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Insects in temperate urban parks face stronger selection
pressure from the cold than the heat
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tolerance for ants in the canopy, compared to ground nesting ants. Ant activity was

These unexpected results suggest that we need to rethink predictions about urban
heat islands increasing insect heat tolerance in urban habitats, as cold tolerance might

be a more plastic or adaptable trait, particularly in the temperate zone.
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1 | INTRODUCTION particularly detrimental for small ectotherms, such as insects,

which are the most diversified taxonomic group on Earth. In dis-
Urbanization is increasing globally (Seto et al., 2012). Cities are turbed and hot urban habitats, urban green areas are becoming
rich with impervious surfaces, such as asphalt and concrete, increasingly important for biodiversity protection (Fattorini &
resulting in higher temperatures than less urbanized habitats Galassi, 2016; Hall et al., 2017) and temperature cooling (Aram

(Deilami et al., 2018). This urban heat island effect could be et al., 2019).
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Urban green spaces across the city's thermal gradient allow for
field testing of species adaptations to high temperatures as they
offer an overlapping set of species—many plant and animal species
are present across the entire gradient of urban green spaces—en-
abling direct intraspecific comparisons (Pinho et al., 2016). But there
is also a vertical thermal gradient in urban green spaces containing
trees: the canopy and the ground. The tropical canopy is on aver-
age warmer and drier than the understory, and it contains insects
adapted to such conditions with higher heat tolerance and desicca-
tion resistance (Bujan et al., 2016; Kaspari et al., 2015). However, the
canopy in the temperate zone is hotter than the ground during the
hottest parts of the day and cooler during the coldest (Morecroft
et al., 1998), and we do not know if thermal tolerances of insects
follow this trend. If this is the case, then canopy insects are expected
to have higher heat and cold tolerances.

Rates of phenotypic change in animals and plants globally seem
to be greater in urban than natural or rural areas (Alberti et al., 2017).
Because of this, urban habitats are considered thermal adaptation
hubs and laboratories of evolution (Szulkin et al., 2020). Some stud-
ies found that urban insects exhibit higher heat tolerances than their
rural conspecifics (Angilletta et al., 2007; Diamond et al., 2017),
which can be associated with the evolution of higher thermal tol-
erance in urban areas (Martin et al., 2019). Urbanization can also
lead to an increase in body size of moths and bumblebees (Merckx
et al., 2018; Theodorou et al., 2021) and an increased plasticity of
heat tolerance in ants (Diamond & Martin, 2021).

To test insects' response to increased temperatures, we studied
thermal tolerances, abundance, and activity of ants. Since ant activity
is directly governed by temperature and limited by their thermal toler-
ance (Cerda et al., 1998; Roeder et al., 2018), thermal adaptations can
have direct effects on foraging success and colony fitness. Ant colo-
nies are usually semi-sessile, perennial, with restricted foraging ranges
and limited gene flow. This makes them an ideal taxon to monitor long-
term environmental change and well suited to studies of microclimate
adaptations in comparison to solitary, more mobile insects.

Studies combining ant physiology and behavior across thermal
gradients and timeframes—from yearly to seasonal variations (Bujan
etal., 2022; Diamond et al., 2012; Roeder et al., 2018) help us under-
stand community level responses to temperature, yet they usually
focus only on heat tolerance (Youngsteadt et al., 2023). Additionally,
studies of ant heat and cold tolerance in urban and rural habitats
usually focus on one (Angilletta et al., 2007; Diamond et al., 2017,
Martin et al., 2019) or two species (Warren et al., 2018). Our study
is the first to examine thermal tolerance of ant communities across
horizontal and vertical urban thermal gradients. We relate these
physiological changes to yearly community-level changes in ant
abundance, richness, and activity.

