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Abstract 
Central-west and south of Mexico are particularly rich in oak species, coexisting from two to six species and generating 
gradients of oak diversity that could potentially affect community structure of canopy arthropods. We evaluated changes in 
canopy arthropod diversity of the Quercus laurina along a gradient of oak diversity in the central-west portion of the Trans-
Mexican Volcanic Belt. Five study sites that represent an oak diversity gradient and, where Q. laurina is also widespread 
were selected. At each site, five mature trees of Q. laurina were randomly selected to collect canopy arthropods using fogging 
techniques. We assessed the effects of local climate variables on the oak community and the canopy arthropod diversity. 
We collected 7479 arthropods representing 1154 morphospecies grouped into 15 different orders. Differences in arthropod 
diversity, abundance and guild composition between oak communities were detected. The general pattern showed a highest 
richness and abundance of arthropods in Tequila volcano, which represented the site with the greatest diversity of oaks. A 
significant positive relationship between arthropod abundance and oak species diversity was found. Arthropod guild com-
position differed along the gradient of oak diversity. Local environmental variables were related with oak community, but 
did not explained canopy arthropod diversity. At the local scale, plant species richness is the main factor that determines 
the canopy arthropod abundance and richness of Q. laurina, affecting the structure and composition of arthropod guilds. 
We highlight the importance of conserving oak species because they represent key elements of temperate forest that harbor 
high arthropod diversity.
Implications for insect conservation  Our findings confirm that at the local scale, plant species richness is the main factor that 
determines the arthropod diversity associated with the canopy of Quercus laurina, affecting trophic levels and the composi-
tion of arthropod guilds. Therefore, the oak species diversity in temperate forests is a key factor to harbor and preserving the 
diversity of canopy arthropods in temperate ecosystems.
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Introduction

Tree canopies perhaps maintain the largest portion of arthro-
pod diversity, which in total with terrestrial arthropods vary 
from 5 to 12 million species (Stork et al. 2008; Hamilton 
et al. 2013), of which 20 to 25% are canopy exclusive (Stork 
2018). The canopy habitat provides food resources, shelter 

and sites for reproduction, oviposition and development 
for diverse arthropod guilds, such as herbivores (including 
chewing, sucking, gall-inducing and leaf-mining groups), 
predators, parasitoids and detritivores, among others (Uly-
shen 2011; Maldonado-López et al. 2018).

Different factors could be associated with arthropod 
diversity on tree canopies. Environmental factors such as 
temperature, humidity, light incidence and wind speed, as 
well as aspects of the structure and composition of plant 
communities, including species richness, plant density and 
age, have been proposed as drivers of canopy arthropod 
diversity at different spatial scales (Tal et al. 2008; Ulyshen 
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2011). Additionally, the physical structure of tree canopies, 
comprising forest height, vertical foliage complexity and 
the abundance of tree cavities and other structural aspects 
that may enhance habitat heterogeneity, has been proposed 
as one of the main factors that explain arthropod diversity 
(Basset et al. 2003; Ulyshen 2011).

At the local scale, plant diversity is a determinant factor 
that influences canopy arthropod diversity (Moreira et al. 
2016). For example, the diversity of herbivorous insects 
increases from communities with few plant species to more 
diverse communities (Cuevas-Reyes et al. 2004; Ulyshen 
et al. 2011; Hertzog 2017). This pattern is due to the fact that 
a more diverse plant community represents a higher number 
of resources and niches to be used and colonized by herbivo-
rous arthropod species (Cuevas-Reyes et al. 2004; Schmidl 
et al. 2008). Similarly, a greater diversity of resources pro-
vided by a high herbivore diversity present in highly diverse 
plant communities increases the diversity of predators and 
other trophic levels, affecting the whole community struc-
ture of arthropods (Randlkofer et al. 2010; Haddad et al. 
2011; Moreira et al. 2016;). Therefore, the structure of plant 
communities can be a key factor that determines arthropod 
diversity along ecological gradients (Haddad et al. 2011).

Two possible hypothesis that are not mutually exclusive 
can explain these patterns. The first is based on “the natural 
enemy hypothesis” (Root 1973) that proposes that the diver-
sity of predators and parasitoids (natural enemies) increases 
in communities with a great diversity of plants because these 
represent sites with more potential prey species and microen-
vironments, stressing the importance of “top-down effects” 
(Wilby and Thomas 2002; Sobek et al. 2009). This hypothe-
sis implies an indirect mechanism in the interaction between 
plants and herbivorous insects, according to which the pres-
ence of their natural enemies such as spiders, ants, wasps, 
ground-beetles, etc., exerts a top-down control on herbivore 
abundance (Pearce et al. 2003). For example, Sobek et al. 
(2009) showed an increase in herbivorous insects and preda-
tor arthropod diversity as the diversity of trees increases in a 
temperate forest. The second, called “the resource speciali-
zation hypothesis” (Novotny et al. 2002) predicts a greater 
abundance of specialized arthropods in communities with 
a greater diversity of plants, with herbivore insect diversity 
being modulated by the diversity and quality of plants, thus 
giving preponderance to bottom-up effects (Cook-Patton 
et al. 2011; Leroux and Loreau 2015).

