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Abstract
Urbanization progresses world-wide and the frequency of biological invasions increases. Understanding to what extent urban 
environments facilitate biological invasions and how this affects ecosystems within and outside urbanized areas thus becomes 
crucial. We here examine the role of urban environments in the invasion of the butterfly Pieris mannii that expanded across 
Central Europe within the last two decades. Using standardized butterfly captures at paired urban and (semi)natural field sites 
within the invaded range in Switzerland, we demonstrate that P. mannii is strongly associated with cities and towns. At least 
in some urban localities, this species is now the most common butterfly, and densities tend to be particularly high where urban 
areas are large. Because urban habitats commonly provide non-native host plants and perhaps also the physical structure and 
microclimate suitable to this butterfly, urbanization has clearly promoted the species’ rapid invasion. Studying phenology 
over an entire season, we further infer that P. mannii has up to six generations per year, which may allow the species to adjust 
its life cycle to changing season length during northward expansion. Overall, our study demonstrates how preadaptation to 
urbanized environments in a relatively specialized insect increases urban biodiversity on a large geographic scale.
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Introduction

Biological invasions are becoming increasingly frequent 
(Seebens et al. 2017, 2021). This trend is attributed, on 
the one hand, to the increased translocation of organisms 
by humans as a consequence of progressing globaliza-
tion (Mack et al. 2000; McKinney 2006; Kowarik 2011).  
On the other hand, human modifications of local environments 
can generate ecological opportunities for non-native organ-
isms preadapted to the novel conditions, or offer non-native 
organisms a competitive advantage over natives (Byers 2002;  
New 2015). A particularly drastic environmental modifica-
tion is the conversion of (semi)natural habitats into urban 
environments. Urbanization generally coincides with the 
establishment of novel ecological conditions such as exten-
sive impervious surfaces, elevated temperatures, a high pres-
ence of non-native species, and high habitat heterogeneity 

on a small spatial scale (Thompson et al. 2003; Menke et al. 
2011; Pincebourde et al. 2016; Cadotte et al. 2017; Borden 
and Flory 2021). Urban environments are therefore often 
considered hot spots for the establishment of non-native 
species (McKinney 2006; Kowarik 2011). Much remains to 
be learned, however, about how urban environments influ-
ence the invasion dynamics of particular species (Gaertner 
et al. 2017; Hui and Richardson 2017), and to what extent 
urban environments serve as a starting point for the spread of 
non-native species into natural environments outside urban-
ized zones (Cadotte et al. 2017; Borden and Flory 2021), 
potentially with negative effects on native biodiversity and 
ecosystems (Diamond 1989; Mack et al. 2000; Blackburn 
et al. 2019).

To address the latter questions, we here investigate the 
role of urban environments in the invasion of a butterfly, 
the Southern Small White (Pieris mannii) (Fig. 1, insert 
photograph). Historically known as native mainly to south-
ern (Mediterranean) Europe and exhibiting highly local-
ized, stable and sedentary populations (Kromer 1963; SBN 
1991; Ziegler and Eitschberger 1999; Ziegler 2009), this 
species has initiated a dramatic range expansion across 
Central Europe. The first clear signs of an invasion can 
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be traced back to 2005 in south-western Switzerland (Zie-
gler 2009). By 2008, this country was colonized and range 
expansion progressed northward into southern Germany 
(Herrmann 2010; Hensle and Seizmair 2015). By now, the 
species has reached the northern edge of Germany (Wiem-
ers et al. 2020b). Within less than 20 years, P. mannii has 
thus expanded by at least 850 km, progressing at a speed of 
50–100 km per year. The invasion is particularly well docu-
mented for Switzerland and Germany and appears to have 
initially occurred approximately northward (Ziegler 2009; 
Herrmann 2010; Wiemers 2016; Wiemers et al. 2020b), but 
also continues in other directions (Gros 2018; Vantieghem 
2018; Wiemers et al. 2020b).