We tested the thermal adaptation hypothesis, which posits
that thermal tolerance corresponds to environmental temperatures
(Roeder et al., 2021). We predicted that warmer, urban, sites will harbor
ants with higher heat and lower cold tolerance at the community level
and at the population level. We compared canopy and ground nesting
ants from distinct park types: urban, city center parks that are smaller,

warmer, and more isolated, and peri-urban sites which are cooler and
less isolated, located at the edge of the city. Based on the predictions
of the thermal adaptation hypothesis, and knowledge of temperature
fluctuations in the temperate zone canopy (Morecroft et al., 1998),
we predicted that canopy ants will have higher heat and cold toler-
ance. We then test whether temporal changes in ant abundance and
richness exist across eight urban and peri-urban sites. We predict that
temperature will be the driver of temporal changes in abundance and
richness, as lower temperatures are expected to reduce ant activity
resulting in both lower abundance and richness.

Lastly, we tested whether ant activity in urban and peri-urban
areas can be predicted by species' thermal tolerances, as is generally
the case for natural habitats (Cerda et al., 1998). Ant foraging is fine
tuned to environmental temperatures and closely tied to ants' upper
thermal limits even in cities (Youngsteadt et al., 2023). In some dis-
turbed habitats, both abundance and activity can be best explained
by the interaction of heat tolerance and environmental temperature
(Boyle et al., 2021). In urban habitats, which are more disturbed than
rural habitats, foraging activity can also be driven by the most dom-
inant ant species (Youngsteadt et al., 2015). But since the activity of
such dominant ants is also governed by their heat tolerance (Roeder
et al., 2018), we did not expect that species dominance would inter-
fere with our physiological predictions. Here, we combine long-term
data of changes in abundance and activity with upper and lower
thermal limits across different microhabitats to understand thermal

adaptations caused by urban heat islands.

2 | MATERIALS AND METHODS

We sampled ants in the city of Zagreb, Croatia (45.80°N, 15.99°E,
elevation 145m) for 3years. The city of Zagreb has a population size
of about 800,000 (Sisko & Polan&ec, 2019). The climate in Zagreb
is a temperate continental climate with warm summers (Zaninovic
et al., 2008). The average temperature in the warmest month of July
is 22.1°C, and in the coldest month of February is 3.4°C (1949-2018)
(Bonacci et al., 2021). The number of summer days with temperatures
above 25°C has been increasing in the urban area of Zagreb for 8days
every 10years (Nimac et al., 2021). Temperature fluctuations in mean
annual temperatures are less pronounced, with an average yearly tem-
perature of 12.1°C (Bonacci et al., 2021). We collected ants at eight
locations in Zagreb urban parks. Five sites were in the city center, we
refer to those as urban sites henceforward. Three sites were located in
alarge protected forested area (about 4km?) in a less urbanized part of

the city, and we refer to those as peri-urban sites (Figure S1).

2.1 | Climatic measurements

We measured microclimates at two locations in the center and two
in the peri-urban area (Figure S1). At each site, we placed one data
logger (EL-USB-2 LascarEasy Log) on the ground in the shade of a
hedge bush. Loggers recorded temperature and relative humidity

85U0|7 SUOWIWOD aAIeID 3(cedljdde au Aq pausenob ae sejonfe VO ‘@S JO Sa|nJ 10} A%eiq18ulluO 43I UO (SUORIPUOO-pUe-SWLRYLIY" A3 |1m" AfeIq U1 |UO//:SANY) SUORIPUOD pUe SWe 1 8y} 89S *[1202/80/62] U0 AriqiTauljuo 48| ‘@1nisu| 01A0xs0g Bpny Aq SEETT €898/200T OT/I0P/Wo0" A3 M Akeiq1jeuljuo//Sdny Woly papeojumod ‘g ‘¥202 ‘8525702



BUJAN ET AL.

(RH) at 5-min intervals during the sampling of ants for critical ther-
mal limits measurements (21st June-25th July 2021).

Additionally, we used daily air temperature averages for June
of each sampling year (2019-2021) recorded by the Croatian
Hydrological and Meteorological Service (DHMZ) to test tem-
perature effect on ant abundance and richness in pitfalls across
3years of sampling. These data were recorded ~2m above ground
at two weather stations: urban measuring station Gric¢ (45.81468,
15.97196), 600-1000 m away from the surveyed city parks, and peri-
urban station Maksimir (45.8213, 16.02594), 500-1100 m away from
the surveyed peri-urban sites.