One of the most important components of temperate 
forests in the Northern Hemisphere, both in terms of spe-
cies number and biomass, is the genus Quercus (Fagaceae) 
(Cavender-Bares 2019). This genus represents a large and 
ecologically diverse group of woody plants with temperate 
origin (Hipp et al. 2020). Oaks are also known to support 
a great diversity of organismal groups, such as ectomycor-
rhizal fungi (García-Guzmán et al. 2017), epiphytic plants 

(Maclean et al. 2017) and canopy arthropods (Tovar-Sánchez 
and Oyama 2006a, b; Valencia 2015; Maldonado-López 
et al. 2018). Several areas in central-western and southern 
Mexico are particularly rich in oak species, particularly of 
the Lobatae (red oaks) and Quercus (white oaks) sections 
(Torres-Miranda et al. 2013; Rodríguez-Correa et al. 2015), 
where between two and up to six species can occur in sym-
patry at the local scale, with species of the two sections 
often coexisting (Cavender-Bares et al., 2018; McCauley 
et al. 2019). Thus, oak community diversity gradients are an 
excellent model to evaluate the changes in canopy arthropod 
diversity (Root 1973; Sobek et al. 2009). To our knowledge, 
the existence of this relationship has not been tested in tree 
canopies in temperate forests and neither along a gradient 
of tree diversity. Therefore, in this study we evaluated the 
changes in the structure and composition of canopy arthro-
pods associated to a focal species (Quercus laurina) along 
a gradient of diversity along oak communities. We chose 
Q. laurina because it has a wide distribution in Mexico 
(Valencia 2004), making it feasible to find communities 
with varying oak species diversity where this focal species 
is present and abundant. The specific questions addressed 
were: (i) Does canopy arthropod diversity associated to Q. 
laurina increase in communities with a greater diversity of 
oak species? and (ii) How do the structure and composi-
tion of arthropod guilds vary along the oak species diversity 
gradient?

Materials and methods

Study species

Quercus laurina Humb et Bonpl belongs to the section 
Lobatae (red oaks) of the genus Quercus and is endemic spe-
cies of oak for Mexico (Valencia 2004). It is a tree that grows 
up to 30 m, has coriaceous, lanceolate or elliptic-oblanceo-
late leaves, with a green and lustrous surface; the fruit is an 
ovoid acorn, with an average size of 15 to 20 mm long and 
15 to 17 mm in diameter. It is distributed between 2440 and 
3065 m.a.s.l. and occurs in mixed oak and pine-oak forests, 
in the Sierra Madre del Sur and the Trans-Mexican Volcanic 
Belt (TMBV) (Valencia 1994).

Oak diversity gradient

Field work was performed in five sites in the central-west 
portion of the Trans-Mexican Volcanic Belt in which the 
diversity and composition of oak communities has been 
previously analyzed (McCauley et al. 2019) and represent 
an oak diversity gradient with the presence of Q. laurina 
in all cases (Fig. 1). However, for this study, the oak com-
munities were described again because it was not possible 
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to locate precisely the same transects previously analyzed. 
Therefore, at each site we sampled three independent tran-
sects of 100 × 40 m with at least 500 m of separation from 
each other. Within each transect, we recorded the number of 
individuals with a diameter at breast height (DBH) ≥ 10 cm 
of each of the oak species present. From the summed data 
of the three transects per site, we calculated the oak species 
richness (OSR) Shannon diversity index (H′), as well as the 
total density of oak individuals (TDOI; trees per hectare, 
including all species), the density of individuals belonging 
to the Lobatae section (DILS) and the density of individu-
als belonging to the Quercus section (DIQS). All sites were 
almost pure oak stands (i.e. with oaks representing at least 
90% of the trees), with moderate levels of anthropogenic 
disturbance. None of the sites was within a natural protected 
area.

Canopy arthropod diversity

Sampling of canopy arthropods was performed at the end 
of the rainy season (September) of 2014. At each site, five 
mature medium-sized trees (DBH 30–40 cm) of Q. laurina 
were randomly selected to collect canopy arthropods using 
fogging techniques (Erwin and Geraci 2009). We chose 
these size class of trees because larger trees are more dif-
ficult to sample with this technique. Fogging was applied in 
all trees in the morning between 05:00 and 6:00 A.M. Each 
tree was nebulized for a period of 10 min using a Swingfog 
SN-50 Thermal Fogger to disperse a mix of synergized pyre-
thrins (30 g/l) and piperonyl butoxide (150 g/l). We placed 8 
funnel-shaped trays of 1m2 under the crown of each fogged 
tree, and after 50 min, we performed the first arthropod col-
lection using ropes to shake the canopy (Marques et al. 2006; 

Fig. 1   Geographical distribution map of the study sites, which are 
located in the states of Michoacán and Jalisco, in the central-western 
zone of the Trans-Mexican Volcanic Belt (TMBV). The Tequila Vol-

cano site is represented by the square, Carindapaz by the triangle, 
Indaparapeo by the circle, Los Azufres by the cross and Cerro Burro 
by the rhombus
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Barringer et al. 2019). After 2 h of the first collection, a sec-
ond collection was performed to collect further arthropods. 
Arthropods were stored in 95% ethanol and transported to 
the Agroecology Laboratory of Universidad Michoacana de 
San Nicolás de Hidalgo (UMSNH) for taxonomic identifica-
tion. Arthropods were identified to family level with the aid 
of one of the coauthors (ELB) a specialist taxonomist and 
using specialized texts. Additionally, each arthropod indi-
vidual was assigned to a trophic guild (phytophages, preda-
tors, detritivores-saprophages, parasitoids, hematophages, 
mycophages) (Triplehorn and Johnson 2005; Ubick et al. 
2017). Arthropod abundance and species richness were esti-
mated using morphospecies criteria, which are recognized 
as taxonomic units (Majer et al. 2000; Stiegel and Mantilla-
Contreras 2018).