Because the invasion is supposed to have originated from 
the edge of the native range in south-eastern France and has 
progressed continuously, it likely did not involve the direct 
spread of the species by humans but instead occurred via 
natural dispersal (Ziegler 2009). The causes underlying this 
sudden dispersal remain to be elucidated; climate change 
may play a role but is alone considered an unsatisfactory 

explanation, given the speed of the range expansion, that 
the expansion started from a geographically localized 
region (Settele et al. 2008; Vantieghem 2018; Wiemers 
et al. 2020b), and that climatic conditions within the new 
range do not seem to have been limiting prior to the expan-
sion (Neu et al. 2021). That the invasion of P. mannii may 
have been promoted by urban environments is suggested 
by two observations: first, recent records of this butterfly 
generally come from urban localities (Ziegler 2009; Her-
rmann 2010; Vantieghem 2018). Second, although P. mannii 
qualifies as a host plant specialist within its original native 
range, with only a handful of Brassicaceae species known 
to be exploited by the larval stage (caterpillar) (Ziegler and 
Eitschberger 1999), two of these are planted widely as gar-
den ornament (Iberis sempervirens) or as food (Diplotaxis 
tenuifolia) in urbanized areas across Central Europe (the lat-
ter species is also naturalized outside urban zones) (Fig. S1, 
Supplementary Information). However, a relatively high 
observer density in cities may bias the spatial distribution 
of P. mannii records toward urban areas (see also Gippet 

Fig. 1  Historical and present distribution of Pieris mannii in Swit-
zerland, and study sites. The black dots in the main map show all 
localities with historical records of the species, covering the time 
period 1894–2004. The historical population from the western-most 
tip of Switzerland likely became extinct historically, as no records 
were made in this region between 1926 and 2005. The bottom-right 
insert map shows P. mannii’s post-invasion distribution in Switzer-
land, based on records from 2005 to 2022. Some regions in central, 
southern and eastern Switzerland are not occupied by the species 

because they represent unsuitable high-altitude zones in the Alps. The 
localities chosen for the present study are located within the newly 
colonized range and represent urban and natural sites in four regions 
around larger cities. The locality numbers correspond to those listed 
in Table 1. Locality 21 (white dot) represents an urban site used to 
investigate phenology. The top-left insert map shows the situation of 
Switzerland in Central Europe and the photograph depicts a female 
specimen of P. mannii 
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et al. 2022), and the butterfly may have broadened its host 
plant repertoire within the invaded range, allowing the colo-
nization of more natural environments as well (Geier 2016; 
Köhler 2021; Neu et al. 2021). A formal study is therefore 
needed to shed light on the role urban environments play in 
the invasion of P. mannii.

We initiate such an investigation by focusing on P. man-
nii in its invaded range in Switzerland. Our main goal is to 
characterize the species’ habitat use through observations in 
urban and adjacent natural environments. Moreover, since 
invasion success and particularly the capacity for range 
expansion is influenced by a given organism’s life cycle and 
dispersal capacity (Macgregor et al. 2019; Wallingford et al. 
2020), we additionally explore P. mannii’s phenology and 
aspects of its dispersal behavior.

Methods

Study region and butterfly habitat use

In a first observational experiment, we studied P. mannii’s 
habitat use in the Swiss Plateau, that is, in the northern part 

of Switzerland situated at low elevation (300—800 m a.s.l.) 
outside the Alps (Fig. 1). The Swiss Plateau was colonized 
in the beginning of the butterfly’s documented invasion, 
between 2005 and 2008 (Ziegler 2009). The study region is 
thus located outside the edge of P. mannii’s historical range, 
here formed by sedentary populations known since the late 
nineteenth century (SBN 1991).

Our observation design involved urban-natural site pairs 
at five localities within each of four regions around large 
cities in Switzerland (i.e., 20 localities and 40 observation 
sites in total; Fig. 1, Table 1). Within each region, the study 
localities were selected to cover a gradient in the size of the 
urbanized area, ranging from the main city to small rural 
towns nearby (resident population sizes for all localities 
are given in Table 1). All urban sites within the site pairs 
were chosen based on aerial imagery and were required to 
represent residential zones with a substantial proportion 
of vegetated surface (i.e., extensive vegetation-free indus-
trial, commercial or traffic zones were avoided). The cor-
responding natural sites within the site pairs were selected 
analogously but had to be situated 1–3 km outside any urban 
environment. These sites comprised (semi)natural and agri-
cultural open habitat dominated by meadows and pastures, 

Table 1  Pieris mannii study localities, ordered by decreasing resident 
population size within each study region. For each locality, geograph-
ical coordinates are given for the urban and natural site, with the 

exception of locality 21 where phenology and dispersal were investi-
gated at an urban site only (no associated natural site)