2.2 | Measuring critical thermal limits

Critical thermal limits (CTLs) are temperatures at which animals
lose voluntary muscle control (Lutterschmidt & Hutchison, 1997).
Although the daily temperatures ants experience in their habitats
are rarely close to their critical thermal maximum (CTmax), it is still
a useful proxy for temperature preference. Ant species with higher
CT,.. are going to forage during hotter parts of the day (Cerda
etal., 1998; Roeder et al., 2018). CT, . has been used in ant research
at local and global scales (Roeder et al., 2021), as well as for predict-
ing ectotherm responses to climate change (Sunday et al., 2014). To
measure CTLs, we collected ants at the same sites used to measure
microclimates during late June and early July of 2021 (Figure S1).
We collected foragers outside of their nests with aspirators be-
tween 8:00 and 13:00 and tested them immediately after collec-
tion to avoid potential acclimation (a maximum 4h elapsed before
testing). We chose this sampling window to make sure we captured
all commonly foraging ant species, because even though there is
not a strong preference for foraging time, species will start forag-
ing only when it gets warm enough, which can be later in the day
(e.g., Colobopsis truncata). We made sure to collect ants from dis-
tinct colonies, by collecting foragers in the vicinity of different nests.
To measure ant CTLs, we used a chilling/heating dry bath (Torrey
Pines Scientific EchoTherm™ IC50; advertised accuracy +0.2°C)
and a standardized ramping protocol for recording ant thermal limits
(Bujan et al., 2020). In short, we tested workers individually in 1.5mL

microcentrifuge tubes. Critical thermal maximum (CT__ ) measure-

max
ments started at 36°C, and we increased the temperature by 2°C
every 10min. We inspected and rotated each tube before the next
temperature increase, to determine at which temperature ants lost

muscle control. To measure the critical thermal minimum (CT_, )

, we
started the trials at 16°C and used the same procedure and the same
rate, but of temperature decrease.

We tested ten workers per colony, five workers for CT . and five
for CT,,, measurement. Species were replicated with 1-7 colonies at
urban and 1-6 at peri-urban sites (median =3 for both sites). Thus, if
a species was present at both urban and peri-urban sites, it was rep-
resented by six unique colonies (mean+SE: 6.1+ 1.1) and 60 workers
(30 workers for each CTL measurement). In total, we measured crit-

ical thermal limits of 14 ant species in 10 different genera, 7 species
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were canopy and 7 were ground nesting ants. Ten species came from

urban, and 13 from peri-urban sites (Table S1).

2.3 | Measuring ant activity

Ant activity in Zagreb urban parks is highest in June (JeSovnik &
Bujan, 2021). Thus, we measured ant activity in June for three con-
secutive years (2019-2021) to compare the differences in ant activ-
ity across urban and peri-urban sites. We used baits to measure both
ant recruitment (humber of ants at baits) and ant activity (occurrence
at baits). As a bait, we used a piece of cotton soaked in honey water
placed at the bottom of 2mL Eppendorf tube. We distributed 15
baits per site along a linear transect with 2m between baits. Using a
portable IR thermometer (Fluke 62Max, Fluke Corporation, Everett,
Washington, USA) we measured ground surface temperature at the
beginning of each baiting trial and 1h later, upon bait collecting. We
transferred ants from each bait to a separate vial with 95% EtOH for
later identification. During 3years of sampling, we set up 360 baits,
which attracted a total of 2543 individual ants from 8 species in 7
different genera (Table S1).

2.4 | Measuring abundance and richness

To record differences in species abundance and richness across
sites, we used pitfall traps in June for three consecutive years (2019-
2021). At each of the eight locations, we set up ten traps in two
linear transects of five traps. The distance between the traps was
3m, and between the transects, it was a minimum of 10m. Our traps
were 50mL Falcon tubes filled with ~15mL of 60% ethanol and a
drop of glycerol. Traps were left open for 48 h, after which we stored
the samples in 95% ethanol. We used a total of 240 pitfall traps dur-
ing 3years of sampling, which collected a total of 1687 individual
ants from 20 species and 13 genera (Table S1). None of the recorded
species were non-native which indicates that alien ant species are
either absent in studied parks or they are currently at very low popu-
lation densities (JeSovnik & Bujan, 2021). We identified all ants by
species using the stereomicroscope (XTL3400D) and taxonomical
keys (Radchenko & Elmes, 2010; Seifert, 2018; Wagner et al., 2017),
and an online ant specimen database Ant Web (https://www.ant-
web.org). All specimens are stored in the Croatian Myrmecological

Society ant collection in Zagreb.

