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Abstract

Interactions between species within an ecosystem (e.g. predation and herbivory) play
a vital role in sustaining the ecosystem functionality, which includes aspects like pest
control and nutrient cycling. Unfortunately, human activities are progressively dis-
rupting these trophic relationships, thereby contributing to the ongoing biodiversity
decline. Additionally, certain human activities like urbanization may further impact
the intensity of these trophic interactions, which are already known to be influenced
by latitudinal gradients. The aim of this study was to test the hypothesis of whether
the impact of human population, used as a proxy for human pressure, differs between
latitudes. To test it, we selected 18 study sites at two latitudes (i.e. ~53°N and ~50°N)
with varying human population density (HPD). We used artificial caterpillars placed
on European beech branches to assess bird predation and took standardized pictures
of the leaves to estimate insect herbivory. Remote sensing techniques were used to
estimate human pressure. We found that the intensity of bird predation varied in
response to HPD, with opposite trends observed depending on the latitude. At our
upper latitude, bird predation increased with HPD, while the opposite was observed
at the lower latitude. Herbivory was not affected by urbanization and we found higher
levels of herbivory in the lower compared to the higher latitude. At the lower latitude,
certain species may experience a disadvantage attributed to the urban heat island ef-
fect due to their sensitivity to temperature fluctuations. Conversely, at the higher lati-
tude, where minimum temperatures can be a limitation, certain species may benefit
from milder winters. Overall, this study highlights the complex and dynamic nature
of trophic relationships in the face of human-driven changes to ecosystems. It also
emphasizes the importance of considering both human pressure and latitudinal gradi-
ents when assessing the ecological consequences of future climate change scenarios,

especially in urban environments.
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Resumen

Las interacciones entre especies dentro de un ecosistema (p. ej., depredacion
y herbivoria) juegan un papel vital en el mantenimiento de la funcionalidad del
ecosistema, incluyendo aspectos como el control de plagas y el ciclo de nutrientes.
Desafortunadamente, las actividades humanas estan interrumpiendo progresivamente
estas relaciones troéficas, contribuyendo asi a la continua disminucion de la
biodiversidad. Ademas, ciertas actividades humanas, como la urbanizacién, pueden
afectar ain mas la intensidad de estas interacciones tréficas, que ya se sabe que
estan influenciadas por gradientes latitudinales. El objetivo de este estudio fue probar
la hipotesis de si el impacto de la poblacion humana, utilizada como indicador de la
presion humana, difiere entre latitudes. Para probarlo, seleccionamos 18 sitios de
estudio en dos latitudes (es decir, ~53°N y ~50°N) con densidad de poblaciéon humana
(HPD) variable. Utilizamos orugas artificiales colocadas en ramas de haya comun para
evaluar la depredacion de aves y tomamos fotografias estandarizadas de las hojas
para estimar la herbivoria de los insectos. Se utilizaron técnicas de teledeteccién para
estimar la presién humana. Descubrimos que la intensidad de la depredacién de las
aves vario en respuesta al HPD, observandose tendencias opuestas segun la latitud.
En nuestra latitud superior, la depredacion de aves aumenté con HPD, mientras que
se observo lo contrario en la latitud inferior. La herbivoria no se vio afectada por la
urbanizacién y encontramos niveles mas altos de herbivoria en la latitud inferior en
comparacioén con la superior. En latitudes bajas, ciertas especies pueden experimentar
una desventaja atribuida al efecto de isla de calor urbano debido a su sensibilidad a
las fluctuaciones de temperatura. Por el contrario, en latitudes mas altas, donde las
temperaturas minimas pueden ser una limitacién, ciertas especies pueden beneficiarse
de inviernos mas suaves. En general, este estudio destaca la naturaleza compleja y
dindmica de las relaciones tréficas frente a los cambios en los ecosistemas provocados
por el hombre. También enfatiza la importancia de considerar tanto la presién humana
como los gradientes latitudinales al evaluar las consecuencias ecolégicas de los futuros

escenarios de cambio climatico, especialmente en entornos urbanos.