Locality 
number

Locality name Region Resident 
population
size

Surface area  (km2) Urban site Natural site

Latitude Longitude Latitude Longitude

1 Lausanne Lausanne 139,408 43.98 46.519370 6.652108 46.576984 6.666776
2 Vevey Lausanne 1 9,824 5.98 46.469853 6.834989 46.473064 6.800371
3 Penthalaz Lausanne 3,258 0.62 46.614100 6.529303 46.607137 6.550997
4 Palézieux Lausanne 1,326 0.12 46.554873 6.833361 46.551384 6.802366
5 Bavois Lausanne 951 0.27 46.686462 6.568097 46.673948 6.591889
6 Bern Bern 134,591 38.45 46.949685 7.466625 46.989001 7.513179
7 Jegenstorf Bern 5,761 1.25 47.048393 7.501588 47.065917 7.497944
8 Toffen Bern 2,526 0.54 46.858528 7.489640 46.864304 7.532117
9 Arch Bern 1,629 0.62 47.167034 7.435648 47.175681 7.402115
10 Blumenstein Bern 1,248 0.30 46.740926 7.516701 46.753395 7.547973
11 Basel Basel 173,232 57.98 47.567173 7.567402 47.538172 7.523264
12 Frenkendorf Basel 6,454 7.69 47.503956 7.712309 47.495512 7.696234
13 Pfeffingen Basel 2,369 57.98 47.457494 7.594674 47.479820 7.563198
14 Ziefen Basel 1,561 0.47 47.432299 7.705393 47.417885 7.691765
15 Grindel Basel 520 0.17 47.380465 7.504213 47.380454 7.521136
16 Zürich Zürich 420,217 104.31 47.381130 8.499542 47.388284 8.592216
17 Uster Zürich 35,007 5.21 47.342594 8.737294 47.322208 8.724587
18 Regensdorf Zürich 18,540 3.98 47.446818 8.475035 47.467548 8.475372
19 Bubikon Zürich 7,344 0.85 47.263819 8.815541 47.274100 8.784454
20 Weiach Zürich 1,903 0.52 47.554525 8.442777 47.556249 8.420049
21 Pratteln Basel 16,650 4.27 47.520721 7.686489
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sometimes bordering woodland but never including forest 
habitat.

Butterfly observations at the study sites were made from 
August to mid-September 2021. This time window was 
chosen because it lies well within the species’ flight season 
when we expected P. mannii to have overlapping generations 
and hence to be present continuously and at relatively high 
density (Herrmann 2010; Hensle and Seizmair 2015; Schu-
rian and Siegel 2016; see also our phenology data below). 
Standardized observations were made by sweep-netting 
while walking continuously and haphazardly along roads and 
walks, or also cross-country at the natural sites, for one hour 
(sectors were allowed to be inspected repeatedly), thus trav-
elling a total distance of around 2 km at each site. Because 
P. mannii cannot be distinguished reliably from other Pieris 
species in flight, we captured all representatives from this 
genus (i.e., P. mannii, P. rapae, P. napi, and P. brassicae). 
Individuals were then identified to species, recorded, marked 
with a permanent felt-tip pen to avoid multiple recording, 
and released immediately, except for some P. mannii that 
were retained for future genomic work. The latter includes 
two individuals that could not be identified unambiguously 
based on wing characters and were confirmed as P. mannii 
based on genomic sequence data (L. Blattner, unpublished). 
All observations were made between 10:00 and 17:30 in sun-
shine and at least 16 °C ambient temperature, with little or 
no wind. The paired urban and natural sites of a given local-
ity were always visited consecutively in haphazard order on 
the same day.

Raw individual counts resulting from the above observa-
tions were visualized by separating P. mannii individuals 
from all other Pieris individuals grouped together. As this 
revealed that P. mannii is associated with urban environ-
ments, we further asked whether this butterfly may maintain 
particularly high population densities where urban areas are 
relatively large. We explored this idea by performing linear 
regressions of butterfly counts from all 20 urban sites against 
the size of these localities quantified by two different metrics 
(both linearized by log10 scaling): human resident popu-
lation size obtained from municipality population census 
data for 2021 (Swiss Federal Statistical Office, https:// www. 
bfs. admin. ch), and site surface area measured by using the 
online map tool from swisstopo (Swiss Federal Office of 
Topography, https:// map. geo. admin. ch) (Table 1). Surface 
area was here defined as the perimeter around a given urban 
site encompassing all contiguous surface characterized by 
the presence of buildings, allowing this area to exceed a 
locality’s formal municipal territory. By this definition, the 
urban site 13 proved distantly connected by urban habitat to 
site 11, hence these localities share the same surface area 
value (Table 1). As these two sites are still separated by more 
than 12 km direct distance, we retained them as independent 
data points, although excluding site 13 from analysis had a 

