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Abstract: With the process of urbanization, cities are expanding, while forests are declining.
Many conditions in the urban habitats are modified compared to those in the rural ones, so the
organisms present reactions to these changes. To determine to what extent the habitat type influences
insects, we tested the differences in the pedunculate oak (Quercus robur L.) leaf-mining insect
community between urban and rural habitats in Serbia. Lower species richness, abundance,
and diversity were determined on trees in the urban environment. Due to the differences in the habitat
types, many of the species disappeared, while most of the remaining species declined. The seasonal
dynamics of species richness, abundance, and diversity differed between the habitat types. Both rural
and urban populations started with low values in May. Subsequently, rural populations gained
higher species richness, abundance, and diversity. As about 60% of the leaf miners’ species present in
the rural habitats survive on the trees in urban areas, those trees are of great importance as a species
reservoir. This is why we need to preserve and strive to improve the condition of urban areas where
the pedunculate oak is present.

Keywords: abundance; diversity; seasonal dynamics; Serbia; species richness

1. Introduction

Forests are among the most species-rich habitats on the planet [1,2]. Their area is rapidly declining
due to the growth of the human population, expansion of urban areas, as well as the increased need
of humankind for food and natural resources [3-7]. However, woody vegetation is also present in
those urban areas in the form of tree rows, parks, gardens, shelterbelts along roads, and railways,
etc. [8]. The environment in the urban areas differs from that in nature in terms of climatic and
edaphic conditions, surface area and connectivity of habitats, composition and structure of vegetation,
pollution, and intensive human activity [9-15]. Fragmentation and air pollution, as well as an increase
in temperature and CO; concentration influence the present insect fauna by loss of habitat and food
quality [9,11,16-18]. The insects react by physiological and behavioral alterations, changes in body
size, spatial distribution, and reproduction and survival rates [19]. These changes can consequentially
influence their diversity and seasonal dynamics [9,16,20-24]. Some species of generalist insects
survive in urban areas, and these altered conditions suit them even better [11,18,25,26]. On the other
hand, many species of specialist insects are negatively affected [11,18,24,27,28], as they are trophically
connected with specific hosts [29-31]. Most herbivorous insects belong to the group of specialist
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insects [32]. Herbivorous insects comprise about half of all described insect species [33] and are both
consumers and prey for other species higher in the trophic chain [16,31,34]. Consequently, they play
an important role in all terrestrial ecosystems in which plants are present. Changes in all of the
herbivorous insect species are difficult to analyze, so some groups or individual species are used as
indicators of alterations in the environment [35,36]. Leaf miners are suitable for monitoring those
environmental changes as they are closely connected with their host plant, so they react to the changes
to which the host plant is exposed [35,37]. Leaf miners are well studied in Serbia, and the presence of
over 370 species is determined [38-42]. Of those species, only 28 were identified on Q. robur [41].

Not many studies have been conducted on the differences in endophagous herbivorous insects
between urban and rural habitats [16,43]. Most of them agree that consequences of urbanization such
as elevated temperature and CO2 concentration, and changes at the landscape level are the most
important factors influencing those insect communities [9,16,28,44]. In addition to these, indirect effects
such as changes in plant traits, predator and parasitoid assemblages, and their attack rates also play an
important role [9,16,28,44]. Not all endophagous herbivorous insect species respond to these effects
in the same manner [35,43]. Studies that dealt with the influence of changes caused by urbanization
on leaf miners found contrasting results [9,16,28,44-46]. The majority of those studies examined only
individual species [9,28,44,45]. They concluded that some species were positively influenced by the
habitat alterations caused by urbanization [28,44,45]. On the other hand, Rickman and Connor [9]
found the influence to be positive on some and negative on other species. The studies that dealt with
the effect of habitat type on the leaf miner community reported no significant differences between their
species richness and abundance in the urban and rural environments [9,16].

The differences between urban and rural habitats can also influence the herbivorous insects
seasonal dynamics. Higher temperatures and CO; concentrations in the urban areas [16,22,47] can
affect these insects both directly, by modifying their phenology and development, and indirectly,
by modifying the phenology and development of their host plants, predators, and parasitoids [16,20-23].
The increase in temperature can affect the insects positively by accelerating their metabolism [21].
This consequentially causes faster development of preimaginal stages which leads to greater survival
rates, longer activity throughout the year, and development of more generations per year [21,48].
Indirectly, this increase in temperature causes faster plant growth and allows a longer vegetative
period [21]. On the other hand, those plants start developing earlier in the season, so the synchronization
between the development of the insects and the host plants can be disturbed and can cause greater
mortality rates [21]. No previous studies on the differences in the leaf-mining insects’ seasonal dynamics
between urban and rural habitat types have been conducted to date. Because habitat type affects the
seasonal dynamics of other groups of insects [48,49], we presumed that it would affect the leaf miners
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as well.