Statistical analysis

Oak community composition

To determine the differences in the abundance of oak spe-
cies and abundance per oak taxonomic section (Lobatae vs 
Quercus) between study sites along the diversity gradient, 
we performed generalized linear models (GLM) analyses 
respectively, using a Poisson error distribution and a log 
link function. Study sites were used as the independent vari-
able and the total abundance of oaks and oak abundance per 
taxonomic section were considered as the response variables 
(SAS, Stokes et al. 2000).

Canopy arthropod composition

Canopy arthropod abundance and species richness were 
compared between study sites using a GLM analysis with a 
Poisson error distribution and a log link function. The study 
sites were used as the independent variable and arthropod 
abundance and species richness as the response variables. 
Furthermore, we performed a logistic regression analysis 
with the CATMOD procedure (SAS 2000) that is a general 
procedure for modelling categorical data, to evaluate the dif-
ferences in the frequency of arthropod orders between study 
sites. The frequency of arthropod orders was considered as 
the response variable and study sites as independent vari-
able. Because the distribution of the dependent variable did 
not follow a normal distribution, we used a Poisson distribu-
tion with a logarithmic link function (Stokes et al. 2000).

The Pielou-evenness index was used at the order level to 
calculated arthropod diversity in each study site. This meas-
ure of equitability compares the observed Shannon–Wiener 
index against the distribution of individuals between the 
observed species which would maximize diversity (Magur-
ran 1988; Wan et al. 2014).

The richness of the canopy arthropod families of each 
study site was obtained by rarefaction curves using the 
program EstimateS 9.1.0 (Colwell 2013). The scale of the 
independent variable (X) was represented by the number 
of estimated individuals of arthropods in the canopy. For 
the application of the rarefaction method, a data set was 
standardized and compared using the number of individuals 
as the sampling effort (Gotelli and Colwell 2001). A 95% 
confidence intervals (CI) were used in each rarefaction curve 
to determine if the differences in richness between localities 
was a result of true richness or due to abundance.

To determine the influence of the sites and the param-
eters of the oak community on the canopy arthropod diver-
sity, as well on the diversity of each guild, we perform 
multiple GLMs analyses. In the first two GLMs analyses, 
the response variables were the abundance and richness of 
canopy arthropods, while the explanatory variables were the 
study sites and the following parameters of the oak commu-
nity: (i) oak species richness (OSR), total density of all oak 
species (TDOS), density of oaks Lobatae section (DOLS) 
and density of oaks Quercus section (DOQS). For the GLMs 
analyses of the diversity of arthropod guilds, the abundance 
and richness of each guild (i.e. phytophagous, predators, 
detritivorous-saprophagous and parasitoids) were consid-
ered as the response variables. The study sites and the same 
parameters of the oak community used for the first GLMs 
were considered as the explanatory variables. The myco-
phagous and hematophagous guilds were excluded from the 
analyses because they presented a very low abundance and 
richness in each study site. In addition, Shannon's diversity 
index also was excluded from the models and did not show 
significant effects on any of the GLMs performed. For all 
GLMs a Poisson error distribution and a logarithmic link 
function were used (Stokes et al. 2000).

A principal component analysis on correlations was car-
ried out on the parameters of oak community and the abun-
dance and richness of canopy arthropod at the five study 
sites along the gradient. The purpose of this analysis was to 
create a multidimensional representation of the parameters 
of the oak community of the study sites and their probably 
correlation with the abundance and richness of arthropods 
along the gradient.

Multivariate analyses were used to evaluate differences 
in arthropod composition between the five study sites. Thus, 
the five communities of arthropods were ordered by non-
metric multidimensional scaling (NMDS) using an abun-
dance similitude matrix and the Bray–Curtis index as a 
distance metric. Afterwards, a non-parametric permutation 
procedure (ANOSIM) was used to check whether arthro-
pod species composition differed among the five study sites. 
Again, the ANOSIM was based on a binary matrix arthropod 
species occurrence in each study site, using the Bray–Curtis 
index as a distance metric and 5000 permutations (Hammer 
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et al. 2001). Pairwise ANOSIMs were performed between all 
pairs of sites as a post-hoc test. These analyses were devel-
oped using PAST software (Hammer et al. 2001).

Relationships between local climate variables, oak 
community and canopy arthropod diversity

We also assessed the effects of climate variables on the com-
position of the oak community and the canopy arthropod 
community of Q. laurina between all study sites. Climatic 
data were obtained for each of the 19 bioclimatic variables 
available in WorldClim (http://​world​clim.​org/​versi​on2) for 
each study site, and then, we eliminated redundant variables 
on the basis of the results of a paired correlation analysis 
(the criterion was to eliminate one variable from each pair 
with R > 0.80 retaining the more general variable). The 
variables selected were mean annual temperature (MAT), 
mean annual precipitation (MAP), mean temperature of 
the warmest quarter (TWQ) and mean temperature of the 
coldest quarter (TCQ). Hence, we performed a canonical 
correspondence analysis (CCA) to determine whether there 
is any correlation between climate variables and the oak 
community composition and the canopy arthropod commu-
nity in the study sites. CCA has proved a valuable tool for 
exploring species-environment correlations (Jin et al. 2016). 

For this analysis, we used the statistical package PAST 3.23 
(Hammer et al. 2001).