including their abundance, diversity and organismal properties such

| INTRODUCTION

Nowadays, 54% of the world's human population lives in cities
(300,000 inhabitants), and this percentage is expected to increase
to 70% by 2050 (United Nations, 2018). Cities are highly disturbed
areas that have recurrent problems of air, water pollution (Bai
et al., 2017) and elevation of temperatures (Kim, 1992). They expe-
rience profound changes in land use, with fatal consequences for
ecosystems, biogeochemical cycles and climate (Bai et al., 2017).
Among the human activities that cause habitat loss, urban devel-
opment has been identified as one of the primary contributors to
high local extinction rates (McKinney, 2002). Urban areas have been
shown to have adverse effects on various aspects of organisms,

as size, reproduction and performance. Additionally, these human-
induced changes in urban environments can significantly impact
species interactions like trophic interactions. Trophic interactions,
as bird predation and insect herbivory, are particularly relevant for
biological communities. They are responsible for important ecosys-
tem services, such as nutrient cycling (DeAngelis, 2012), pest control
(Whelan et al., 2008) and adaptation to the effects of climate change
or human health (Sirakaya et al., 2018), which is especially important
in cities.

The effects of urban human disturbance on trophic interactions
have been extensively studied. Some studies have found a decrease
in bird predation in more urbanized areas (Ferrante et al., 2014;
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Gering & Blair, 1999). Conversely, other studies have found the
opposite (Cupitra-Rodriguez et al., 2023; Jokimaki & Huhta, 2000;
Thorington & Bowman, 2003). A recent meta-analysis showed that
reported bird predation in urban areas was significantly lower com-
pared with rural areas (E6tvos et al., 2018), explained by the reduc-
tion of predators abundance produced by habitat loss, although
some species could benefit from urbanization, such as generalist
species. In line with this, the higher bird predation in big cities com-
pared to rural areas found in Kozlov et al. (2017) was explained by
an increase in resource availability in urban areas, which finally pro-
duced a trophic cascade effect resulting in lower herbivory rates in
urban areas (top-down control). Besides, other authors have found a
decrease in herbivory with the increase in human population either
with a decrease in chewer herbivory (Meineke et al., 2019), chewer,
leaf miner and galler herbivory (Valdés-Correcher et al., 2022) or for
chewer herbivory but not in other guilds (Moreira et al., 2019; Nu-
ckols & Connor, 1995). Contrarily, other studies found an increase in
herbivory abundance (Dale & Frank, 2014; Parsons & Frank, 2019)
or intensity in chewer herbivory in urban areas (Christie & Ho-
chuli, 2005; Cuevas-Reyes et al., 2013; Rivkin & de Andrade, 2023).
Abiotic changes in urban areas (e.g. urban heat island effect or water
availability) can produce a reduction in the abundance of native spe-
cies, although this effect appear to be species-specific and could
vary regionally, some species can acclimate to abiotic urban changes,
many others cannot (Miles et al., 2019).

The influence of latitude on trophic interactions has been also
widely studied, but no consensus has been reached on the matter.
Different results have been observed, both across trophic levels and
varying with latitude. Higher levels of invertebrate (Gray et al., 2022)
and bird (Zvereva et al., 2019) predation have been documented at
higher latitudes. However, invertebrate predation has also been
found to increase at lower latitudes (Roslin et al., 2017) and decrease
with increasing latitudes (Zvereva et al., 2019). For invertebrates
(Lovei & Ferrante, 2017), birds and mammals (Roslin et al., 2017),
no significant differences in predation intensity have been detected
based on latitude. Furthermore, Romero et al. (2018) proposed that
alterations in temperature might better explain the increased pre-
dation observed at lower latitudes rather than latitude alone. The
effects of latitude on herbivory have been investigated as well.
On one hand, some studies found that the herbivorous abundance
(Pennings et al., 2009) and leaf herbivory (Adams & Zhang, 2009:
Garibaldi et al., 2011; Kozlov, 2008; Kozlov et al., 2015; Moreira
et al., 2015) increase towards the equator. On the other hand, sev-
eral studies have not detected effects of the latitude over the her-
bivory pressure (Andrew & Hughes, 2005; del-Val & Armesto, 2010;
Kozlov, 2008; Moles et al., 2011; Moles & Westoby, 2003; Salazar &
Marquis, 2012; Sinclair & Hughes, 2010).

Biotic interactions can be affected by latitudinal temperature
changes (Frenne et al., 2013) as well as by other temperature changes,
like the island heat effect caused by urbanization (Kim, 1992; Young-
steadt et al., 2015). Cities can be up to 10°C warmer than the sur-
rounding rural areas, and this effect can be even greater at higher
latitudes (Wienert & Kuttler, 2005). This feature makes cities an
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ideal place for exploring the ecological consequences of possible fu-
ture scenarios of climatic change (Youngsteadt et al., 2015), as they
currently experience temperatures that will be reached at the same
latitudes in the future.

