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Abstract. Urbanisation is increasing globally and is considered to be a main driver of environmental change. Urbanisation-related
factors include reduced habitat size and increased spatial isolation of the remaining habitats. As a consequence, the dynamics
of plant and animal populations may change, which in turn might influence the quality and quantity of plant resources. Thus,
urbanisation has the potential to disturb plant-animal interactions such as herbivory or galling. In the urban-rural setting of Basel
(Switzerland), we aimed to assess whether the degree of urbanisation and forest size influence plant-galling infestation rates and
leaf damage by mining and chewing arthropods on three tree species (sycamore, beech, and ash). We recorded species-specific
responses to the degree of urbanisation and forest size. Gall infestation rate on sycamore leaves was affected by urbanisation
but not by forest size. In contrast, gall infestation rates of beech gall midges responded sensitively to increasing urbanisation and
decreasing forest size. The total leaf area damage caused by mining and chewing arthropods on sycamore was influenced by
urbanisation and increased with increasing forest size. Leaf area damage by miners in beech tended to be affected by the degree
of urbanisation, but not in ash. Urbanisation and forest size have the potential to alter herbivorous insect abundances. However,

the effects depend on tree species and herbivore guild.

INTRODUCTION

Urbanisation is increasing globally with a projected
population growth of 2.5 billion people in urban areas by
2050 (UN Urban Agenda, 2016). Urbanisation is therefore
considered a major driver of environmental change (Mar-
zluff et al., 2008; Groffman et al., 2014). The expansion of
built-up areas reduces the size of natural habitat patches,
increases the spatial isolation of the remaining patches and
alters the environmental conditions (New, 2015). Stud-
ies along urbanisation gradients have shown increases in
temperature (e.g. heat island effect) and nitrogen deposi-
tion and decreases in precipitation from rural surroundings
to the city centre (McIntyre, 2000; Pickett et al., 2011).
These environmental changes may influence habitat qual-
ity (McKinney, 2008) and thus alter plant species richness
and composition (Schmidt et al., 2014). Furthermore, these
urbanisation-related changes in environmental factors can
potentially affect both the quantity (primary production)
and quality (chemical composition) of the plants occurring
in the habitat patches (McKinney, 2008), which in turn
may influence higher trophic levels. Correspondingly, sev-
eral studies revealed that urbanisation reduces species rich-
ness and changes the species composition of invertebrates
(McKinney, 2008; McDonnell & Hahs, 2015). Urbanisa-
tion-related decreases in species richness were reported
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in butterflies (Di Mauro et al., 2007). Martinson & Raupp
(2013) reported a decrease in species richness in carabid
beetles, particularly in large, predatory and poor dispers-
ing species and those that have strict habitat requirements.
However, in the same meta-analysis, Martinson & Raupp
(2013) reported an overall neutral effect of urbanisation on
coleopteran herbivores, but a negative effect on the tiny
herbivores in this insect order. In contrast, several studies
showed that urbanisation increased the abundances and in-
festation rates of herbivorous arthropods (Christic & Ho-
chuli, 2005; Raupp et al., 2010).

A major aspect of urbanisation is the fragmentation of
natural and semi-natural habitats (Marzluff et al., 2008;
Raupp et al., 2010). Some meta-analyses reveal an over-
all lower level of damage by herbivorous insects in frag-
ments (Martinson & Fagan, 2014), whereas others reported
a neutral effect on overall herbivory (Rossetti et al. 2017).
Fragmented forests also seem to be subjected to more
pronounced edge effects than other semi-natural habitats
(Marzluff et al., 2008; Dale & Frank 2014). This assump-
tion was confirmed by several studies, which reported both
a higher abundance and species richness of herbivorous ar-
thropods and thus a higher extent of leaf damage in forest
edges than in the forest interior (Christie & Hochuli, 2005;
Guimaraes et al., 2014).

OPEN @ ACCESS



Meyer et al., Eur. J. Entomol. 117: 3448, 2020

Plant-arthropod interactions are important for the struc-
ture of ecosystems, because arthropods are the most di-
verse and abundant plant consumers and are important
prey items (McIntyre, 2000; Faeth et al., 2005; Raupp et
al., 2010). Plant-galling arthropods are a good model sys-
tem for assessing the response to environmental changes
because of their sedentary nature and high plant host speci-
ficity (Fernandes et al., 2014), and thus are dependent on
plant host quantity and quality (Cornelissen et al., 2008).
A variety of organisms can induce galls, including mites,
aphids, wasps and midges (Redfern et al., 2011). Galls
are induced by the stimuli of feeding and/or the release of
growth hormones by both the arthropod that initiates the
gall and subsequently the larvae developing within the gall
interacting with the defensive response of the host plant
(Ananthakrishnan, 1984). Galling organisms can alter
plant phenology and enhance plant quality, which can
benefit other herbivorous arthropods (Ohgushi, 2005; Cor-
nelissen et al., 2016). Plant-galling arthropods are able to
create an optimal micro-climate inside their galls allowing
them to regulate the humidity (Price et al., 1987; Miller
III et al., 2009) and are therefore highly successful and di-
verse in dry environments (Fernandes & Price, 1992). The
few studies investigating the impact of urbanisation on the
infestation rates of the plant-galling arthropods yielded
contrasting results. McGeoch & Chown (1997) and Min-
galeva et al. (2011) reported a reduction in infestation rates
of galling arthropods with urbanisation, whereas Dreistadt
et al. (1990) and Sumoski et al. (2009) reported positive
effects and Skrzypczynska (2004) found an overall neutral
effect of urbanisation.

Forests are one of the most frequent types of green area
in cities and provide a wide range of ecosystem functions
(Dwyer et al., 1992). We examined the impacts of degree
of urbanisation and forest size on the occurrence and fre-
quency of plant-galling arthropods and the extent of leaf
damage by other herbivorous insects on three tree species
(Acer pseudoplatanus, Fagus sylvatica and Fraxinus ex-
celsior) in the city of Basel, Switzerland. In particular, we
examined the following question: Are the infestation rates
of galls and extent of grazing damage to leaves on young
sycamore, beech and ash trees differently influenced by
both the degree of urbanisation and size of urban forests?

MATERIALS AND METHODS

Study area

This study was carried out in the Canton of Basel-Stadt, Swit-
zerland (hereafter referred to as Basel, 47°34'N, 7°36'E, eleva-
tion: 245-522 m a.s.l.). The area studied is 37 km?, consisting of a
residential area of 26.3 km? (70.9%), 4.5 km? of agricultural land
(12.1%), 4.4 km? of forest (11.7%) and 1.7 km? of water bodies
(4.5%). It includes the city of Basel and the municipalities Riehen
and Bettingen with a total of 198,206 citizens. Basel has a mean
annual precipitation of 842 mm and mean annual temperature of
10.5°C.

