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Abstract 

The Urban Heat Island Effect (UHIE) is a globally consistent pressure on biological species living in cities. Adaptation to the UHIE may 
be necessary for urban wild flora to persist in cities, but experimental evidence is scarce. Here, we report evidence of adaptive evolu-
tion in a perennial plant species in response to the UHIE. We collected seeds from common dandelion (Taraxacum officinale) individuals 
along an urban–rural gradient in the city of Amsterdam (The Netherlands). In common-environment greenhouse experiments, we 
assessed the effect of elevated temperatures on plant growth and the effect of vernalization treatments on flowering phenology. We 
found that urban plants accumulate more biomass at higher temperatures and require shorter vernalization periods, corresponding 
to milder winters, to induce flowering compared to rural plants. Differentiation was also observed between different intra-urban 
subhabitats, with park plants displaying a higher vernalization requirement than street plants. Our results show genetic differentia-
tion between urban and rural dandelions in temperature-dependent growth and phenology, consistent with adaptive divergence in 
response to the UHIE. Adaptation to the UHIE may be a potential explanation for the persistence of dandelions in urban environments.
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Lay summary 

The urban heat island effect (UHIE) is a globally consistent characteristic of cities where temperatures are several degrees higher 
than their rural surroundings due to the absorption and retention of heat by buildings, pavements, and other artificial surfaces. This 
has a considerable effect on urban inhabitants, including wild flora and fauna, which may require biological adaptation for survival. 
Very few experiments, however, have demonstrated how plants evolve in response to the UHIE. We fill this knowledge gap here by 
providing evidence in urban dandelions (Taraxacum officinale s.l.) of (1) superior growth at elevated temperatures and (2) a reduced 
requirement of cold periods to activate flowering, as compared to rural populations of the same species. Temperature conditions in 
temperate cities, due to the UHIE, reflect future global warming scenarios, providing an insight into the biological adaptation of wild 
flora and fauna that is required for future survival. Vegetation plays a key role in the mitigation of (urban) heat and other effects of 
climate change, making knowledge of plant adaptation to urbanization and global warming essential for the sustainable planning of 
urban environments.

The urban environment is a relatively novel ecosystem that 
has introduced a significant environmental change to the co-
inhabiting and surrounding wild species (Johnson & Munshi-
South, 2017). Considering the many different stakeholders in 
urban environments and the rapidity of global urbanization, it 
is important to understand the adaptive potential of nature to 
city life (Rivkin et al., 2019), especially for indigenous species. 
Eco-evolutionary experiments involving comparisons between 
rural and urban counterparts can demonstrate if, how, and 
at which rate natural species can survive and adapt to urban 

environments, important for the safeguarding of ecosystem ser-
vices (Wong et al., 2021). The urban heat island effect (UHIE) is the 
most well-documented and consistent environmental pressure 
exerted by urbanization on nature in and around cities (Tzavali 
et al., 2015). Adaptation to urban heat can therefore be predicted 
as a hallmark of urban evolution. This has been demonstrated in 
fungi (McLean et al., 2005) and a variety of animal species (Brans 
et al., 2017; Campbell-Staton et al., 2020; Diamond et al., 2018; 
Kerstes et al., 2019; Piano et al., 2017; Tüzün et al., 2017), pro-
viding general evidence for the importance of adaptation to the 
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UHIE. However, adaptation of plants to the UHIE is understudied 
(Lambert et al., 2021), despite vegetation being the most impor-
tant factor in UHIE mitigation. Vegetation provides considerable 
cooling of urban surface and air temperatures through shading 
and covering of heat-retaining materials, evapotranspiration, and 
increased albedo (Tan et al., 2021).

Temperatures in cities are higher compared to rural areas, 
caused by the retention and re-radiation of heat from solar radi-
ations by buildings and by the emission of heat from anthro-
pogenic heat sources (Rizwan et al., 2008). The intensity of the 
UHIE is highly seasonal (Manoli et al., 2020) and mainly depends 
on the density of buildings, intensity of traffic, presence of 
industrial activity, and the mitigation of heat by water and veg-
etation (Tzavali et al., 2015). For example, in the capital of the 
Netherlands, Amsterdam, the UHIE leads to an annual average 
temperature increase of >2 °C in the city center (Figure 1A), while 
a hot summer day can elevate this difference to up to 9 °C for 
ambient temperatures and up to 20 °C for surface temperatures 
(Van Der Hoeven & Wandl, 2013). These conditions would selec-
tively favor species (Piano et al., 2017) and genotypes that are 
optimized for growth at elevated temperatures. The UHIE can 
also affect the timing and duration of the growing season (Kabano 
et al., 2021), creating differential phenological optima between 
urban and rural habitats. In cities in the Northern Hemisphere, 
winter surface temperatures are on average 1–2 °C higher and 
warm up earlier in the year compared to rural sites (Manoli et 
al., 2020). An important determinant of flowering phenology is 
vernalization: extended exposure to low temperatures is required 
to enable the transition to flowering in many temperate plants 
(Samach & Coupland, 2000). Differential selection on vernaliza-
tion requirements and flowering time can therefore be expected 
along urban–rural clines in relation to the UHIE.