The investigation of how urbanization effects vary across lati-
tudes remains relatively understudied. Kozlov et al. (2017) discov-
ered that urban areas exhibited lower foliage mortality and higher
levels of predation by ants and bird attacks over dummy preys in
urban areas, irrespective of latitude. Similarly, Moreira et al. (2019)
found lower foliage mortality caused by leaf chewers in urban areas
compared to rural areas, and again this effect was not influenced
by latitude. In a systematic review conducted by Hernandez-Agliero
et al. (2023), the combined influence of latitude and urban factor
was used as explanatory variables in order to understand changes in
the intensity of herbivory and bird predation. The findings revealed
a pattern where trophic interactions decreased with an increase in
human population density at lower latitudes, no significant effect at
intermediate latitudes, and an increase in trophic interactions with
increasing urbanization at higher latitudes. In higher latitudes, winter
temperatures act as a limiting factor for the survival of certain spe-
cies. The intensification of urbanization and the consequent increase
in mean temperatures at these latitudes may enhance survival and
trophic relationships, while less climatic constraint at lower latitudes
may remove this advantage, resulting in reduced survival and trophic
interactions.

The objective of this study was to test whether the patterns de-
tected in Hernandez-Aguiero et al. (2023), what we called the ‘op-
posite latitudinal-disturbance’ hypothesis, can be detected in a field
experiment. The specific aims of this research were (i) to investigate
the effects of human population density on trophic interactions (bird
predation and insect herbivory) and (ii) to compare how these ef-
fects change with latitude. To this end, we studied herbivory and
predation across a human population gradient at two latitudes in
Germany. As proposed by Gering and Blair (1999), the gradient ap-
proach to studying the effect of urbanization allows researchers to
evaluate the effects of an ecological gradient in the same way as
temperature or moisture, rather than simply comparing categorical
variables (urbanized—rural). We hypothesized fewer trophic interac-
tions in response to human population density at lower latitude, and

the opposite in higher latitude.

2 | MATERIALS AND METHODS

2.1 | Study sites

In the summer of 2022, from May to July, 18 study sites at two
different latitudes were selected [nine in northern Germany
(53.39+0.26°N) and nine in southern Germany (49.98+0.17°N)]
(Figure 1) to conduct a field experiment in areas with a range of
human population density (HPD) between 42 and 2772 humans per
km? and to study the effect of urbanization on trophic interactions
between latitudes. Germany was selected to answer this question
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FIGURE 1 Location of study sites and graphical representation of trophic interaction studied. The yellow-red scale represents the human

population density.

because the human population is well spread throughout the coun-
try and is not clustered only in a few cities, so more replicates with-
out spatial autocorrelation problems could be taken into account.
The study sites were selected from 600.000 random points in Ger-
many. These points were generated with the ‘seq’ function from the
‘base’ R package (R Core Team, 2021). From these, we selected only
coordinates inside ‘green urban areas’, ‘broad-leaved forest’ or ‘tran-
sitional woodland-shrub’ categories from Corine Land Cover maps
(CLC, 2018; Version 20), using the function ‘gIntersects’ from ‘rgeos’
package (Bivand & Rundel, 2021) ending with 3197 possible study
sites. HPD was estimated for every random point with the ‘extract’
function from ‘raster’ package (Hijmans et al., 2020) after creating a
1.2km buffer with ‘st_buffer’ function from ‘sf’ package (Pebesma
& Bivand, 2018) using a high resolution (~100x100m) layer from
WorldPop Global Project Population Data (https://www.worldpop.
org/). The layer was extracted for German boundaries using the
function ‘Export.image.toDrive’ in Google Earth Engine (Gorelick
et al., 2017). 1.2km was selected to include enough environmen-
tal effects without overlapping with other study sites (minimal
distance between sites ~2.5km), but considering the resolution of
the layer (~100m). The latitudinal and population ranges obtained
were divided into 10 categories and only one site per category of
latitude and population density was selected. After this process,
67 different co-ordinates were obtained, covering a broad range of
latitudes and human population densities of Germany. Among them,
in order to study the effect of latitude on trophic interactions, two