The results of the previous studies on the differences in leaf miners between urban and rural
habitats did not coincide, and most of them were conducted on individual species level. Therefore,
we decided to investigate how the differences in habitat type influence the pedunculate oak leaf miner
community, as well as some of the most frequent individual species. Additionally, there are no previous
studies on the differences in the leaf-mining insects” seasonal dynamics between urban and rural
habitat types. As a result, we decided to determine how the months of the vegetative season and
habitat type influence the leaf miners” community. To do that, we determined the leaf miners’ species
richness, frequency of occurrence, abundance, and diversity on trees in the urban and rural habitat
throughout the vegetative season. The aim of the study was to answer the questions: (1) Do differences
exist between the pedunculate oak leaf miner communities in urban and rural habitats? (2) Does the
seasonal dynamics of pedunculate oak leaf miners differ between urban and rural habitats?
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2. Materials and Methods

2.1. The Host Plant and the Investigated Insects

Pedunculate oak (Quercus robur L.) was chosen as a host plant for testing the influence of habitat
type because it is widespread in both rural and urban habitats in Europe [43,44]. Natural pedunculate
oak forests are declining due to the influence of many biotic and abiotic factors [45,46]. Therefore,
trees in the urban environment are becoming increasingly important, as they present a valuable
habitat for a great variety of organisms. Among those organisms, insects present one of the most
species-rich and diverse groups [50-52]. One guild of oak inhabiting insects—leaf miners—was chosen
for testing the influence of the habitat type because they satisfy most of the requirements one group
of bioindicators needs to fulfill [53]. They are a diverse insect group, with a large number of species,
taxonomically well studied, and distributed worldwide on a large number of hosts [29,30,54,55].
Leaf miners are small, and the adults can fly only over short distances, so they cannot migrate
far [9,56,57]. Their larvae are closely connected with their host plant, and therefore, they react to
changes to which it is exposed [35,37]. Leaf miner species are also mostly monophagous and narrowly
oligophagous, so individual plant species or genera have a specific complex of leaf miners [29,30,55].
Some species belong to insect orders, which are commonly used as bioindicators such as Coleoptera
and Lepidoptera [58,59]. They are easily collected and analyzed, as they spend their larval stage in one
leaf [9,29]. Even after development or death, the mine remains on the leaf [9,29].

2.2. Study Sites

The research was conducted in 2017 on 4 localities in Serbia, two in rural oak stands
(Obrez—44°45" N, 19°57’ E and Progar-Boj¢inska $uma—44°44’ N, 20°08’ E), and two in urban
areas (Ada Ciganlija—44°47’ N, 20°24’ E and KoSutnjak—44°45" N, 20°25’ E) (Supplementary Figure
S1). The average annual temperature in all the investigated localities is 10.9 °C. The average annual
rainfall is 682 mm on all the localities except Obrez, where it is 570 mm. The plants at the two localities
in the rural habitats additionally use groundwater that is abundant there, especially during spring.
The dominant soil type on three of the localities is eutric cambisol, and it is fluvisol on locality Ada
Ciganlija [60,61]. The presence of pedunculate oak trees of similar age and dimensions (about 100 years
old, with a height of about 20 m and a diameter of about 50 cm) is constant in all localities.

Dense, mostly pure, pedunculate oak stands are present on localities ObreZ and Progar (rural
habitat type). They are represented in the form of forest fragments along the Sava river and cover
an area of more than 500 ha. No silvicultural operations were conducted in the investigated stands
recently or during the sampling period.