The common dandelion (Taraxacum officinale F.H. Wigg. s.l.) is 
one of the most widespread plant species in temperate areas, 
including The Netherlands where it is native, and occurs prolif-
ically both in rural areas around cities and within cities, where it 
functions as one of the most important food sources for insects 
(Hicks et al., 2016). This species comprises both sexual and derived 
asexual (apomictic) individuals, where new apomictic genotypes 
arise repeatedly in mixed sexual-apomictic populations (Van 
Dijk et al., 2009). The city of Amsterdam lies in a geographic area 
where sexual reproduction is absent (Menken et al., 1995), but 
where the diversity of genotypes is high due to a constant influx 
of new clonal lineages (Van Der Hulst et al., 2003). Such diverse 
clonal assemblages can show highly repeatable (Lachapelle 
& Colegrave, 2017) and rapid adaptive responses to selection 
(Moerman & Colegrave, 2022), producing population-level adapta-
tion by environmental filtering of (clonal) genotypes (Mazumder 
& Kesseli, 2021; McLeod et al., 2012; Schmitz et al., 2023), cou-
pled with possible effects of de novo mutations occurring within 
clonal lineages. For instance, populations of apomictic dandelions 
display large genotypic variation in flowering phenology (Collier 
& Rogstad, 2004; Mazumder & Kesseli, 2021), providing a genetic 
reservoir for phenological adaptation. Apomixis also allows for 
easy replication of genotypes for phenotypic evaluations in com-
mon garden experiments, to test whether observed phenotypic 
divergence between urban and rural plants has a genetic basis. 
The above reasons make the common dandelion an ideal model 
for experimental studies on urban adaptation in plants.

The characteristics of cities that are most impactful on veg-
etation are increased temperatures, impervious surface cover, 
habitat fragmentation, changes in herbivore communities, and 
light, air, and soil pollution (Johnson & Munshi-South, 2017). 

Habitat fragmentation was found to alter dispersal characteris-
tics in urban plants of holy hawksbeard (Crepis sancta) (Cheptou 
et al., 2008) and urban–rural adaptation to changes in herbivory 
pressure has been demonstrated in white clover (Trifolium repens) 
(Santangelo et al., 2022b) as well as dandelions (Pisman et al., 
2020). More generally speaking, the combined pressures of the 
urban environment (pan-urban effects) have led to phenological 
adaptation in pepperweed (Lepidium virginicum) (Yakub & Tiffin, 
2016) and common ragweed (Ambrosia artemisiifolia) (Gorton et 
al., 2018), and changes in life-history traits in Arabidopsis thaliana 
(Schmitz et al., 2023). Thermal differences between urban and 
rural areas have been studied in the form of lower urban winter soil 
temperatures (due to reduced snow cover) and found to decrease 
hydrogen cyanide production in white clover (Santangelo et al., 
2020; Thompson et al., 2016). So far, plant adaptation to increased 
urban temperatures has only been demonstrated in the leaf color 
of a short-lived annual plant species (Fukano et al., 2023).

Here, we present further experimental evidence for a native 
long-lived perennial plant species adapting to the UHIE, demon-
strating adaptive evolution in temperature-dependent seed-
ling growth and flowering phenology in the common dandelion 
along an urban–rural transect. Specifically, we evaluated growth 
response to elevated temperatures and flowering response to 
different lengths of vernalization period. We did this in con-
trolled common garden experiments using clonal seeds col-
lected along an urban–rural transect in the city of Amsterdam, 
The Netherlands, an area that rapidly urbanized with a steep 
increase in stony (impervious) surfaces as compared to wooden 
houses between 1,600 and 1,650 (Abrahamse, 2010), generating 
conditions for adaptation to the UHIE. To study the spatial scale 
at which adaptation occurs along this urban–rural cline, we ana-
lyzed phenotypic divergence between plants in relation to (sub)
urban vs. rural areas, subhabitats within the urban–rural mosaic 
(street, urban roadside verge, park, rural roadside verge, and dairy 
farm grassland), and distance to the center. We hypothesized that 
urban plants grow better at elevated temperatures and require 
shorter vernalization periods compared to rural plants. We show 
that adaptation to the UHIE occurs in dandelions, indicating that 
natural selection on diverse clonal assemblages can facilitate 
plant resilience to increased urban temperatures.