trivial influence on the results and did not affect any con-
clusion (details not presented). The two regression analyses 
(i.e., with population size and surface area as predictors) 
were again done separately for P. mannii and for all other 
Pieris species combined (or, as supplementary analyses, just  
for P. rapae). For each butterfly group, we determined 
the 95% compatibility interval (i.e., the 0.025 and 0.975  
distribution quantiles) for the regression slope estimates 
by bootstrap resampling the urban sites 50,000 times and 
re-calculating the slope for each iteration (Manly 2006). In 
these regression analyses, we assume that our metrics of 
urban area size serve as reasonable proxies for the extent 
of urban habitat actually suitable to P. mannii. We caution, 
however, that our focal localities may differ qualitatively 
with respect to the butterfly’s habitat requirements, and also 
in their connectivity to other urbanized areas nearby, so we 
consider these analyses relatively noisy.

Phenology and dispersal

To better understand P. mannii’s phenology and to gain 
insight into its dispersal behavior, we combined presence-
absence data, quantitative captures made in regular time 
intervals, and information on butterfly age distribution 
produced during the year 2022 at a single urban site near 
Basel (locality 21 in Fig. 1 and Table 1, coinciding with 
the P. mannii sample site from Berner et al. 2023). Unlike 
the previous experiment on habitat use, observations here 
did not involve walking but instead were performed within 
a small perimeter of approximately 10 × 10 m by a single 
person (DB).

P. mannii overwinters in the pupal stage, and based on 
observations from previous years, we anticipated the emer-
gence of adult butterflies as early as March (see also Hensle 
and Seizmair 2015; Schurian and Siegel 2016; Wiemers 
2016), and that at least the first generations were well sepa-
rated temporally (i.e., non-overlapping). We thus started to 
look out for the species in March and made sporadic sweep 
net captures until early June; the low density during this 
early part of the species’ flight season precluded more for-
mal observation schemes. A sudden rise in density in June, 
however, allowed us to switch to a standardized observa-
tion strategy involving the capture of at least ten P. mannii 
individuals within nine total consecutive time windows of a 
few days each (2.9 d on average; range 1–8 d). Observations 
proceeded in this way until early September, when densi-
ties dropped and again allowed for sporadic captures only. 
Irrespective of the species, all Pieris individuals captured (or 
recaptured) during this observational experiment were pro-
vided with a pen marking specific to the corresponding time 
window, transferred to the fridge, and released only at the 
end of that day’s observation period. This procedure avoided 

https://www.bfs.admin.ch
https://www.bfs.admin.ch
https://map.geo.admin.ch
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recaptures of individuals on the same day, and permitted 
identifying recaptures within and across time windows.

A minimum of ten P. mannii individuals per time window 
(excluding recaptures) was considered necessary to explore 
the relative proportion of different butterfly age categories  
– information we considered helpful for estimating the  
number of generations over the total flight season. Assign-
ing individuals to age categories was possible because all 
P. mannii individuals captured (including a haphazard sub-
set of recaptures) were photographed in a standardized way 
(Fig. S2). Evaluating the condition of the wing fringes from 
the photographs, individuals were given a condition score 
from 1–4, with 1 representing fresh butterflies with immacu-
late fringes, and 4 being individuals with completely worn 
fringes (a representative individual from each age class is 
presented in Fig. S2). Wing fringe scoring was performed 
by a single person (NM) after randomizing the photographs 
with respect to an individual’s capture date, and hiding the 
dates. Each individual was scored four times on independent 
occasions. In 80% of the individuals (total n = 124), all four 
scores were identical, while the remaining 20% exhibited 
only one deviant score among the four. We thus used an indi-
vidual’s median score for analysis. A small subset of indi-
viduals (n = 12) were captured and photographed more than 
once, which allowed directly relating wing fringe condition 
to approximate butterfly age. This check confirmed that wing 
fringes permitted reliably separating fresh individuals (i.e., 
not more than a few days old) from older animals (Fig. S3).