Results

Composition of the oak community

In total, we found five oak species in the study sites, three 
grouped in the Lobatae section (Q. laurina, Q. crassifo-
lia and Q. calophylla) and two in the Quercus section 
(Q. obtusata and Q. rugosa). Quercus laurina was the 
most abundant species at all sites, representing from 50% 
of the individuals in the Tequila Volcano and to 95% in 
Cerro Burro. The second most abundant species was Q. 
rugosa which was present in four sites, while Q. calo-
phylla was found in three sites and finally Q. crassifolia 
in two sites (Fig. 2). The Tequila Volcano presented the 
highest oak species abundance and richness, followed by 
Los Azufres, Indaparapeo, Carindapaz and Cerro Burro 
(Table 1). The oak community with the highest density 
(930 trees/ha considering all species) was also Tequila 
Volcano, and then Los Azufres, Cerro Burro, Indaparapeo 
and Carindapaz (Table 2). In all sites, species belonging 
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Fig. 2   Frequency of oak species present in the five study sites along 
the oak diversity gradient. The frequency of oak species per site is 
given in percentage and they appear from highest to lowest oak spe-

cies richness, being: a Volcano Tequila, b Los Azufres, c Indapara-
peo, d Carindapaz and e Cerro Burro

http://worldclim.org/version2
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to the Lobatae section were more abundant, ranging from 
96% of the individuals (Tequila Volcano) to 75% (Los 
Azufres) (Table 2).

We found significant differences in the abundance of 
oaks species between the study sites (χ2 = 409.9, df = 4, 
P = 0.0001), as well as between the oak taxonomic sec-
tions (χ2 = 358.3, df = 1, P = 0.0001) (Fig. 2).

Arthropod community along the oak diversity 
gradient

We collected a total of 7479 arthropods associated to Q. 
laurina in all study sites, distributed as follows: 3408 in 
Tequila Volcano, 1393 in Los Azufres, 1120 in Indapara-
peo, 747 in Carindapaz and 811 in Cerro Burro. These 
arthropods were separated into a total of 1154 morphos-
pecies (Online Appendix 1) which grouped in 15 orders 
(Fig. 3). In general, the frequency of arthropod orders 

Table 1   The community composition of oak species, geographical characteristics along the oak species diversity gradient

Oak species richness (OSR), Shannon diversity index (Hʼ), total density of all oak species (TDOS), density of oaks Lobatae section (DOLS), 
density of oaks Quercus section (DOQS), mean annual temperature (MAT), altitude and annual precipitation (AP). The total density of individu-
als is given in individuals per hectare (Ind/Ha)

Study sites OSR Hʼ TDOS DOLS DOQS Latitude Longitude MAT (°C) Altitude (masl) AP (mm)

Tequila Volcano 4 1.1 930 890 40 20.79 − 103.84 12.4 2734 849
Los Azufres 3 0.9 435 325 110 19.79 − 100.68 14.9 2875 1118
Indaparapeo 3 0.7 405 370 35 19.67 − 100.85 17.9 2710 717
Carindapaz 3 0.4 370 345 25 19.69 − 100.91 11.9 2343 1425
Cerro burro 2 0.2 415 395 20 19.44 − 101.51 15.1 3084 1034

Table 2   Composition and 
density of oak species of each 
taxonomic section present 
at each study site along the 
diversity gradient. The density 
of individuals is given in 
individuals per hectare (Ind/Ha)

Study sites Lobatae section Quercus section Total

Q. laurina Q. callophyla Q. crassifolia Q. rugosa Q. obtusata

Tequila Volcano 465 330 95 0 40 930
Los Azufres 275 50 0 110 0 435
Indaparapeo 345 25 0 35 0 405
Carindapaz 315 0 30 25 0 370
Cerro Burro 395 0 0 20 0 415

Fig. 3   Differences in the frequency of the arthropod orders associated to canopy of Q. laurina along the oak diversity gradient. Blattodea, Neu-
roptera Orthoptera and Pseudoscorpionida orders were present at a very low frequency only in a one particular study site
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was different between study sites (χ2 = 35.1; d.f. = 4; 
P < 0.0001) (Fig. 3). Per site, the number of arthropod 
orders found varied between 12 (Tequila Volcano) and 9 
(Carindapaz) (Fig. 3). The most abundant order (in terms 
of number of individuals) at all study sites was Coleop-
tera, followed by Psocoptera and Hemiptera. Particularly, 
Tequila Volcano, which was the site with higher oak spe-
cies richness had a higher frequency of the Coleoptera 
(26.1%), Hymenoptera (14.7%) and Araneae (12.5%), 
while the site with lowest richness of oaks (i.e. Cerro 
Burro) had 30.6% of Coleoptera, 19.4% of Psocoptera and 
(12.1%) of Hemiptera (Fig. 3).

Shannon’s diversity index values per site at the order level 
were 2.14, 2.13, 2.11, 1.78 and 1.93 for Tequila Volcano, 
Los Azufres, Indaparapeo, Carindapaz and Cerro Burro, 
respectively. All study sites had low values of evenness in 
the abundance of orders according to Pielou-evenness index, 
which ranged from J = 0.77 in Carindapaz to J = 0.88 in 
Tequila Volcano. The rarefaction analysis showed that the 
richness of arthropod families was significantly higher in 
the Volcano Tequila, followed of Indaparapeo, Los Azufres, 
Cerro Burro and Carindapaz (Fig. 4).

