresponds to
68% and 93% of the sampling coverage values, and 85% and
97% of the extrapolated sampling coverage abundance along the
canopy and the understory, respectively (extrapolated sample
coverage richness = 46 and 176 along the canopy and the
understory, respectively). Finally, we observed that xylophagous
species richness ranged between 61 and 83 species and its total
abundance ranged between 134 and 197, which corresponds to
74% and 72% of the sampling coverage values, and 86% and
80% of the extrapolated sampling coverage abundance along the
canopy and the understory, respectively (extrapolated sample
coverage richness = 87 and 129 along the canopy and the
understory, respectively). We also found that the diversity of
the herbivorous insects sampled in this study was higher in the
understory for all three guilds for both observed and extrapolated
values (Figure 2).

Partition of Diversity
We observed a main contribution of temporal scale (83) to the
total diversity when partitioning the total insect species richness
for each guild into its additive components [i.e., within Malaise
traps (), between strata within forest sites (31), among forest
islands within sampling dates (82), and over sampling dates ($3)]
(Figure 3). On the other hand, we found a smaller contribution
of spatial scale between strata ($1) to the total diversity for each
insect guild. The observed B3 over sampling dates was slightly
greater for xylophagous insects (86.49%) than for fluid-feeding
(79.90%) and leaf-chewing insects (83.43%). In contrast, the
contribution of a, B1 and B2 was, respectively, only 7.45%, 5.17%,
and 7.48% for fluid-feeding insects, 6.19%, 3.38%, and 7% for leaf-
chewing insects and 3.95%, 3.25%, and 6.31% for xylophagous
insects. When we decomposed spatial and temporal p-diversity
into its turnover and nestedness components, we verified that
it was mostly represented by the turnover (Bspv) component in
all cases. This component explained more than 75% of the total
B-diversity for all guilds and strata (Table 2).

The species composition over time (Temporal
B-diversity/Bsor) varied between vegetation strata for fluid-
feeding (F = 54.12; Df = 1; p < 0.001) and leaf-chewing insects
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FIGURE 2 | Species diversity curves (°D) for samples (solid lines) and
extrapolated samples (dashed lines) as a function of sample size according to
the count of incidences of (A) fluid feeding herbivores, (B) leaf chewing
herbivores, and (C) xylophagous herbivores in each sampling unit (i.e., forest
island). The bar error represents the 95 confidence interval. The red circles in
the red line represent the observed samples for understory and the green
triangle for the canopy, obtained by a bootstrap method based on 1000
iterations.

(F =20.16; Df = 1; p < 0.001), with higher values for the canopy
(Figure 4). Temporal B-diversity of the xylophagous insects did
not show variation between strata (F = 1.27; Df = 1; p = 0.27).

DISCUSSION

In this study, we evaluated the influence that different
spatiotemporal scales have on three free-feeding herbivorous
insect guilds (fluid-feeding, chewing and xylophagous insects)
in montane forest islands immersed in a grassland-dominated
matrix (campo rupestre). We highlight a main contribution
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TABLE 2 | p-Diversity using the Serensen index for herbivorous insects collected in both strata and the importance (%) of turnover (Bsi/Bsor) for each guild

at each stratum.

Stratum Guild Spatial p-diversity Turnover (%) Temporal -diversity Turnover (%)

Understory Fluid-feeding 0.85 0.96 0.62 0.94
Leaf-chewing 0.89 0.97 0.65 0.79
Xylophagous 0.93 0.96 0.82 0.91

Canopy Fluid-feeding 0.92 0.97 0.80 0.93
Leaf-chewing 0.95 0.97 0.88 0.92
Xylophagous 0.94 0.96 0.90 0.90

of time scale in the organization of the herbivorous insect
community, mainly by turnover, with small differences among
guilds. We could see the role of seasonality determining the
local variation of species composition, corroborating that we
have a highly variable always-green system over space and time,
where the understory community varies less compared to the
canopy community.