Forest and landscape characteristics

To assess the potential effects of the degree of urbanisation and
forest area on the diversity of plant galls, we chose 20 mixed de-
ciduous forests ranging in size from 258 m? to 50,000 m?> (Table
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S1). These forests are embedded in a small-scale mosaic of set-
tlements and green areas with different habitats within short dis-
tances. Historically, these forests were either part of larger forests
or planted in the 19" century (Table S1). Management of the for-
ests (time since last thinning and management intensity) did not
differ between the forests investigated. In these forests, the target
tree species: sycamore (4. pseudoplatanus), European beech (F.
sylvatica) and ash (F. excelsior), are the most abundant species in
both the tree and shrub layer. A high richness of vernal geophytes
including Anemone nemorosa, Ranunculus ficaria, Polygonatum
multiflorum and Arum maculatum occurs in the ground vegeta-
tion. Plant species richness and composition of the ground veg-
etation and in both the shrub and tree layers were determined in
each forest (Melliger et al., 2017). Canopy closure was assessed
using twelve photographs of each forest, which were then ana-
lysed using the pixel counting function in Adobe Photoshop (ver-
sion 10.0.1). In addition, potential effects of soil characteristics
on plant galls and gall infestation rates, soil moisture content (%),
total soil organic matter content (SOM) and total soil organic ni-
trogen were determined for each forest (Melliger et al., 2017).

To assess the degree of urbanisation, the percentage cover
of sealed area within a radius of 500 m around the study site in
each forest was determined using satellite images of each for-
est (Google Earth, 2009, date: 6 May 2014) and pixel counting
function in Adobe Photoshop (version 10.0.1). The degree of ur-
banisation of the 20 forests examined ranged from 3% to 70%
(Table S1).

Plant gall survey

In each forest, we established six sampling plots measuring 2
m x 2 m. Three of them were randomly placed at the forest edge
and three in the forest interior (at least 5 m from the forest edge).
The only criteria were that at least one of the three tree species
had to occur in each plot. The inter-plot distance always exceed 5
m. In each plot, we recorded the number of young trees (height:
30-250 cm) of three species: sycamore (4. pseudoplatanus), Eu-
ropean beech (F. sylvatica) and European ash (F. excelsior). On
each of these trees, we counted the number of uninfested and gall-
infested leaves. Furthermore, we measured the height of each tree
in each plot. Tree density was expressed as the number of trees
per 4 m? for each species in each plot. Overall, we surveyed a
total of 804 trees and 41,557 leaves; 328 sycamore trees (8,276
leaves), 315 beech trees (29,403 leaves) and 161 ash trees (3,878
leaves) in the 20 forest sites.

The galls were identified to species level using the keys of Buhr
(1964/65), Redfern et al. (2011) and Bellmann (2012), with a few
exceptions. Aceria cephalonea and Aceria macrorhyncha were
grouped together as sycamore gall mites, while the aphid Pro-
ciphilus and the psyllids of the genus Psyllopsis were identified
to genus level. The plant gall survey was conducted between 16
August and 7 September 2016.

Gall mortality

We determined the percentage of mortality of galling arthro-
pods in a sub-sample of the infested leaves recorded for each tree
species in each plot. We randomly selected six leaves from each
focal tree species among all leaves infested by galls in each plot.
The sampling procedure yielded 533 leaves (204 sycamore, 238
beech and 91 ash leaves) with a total of 1,099 individual galls.
863 plant galls (excluding 126 gall mite galls, 6 aphid galls and
104 psyllid galls because of the uncertainty of the identification
of the inhabitants) were dissected and gall mortality type was de-
termined according to the modified key of Kelch et al. (2016). We
classified mortality as: parasitoid attack, predation, fungus infec-
tion or unknown. The classification “unknown” was given to fully
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formed galls with no inhabitant (larvae or pupae) present. Larvae
and parasitoids in the plant galls were identified using the Uni-
versal Chalcidoidea Database (Noyes, 2012) and Himenopters de
Ponent (Escola, 2012) and the parasitoid larval key in Redfern &
Askew (1992).

Leaf damage

Damage of leaves by herbivores was expressed as percentage
leaf area lost and was considered as a measure of the herbivore
pressure in urban forests. We randomly sampled six leaves from
each focal tree species in each plot between 16 August and 7 Sep-
tember 2016. When there were more than six young trees (height:
30-250 cm) of a particular species in a plot we randomly chose
six trees and sampled a single leaf from each tree. The six leaves
covered the height range of 30 to 250 cm. When less than six
young trees of a species were present in a plot (mainly ash), then
we sampled two or more leaves from each tree over the entire
height range. To determine the percentage leaf area removed by
arthropod feeding, we used the WinDias 3.03 Image Analysis
System (Delta-T Devices Ltd., UK). Leaf damage was then cat-
egorized into three types using a slightly modified classification
of Gossner et al. (2014): (1) chewing damage such as circular
area of damage, for example caused by adult beetles of Orchestes
fagi in spring on F. sylvatica leaves, and chewing of leaf margins
caused by larvae of various Lepidoptera, Symphyta and Coleo-
ptera, or (2) damage caused by leaf mining moths and beetles. To
identify the species that caused the leaf damage we used the key
provided by Gossner et al. (2014) and the website http://bladmin-
eerders.nl/ as an identification guide (Ellis, 2017).

Statistical analyses

Data analyses for each tree species were conducted separately,
because beech trees did not occur in some forests. The infesta-
tion rates of plant galls was assessed at the leaf level for each of
the three tree species. The percentage infestation by plant galls
was calculated using the number of leaves infested divided by
the total number of leaves in each plot. The infestation rate was
calculated for all galls combined and for those induced by the
following species: Aceria spp., Pediaspis aceris, Mikiola fagi,
Hartigiola annulipes, and Psyllopsis sp., separately. The gall-
ing-arthropods Dasineura fraxini and Prociphilus sp. were only
recorded in a few forests and therefore could not be considered
in further analyses. The percentage of leaves damaged was first
based on the number of leaves, which exhibited any sign of dam-
age (e.g. chewing damage) divided by the total number of leaves
examined. In a second approach, each leaf sampled from the three
tree species was assessed for leaf damage (expressed as percent-
age of total area damaged). In addition, the percentage of area
damaged by chewing and mining arthropods or by fungi was also
determined. For data analysis, mean values were calculated for
the different plant galls and leaf damage data for each of the tree
species for each plot. Leaf damage caused by herbivorous arthro-
pods, which were recorded in less than half of the forests, were
omitted from this analysis.