Arthropod abundance (measured as the mean number of 
individual arthropods per tree) associated to the canopy of 
Q. laurina was significantly different along the oak diversity 
gradient (χ2 = 274.1; d.f. = 4, P < 0.0001) (Fig. 5a). Trees 
of Q. laurina in Tequila Volcano harbored higher arthropod 
abundance (681.6 ± 13.6) in comparison with trees of Los 
Azufres (348 ± 5.24), Indaparapeo (224 ± 18.5), Carindapaz 
(149.4 ± 6.72) and Cerro Burro (162.2 ± 19.32) (Fig. 4a). 
Similarly, the mean richness of arthropod morphospecies 
per tree was greater in the Tequila Volcano (65.6 ± 7.62) 
than in Los Azufres (53 ± 5.1) and Indaparapeo (51.2 ± 9.67 
SE) and lower in Carindapaz (28.2 ± 3.8) and Cerro Burro 
(34.4 ± 5.3) (χ2 = 72.9; d.f. = 4, P < 0.0001) (Fig. 5b).

In total, we recorded six different guilds distributed as 
follows, in terms of the total number of individual arthro-
pods in each guild: phytophages (55.5%), detritivores-sap-
rophages (16.5%), predators (14.5%), parasitoids (12.6%), 
hematophages (0.5%), and microphages (0.5%). The rela-
tive abundance of these arthropod guilds also differed sig-
nificantly among the study sites. Phytophages represented 
a higher proportion of the arthropod community at Tequila 
Volcano (51.7%) and a lower proportion at Los Azufres 
(37.3%), while the other sites showed intermediate values 
(χ2 = 269.31; d.f. = 4, P < 0.0001) (Fig. 6a). In contrast, 
predators were more abundant in Indaparapeo (26.7%) and 
least abundant in the Tequila Volcano (11.1%), with inter-
mediate values in the other three sites (χ2 = 5.51; d.f. = 4, 
P < 0.018). In turn, parasitoids showed a higher relative 
abundance in Los Azufres and Cerro Burro (around 19%), 
while they were least abundant in Indaparapeo (6.9%). The 
frequency of detritivores varied less across sites, being 
between 18.7 and 21.6%.

In terms of the number of morphospecies, the higher pro-
portion corresponded to the phytophagous guild (37.6% of 
the total), while 26.5, 17.9, 17.12, 1 and 0.4% of the mor-
phospecies corresponded to detritivorous-saprophagous, 
predators, parasitoids, hematophagous and mycophagous, 
respectively. The proportion of morphospecies belonging to 
each guild also varied among sites. Phytophagous morphos-
pecies represented 44.9% of the total in Tequila Volcano, 
while they represented 30.7% in Los Azufres, with inter-
mediate values in the other three sites (χ2 = 435.69; d.f. = 4, 
P < 0.0001). Significant differences were also observed 
for predators (χ2 = 32.25; d.f. = 4, P < 0.018), parasitoids 
(χ2 = 63.65; d.f. = 4, P < 0.0001) and detritivorous-sapropha-
gous (χ2 = 63.65; d.f. = 4, P < 0.0001) (Fig. 6b).

The GLM models indicated that parameters of the oak 
community and the study sites had significant effects on the 

Fig. 4   Rarefaction curves of 
canopy arthropods of Q. laurina 
for each of the sites along the 
oak diversity gradient. The sites 
were rarefied considering the 
number of individuals observed 
(white circles) to allow a valid 
comparison of arthropod family 
richness between the study sites
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canopy arthropod abundance and richness, as well on the 
diversity of arthropod guilds associated to the canopy of Q. 
laurina. The parameters of oak community OSR (F = 2197; 
d.f. = 22; P < 0.0001), TDOS (F = 304.78; d.f. = 21; 
P < 0.0001), DOLS (F = 180.75; d.f. = 20; P < 0.0001), 
DOQS (F = 33.02; d.f. = 19; P < 0.0001) had significant 
effects on the arthropod abundance and richness; as well 
the study sites (F = 31.05; d.f. = 18; P < 0.0001) (Table 3). 
For the case of arthropod guilds, the phytophagous abun-
dance was affected only by three parameters of the oak 

community: OSR (F = 182.43; d.f. = 22; P < 0.0001), TDOS 
(F = 734.16; d.f. = 21; P < 0.0001) and DOLS (F = 227.53; 
d.f. = 20; P < 0.0001). The phytophagous richness was influ-
enced for OSR (F = 12.14; d.f. = 22; P < 0.0001), TDOS 
(F = 26.91; d.f. = 21; P < 0.0001) and DOQS (F = 6.61; 
d.f. = 19; P < 0.0001) (Table 3). The predator abundance 
was significant influenced for two parameters of the oak 
community: OSR (F = 26.76; d.f. = 22; P < 0.0001) and 
DOLS (F = 43.37; d.f. = 20; P < 0.0001). We did not find 
significant effects on the richness of predators (Table 3). 
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We found a similar pattern for the abundance of detriti-
vores–saprophagous and parasitoids. The abundance of the 
detritivores–saprophagous was significant affected by OSR 
(F = 64.45; d.f. = 22; P < 0.0001) and TDOS (F = 118.75; 
d.f. = 20; P < 0.0001). The parasitoids abundance was influ-
enced by OSR (F = 349.66; d.f. = 22; P < 0.0001), TDOS 
(F = 256.44; d.f. = 21; P < 0.0001) and DOLS (F = 19.45; 
d.f. = 20; P < 0.0001) (Table 3).

In turn, the principal components analysis revealed that 
the PC1 was positively correlated with parameters of the 
oak community as OSR, TDOI, DILS and arthropods abun-
dance. The sites of Tequila Volcano and Indaparapeo were 

high on PC1. PC2 was positively correlated with DIQS, H' 
and the richness of arthropods. The site of Los Azufres was 
high on PC2; and for the other sites we did not find a clear 
correlation between the oak community and the abundance 
and richness of arthropods (Fig. 7).