Among the several approaches that have been proposed to
study patterns and processes that rule insect diversity across
fragmented habitats, spatial metrics, such as patch (e.g., canopy
cover, distance to continuous forest) and landscape attributes
(e.g., percentage of forest in the landscape, number of patches,
patch shape complexity) have been acknowledged to affect
diversity patterns and distribution of several groups of insects
in mountainous forest islands (da Silva et al., 2019; Perillo
et al, 2020). Additionally, studies on temporal issues have
drawn attention to help us understand and explain biodiversity

dynamics in terrestrial fragmented habitats. Here, we found
that the temporal scale exceeded the spatial scale in explaining
herbivorous insect diversity, which is the opposite of what was
expected for our first hypothesis. Most studies have found a
higher predictive power of spatial scale than temporal ones over
insect community structure in tropical ecosystems (da Silva et al.,
2019; Castro et al., 2020). However, we found a higher importance
of seasonal variation on the composition of all three insect guilds
sampled in this study. These results indicate that, more than
patch attributes, factors such as seasonal variation in temperature
and humidity are drivers to temporal variation in resources
that directly affect herbivorous insects that inhabit these forest
islands. Thus, despite being an evergreen forest, the climatic
seasonality of these forest islands is the most important driver for
all herbivorous insect guilds sampled in this study and contribute
more to their diversity and differences in species composition
than spatial factors such as the distance among the forest islands
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or the vertical stratification (see Macedo-Reis et al., 2016; Novais
etal., 2018).

We also found that the vertical stratum was an important
factor driving the composition of fluid-feeding and leaf-chewing
insect guilds, partially corroborating our third hypothesis.
Similarly to our findings, wasps and bees (Perillo et al., 2020)
and dung-beetles (da Silva et al., 2019) also have high temporal
B-diversity (Bsor) in this study system, indicating that the
composition of insect communities varies greatly throughout
seasons. In fact, all three herbivorous insect guilds, regardless
of the strata, showed high temporal B-diversity, corroborating
that we do have a highly variable system over space and time.
However, fluid-feeding and leaf-chewing insects presented a
greater temporal B-diversity for the canopy, which is the opposite
of the pattern found for ants in a tropical dry-forest (Neves
et al., 2021). The temporal B-diversity of both fluid-feeding and
chewing insects being higher in the canopy than in the understory
may be linked to the different effects of seasonality on specific
microhabitats of these two strata. However, it may also be related
to the insect diversity sampled in the understory that was much
higher than that sampled in the canopy (which harbors more
rare species and therefore has less redundancy) (see Skvarla et al.,
2021). Besides, it is important to note that the insect guilds can
respond differently to seasonal changes in resource availability
between canopy and understory (see also Neves et al.,, 2014;
Macedo-Reis et al., 2019).

Tropical forests have a vertical gradient of microclimatic
conditions from the ground level to the canopy, with an increase

of temperature and solar radiation, and a decrease in air humidity
(Law et al., 2019). In this way, for herbivorous insects associated
with forest islands system, it would be reasonable to think that
the canopy has more unstable characteristics than the understory.
For example, the increase in temperature and solar incidence is
directly related to the survival of beetles from the Chrysomelidae
and Curculionidae families, since it represents one of the main
mortality factors of these insects (Lill and Marquis, 2007). In
addition, the greater solar radiation can cause adult individuals
of the Cicadellidae family to disperse less or to seek more humid
and shaded areas (Ott and Carvalho, 2001; but also see Lessio
and Alma, 2004). However, the canopy also has greater turnover
of leaves and flowers (Basset et al., 2003b), resources that are
especially important for fluid-feeding and chewing insects (Basset
et al.,, 2003a). In this regard, it is known that the life cycle of
individuals from the Cicadellidae and Psyllidae family probably
follows the phenological pattern of leaf exchange in plants
(Novais et al., 2018). Thus, we can expect that an environment
with more changes in its conditions that presents, at the same
time, more and better resource availability for its associated
insects, will present greater temporal §-diversity for fluid-feeding
and chewing insects. The same could not be observed for the
guild of xylophagous insects, which is similar to the pattern
reported among Scolytinae in Malaysian forests (Simon et al.,
2003). This pattern could be explained by their close association
with the range of suitable wood availability (Grove, 2002; Hulcr
et al.,, 2008), and not leaves. Therefore, wood diameter and air
moisture content seem to be better predictors of their diversity
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(Macedo-Reis et al., 2016), since they feed and spend much of
their lives inside the bark, with little interaction with the external
environment (Wood, 1982; Zuo et al., 2016). Here, it is important
to emphasize that although Lepidoptera like the Symphita larvae
are very important representatives of chewing herbivorous insect
guild, they were not considered in our results especially due to
the limitations of sampling traps (see Schmidt, 2016; Rosa et al.,
2019; Skvarla et al., 2021).