Materials and methods
Amsterdam urban–rural transect
We sampled common dandelion plants (T. officinale s.l. F.H. Wigg.) 
along an urban–rural gradient in Amsterdam, The Netherlands, 
following the protocol from the GLobal Urban Evolution project 
(GLUE, https://www.globalurbanevolution.com/). Briefly, GLUE 
transects were designed for sampling white clover (Trifolium rep-
ens L.) and are defined as (1) covering a continuous urbanization 
gradient defined by impervious surface cover (e.g., buildings and 
roads) decreasing with distance from downtown urban centers, 
(2) containing an equal amount of distance and number of sam-
pling locations within and outside the urban area, and (3) contain 
a minimum total of 40 sampling locations with a minimum dis-
tance of 200 m between sampling locations. Due to the natural
habitat of white clover, a high proportion of sampling locations
occur within urban green spaces (parks and mowed lawns). We
have therefore used the 40 locations in the original GLUE tran-
sect as a general guideline and have collected dandelion plants
on varying degrees of the impervious substrate to include a wider 
variety of subhabitats present along the urban–rural transect.
The Amsterdam transect (Figure 1) has 40 sampling locations

https://www.globalurbanevolution.com/
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Figure 1.  Overview of the Amsterdam (The Netherlands) urban–rural transect used in this study with the characterization of the urban heat island 
effect (UHIE). (A) Aerial photograph composition map of Amsterdam with the transect indicated by colored dots on the map. The transect is divided into 
three districts, according to the level of urbanization. Colors of dots correspond to the dominant subhabitat types (Amsterdam urban–rural transect for 
definitions) at each location, which are illustrated with example photographs: R.R.V. = rural roadside verge; U.R.V. = urban roadside verge; D.F.G. = dairy 
farm grassland. (B) Characterization of the UHIE imposed on the map from Figure 1A. Values are calculated on a 10 × 10 m resolution and correspond 
to the average temperature difference in the summer months (June–August). The map was built with a model that calculates the maximum UHIE 
based on population density and wind speed at 10 m height, which is subsequently corrected by the amount of impervious surface, vegetation, and 
water in a 1km radius. A final correction is based on a more localized effect of vegetation in a 30 m radius. The map reflects averages and daily values 
can be much higher (up to +10 °C, Van der Hoeven & Wandl, 2013). (C) Characterization of the cooling effect of vegetation and water, used to correct 
the maximum UHIE to obtain the average UHIE displayed in Figure 1B. Values are calculated on a 10 × 10 m resolution. All maps obtained from “Atlas 
Leefomgeving,” published by the Rijksinstituut voor Volksgezondheid en Milieu (RIVM, 2022) on 14 February 2023, https://www.atlasleefomgeving.nl/.

https://www.atlasleefomgeving.nl/
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and runs from the approximate geographical center of the city 
(sampling location 1: Sarphati Park, Oud-Zuid) through suburban 
areas (Amsterdam-Noord) to a small rural village (sampling loca-
tion 40: Broek in Waterland), measuring a total distance of 12.03 
km. In the late spring season (22–26 April 2020) we collected dan-
delion seed heads from three plants at each sampling location, 
aiming for a minimum of 50 m distance between accessions. In 
total, seed heads were collected from 120 accessions (40 sampling 
locations with 3 individuals per location).

To study differentiation among urban and rural dandelions at 
different spatial scales, we annotated the accessions collected 
along the transect in three different ways. First, we divided the 
transect into three general districts (Figure 1A and B) comprising 
urban (locations 1–9), suburban (locations 10–20), and rural (loca-
tions 21–40) districts. The distinction between urban and subur-
ban districts was made based on age of the urbanization (where 
the urban center is several centuries older, Abrahamse, 2010), 
the severity of the UHIE (Figure 1B), and the strong geographi-
cal separation by water (Amsterdamse IJ). Although some vari-
ation in temperature exists within these districts, they do form 
rather distinct sub islands of UHIE (Figure 1B). Second, we defined 
subhabitats (Figure 1A) occurring along the urban–rural transect 
based on our own observations during the dandelion flowering 
season: (1) street/pavement—a continuous impervious surface 
(≥75% in a 5 m circle around the plant) of man-made structure 
(i.e., a road); (2) urban roadside verge—a green strip (planted bor-
der or lawn) next to an urban road (25–75% impervious surface 
cover); (3) city park—a continuous green zone (≤25% impervious 
surface cover) within the (sub)urban perimeter where car traffic 
is excluded; (4) rural roadside verge—a green strip of (naturalized) 
vegetation along the rural road (or bicycle lane); (5) dairy farm 
grassland—continuous zone of grassland (0% impervious sur-
face cover) vegetation [usually a monoculture of English ryegrass 
(Lolium perenne L.) with a few wildflowers] that is grazed by dairy 
cattle or frequently mown for hay harvesting and typically highly 
fertilized. Finally, we calculated the distance for each accession 
to the start of the transect (sampling location 1) as an approxi-
mation of the distance from the center of the heat island (Figure 
1B). Lacking detailed temperature measurements from reliable 
sources at each location of our transect, we used the distance 
metric as a proxy for differences in urban heat. We recorded the 
GPS locations in the field during collection using a smartphone 
(Motorola Moto G5, Motorola Inc., Chicago, IL) and measured dis-
tance in a straight line to the start of the transect using an online 
calculator (https://www.gps-coordinates.net/distance). An over-
view of categorical divisions for all accessions can be found in the 
online repository along with the data (Data and Code Availability 
Statement). Limited stock of clonal seeds is available for all acces-
sions upon reasonable request with the corresponding authors.