2.5 | Data Analysis
2.5.1 | Microclimatic differences

We tested if average daily temperatures depended on site (urban vs.
peri-urban) and time of day (day vs. night). To do so, we divided our
soil surface measurements into daytime (5:30-20:30) and nighttime
(20:35-5:25) based on sunrise and sunset times in Zagreb during
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June and July. The same type of model with site and time of day as
predictors was fitted to examine differences in relative humidity. We
used the gimmTMB function to fit the models (Brooks et al., 2017).

2.5.2 | Critical thermal limits

To test for differences in ant CTLs, we used separate generalized
linear mixed effect models for CT__ and CT_, . Across 14 tested
species, we analyzed how CTLs change across different sites (urban
vs. peri-urban) and habitats (arboreal vs. ground) using colony aver-
ages of 5 workers. All models had two random factors: (1) species
to control for species level differences, and (2) colony to control for
intra-specific variability. Each CTL model had two categorical fixed

effects (site and habitat) and two random effects (species, colony).

2.5.3 | Activity analysis

To analyze differences in ant activity at baits, we used average
ground temperature, sampling year, site, and ant thermal tolerance
(CT, CT.,and T

maxe C Tmine range) 35 fixed factors. We calculated the range

of temperatures that each species in each population can tolerate
(T

range) @S the difference between CT,_ and CT ;. Bait identity was

used as a random factor to control for repeated measurements. To
analyze ant recruitment, we analyzed the total number of ants at
baits using the ‘nbinom2’ family for zero-inflated data. We built sep-
arate models for each thermal trait and used model comparison to
test whether CT__, CT . or Trange
recruitment. The optimal model with the lowest AIC (>2AIC from

best predict ant occurrence and

other models) was the model with CT..;, as a fixed factor, so we re-
ported those results below. The high number of ants at baits can
reflect ant recruiting success and colony vicinity, so to minimize this
potential sampling artifact we also used occurrence of ants at baits
(presence or absence). A separate model with presence-absence
data for occurrence used the same predictors as for recruitment but

with a binomial family distribution.

2.54 | Measuring abundance and richness

We used log transformed abundance and richness data of ants re-
corded in pitfall traps to test if they are affected by the sampling
year, site, or average June temperature. We used a generalized linear
mixed model with a trap number as a random factor, as it accounted
for the repeated measures at each of the sites in three consecutive
years. We used separate models to analyze the changes in species
richness and abundance. In the model examining species richness,
we used the wooded area of the park as a predictor variable instead
of site, as we previously found that the wooded area best predicts

ant richness across Zagreb parks (JeSovnik & Bujan, 2021).

We checked for overdispersion of all models using diagnostic
plots in the DHARMa package (Harting, 2021). We calculated model
estimates and post-hoc comparisons with the emmeans R package
(Lenth et al., 2020). All data were analyzed with the R statistical pro-
gram (R Core Team, 2023). The data supporting the findings of this
study will be publicly available in Figshare upon publication: https://
figshare.com/s/b466915ald1ce115d441.

3 | RESULTS
3.1 | Microclimatic differences

Urban sites were on average warmer and drier than peri-urban sites.
Urban parks had on average 2.6°C higher daily temperatures in July
compared to the peri-urban sites (Figure 1, mean+SE: 24.5+0.4 vs.
21.9+0.3°C) and this difference was maintained during the night
(22.3+0.3 vs. 19.4+0.3°C). Both site type (urban vs. peri-urban:
22=68.2, df=1, p<.001), and time of day (y°=51.1, df=1, p<.001)
were significant predictors of the ground temperature measured
with data loggers. Relative humidity differences were not as pro-
nounced as temperature differences, but relative humidity (RH)
was on average 5.4% higher in peri-urban habitats (Figure 1, =10,
df=1, p=.0016) and during the night in both urban and peri-urban
habitats (Figure 1; 2-10.2,df=1, p=.0014).

