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Abstract: As urbanization proceeds, natural ecosystems surrounding cities are transformed, but
usually some elements persist, notably trees from forest ecosystems. However, it is still unknown the
extent to which isolated trees, immersed in an urban matrix, maintain their interactions with insects
that feed on their seeds. In this work we analyzed pre-dispersal seed predation by the two main
groups of insects, weevils (Coleoptera; Curculionidae) and moths (Lepidoptera: Tortricidae), whose
larvae feed on the acorns of two oak species (Quercus rugosa and Q. castanea). We compared these
interactions between trees located in a protected forested area and trees isolated in an urban matrix.
Our hypothesis was that, since pre-dispersal seed predation depends on insect dispersal, acorns
from isolated trees would have lower predation levels than acorns from trees in the forest. A second
hypothesis, based on reports that moths exhibit larger dispersal distances than weevils, was that
isolated trees would have higher predation levels from moths than from weevils compared to their
respective proportions in forest trees. Finally, we expected that moth predation would increase with
seed size, as it does in weevils. We collected 1200 acorns of the two oak species (ten trees per species)
in a protected oak forest and a nearby highway in southern Mexico City. From the whole sample,
17.3% of the acorns were predated by weevils and 3.8% by moths. The probability of predation
was larger in acorns from trees in the forest (0.30) than in those from isolated trees (0.07), which
confirmed the first hypothesis; tree species identity did not have a significant effect on the proportion
of predated acorns. When only predated acorns were analyzed, predation by weevil larvae was larger
than predation by moths in both oak species, although the probability of predation by weevils was
higher in the oak species having large acorns (Q. rugosa, 0.93), than in the species with small acorns
(Q. castanea, 0.63). Inversely, predation by moths was higher in Q. castanea (0.37) than in Q. rugosa
(0.07). Seed predation decreased similarly for weevils and moths in isolated trees, so we failed to
find support for our second hypothesis. A positive relationship between seed predation by weevils
and seed size was found in Q. rugosa but not in Q. castanea; seed size did not affect predation by
moth larvae. Therefore, although isolated trees in the urban matrix harbor smaller populations of
pre-dispersal seed predators than forest trees, their interactions with the two main groups of insects
feeding on acorns are maintained, which points to their importance for the conservation of urban
biodiversity.
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1. Introduction