To restrict our analyses to T. officinale s.l. (following Kirschner 
& Štěpánek, 2011), we filtered our set of accessions from the 
transect based on morphological characters observed in the 
greenhouse, as some diagnostic features can be more easily 
ascertained in flowering plants than in seeding plants without 
flowers, which is the typical stage of plants during seed collect-
ing in the field. We used the position of outer involucral bracts 
in the mature inflorescence morphology as a diagnostic charac-
ter (Kirschner & Štěpánek, 2011), marking those with dispersed 
or strongly reflexed bracts as T. officinale s.l. This selection was 
performed with the inflorescences obtained in the long vernal-
ization experiment as nearly all plants reached flowering here. 
Ten accessions were thereby omitted from further analysis. One 
of these belonged to an urban street accession, one was collected 

along a suburban roadside verge and three in suburban parks. 
Among the five excluded rural accessions, three were collected 
along rural roadside verges and two in dairy farm grasslands 
(Supplementary Material).

We conducted all phenotyping experiments with plants in ran-
domized order. Randomization was achieved by shuffling the list 
accessions in a Microsoft Excel sheet (using the function RAND 
to generate random values between 0 and 1 in a separate column 
and sorting the list on ascending values). This was repeated for 
each treatment and plants were placed on greenhouse benches 
or climate chamber blocks accordingly.

Vernalization experiments
To determine differential vernalization requirements between 
urban and rural dandelions we performed two experiments in 
which we subjected plants from all accessions from the transect 
to three different lengths of a continuous cold period (4 °C): a 
long vernalization period of 109 days, a short period of 36 days 
and an absence of vernalization (control). Dandelion genotypes 
show large variation in vernalization requirements, ranging from 
no vernalization to several months (Sterk & Luteijn, 1984). A ver-
nalization period of 2–3 months is generally cited for dandelions 
(Tas & Van Dijk, 1999; Van Baarlen et al., 2000; Van Dijk et al., 
2003) and we therefore applied an excess of this in the long ver-
nalization treatment (109 days) with the intention to satisfy ver-
nalization requirements for all genotypes. According to weather 
data from Amsterdam Schiphol Airport, which is comparable in 
predicted heat island effects to central Amsterdam (RIVM, 2022), 
the average daily temperature drops below 4 °C for 13–43 days 
only (KNMI, 2024; data from 2019 to 2023). Thus, the 36-day ver-
nalization treatment is comparable to natural vernalization as 
experienced by urban dandelions. Flowering time was recorded 
in days from the time of reentering the greenhouse after vernali-
zation (Day 0) until the emergence of the first yellow petals from 
the first inflorescence. To apply consistency between vernaliza-
tion experiments, plants that had not flowered after 56 days were 
scored as non-flowering (for details, see Supplementary Material 
Part 1). We considered not flowering as a lack of sufficient vernal-
ization. Due to unsuccessful germinations, we had to exclude 5 
accessions from the long vernalization experiment, 11 from the 
short vernalization treatment, and 8 from the control treatment 
(Supplementary Material).

Long vernalization experiment
Seeds collected in the field were germinated on agar plates for 
11 days (20 °C, 16 hr light/16 °C 8 hr dark) in ECD01 incubators 
(Snijders Labs, Tilburg, The Netherlands). For each accession, 
one seedling was transplanted into a 9.3 × 9.3 × 10 cm pot con-
taining, volume-wise, 50% potting soil and 50% fine sand (which 
are established growing conditions for greenhouse experiments 
with mature dandelions). Seedlings were then propagated in 
the greenhouse for 28 days and watered once or twice per week, 
as required. Subsequently, all plants were given a vernalization 
treatment by putting them in a cold chamber for 109 days (4 °C, 
16 hr light/8 hr dark), watering occasionally as required to pre-
vent wilting. Plants were then placed back into the greenhouse 
in random order, with watering every 2–3 days. Once a week we 
supplied a 2× diluted Hoagland nutrient solution (Hewitt, 1966) 
for optimal growth.

Short vs. no vernalization experiment
In a second vernalization experiment, a shortened cold treat-
ment (36 days: 4 °C, 16 hr light/8 hr dark) was applied, as well 

https://www.gps-coordinates.net/distance
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrae040#supplementary-data
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrae040#supplementary-data
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrae040#supplementary-data
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrae040#supplementary-data
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as a no-vernalization treatment. Field-collected seeds were newly 
germinated (two per accession) and propagated from seedlings to 
small plants, using the conditions described in Long vernalization 
experiment, with the exception that a substrate mixture of 80% 
potting soil and 20% pumice was used. One batch of plants was 
subjected to the short vernalization treatment (36 days), while 
the other batch remained in the greenhouse to serve as a control 
for the absence of vernalization. Plants were placed on green-
house benches in random order within treatments. Water and 
fertilizer supply followed the protocol described in Long vernal-
ization experiment, supplemented by a singular supply of 1.3 g 
Osmocote® Exact Mini 5-6M slow-release fertilization pellets (ICL 
Group Ltd, Tel-Aviv, Israel) per pot.

