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Abstract

In this work, we investigated the factors that determine the distribution of galling insects in high-altitude grasslands,
locally called ‘campos de altitude’ of Mantiqueira Range and tested whether 1) richness of galling insects decreases
with altitude, 2) galling insect richness increases with plant richness, 3) variation in galling insect diversity is
predominantly a consequence of its 5 component, and 4) turnover is the main mechanism driving the beta diversity
of both galling insects and plants. Galling insect richness did not exhibit a negative relationship with altitude, but
it did increase with plant richness. The additive partition of regional richness (y) into its local and beta components
showed that local diversity (a) of galling insects and plants was relatively low in relation to regional diversity; the
 component incorporated most of the regional diversity. This pattern was also found in the multiscale analysis
of the additive partition for galling insects and plants. The beta diversity of galling insects and plants was driven
predominantly by the process of turnover and minimally by nesting. The results reported here point out that the
spatial distribution of galling insects is best explained by historical factors, such as the distribution of genera and
species of key host plants, as well as their relation to habitat, than ecological effects such as hygrothermal stress —
here represented by altitude.
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Introduction species richness. For instance, studying galling insects at canopy in
the Brazilian Amazon, Julido et al. (2014) recorded a high insect

Galling insects are among the most sophisticated herbivores, bein . A . .
& & P ’ & richness. These results have extended the biogeographic regions

able to control and redirect host plants to their benefit (Abrahamson
and Weis 1997, Shorthouse et al. 2005). Insect galls are caused by
changes in the pattern of growth and development of plant tissues
or organs in response to the actions of an insect inducer (Dreger-
Jauffret and Shorthouse 1992), and they are characterized by an
increase in the number, size, or both of cells culminating in the

with great galling insects richness from intermediate to equatorial
latitudes. The increase in sample effort with standardized method-
ologies can lead to changes in the distribution of galling insect cur-
rently established, adding a dose of chaos to the understanding of
the main ecological drivers behind those patterns (see also Ribeiro
formation of a symmetrical structure (Raman 2007). From an evo- i‘md Bas§et 20(_)7)' Galling insects richn(?ss also decreas.es monot'on—
ically with altitude or possesses a maximum value at intermediate
altitudes (Fernandes and Price 1988, 1991; Waring and Price 1990;
Fernandes and Lara 1993; Fernandes et al. 1994; Price et al. 1998;
Blanche and Ludwig 2001; Lara et al. 2002; Carneiro et al. 2005).
Regardless of latitude and altitude, evidence suggests that the spe-
cies richness of galling insects is greater in xeric than in mesic hab-
itats (Fernandes and Price 1991, 1992; Cuevas-Reyes et al. 2004a).
The mechanisms responsible for greater species richness in xeric

lutionary point of view, galls can be seen as extended phenotypes
of insects or their adaptations to feed on tissues of high nutritional
quality, while obtaining protection from natural enemies and envi-
ronmental fluctuations (Price et al. 1986, Weis et al. 1988, Nyman
and Julkunen-Tiitto 2000, Stone and Schonrogge 2003).

Globally, galling insects are most species rich in intermediate
latitudes (25° to 38°N or S), with warm habitats with sclerophyl-
lous vegetation (Price et al. 1998); however, there is still no con- . . . . . .
. . . habitats would involve differential survival and mortality among
sensus regarding the factors that best correlate with galling insect
© The Authors 2017. Published by Oxford University Press on behalf of Entomological Society of America.
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habitats. In xeric habitats, populations of galling insects suffer
lower mortality due to natural enemies. In addition, galling insects
in xeric habitats are able to overcome high concentrations of phe-
nolic compounds (Fernandes et al. 20035). Since hygrothermal stress
varies with latitude/altitude, the latitudinal and altitudinal pattern
of galling insect richness has been interpreted as a response to
increased stress of habitats at intermediate latitudes and lower alti-
tudes, respectively (Price et al. 1998). Thereto, Mendonga (2001)
observed that fire is a common phenomenon in habitats with scle-
rophyllous vegetation, which would benefit galling insects due to
the consequential synchronization in the production of new vig-
orous branches for them to colonize. Thus, fire could be included
within the initial hypothesis of Fernandes and Price (1991) as sug-
gested by Price (2003).