Because the time effort spent observing was recorded 
for the majority of observation days, the above capture data 
from study site 21 further allowed an approximate estimation 
of the density of P. mannii over the flight season – another 
piece of information we deemed useful for studying phenol-
ogy. For this, we scaled our observations as the number of P. 
mannii per hour, hereafter referred to as P. mannii density. 
Because individuals were occasionally observed but could 
not be captured and because other Pieris species occurred 
at the experimental site, our captures (and marking) always 
targeted every Pieris individual, irrespective of the species. 
Based on the total number of Pieris individuals observed, 
and the proportion of P. mannii among all Pieris actually 
captured on a given day, this allowed estimating P. mannii 
densities more accurately. For the analysis of phenology, 
the sporadic observations, age distributions, and density 
estimates were all graphed together along the seasonal time 
axis. We here generally included the recaptures, although 
for roughly half of the recaptures (Fig. S3), photographs 
were missing so that these observations did not enter the 
age distributions.

Owing to our marking of all Pieris butterflies, the capture 
data from site 21 further allowed us to explore P. mannii’s 
dispersal behavior and life span. The former was performed 
by using P. rapae for comparison. P. rapae is the sister 

species of P. mannii (Wiemers et al. 2020a), is an agri-
cultural pest species now spread nearly world-wide due to 
human introductions (Ryan et al. 2019), and is considered a 
strong flyer and disperser (Gilbert and Raworth 2005). Based 
on our observation of an association of P. mannii with urban 
environments, we asked whether P. mannii shows a less 
pronounced dispersal tendency relative to P. rapae, which 
would result in a higher recapture probability at this study 
site. To examine this idea, we calculated for both Pieris spe-
cies the probability that an individual was recaptured at least 
once, with 95% compatibility intervals for the probability 
estimated by bootstrap resampling individuals 50,000 times. 
To gain insights into P. mannii’s life span in the wild, we 
graphed the cumulative time interval between successive 
captures for all individuals recaptured at least once (n = 28). 
We emphasize that this approach underestimates individuals’ 
real life spans, because we were able to track individuals 
from the first capture to the last recapture only, not from 
birth to death. For P. rapae, the paucity of recaptures (n = 2) 
precluded a meaningful exploration of life span.

Finally, we examined the consistency between years in 
the relative abundance of P. mannii among all Pieris spe-
cies at the urban study locality 21. We here focused on the 
period between June 25 and July 11, for which capture data 
generated as described above were also available from the 
year 2020 (n = 44 total Pieris individuals). We thus selected 
from the 2022 data the subset of Pieris captures (n = 46) 
made during the same period, and compared the relative 
proportion of P. mannii between the two years, with 95% 
compatibility intervals estimated by bootstrap resampling 
of all Pieris individuals.

Results

Habitat use by P. mannii

Our butterfly observations at urban and natural site pairs at 
20 localities produced 486 total individual butterfly captures 
and revealed an unambiguous pattern: the invasive P. man-
nii was recorded at all but one urban sites, but not a single 
individual was seen at any of the 20 natural sites nearby 
(Fig. 2). By contrast, the other Pieris species (essentially 
P. rapae and P. napi; P. brassicae accounted for only c. 1% 
of the captures) occurred at both urban and natural sites. 
This striking difference in P. mannii occurrence between 
the two site types cannot be explained by differential capture 
success, as the total number of butterfly captures was very 
similar between the urban (n = 253) and natural (n = 233) 
sites. Averaged over all urban sites, P. mannii made up 40% 
of the butterfly captures. At some urban sites, however, P. 
mannii was clearly the most common Pieris species (Fig. 2), 
and captures from two different years at a single urban site 
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(locality 21) suggest that such high abundances are main-
tained over years (Fig. S4).

Interestingly, while the other Pieris species were cap-
tured in greatest number at those urban study sites situated 
in relatively small urbanized localities, as expressed by 
both human resident population size and surface area, P. 

mannii displayed the opposite trend, with large cities con-
sistently producing large captures (Fig. 3). These contrast-
ing patterns between the butterfly species did not change 
qualitatively when comparing P. mannii to just P. rapae 
alone, the most common Pieris across our urban sites (43% 
of all butterfly captures on average) (Fig. S5).