Localities Ada Ciganlija and Ko$utnjak are mostly covered by forest parks (urban habitat type).
Pedunculate oak is present in separated groups of four to nine trees, isolated from the pedunculate oak
forests. Vegetation on these localities has been anthropogenically altered by cutting of trees and by
planting other autochthonous and allochthonous tree species. Many of the lower tree branches have
been pruned, and most of the understory shrub vegetation has been removed. The canopy cover in
these areas is significantly reduced. There are numerous gaps and openings, so the groups of trees
are frequently isolated by open areas such as lawns, sports fields, and playgrounds. These areas are
mowed and treated for mosquitos and ticks every year. Human activity here is intensive throughout
the whole year. As these parks are very popular, there are many roads and parking lots in their vicinity.

2.3. Sampling Design

On each locality, four spatially separated blocks, each containing four pedunculate oak trees of
similar dimensions, were randomly selected (16 trees per locality, 32 per habitat type). Once a month,
in the period May—October, 50-100 cm long apical parts of four randomly selected leaf baring-branches
were cut from the selected trees. The branches were cut up to a height of about 8 m above the ground.
The cut branches were then brought to the Entomological Laboratory of Belgrade University, Faculty of
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Forestry, where the total number of leaves, as well as the number of leaves with mines on them,
was determined. The mined leaves were then separated, and species causing them were identified
based on Hering, Pato¢ka and Tur¢ani, Lasttivka et al. and Ellis [29,55,62,63].

2.4. Characteristics of the Leaf Miner Community Analyzed

The leaf mining insect community was quantified by the following parameters at the level of a
single tree:

1. Species richness (number of species identified);
2. The abundance of individual species (4;) (number of mines per 100 leaves), calculated as:

A = %*100 6)

1

3.  The abundance of leaf miners (A;) calculated as a sum of all individual species” abundance;
4. Shannon index of diversity (H), calculated as:

— V(T
"= Z{(N)IH(N) @)
5. Frequency of occurrence (F;), calculated as:

»
Fq=1;+100 3)

where #; is the number of mines of one particular species found in one sample, J; is the number of leaves
per sample, N is the total number of mines found, u; is the total number of samples in which a particular
species was found, and U is the total number of samples. The diversity indices were determined using
PAST Version 3.18 software (Jyvind Hammer, Natural History Museum, University of Oslo).

2.5. Statistical Analysis

As the distribution of the analyzed parameters did not fit any of the standardized distributions
(Kolmogorov-Smirnov test), nonparametric tests were used for further analysis. The Mann-Whitney
U test was used to determine the influence of habitat type on both the total and the species richness,
abundance, and diversity in individual months (month as a grouping variable). The Mann-Whitney
U test was also used for testing the influence of the habitat type on the total abundance of frequent
(present in >20% of samples) leaf miner species. Friedman ANOVA was used to determine the
influence of the month of the vegetative season on abundance and diversity separately in urban and
rural habitats. All the data were analyzed at the tree level, at the level of significance 0.05. All of the
statistical analyses were performed using Statistica 8.0 (StatSoft, Inc., Tulsa, OK, USA).

3. Results

3.1. Owerall Species Richness, Frequency of Occurrence, and Abundance of Leaf Miners

The collected samples contained 90,842 leaves with 10,566 mines on them. Of those mines,
7746 were identified at the species level. These mines were caused by 30 species of leaf miners
(Table 1). On average, there were 3.92 + 2.87 species of leaf miners per tree. The most frequent species
were Phyllonorycter harrisella (Linnaeus, 1761) and Caloptilia alchimiella (Scopoli, 1763), which were
recorded in more than 90% of the samples. In addition to these, 10 other species were also frequent
(present in more than 20% of samples) (Table 1). The abundance of most species (13) ranged
between 0.01 and 0.1 mines per 100 leaves. The five species that had an abundance greater than
one mine per 100 leaves, caused around 85% of the total number of mines identified at the species
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level (Tischeria ekebladella (Bjerkander, 1795)—24.55%, Ph. harrisella—20.35%, C. alchimiella—14.53%,
Phyllonorycter roboris (Zeller, 1839)—13.85%, Ectoedemia caradjai (Groschke, 1944)—11.68%). The leaf
miners made 10.16 + 11.77 mines per 100 leaves on average.