Beside the hygrothermal and nutritional stress, species richness
and taxonomic composition of vegetation plays an important role
in the richness of galling insect species (Aratjo 2013). While Wright
and Samways (1996, 1998) found species richness of host plants in
Fynbos (South Africa) to be the main determinant of species richness
of galling insects, other studies considered the host plant richness a
poor indicator of the variation in galling insects richness in rupes-
trian grasslands (Fernandes and Price 1988, Lara et al. 2002) and
in Australian savanna (Blanche 2000). These discrepant results can
be explained by the fact that in Fynbos galling insects richness per
plant species is low and varies very little among different host plants.
On the other hand, in rupestrian grasslands, a single plant species
(Baccharis concinna Barroso (Asterales: Asteraceae)) possessed
32% of the galling insect species found in a single habitat, while
Qualea (Vochysiaceae) seems to play an important role in Cerrado
(Lara and Fernandes 1996, Aratjo et al. 2013). In the Australian
savanna, species of Eucalyptus L'Hér (Myrtales: Myrtaceae) play
the same concentrating role (Blanche 2000). In habitats where the
number of galling insect species associated with host plant species
is highly variable, the main determinant of galling insects richness
would be taxonomic composition and not plants species richness.
This high variability in the number of galling insect species can
be explained by the presence of ‘super-hosts’ that greatly increase
the galling insect richness (Fernandes and Price 1988, Veldtman
and McGeoch 2003, Espirito-Santo and Fernandes 2007, see also
Hawkins and Compton 1992).

An as of yet unexplored way of understanding patterns and mech-
anisms of spatial distribution of galling insect richness and compo-
sition is how local and beta diversity contribute to regional species
diversity (Medianero et al. 2010, Carneiro et al. 2014). Beta diver-
sity is defined as the change in species composition between sites and
(i.e., a relationship between regional and local diversity) can occur
exclusively through two processes: turnover and nesting (Baselga and
Orme 2012). While turnover refers to the replacement of species from
one site to another, nestedness refers to the loss or gain of species,
which makes the species of one site a subgroup of those of a richer
site (Baselga 2010). Understanding the dimension of the contribution
of beta diversity to regional diversity, as well as the predominant pro-
cesses responsible for beta diversity — whether nestedness or turno-
ver — may help in understanding how galling insect—plant interactions
respond to changes to the environmental or at other geographic scales
(Whittaker 1972, Medianero et al. 2010, Carneiro et al. 2014, Coelho
etal.2017).

Field studies with standardized sampling effort are scarce in
the tropics despite the extensive debate regarding the factors that
affect galling insect richness. One way of studying patterns of species
distribution is by focusing on their variation along environmental
gradients such as altitudinal gradients in mountainous complexes

(Martinelli 2007). Altitudinal variation along mountain ranges
represents one of the great biogeographic frontiers to be studied.
Mountains are natural laboratories in which to investigate the
response of organisms to environmental variation (Lomolino 2001,
Beckage et al. 2008, Carneiro et al. 2014). In this work, we inves-
tigated the factors that determine the distribution of galling insects
in the campos de altitude (high-altitude grasslands) of Mantiqueira
Range and test the following hypotheses:

(i) Richness of galling insects decreases with altitude (Fernandes
and Price 1988)

(ii) Richness of galling insects increases with plant richness
(Southwood 1960, 1961; Wright and Samways 1996, 1998;
Gongalves-Alvim and Fernandes 2001; Oyama et al. 2003;
Cuevas-Reyes et al. 2004b)

(iii) Variation in regional diversity of galling insects and host plants
is predominantly a consequence of its 3-component (Medianero
et al. 2010, Baselga and Orme 2012, Carneiro et al. 2014)

(iv) Turnover is the main mechanism driving the beta diversity of
both galling insects and plants (Medianero et al. 2010, Carneiro
et al. 2014, Coelho et al. 2017)