Fig. 2  Individual counts of P. 
mannii and other Pieris species 
at urban (top) and associated 
natural (bottom) sites. The 
20 total localities are ordered 
consecutively from left to right 
according to Table 1 (exclud-
ing locality 21), hence are 
ordered by decreasing resident 
population size within the study 
regions. The study regions are 
separated by alternating white 
and light gray backgrounds

Fig. 3  Individual counts of P. 
mannii and other Pieris species 
at urban sites, plotted against 
human resident population size 
(top) and the surface area (bot-
tom) of these localities (both 
log10 scaled). The histograms 
on the right display the boot-
strap density distributions for 
the linear regression estimates 
of the two slopes, with the 
numerical values representing 
the observed point estimates 
(also indicated by dark gray 
triangles on the x-axes). Irre-
spective of the metric used to 
quantify locality size, regression 
slopes best compatible with 
the data are mostly positive 
for P. mannii, but negative for 
the other Pieris species (95% 
compatibility intervals indicated 
by light gray triangles on the 
x-axes)
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Phenology

During our study of butterfly phenology over an entire 
flight season at the experimental site 21, we captured 
a total of 124 unique individuals of P. mannii. A single 
first observation of a (fresh) P. mannii occurred in late 
March, followed by several weeks without any observa-
tion (Fig. 4, bottom). New fresh individuals then appeared 
at the end of April, again followed by several weeks with-
out sightings of (fresh) butterflies. After a remarkable 
surge in density in early June, the species remained suf-
ficiently frequent until early September to allow stand-
ardized captures for estimating age distributions. The last 
fresh individuals were recorded in mid-September, and 
the last worn animal in mid-October.

The age distribution and density data proved of lim-
ited utility for distinguishing the generations during the 
summer months (June–September); although the absence 
of fresh butterflies among the captures from the end of 
August and the appearance of such animals in September 
suggest the emergence of a distinct late-summer genera-
tion (Fig. 4, bottom), individuals from all age catego-
ries occurred throughout the preceding summer period, 
indicating broad overlap between generations. Moreover, 
after a striking peak in June, P. mannii density dropped 
to consistently low levels without clear peaks during July 
and early August (Fig. 4, top).

Dispersal and longevity

As hypothesized, our marking of all Pieris butterflies at site 
21 revealed distinct recapture probabilities for P. mannii 
and P. rapae: while every fourth P. mannii was recaptured 
at least once during the experiment and several individu-
als were recaptured twice or even three times, only two out 
of 52 (c. 4%) of P. rapae were recaptured, and only once 
(Fig. 5a). Furthermore, the maximum time span between 
successive captures for an individual was 5 days on average 
in P. mannii (median 3.5 d), whereas the two recaptured P. 
rapae had both been marked the preceding day. Combined, 
this strongly suggests more localized dispersal in P. mannii 
than in its sister species. The mark-recapture data further 
showed that P. mannii can attain a life span up to at least 
three weeks under field conditions (Fig. 5b).

Discussion

Our experiment on P. mannii’s habitat use makes clear that 
the species’ invasion across Central Europe was promoted 
by urbanization; unlike two congeneric species, we observed 
this butterfly exclusively in urban environments. This exploi-
tation of ecological opportunity associated with human pres-
ence resembles patterns of range expansion documented in 
other invasive species (Davis et al. 2014; Greig et al. 2017; 
Marques et al. 2020; Thawley and Kolbe 2020; Rivest and 
Kharouba 2021). Although we recognize that P. mannii is 

Fig. 4  Phenology and density of P. mannii over the 2022 field season 
at an urban site (locality 21; Table 1, Fig. 1). The bottom part shows 
observations of P. mannii, color coded by fringe condition. From 
mid-June to September, densities were high enough to allow sys-
tematic captures of at least ten individuals within a few consecutive 
days. For these capture windows, proportions for the fringe condition 
categories are presented, with total sample sizes given on top of the 

bars, and the precise sampling days indicated by gray lines on the bot-
tom of the bars. Outside this period, densities were low and permit-
ted only sporadic captures, shown individually as dots. The upper part 
displays estimated P. mannii density at each sampling day for which 
capture effort was recorded, expressed as the number of individual 
sightings per hour (data not available prior to June)
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occasionally reported from (semi)natural habitats within its 
newly colonized range, the highly consistent association with 
urban environments in our and other investigations (Ziegler 
2009; Herrmann 2010; Geier 2016) and the high density of 
such habitat across much of invaded Central Europe suggest 
that most of P. mannii’s global population may now well live 
synanthropically in towns and cities. Since representatives 
of the genus Pieris generally dominate urban butterfly com-
munities numerically, P. mannii must qualify as the most 
common butterfly overall at least in some urban localities 
within the invaded range (see also Ziegler 2009; Herrmann 
2010; and Rivest and Kharouba 2021 for extremely high 
abundances in another invasive butterfly). This may be true 
especially for larger cities, given our indication that P. man-
nii densities tend to scale positively with proxies of city size.