Table 1. Identified species of leaf miners, their average abundance (number of mines per
100 leaves + s.d.) on trees in the urban and rural environments, and effect of habitat type on the
frequent species (present in >20% samples) assessed by Z test.

ord Famil Species Abundance Significance of the Influence
rder y P Urban Rural of the Habitat Type
Orchestes erythropus (Germ., 1821) not present 0.003 + 0.040
- O. pilosus (Fabr., 1781) not present 0.002 + 0.023
Coleopt
oleoptera  Curculionidae O. quercus (L., 1758) not present  0.008 + 0.057
O. subfasciatus Gyll., 1835 not present 0.019 + 0.094
Hymenoptera  Tenthredinidae Profenusa pygmaea (Klug, 1816) 0.080 +£0.208  0.671 + 1.267 Z=-681*
Bucculatricidae Bucculatrix ulmella Zell., 1848 0.028 +£0.141  0.131 + 0.333 Z=-256*
Coleophora flavipennella (Dup., 1843) not present 0.003 + 0.039
C. ibipennella Zell., 1849 not present 0.004 + 0.043
C. kuehnella (Goeze, 1783) not present 0.007 + 0.057

Eriocraniidae  Dyseriocrania subpurpurella (Haw., 1828) ~ 0.011 £ 0.069  0.022 +0.113
Acrocercops brongniardella (Fabr., 1798) 0.021 £0.221  0.007 + 0.071

Caloptilia alchimiella (Scop., 1763) 0.303 +0.630  2.704 + 3.469 Z=-9.66*
Phyllonorycter harrisella (L., 1761) 2.657 +2.673  1.185 + 1.364 Z =512
Gracillariidae Ph. lautella (Zell., 1846) not present 0.015 + 0.104
Ph. messaniella (Zell., 1846) 0.010 £0.103  0.034 +£0.171
Ph. muelleriella (Zell., 1839) not present 0.171 £ 0.534 n/a
Ph. quercifoliella (Zell., 1839) 0.187 + 0.440 0.383 + 0.768 Z=-213*
Lepidoptera Ph. roboris (Zell., 1839) 0.206 +£ 0.549 2981 + 4.214 Z*=-958*
Heliozelidae Heliozela sericiella (Haw., 1828) 0.006 +0.058  0.014 + 0.075
Ectoedemia albifasciella (Hein., 1871) not present 0.005 + 0.043
E. caradjai (Gros., 1944) 0.021 +£0.122  2.021 +4.171 Z=-620*
E. quinquella (Bed., 1848) not present 0.013 + 0.122
Nepticulidae E subhimaqzle‘lla (Haw., 1828) not present 0.034 + 0.257
Stigmella atricapitella (Haw., 1828) 0.033 £0.189  0.009 + 0.083
S. basiguttella (Hein., 1862) 0.004 £ 0.053 0.333 + 0.758 Z=-503*
S. roborella (Johan., 1971) 0.006 + 0.067  0.021 +0.132
S. ruficapitella (Haw., 1828) 0.018 £ 0.146  0.010 + 0.089
Tischeria decidua Wck., 1876 0.050 + 0.196  0.316 = 0.577 Z=-457*
Tischeriidae T.dodonaea Stt., 1858 0.109 £ 0.595  0.094 = 0.280 Z =-043"1
T. ekebladella (Bjerk., 1795) 0.189 + 0.461 5.155 + 6.123 Z=-1237"*

Bold names and values indicate frequent species (present in >20% of samples); statistically significant differences at
the p < 0.05 significance level are marked *; statistically not significant differences (p > 0.05) are marked "; in the
cases where the species is present only in one habitat type and the statistical test cannot be applied it is mark n/a.

3.2. Leaf Miner Community and Individual Species of Leaf Miners in Urban and Rural Habitats

Habitat type had a significant effect on pedunculate oak leaf miners’ species richness, abundance,
and diversity. Species richness was about 2.5, abundance about four, and diversity about 2.5 times
lower than that recorded on trees in the rural environment (Tables 1-3; Figures 1 and 2). Of the
12 analyzed species that were found in both habitat types, 10 had a significantly lower frequency of
occurrence and abundance in the urban environment (Table 1). Tischeria dodonaea (Stainton, 1858)
was not influenced by the habitat type, while Ph. harrisella was more frequent and abundant in the
urban environment (Table 1). The species that were not present on trees in the urban environment (12)
(except for Phyllonorycter mueleriella (Zeller, 1839)) had a low frequency of occurrence and abundance in
the rural environment (Table 1). Despite all the altered habitat characteristics, 60% of leaf miners’ species
survived in the urban environment. However, they survived with a significantly lower abundance and
frequency of occurrence (Table 1).
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Table 2. Effect of habitat type on total species richness, abundance, and diversity assessed by
Mann-Whitney U test (U and Z are measures of the significance of the difference between the samples,
based on the sum of ranks and distance from the mean; N is the number of the samples (trees) analyzed).