Based on the percentage of cover of sealed area in their sur-
roundings, the forests were classified into sites with low (<15%),
medium (15-30%) or high (>30%) degree of urbanisation. For-
ests were also assigned to one of three size classes: small (<4,000
m?), medium-sized (4,000-10,000 m?) or large (>10,000 m?) for-
ests (Table S1). Preliminary analyses revealed that the edge factor
had no effect on the overall gall infestation rate in any of the three
tree species or for any of the galling arthropod species separately.
Neither was there an effect on the different types of leaf damages.
We therefore analysed the mean values of the data of the six plots
in each forest without considering the edge factor.
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We used analysis of covariance (ANCOVA) to examine poten-
tial effects of the degree of urbanisation and forest size on the
infestation rate of leaves by each plant gall species separately as
well as all species of galling insects combined. We used degree of
urbanisation and forest size as factors, and various forests char-
acteristics as cofactors in the ANCOVA models for all three tree
species. First, we tested for inter-correlation among the explana-
tory variables (Table S2a—f). Variables that were not normally
distributed were transformed (arcsin sqr). Percentage of syca-
more leaves infested with the galls of Aceria spp. and Pediaspis
aceris, percentage sycamore leaf area damage caused by chewing
and mining insects and damage by Heterarthrus aceris, Heterar-
thrus cuneifrons and Stigmella speciosa were transformed. For
beech, percentage leaf area damage by mining and by Orchestes
fagi and for ash total percentage leaf area damage and percentage
of damage due to mining insects and Gracillaria syringella were
transformed. We checked the residuals of the ANCOVA for nor-
mal distribution using Shapiro-Wilk Normality test. The results
indicated that the requirements of the model were fulfilled. The
same model was used to assess the influence of the degree of ur-
banisation and forest size on the percentage of leaf area damaged
by herbivorous arthropods and endophytic fungi. Furthermore,
five frequently occurring species of galling insects and five her-
bivorous species were statistically analysed.

All models were stepwise reduced as recommended in Chapter
9 Statistical Modelling by Crawley (2007), but the main factors,
degree of urbanisation and forest size, were always retained. We
used the Tukey HSD function for multiple comparisons (post hoc
tests) between the different classes of degree of urbanisation and
forest size. Statistical analyses were performed using software R
(R Core Team, 2015).

RESULTS

On the 328 sycamore trees, 595 out of 8,276 (7.2%)
leaves were infested with galls. On the 315 beech trees,
2,374 0f 29,430 (8.1%) leaves were infested with galls. For
161 ash trees, 179 of 3,878 (4.6%) leaves were infested
with galls.

Effects of urbanisation and forest size
on plant galls

Degree of urbanisation affected the percentage of syca-
more leaves infested by galls (Fig. 1; Table S3a). The high-
est gall infestation rate was recorded in forests in areas with
low compared to medium and high degrees of urbanisation
(Fig. 1). Similarly, the degree of urbanisation affected the
percentage of beech leaves infested with M. fagi, but not
the percentage of beech leaves infested by total galls (Fig.
2; Table S3b). For ash leaves, gall infestation rate was not
influenced by the degree of urbanisation.

Forest size did not affect the percentage of sycamore
leaves infested by galls (Table S3a). Considering beech, in-
creasing forest size did not affect the percentage of leaves
infested by total galls, but percentage of leaves infested
with M. fagi tended to be affected by forest size (Fig. 3;
Table S3b). For ash, the percentage of leaves infested by
galls was not influenced by forest size (Table S3c). The
degree of urbanisation and forest size interaction was not
significant for any of the tree species (Table S3a—).

The assessed forest site characteristics influenced gall in-
festation rate of the three tree species to a different degree.
For sycamore, P. aceris infestation rate was significantly
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Total sycamore galls
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e

low medium high
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Fig. 1. The percentage of sycamore (Acer pseudoplatanus) leaves
infested with galls in areas with different degrees of urbanisation.
Different letters indicate significant differences among different de-

grees of urbanisation (low, medium, high), Tukey HSD, P < 0.05.
Mean values * SE are presented (n = 19).

influenced by the total number of leaves and canopy clo-
sure (Table S3a). For beech, M. fagi infestation rate signifi-
cantly increased with increasing plant height (r, = 0.71,n =
12, P = 0.010; Table S3b). For ash, Psyllopsis sp. infesta-
tion rate tended to increase with increasing shrub species
richness (r, = 0.45, n = 19, P = 0.053; Table S3c).

In addition, a subset of leaves was sampled to assess the
percentage mortality of the gallers. Out of a total of 863
individual galls recorded on the 346 infested leaves sam-
pled in the 20 forest sites, 494 of galls were those of gall
midges (43 D. fraxini, 300 H. annulipes, 151 M. fagi) and
369 were those of gall wasps (P. aceris). The total percent-
age mortality of the sycamore gall wasp P. aceris was high
(mean: 89.8%; Table S4). The percentage mortality of the
two gall midges, M. fagi and H. annulipes, recorded on
beech leaves was 47.0% and 80.3%, respectively (Table
S4). For the ash gall midge D. fraxini, none of the galls
collected in six forest sites were parasitized or killed by
predators or fungus. However, for more than one third the
galls fate was unknown (37.4%; 0—-100%). Due to the un-
even distribution of leaves with galls sampled in the forest,
mortality could not be analysed statistically.

Effects of urbanisation and forest size
on leaf damage

Overall 84% of the leaves collected were damaged (877
from a total of 1,044 leaves). Considering tree species,
86.2% of sycamore leaves (357 from 414), 80.5% of beech
leaves (256 from 318) and 84.6% of ash leaves (264 from
312) were damaged. The percentage of leaf area damaged
averaged 3.8% for all three species combined (3.7% for
sycamore, 3.3% beech and 4.3% ash). Damage by chew-
ing insects was the most common type (54.7% leaves
damaged; 4.4% leaf area damaged); followed by mining
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Fig. 2. The percentage of beech tree (Fagus sylvatica) leaves in-
fested with total galls (a) and those of the gall midge Mikiola fagi
(b) in areas with different degrees of urbanisation. Different letters
indicate significant differences among different degrees of urbani-
sation (low, medium, high), Tukey HSD, P < 0.05. Mean values +
SE are presented (n = 12).

(26.2%; 5.0%); and lastly by fungi (3.2%; 2.8%). Mean
leaf area damaged was not correlated with gall infestation
rate in any of the three tree species (in all cases P > 0.23;
Fig. Sla—c).