Methods

Study Area

Grassy fields located at high altitudes were called alpine fields by
Barreto (1949) and altimontane fields by Rizzini (1963). However,
these classifications encompass ecosystems that, although they are
physiognomically similar, differ in their lithological characteristics,
geological origins and surrounding matrix, as well as biological
dimensions, such as floristic composition (Rizzini 1979). Due to such
differences, grassy fields located at high altitudes were subdivided into
quartzitic fields and altimontane fields by Rizzini (1979) and later
as rupestrian grasslands ‘campos rupestres’ and high-altitude grass-
lands ‘campos de altitude’ by Ferri (1980). High-altitude grasslands
occur predominantly on granite rocks and are embedded in a matrix
of Atlantic Forest (Moreira and Camelier 1977). The expression
high-altitude grasslands is frequently used to denote a set of plant for-
mations dominated by herbaceous species restricted to high altitudes,
humid and cold climates in southeastern and southern Brazil, with
granite formation, quaternary orogenesis and located within one of
the four main floristic domains: Atlantic Forest, Cerrado, Araucaria
Forests and Pampas (Safford 1999a,b). The vegetation is dominated
by herbs and shrubs. The most common families are Asteraceae,
Melastomataceae, Orchidaceae, and Bromeliaceae, and they occur
in latitudes where there is a marked dry season (Martinelli 2007).
The high-altitude grasslands are called Brazilian Pdramos due to the
abrupt ecotone between grasslands at the top and wet forests at the
bottom of the mountains (see Safford 1999a for a review).

Plant sampling was conducted in high-altitude grasslands of four
mountains associated with the Mantiqueira Range: 1) Brigadeiro
State Park (1,281-1,889 m), 2) Caparaé National Park (2,106-
2,486 m), 3) Ibitipoca State Park (1,442 — 1,777 m), and 4) Itatiaia
National Park (2,240-2,562 m) (Coelho et al. 2013, Carneiro et al.
2014) (Figs. 1 and 2). The altitudinal range of the four mountains
together was 1281-2562 m.

The Brigadeiro State Park is located in the forest zone of Minas
Gerais between the meridians 42°20” and 42°40’S and the parallels
20°20” and 21°00"W (Engevix 1995). Its lithology is predominantly
comprised of granite formations. The climate is classified as mes-
othermic medium (CW,), with an annual average temperature of
18°C and precipitation of 1,300 mm. The predominant vegetation
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Fig. 1. Map of Mantiqueira Range featuring the four sampled mountains: PEI ‘Ibitipoca State Park’, PEB ‘Brigadeiro State Park’, PNC ‘Caparad National Park’, and

PNI ‘Itatiaia National Park’.

types are secondary fragments of semi-deciduous seasonal forest
(Veloso et al. 1991) and high-altitude grasslands (Ferri 1980). In a
floristic inventory carried out in the high-altitude grasslands of the
Brigadeiro State Park, Caiafa and Silva (2005) recorded 81 species of
vascular plants with Orchidaceae being the most represented family
followed by Asteraceae.

The Caparaé National Park is located between the states of
Minas Gerais and Espirito Santo (20°25°S, 41°48"W) (Safford 2001).
The soil is predominantly formed by metamorphic rocks (Machado-
Filho et al. 1983). The average temperature is 10.5°C while the aver-
age rainfall is 1,800 mm. The vegetation is composed of secondary
fragments of semi-deciduous seasonal forest and high-altitude grass-
lands above 2,250 m (Safford 2001).

The Ibitipoca State Park is located in southeastern Minas Gerais
(21°42’S and 43°54"W). The soil is predominantly quartzitic (CETEC
1983). The average temperature is 18.9°C, and the average precip-
itation is 1,395 mm (Lemos and Melo-Franco 1976). The climate
is classified as wet mesothermal (Koppen classification) (CETEC
1983). It possesses a number of different phytophysiognomies:
gramineous fields, rupestrian fields, fields with trees and shrubs, and
forest islands (Andrade and Souza 1995). Previous floristic studies
have demonstrated the great importance of the Ibitipoca State Park
because of its high concentration of biodiversity and large number
of endemic species (Rodela 1998, Coelho et al. 2013, Carneiro et al.
2014).