3.2 | Thermal tolerance differences

Critical thermal minimum of ants in urban sites was on average
higher compared to ants from peri-urban sites (Figure 2; ;(2:25.7,
df=1, p=.0009). Arboreal ants had lower CT_, compared to ground
nesting ants in both urban and peri-urban sites (;(2=7.6, df=1,
p=.006). The critical thermal maximum did not vary between urban
and peri-urban sites (Figure 2, y*=1.3, df=1, p=.25), or between
arboreal and ground nesting ants (,°=0.8, df=1, p=.366). The set
of species for which we measured CTL includes 40% (8/20) species
collected in pitfalls in the 3years of sampling and 75% (6/8) of all
species present at baits during the 3years of sampling (Table S1). We

compared community level CT__°

(Figure 2), but the pattern of no
change in CT__ and lower CT_, in peri-urban habitats was the same
when we examined species level differences (Figure 3).

3.3 | Abundance and richness changes

Ant abundance in pitfalls varied across sampling years (Figure S2;
72=10.3, df=2, p=.0059) and temperatures (y>=4.1, df=1,
p=.0443). Specifically, ant abundance was lower in 2020, com-
pared to two other years although these effects were only

marginally significant when years were compared via pairwise
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FIGURE 1 Urban and peri-urban parks during the day and night
differ in ground temperature (top panel) and relative humidity
(bottom panel) recorded using data loggers.

comparisons. There is only a trend towards abundance differences
between urban and peri-urban sites (;(2=2.9, df=1, p=.089). Ant
species richness did not change across sites during 3years of sam-
pling (p=.18) or with temperature (p=.86). Instead, wooded area
was still the best predictor of species richness (;(2=19.O, df=7,
P=.008).

3.4 | Recruitment and occurrence at baits

Urban parks had 9.6 times higher recruitment to baits than peri-
urban sites (y?=7.3, df=1, p=.007), especially ants with higher
CT,,» Which were more abundant at baits (#2=7.3,df=1, p=.0068).
Sampling year and average surface temperature did not influence
ant recruitment at baits (pyear:.457, ptemp:.391). Tetramorium caes-
pitum was the most abundant ant in urban sites, accounting for 81%
of all ants collected on baits. At the same time, T.caespitum was
completely absent from peri-urban baits which were dominated by
Lasius niger, comprising 47% of all collected ants. Lasius niger was
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also present on baits in urban sites, but in low abundance (11% of
all ants). Ant occurrence was best predicted by the sampling year
(;(2=10‘1, df=2, p=.0063) as it was higher in 2021 compared to
2020, the only significant difference observed among years after
pairwise comparisons (Figure S3). Neither average surface tempera-
ture (;(2=2.2, df=1, p=.135) nor site were good predictors of ant
occurrence at baits (;(2:0.11, df=1,p=.731).

4 | DISCUSSION

Our study is the first to test community level differences in the
thermal tolerance of urban ants, and we found that cold, and not
heat tolerance depends on habitat temperatures. Urban sites were
warmer and drier compared to peri-urban sites and yet, despite
2.6°C higher average temperature in urban sites, heat tolerances
of ants in them were comparable to the ones in peri-urban sites.
Instead, cold tolerance varied predictably with habitat temperature,
as ants in cooler, peri-urban sites, tolerated lower temperatures. Our
finding suggests that in temperate zones, cold pressure might still
be stronger than heat pressure in urban habitats, as was recently
found for five North American ants (Youngsteadt et al., 2023). This
finding is further supported by the fact that ant recruitment across
3years of sampling was best predicted by cold, and not heat tol-
erance. Additionally, we discovered lower ant abundance in a year
with a lower average temperature, suggesting that temperature still

governs ant foraging.