latitudes (+0.5°) were selected (50.1° for the southern region and
53.3° for the northern one). These regions were chosen to avoid
the potential effect of elevation from mountainous areas of south-
ern Germany (Bayern) and to have a latitudinal difference between
sites (3.2°). Because trophic interactions can be affected by eleva-
tion (Roslin et al., 2017), we selected sites with elevations lower than
200m.a.s.l. This selection process resulted in 18 suitable study sites
(nine in northern Germany and nine in southern Germany) that ac-
complished all the premises established for site selection. The HPD
in the 1.2km radius around our study sites ranged from 10 to 1535
people per km? for the northern region (mean 565; SD: 607), and
151-2451 people per km? in the southern region (mean: 905; SD:
846). Other studies (e.g. Valdés-Correcher et al., 2022) showed that
trophic interaction can be affected by the amount of built percent-
ages or the proportion of vegetated areas. We obtained the percent-
age of built percentage for our study sites with a 1.2km radius from
Dynamic World V1 ‘built’ band at 30-m resolution with the mode
values and the NDVI median values from Landsat 8 30-m resolution
both between 01 January 2021 and 31 December 2021.

2.2 | Species selection

Before the study commenced, the selected forests were visited
to detect common species across them. Fagus sylvatica L. (Euro-
pean beech) was selected as the study species. F.sylvatica is a
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large deciduous tree whose distribution covers a high latitudinal
gradient (27° from 37°N to 60°N; Durrant et al., 2016) and it is
frequently present in German forest masses in the two selected

latitudes.

2.3 | Experimental design

2.3.1 | Predation

To determine whether birds' intensity of predation on caterpil-
lars differs between latitudes and HPD, artificial caterpillars were
placed in F.sylvatica trees in all the study sites. The caterpillars
were made out of brown, green and yellow plasticine (Staedtler
8421; Mars Deutschland GmbH) to capture potential variations
in colour prey preferences across different geographical locations
and predator identities (Zvereva et al., 2019). Only one tree spe-
cies was selected to place the plasticine caterpillars since preda-
tion can differ depending on the tree species (Hernandez-Aglero
et al., 2020). Artificial caterpillar methodology has been widely
used to investigate the bird predation with successful results (Allen
et al.,, 1998; Howe et al., 2009; Remmel & Tammaru, 2009). The
artificial caterpillars were made out of odourless, non-toxic plas-
ticine with a shape of 30mm in length and 4mm in diameter, and
were attached to branches of trees with a 0.5-mm wire (Rayher
24079000; Rayher Hobby GmbH) threaded longitudinally through
each model. Five F.sylvatica trees were randomly selected from
each site, but always at least 10m apart from each other, and three
caterpillars (one of each color) were placed on each one, with 270
caterpillars in all the experiment. Caterpillars were located on thin
branches (3-10mm) at a height of 1.5-2m, and at least 30cm apart
from each other, which has been considered statistically independ-
ent in previous studies (Bereczki et al., 2014; Dattilo et al., 2016;
Tvardikova & Novotny, 2012). Caterpillars were left in the field for
a period of 3months starting on 9 May 2022, coinciding with the
months of largest periods of light and bird activity. The caterpil-
lars were checked every 4 weeks to assess the number of attacks
on them, resulting in a total of three reviews per site. When any
damage was found, it was counted as predated (1), and the caterpil-
lars were reshaped to avoid duplication of damage counts between
reviews. If a caterpillar was not found or was highly depredated, it
was also counted as predated (1) and it was replaced with a new
one. When the caterpillar did not show any sign of predation, it was
counted as non-predated (0). If the caterpillar and the wire were
not found (e.g. cutted branches) it was excluded from the analysis
(NA). The attack marks left on the plasticine caterpillars allowed us
to identify bird or insect predation (Low et al., 2014). After three
visits, the caterpillars were removed, including the wires. A total
of 273 plasticine caterpillars from three colours were placed in 91
F.sylvatica trees during 77.28days (SD: 4.25). Bird predation was
estimated three times over the duration of the experiment, each
25.69 days (SD: 3.74).
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2.3.2 | Herbivory

Insect herbivory was measured in the five F.sylvatica trees selected
per site to study bird predation. From 1 July to 7 July, 20 leaves per
tree were randomly selected and were photographed using a con-
sistent methodology. All branches from which the leaves were se-
lected could be reachable from the ground (at a height of 1-2m).
A total of 1821 F.sylvatica leaves were photographed in situ, using
a folder with a transparent cover that allowed the introduction of
the leaf and its flattening to take a proper scaled picture to analyse
defoliation, mines and galls presence. Photographs were taken in
situ without ripping out the leaves. This methodology was selected
to avoid damage to the plant and to produce plant anti-herbivory
responses. Herbivory data were analysed by using the software Im-
ageJ (Rueden et al., 2017). The images were digitally scaled using the
known real scale present within the image itself. This scaling allowed
us to accurately determine the total leaf, defoliated and mined area
captured in the images. Visible leaf area was annotated as defolia-
tion. Manual predictions of the whole leaf area were annotated as
the total leaf area. Mines area was annotated as mines, and the num-

ber of galls per leaf was also annotated.