The Itatiaia National Park (22°21’S, 44°40"W) is located in the
central region of the Mantiqueira Range and is markedly seasonal,
with cold and dry winters and hot and humid summers. The aver-
age temperature is 14°C with precipitation of 2,400 mm (Ribeiro
et al. 2007). The climate is classified as mesothermic temperate

(Cwb) (Koppen et al. 2011, Alvares et al. 2013). The high-altitude
grasslands are located above 2000 m and host 550 species (Safford
1999a, b), of which 11% are endemic.

Sampling of Galling Insects and Host Plants

The sampling of galling insects was conducted according to the
methodology proposed by Fernandes and Price (1988), which has
been widely used in studies in several regions of the world (Price
et al. 1998, Carneiro et al. 2014). Ten sampling points with herba-
ceous-shrubby vegetation were chosen at different altitudes of each
mountain for a total of 40 such points. The sampling points were
spaced at least 1 km apart. Forest areas were excluded from sam-
pling, as were areas close to trails or areas with visible anthropic
interference. A plot was arbitrarily defined at each sampling point
by the first 100 woody plants of shrub-size up to 2 m high encoun-
tered, for a total of 1,000 plants per mountain and 4,000 plants for
the entire study. Galls were sampled by direct counts in the canopy
(see Fernandes and Price 1988, Price et al. 1998, Carneiro et al.
2014). Galling insect species were identified according to the exter-
nal form of galls and their associated host plants (Price et al. 1998;
Blanche 2000; Cuevas-Reyes et al. 2003, 2004a, b; Oyama et al.
2003; Carneiro et al. 2014). Several studies have pointed out that
gall form and its associated host plant is a reliable substitute for
species in determining the richness of galling insects (see Carneiro
et al. 2009).

Galls and host plants were collected and brought to the lab-
oratory for more detailed analyses. All plants and galls were
mounted, identified, and deposited in the Herbarium (BHCB) of
Department of Botany at Federal University of Minas Gerais.
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Fig. 2. Local and landscape images of altitudinal fields of mountains associated with Itatiaia National Park (a, landscape view; b, local view) and Caparad

National Park (c, landscape view; d, local view).

Classification of host plant species followed the classification
proposed by the ‘Angiosperm Phylogeny Group’ (APGIV 2016).
Detailed descriptions of the galls can be found in Coelho et al.
(2013).

Statistical Analysis

Galling insect richness was analyzed using simple linear regression with a
Poisson error distribution. When necessary, regression models with Quasi-
Poisson and negative binomial error distributions were used in the proce-
dures of ‘glm’ and ‘glm.nb’, respectively. The relationship between galling
insect richness (variable y), altitude, and mountain (variable x) was tested
by linear regression with a negative binomial error distribution. When
each mountain was analyzed separately, the relationship between galling
insect and plant richness was tested using linear regression models with
Quasi-Poisson error distribution. To adjust for over-dispersion in the Quasi-
Poisson model, the F-test was used in place of the Chi-square test (Tjur
1998, Faraway 2006). Finally, all analyses were followed by assessments
of residuals to confirm compliance with the assumptions of the models.

At one stage of this work, the additive separation of diversity
levels was adopted according to the proposition of Lande (1996):
v = & + . Gamma diversity was the total number of species of each
mountain, while alpha diversity was obtained from the average num-
ber of species of the 10 collection sites within each mountain. In
this way, beta diversity is obtained by subtracting alpha diversity
from gamma diversity, rather than being obtained by division. The
approach of additive separation of diversity into its o and § com-
ponents expresses the richness of both in the same unit and allows
the direct evaluation of the relative contribution of each to regional
diversity, and was adopted only to facilitate the graphical analysis of
these components (Loreau 2000, Veech et al. 2002, Crist et al. 2003).

