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Urbanization causes shifts in the
functional traits and foraging
activity, and alters food particle
size preference and biomass
removal of urban-dwelling ants

Yuan-Hung Chen and Kok-Boon Neoh*

Department of Entomology, National Chung Hsing University, Taichung, Taiwan

Urbanization may lead to changes in assemblage and result in shifts in trait
distribution from natural habitats to highly urbanized habitats. The shift in
functional traits can affect ecosystem functions in urban areas. This study
explored the foraging period of ants over 72 h and determined the relationship
between the behavioral, morphological, and physiological traits of local foragers
ants and environmental conditions in urban and forest sites. In addition, this study
examined the ants’ ecosystem functions and compared it with that of their forest
counterparts. Our results revealed that the foraging period of ants (i.e.,
Cardiocondyla sp.1, Monomorium chinense, Paratrechina longicornis, Pheidole
megacephala, and Solenopsis sp.1) in urban areas peaked between 0900 and
1500 and that of some ants (i.e., Carebara diversa, P. megacephala, Pheidole
fervens, Plagiolepis longwang, and Nylanderia sp.1) in forest areas was constant
over time. For urban ants, a weak correlation was observed between foraging
period and body size traits (i.e., Weber's length and head width). This finding
indicates that the major factor underlying the change in the foraging period
might not be related to body size. Rather, the change may be attributed to
synchronization between food availability and human activity (waste disposal;
i.e., between 0900 and 1800). The shift in the functional traits of ants affects
ecosystem functions in urban areas. In urban areas, although only one predatory
ant species (P. megacephala) was sampled, its activity density was high. Most of
these individuals were active during the daytime, indicating that the predatory
behavior of ants in the novel urban environment has decreased temporally and is
limited to the daytime. Urban ants tended to choose smaller food particles,
whereas forest ants preferred larger food particles and had a twofold higher food
removal rate.
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Introduction

Natural forests and agricultural land are being converted into
urban landscapes at an unprecedented rate worldwide (Gu et al,
2021; The World Bank, 2022). The resulting urban landscape is
dominated by human-made structures, with only a few green spaces
(Weeks, 2010). Unfortunately, habitat-specialist species are unlikely
to thrive in such environments (Peng et al, 2020; Rocha and
Fellowes, 2020). These widespread modifications to the landscape
can result in changes to the assemblage and biotic homogenization
as well as shifts in trait distribution from natural to highly urbanized
habitats (Groffman et al., 2014). In general, urbanization tends to
select smaller arthropods for survival, except for winged arthropods,
which require dispersal across a fragmented habitat in urban areas
(MclIntyre, 2000; Kotze et al., 2011; Merckx et al., 2018a; Merckx
et al,, 2018b; Magura et al., 2020). However, for ants, not all species
are equally affected by urbanization, as some forest ants with larger
body-size are highly adaptable to the harsh urban environment
(Peng et al., 2020; Rajesh et al., 2022).

Soil temperature in urban areas is typically around 5°C higher
than that in forest areas. Coupled with low soil moisture and
increased light disturbance, the urban environment can be harsh
for arthropod survival (Van Nuland and Whitlow, 2014). The
thermal tolerance of ants is often associated with Weber’s length
(WL) or mesosomal length, with large-bodied ants being more
tolerant to critical temperatures (Cerda and Retana, 2000; Baudier
etal, 2015; Baudier and O’Donnell, 2018). In addition, leg length is
associated with ant locomotion, with longer legs allowing for faster
movement (Weiser and Kaspari, 1999). Some studies have showed
that large-bodied or long-legged ants can survive more favorably in
a hot environment by lifting their bodies to protect themselves from
heat radiated from the ground during foraging (Angilletta et al,
2007; Yilmaz et al., 2019). However, there is a mixed result as Liu
etal. (2019) did not detect a significant positive association between
Weber’s length of urban-dwelling ants and surface soil temperature
in urban areas, suggesting the large-bodied ants are not necessarily
prevalent in hot urban environments. Alternatively, some small-
bodied urban arthropods can survive during land transformation by
undergoing physiological and behavioral adaptation (Bolger et al.,
2000; Egerer et al., 2017).

Variations in foraging pattern in hot urban environment are
partly influenced by thermal tolerance of ant species. Studies
showed that urban ants are more tolerant to elevated
temperatures and took 20% longer time to lose mobility at high
temperature compared to forest counterparts (Angilletta et al.,
2007; Diamond et al,, 2017). The increased heat tolerance is
mainly driven by rapid evolutionary change in ants. For instance,
the shift of thermal tolerance in urban acorn ants may evolve within
20 generations (Diamond et al.,, 2017).