2.3.3 | Biodiversity characterization

Since species composition could affect biotic interactions (Muiruri
et al., 2016), censuses of tree species were performed at each loca-
tion. At each site, a measuring tape of 20m was extended in the
north direction from two randomly selected trees out of the five
present. This approach was implemented to prevent sampling bi-
ases, and in this case, trees number 2 and 4 were randomly chosen
before doing the census. The same methodology was consistently
applied across all sites. The tape was walked from both sides with
a measuring ruler of 1.5m, including in the census all trees inside
this path. Two sectors of 20x3m (120m? in total) were sampled per
study area. Leaves of unidentified species were collected for subse-
quent identification. All bird species observed or heard during visits
to the study sites were annotated.

To reduce the environmental impact of the study by reducing
the fuel consumption, the shorter path to visit driving all study sites
selected by car was calculated with the ‘gmapsdistance’ package
(Azuero-Melo et al., 2018).

2.4 | Dataanalysis

We used generalized linear mixed models (GLMMs) with a bino-
mial, beta or Poisson error distribution and a logit link function to
investigate the effects of the human population and latitude on
bird predation and insect herbivory. Models with binomial error
distribution were implemented for estimating the presence or ab-

sence of damage in plasticine caterpillars. Models with Poisson
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error distribution were implemented to estimate the effect of HPD
and latitude in the number of galls detected in the leaves. Models
with beta error distribution were implemented for estimating the
effect of HPD and latitude in percentage of defoliation and mines.
These models were developed with the function ‘glmmTMB’ from
the ‘glmmTMB’ package (Brooks et al., 2017). Predicted variables
were transformed following the suggestions of the authors as:
(y*(n-1)+0.5)/n.

In the GLMMs for predation, we included the following random
factors: (i) Larvae_ID and (ii) days after the last review/placement to
account for possible predation probability due to the position of the
larvae and the different intervals between reviews. In the GLMMs
for herbivory, we included Tree_ID as a random factor to avoid pseu-
doreplication. HPD and built percentage, and HPD and NDVI val-
ues had correlation values of .58 and -.66, respectively; therefore,
it was not possible to include those predictors in the model using
HPD without violating model assumptions, and all the models were
repeated for the two predictors. All models were also replicated for
insect predation.

For both herbivory and predation alternative models were
compared using the Akaike information criterion (AIC) to select
the explanatory variables (i.e. fixed effects) and random effects.
Models with a difference in AIC <2 could not be reliably differen-
tiated from the top model and thus model averaging occurs. Fol-
lowing Nakagawa and Schielzeth (2013), we estimated the R? of
all plausible linear or mixed models. This allowed two components
of R? to be calculated: (1) a marginal R? (Rfﬂ) that only considers
the variability explained by fixed effects and (2) a conditional R?
(Rf) that accounts for the variability supported by both fixed and
random effects. Model residuals were explored using a simulation-
based approach to create readily interpretable-scaled (quantile)
residuals for the fitted GLMMs with the function ‘simulateResid-
uals’ from the ‘DHARMa’ package (Hartig, 2021). In addition, non-
parametric multivariate analysis of variance test made with the
‘adonis2’ function of the ‘vegan’ package (Oksanen et al., 2022)
was used to test if both plant and bird species composition differs
between sites.

Bird predation

The data frames used in these analyses were organized with
tidyverse R package (Wickham et al.,, 2019). Plots were created
using the R packages ‘ggplot2’ (Wickham, 2016), ‘ggpubr’ (Kas-
sambara, 2020), ‘ggmap’ package (Kahle & Wickham, 2013) and
the colour-blind palette viridis from ‘Rvision’ package (Garnier
et al,, 2021). All the analyses were performed using the R environ-
ment (ver. 4.1.0; R Core Team, 2021).