We also attempted to determine the beta diversity-generating pro-
cesses through a deconstruction approach using the Betapart pack-
age (Baselga and Orme 2012). In this step, the multiplicative beta
(i.e., range = o x 3) was adopted. According to Baselga (2010), the
use of the multiplicative model is mandatory because the independ-
ence between alpha and beta is a necessary assumption. Betapart
provides a unified theoretical framework for the partitioning of
total dissimilarity into its spatial turnover and nesting components.
The B was deconstructed into two components, the Serensen (B,)
and Simpson (By,,) indices. The f, represents the spatial turnover
of species, and P, (obtained by the difference between (3., and
B, shows the gain or loss of species by nesting (Baselga 2010). To
examine the contribution of each sample level to total diversity, an
additive partition of the data was made with three diversity scales:
(a1) diversity within plots, (1) diversity among plots, (a2) diver-
sity within each mountain, and ($2) diversity among mountains.
Multiple-site dissimilarity was computed 1,000 times for randomly
sampled subsets of 10 sites (command beta.sample in R package
betapart), and the resulting distributions of BSIM and BSNE values
across the 1,000 samples were used to empirically assess whether
there were significant differences. The comparison between the
observed and expected diversity for the components ‘o’ and ‘’ was
considered different when P < 0.05. All analyses were performed
with the statistical package R (R Development Core Team 2017).

Results

In total, 93 species of galling insects were recorded along with 50
species, 30 genera out of a total of 222 plant species sampled. Only
12% of the galling insects had been recorded in previous studies. The
richness of galling insects differed significantly between mountains
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(x* = 12.261, P < 0.006, 1 = 405 Fig. 3). Significant differences were
observed only between Brigadeiro State Park and Ibitipoca State Park,
and between Brigadeiro State Park and Itatiaia State Park; Brigadeiro
State Park has shown a higher species richness in both cases.

The galling insects richness did not show a negative relationship
with altitude (x> = 2.179, P = 0.22). When the analyses were con-
ducted for each mountain separately, the same pattern was identified.
In other words, a negative relationship between galling insect rich-
ness and altitude was not found for any of the studied mountains.
The number of galling insects increased with the number of plant
species (3% = 5.801, P = 0.02, Fig. 4), but only one mountain showed
the pattern of increased galling insects richness with increased plant
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Fig. 3. Mean richness of galling insects in four mountains associated with
Mantiqueira Range: PNC ‘Caparadé National Park’, PEl ‘Ibitipoca State Park’,
PEB ‘Brigadeiro State Park’, and PNI ‘Itatiaia National Park’. Box plot with
jittered raw values (strung vertically corresponding to mountains, numbers
of sample sites n, and mean + SD bars (3% = 12.261, P < 0.006, n = 40).
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Fig. 4. The relationship between richness of galling insects and plant richness
for four mountains associated with Mantiqueira Range: PEl ‘Ibitipoca
State Park’, PEB ‘Brigadeiro State Park’, PNC ‘Caparaé National Park’, and
PNI ‘Itatiaia National Park’ (x* = 5.801; P = 0.02, equation: galling species
richness = exp(0.854 + 0.061 x plant species richness)).

species richness when mountains were analyzed separately (Ibitipoca
State Park: F,, = 7.561, P = 0.03, Fig. 5).

The additive partition of regional richness (y) into its local
and beta components showed that the local diversity (a) of gall-
ing insects and plants are relatively low in relation to regional
diversity; the beta component (B) incorporated most of the
regional diversity (Fig. 6). The beta component incorporated
93.22% for BSOR, , and 90.52% for BSOR, , ., of the
regional diversity of galling insects and host plants, whereas
the local component (a) of galling insects and host plants incor-
porated 6.78% for o,  and 9.48% for o, , 1e
of regional diversity (Figs. 7-9). The multiscale analysis of the

respectively,

additive partition showed similar patterns for galling insects
and host plants. The alpha components at the plot scale —

ol = 5.31%, al, s = 9-45% — were significantly higher
than expected. The alpha components at the mountain scale —
020, = 28%, 02, s = 46.75% — were significantly lower

than expected. While the beta components at the plot scale —
Bl s=22.68%,p1
B2eares = 74 %5 B2oranmas
expected. The beta diversity of galling insects and host plants —
BSOR, s = 93.22%, BSOR, 1
dominantly by the process of turnover — fSIM