Damage by nine herbivore and two fungal species were
recorded on sycamore leaves (Table S5). The most com-
mon damage on sycamore leaves were caused by the saw-
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Fig. 3. The percentage of beech tree (Fagus sylvatica) leaves in-
fested with total galls (a) and those of the gall midge Mikiola fagi (b)
in different sized forests. Different letters indicate significant differ-
ences among different forest sizes (small, medium, large), Tukey
HSD, P < 0.05. Mean values + SE are presented (n = 12).
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a) Total leaf area damage b) Mining damage
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Fig. 4. The percentage of total leaf area damaged on sycamore
(Acer pseudoplatanus) (a), the percentage of leaf area damaged
by mining arthropods (b) and the percentage leaf area damaged by
the sawfly Heterarthrus aceris (c) in areas with different degrees of
urbanisation. Different letters indicate significant differences among
different degrees of urbanisation (low, medium, high), Tukey HSD,
P < 0.05. Mean values + SE are presented (n = 19).

fly Heterarthrus cuneifrons (10.4%; 0.49%; percentage of
leaves damaged and mean percentage of leaf area dam-
aged), the moth Stigmella speciosa (10.1%; 0.31%), the
sawfly Heterarthrus aceris (8.7%; 0.43%) and the fungus
Rhytisma acerinum (7.5%; 0.17%). Damage of six her-
bivorous species was recorded on beech leaves. The most
common damage was caused by the weevil Orchestes fagi
(chewing damage: 28.9%; 0.97%, and mining damage:
7.2%; 0.22%) and the moth Phyllonorycter maestingella
(5.7%; 0.31%). On ash leaves, three species of herbivo-
rous moths were recorded, namely Gracillaria syringella
(8.3%; 1.29%), Prays fraxinella (4.2%; 0.13%) and Co-
leophora badiipennella (1.3%; 0.02%; Table S5).

Degree of urbanisation affected the total percentage of
leaf area damaged in sycamore (Fig. 4; Table S6a). Among
the three damage types, urbanisation affected the percent-
age of leaf area damaged by mining insects. Furthermore,
the percentage of leaf area damaged by the sawfly Heter-
arthrus aceris was influenced by the degree of urbanisa-
tion (Fig. 4; Table S6a). For beech and ash, the degree of
urbanisation did not influence the percentage of leaf area
damaged (Table S6b, c).

Increasing forest size significantly increased the total
percentage of leaf area damage on sycamore (Fig. 5; Table
S6a). The same pattern was found for the percentage of
sycamore leaf area damaged by chewing insects. For beech
and ash leaves, forest size was affected by neither total
percentage leaf area damaged nor damage types. The sig-
nificant interaction between urbanisation and forest size
was a result of a lower incidence of chewing damage in
small forests than in large forests in highly urbanised areas
(Table S6b).
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Fig. 5. The percentage of total leaf area damaged on sycamore
(Acer pseudoplatanus) (a) and the percentage of leaf area dam-
aged by chewing arthropods (b) in different sized forests. Different
letters indicate significant differences among different forest sizes
(small, medium, large), Tukey HSD, P < 0.05. Mean values + SE
are presented (n = 19).

Environmental characteristics of forest sites influenced
leaf area damage in various ways. Considering sycamore,
chewing leaf area damage was influenced by total number
of leaves and increased with increasing canopy closure (r,
=0.48, n =19, P = 0.041; Table S6a). For beech, mining
damage was affected by tree richness and positively cor-
related with tree density (r, = 0.75,n =12, P=0.005; Table
S6b). Regarding ash, total leaf area damage was influenced
by tree richness and increased with increasing soil mois-
ture (r, = 0.62, n = 19, P = 0.006; Table S6¢). Furthermore,
chewing leaf area damage of ash was influenced by total
number of leaves and was positively correlated with soil
moisture (r, = 0.48, n = 19, P = 0.041). Ash mining leaf
area damage and damage by G. syringella was influenced
by tree richness (Table S6c).

DISCUSSION

Effects of urbanisation and forest size
on plant galls

Our study showed both tree species-specific and arthro-
pod species-specific responses of gall infestation to the de-
gree of urbanisation and forest size. For beech trees, the
gall infestation rate at the leaf level (7.0%) reported here
is similar to that reported in a German beech forest (10%;
Gossner et al., 2014), but lower than in a beech forest in
Poland (35%; Pilichowski & Giertych, 2018). Gall infesta-
tion rate was, however, slightly higher than the average of
4.4% recorded in temperate forests (Kozlov et al., 2015).

In this study, an increase in the degree of urbanisation
had a negative effect on gall infestation rates, especially
for the beech gall midge M. fagi. Although some galling
species may be found to be more prevalent in urban areas
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(Frankie et al., 1987), our result is consistent with find-
ings of McGeoch & Chown (1997) and Mingaleva et al.
(2011), who report an overall reduction in gall infestation
rate on seven tree species in urban areas (but these studies
did not investigate beech, Fagus sylvatica) and Segebade
& Schaefer (1979), who found M. fagi to be completely
absent in urban trees. In sycamore trees, our result that
leaf gall infestation was highest in low urbanised areas,
contrasts previous findings of Skrzypczynska (2004) and
Segebade & Schaefer (1979), who reported higher infesta-
tion rates of Aceria cephalonea and Aceria macrorhyncha
in urban areas.

Various factors may contribute to the distribution pat-
terns of galls, including forest fragmentation, abiotic fac-
tors such as the thermal radiation from urban environments
and humidity, spatial distribution of trees, leaf quality,
availability of overwintering sites and dispersal capabili-
ties.

Several studies reported higher gall infestation rates in
small forest fragments than in large forests due to edge ef-
fects resulting in increased stress of the plants (Araujo &
Espirito-Santo Filho, 2012) or increased plant vigour, re-
duced mortality or changes in microclimate (Akkuzu et al.,
2015; Maldonado-Lopez et al., 2015; Kelch et al., 2016).
However, none of these studies were conducted in forests
embedded in an urban matrix. In our study, we recorded
that the infestation rate of the beech gall midge M. fagi was
more pronounced in large than in small forests.

Forests of various sizes may also differ in their local
climatic conditions. In particular, small urban forests are
more subject to higher temperatures and lower humidity
(Marzluff et al., 2008; Dale & Frank, 2014), which can
negatively (Valladares et al., 2006) or positively impact
herbivorous insects (Youngsteadt et al., 2015). A previous
study conducted in the same forest sites could not detect
any temperature increase in forests in highly urbanised
areas (Melliger et al., 2017), probably because forests
can buffer part of the elevated temperature in urban areas
(Long et al., 2019).

Galling species are able to manipulate their micro-envi-
ronment, for example, by regulating the humidity inside
the galls (Fernandes & Price, 1992). Galling insects have
been found to be more species-rich in xero-thermic regions
in the USA and Brazil (Price et al., 1987). A vertical strati-
fication sampling of beech leaves in a rural German beech
forest showed that M. fagi infestation was not affected by
differences in temperature and humidity levels (Stiegel &
Mantilla-Contreras, 2018). Although beech trees are sensi-
tive to water deficit, M. fagi is probably not more vulner-
able to the drier climatic conditions in small urban forests.