2.5 | Ethics

No specific permits were necessary to carry out this field experi-
ment considering § 44 Abs. 1, Nr. 1 (BNatSchG) was not unfulfilled.
All ‘Landkreis’ and ‘Bundesland’ were notified previously deploying

the experimental design.

3 | RESULTS

3.1 | Predation

At the end of the experiment, 594 caterpillars were recorded as
predated out of 819 total placed caterpillars. 75% of the caterpillars
were predated, 23% non-predated and 2% of the caterpillars were
excluded from the analysis.

The best explanatory model (Table 1) for bird predation in-
cluded the colour of the caterpillar, latitudinal region, HPD and
the interaction between HPD and latitudinal region. The impact
of HPD on bird predation varied depending on the region. In the
higher latitude, bird predation increased with higher HPD, while
in the lower latitude bird predation decreased with higher HPD
(Figure 2). Brown caterpillars were more predated than green (p-
value=.0251) or yellow (p-value=.0051) caterpillars in all the sites.
Effect sizes of the best model tables can be found in Table S1. No
significant effects were observed on any of the variables (latitu-
dinal region, colour and HPD) utilized to explain insect predation
(Table 1).

TABLE 1 Comparison of alternative

| i . . .
nsect predation models for predation using the Akaike

Predictors df AIC R2 /R2
HPD*Region*Colour 14 848.76

HPD*Region+ Colour 8 843.58 0.082/0.206
HPD + Region + Colour 7 846.34

HPD + Colour 6 858.03

Region+ Colour 6 845.79

Colour 5 860.06

Null model 3 866.78

Note: The best model (lowest AIC) is indicated in boldface type.

df AIC information criterion (AIC).

637.07
637.07
635.75
635.74
633.91
633.75
630.34

W uu oo o0 N 0 0

Abbreviations: Rf, conditional R? that accounts for the variability supported by both fixed and
random effects; an, a marginal R? that only considers the variability explained by fixed effects.



ALONSO-CRESPO and HERNANDEZ-AGUERO

3.2 | Herbivory

Of the analysed leaves, 1215 were defoliated, 842 had mines and
190 presented galls. Mean percentage of defoliation was 2.38%
(95% ClI: 2.09%-2.67%), mean percentage of mines was 0.65% (95%
Cl: 0.56%-0.75%) and mean number of galls was 0.29 (95% Cl: 0.24-
0.35). The mean total leaf area estimated was 36.86cm? (95% Cl:
36.16-37.55cm?). For defoliated and mined area and the number of
galls, we obtained two best explanatory models (Table 2). In one the
latitudinal region was included and the other included the latitudinal
region and the HPD as well. In the higher latitude defoliated area,
mined area and the number of galls were smaller than in the lower
latitude (Figure 3). Although one of the best models include HPD,
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the effect of this variable on herbivory was not significant. Effect
sizes of the averaged best model tables can be found in Tables S2-
S4. Best models for built surface and NDVI were equivalent to the
best models of HPD (Tables S5-S8).

A total of 372 trees and shrubs were identified in the vegeta-
tion census (Table S9). Most common tree species were Fagus syl-
vatica (n=123), Acer platanoides (n=96) and Carpinus betulus (n=37).
The tree species composition did not differ between study sites
(R2=.O761, p-value>.05; Figure S1). Fourteen different bird species
were detected at the study sites, with Fringillia coelebs, Parus major
and Turdus merula being the most common bird species detected
(Table S10). The bird species composition did not differ between
study sites (R?=.1416, p-value>.05; Figure S2).
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FIGURE 2 Predictions of generalized linear mixed models showing the absolute predation rate with 95% confidence intervals along a
gradient of the human population density at the two regions studied for every colour. Each drawing represents the colour of the larvae to
which the data in the graph below refers being (a, d) brown, (b, €) green and (c, f) yellow. Observed values of absolute predation are shown

by dots.

TABLE 2 Comparison of alternative models for herbivory using the Akaike information criterion (AIC).

Chewer herbivory

Miner herbivory

Galler herbivory

Predictors df  AIC R2 /R2 df  AIC R2 /R? df  AIC RZ /R2
HPD*Region 6 -12,138.41 6 -16,508.98 5 2265.27

HPD+Region 5 -12,139.29 0.008/0.081 5 -16,510.98 0.021/0.029 4 2263.75 0.151/0.563
HPD 4 -12,135.99 4 -16,477.62 3 2278.77

Region 4 -12,140.92 0.008/0.081 4 -16,512.88 0.021/0.029 3 2263.16 0.145/0.566
Null model 3 -12,136.61 3 -16,476.86 2 2281.49

Note: The best model (lowest AIC) is indicated in boldface type.