Heat experiment
For each flowering plant in the long vernalization experiment 
(Long vernalization experiment), the first developing inflores-
cence was used to produce clonal seeds for the heat experiment. 
Any potential cross-pollination was prevented by putting small 
paper bags over the inflorescences as soon as they opened. Bags 
were removed after 3–4 days when seeds started to develop. This 
can be seen as confirmation of apomixis, considering that com-
mon dandelions are self-incompatible (Meirmans et al., 2006), and 
therefore self-pollination can be discounted as a potential mode 
of fertilization. Due to the unsuccessful flowering of 18 acces-
sions, these did not yield greenhouse-grown clonal seeds and 
therefore were excluded from the heat treatment experiment.

To test whether urban and rural dandelions differ in their 
growth response to elevated temperatures, we measured seed-
ling biomass accumulation in urban and rural dandelions at a 
range of different temperatures. The seedling stage is part of the 
life cycle where dandelions naturally experience the most severe 
consequences of the UHIE: In the northern hemisphere temperate 
zone, seeds are dispersed in late May (when temperatures reach 
15–25 °C), germinating upon soil contact and reaching seedling 
stage from late June, when daytime temperatures can increase 
with ≥8 °C (Van der Hoeven & Wandl, 2013) compared to rural 
areas. Temperatures of 26–32 °C are therefore normal conditions 
for urban dandelion seedlings to grow in. By using seeds that were 
generated in a common greenhouse environment, we minimize 
environmental maternal effects on seed quality as a source of 
phenotypic variation in experimental plants.

Seed germination and seedling propagation were performed 
using the conditions described in Long vernalization experiment, 
with the exception that smaller pots (7 × 7 × 8 cm) and a shorter 
seedling propagation time (7 days) were used. The length of the 
first non-cotyledon leaf (third leaf) was measured as an estima-
tor of plant size at the beginning of the temperature treatment. 
Using MC 1750VHO climate cabinets (Snijders Labs), we grew the 
seedlings at 20, 26, 32, and 38 °C for 11 days (60% humidity, 16 hr 
light/8 hr dark). For each temperature, we used three replicate 
blocks with one plant from each accession placed in randomized 
order, leading to a total of three replicates for each accession. 
Because only two climate cabinets were available at one time, 
the replicates were split up in time slots. First, two temperature 
treatments were done for one replicate, whereafter the other 
two temperature treatments were performed. The second and 
third replicate blocks were then performed in the same manner. 
For this reason, seed germination and seedling propagation was 
performed in batches, to ensure equal germination propagation 
time for all plants in all temperature treatments. Plants were har-
vested after the temperature treatment, the roots were washed, 

and the whole plant was dried (70 °C, 1 week) before weighing the 
dry biomass.

Statistical analysis
We used three different analysis approaches to test if the proba-
bility of flowering differed between plants according to their col-
lection position along the transect. The three approaches capture 
the UHIE in different ways (Amsterdam urban–rural transect) to 
reveal at which scale adaptation is occurring. First, we used logis-
tic regressions using distance from the start of the transect as a 
continuous variable to test if the flowering response showed a 
gradual change along the transect. Logistic regressions were per-
formed using PROC GENMOD (SAS OnDemand for Academics, SAS 
Institute Inc., Cary, NC, USA) using Wald chi-square tests. Second, 
we used Fisher’s exact tests (PROC FREQ, SAS OnDemand for 
Academics) to test if the proportion of plants that flowered in our 
vernalization experiments differed between the three main tran-
sect districts: urban, suburban, and rural. Third, we used Fisher’s 
exact tests to test if the proportion of plants that flowered in our 
vernalization experiments differed between the five subhabitats: 
street, urban roadside verge, park, rural roadside verge, and dairy 
farm grassland. For the second experiment involving the short 
vernalization and control treatments, we fitted separate statisti-
cal models to data for each of the two treatment levels, because 
the vernalization treatment not only induces flowering capac-
ity but also causes a delay in plant development, which makes 
it difficult to compare flowering dates between plants from the 
different treatments. However, we also analyzed a single model 
containing both short and no vernalization treatment levels, 
which is useful for evaluating the interaction effect between ver-
nalization and different levels of urbanization (PROC GENMOD, 
SAS OnDemand for Academics, Supplementary Material Part 3).