The gall midge M. fagi can exploit beech trees in a wide
range of environments, which can result in potential out-
breaks (Skuhravy & Skuhrava, 1996; Urban, 2000). A
higher abundance of beech trees caused overall a positive
effect on gall midge incidence (Mangels et al., 2015). Sim-
ilarly, the larger forests in our study had on average higher
densities of beech saplings and thus higher beech gall in-
festation rates. In accordance, M. fagi gall infestation rates
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were positively related to tree height. These relationships
can be explained by the resource concentration hypothesis
(Root, 1973), which states a greater prevalence of host
plants results in larger herbivore populations (Schnitzler et
al., 2011).

Urban forests are frequently used for recreation, which
can result in soil compaction and reduction in the amount of
leaf litter (New, 2015). In the forests examined, a reduced
litter biomass was recorded in small forests (Melliger et al.,
2017). This may negatively impact the litter overwintering
habitat for the pupae of M. fagi, as suggested by Segebade
& Schaefer (1979).

Fragmentation decreases the connectivity between habi-
tat patches by disrupting insect movement, which reduces
the probability of colonizing more isolated habitat patches
(Harvey & MacDougall, 2015). It is expected that some
traits such as body size and high resource specialisation are
the key factors, which result in a more pronounced nega-
tive response to spatial scale (Tscharntke & Brandl, 2004).
Therefore, it is possible that small host-plant specialist gall
midges (Carneiro et al., 2009), with relatively short active
dispersal ranges from 1-7 m for Rhopalomyia californica
to 500 m for Sitodiplosis mosellana (Briggs & Latto, 2000;
Hao et al., 2013), could be negatively affected by increas-
ing habitat fragmentation. A study on vertical zonation in
North western Switzerland indicated that females of M.
fagi were capable of flying up to the canopy (>30 m) for
oviposition (Kampichler & Teschner, 2002), but greater
flight distances have not been recorded for this species.
This negative fragmentation effect may be even more pro-
nounced during passive long-distance dispersal attempts
in a complex (urban) landscape than in a homogenous
landscape due to a lower probability of randomly reaching
a suitable habitat patch (Miao et al., 2013; Martinson &
Fagan, 2014; O’Rourke & Petersen 2017).

According to the predator-avoidance hypothesis, ur-
banisation can result in a reduced parasitism rate of plant-
galling arthropods in urban areas (Frankie et al., 1987;
Mclntyre, 2000). However, we were not able to test this
hypothesis. Nonetheless, the low parasitism rate recorded
in the gall midges M. fagi, H. annulipes and D. fraxini
could be a result of their hypersensitivity (localised resist-
ance of host plant against pathogens), being the main cause
for larval mortality early in development, which prevents
the possibility of parasitism (Fernandes et al., 2003; Pili-
chowski & Giertych, 2017). In contrast, high parasitism
rates, reported here for the sycamore gall wasp P. aceris
(71.4-100%) have also been reported in other gall wasps
(Stone et al., 2002).

Effects of urbanisation and forest size
on leaf damage

We recorded an overall high percentage (84%) of leaves
damaged, but low mean leaf area damaged (3.8%) by her-
bivorous arthropods. Independent of different sample sizes,
the extent of leaf area damages was very similar to that
reported in other studies in beech forests (80% of leaves
and 6% of leaf area damaged; Gossner et al., 2014) and in
urban areas (87% of leaves and <5% of leaf area damaged;
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Christie & Hochuli, 2005). However, higher leaf area dam-
ages were reported in temperate regions (7.1%; Coley &
Barone, 1996; and 7.6%; Kozlov et al., 2015).

We found host-specific responses to urbanisation, which
were only significant in sycamore. The highest level of
sycamore leaf damage was found in highly urbanised sites,
supporting the results of other studies (e.g. Christie &
Hochuli, 2005; Raupp et al., 2010; Meineke et al., 2013).
Considering exclusively sycamore and beech leaf mining
damage, its extent was most pronounced in forests situated
in areas with a low degree of urbanisation. This reflects
findings of prior studies that showed reduced leaf damage
in urban trees (Nuckols & Connor, 1995; Mingaleva et al.,
2011; Kozlov et al., 2017). This pattern was explained by
predatory activity of generalists including ants and birds in
urban areas (Kozlov et al., 2017). However, a study on oak
herbivory found no effects of urbanisation on leaf damage
by mining arthropods, but rather a 30% reduction in chew-
ing damage in urban areas (Moreira et al., 2019). Although
we could not find an overall negative effect of urbanisa-
tion on chewing damage on sycamore, the interaction with
forest size revealed a combined negative effect causing a
lower sycamore chewing damage level in small forests, es-
pecially in highly urbanised areas.

In our study, small forests had the lowest total leaf dam-
age and chewing damage in sycamore. Reduced chewing
damage in small forests compared to large continuous for-
ests was also reported by Ruiz-Guerra et al. (2010). The
observed reduction in leaf damage could be a result of a
negative effect of fragmentation on the abundance of fo-
livorous arthropods (Valladares et al., 2006; Martinson
& Fagan, 2014; Chavez-Pesqueira et al., 2015). Environ-
mental variables have the potential to influence the abun-
dance of particular leaf mining species (Raupp et al., 2010;
Stiegel & Mantilla-Contreras, 2018; Vidal & Murphy,
2018). Our result that both the total leaf area damage on
ash and chewing damage on ash were positively affected
by soil moisture, contrasts previous findings of a negative
relationship between urban heat stress and the extent of in-
sect pest infestations (Meineke & Frank, 2018).

In conclusion, our study revealed that urbanisation and
forest size have the potential to disrupt plant-arthropod
interactions. The varying responses of galling and other
herbivorous arthropods to urbanisation and forest size may
be a result of local environmental conditions, tree-specific
responses as well as herbivore species-specific responses
(e.g. limited dispersal capabilities, host specificity). Never-
theless, we were able to show that the effects of urbanisa-
tion and a reduction of forest size did not benefit most plant
galling or herbivorous arthropods, but rather negatively
impacted the infestation rates of some arthropods such as
the beech galling midge, M. fagi.
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Table S1. Characteristics of the 20 deciduous forest sites examined. Percentage sealed area within a radius of 500 m was assigned to three degrees of
urbanisation: low (<15%), medium (15-30%) or high (>30%). The forests were categorised into three forest size classes: small (<4,000 m?), medium-sized
(4,000—-10,000 m2), or large (>10,000 m?). GPS coordinates and elevation were obtained from www.map.geo.admin.ch.