Analyzed Rank Sum Rank Sum 7 Level Valid N Urban  Valid N Rural

Parameter  Urban Habitat = Rural Habitat P Habitat Habitat
Species 25,4915 48,4285 69635 —10.546  0.000 192 192
richness

Abundance 26,995.5 46,924.5 84675 -9.163 0.000 192 192
Diversity 24,828.5 49,091.5 6300.5 —11.155 0.000 192 192

Table 3. Effect of habitat type and individual months of the vegetative season on species richness,
abundance, and diversity, assessed by the Mann-Whitney U test (U and Z are measures of the
significance of the difference between the samples, based on the sum of ranks and distance from the
mean; N is the number of the samples (trees) analyzed).

Analyzed Month Rank Sum Rank Sum U z p-Level Valid N Urban  Valid N Rural  2*1 Sided
Parameter Urban Habitat ~ Rural Habitat Habitat Habitat Exact p
May 910.0 1170.0 3820 -1.746 0.081 32 32 0.082
June 551.5 1528.5 235 —6.559  0.000 32 32 0.000
Species July 528.0 1552.0 0.0 -6.875  0.000 32 32 0.000
Richness August 660.5 1419.5 1325 -5.096  0.000 32 32 0.000
September 631.5 1448.5 103.5 —5.485  0.000 32 32 0.000
October 609.5 1470.5 81.5 —=5780  0.000 32 32 0.000
May 938.5 1141.5 4105 -1.363 0.173 32 32 0.174
June 550.0 1530.0 22.0 -6.579  0.000 32 32 0.000
Abundance July 633.0 1447.0 105.0 —5.465  0.000 32 32 0.000
August 652.0 1428.0 124.0 -5.210  0.000 32 32 0.000
September 625.0 1455.0 97.0 =5572  0.000 32 32 0.000
October 594.5 1485.5 66.5 5982  0.000 32 32 0.000
May 9415 1138.5 4135 -1.323 0.186 32 32 0.187
June 557.5 1522.5 29.5 6479  0.000 32 32 0.000
Diversity July 532.0 1548.0 4.0 -6.821  0.000 32 32 0.000
August 634.0 1446.0 106.0 —5.451  0.000 32 32 0.000
September 626.5 1453.5 98.5  —=5.552  0.000 32 32 0.000
October 652.5 1427.5 1245 -5.203  0.000 32 32 0.000

Italic values indicate statistically significant differences, at the level of significance p < 0.05.

3.3. Seasonal Dynamics of Leaf Miners’ Species Richness, Abundance, and Diversity

Species richness, abundance, and diversity differed significantly between the months of the
vegetative season in the urban, as well as in the rural, environment (Table 4, Figure 2). Habitat type
significantly influenced the species richness, abundance, and diversity throughout the vegetative
season (Table 3, Figure 2). The analyzed parameters were not influenced by habitat type only in May
(Table 3, Figure 2). They were significantly lower in the urban environment in all the subsequent
months (Table 3, Figure 2). Species richness and abundance culminated in August in both habitat
types (Figure 2a,b). Species richness steadily increased until the point of culmination and maintained
similar values until the end of the vegetative season (Figure 2a). Abundance arose multiple times
during the vegetative season, first in June, then in August, and once more, questionably, in October
(Figure 2b). These peaks are less noticeable in the urban environment due to the lower recorded values.
Diversity culminated earlier in the rural environment (July) than in the urban environment (August)
and maintained similar values until the end of the vegetative season afterward (Table 3, Figure 2c).
While values of species richness per tree were similar in May;, total species richness in the investigated
areas was constantly higher in the rural environment (Table 5).
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Figure 1. Effect of study site and habitat type on: (a) species richness, (b) abundance, (c) diversity of
leaf miners (mean + s.d.) (Ada = Ada Ciganlija, Kos = Kosutnjak, Obr = ObrezZ, Pro = Progar).