In hot environments, some ants modify their foraging behaviors
by restricting their foraging activity to specific times of the day, such
as changing their foraging period from diurnal to nocturnal activity
or altering their activity patterns from continuous to bimodal, to
overcome the adverse effects of elevated temperature, (Heatwole
and Harrington, 1989; Heatwole and Muir, 1989; Heatwole and
Muir, 1991). However, other ants may be forced to forage close to
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their heat tolerance limits to avoid predation pressure (Wehner
et al., 1992) or to dominate food sources (Cerda, 2001). Optimal
foraging theory provides a conceptual framework to determine the
cost of foraging in a high-risk environment. This theory states that
natural selection favors foraging strategies that balance the benefits
of obtaining food, including energy and nutrients, with the cost of
acquiring it, including energy expenditure and mortality risk
associated with foraging. This concept is pervasive among social
insects as individual foragers may search for resources in a high-risk
environment to benefit the entire colony (Nonacs and Dill, 1990).
To date, studies that combine morphological, behavioral, and
physiological traits to examine ant responses in urban context
remain relatively scarce.

While ants are increasingly recognized for their ecological
importance, many studies have focused on the impact of
urbanization on fine-scale heterogeneity across an urban habitat
mosaic and microhabitats (Pacheco and Vasconcelos, 2007; Clarke
et al., 2008; Vepsildinen et al., 2008; Ivanov and Keiper, 2010; Uno
et al,, 2010; Savage et al., 2015; Liu et al., 2019; Nooten et al., 2019).
However, the previous studies have primarily emphasized species
composition and richness, which may not be sufficient for
investigating the impact of urbanization. This is because species
loss during urbanization may be compensated by other species with
similar functions. Ecosystem processes may appear to be insensitive
to changes in biodiversity (Naeem and Wright, 2003). This
functional redundancy resulting from local ant community
homogenization and shifts in the morphological, physiological, or
behavioral traits of urban ant communities can affect ecosystem
functions in urbanized areas. Therefore, a better understanding of
these relationships is paramount to predict changes in ecosystem
functions in urban areas. Despite this, few studies have investigated
the relationship between the functional traits of urban ant and their
delivery of ecosystem services.

In this study, we examined the effect of urbanization on the
functional diversity of ants in urban and forest areas. Additionally,
we investigated the foraging pattern of ants over 72 h and examined
the relationship between traits and environmental conditions in
urban and forest sites. The extended observation period allowed us
to gain insights into whether the ant community changes its
foraging behavior over time. We hypothesized that the functional
traits of ants foraging in urban sites would respond differently
compared to those ants foraging in forest areas. We specifically
focused on morphological, behavioral, and physiological traits and
examined whether they would respond to elevated temperature,
decreased humidity, and increased light intensity in urban areas. In
this study, we also chose to study Pheidole megacephala, a species
that exhibited different foraging periods between urban and forest
sites, to determine whether it had different thermal tolerance
between the two sites.

For ecosystem functions, this study examined putative
predation activity of ants in relation to environmental variation in
urban and forest study sites by examining their interocular distance
(ID) and eye size; ID and eye size are surrogates for predacious ants
(Silva and Branddo, 2014). Predacious ants commonly have smaller
eyes or a shorter ID than do non-predacious ants (Weiser and
Kaspari, 2006; Sosiak and Barden, 2021). We also examined
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whether urbanization affects the food particle size preference and
biomass removal rate of ants over time, using six different sizes of
food particles sampling. The concept of food particle size selection
originally referred to the matching of forager and seed sizes in the
forest ecosystem (Pfeiffer et al., 2006). We hypothesized that
urbanization would alter the food particle size preference and
biomass removal rate of ant assemblages over time.

Materials and methods
Study site

The study site was located in Taichung City, which experiences a
subtropical climate, with a monthly average temperature of 17.0°C-
28.9°C, a monthly average relative humidity of 75%, and an annual
average precipitation of 1762.8 mm (data from the Central Weather
Bureau Taiwan, collected from 1991 to 2020). This study was
conducted in two land-use types—urban and forest areas—located
along Taichung Basin up to Touke Hill in Taiping, Taichung City
(24°08'N, 120°45'E-120°42'E).