distributed under the terms and

As land use change proceeds, natural ecosystems are transformed, but usually some
elements persist, notably trees from previously forested areas. Isolated or scattered trees
have been considered keystone structures, performing diverse ecological functions, including provision of a distinct microclimate, increasing plant species richness, increasing soil
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nutrients and habitats for animals [1]. However, their role in biodiversity conservation has
been studied mainly in the context of tropical deforestation and rural landscapes [2–4], and
less attention has been given to isolated trees in extremely modified landscapes, such as
cities.
Studies on urban trees have been centered on their role in modulating atmospheric
pollution [5–7], and microclimatic conditions [8,9], but their contribution to maintaining
overall biodiversity is less well known. However, it is expected that some of their interactions with fauna may persist in an urban context, especially in those trees located near
protected forested areas.
The main emphasis in the study of biodiversity associated with urban trees has been
placed on birds and bats [10–12], and less attention has been paid to arthropods, with a
few exceptions (e.g., Helden et al., 2012 [13]). However, arthropods can be good indicators
of changes associated with urbanization, because they respond quickly to anthropogenic
changes in the soil and vegetation, due to their short generation times [14].
The relative importance of isolated trees immersed in an urban matrix is expected to
vary with tree species identity, because very different numbers of arthropod species are
associated with different tree species [15]. Among them, oaks harbor high insect diversity.
It has been shown that native oaks have more phytophagous insect species than non-native
Quercus species [16], and that oak trees located in less disturbed sites have higher arthropod
diversity than those found in disturbed sites [17].
Certain groups of phytophagous insects feeding on oaks have received more attention,
particularly those belonging to the Coleoptera, Hymenoptera and Lepidoptera orders [18].
A relatively well studied interaction between oaks and insects is pre-dispersal seed predation [19–24]. However, most studies on this topic have taken place only in a few regions,
notably the Iberian Peninsula and California. In tropical regions of the world, and countries
having a high oak diversity, such as China or Mexico, studies on this interaction are still
scarce (but see Peguero et al., 2017 [25] and Li et al., 2021 [26]).
With the aim of assessing whether interactions between oaks and pre-dispersal seed
predators are maintained in urban trees, in this study we compared seed predation between
trees located either in a protected forested area or isolated and immersed in an urban
matrix. We analyzed predation by the two main groups of insects whose larvae feed on
acorns: (i) weevils (Coleoptera; Curculionidae) and (ii) moths (Lepidoptera: Tortricidae), in
two oak species (Quercus rugosa and Q. castanea) that can be found both in the forest and
as isolated trees in the streets. Our hypotheses were: (1) if pre-dispersal seed predation
depends on insect dispersal, acorns from isolated trees would have lower predation levels
than acorns from forest trees; (2) since previous reports registered larger dispersal distances
for moths than for weevils, isolated trees would have higher predation levels from the
former compared to their respective proportions in forest trees, and (3) as larger seeds have
larger reserves for larvae development, the presence of both curculionid weevils and Cydia
larvae would be positively related to acorn size.
2. Materials and Methods
Study site and study species—This study was carried out in the piedmont of the
Ajusco volcano, in the southern portion of the endorheic watershed where Mexico City
is located. Acorns from two oak species (see below) were collected: (a) in the forested
protected area “Center for Environmental Education Ecoguardas” (Ecoguardas from now
on), which encompasses 132.6 ha of oak forest at an altitude of 2507 m a.s.l. and, (b) in
a portion of the Picacho-Ajusco (PA) highway (around Km. 5.6) adjacent to Ecoguardas,
where isolated oak trees are found (Figure 1). Mean distance among individual trees
(trunks) was 6.85 m (range 3–9 m).
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Figure 1. Study area and its location in relation to the Ajusco volcano (dark green) and the AjuscoChichinautzin mountain range (light green area surrounding the volcano). The protected forested
area, Ecoguardas, and the portion of Picacho-Ajusco highway (where acorns were sampled) are
shown in orange.

The Ajusco volcano is part of the Ajusco-Chichinautzin mountain range (Figure 1). In
the piedmont of this volcano, older soils, such as Andosols and Phaeozems, intersperse
with basaltic lava beds created by the eruption of the Xitle volcano, which occurred approximately 2000 years ago [27,28]. Climate is temperate (mean annual temperature 12–18 ◦ C)
and annual precipitation is around 1000 mm, most of which falls during the summer. The
two main vegetation types are oak forest and xeric shrubland, the latter growing mainly on
lava beds. The dominant oak species found in these forests are Quercus castanea, Q. rugosa
and Q. obtusata, while the main shrubland species are Buddleja cordata, Dodonaea viscosa and
Pittocaulon praecox. Parts of these lava beds have also been colonized by Q. rugosa and Q.
castanea [27,29–31].
Mexico City, the largest urbanization of the country, has been growing steadily to the
piedmont of the mountains surrounding the basin. The fragmentation of the ecosystems in
the piedmont of the Ajusco volcano became evident during the 1970s, when oak forests
were transformed into urban settlements, and has continued therefrom. At present, there
are patches of natural vegetation that have been protected, as well as remaining oak trees
that became isolated in the urban matrix, mainly along roads and within gardens.
Two oak species found both in Ecoguardas and on the PA highway were selected
for this study. Quercus castanea Neé trees are 5–18 m tall, and fruit annually in groups
of 2–3 acorns. They are widely distributed in Mexico and Central America, between
1800–2600 m a.s.l. Trees of Q. rugosa Neé are 3–25 m tall and fruit annually in groups of
2–13 acorns. The species is found from southern USA to Central America, from 1100 to
3050 m a.s.l.
The two main groups of pre-dispersal acorn predators are weevils (Coleoptera; Curculionidae) and moths of the genus Cydia (Lepidoptera: Tortricidae). The first include
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mainly species of the genus Curculio, but species of Conotrachelus may also be found. The
Curculionid life cycle is bound to oak phenology, as adults feed on leaves and females lay
their eggs inside the acorns. Their large rostrum allows them to bore into the cotyledons
and lay eggs through this hole. Female moths place their eggs on, or nearby, the surface of
acorns, and when first-instar larvae hatch from eggs, they find their way into the fruits [32].
It is unusual to find more than one larva inside an acorn, but occasionally larvae go from
one acorn to another if there is not enough food [33,34]. Since knowledge of curculionid
and Cydia species is very scarce in Mexico, in this study we will only address their presence
naming them as weevil or moth larvae.
Seed sampling and processing—During September 2015 we surveyed trees of both oak
species in Ecoguardas and along the PA highway. 10 healthy trees (dbh ≥ 20 cm, having
immature seeds) per species were chosen (five in the forest and five on the highway), for a
total of 20 trees. They were marked and located on a map, and regular visits were made
until acorns were mature. All chosen trees in the forested protected area, Ecoguardas, were
found in the central area (i.e., far from the border).
During October-November 2015, weekly surveys were made (on 5, 12, 19, 26 October
and 2, 9, 16 and 23 November), during which approximately 50 mature acorns per tree were
collected from the tree canopy. Acorns were taken to the lab and numbered individually
according to their mother tree. Each acorn was measured, registering its length (r1 ) and
width (r2 ), to estimate its volume with the formula of an ellipsoid, which has been widely
used to model seed size expressed as volume [35]:
V=