When we consider the P-diversity decomposition into
turnover and nestedness, we found species turnover as the main
driver of p-diversities for the three herbivorous insect guilds
in all spatio-temporal scales. This high species replacement
supported our second hypothesis and has been documented
in similar environments as the most important component of
dissimilarity in species over time (Oliver et al., 2016; Nunes et al.,
2020; Neves et al., 2021). A greater species turnover implies in
high substitution of species, which indicates that each forest
island must have a unique community. From this perspective,
forest islands can be considered transient environments with
great conservation value for many species (Vieira et al., 2008),
where their presence can be considered a sample of the dispersers
coming from continuous forest and even from open surrounding
areas, which, in part, can explain the high rates of rare species
(43.8% singletons and 15.1% doubletons) sampled in this study.
Similar rates of rare species have been commonly observed
in tropical arthropod studies (Coddington et al., 2009), and
especially in high-elevation tropical mountains (Perillo et al,
2017). Thus, we argue that species turnover is an important
factor for maintaining high diversity in forest islands in tropical
mountain areas. Besides, it is important to notice that this
system must be linked to metacommunity structure. Preliminary
data from a long-term research project (Long term ecological
research from campo rupestre — CRSC) also points out to the
existence of a dynamic of insect metacommunities among
forest islands, where both local (size, shape) and landscape
(degree of isolation) characteristics can jointly influence the
spatiotemporal dynamics of the structure of metacommunities
that inhabit this ecosystem. For example, recent studies carried
out with different insect taxa, including ants (Brant et al., 2021),
dung beetles (da Silva et al, 2019), fruit-feeding butterflies
(Pereira et al., 2017), and wasps and bees (Perillo et al., 2020),
have found high species turnover rates among forest islands,
showing the importance of each forest island in maintaining the
structure and conserving the communities associated with the
entire archipelago. Despite the small distance among the forest
islands, this provides a valid explanation of spatial and temporal
dynamics, driven by habitat heterogeneity and environmental
filters, with forest fragments connected by dispersal
among habitats.

We presented a diverse array of spatiotemporal distributions
among herbivorous insect guilds. Both spatial and temporal
factors have mixed contributions in shaping the observed
patterns, and the main differences among guilds reflect their
use of resources. We showed that in altimontane forest systems
there is a great change in the composition of herbivorous
insects that are especially shaped by temporal variations in
climatic characteristics. Besides, our findings suggest that there
are differences between strata, where the understory of this

studied system is more diverse and stable than the canopy. Since
the montane forest islands are located at a higher elevation
with a great propensity to be affected by global changes (Nunes
et al., 2020), we suggest that long-term ecological research on
herbivorous community structure in relation to climatic variation
is a key element for future investigations, which can be decisive
for the conservation of herbivorous insect communities. Beyond
that, it can work as an advantageous strategy for the development
of environmental conservation and monitoring programs, as
long-term studies that include multiple sites within a regional
species pool enable a thorough assessment of biodiversity change.
Additionally, the effects of anthropogenic pressures, such as
fire and the constant presence of cattle around this complex
forest archipelago system, must be monitored (see Coelho et al.,
2018) if we expect to manage and conserve biological diversity
in a sustainable manner, since these forest islands may serve
as warming refuges in a fragmented landscape holding an
invaluable diversity of species that, without these old-growth
forest reservoirs, would be doomed to disappear (see Janzen
and Hallwachs, 2019). In a changing world, supporting and
maintaining monitoring efforts in these systems, including other
regions of the Espinhago Range, will certainly bring an advance in
knowledge and will be very useful for our current understanding
of the effects of anthropogenic pressures and climate change on
communities that are associated to naturally insular systems.
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