GPS Elevation Segled area Urbanisation Forest Forest Type of Forest 80|I' Canopy .ShFUb 'Tree
Forest coordinates (m. a.s.l.) within a radius level size class forest age organic moisture closure richness richness
T of 500 m (%) (m?) (years) matter (%) (median) (median)
N . 47°34°08"N medium-
Barlauchweglein 7°39°06°E 346 12 low 8908 sized planted 58 223 2691 942 5 2
. 47°3310"N . medium-
Breite 7°36°51°E 264 39 high 7049 sized planted 58 2558 17.71 96 6.5 3.5
Chrischona 4773(;1;50[2‘ 485 4 low 14000 large forest >200 23.55 32.58 93.05 4 3
Friedhof Rishen T~ 4/ 3356 N ¢ 25 medium 4234 MU Jonted 81 1058 1425 9288 6 15
7°38°29°E sized
Friedhof Riehen Wald 4733 49N 30, 12 low 4034 MeIUMgest 5200 1342 213 955 65 1
7°38°42E sized
. . 47°32°11"N .
Flrstensteinerstrasse 7°36°07°E 299 54 high 3244 small fragment 134 21.67 25.13 96.9 6 3
P 47°34°52"N ) medium-
Glogglihof 7°38'53°E 280 33 high 5765 sized planted 131 16.76 22.06 98.3 5 3
. . 47°32°17°'N .
Gundeldingerrain 7°35°30°F 301 44 high 2285 small planted 74 16.3 2391 95.86 55 3.5
Hohlweg 47{, 35. 15,, N 332 10 low 2800 small planted 58 19.05 18.75 97.44 9 3.5
7°39°57°E
47°31°57"'N .
Jakobsbergerholz 7°36'10°E 305 44 high 14000 large fragment 134 13.54 1557 98.21 55 2.5
A 47°31°49"N .
Jakobsbergerholzli 7°35'50°E 336 22 medium 21000 large fragment 134 13.76 17.93 97.64 5.5 2
47°34'33"N .
Lange Erlen 7°3618°E 252 20 medium 21000 large forest >200 12.57 19.11 97.86 4.5 2.5
. 47°34°25"'N
Linsberg 7°39°50°E 425 10 low 50000 large forest >200 20.83 25.26 96.91 9 6
Maienbiihl “ 305,11&\' 349 3 low 34000 large forest >200 20.18 2377 9714 25 15
47°32°31"N .
Margarethenpark 7°35°01°E 301 35 high 19000 large fragment 136 13.39 20.53 96.09 6 3
. 47°34'51"N . medium-
Mooswaldli 7°39'37°E 297 16 medium 4686 sized fragment 131 15.14 27.34 94.71 6 2.5
) 47°35°05"N medium-
Salamanderwegli 7°40°09°E 317 8 low 4061 sized planted 95 13.57 23.2 97.28 2 2.5
Singerstrasse 4;;;;?;‘ 276 70 high 1084 small planted 113 28.09 1486 981 25 2
. 47°3512"N .
Teich 7°38°50°E 275 17 medium 258 small planted 58 18.15 13.86 93.9 3 3
Wenkenkdpfl 47703?;22;,;' 372 12 low 36000 large fragment 131 233 2741 978 7 2

Table S2. Inter-correlations (Spearman correlations) among tree and forest

(d) Sycamore forest characteristics
site characteristics.

Soil moisture vs. soil organic matter content  r_=0.26, n =19, P =0.275
Soil moisture vs. canopy closure r,=0.16,n =19, P =0.522

(a) Sycamore tree characteristics

Number of leaves vs. average tree height
Number of leaves vs. density of trees
Average tree height vs. density of trees
Canopy closure vs. average tree height
Canopy closure vs. density of trees

r.=-027n=19,P=0263
r,=0.89, n =19, P <0.001
r_=-0.54,n=19, P =0.017
r.=-0.03,n=19,P=0.918
r,=0.11,n=19, P = 0.642

Canopy closure vs. soil organic matter contentr, =-0.02, n = 19, P = 0.928
Canopy closure vs. shrub richness r,=-0.09,n=19, P=0.708
Canopy closure vs. tree richness r,=-0.30,n=19, P =0.916
Tree richness vs. shrub richness r,=0.15,n =19, P =0.540

(e) Beech forest characteristics

(b) Beech tree characteristics

Number of leaves vs. average tree height
Number of leaves vs. density of trees
Average tree height vs. density of trees
Canopy closure vs. average tree height
Canopy closure vs. density of trees

r,=0.48n=12,P=0.115
r.=0.82, n =12, P <0.001
r,=0.01,n=12,P=0974
r_=0.64,n =12, P =0.028
r,=-0.53,n =12, P = 0.079

Soil moisture vs. soil organic matter content  r_=0.57, n =12, P = 0.059
Soil moisture vs. canopy closure r,=021,n=12,P=0.514
Canopy closure vs. soil organic matter contentr, =-0.14, n = 12, P = 0.667
Canopy closure vs. shrub richness r,=0.14,n=12, P =0.661
Canopy closure vs. tree richness r,=-0.16,n=12, P =0.618
Tree richness vs. shrub richness r,=0.07,n=12,P=0.832

(c) Ash tree characteristics

(f) Ash forest characteristics

Number of leaves vs. average tree height
Number of leaves vs. density of trees
Average tree height vs. density of trees
Canopy closure vs. average tree height
Canopy closure vs. density of trees

r,=0.17 n=19, P = 0.484
r_=0.71,n =19, P <0.001
r,=-0.40,n =19, P = 0.092
r,=0.16,n =19, P = 0.498
. =-0.30,n =19, P =0.204

Soil moisture vs. soil organic matter content  r =0.21,n=19, P =0.394
Soil moisture vs. canopy closure r,=0.36,n=19,P=0.135
Canopy closure vs. soil organic matter content r, = 0.15, n = 19, P = 0.541
Canopy closure vs. shrub richness r,=0.04,n=19,P=0.861
Canopy closure vs. tree richness r,=0.19,n=19, P =0.443
Tree richness vs. shrub richness r,=0.35n=19,P=0.143
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(g) Herbivore damage (% leaf area loss) and % leaves infested with galls

Sycamore

Herbivore damage vs. gall infestation rate r,=0.02,n=19, P =0.926
Beech

Herbivore damage vs. gall infestation rate r,=0.37,n=12,P=0.238
Ash

Herbivore damage vs. gall infestation rate r,=0.17,n =19, P = 0.446

doi: 10.14411/eje.2020.004

Table S3. Summary of ANCOVA analyses examining the effects of urbanisation, forest size, tree height, total number of leaves, and den-
sity of trees (number of tree individuals/4 m?), soil organic matter, soil moisture, canopy closure, shrub richness and tree richness, on the
percentage of leaves infested by galls for (a) sycamore, (b) beech and (c) ash.