4
πr r2
3 1 2

Each acorn was individually placed in an ice cube plastic tray and daily observations
were made for one month to register the emergence of weevil or moth larvae. After this
period, each acorn was cut in half to establish whether there were larvae or excrement
inside it. Since it is possible to distinguish the excrement of larvae of weevils and moths
(the latter having larger pellets), the type of excrement was also registered.
Data analysis—To analyze and estimate the probability of: (a) an acorn being predated
and, (b) one type of larva (curculionid or moth) being responsible, generalized linear mixed
effects models (GLMMs) were constructed, using binomial distribution, and tree identity
as a random factor, with the lme4 package [36] in the R software (version 3.4.2, R Core
Team, 2017). For each hypothesis, four models were constructed: a model including the
interaction of tree location (forest or isolated) and oak species (Q. rugosa or Q. castanea), a
model without this interaction, and two models including only one of the abovementioned
variables each. These models were compared, using maximum likelihood ratios, and
observed as to whether the removal of one variable caused significant differences among
them (critical value p = 0.05).
Estimates obtained from the chosen models were transformed to obtain values in the
correct scale (i.e., between 0 and 1) using the formula of a logistic regression [37]:
Y=

1
1 + e−z

where Y is the probability of an acorn being predated by a weevil larva and z is the lineal
model selected for this type of predation. Thus, the predation probability by a moth larva
is 1 − Y. Confidence intervals (95%) were obtained for the estimates of each model, which
were also transformed with the abovementioned formula.
To evaluate the effect of acorn size and Quercus species on predation by weevil and
moth larvae, GLMMs were constructed with binomial distribution. A full model was
constructed (including all variables and their interactions) for each larva type, and from
this, subsequent models were simplified and compared using likelihood ratios. Two models
were constructed for predation by weevil larvae (one with, and another without, interaction)
and five models for predation by moth larvae (one without, and another with, interaction,
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a null model, and one for each independent variable). For this analysis, two sets of acorns
were considered. One, including undamaged acorns and those predated by weevil larvae,
was used to evaluate the effect of seed size on pre-dispersal predation by weevils. The
second set included all acorns predated by moth larvae and undamaged acorns, and was
used to analyze predation by moths. In all models the independent variables were Quercus
species and seed size (volume), and the tree was a random factor (19 trees included, as
one did not have predated acorns). The dependent variable was acorn predation with two
categories (undamaged or predated).
3. Results
Out of 1200 acorns, 22.3% were predated: 17.3% by weevil larvae, 3.8% by moth larvae,
and 1.1% by both of them. Acorns of Quercus rugosa accounted for 54.4% of the total sample
and had a higher predation rate (26.9%) than acorns of Q. castanea (45.6% of the total sample;
predation rate 16.8%). The sample was slightly imbalanced, with a mean of 65 acorns per
tree for the first species and 55 acorns per tree in the second.
In both oak species, predation by weevils was higher (23.3% and 10.2% in Q. rugosa
and Q. castanea, respectively) than predation by moths (1.8% and 6.21%, respectively);
percentages of acorns predated by both types of insects were 1.8% and 0.3%, respectively.
Due to the low number of acorns in the latter category, they were excluded from the
analysis.
To analyze overall predation, the models with, and without, interaction were compared (Table 1). Since they did not differ significantly, the model without interaction was
chosen, as it is more parsimonious. We then eliminated location and oak species from the
model, using a stepwise procedure, which allowed us to establish that the best model only
included location as a fixed factor. Predation probability of acorns of trees in the forest was
significantly higher (0.299) than that of isolated trees (0.071; Figure 2A).
Table 1. Generalized linear mixed effects models (GLMMs) used to analyze predation probability of
acorns of two Quercus species. In each model the effects of tree location and Quercus species were
included. The p-values indicate the significance of the likelihood ratio test among pairs of models
(n = 1186).
Response Variable