10 1 —e—Urb --0--Rur
I
3 _
g2 6 2
- 0O 4
85 4
o Q
g E
UQ')"S 2
£
0
1.5 +
(b)
1.2 A

Abundance (mines
per 100 leaves)

Shannon diversity
index value

May Jun Jul Aug Sep Oct

Figure 2. Seasonal dynamics of leaf miners: (a) species richness, (b) abundance, (c) diversity
(mean =+ s.d.) on trees in the urban and rural environments (Urb = Urban habitat; Rur = Rural habitat).
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Table 4. Effect of month of the vegetative season on species richness, abundance, and diversity in urban
and rural habitats, assessed by Friedman ANOVA (N is the number of the samples (trees) analyzed).

Analyzed Parameter Habitat Type N Df Chi Sqr. 4
Soecies richness Urban 97.154 0.000
P Rural 94.391 0.000
Urban 122.455 0.000
Abundance Rural 32 5 109.589 0.000
Diversit Urban 65.428 0.000
y Rural 89.459 0.000

Table 5. Species identified per habitat type per month.

Species May Jun Jul Aug Sep Oct
U R U R U R U R U R U R
Orchestes erythropus (Germ., 1821) +
O. pilosus (Fabr., 1781) +
O. quercus (L., 1758) + +
O. subfasciatus Gyll., 1835 + + +
Profenusa pygmaea (Klug, 1816) + + + 4+ + + 4+ + + 4+ o+ o+
Bucculatrix ulmella Zell., 1848 + + + + + + + + +
Coleophora flavipennella (Dup., 1843) +
C. ibipennella Zell., 1849 +
C. kuehnella (Goeze, 1783) + + +
Dyseriocrania subpurpurella (Haw., 1828) + + + o+ o+ o+
Acrocercops brongniardella (Fabr., 1798) + + o+
Caloptilia alchimiella (Scop., 1763) + + + + + + 4+ + + o+
Phyllonorycter harrisella (L., 1761) + + + 4+ + o+ 4+ + + + 4+
Ph. lautella (Zell., 1846) + +
Ph. messaniella (Zell., 1846) + 4+
Ph. muelleriella (Zell., 1839) + + + + +
Ph. quercifoliella (Zell., 1839) + + + + + + 4+ + + + + 4+
Ph. roboris (Zell., 1839) + + + + + o+ 4+ + + o+
Heliozela sericiella (Haw., 1828) + o+ + o+ +
Ectoedemia albifasciella (Hein., 1871) + +
E. caradjai (Gros., 1944) + + + + o+ o+
E. quinquella (Bed., 1848) +
E. subbimaculella (Haw., 1828) +
Stigmella atricapitella (Haw., 1828) + + + o+
S. basiguttella (Hein., 1862) + + + + o+ 4+
S. roborella (Johan., 1971) + 4+ + + o+ +
S. ruficapitella (Haw., 1828) + + o+ + o+
Tischeria decidua Wck., 1876 + + + + + + + + o+
T.dodonaea Stt., 1858 + + + + + + o+
T. ekebladella (Bjerk., 1795) + 4+ + + + + 4+ 4+ o+

Total species per habitat type per month 5 12 6 17 11 19 11 16 12 16 14 17

+ sign indicates the presence of the species in different habitat type in different months; U = Urban habitat,
R = Rural habitat.

4. Discussion

In this study, we determined a significant influence of the habitat type on the leaf miner community.
Considerably lower species richness, abundance, and diversity were recorded in the urban environment
in all the months of the vegetative season except for May. Most of the dominant species that were
present in both habitat types had a significantly lower abundance and frequency of occurrence in the
urban environment. T. dodonaea was unaffected by the habitat type, and Ph. harrisella even had higher
values in the urban environment. However, neither Rickman and Connor nor Moreira et al. [9,16]
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determined an influence of habitat type on the leaf miner community. On the other hand, Rickman
and Connor [9] found that some individual species can have higher and some lower abundance
in the urban environment, as determined similarly in our study. A decline in species richness and
abundance in the urban environment has also been recorded in other insect species, such as ants in
developing residential areas in the USA [24], sarcophagid Diptera in rural-urban gradient in Buenos
Aires [48], butterflies in urban green areas in South Korea [27], as well as in many other specialist insect
communities [11]. The decline in the leaf miners” diversity in urban habitats is also consistent with the
results of the studies on other insect species. Invertebrate diversity declines in the urban environment
in 64% of the cases. It is higher in the urban environment in 30%, while it does not differ from rural
habitats in 6% of the cases [64].