Although our investigation focused on a relatively small 
region colonized early during P. mannii’s range expan-
sion across Europe (the species has currently progressed 
c. 700 km further north; Wiemers et al. 2020b), the par-
ticular expansion mode, relying strongly on urbanized 

environments, is likely to be representative of the butterfly’s 
invasion as a whole. The reason is that records from more 
recently colonized regions further north also come mostly 
from urban areas (Herrmann 2010; Hensle and Seizmair 
2015; Von Scholley-Pfab and Pfab 2017; Vantieghem 2018). 
This butterfly thus provides a striking example of an invasive 
species enriching urban faunas locally, but at the same time 
making urban biodiversity more homogeneous at a broad 
spatial scale (Rahel 2002; Sax and Gaines 2003; McKinney 
2006; Winter et al. 2009; Piano et al. 2020).

Our work raises the question how urban environments 
facilitate the establishment of P. mannii. The answer must 
partly be related to the larval host plants (see also Dexheimer 
and Despland 2023). This butterfly has indeed been specu-
lated to have broadened its host plant repertoire within the 
invaded range (Geier 2016; Köhler 2021; Neu et al 2021). 
However, direct field observations do not support the view 
that host shifts play a role in this butterfly’s expansion suc-
cess: at least two plant species known as hosts and wide-
spread in the original native range of the species occur 

Fig. 5  a The barplots on the 
left indicate the proportion of P. 
mannii and P. rapae individu-
als captured just once (i.e., not 
recaptured), or recaptured up to 
three times, over the summer of 
2022 at an urban site (local-
ity 21). Total sample sizes are 
given on top of the bars. The 
histograms on the right show 
for both species the bootstrap 
density distribution of the prob-
ability that an individual was 
recaptured at least once, and 
the numbers inside the graphs 
indicate the observed prob-
abilities (also given as dark gray 
triangles on the x-axis). Recap-
ture probabilities best compat-
ible with the data range from 
0.17–0.34 for P. mannii (95% 
compatibility interval, indicated 
by light gray triangles on the 
x-axis), but only from 0.0–0.10 
for P. rapae. b Number of days 
between consecutive captures 
for all 28 recaptured P. mannii 
individuals
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commonly, and are widely reported to actually be consumed 
by P. mannii larvae, in the newly colonized urban environ-
ments (Fig. S1) (Ziegler 2009; Herrmann 2010; Hensle and 
Seizmair 2015; Geier 2016; Pähler 2016; von Scholley-Pfab 
and Pfab 2017; DB and SR, personal observations). Urban 
habitats thus generally appear to lie within the species’ origi-
nal foraging niche. However, equating host plant availabil-
ity with butterfly habitat suitability may ignore more subtle 
requirements along the whole life cycle (Dennis et al. 2003; 
Vanreusel and Van Dyck 2007). Indeed, adult P. mannii 
appear to prefer sloping, rocky habitats – one reason why 
this butterfly occurs only locally in its original range (Ziegler 
and Eitschberger 1999). This structural habitat preference 
might be coupled with some form of home range fidelity,  
as indicated by our recapture data revealing a lower disper-
sal tendency in P. mannii than in its sister species P. rapae. 
Within our urban study sites, qualitative observations during 
field work (DB, SR) also suggest that the species frequently 
flies along vertical structures such as walls, escarpments 
and hedgerows. Although the latter needs formal examina-
tion, we speculate that cities not only offer adequate food 
resources, but may also structurally resemble natural rocky 
localities typically inhabited by the species (Ziegler 2009) 
and provide adequate microclimatic conditions (Pincebourde 
et al. 2016; Polidori et al. 2021). P. mannii’s establishment 
in urban environments despite relatively narrow ecological 
requirements (Ziegler and Eitschberger 1999) emphasizes 
the importance of fortuitous preadaptation to such envi-
ronments (McKinney 2006; Kowarik 2011; Cadotte et al.  
2017), and highlights that successful urban colonizers need 
not necessarily be generalists (McIntyre 2000).