(a) Sycamore (Acer pseudoplatanus)

Percentage of leaves infested by

Total galls Gall mites Aceria spp. Gall wasp Pediaspis aceris
d.f. F P d.f. F P d.f. F P
Degree of urbanisation 2,3 11.85 0.038 2,8 1.21 0.347 2,10 1.87 0.204
Forest size 2,3 1.64 0.833 2,8 1.01 0.408 2,10 2.37 0.143
Tree height’ 1,3 6.80 0.080 - - - 1,10 2.44 0.149
Total number of leaves 1,3 6.41 0.085 1,8 2.15 0.181 1,10 6.81 0.026
Soil organic matter 1,3 6.85 0.079 - - - 1,10 3.68 0.084
Soil moisture 1,3 3.98 0.140 — - — - - —
Canopy closure 1,3 6.08 0.090 - - - 1,10 7.40 0.022
Shrub richness 1,3 6.04 0.091 - - - - — -
Tree richness 1,3 3.74 0.149 1,8 1.04 0.338 - - -
Urbanisation*forest size class 4,3 2.45 0.244 4,8 1.00 0.461 - - -

' sgrt-transformed; “~” not included in the model due to the step-wise reduction procedure. Due to inter-correlation the following variable
was not included in the model: Density of trees. Significant effects (P < 0.05) are presented in bold.

(b) Beech (Fagus sylvatica)

Percentage of leaves infested by

Total galls Gall midge Mikiola fagi Gall midge Hartigiola annulipes
d.f. F P d.f. F P d.f. F P
Degree of urbanisation 2,6 242 0.169 2,6 7.30 0.025 2,7 1.44 0.300
Forest size 2,6 3.35 0.105 2,6 4.95 0.054 2,7 212 0.191
Tree height’ 1,6 1.36 0.287 1,6 6.55 0.043 - - -

Density of trees?
Soil organic matter
Soil moisture

Tree richness

' sqrt-transformed; 2 log-transformed. Due to inter-correlations the following variables were not included in the model

: Total number of

leaves and canopy closure. Due to limited degrees of freedom the variable shrub richness and the interaction, urbanisation*forest size
class was not calculated. “~" not included in the model due to the step-wise reduction procedure. Significant effects (P < 0.05) are pre-

sented in bold.

(c) Ash (Fraxinus excelsior)

Percentage of leaves infested by

Total galls ~ Psyllid Psyllopsis sp.
df. F P df F P
Degree of urbanisation 2,10 1.71 0.230 2,10 2.36 0.145
Forest size 2,10 0.93 0.427 2,14 1.54 0.262
Tree height’ 1,10 2.93 0.118 1,10 4.45 0.061
Density of trees? 1,10 1.81 0.208 1,10 2.27 0.163
Soil organic matter 1,10 1.27 0.286 1,10 1.55 0.241
Soil moisture - - - - - -
Canopy closure - - - - - -
Shrub richness 1,10 2.03 0.185 1,10 5.22 0.046

Tree richness
Urbanisation*forest size class —

' sqrt-transformed; 2 log-transformed. Due to inter-correlation the
following variable was not included in the model: Total number of
leaves. “—” not included in the model due to the step-wise reduction
procedure. Significant effects (P < 0.05) are presented in bold.
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Table S4. Total mortality of sycamore gall wasp Pediaspis aceris
(a), and gall midges Mikiola fagi (b), Hartigiola annulipes (c) and
Dasineura fraxini (d). Mean values and range in (%) are given for
the different mortality factors: Parasitism, fungal attack, predation,
unknown (empty galls), total mortality (sum of parasitism, fungi,
predation, and unknown mortality causes), and none (original gal-
ler still present i.e. no mortality).

Mortality factor Mean (%)
(a) Sycamore gall wasp Pediaspis aceris

Range (%)

Parasitism 46.7 12.5-75.0
Dichatomus acerinus 24.3 0-56.3
Aulogymnus aceris 9.4 0-50
Indistinguishable parasitoid 13.0 0-252
larvae

Fungi 5.7 0-50.0

Predation 1.1 0-6.9

Unknown 36.4 0-78.6

Total mortality 89.8 71.4-100

None 10.2 0-28.6
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(b) Beech gall midge Mikiola fagi

Parasitism 101 0-16.7
Aprostecus sp. 9.6 0-16.7
Aprostecus elongatus 0.5 0-4.5

Fungi 0 0

Predation 2.4 0-15.0

Unknown 34.5 0-71.4

Total mortality 47.0 0-85.7

None 53.0 14.3-100

(c) Beech gall midge Hartigiola annulipes

Parasitism 2.4 0-20
Aprostecus sp. 2.4 0-20
Aprostecus elongatus 0 0

Fungi 0 0

Predation 0 0

Unknown 77.9 52.9-97.4

Total mortality 80.3 52.9-97.4

None 19.7 2.6-47.1

(d) Ash gall midge Dasineura fraxini

Parasitism 0 0-0
Fungi 0 0
Predation 0 0
Unknown 37.4 0-100
Total mortality 37.4 0-100
None 62.6 0-100

Table S5. Arthropod and fungal species recorded on sycamore (Acer pseudoplatanus), beech (Fagus sylvatica) and ash (Fraxinus excel-
sior), percentage of leaves damaged and frequency of occurrence of species-specific damage.

Plant species Insect/fungal species % leaves damaged % leaf area damaged Frequency of occurrence®
Sycamore Heterarthrus cuneifrons? 10.39 0.49 12119
Stigmella speciosa? 10.14 0.31 1119
Heterarthrus aceris? 8.70 0.43 12/19
Heterarthrus leucomela® 0.48 0.03 2/19
Phyllonorycter geniculella® 1.21 0.02 4/19
Phyllonorycter platanoidella® 0.48 0.01 119
Cameraria ohridella® 0.97 0.03 3/19
Caloptilia hemidactylella® 0.72 0.02 3/19
Incurvaria pectinea?® 0.97 0.05 3/19
Rhytisma acerinum?® 7.49 0.17 6/19
Cristulariella depraedans® 0.48 0.004 2/19
Beech Orchestes fagi chewing? 28.93 0.97 1112
Orchestes fagi mining? 7.23 0.22 9/12
Phyllonorycter maestingella® 5.66 0.31 6/12
Incurvaria koerneriella® 0.31 <0.01 112
Incurvaria masculella® 0.63 0.01 212
Bucculatrix thoracella® 0.31 <0.01 112
Stigmella hemargyrella® 0.31 <0.01 112
Ash Gracillaria syringella® 8.33 1.29 13/19
Prays fraxinella® 417 0.13 8/19
Coleophora badiipennella® 1.28 0.02 4/19

a arthropod; ® fungus; © frequency of occurrence of species-specific damage was derived from the number of forest sites a particular spe-
cies of herbivore was present, related to the number of forest sites at which the host plant was present. Abundance of species in bold were
statistically analysed. The remaining species were too rare for statistical analysis.
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Table S6. Summary of ANCOVA analyses examining the effects of urbanisation, forest size, tree height, total number of leaves, density of
trees (number of tree individuals/4 m?), soil organic matter, soil moisture, canopy closure, shrub richness and tree richness, on the percent-
age of leaf area damage by herbivorous arthropods and fungi for (a) sycamore, (b) beech and (c) ash.