A total of four sites in the urban area with different landscape
characteristics were chosen: U4 (24°09'N, 120°42'E), U3 (24°08'N,
120°43'E), U2 (24°09'N, 120°44'E), and U1 (24°08'N, 120°44'E;
Figures 1A, B). U4 and U3 sites are urban parks consisting of
recreational structures, bushes, and trees that promote biodiversity

&

FIGURE 1
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in the urban ecosystem (Liu et al., 2019; Figure 1C). The U2 site is a
lawn located next to a residential premise (Figure 1D). The U1 site
is adjacent to a forest boundary that is composed of both natural
vegetation and plantation (Figure 1E). Three sites were selected in
the forest area: F3 (24°08'N, 120°45'E), F2 (24°08'N, 120°44'E), and
F1 (24°08'N, 120°44'E; Figure 1F). Forest plots are characterized as
secondary forests with understory covers, leaf litter, and various
woody plant types that form stratified vegetation. These plots are
marked as protected areas by the Forestry Bureau of Taiwan and
have minimal development (paths for hiking). Each study site was
set at least 300-m apart to ensure independence between sites. At
each study site, plots where more ants were recovered in a previous
study (Tsai, 2019) were selected for observing the 72-h activity
pattern and performing experiments to determine the food particle
size preference.

Environmental variables

Environmental variables, namely soil moisture, soil surface
temperature, and light intensity, were measured at each site
within a 1-m radius of where the baited pitfall trap was placed.
Soil surface temperature was measured using a pocket digital
thermometer (Hi Sun Instrument Co., Ltd., Taoyuan, Taiwan).
To measure soil moisture, the 5-m top soil was collected using a
100-cm? soil core. The soil sample was weighed and then dried for 3

Map of (A) Taichung City. The study was conducted in Taiping District (B) where four sampling points were set in an urban area (red dots) and three
sampling points were set in a forest area (green dots). Pitfall trap design of the foraging activity experiment. A large plastic bowl containing ethylene
glycol and tuna-in-oil was placed on the top of a small plastic cup (C). Design of the bait station for performing the experiment to determine the
particle size preference; six sizes of dog food particles were randomly placed on the plate (D). U4 and U3 are urban parks with recreational
facilities (E). U2 is a lawn located next to a residential premise (F). Ul is located at a sharp forest boundary (G). F1-F3 are forest sites with minimal

development (H).
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days to determine the water content. Light intensity was measured
using a luxmeter (Lutron, LX-1102, Taiwan).

Activity pattern

The experiments for observing the 72-h activity pattern were
conducted in urban and forest sites from March 26 to 28, 2019, and
from May 11 to 13, 2019, respectively; a study had determined that
ants were active in foraging during these periods (Lin et al., 2016).
To examine the diurnal activity pattern of ants, we sampled ants by
using a baited pitfall trap for three consecutive days. A baited pitfall
trap consists of one fluon-coated round plastic bowl (15 cm in
diameter and 7 cm in depth) and a plastic cup (4 cm in diameter
and 4.2 cm in depth) placed upside down in the plastic bowl. A
plastic plate served as shield to protect the bait from being
disturbed. Plastic bowls were half-filled with ethylene glycol
solution (ethylene glycol:water = 1:2). Tuna was placed on the top
of the plastic cup as a lure to attract ground-dwelling ants
(Figure 1G). Two baited pitfall traps were used at each study site
to collect the maximum number of ants. The experiment was
started at midnight (00:00), and ants were collected at 3-h
intervals. The ant specimens were preserved in 75% alcohol until
they were identified. The ant specimens were identified to the
species level on the basis of identification keys for ant fauna in
Taiwan (Lin, 1998).

Morphological traits

For each study site, 10 individuals of each species were
identified using a Leica S8APO stereo microscope (Leica
Microsystems GmbH, Wetzlar, Germany). In dimorphic or
polymorphic species, only minor workers were used because
major workers are generally depauperate in a colony. A total of
25 morphological traits were measured (Supplementary Table 1).