What is the ecological impact of P. mannii’s invasion? 
Since P. mannii is largely synanthropic within its novel 
range and its larvae here feed on non-native host plant 
species, direct resource competition with native fauna 
should not be a concern. However, the butterfly’s expan-
sion may have less obvious consequences. One example 
might be apparent competition with other Lepidoptera, 
mediated by shared parasites. Within its invaded range, 
P. mannii is attacked in the pupal stage by a pteromalid 
parasitoid wasp (Pteromalus puparum) that also para-
sitizes a wide range of other lepidopterans (de Graham 
1969). The parasitation rate of P. mannii can be extremely 
high, sometimes approaching 100% (J. Hensle, personal 
communication; see Tajagi 1987 for similarly high para-
sitation rates in P. mannii’s sister species), which may be 
one possible explanation for the dramatic drop in P. man-
nii densities observed during the summer months at site 
21 (Fig. 4, top). (Another possible explanation is that the 
butterfly undergoes partial heat diapause or quiescence 
– July and early August 2022 were dry and hot, with daily 
temperature maxima mostly > 30 °C; DB, SR and NM, 
personal observations). At least within urban areas, the 

high abundance of P. mannii might thus expose other Lepi-
doptera species to elevated parasitation pressure and hence 
greater mortality.

Another possible consequence of the invasion concerns 
the loss of ecological and genetic diversity within P. man-
nii itself. The invasion of this butterfly likely started from 
a relatively restricted area in south-eastern France (Zie-
gler 2009), and it is conceivable that the rapid spread of a 
range-expansive lineage may genetically homogenize native 
local populations, especially small localized populations at 
the edge of the original range (Kromer 1963; SBN 1991). 
This possibility is to be investigated by population genomic 
analyses including individual samples from the original and 
newly invaded range. In any event, following to what extent 
P. mannii remains primarily synanthropic or expands into 
natural habitats within the newly colonized range is rele-
vant to both conservation and our understanding of invasion 
dynamics (Cadotte et al. 2017; Borden and Flory 2021).

An important question also concerns to what extent 
P. mannii’s range expansion may progress northward. 
Responses of butterflies to global warming suggest that the 
number of generations may be a crucial determinant of range 
expansion success, with multiple generation per year allow-
ing the flexible accommodation of the life cycle to chang-
ing season length (Macgregor et al. 2019). In our study of 
P. mannii’s phenology, we identified three well-separated 
generations from late March to early June. These early gen-
erations are likely inferred correctly despite being based 
partly on sparse observation data. Support comes from the 
subsequent year (2023) at the same site, where unidentified 
Pieris first appeared in mid-March (see also Pähler 2016, 
Schurian and Siegel 2016, and Wiemers 2016 for reports 
of P. mannii appearing in March within the invaded range), 
fresh P. mannii were recorded around the April–May transi-
tion, and a striking rise in abundance occurred in mid-June 
(DB, personal observation) – qualitative observations very 
closely matching those from 2022 (Fig. 4). Between these 
three initial generations and a relatively well-separated last 
generation in September, neither our age distribution nor 
density data resolved the number of summer generations. 
However, at 23–26 °C constant temperature indoors, P. 
mannii originating from site 21 complete a full life cycle 
(larval hatch to oviposition) within around 30 days (DB, 
personal observation; see Geier 2016 and Pähler 2016 for 
similar findings). We thus conclude that in the study region, 
P. mannii can complete six generations per year, consistent 
with the life cycle inferred from phenology data from fur-
ther north within the invaded range (Germany; Pähler 2016). 
The range expansion of this butterfly is thus unlikely to be 
constrained by season length; provided that other ecological 
requirements including host plant availability are satisfied, 
the species may expand further northward by adjusting the 
number of generations per season.
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To summarize, we document that within our study region, 
range-expansive P. mannii butterflies are strongly synath-
ropic, indicating that the invasion of this species across 
Central Europe was facilitated by urbanization. Exciting 
opportunities for future research include genetically resolv-
ing the origin of the invasive P. mannii population, explor-
ing potential adaptations to the expansive and/or urban life 
style, and investigating how expansive P. mannii interact 
with native conspecific populations and with other organ-
isms within and outside urban environments.
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