4.1 | Thermal tolerance across urban habitats

Invariant CT__ that we recorded across the urban landscape does
not support the thermal adaptation hypothesis. It also disagrees with
previous findings from the tropical urban-rural comparison, which
found higher heat tolerance in urban leaf cutting ant populations
(Angilletta et al., 2007). Temperate zone ants like seed-harvesting
ants (Warren et al., 2018), acorn ants (Diamond et al., 2017) and
North American woodland ants (Diamond & Martin, 2021) have
higher CT__ in urban habitats, and CT_, of these ants also follows
habitat temperature, being higher in warmer, more urbanized sites.
In contrast, chill coma recovery time between urban and rural popu-
lations did not differ (Angilletta et al., 2007), likely because tropi-
cal ants do not experience significant cold pressure in their habitat.
Therefore, selection pressures on thermal tolerance of ectotherms
between tropical and temperature urban habitats likely differ.
There are two main reasons why our CT__ results could dif-
fer from some of the previous studies. First, Zagreb might have
a weaker urban heat island effect than metropolis cities like Sao
Paulo, where observed heat tolerance was higher in urban than
rural sites (Angilletta et al., 2007). Overall, the climates across
these two cities differ substantially. The daily mean temperature
in Sao Paulo is 19.6°C (Roca-Barcel6 et al., 2022), while the mean

annual temperature in Zagreb is 12.1°C (Bonacci et al., 2021).
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FIGURE 2 Model predictions of critical thermal limits across urban and peri-urban sites and habitat types. Critical thermal minimum
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FIGURE 3 Critical thermal limits across eight species that were found in both urban and peri urban and peri-urban sites. Critical thermal

minimum (CT,_. ) was significantly lower in peri-urban habitats (;(2= 11.6, df=1, p=.0007); while critical thermal maximum (CTmaX) did not
differ across habitat types (;(2=2.8, df=1,p=.1).
Winters in Sao Paulo City (from June to August) range in monthly found the same pattern as our study, for example, CT . of hon-
mean temperature from 14.4°C to 16.4°C, while the mean eybees was higher in urban areas (lower cold tolerance than peri-
monthly winter temperature in Zagreb is 2.5°C (from December urban honeybees) and as a result, narrower Tranges were found in
to February) (Bonacci et al., 2021). Thus, the overall climate is the city as their CT__ did not vary with urbanization (Sanchez-
warmer in Sao Paulo, particularly during the winter times, which Echeverria et al., 2019). Higher variability in CT_, than CT__ , and
are much cooler in Zagreb. higher CT,_. (lower cold tolerance) in urban compared to rural areas
Second, most of our ants were arboreal, so they might already were also found in one species of acorn ants (Diamond et al., 2017).
have adapted to warmer habitats. Other studies on Hymenoptera Together, this suggests that different evolutionary forces might be
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acting on organisms in the urbanized landscape than in semi-natural
or rural areas. Our results on invariant CT__, confirms a recent
finding across urban-rural gradient in five temperate ant species
(Youngsteadt et al., 2023) indicating that temperate zone ants did
not adapt nor acclimatize CT_,, to the urban heat island effect, as
did the tropical ants.

We recorded higher average daily temperatures in urban habi-
tats during the three-year period of this study, and even tempera-
ture maxima and minima are higher in urban environments. But the
long-term temperature records (58-years of measurements) show
that urban and peri-urban habitats in Zagreb do not differ with re-
spect to the maximum temperature, while the temperature minima
are significantly lower in peri-urban habitats (Nimac et al., 2021).
This suggests that ants' thermal limits across this urban environment
are adjusted to the differences in thermal minima experienced in
the habitat. Thus, thermal tolerances might be governed by environ-
mental thermal extremes, not environmental temperature averages,
a pattern previously recorded at large scales (Bujan et al., 2020;
Diamond & Chick, 2018).

At the habitat level, we found the same pattern, of invariant
CT, .« and lower CT . inthe canopy compared to the ground nest-
ing ants. CT__ was remarkably consistent at both the community
level (Figure 2) and the species level (Figure 3). In contrast, lower
CT,.i, was found in peri-urban sites at the community level, and
species level, as most of the species that we recorded across urban
and peri-urban sites had lower CT,_, in peri-urban habitats. This
suggests that intraspecific variation in CT_, ,

tity, is most likely driving the difference in cold tolerance across

and not species iden-

the sites.