Thermal tolerance

To investigate the difference in the thermal tolerance of foragers
between the urban and forest sites, we determined the critical
thermal maximum (CT,,,) of the dominant species P.
megacephala, which accounted for 22.49% and 18.19% of total ant
activity density in the urban and forest sites, respectively. A colony
with 31 minor workers from the urban sites and three colonies with
24 minor workers from the forest sites were examined. To maintain
test ants in natural physiological conditions, the ants were
acclimated under ambient conditions (25°C and 80% relative
humidity) in an incubator (CL-180H, Long Sheng Co., Ltd.,
Taiwan) for 2 h prior to testing. The ants were provided ad
libitum access to water resources and harborage. The CT,,.x was
determined using the protocol employed in previous studies
(Kaspari et al., 2015; Bujan and Kaspari, 2017). Briefly, the test
ants were individually placed in a 1.5-mL vial, and the entrance of
the vial was blocked with cotton to prevent the ants from escaping.
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The vials were then transferred to a water bath machine (Firstek
model B401L, Firstek Scientific Co., Ltd., Taiwan) and kept at 25°C
for 2 min for acclimatization. After acclimatization, the temperature
was gradually increased by 1°C every 2 min until it reached 35°C.
Subsequently, the ramping rate was changed to increase by 1°C
every 5 min. The condition of the test ants was evaluated before
changing temperature. The ants were recorded as immobilized
when they could not move themselves to the right position
when flipped.

Particle size preference

We examined the particle size preference of the ants by
following the method reported by Hooper-Bui et al. (2002) with
slight modifications. Dog food (RT-Mart Chicken Flavor Dog Food,
Hsinchu, Taiwan), which served as lure, was ground and then run
through different sieves (standard sieve size nos. 5, 7, 12, 20, 30, and
40), resulting in six sizes: <5 mesh (>4.00 mm), 5-7 mesh (4.00-
2.83 mm), 7-12 mesh (2.83-1.68 mm), 12-20 mesh (1.68-
0.84 mm), 20-30 mesh (0.84-0.59 mm), and >30 mesh
(<0.42 mm). The ground food particles were placed into the bait
station (a paper plate with an 18-cm diameter) containing six small
pans (4 cm in diameter) filled with the different particle sizes of dog
food (i.e., approximately 2 g of food particles per pan; Figure 1H).
Each bait station was covered by a plastic plate to prevent
disturbance (e.g., rainfall, wind blowing, and animals capable of
flipping the bait station) from the environment. The experiment
was conducted from 0900 to 1700 at the urban (i.e., U1-U4) and
forest sites (i.e., F1-F3), which was the peak of foraging time for
most ant species, as indicated by the result of the aforementioned
experiment. The experiment was conducted bimonthly for
12 months from December 2019 to December 2020. Baits were
examined for ant activity at 30-min intervals. New food was
replaced once it was completely removed. The food particles were
dried, and the weight of the remaining food particles was measured
at the end of the experiment. Moreover, the presence of ants and ant
bodies collected from baits was examined.

Data analysis

For each landscape type, the activity density of ants (the rate
that an individual taxon moves through the environment) and ant
species recovered from baited traps (urban: eight traps; forest: six
traps) at a specific time was pooled. For the morphological traits,
principal component analysis (PCA) was performed to determine
trait distribution in both the urban and forest sites. In addition,
PCA was conducted to reduce the dimensionality of morphological
datasets, where only the most explainable trait according to
eigenvalue was used for further analysis. Each selected functional
trait from the urban and forest sites was weighted by species activity
density to eliminate bias from biomass and was then pooled in
accordance with the landscape type prior to analysis. Welch’s ¢ test
was performed to compare each functional trait between the urban
and forest sites.
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Functional diversity indices represent the dynamics of species
function in ecosystems (Petchey and Gaston, 2006). We selected
five functional traits that reflect the ecological functions of ants:
WL, head width (HW), ID, mid-tibia length (MTL), and mandible
length (ML). All the traits, except for WL, were divided by WL to
standardize trait values (trait values/WL) to generate functional
diversity indices. To compare functional diversity between the
urban and forest sites, we examined the three aspects of trait
distribution, namely functional richness (FR), functional evenness
(FE), and functional divergence (FD), on the basis of the Euclidean
distance of each trait in hyperspace by using the package FD
(Laliberte and Legendre, 2010) in R. FR indices measure how
much of the niche space is occupied by the species present; FE
indices measure whether mean species traits are distributed
regularly within the occupied trait space, while FD indices
measure the variance of the species’ functions and the position of
their clusters in trait space (Schleuter et al., 2010). These indices
were used to determine the relationship between the activity density
and functional traits of species that were linked to their ecosystem
functions (Villeger et al., 2008; Cadotte et al., 2011).