— o/ _ 1 —
pLantas = 37-30% —and at the mountain scale

= 18.81% — were significantly lower than

= 90.52% - was driven pre-
= 88.96%,

GALLS
BSIM,, ,\rs = 88.27% — and minimally by nesting — BSNE, .
= 4.25%, BSNE, , s = 2.25%, in relation to regional diversity
(Figs. 7-9).
Discussion

Species richness of galling insects has been reported to decrease
with increasing altitude in various biogeographical regions of the
world. Using secondary data from the Old World (Indonesia),
Fernandes and Lara (1993) demonstrated this relationship for gall-
ing insects along an altitudinal gradient of 3,400 m. With data from
Arizona and southeastern Brazil extracted from paired samplings
conducted in mesic and xeric environments, altitude was identified
as the variable that best explained galling insects richness in xeric
environments (Fernandes and Price 1988, Lara et al. 2002). The
authors argued that high species richness of galling insects is more
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Fig. 5. Relationship between richness of galling insects and plant richness
in PEI ‘Ibitipoca State Park’ (F,, = 7661, P = 0.03, equation: galling insect
richness = exp(-0.028 + 0.121 x plant species richness)).
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associated with sclerophyllic vegetation, which is characteristic of
plants in xeric environments, than altitude per se. Sclerophyllic
vegetation, which is common in extreme environments, has

long-lived leaves and elevated dry weight, and is rich in defense
compounds, protecting the guild of galling insects against pred-
ators (Fernandes and Price 1988). In this study, altitude did not
affect species richness of galling insects. Despite the relatively short
altitudinal range (1,281 m), an important factor that can obscure
patterns of species richness of galling insects relative to altitude is
the presence of super-hosts. High-altitude grasslands ‘campos de
altitude’ are mosaics of different vegetation types with a predom-
inance of shrub species, especially those belonging to the genus
Baccharis (Asterales: Asteraceae) (Safford 1999a,b, 2001, 2007).
According to Fernandes et al. (1996, 2014a,b), Baccharis may be
the most species-rich genus in the Neotropical Region. This state-
ment was supported by the present study, which found Baccharis to
possess 40% of galling insect species, while Tibouchina (Myrtales:
Melastomataceae) possessed only 12% (see Coelho et al. 2013).
The occurrence of super-hosts along the altitudinal gradient, and
especially the mountain tops, can increase species richness, thereby
obscuring the effect of hygrothermal stress (Carneiro et al. 2014).

Galling insect richness was found to increase with plant rich-
ness. Considering that galling insects are specialists, an increase in
plant richness is directly related to an increase in niches available
for female oviposition and, consequently, an increase in the richness
of insect specialists (Southwood 1960, 1961; Strong et al. 1984).
A study employing extensive standardized sampling in the Serra
do Espinhaco found host plant richness to be the factor that best
explained the increase of galling insects independently of the altitude
effect (Carneiro et al. 2014).

The results reported so far in the literature on the effects of host
plant richness are controversial. Many studies corroborated the pos-
itive effects of host plants on galling insect richness (e.g., Wright
and Samways 1996, 1998; Gongalves-Alvim and Fernandes 2001;
Oyama et al. 2003; Cuevas-Reyes et al. 2004b), while others did not
observe significant effects in this relationship (e.g., Fernandes and
Price 1988, Blanche 2000, Lara et al. 2002, Aratjo 2013). These
seemingly contradictory results point to important local effects,
which can be identified by analyzing the different components of
diversity (see below). The local occurrence of super-hosts may also
explain the absence of patterns between galling insect richness and
host plants. As in the case of altitude, habitats with low host plant
richness, but with the presence of super-hosts, can concentrate high
richness of galling insects. On the other hand, habitats very rich in
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host plants, but without super-hosts, can show a low richness of
galling insects (Carneiro et al. 2014). In this study, we believe that
the presence of the genus Baccharis (Asteraceae) may have weakened
the patterns, especially in two of the mountains (Capara6 National

components for insect galls (cluster ‘a’) and for host plants (cluster ‘b’) between sample plots located