Abbreviations: Rf, conditional R? that accounts for the variability supported by both fixed and random effects; Rﬁ, a marginal R? that only considers

the variability explained by fixed effects.
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FIGURE 3 Predictions of generalized linear mixed models showing the 95% confidence intervals along a gradient of the human
population density at the two regions studied for every type of herbivory studied. Each drawing represents the type of herbivory to which
the data in the graph below refers being (a, d) defoliation, (b, €) mines and (c, f) galls. Observed values of herbivory are shown by dots.

The minimum distance to visit all study sites by car was calcu-
lated at 1419.64km. The study sites were visited five times with
a total of 1043kg of CO, emitted during the development of this
experiment.

4 | DISCUSSION

Our hypothesis, the ‘opposite latitudinal-disturbance’, proposes that
biotic interactions differ between high and low latitudes and these
patterns can be diminished or enhanced by the HPD. Our data sup-
port this hypothesis partially (for bird predation). When bird preda-
tion was evaluated, we found that it varied with the HPD differently
depending on the latitude.

In the higher latitude of study, bird predation increased with in-
creasing HPD. Theseresults have been evidenced in previous studies,
which found the same pattern for bird predation (Cupitra-Rodriguez
et al., 2023; Jokimaki & Huhta, 2000; Kozlov et al., 2017; Thorington
& Bowman, 2003). It is known that in urban environments there is
a dominance of certain predators (the so-called ‘urban exploiters’
in contrast to ‘urban avoiders’; sensu Blair, 1996), more adapted to
these environments (Sorace, 2002). The presence of those ‘urban
exploiters’ added to the exotic predators (Sasvari et al., 1995), con-
duct to an increase in predation pressure. At high latitudes, low
temperatures limit the performance and survival of species (Currie
et al., 2004; Deutsch et al., 2008). Urban areas produce local climate
change that results in an increase in environmental temperatures

(the urban heat island effect). This can directly increase species fit-
ness and abundance by affecting their metabolism, development
and fecundity (Bale, 2002; Dale & Frank, 2017).

In the lower latitude of study, bird predation decreased with in-
creasing HPD. Previous studies have found the same results for birds
(E6tvos et al., 2018; Gering & Blair, 1999) and invertebrates (Ferrante
et al., 2014), the predatory pressure decreased in more urbanized
areas. Increasing urbanization at lower latitudes could have a negative
effect on species diversity because of habitat loss or fragmentation
or the dominance of some species over the rest in the communities,
especially predator species (Gray, 1989). All these factors decreased
the number of niches available and the number of different species
present in the ecosystems, finally reducing the predation pressure.

For insect predation, no effects were found for any variable.
Neither latitude nor HPD affected insect predation. Opposite find-
ings were detected in Ferrante et al. (2014), where insect predation
was lessened from rural towards urban areas. In terms of latitude
effect, higher levels of insect predation have been reported at
lower latitudes (Lovei & Ferrante, 2017; Roslin et al., 2017; Zvereva
et al., 2019). We did not find any of these effects with any of the
variables of study or their interaction. The main explanation for the
absence of evidence on insect predation, and one of the limitations
of this study is that we installed the caterpillars to principally test
bird predation that was our target trophic interaction jointly with
insect herbivory. We only collected data of invertebrates that are
able to reach the branches of the trees, missing many guilds with
our methodology. In order to test invertebrate predation, we should
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have installed caterpillars at the ground level as well. Another poten-
tial explanation, which also serves as one of the primary limitations
of this study, is the restricted inclusion of a latitudinal gradient. This
decision was made in order to minimize the environmental variability
present between latitudes.