Morphological traits predictably respond to the foraging period
of ground-dwelling ants under the effect of urbanization (Weiser
and Kaspari, 1999; Kaspari and Weiser, 2007). Data on
morphological traits, environmental variables, and ant activity
density were subjected to fourth-corner analysis to examine the
response of traits to environmental variations (Dray and Legendre,
2008). The fourth-corner analysis performed in this study was based
on the method used in a previous study (Brown et al., 2014). A
multivariate generalized linear model was employed using the
package “mvabund” (Wang et al., 2021) in R, with the
environmental variables, species activity density, and their
interaction terms used as explanatory variables; functional traits
were used as response variables in the model.

Changes in food particle size preference in different seasons
were examined using two-way analysis of variance (ANOVA);
months and food particle sizes were both considered as
explanatory variables, and the amount of food removed was used
as a response variable. The amount of dog food removed over 12
months was arranged in a chronological order and pooled to
determine the overall preference. In terms of the functional
diversity indices, data from three sites in the forest area and four
sites in the urban area were pooled to evaluate specific ecosystem
functions in both the land-use types. All figures were illustrated
using the package “ggplot2” in R (Wickham, 2016). All analyses
were conducted using R project (R Core Team, 2020).

Results
Local environment

Temperature was higher in the urban sites (daytime
temperature: 31.2°C and nighttime temperature: 27.7°C) than in
the forest sites (daytime temperature: 26.6°C and nighttime
temperature: 22.7°C). Moreover, temperature in the urban and
forest sites peaked at approximately 0900 and 1200, respectively.

Frontiers in Ecology and Evolution

10.3389/fevo.2023.1044485

The soil water content was higher in the forest sites than in the
urban sites and declined over time in both the sites; it peaked from
0000 to 0300 and was constantly low from 0600 to 2100. The light
intensity pattern during daytime was similar between the urban and
forest sites. However, at night, light intensity was slightly higher in
the urban sites than in the forest sites (Supplementary Figure 1).

Activity pattern of ants

A total of 6652 ants and 24 species were collected, of which 5643
ants and 21 species were collected from the forest sites and 1009
ants and 7 species were collected from the urban sites (Figure 2).
The proportions of the M. chinense and P. megacephala were the
highest in the urban sites, accounting for 69.0% and 22.4% of
the collected ants, respectively. The foraging activity of the ants in
the urban sites peaked from 0900 to 1500, accounting for 87.9% of
overall activity density. Other three ant species, namely
Cardiocondyla sp.1, Paratrechina longicornis, and Solenopsis sp.1,
were also observed during this period. In the forest sites, the
proportions of the genera Carebara and Pheidole were the highest
in the forest sites, accounting for 72.9% and 18.1% of the collected
ants, respectively. The activities of Carebara diversa, P.
megacephala, Pheidole fervens, Plagiolepis longwang, and
Nylanderia sp.1 were observed throughout the experimental
period; other ant species exclusively foraged during the
daytime (Figure 2).

Functional diversity

According to the findings of PCA, WL, MTL, ML, ID, HW, and
eye height (EH) were selected because of their relatively high scores
in the first PC (Principal component; PC1), which explained 66.3%
of total variance (WL = -0.301, MTL = —-0.283, ML = -0.282, ID =
-0.246, HW = -0.274, and EH = -0.287; Table 1). In particular,
PC1 partially explained the higher values of the selected traits of
some ants, particularly those present in the forest sites (Figure 3).
PC1 was largely correlated to the size of species, and the major
component was mainly described by MTL, WL, EH, and HL,
indicating that the ants in the forest sites tended to be larger in
terms of their overall size. PC2 was highly related to survival
strategy traits, such as the presence of a spiny body or long legs.
The functional traits of the ants in the urban sites were a subset of
those in the forest sites. Compared with the ants in the forest sites,
those in the urban sites exhibited narrower trait distribution on the
basis of their 95% confidence intervals, indicating the
homogenization of traits in the urban sites (Figure 3). Although
no significant difference was noted in each trait between the sites
(WL: t = —1.4699, df = 17.946, p = 0.1589; MTL: t = —-1.3124, df =
16.928, p = 0.2068; ML: t = —-1.175, df = 16.781, p = 0.2564;
ID: t = —1.073, df = 18.289, p = 0.2972; HW: t = -1.3307, df =
18.672, p = 0.1993; EH: t = —-1.0826, df = 16.959, p = 0.2941;
Figure 4A), the ants in the forest sites had larger functional traits; no
difference in shrinkage was observed between the urban and
forest sites.
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TABLE 1 Result of principal component analysis.