For the heat experiment, we used linear mixed models to test 
the effects of temperature, collection position, and their interac-
tion, on total plant biomass. In all models, we included replicate 
block and temperature treatment as categorical fixed factors and 
third leaf length at the start of the temperature treatment as a 
continuous fixed cofactor. In all models, we included “collection 
location of the accession” and its interaction with temperature 
treatment as fixed factors, where three separate models used 
different definitions of “collection location” to reveal the scale 
at which adaptation occurs: (1) distance from the start position 
of the transect (continuous cofactor); (2) main transect district 
(urban, suburban or rural; categorical factor); and (3) subhabi-
tat type (street, urban roadside verge, park, rural roadside verge 
and dairy farm grassland; categorical factor). Linear models were 
performed using PROC GLM (SAS OnDemand for Academics). 
After plotting temperature treatment results as a function of dis-
tance to the start of the transect, we visualized trends in growth 
response at different temperatures along the urban–rural tran-
sect by fitting the regression line for each temperature treatment 
as estimated from a linear model as described above, when fitted 
to data from each temperature treatment separately. All p-values 
reported in this manuscript correspond to two-sided statistical 
testing.

Results
We used seeds from dandelions collected along an urban–rural 
transect in and around Amsterdam (Figure 1) to analyze two 
traits in which we expected to find evidence of adaptation to 
the urban heat island: vernalization requirement (length of cold 

http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrae040#supplementary-data
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period necessary to induce flowering) and growth response to ele-
vated temperatures (biomass accumulation).

Flowering response to shortened vernalization 
periods
Rural plants had a higher vernalization requirement than urban 
plants, as exposed under a short (Figure 2H) and long (Figure 2C, 
F, and I) vernalization treatments. The absence of vernalization 
did not expose differences at any scale of urbanization (Figure 
2, A, D, and G), whereas a short vernalization exposed signifi-
cant (p = .0126) differences between urban, suburban, and rural 
districts (Figure 2H). Under a long vernalization, this differen-
tial requirement was even visible at finer scales of subhabitats 
(Figure 2F, p = .0028) and distance from the start of the transect 

(Figure 2C, p = .0097). Only 18 plants flowered in the absence of a 
vernalization treatment, irrespective of the sampling location of 
the accessions, however, a short vernalization treatment was suf-
ficient to induce flowering in many of the plants from the urban 
(54%) and suburban districts (72%) but not of the rural plants 
(36%, Figure 2H). The interaction between short or no vernali-
zation treatment and district was also significant (treatment × 
district effect p = .0013, Supplementary Material Part 2). Nearly 
all urban (92%) and suburban (93%) plants flowered after long 
vernalization (Figure 2I), whereas 29% of the rural plants still did 
not reach flowering (p = .0228, Figure 2I). The probability of flow-
ering following long vernalization decreased with distance to the 
start of the transect (p = .0097, black dotted line in Figure 2C). We 
conclude that our vernalization treatments were long enough to 

Figure 2.  Flowering response to different vernalization treatments of plants from the urban–rural transect. Flowering response is visualized on three 
different scales in the urban–rural transect: for individual accessions with different distance to the start of the urban–rural transect—as response 
variable (A–C), per subhabitat (D–F, Amsterdam urban–rural transect for definitions where U.r.v. and R.r.v. stand for urban and rural roadside verge 
respectively, and D.f.g. stands for dairy farm grassland), and per district (G–I, Figure 1 for definitions). For bar plots (D–I), the proportion of flowering 
plants is visualized as the colored part of the bar, with gray corresponding to non-flowering plants. Small black dots in panels B and C indicate the 
model-predicted probability of flowering at each analyzed distance to the center of the UHI, as determined by logistic regression (Statistical analysis 
for details). P-values (“p=”) correspond to the effect of the indicated variable on flowering in the corresponding treatment and are calculated by 
logistic regressions (A–C) or Fisher’s exact tests (D–I). N indicates the number of samples in each treatment.

http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrae040#supplementary-data
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satisfy the vernalization requirement for nearly all urban acces-
sions, but not for all rural accessions.

For plants that did flower, no significant flowering time differ-
ences were observed between urban and rural plants when ver-
nalization was applied (Supplementary Material Part 3). Urban 
district plants flowered slightly later than rural plants when no 
vernalization was applied. This was mainly the effect of earlier 
flowering in rural roadside verge plants in the absence of vernali-
zation. We observed a significant difference between subhabitats 
in flowering response to long vernalization (p = .0028) and a close 
to significant response to short vernalization (p = .0538), where a 
>sevenfold increase was observed in flowering city park plants
(Figure 2E). Under long vernalization, all street and park plants
flowered (Figure 2F). Nearly all street plants flowered already after 
a short vernalization (from 4/9 in the absence of vernalization
(Figure 2D) to 7/8 after short vernalization (Figure 2E) and to 9/9
after standard vernalization (Figure 2F)), whereas plants found in
urban roadside verges (from 2/16 to 9/15 to 13/17, respectively)
and city parks (from 2/28 to 15/27 to 28/28, respectively) required a 
long vernalization to reach similar proportions. The response was
lowest in dairy farm grassland plants where only one additional
plant was found flowering after a short vernalization treatment
(Figure 2D and E). The proportion of non-flowering plants was
highest among rural roadside verges, with 12 out of 40 plants fail-
ing to flower even after a long vernalization treatment (Figure 2F).