The results of the similarity of arthropod commu-
nity showed that NMDS ordination explained 62% of the 
variance between sampling points (axis 1 = 52% and axis 
2 = 10%), where each point is a two-dimensional representa-
tion of the composition of arthropod species in a single tree 
based on global NMDS. The composition of arthropod spe-
cies associated to Q. laurina varied between the study sites 

Fig. 6   Diversity patterns of arthropod guilds associated to canopies of Q. laurina. a Abundance of arthropod guilds, b species richness of arthro-
pod guilds. Common letters identify means that were not significantly different according to LSMeans test (P < 0.05)
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Table 3   Results of the GLMs for the parameters of oak community 
and study sites on the arthropod abundance, arthropod species rich-
ness and abundance and richness of phytophagous, predators, detri-

tivorous-Saprophagous and parasitoids associated to the canopy of Q. 
laurina along the oak diversity gradient

Response variables Explanatory 
variables

Deviance Residual DF Residual deviance F P

Arthropod abundance OSR 2197.6 22 643.2 2197.6  < 0.001
TDOS 304.7 21 338.4 304.7  < 0.001
DOLS 180.7 20 157.7 180.8  < 0.001
DOQS 33.0 19 124.7 33.0  < 0.001
Sites 31.0 18 93.7 31.1  < 0.001

Arthropod richness OSR 7.7 22 152.4 7.74  < 0.001
TDOS 21.4 21 130.9 21.4  < 0.001
DOLS 5.7 20 125.3 5.7  < 0.001
DOQS 11.2 19 114.1 11.2  < 0.001
Sites 23.2 18 90.9 23.2  < 0.001

Phytophagous abundance OSR 182.4 22 2405.7 182.4  < 0.001
TDOS 734.2 21 1671.6 734.2  < 0.001
DOLS 227.5 20 1444.0 227.5  < 0.001
DOQS 0.78 19 1443.2 0.82 0.3
Sites 178.4 18 1138.2 160.3  < 0.001

Phytophagous richness OSR 12.1 22 79.6 12.1  < 0.001
TDOS 26.9 21 52.7 26.9  < 0.001
DOLS 2.1 20 50.5 2.18 0.13
DOQS 6.6 19 43.9 6.61  < 0.001
Sites 435.7 18 63.9 435.7  < 0.001

Predators abundance OSR 26.8 22 201.5 26.8  < 0.001
TDOS 1.9 21 199.5 1.9 0.15
DOLS 43.3 20 156.2 43.3  < 0.001
DOQS 3.6 19 152.6 3.6 0.05
Sites 25.7 18 126.9 25.7  < 0.001

Predators Richness OSR 0.97 22 45.8 0.93 0.32
TDOS 0.39 21 45.0 0.44 0.52
DOLS 3.2 20 42.2 3.2 0.07
DOQS 2.3 19 39.9 2.34 0.12
Sites 32.3 18 63.9 32.2  < 0.001

Detritivorous-Saprophagous abundance OSR 64.7 22 221.7 64.6  < 0.001
TDOS 118.8 21 102.9 118.8  < 0.001
DOLS 2.9 20 100.1 2.9 0.09
DOQS 0.95 19 99.1 0.92 0.32
Sites 6.7 18 92.0 6.7  < 0.001

Detritivorous-Saprophagous richness OSR 1.4 22 53.2 1.5 0.22
TDOS 0.002 21 53.2 0.002 0.98
DOLS 1.4 20 51.8 1.4 0.24
DOQS 2.6 19 49.1 2.6 0.10
Sites 11.7 18 37.40 11.7  < 0.001

Parasitoids abundance OSR 349.8 22 377.6 349.9  < 0.001
TDOS 256.4 21 121.2 256.4  < 0.001
DOLS 19.4 20 101.7 19.5  < 0.001
DOQS 0.44 19 101.3 0.44 0.50
Sites 14.6 18 86.7 14.5  < 0.001

Parasitoids richness OSR 2.2 22 54.4 2.2 0.13
TDOS 4.8 21 49.6 4.8 0.02
DOLS 0.22 20 49.3 0.22 0.63
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(ANOSIM r = 0.52, n = 25, P < 0.001) (Fig. 8). The results of 
post-hoc pairwise ANOSIM tests showed different compo-
sition of arthropod species between all study sites. Particu-
larly, Tequila Volcano and Cerro Burro had totally different 

assemblages in comparison with the other three study sites 
(P < 0.05). Moreover, the arthropod species composition of 
Carindapaz also differed from Los Azufres (P < 0.05).

Local climate variables, oak community and canopy 
arthropod diversity

Canonical correspondence analyses (CCA) between climate 
variables and the oak community composition along the oak 
diversity gradient showed significant correlations in the Per-
mutation test of all canonical axes (Trace = 0.22, P = 0.004). 
The first two axes explained 85.15% (axis 1 = 65.41% and axis 
2 = 19.74%) of the spatial variation of the oak community rela-
tive to climate variables, where MAP, TCQ and TWQ had 
a strong correlation with the oak community composition. 
Particularly, Tequila Volcano, Los Azufres and Indaparapeo 
showed a greater correlation between climatic variables and 
the composition of the oak community.