Trait PC1 PC2
Mid femur length (MFL) —0.28856 —0.08611
Mid tibia length (MTL) —-0.28329 —-0.09457
Mid tarsus length (MTaL) —0.28649 —-0.10925
Petiole length (PL) —0.28546 0.039248
Maximum spine length (MSL) -0.00419 0.592156
Weber’s length (WL) -0.30194 —0.08402
Number of spines on alitrunk (NSA) 0.039755 0.564257
Number of spines on petiole (NSP) —-0.08187 0.494542
Eye length (EL) —-0.28156 —-0.03086
Eye height (EH) —-0.28706 —-0.00552
Head width (HW) —-0.27495 0.094661
Head length (HL) —-0.29693 —-0.00419
Interocular distance (ID) —0.24603 0.171866
Scape length (SL) —-0.18796 0.099767
Mandible length (ML) —0.28268 —-0.0025
Top teeth length (TTL) -0.26877 0.006431
Accumulative variation 0.6627 0.8143

Morphological traits with bold text were chosen for analysis.
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In terms of the functional diversity indices, FE and FD did not
differ between the urban and forest sites (urban: FE = 0.288, FD =
0.670; forest: FE = 0.287, FD = 0.746). However, a substantial
difference in FR was noted between the urban and forest sites
(urban: FR = 0.002; forest: FR = 1.218; Figure 4B).

Foraging and trait—environment
relationship

The explanatory power of the fourth-corner analysis in both the
forest and urban sites was 0.83 and 0.94, respectively (Table 2). Two
models for the different landscapes both significantly rejected the
null hypothesis (F value for the forest sites = 11.19 and F value for
the urban sites = 12.73), indicating that the two models had good fit
instead of being intercept-only models. The result of the fourth-
corner analysis revealed that ID was positively correlated with
temperature and humidity (Figure 5; Table 2). However, ID was
positively associated with light intensity in the urban sites but not in
the forest sites. In the urban sites, a weak association was observed
between the environmental variables and size-related (HW and
WL) and foraging speed traits (MTL). By contrast, ant species with
a narrower HW and shorter MTL tended to forage in the forest sites
during the hot daytime. In the urban sites, ants with a shorter
mandible were observed when temperature increased irrespective of
the phase of the day and the level of humidity. In the forest sites, ML
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TABLE 2 Fourth-corner analysis of the coefficients of the trait—
environmental relationship.

Forest area Urban area

Mandible length-Temperature -0.0505 0.0584
Inter-ocular distance-Temperature -0.0170 0.7359
Head width-Temperature 0.3616 -4.281
Eye height-Temperature -0.1943 0.6381
Weber’s length-Temperature 0.3365 8.392
Mid-tibia length-Temperature 0.0051 -3.5092
Mandible length-Humidity —0.5897 -2.2586
Inter-ocular distance-Humidity -0.0631 0.2533
Head width-Humidity 0.4017 -1.3018
Eye height-Humidity —0.2487 0.4893
Weber’s length-Humidity 0.4467 4.4014
Mid-tibia length-Humidity -0.1683 —0.4455
Mandible length-Light intensity -0.431 -0.345
Inter-ocular distance-Light intensity 0.574 1.6552
Head width-Light intensity -0.6812 —4.9914
Eye height-Light intensity -0.0793 1.265
Weber’s length-Light intensity -0.029 5.8638
Mid-tibia length-Light intensity 0.3265 -1.0718
Hooper’s R* 0.8372 0.9427
Lawley-Hotelling trace 11.19 12.73

A significant relationship after Bonferroni correction at p < 0.05 is shown in bold.

was not associated with temperature but was inversely associated
with light intensity. EH exhibited a negative relationship with light
intensity in both the forest and urban sites (Figure 5; Table 2).

Thermal tolerance

The urban ants demonstrated a weaker response to elevated
temperature, and they reached total heat stupor at 42°C. By
contrast, the forest ants displayed better heat tolerance, and they
reached total heat stupor at 44°C (Figure 6). The immobility of the
urban ants markedly increased after 39°C, whereas that of the forest
ants exhibited a stable trend with increasing temperature.