Park and Itatiaia National Park) where the genus was very abundant
and represented more than 50% of the total individuals sampled.
Despite the lack of standardization of samples in previous works,
the evidence accumulated so far suggests that the distribution of gall-
ing insects exhibits low similarity among sampling sites (see Blanche
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and Westoby 1996, Gongalves-Alvim and Fernandes 2001, Cuevas-
Reyes et al. 2003, Medianero et al. 2010, Carneiro et al. 2014). The
results of this work corroborate such evidence. The additive parti-
tion of regional richness (y) in its local and beta component showed
that local richness (a) of galling insect species and host plants is
lower than regional richness; and that the beta component (f)

incorporates most of the regional richness. It is also possible to con-
clude a correlation between local and regional richness (see Fig. 6).
Many critics have emerged around the interpretation of the corre-
lation between local and regional diversity face an already demon-
strated scale dependence (Fig. 6). For Loreau (2000), local diversity
could be seriously constrained by the scale. The physical constrains
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of small scales could drive local and regional curves to a saturated
pattern of communities, but in this case, not in consequence of biotic
interactions (e.g., competition). The sample design of the local scale
can be classified as small in our study. Despite the possible physical
constrains highlighted by Loreau (2000), we have found evidences
of an unsaturated communities for both, galling insects and plants,
pointing to no interactive forces driving the patterns. The conclu-
sions about the correlation between the local and regional richness
should not be analyzed independently of beta diversity and it pro-
cess under a multiple-scale approach — turnover and nestedness — as
we intended in the followed discussion (Price 1997). In addition,
the multiscale analysis of the additive partitioning of the diversity
showed similar patterns for galling insects and host plants for plot
and mountain scales, and the beta component contributed the most
to the regional diversity on both scales. These results, although in
agreement with indications present in the literature, should be ana-
lyzed in an idiosyncratic way, since the drivers generating this pat-
tern are unique for each studied physiognomy.

The beta diversity for galling insects and host plants was
mainly due to the turnover process and minority due nesting.
The results have shown that in high-altitude grasslands there are
abrupt changes in floristic composition between habitats along
the altitudinal gradient. These abrupt changes may reflect geo-
graphical isolation due to barriers imposed by relief, topography,
and soil patches (Carneiro et al. 2014, Coelho et al. 2017). High-
altitude grasslands are formed by shrub vegetation and small and
slow-growing trees immersed in a grassy matrix. This vegetation
is closely controlled by topography, drainage systems, and the dis-
tribution of soil types. Therefore, the high diversity of vegetation
is attributed to the mosaic of environments formed by several soil
classes, rugged relief, and microclimatic variation (Safford 2001).
These characteristics favor disjoint populations, often restricted
to mountains geographically isolated (Safford 2001). As a result,
there is a large number of species, high endemism of plants, and
consequently a great discontinuity in the composition of plant
species and their associated herbivores. In addition, high-altitude
grasslands are immersed in the phytogeographical domain of the
Atlantic Forest; therefore, abrupt ecotones comprised by tree
lines isolate them from the wet forests located at lower altitudes
(Safford 2007). Fire has also been identified as an important evo-
lutionary factor for the speciation process and radiation of gall-
ing insects in gramineous fields due to frequent and synchronous
regrowth of vegetation (Mendonga 2001, Price 2003). This can
be, along with plant composition and richness, one of the most
important processes driving the differences between regional gall-
ing insects richness (Safford 2001, Coelho et al. 2017).

Although the composition of galling insect and plant species
differs among sample sites and mountains, local richness remains
relatively low. Our results indicate that the spatial distribution of
galling insects is better explained by historical factors, such as the
distribution of genera and host species, as well as their relation to
habitat than primary effects, such as hygrothermal stress — here rep-
resented by altitude. In addition, the data also demonstrated that the
mountains of Mantiqueira Range contribute fundamentally to the
regional diversity of galling insects and plants. Therefore, designs
should incorporate multiple spatial scales into future conservation
strategies. Thus, the addition of local habitats with different land-
scapes substantially affects the regional galling and plant richness
for the mountain scale, and their conservation can be delineated by
the incorporation of small landscapes with different characteristics
instead of a single large and homogenous landscape.
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