The results of the canonical correspondence analysis (CCA) 
between the climate variables and arthropod community did 
not show significant correlations in the Permutation test of all 
canonical axes (Trace = 0.1294, P = 0.34). This indicates that 

Table 3   (continued)

Response variables Explanatory 
variables

Deviance Residual DF Residual deviance F P

DOQS 0.41 19 48.9 0.41 0.52
Sites 13.9 18 35.0 19.9  < 0.001

The parameters of the oak community are: Oak species richness (OSR), total density of all oak species (TDOS), density of oaks Lobatae section 
(DOLS) and density of oaks Quercus section (DOQS)

Fig. 7   Principal component 
analysis of the parameters of 
the oak community and the 
abundance (AA) and rich-
ness (AR) of arthropods in the 
canopies of Q. laurina at the 
five sites presents along the 
oak’s diversity gradient. Vectors 
show the strength and direction 
of the relationship between the 
parameters of the oak commu-
nity and axes. The parameters 
of the oak community are: Oak 
species richness (OSR), Shan-
non diversity index (H′), total 
density of all oak individuals 
(TDOI), density of individuals 
in the Lobatae section (DILS), 
density of individuals in the 
Quercus section (DIQS)

Fig. 8   Non-metric multidimensional scaling (NMDS) ordinations 
illustrating similarity of arthropod taxonomic composition between 
the study sites along the oak diversity gradient. Each point is a two-
dimensional (axis 1 and axis 2) representation of arthropod species 
composition on an individual tree based on global, non-metric multi-
dimensional scaling (NMDS)
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the composition of the canopy arthropod community associ-
ated to Q. laurina was not influenced by local environmental 
variables of each study site.

Discussion

Oaks represent one of the most diverse groups of woody 
plants in the Northern Hemisphere, with Mexico being 
a center of oak diversity and endemism (Cavender-Bares 
2016). Our results agree with this idea, since at the local 
scale, we detected a diversity gradient of four species, 
ranging from localities with only two species to localities 
with oak species coexisting. In terms of the number of spe-
cies of the Lobatae section, we observed the coexistence 
of Q. laurina with up to two other species of red oaks, 
such as Q. crassifolia and Q. calophylla. In general, we 
found a greater abundance of oaks from the Lobatae sec-
tion, with Q. laurina being the dominant species with an 
average 88% of the individuals present in the study sites. 
In addition, we found correlations between climatic vari-
ables (MAP, TCQ and TWQ) and oak community compo-
sition in study sites with greater richness and abundance of 
oaks. These results can be explained by the high climatic 
variation present along the Sierra Madre del Sur and the 
Trans-Mexican Volcanic Belt (Currie and Francis 2004). 
Some environmental variables such as temperature, pre-
cipitation, habitat heterogeneity, and past climate change 
have been proposed as the drivers of contemporary species 
richness patterns of oaks (Hipp et al. 2019). Since Mexico 
is a diversity center for the genus Quercus, the coexistence 
among different species is expected, and particularly, the 
co-occurrence of the two main sections seem to be the 
norm rather than the exception (Rodríguez-Correa et al. 
2015; Cavender-Bares et al. 2018; McCauley et al. 2019).

In total, we detected 1154 morphospecies of arthropods 
grouped in 15 orders associated to the canopy of Q. lau-
rina. The abundance and richness of the arthropod com-
munity associated to Q. laurina was different along the 
gradient of diversity of oak species. Trees of Q. laurina 
that occurred in the site with highest oak species diversity 
(i.e. Tequila volcano) had the highest richness and abun-
dance of arthropods. Additionally, the NMDS showed dif-
ferences in the composition of the arthropod community 
along the oak diversity gradient, agreeing with the fact 
that Tequila Volcano had a significantly different composi-
tion of the arthropod community compared with the other 
study sites. Two hypotheses that are not mutually exclu-
sive can explain our results. “The plant species richness 
hypothesis” (Fernandes and Price 1988) that proposes that 
communities with greater plant diversity represent more 
potential sites to be colonized by a greater number of 
insect species (“bottom-up effects”) (Hertzog 2017). Some 

studies have shown that plant diversity is a factor that con-
tributes to the maintenance of herbivorous insect diversity 
(Haddad et al. 2011). A meta-analysis, involving 52 inde-
pendent comparisons, confirmed that diversity of herbivo-
rous insects increases with a greater diversity of plants 
(i.e. 18 correlations derived from galling herbivores and 34 
from non-galling herbivores) (Araújo 2013). In our case, 
oak communities represent to arthropods a higher resource 
and niches availability to be colonized by a greater number 
of species (bottom-up forces: plants-herbivores), where 
species richness of arthropods in the canopy of Q. laurina 
increases as more oak species are available. Additionally, 
it has been proposed that plant diversity is a key driver 
for increasing herbivory by insects because heterospecific 
neighbors can decrease a plant resistance (i.e. associative 
resistance) or increase herbivory susceptibility (i.e. asso-
ciative susceptibility), increasing the likelihood of focal 
plants being attacked by herbivorous insects. (Root 1973; 
Tahvanainen and Root 1972; White and Whitham 2000). 
This fact has been confirmed by meta-analyses suggest-
ing that associative resistance is the most common pattern 
in forest ecosystems communities (Jactel & Brockerhoff 
2007; Castagneyrol et al. 2014, 2017). In either of the two 
ideas raised, our results support the “plant species richness 
hypothesis” (Fernandes and Price 1988) where an increase 
in the richness of oak species generates a greater diversity 
of arthropods in the canopy of Q. laurina.