Many of the species that had a low frequency of occurrence and abundance in the rural environment
were not recorded in the urban environment. The majority of species that were most frequent and
abundant in the rural environment had considerably lower abundance in the urban environment.
According to E6tvos et al. and Denys and Schmidt [19,28], the disappearance of specialist species from
the urban environment is a common consequence of urbanization, so it is not surprising that many leaf
miner species reacted like this. Most of the species that were most frequent and abundant in the rural
environment did not adapt to the altered conditions in the urban environment successfully. However,
not all species in this study responded in the same manner to the differences between the habitat types.
Two species—Ph. harrisella (the most frequent species in the study) and T. dodonaea—were able to
adapt to the altered conditions in the urban environment successfully. The difference in the habitat
conditions did not have a considerable influence only on T. dodonaea, while Ph. harrisella was even
more frequent and abundant in the urban environment.

The urban environment where the research was conducted is considerably anthropogenically
altered. Here, the pedunculate oak trees are present in small, isolated fragments. The differences
in landscape-level factors between urban and rural areas most often influence the leaf miners’
abundance [9,16]. Of these landscape-level factors, fragmentation and reduction in habitat area are the
most significant. The influence of these two factors is most frequently negative [9,15,28,65]. However,
some consider this impact to be positive [66—68] or neutral [54,66]. The negative influence of these
factors determined in our study can be explained by several key differences between habitat types.
The analyzed pedunculate oak trees were more isolated in the urban environment. They composed
separated groups of four to nine trees and were surrounded by groups of other autochthonous and
allochthonous tree species, open areas with herbaceous vegetation, roads, and other anthropogenically
altered surfaces. The greater diversity of surrounding woody plants in the urban environment might
have negatively influenced the leaf miners’ community [54,69-71]. The intensity of chemical and
visual cues in these smaller, isolated groups of trees is considerably lower than that in the rural
pure, dense oak stands present in the rural environment [67,68]. This is why leaf miners have a
harder time finding suitable hosts. Leaf miners are weak flyers [9,56,57] so they are not successful at
colonizing the scattered fragments where pedunculate oak is present in the urban environment [68,72].
Many atmospheric factors are also frequently altered in the urban environment, compared to the
rural one. Specifically, an increase in temperature and CO, concentration are often emphasized as
the most important ones [16,28,44]. However, the temperature differences between urban and rural
areas in this study did not exceed the thermal safety limit of insect herbivores living in temperate
areas of 3.5 °C [16]. As the temperature was not measured at the exact location of the investigated
trees, we cannot definitely exclude its influence on the leaf miner community. The effects of CO,
were not estimated in this study, but Moreira et al. [16] concluded that even doubled concentrations
in urban areas do not have a significant influence on leaf miners. On the other hand, microclimate
conditions of the individual leaves can have an influence on the leaf feeding insects [73]. As the
canopy cover was significantly reduced in the urban environment, the leaves on those trees were
more exposed to direct sunlight. The increased temperature and lower humidity of the sun-exposed
leaves [73] could have influenced the leaf miner mortality. As leaf miners are closely connected
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with the leaf tissue during their larval development [35,37], it would be expected that the changes in
leaf traits caused by altered habitat characteristics would influence them. However, no influence of
chemical nor morphological leaf traits on the leaf miners’ community was determined in previous
studies [16,23,46,54]. Another plant trait that could have potentially affected the leaf miners in the urban
environment is premature leaf abscission [74,75]. Namely, when soil characteristics and canopy cover
are significantly disturbed [21,23,76,77], as in the investigated localities, plants are exposed to drought
stress, so they react by prematurely, abscising the leaves damaged by the leaf miners [18,74-76,78].
The larvae in those abscised leaves frequently cannot finish their development, so the mortality levels
increase further [74].

Considerable variation in species richness, abundance, and diversity of leaf miners was recorded
during the vegetative season in both urban and rural environments. While the impact of the differences
between urban and rural habitats on the leaf miners’ seasonality has never been studied, previous
studies on the seasonality of their natural populations on pedunculate oak found a similar pattern
such as the one determined in our study. The measured parameters were lowest at the beginning of
the vegetative season, and were significantly higher in the latter part of the vegetative season [41,79].
According to Southwood et al. [73], the culmination of leaf miner abundance in August is an evolutionary
trait that they developed to avoid the period of early spring. During that period, a large number
of defoliators that can eat the leaves on which they develop is present [73,75]. Multiple peaks in
abundance during the vegetative season were recorded in our research. This can be attributed to
the fact that the majority of the most frequent and most abundant species of leaf miners such as
Ph. harrisella, T. ekebladella, Ph. roboris, and Ph quercifoliella have multiple generations per vegetative
season [49,76]. The questionable peak in abundance in October can be attributed to the fact that the
mined leaves generally remain on the tree longer than the unmined ones [79]. While abundance had
multiple peaks during the vegetative season, species richness steadily increased until the moment
when all the identified species had already appeared. The reason for the slight decline in species
richness after the culmination is that some species such as P. pygmaea and C. alchimiella had only one
generation earlier in the season.