(a) Sycamore (Acer pseudoplatanus)

Sawfly Sawfly Moth
Total % damage % chewing % mining Heterarthrus Heterarthrus Stigmella
aceris cuneifrons speciosa
df. F P df F P df. F P df F P df F P df F P
Degree of urbanisation 2,11 3.98 0.050 2,3 5.60 0.097 2,7 6.810.023 2,8 11.790.004 2,131.220.328 2,9 2.52 0.135
Forest size 2,11 4.63 0.035 2,3 77.33 0.002 2,7 0.010.993 2,8 0.99 0.444 2,130.97 0.405 2,9 3.63 0.070
Tree height’ 1,11 1.16 0.304 1,3 9.29 0.05%6 - - - - - - - - = 1,9 1.91 0.200
Total number of leaves 1,11 1.320.275 1,3 11.16 0.044 1,7 2170.184 - - - - - = 1,9 3.96 0.078
Soil organic matter - - - 1,3 3.75 0148 - - - 1,8 1330282 - - - 119246 0.151
Soil moisture - = - 1,3 588 0.094 - - - - - - - - = 1,9 1.80 0.213
Canopy closure 1,11 4150.066 1,3 71.79 0.003 1,7 1.990.201 1,8 2.43 0.158 1,131.560.233 - - -
Shrub richness - - - 1,3 272 0198 1,7 2240178 - - - - - = - - -
Tree richness - - - 1,3 700 0.077 - - - - - - - - = 1,9 1.97 0.194
Urbanisation*forest size class — — - 431419 0.027 4,7 1.210.386 4,8 155 0.276 - - - - - -

" sqrt-transformed. Due to inter-correlation the following variable was not included in the model: Density of trees. Not included in the model
due to the step-wise reduction procedure. Significant effects (P < 0.05) are presented in bold.

(b) Beech (Fagus sylvatica)

Total % damage % chewing % mining Weevil Orchestes fagi chewing

d.f. F P d.f. F P d.f. F P d.f. F P
Degree of urbanisation 2,4 3.27 0.144 2,4 1.06 0.428 2,2 16.95 0.056 2,5 3.98 0.093
Forest size 2,4 0.74 0.532 24 0.07 0.937 2,2 9.29  0.097 2,5 3.06 0.136
Tree height’ 1,4 236 0.199 - - - 1,2 11.50 0.077 1,5 1.75 0.243
Density of trees? - - - 1,4 2.06 0.224 1,2 32.09 0.030 - - -
Soil organic matter 1,4 128 0.321 1,4 1.05 0.364 1,2 1.77 0315 - - -
Soil moisture - - - - - - 1,2 297 0.227 1,5 1.71 0.248
Tree richness 1,4 2.7 0.177 1,4 1.86 0.244 1,2 52.35 0.019 - - -

' sqrt-transformed; 2 log-transformed. Due to inter-correlations the following variables were not included in the model: Total number of
leaves and canopy closure. Due to limited degrees of freedom the variable shrub richness and the interaction, urbanisation*forest size
class was not calculated. “~” not included in the model due to the step-wise reduction procedure. Significant effects (P < 0.05) are pre-
sented in bold.

(c) Ash (Fraxinus excelsior)

Total % damage % chewing % mining Moth Gracillaria syringella

d.f. F P d.f. F P d.f. F P d.f. F P
Degree of urbanisation 210 341 0.074 2,9 0.40 0.683 29 2.84 0111 2,7 2.02 0.203
Forest size 2,10 059 0.574 2,9 0.30 0.748 29 0.62 0.562 2,7 121 0.355
Tree height’ - - - - - - 1,9 1.28 0.287 - - -
Total number of leaves 1,10 218 0.171 1,9 715 0.026 - - - - - -
Soil organic matter - - - - - - 1,9 246 0.152 2,7 205 0.195
Soil moisture 1,10 825 0.017 1,9 7.95 0.020 1,9 1.08 0.325 - - -
Canopy closure 1,10 1.97  0.191 1,9 1.22  0.297 - - - - - -
Shrub richness - - - 1,9 1.94 0.197 1,9 214 0178 1,7 1.02 0.347
Tree richness 1,10 552 0.041 1,9 112 0.318 1,9 14.51 0.004 1,7 11.92  0.012
Urbanisation* forest size class - - - - - - - - - 4,7 125 0.372

" sgrt-transformed. Due to inter-correlation the following variable was not included in the model: Density of trees. “~” not included in the
model due to the step-wise reduction procedure. Significant effects (P < 0.05) are presented in bold.

Table S7. Density of and percentage of the three focal tree species (sycamore, beech, and ash) in forests situated in areas with different
degree of urbanisation and in forests of different sizes. Mean values + SE are listed, n indicates the forest sample size.

Density of Density of beech Density of ash  Sycamore saplings Beech saplings Ash saplings
sycamore saplings saplings saplings (%) (%) (%)
Mean + SE Mean = SE Mean + SE Mean + SE Mean + SE Mean + SE
Degree of urbanisation
Low 19.1+102(n=7) 186+59(n=5) 64+24(n=7) 424 +115 40.3+14.5 172+57
Medium 112+56(n=5) 16.0+94(n=3) 6.0+2.0(n=5) 38.1+14.3 32.7+17.2 29.2+13.6
High 236+86(n=7) 13.0+73(n=4) 116+27(n=7) 49.3+14.9 241+12.2 26.6+6.7
Forest size class
Small 122+56(n=5) 24+22(n=2) 104+24(n=5) 42.2+11.9 74+6.8 504+94
Medium-sized 281+116(n=7) 121+6.8(n=4) 7.3+27(n=6) 59.8 + 11.8 23.2+11.5 17.0+7.0
Large 13.5+52(n=7) 275+65(n=6) 74+25(n=8) 30.1+£13.0 56.0+13.4 13.9+3.9
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Fig. S1. Scatterplots of the relationship between % leaf area damaged by herbivorous arthropods and gall infestation rates on leaves of
(a) sycamore (Spearman rank correlation: r,=0.02, n = 19, P = 0.926), (b) beech (Spearman rank correlation: r, = 0.37, n = 12, P = 0.238)

and (c) ash (Spearman rank correlation: r, = -0.19, n = 19, P = 0.446).
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Fig. S2. Plant-galling arthropods investigated in our study. A — sycamore gall mites (Aceria spp.); B — sycamore gall wasp (Pediaspis
aceris); C — beech gall midges Mikiola fagi; D — Hartigiola annulipes.
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