A second hypothesis “The natural enemy hypothesis” 
(Root 1973) suggests that the diversity of natural enemies 
(i.e. predators and parasitoids) increases in communities 
with a great plant diversity because of the presence of more 
potential prey and availability of microenvironments (“top-
down effects”) (Wilby and Thomas 2002; Sobek et al. 2009). 
This hypothesis implies an indirect mechanism between 
plants and herbivorous insects, where the presence of natu-
ral enemies exerts a top-down control on herbivore abun-
dance (Pearce et al. 2003). Therefore, a greater diversity 
of resources provided by a high herbivore diversity present 
in highly diverse oak community can increase the diver-
sity of predators (bottom-up forces: arthropod-arthropod) 
affecting the community structure of arthropods (Randlkofer 
et al. 2010; Haddad et al. 2011; Moreira et al. 2016; Hertzog 
2017).

Another important result is the fact that trees of Q. lau-
rina growing in Tequila Volcano harbored higher abundance 
and species richness of phytophages, predators and parasi-
toids. Similar results have been shown in other ecological 
studies supporting the idea that communities with high plant 
diversity can represent more availability of resources, niches 
and microenvironments to be colonized by more arthro-
pod guilds (Sobek et al. 2009; Hertzog 2017). However, 
the great diversity of predators and parasitoids registered 
in the most diverse oak community also can suggests that 
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natural enemies can be regulating arthropod diversity (top-
down forces). Some studies suggest that top-down forces in 
communities increase with resource availability to primary 
producers (Root 1973; Boyer et al. 2003). Therefore, we 
propose that our results can be explained by a combination 
of both factors, where bottom-up forces will set the stage 
for top-down forces to act. For example, plant diversity can 
increase the abundance of herbivores through greater avail-
ability and/or quality of food, niches, microenvironments 
and shelter, which in turn will determine the abundance 
and diversity of predators, affecting the predation pressure 
(Forkner and Hunter 2000). The role of top-down and bot-
tom-up forces in terrestrial communities has been a subject 
of debate in the ecological literature (Schmitz et al. 2000; 
Halaj and Wise 2001). Particularly, in oak communities, 
some studies have suggested bottom-up forces as the main 
regulatory mechanism of the distribution and abundance of 
herbivorous insects through leaf nutritional quality and phe-
nology (Feeny 1970; Schultz and Baldwin 1982; West 1985; 
Faeth and Bultman 1986; Rossiter et al. 1988). However, 
more recent studies suggest that bottom-up and top-down 
forces interact together by molding and structuring arthro-
pod communities (Forkner and Hunter 2000; Castagneyrol 
et al. 2014, 2017). For example, a meta-analysis including 
172 studies showed that top-down forces were stronger than 
bottom-up forces to control herbivorous insects, where, 
chewing, sucking and gall-making herbivores were more 
affected by top-down than bottom-up forces, and parasitoids 
and predators had equally strong top-down effects on insect 
herbivores (Vidal and Murphy 2018).

Additionally, the presence of geographic barriers such 
as mountainous terrains that are characteristic of the Trans-
Mexican Volcanic Belt (TMBV), also could be affecting the 
canopy arthropod community, limiting their distribution 
and reducing the arthropod migration between localities 
(Novotny and Weiblen 2005; Arriaga-Jiménez et al. 2018). 
Furthermore, given that some arthropod groups exhibit high 
levels of intraspecific aggregation as a result of oviposition 
behavior, it is possible to expect a limited spatial dispersion 
between communities (Caballero et al. 2011), mainly in the 
Tequila volcano, which was the locality most separated from 
the other study sites and with highest arthropod diversity.

Our results show significant differences in the composi-
tion of the arthropod community associated with the canopy 
of Q. laurina along the gradient of diversity of oak spe-
cies. The sites with more diversity of oak species presented 
higher levels of arthropod abundance and richness, thus a 
greater presence of arthropod guilds (phytophages, preda-
tors, parasitoids) and a greater presence of adult arthropods 
and nymphs. These results are consistent with the prem-
ise that for habitats in temperate forests, tree communities 
are a key element for shaping the environmental physical 
structure; reason that has been suggested that tree species 

diversity could influence an increase in richness and abun-
dance of canopy arthropod (Lassau et al. 2005; Affeld 2008; 
Moreira et al. 2016). This fact is consistent with the absence 
of significant relationships between environmental variables 
(i.e. temperature, precipitation) and the canopy arthropod 
community in all study sites, suggesting that the differences 
in the oak community structure between localities are the 
main factor that is modulating the community of arthropods 
associated to the canopy of Q. laurina along the oak diver-
sity gradient.

Finally, one little discussed factor in the ecological lit-
erature that potentially affect the insect abundance on a tree 
is the problem associated with the assignment of arthropod 
species to guilds (Stork 1987). It has been shown that the 
incorrect assignment of the food guilds of only a few insect 
species can result in important differences in the composi-
tion and diversity of the arthropod communities of the can-
opy (Stork 2018). For example, for many groups of canopy 
insects, the larval and adult stages have the same feeding 
habits. However, in some groups of hymenopterans, the lar-
vae act as parasites and the adults may feed on honey, nectar, 
or not feed, which affects the estimates of insect diversity 
patterns (Stork 1987).

In conclusion, our study showed changes in arthropod 
diversity of the canopy of Q. laurina along an oak species 
diversity gradient. We detected differences in arthropod 
diversity, abundance and guild composition between oak 
communities. The general pattern showed higher arthropod 
diversity in Tequila volcano, which represented the site with 
the greatest diversity of oaks. Our findings confirm that at 
the local scale, plant species richness is the main factor that 
determines the arthropod diversity associated to canopy of 
Q. laurina, affecting trophic levels and the structure and 
composition of arthropod guilds. Mexico is the main center 
of richness, diversification and endemism of oaks in the 
northern hemisphere. Thus, we highlight the importance of 
conserving oak species because they represent key elements 
of temperate forest that harbor high diversity of animals.
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