Total predation
proportion

GLMM Model
(undamaged, predated) = location × species
(undamaged, predated) = location + species
(undamaged, predated) = location + species
(undamaged, predated) = species
(undamaged, predated) = location + species
(undamaged, predated) = location

p
0.706
<0.001
0.113

Figure 2. (A) Acorn predation probability of isolated trees and trees in the protected forest area
Ecoguardas. (B) Acorn predation probability of Quercus rugosa and Q. castanea. Circles: predation by
weevils, squares: predation by moths. Bars represent 95% confidence intervals.
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When analyzing the effect of tree location and Quercus species on the proportion
of acorns predated by weevils and moths, we found no differences between the models
with, and without, interaction (Table 2), so the latter was chosen. Then two models were
compared, one including both variables and one in which location was removed. As there
were no differences among them, location was removed. However, when the effect of oak
species was removed there were significant differences (Table 2), so the best model included
only Quercus species as a fixed factor. Although in both oak species predation levels by
weevil larvae were higher than those of moth larvae, the probability of predation by weevils
was higher in Q. rugosa (0.93), than in Q. castanea (0.63). Conversely, predation probability by
moth larvae was higher in Q. castanea (0.37) than in Q. rugosa (0.07). There were significant
differences in predation by insect species among Quercus species (Figure 2B).
Table 2. Generalized linear mixed effects models (GLMMs) used to analyze the differences in the
proportion of acorns predated by weevil and moth larvae between locations (forest and isolated trees)
and oak species. The p-values indicate the significance of the likelihood ratio test among pairs of
models (n = 254).
Response Variable

Predation proportion

GLMM Model
(weevils, moths) = location × species
(weevils, moths) = location + species
(weevils, moths) = location + species
(weevils, moths) = species
(weevils, moths) = location + species
(weevils, moths) = location

p
0.402
0.154
<0.001

To analyze the effect of seed size on predation by weevil larvae, we included undamaged acorns and those predated only by weevils (n = 1140). Mean seed volume of Q. rugosa
was almost three times higher (1.51 ± 0.8 cm3 , mean ± SD) than seed volume of Q. castanea
(0.56 ± 0.3 cm3 ). There were significant differences between the models with, and without,
interaction (Table 3), so the former was used. The significant interaction in the selected
model is explained because the effect of acorn size differed among oak species: while in
Q. rugosa predation by weevils increased with seed size, in Q. castanea there was a slight
tendency (i.e., with a small slope) for it to decrease with seed size (Figure 3).
Table 3. Generalized linear mixed effects models (GLMMs) used to analyze the effects of seed volume
and oak species in pre-dispersal predation by weevils. The p-value indicates the significance of the
likelihood ratio test among the pair of models (n = 1140).
Response Variable
Predation by weevils

GLMM Model

p

(undamaged, predated) = volume × oak species
(undamaged, predated) = volume + oak species