Growth response to elevated temperatures
Seedling growth response to elevated temperatures differed along 
the transect (Figure 3A). Increasing the growing temperature 

from 20 °C to 26 °C and 32 °C caused a significantly stronger 
growth increase in accessions collected close to the center of the 
UHI compared to accessions collected outside the city (temper-
ature treatment × transect position interaction effect: p = .0058, 
Table 1 and Figure 3). This resulted in a higher biomass for urban 
and suburban plants compared to rural plants especially at 26 
°C (Figure 3B), while higher biomass of urban compared to rural 
plants was not observed at 20 °C (Figure 3A).

Growth differences between subhabitats were negligible at 20 
°C but became apparent at higher temperatures, especially at 26 
°C, where plants from urban subhabitats attained higher biomass 
than plants from rural subhabitats (Supplementary Material Part 
5 and Figure 3C). Accessions from rural dairy farm grasslands 
profited least from the temperature increase to 26 °C. Differences 
disappeared when increasing to 38 °C.

Discussion
The UHIE is a globally consistent consequence of urbaniza-
tion (Rizwan et al., 2008), considerably affecting human health 
(Heaviside et al., 2017; Shahmohamadi et al., 2011) as well as the 
co-inhabiting biodiversity (Johnson & Munshi-South, 2017). Given 
the high rate of global urbanization (Haase et al., 2018) and the 
mitigating effect that (even small) plants have on the UHIE by 
shading and covering impervious surfaces (Tan et al., 2021), it is 
relevant to understand the adaptive capacity of wild plant species 
to this novel environment. In addition to leaf color, as described 
by Fukano et al., (2023), this study presents further experimental 
evidence for plant adaptation to the UHIE in seedling growth and 

Figure 3.  Growth of dandelion seedling plants (28 days after germination) at different elevated temperatures. All accessions collected along the 
Amsterdam transect were subjected to three elevated temperatures, and a control temperature (20 °C). Accumulated biomass was measured after 
11 days of treatment as the dry weight of the plants and is visualized in relation to three spatial scales: (A) distance to the start of the urban–rural 
transect with colored lines indicating the linear model fit for biomass at the indicated temperature (Supplementary Material Part 5); (B) urban, 
suburban and rural districts; (C) subhabitats defined within the transect (Figure 1C–G), where “R.s.v.” abbreviates “roadside verge” (urban and rural) 
and “D.f.gr.” abbreviates “dairy farm grassland.” Definitions of the different variables are detailed in Amsterdam urban–rural transect. Boxplot (B and 
C) definitions: center lines, median values; lower and upper hinges, first and third quartiles, respectively; whiskers, 1.5× interquartile range; individual 
points, outliers. P-values (“p=”) correspond to the statistical tests of the interaction between accessions and treatment in relation to the variable 
indicated (Table 1 for details). N corresponds to the number of samples in each treatment (A) or subcategorization (B and C).

http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrae040#supplementary-data
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrae040#supplementary-data
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrae040#supplementary-data
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrae040#supplementary-data
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flowering phenology, using common dandelion as a model species 
for wild plant adaptation. We demonstrated adaptive divergence 
in growth response to increased temperatures using common 
garden experiments with dandelions from the city of Amsterdam, 
The Netherlands. Urban and suburban plants responded more 
strongly to increases in temperature than rural plants, by show-
ing a larger increase in biomass accumulation (Figure 3B). In 
addition, we found differential vernalization requirements along 
the urban–rural gradient, where urban and suburban plants were 
more responsive to short vernalization than rural plants (Figure 
2H). The UHIE leads to higher temperatures, especially in summer 
(Manoli et al., 2020), during the growing season of plants (Kabano 
et al., 2021) and shorter vernalization exposure due to milder 
winters (Rizwan et al., 2008). Our results therefore provide evi-
dence of adaptation to the UHIE.

Proof of adaptation requires the demonstration of genetic dif-
ferentiation as well as fitness gain (Lambert et al., 2021), meaning 
that divergence alone is not enough to claim adaptive evolution. 