The majority of the shared species that occurred in both urban
and peri-urban sites (Figure 3) are arboreal (6/8) and arboreal ants
are generally well adapted to hot and dry environments (Bujan
et al., 2016), so cold exposure could be more detrimental for the
ants in the temperate canopy. Our study, as studies on tropical ant
communities, found wider thermal ranges in arboreal compared
to ground nesting ants (Kaspari et al., 2015; Leahy et al., 2021).
However, in both of those tropical studies, CT,__ was higher in the
canopy than the understory, which was not the case in our study.
Canopy in urban habitat does not seem to impose additional heat
stress compared to the understory of urban parks. Instead, they
might offer a cooler microclimate in the city, more nesting sites,
and habitat with less disturbances (e.g., mowing, planting, pesticide
treatment) that could result in denser aphid populations providing
honeydew for aphid-tending ants. Thus, canopy habitats might be
increasingly important for maintaining and preserving biodiversity

of urban ants.

4.2 | Abundance and richness changes in urban ant
communities

The differences in temperature among sites, based on weather
station data, did not impact overall ant richness, consistent with
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previous studies (Bujan et al., 2022; Pelini et al., 2011), suggesting
that this community feature is quite resistant to thermal stress.
Previously, we found that richness in these Zagreb parks is pre-
dominantly driven by the amount of wooded area (JeSovnik &
Bujan, 2021), so we would expect to observe the same pattern
using microclimates.

Ant abundance was lower in 2020, likely because the aver-
age monthly temperature in 2020 (20.7°C) was significantly lower
than in both 2019 (24.5°C) and 2021 (23.9°C). Thus, ant activity is
strongly impacted by the thermal environment in urban, as well as
natural habitats (Cerda et al., 1998). Higher temperatures observed
in urban habitats might promote higher foraging activity which could
have beneficial effects for colonies of urban ants acquiring more

resources.

4.3 | Activity changes in urban ant communities

Urban ants had higher rate of recruitment, compared to the peri-
urban ants, even though urban community was less species rich,
and more homogeneous, consistent with previous findings (Savage
et al., 2015). Urban habitats are often dominated by the pavement
ant (T.caespitum) which heavily relies on human generated waste
(Penick et al., 2015; Savage et al., 2015), and we found dominance of
pavement ants in our urban parks. This species is likely driving our
modeled estimate of CT,_; as a good predictor of ant recruitment,

because of its low cold tolerance (high CT_. , Figure 3) and high re-

min’
cruitment on baits in urban parks.

Baiting is an active collecting method that targets common and
dominant ants which are generalists and thus imitates natural for-
aging to resources (Bestelmeyer et al., 2000). Often the bait will be
occupied by the species that recruits fast, in large numbers, and ag-
gressively defends the bait (Bujan et al., 2016). Pitfall traps are not
selective, they passively collect ants over longer time periods, which
is why pitfalls recorded a higher number of species than baits. Both
methods are standard methods for ant sampling (Agosti et al., 2000)
and we combined them for a comprehensive understanding of com-
munity level changes and activity changes across sites. Although
baits and pitfalls attracted different number of species, in both cases,
abundance was lower in 2020. Moreover, there was no change in
species richness over the years, suggesting that, regardless of the
different approach, they record the same community level changes.

Ant occurrence at baits was the highest in 2021—somewhat
similar to abundance (activity density) in pitfalls which was higher
in 2021 and 2022, compared to 2020. And while we could explain
differences in abundance in pitfalls with temperature, surprisingly,
the temperature measured at the time of bating did not predict ant
occurrence (species presence or absence at baits). Preferred forag-
ing temperatures of ants did not change along urban thermal gradi-
ents (Youngsteadt et al., 2023), which suggests that species specific
activity patterns might not be flexible enough to change with warm-
ing in the cities, or the warming is still not stressful enough. Taken
together, our results suggest that we need to rethink predictions
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about urban heat islands driving insect adaptations, as not all insects
will increase heat tolerance in urban habitats, and cold tolerance
might be a more variable or adaptable trait, particularly in the tem-

perate zone.
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