0.016

When predation by moth larvae alone was analyzed, no differences were found among
the models (Table 4), and thus the explanatory variables were not significant. This implies
that, in contrast to weevils, moths do not select acorns based on seed size, and do not seem
to have a marked preference for an oak species. Thus, arrival and seed infestation appear
to be random phenomena. However, since this analysis included a low number of acorns
attacked by moth larvae (n = 46) in relation to the total sample used (n = 978), there was a
strong disparity between undamaged and moth-predated acorns.
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Figure 3. Acorn predation probability vs. acorn volume in Quercus rugosa (continuous line) and Q.
castanea (dotted line).
Table 4. Generalized linear mixed effects models (GLMMs) used to analyze the effects of seed size
(volume) and oak species on pre-dispersal predation by moth larvae. The p-values indicate the
significance of the likelihood ratio test among pairs of models (n = 978).
Response Variable

Predation by moths

GLMM Model

p

(undamaged, predated) = volume × oak sp.
(undamaged, predated) = volume + oak sp.

0.277

(undamaged, predated) = volume + oak sp.
(undamaged, predated) = volume
(undamaged, predated) = volume
(undamaged, predated) = 1

0.124
0.622

(undamaged, predated) = volume + oak sp.
(undamaged, predated) = oak sp.
(undamaged, predated) = oak sp. + tree
(undamaged, predated) = 1 + tree