Latitude affected herbivory. In the higher latitude, herbivory
pressure was smaller than in the lower latitude. Regardless of the
latitude, an increase in HPD was not associated with different lev-
els of herbivory across any type of herbivory which disagree with
other studies in herbivore abundance (Dale & Frank, 2017; Meineke
etal., 2013; Parsons & Frank, 2019) or leaf defoliation (Cuevas-Reyes
et al., 2013; Rivkin & de Andrade, 2023). We explain our absence of
effects of HPD on herbivory with the counter effects of biotic and
abiotic factors occurring in urban areas. The fact that urban areas
support fewer natural enemies because of a less complex vegetation
(Keane & Crawley, 2002) has been used to explain the increase in
herbivory with population density, due to the lack or reduction of
biological control of pests (Dale & Frank, 2017; Meineke et al., 2014).
This would result in less mortality of prey (Noske, 1998) and there-
fore an increase in herbivory. In addition, herbivore species could
proliferate in urban areas because of a reduction in plant defence
investment due to stress (White, 1969), due to an increase in plant
growth caused by the fertilizing effect of nutrients and CO, in urban
areas (Price, 1991), or, especially ectotherm species, due to urban
temperature increases (Youngsteadt et al., 2015). Meanwhile, abi-
otic factors such as water availability, pollution and fragmentation
can reduce herbivorous species abundance (Miles et al., 2019).

Despite the small latitudinal gradient used in this study, we
found differences in herbivory between latitudes, with lower lev-
els of insect herbivory at the higher latitude. We also found lower
levels of bird predation at higher latitude, but only for low HPD
areas. More productive ecosystems (Dobzhansky, 1950; Novotny
et al., 2006), explained by lower seasonality (Coley & Aide, 1991),
sustain higher levels of herbivory (McNaughton et al., 1989). More
diverse predator communities create redundancies and complemen-
tation in prey consumption that finally drives an increase in preda-
tion (Paine, 1966). Those processes could explain the results we have
obtained for herbivory and, only in low populated areas, for preda-
tion. Several studies have also found that biotic interactions become
more intense at lower latitudes (Schemske et al., 2009; Zvereva &
Kozlov, 2021) on leaf defoliation (Adams & Zhang, 2009; Garibaldi
et al.,, 2011; Kozlov, 2008; Kozlov et al., 2015; Moreira et al., 2015;
Pennings et al., 2009), insect predation (Roslin et al., 2017; Zvereva
et al.,, 2019) and bird predation (Matysiokovd & Remes, 2022;
Romero et al., 2018). Although, some studies found higher levels
of seed predation (Moreira et al., 2015) or bird predation (Adams &
Zhang, 2009; Zvereva et al., 2019) at higher latitudes. The authors
attribute those results to the higher availability of natural prey,
which may help explain the findings regarding bird predation in high
population-dense sites. This explanation aligns with our own results,
as we observed slight increases in herbivory with higher HPD.

Only two studies have previously explored the interaction
between HPD and latitude studying species diversity (Perez
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et al., 2022) or biotic interactions (Hernandez-Agtiero et al., 2023).
Opposite effects of latitude and urbanization have been recently
detected on ant species diversity in a 60° absolute latitudinal range
study across 63 cities (Perez et al., 2022). At lower latitudes, cities
were relatively species-poor and harboured distinct ant communi-
ties relative to nearby non-urban communities. In higher-latitude
cities, both species richness and community composition were more
similar to the surrounding non-urban ant communities. Regarding bi-
otic interactions, the intensity of herbivory and predation in a global
analysis decreased with an increase in HPD at lower latitudes, re-
mained unaffected at intermediate latitudes, and increased at higher
latitudes (Hernandez-Agtiero et al., 2023). Cities are ideal places
to explore the ecological consequences of possible future climatic
change scenarios (Youngsteadt et al., 2015). For predation, predic-
tions of global patterns due to climate change, adding the increase
of temperature and the increase of climatic instability will result in
a general decrease in predation pressure over time, which could
alter the functioning of terrestrial ecosystems and their associated
ecosystem services (Romero et al., 2018). Nevertheless, we only de-
tected a coincidence of these two assumptions for our lower lati-
tude, possibly representing the unexpected effects of urbanization

at our higher latitude in response to climate change.

5 | CONCLUSIONS

Throughout this study, the ‘opposite latitudinal-disturbance’ has
been confirmed for bird predation. Bird predation rates increase
with increasing HPD at higher latitude and bird predation rates
decrease with increasing human population density at lower lati-
tude. This shows synergic effects between both variables on higher
trophic interactions. This could imply important effects on ecosys-
tem services (e.g. nutrient cycling, pest control) that would differ-
ently affect different regions, producing a disruption on the natural
balance of ecosystems (i.e. ecological imbalance). Further investiga-
tion is needed to determine to what extent these effects could be
detected in other trophic levels, at more distant latitudes with more

ample human population density range.
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