Particle size preference

The findings of two-way ANOVA revealed that the seasonal
effect of particle size preference was not significant in both the
urban and forest sites (urban: F = 0.579, p = 0.9583; forest: F = 0.502,
p = 0.9820; Figure 7). Overall, the amount of bait that the ants
removed in the forest sites was approximately two times higher
(removal weight = 80.57 g) than that removed by the ants in the
urban sites (removal weight = 41.31 g). The ant species mainly
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involved in bait removal were C. diversa, M. chinense, P.
megacephala, and P. fervens in the forest sites and Pheidole parva,
M. chinense, and P. megacephala in the urban sites. A shift in food
particle size preference was observed in the forest and urban sites.
The ants in the urban sites tended to consume finer particles,
ranging from 0.24 to 0.84 mm (t = 3.516; df = 84; p = 0.0001),
whereas those in the forest sites tended to consume larger food
particles, ranging from 0.84 to 1.68 mm (t = 2.5468; df = 160; p =
0.0118) (Figure 8).

Discussion

The findings of the present study demonstrated a decline in the
mean trait value of most urban ants. This finding suggests the
presence of trait homogenization in urban ants. In addition, we
noted a more significant change in the functional traits of ants affects
ecosystem functions in the urban sites compared to the forest sites.

The decline in the mean size of the urban ants as observed in
our study supports the finding reported by Nooten et al. (2019),
who conducted an ant survey in green spaces in urban areas by
selecting three habitat types representing low, medium, and high
complexity. The authors observed positive associations between WL
and tree density and between the cephalic index and tree biomass,
indicating larger ants in high-complexity woody habitats and
smaller ants in low-complexity open fields (Nooten et al., 2019).
Similar decrease in mean size was also observed for other taxa, such
as spiders, coleopterans, and aquatic arthropods (Merckx et al.,
2018b). However, this trend was not observed in bumblebee and
moth (Merckx et al,, 2018a; Theodorou et al., 2021). We suggested
that limited availability of resources, including food and nesting
sites, in the urban environment may be responsible for the smaller
and more homogenous size of urban ants. For instance, urban ants
essentially rely on limited nesting resources, such as cracks and
crevices (Friedrich and Philpott, 2009). Our findings regarding the
ants in the forest sites agree with the hypothesized ecological
function of ants: larger ant species forage during the daytime,
whereas smaller ant species forage during the nighttime when the
environment is cooler (Yilmaz et al., 2019; Johnson and
Stahlschmidt, 2020) as similarly shown in dung beetles (Asha
et al., 2021). However, it is important to note that in this study,
we only sampled from four urban sites and three forest sites, which
may have resulted in some large-bodied forest ants being
under sampled.

The current study demonstrated that none of the examined
morphological traits adequately explained the difference in the
foraging period between the sites. However, other underlying
strategies, such as shifting foraging time and physiological
plasticity, might play role in determining when ants forage in the
urban environment. For instance, urban ants might avoid food
searching during the hot daytime hours (Marsh, 1985; Stringer
et al., 2007). This is because foraging under elevated temperatures
typically increases the energy expenditure of forager ants (Cerda
etal., 2009; Gottlieb et al., 2013). In contrast to our expectations, our
findings demonstrated that the foraging period of the urban ant
community peaked from 0900 to 1500, suggesting that they were
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both the forest and urban sites was 0.83 and 0.94, respectively.

active during the hot daytime, which contrasts with the activity
pattern of the forest ant community. However, this finding should
be interpreted with caution since the use of tuna-in-oil baits might
have led to a sampling bias, with the ants preferring protein- and
oil-based food.
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Studies have demonstrated that many ant species that have
adapted to the urban environment developed better tolerance to
respond to more harsh conditions (Angilletta et al., 2007; Diamond
2017;
examined one of the dominant species, P. megacephala, from both

et al., Diamond et al, 2018). However, the present study
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Critical thermal maximum (CT .y of the dominant species Pheidole megacephala in both forest (F) and urban sites (U). Urban ants demonstrated a
weaker response to elevated heat and reached the total heat stupor at 42°C, whereas forest ants displayed better heat tolerance and reached total

heat stupor at 44°C.
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the sites and observed that the CT,,, of the urban ants was lower
than that of the forest ants. This finding rules out the possible
involvement of physiological advantages that drive the decision of
the urban ant to forage during the hot daytime. The temperature at
the urban sites is comparable to the critical thermal tolerance of
urban ant species. Thus, it is possible that forager ants might forage
under their CT,,y, as has been observed in a local ant community in
the Mediterranean area (Cros et al., 1997; Cerda et al., 1998), but
caution is warranted as only one colony from urban area
was examined.