0.783
0.112

4. Discussion
Changes in biodiversity in small patches of remnant vegetation, such as isolated
trees, have been associated with time elapsed since they became isolated, as well as with
their connectivity to large, forested areas [38]. However, the role of isolated trees for
biodiversity conservation has received less attention in urban contexts, where most studies
have addressed interactions of native plants and birds [39–41], and to a lesser degree,
arthropods [13,42].
In this study, we showed that isolated oak trees in an urban matrix harbor populations
of the two main groups of pre-dispersal acorn predators, even though they have been
isolated for approximately 40–50 years. Larvae were missing only in one out of ten urban
trees, and insect presence did not seem related to distance to the forest, since this tree
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was close to the Ecoguardas forest, and acorns from the farthest tree had larvae of both
types of insects. Although the Ecoguardas is not a large forested area, and the surrounding
urban matrix may have some impact on it, it was protected soon after the PA highway was
constructed and has kept its original composition and structure since then.
In the two oak species studied, the proportion of acorns having both weevil and moth
larvae was very low. In other studies, these proportions were also very low [43] or slightly
higher [33]. According to Rohlfs (1999) [32], moth larvae get inside the acorn through a
softened surface caused by infections in the pericarp. Our results show that moths do not
require the previous presence of holes made by weevils to enter the seeds. In Q. rugosa,
there were as many acorns having only moth larvae as there were of those with both types
of insects. In Q. castanea, acorns having only moth larvae were more common than those
having the two types of insects (6.2% and 0.3%, respectively). Perhaps in the smaller acorns
of Q. castanea it is easier for female weevils to detect the presence of a moth larva and
avoid oviposition. It has been shown that oviposition by curculionids is reduced in seeds
of Castanea sativa already having a moth larva [44], because female weevils can detect a
chemical marker that the larvae leave when entering the acorn [45]. Future studies will
establish if the simultaneous presence of both types of larvae is more likely in large-seeded
oak species. To our knowledge, this is the first time that a species with such small acorns
has been included in a study of pre-dispersal seed predation.
Our results supported our first hypothesis, as pre-dispersal seed predation was reduced in isolated trees compared to predation levels in forest trees, and this reduction
was not affected by oak species identity. Fragmentation and isolation reduce pre-dispersal
predation by coleoptera and lepidoptera in various tree species [46,47]. In isolated Quercus
ilex trees, in the dehesas in Spain, increases in acorn size and/or acorn production have
been reported [22,48], which may render them more attractive to weevils. In this study,
changes in acorn abundance or size in isolated trees were not documented, but even if this
were the case, larvae abundance decreased. The limitations imposed by an urban matrix
on weevil and moth dispersion probably make it difficult for them to reach isolated trees,
and thus the permanence of in situ populations could be more important than immigration.
However, additional studies are needed to address whether in situ population maintenance
is more important than immigration in urban trees that are located close to protected forest
patches.
The prediction that the relative proportion of acorns infested by moth larvae would be
higher in isolated trees than in forest trees was not supported by our data. This hypothesis
was based on reports of Cydia pomella and C. fagiglandana being capable of large flight
distances, while curculionids are considered low-mobility predators [49,50]. Although
differences in dispersal ability among species of Curculio have been reported [51], at present
it is not known how significant unusually long travelling distances (displayed by a few
individuals and recorded in experimental devices) are for population persistence. In this
study, the relative proportions of both types of larvae were affected by oak species, but not
by tree location.
Preference for an oak species has been documented in weevils [52], but to our knowledge this is the first time that moth preferences have been found. The probability of
predation of Quercus castanea acorns by moths was five times larger than the same probability for Q. rugosa acorns (means 0.366 and 0.070, respectively). These figures were calculated
by including only infested acorns, so proportions are higher than those reported when
considering the whole acorn sample.
Our results show that weevil predation is affected by oak species and acorn size
(Table 3). The higher weevil predation of acorns of Q. rugosa than those of Q. castanea (23.3%
and 10.2%, respectively) is partially explained by the larger acorns of the former species.
Espelta et al. (2009) [52] also found that an oak species with larger acorns experienced
stronger predation by Curculio larvae than another species with smaller acorns. Moreover, a
previous study including three oak species in the study area showed higher acorn predation
by weevils in the two large-seeded species (Q. rugosa and Q. obtusata), and higher super-
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infestation (i.e., presence of more than one larva) in Q. obtusata, the species having the
largest acorns [53].
Our third hypothesis—namely that moth larvae would increase with seed size, as is
the case with weevils—was not supported. Our results pointed to seed predation by these
insects being a random process, since it was not affected by seed size or tree species. This
result conflicts with our previous finding that predation probability by moth larvae was
significantly higher in Quercus castanea than in Q. rugosa. We believe that the probability
estimation is more solid in the first analysis, since, in this last one, sample size was very
low; it included only 46 acorns (4.7% out of 978) with evidence of predation by moth larvae,
whereas the rest of them were undamaged. This renders an unbalanced, less robust, model
than that used in the first analysis. The absence of a positive relationship between seed
predation by moths and seed size conflicts with results from Mezquida et al. (2021) [24],
who found that moths preferred Quercus faginea trees producing larger acorns in one year,
and the following year they preferred trees producing larger acorns when the incidence
of weevils was low. In their study, moth larvae were much more abundant (>15% of the
acorns) than in this case. However, they did not find a relationship between the number of
moth larvae and acorn mass. More research is needed on the relationship between acorn
size and moth predation before generalizations can be made regarding their presence, and
relative importance, in various oak species. Abundances of the different species whose
larvae feed on acorns vary across years and in response to acorn production (including mast
years, [24,54]). Thus, long term studies are needed to quantify variation in populations of
the different species, and to establish clear trends in insect feeding preferences.
As reported in studies with other Quercus species, predation probability of weevils
increased with seed size in Q. rugosa. However, in Q. castanea, this probability had a
slight tendency to decrease with seed size. This was unexpected and at present it is not
possible to draw conclusions from this result. Factors not analyzed in this study, such as
differences in phenology among oak species, diversity of weevil species, or variation in
tannin concentration in acorns of different oak species, may affect acorn predation by these
insects [55]. Our field observations showed a later fructification in Q. castanea than in Q.
rugosa, but it is not known how weevil abundance changed through the fruit development
period. Furthermore, at present, it is unknown how many species of Curculionidae are
found in the oak forests of the basin of Mexico. Unpublished research by our group
points to the presence of various species in other oak species in the Ajusco-Chichinautzin
mountain range. High diversity of acorn weevils, and variation in host specificity, have
been reported in a high oak diversity region in China [26], and it has also been shown that
tropical weevil species are highly specialized, and larval body size is highly correlated
with size of the infested acorns [25]. A similar pattern could be present in the oak forests
of Mexico, which harbor the highest diversity of Quercus species in America [56]. Future
research on diversity and ecology of weevil species of the oak forests of central Mexico will
help to refine these results.
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