The values of species richness, abundance, and diversity were similar in the urban and rural
environments only at the beginning of the vegetative season. All parameters increased rapidly after
May and were considerably higher in the rural environment in the subsequent months. The most
favorable explanation for the considerably higher species richness, abundance, and diversity in the
rural environment in the months after May is that the leaf miner abundance decreased with a decrease
in the participation of host trees in the tree mixture [80,81]. The host trees in the urban environment
were scattered in groups, whereas pedunculate oak was present as the dominant species in dense forests
in the rural environment. Most of the determined frequent and abundant species are multivoltine,
so they might have had a harder time finding the suitable host trees for the development of the second
generation. Even if some females had found a suitable leaf for laying their eggs, the fate of those larvae
might have already been predetermined, as the drought-stressed plants tend to abscise the damaged
leaves [74,75]. The differences in abundance and species richness during the vegetative season can
also be explained by the fact that the investigated localities in the urban environment are treated for
ticks and mosquitos every spring, so some species might have reacted to those pesticides. While some
of them might have died from exposure to the insecticides, others might have migrated to the upper
parts of the crown that were not reached by the insecticide treatment. Because of this, they might
have not been detected in the analyzed samples, as the leaves were sampled up to a height of 8 m.
Human activity in the urban areas during the summer months could have also driven the leaf miners
to the higher parts of the crown, where the leaves frequently contain a higher level of nutrients [82].
According to Valencia-Cuevas and Tovar-Sanchez [83], there is a lack of literature that addresses the
study of habitat preference of arthropod communities associated with the oak canopies, so this should
be looked into with greater attention. The earlier culmination of diversity in the rural environment
is a consequence of the fact that most of the rare species have already appeared by that moment,
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and the abundance culminated in the following month. At the moment of culmination of abundance,
the presence of the most dominant and abundant species (the five of them that caused 85% of the total
number of mines) increased, and the participation of rarer species in the community decreased. As the
Shannon diversity index value is largely influenced by the evenness of participation of all species
in the community [84,85], the diversity was lower after the culmination of abundance. In the urban
environment, the abundance of the majority of these most frequent and most abundant species was
substantially lower, so the diversity culminated at the same time as species richness and abundance.

Pedunculate oak trees in the urban environment are of great importance as a species reservoir
because 60% of the leaf miners’ species identified in this study survived on them. As their abundance
is significantly lower than the abundance of the species identified in the rural habitat, their survival on
those trees is questionable because their populations are less stable [86,87]. This is why we should
preserve and improve the state of these urban green areas, which are gaining increasing importance
with the process of urbanization [13,35]. Although it has been found that the habitat type has a
significant influence on the leaf miners’” community, further research is needed to determine how,
and which individual factors affect this group of insects.

5. Conclusions

Habitat type considerably influences the pedunculate oak leaf miners’ community. This influence
is presented by the changes in species richness, frequency of occurrence, abundance, diversity, as well
as in seasonal dynamics. Considerably lower species richness, abundance, and diversity were recorded
on trees in the urban habitats. Of all the identified leaf miners, abundance and frequency of occurrence
of only one species were higher in the urban environment, while one species was not affected by habitat
type. Species richness, abundance, and diversity were similar in the urban and rural environments only
in May, while they were considerably higher in the rural environment in all of the subsequent months.
These differences can be mostly contributed to the landscape factors, but further research is needed to
determine how, and which individual factors that differ between urban and rural habitats affect this
group of insects. Despite the impact of habitat type, a great number (60%) of the species of leaf miners
survive in urban habitats. Because of this, the pedunculate oak trees in the urban environment are of
particular importance as a species reservoir, and we need to preserve them and strive to improve the
condition of urban areas in which they are present.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/12/1300/s1,
Figure S1: Map of the investigated localities.
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