According to Penick et al. (2015), urban ants tend to feed on
nitrogen-rich food, implying their reliance on human-made food in
urban areas. Additionally, Liu et al. (2019) conducted ant
surveillance in urban parks and reported that the number of
urban ants was positively associated with the number of garbage
bins in parks. Forager ants tend to forage during the daytime
possibly because of increased human activity in urban areas from
1100 to 1800, and human food waste results in the availability of
increased food resources. Forager ants forage under harsh
conditions, suggesting that forager ants prefer to forage when the
environment is rich in food resources during the daytime to acquire
nutrients and ensure colony survival in a novel urban environment.
However, such a foraging decision can be detrimental to the
foragers themselves (Ydenberg and Schmid-Hempel, 1994)
because they might experience a high risk of desiccation owing to
high average temperature, low humidity, and extreme thermal
fluctuation in the urban environment (Uno et al., 2010). This
finding accords with the concept of optimal foraging theory.

The effect of the urban heat island disproportionately affects
forest species and leads to the homogenization of the functional trait
community that is dominated by habitat generalists. Loss of
functionally diverse ants is related to the increased vulnerability of
ecosystem function (Bihn et al., 2010). In the present study, we used
the conventional functional trait-based approach and considered ID
as an indicator of the predatory nature of ants. We chose ID instead
of eye size because our model showed a significant negative
correlation between eye size and light intensity. Our results
revealed that compared with the ants found in the urban and forest
sites during the daytime, those found during the nighttime had larger
eyes that helped them receive more light. Thus, to prevent sampling
bias related to the light receptivity of ants at night, we selected ID as a
more relevant surrogate of predatory behavior.

Urban areas, contrary to expectations, still harbor predatory
ants, particularly P. megacephala, which were mostly active during
the daytime. This result differs from that obtained in the forest sites,
where predatory ants were active during both day and night (e.g., C.
diversa, P. megacephala, and P. fervens), as indicated by the
nonsignificant relationship between ID and light intensity. This
suggests that the predatory activity of ants in the urban
environment may have been reduced and limited to a certain
period of time. A key difference between previous studies and our
study is that previous studies have estimated potential ecosystem
function by examining the occurrence of a species in a given
location (Brown et al., 2014; Treiber et al., 2020). Such methods
may mask the effects of a shift in behavioral traits caused by
urbanization (i.e., foraging period and foraging behavior) on the
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degree of predatory activity. By contrast, the current observations of
the foraging period were obtained during both day and night for
72 h, providing a more comprehensive assessment of predatory
activity of both diurnal and nocturnal ants.

Previous research demonstrated variations in food particle size
removal across season in in granivorous ants (Silvestre et al., 2019).
However, our results revealed no significant variations in the
efficiency of ants in removing biomass across seasons in either
urban or forest sites. Although no seasonal variations in food
particle size preference were noted, we did observe that urban
ants removed small- (<0.42 mm) to medium-sized (0.84-1.68 mm)
food particles, which is consistent with their smaller body size and
shorter mandible. By contrast, forest ants with increased functional
diversity removed medium-sized (0.84-1.68 mm) to large-sized
(1.68-2.83 mm) food particles. These results agree with the
finding of a previous study that demonstrated that the
decomposition or removal ability of nitrogen resources is
mediated by body size, with larger ants being better biomass
decomposers than smaller ants (Nooten et al, 2022). Although
some smaller urban ants engaged in cooperative food transport,
mass recruitment, and in situ food fragment mastication, their food
removal efficiency was low than that of larger forest ants.

In conclusion, the present study provides important insights into
how ants contribute to ecosystem functioning in a novel urban
environment where there are shifts in their foraging behavior. Our
results yielded three key points. First, larger ant species were filtered
out from urban ecosystem, resulting in a significant homogenization
of body size, as indicated by the lower FR of the urban forager ants
compared to those in forest ecosystems. Second, we observed
alterations in the ant foraging period during the hot daytime hours
in urban areas. None of the morphological and physiological traits we
measured could explain the changes in foraging behavior, there may
be unexplored optimal foraging theory factors that coincide with
human waste disposal activities. Third, we found that changes in the
functional traits of forager ants had pronounced effects on ecosystem
function, especially on predatory activity and food particle removal
rate. The predatory activity of ants significantly decreased and was
restricted to the hot daytime hours in urban areas. The smaller
forager ants in the urban areas moved small-sized particles at a lower
rate than did the larger forest ants.
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