Taking the biomass measurements in the heat treatment experi-
ment as a proxy for plant fitness, we interpret our result of stronger 
growth response to increased temperatures in urban accessions 
as evidence for adaptation to urban heat, while we consider the 
reduced vernalization requirement in urban accessions as sug-
gestive evidence for adaptation to mild urban winters. First, by 
using common garden experimental designs for phenotypic anal-
ysis, genetic differentiation is demonstrated for both traits. Due 
to the apomictic clonal mode of reproduction in dandelions, the 
greenhouse-grown plants are genetically identical to the wild 
mother plant from which the seeds were collected. Conclusions 
from such common garden experiments are often complicated 
by the presence of maternal effects (Wolf & Wade, 2009), which 
are phenotypic effects in offspring that reflect the environmen-
tal conditions in which the maternal parent was growing, e.g., 
by means of seed quality, and not reflecting the offspring’s gen-
otype. Differences between urban and rural plants grown in a 
common environment may therefore (partly) reflect differences 
between mother plants and their respective environmental plas-
ticity (Wolf & Wade, 2009). Such effects can be discounted in the 
results from our heat response results as the experiment was 
conducted using clonal second-generation seeds harvested from  
greenhouse-grown plants, strengthening our evidence for adap-
tive evolution. Second, a fitness gain can be inferred from the 
heat treatment results, as urban plants generated more biomass 
than rural plants in response to temperature increases. The abil-
ity to generate more biomass is strongly linked with higher fecun-
dity in plants, making it a suitable proxy for fitness in adaptation 
studies (Younginger et al., 2017). Higher biomass production in 
urban plants was temperature-dependent, and only observed at 
higher temperatures reflecting urban growing conditions (26–32 
°C), thus strengthening the conclusion that this adaptation is a 
response to the UHIE. Interestingly, our treatment of 38 °C seems 
to be suboptimal for all plants, even for those adapted to higher 
growing temperatures (Figure 3). The optimal growing tempera-
ture for (urban) dandelions seems to be at or slightly above 26 °C.

The fact that this response is adaptive through a superior 
growth rate suggests that the urban–rural gradient pattern has 
been shaped by natural selection. Our experimental design was 
aimed specifically to reveal the presence of adaptive responses 
to the UHIE temperature gradient. Such temperature adaptation 
can contribute to an overall pattern of local adaptation (Lambert 
et al., 2021) in urban versus rural dandelion populations. However, 
adaptation to other environmental differences than temperature 
remains to be demonstrated, and reciprocal transplant (Blanquart 
et al., 2013) or reciprocal common garden experiments (Lortie & 
Hierro, 2021) would be necessary to reveal if an overall pattern of 
local adaptation exists.

We interpret the lower vernalization requirement in urban 
plants (Figure 2), on the other hand, as tentative evidence for 
adaptation, because our experimental evidence alone does not 
directly demonstrate a performance or fitness advantage of the 
observed reduced vernalization requirement. Previous studies 
have demonstrated shifts in flowering phenology for the overall 
urban plant community in relation to the UHIE (Christmann et al., 
2022; Li et al., 2019; Zipper et al., 2016) but have always relied on 
field observations in whole ecosystems. Such observations can-
not distinguish between phenotypic plasticity and genetic diver-
gence. Our study overcomes these limitations by demonstrating 
a differential response to shorter vernalization periods in a single 
plant species using a common environment. Overall, the urban 
dandelion population displays a lower vernalization requirement 
than the rural population, which is an expected result of selection 

Table 1.  Statistical test results of the effects of different 
vernalization treatments on flowering success (see Fig. 2) and 
of temperature on seedling biomass accumulation (see Fig. 3). 
Distance from the start of the urban–rural transect is analyzed 
as a continuous variable, district, and habitat as categorical 
variables. ^Reported for the distance model, see Supplementary 
Material Part 5 for results of similar models that fit effects of 
subhabitats or districts instead of distance from the start of the 
transect.

Vernalization (Exp 1—Long) Chi-square dF p

Distance from start transect 6.69 1 .0097
District 8.03 2 .0228
Subhabitat 12.96 4 .0028

Vernalization (Exp 2—Short) Chi-square dF p

Distance from start transect 3.21 1 .0730
District 8.92 2 .0126
Subhabitat 9.38 4 .0538

Vernalization (Exp 2—None) Chi-square dF p

Distance from start transect 0.00 1 .9847
District 4.96 2 .0652
Subhabitat 7.17 4 .1289

Heat treatment—Distance model F-value dF p

Block 96.52 2; 931 <.0001
Initial leaf length 561.24 1; 931 <.0001
Temperature 332.13 3; 931 <.0001
Distance from start transect 9.73 1; 931 .0019
Temperature × Distance 4.20 3; 931 .0058

Heat treatment—District model F-value dF p

Block 96.28 2; 927 <.0001
Initial leaf length 555.84 1; 927 <.0001
Temperature 1,042.02 3; 927 <.0001
District 5.58 2; 927 .0039
Temperature × District 2.26 6; 927 .0357

Heat treatment—Subhabitat model F-value dF p

Block 93.49 2; 919 <.0001
Initial leaf length 541.51 1; 919 <.0001
Temperature 828.89 3; 919 <.0001
Subhabitat 2.68 4; 919 .0304
Temperature × Subhabitat 1.88 12; 919 .0337

http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrae040#supplementary-data
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrae040#supplementary-data
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in response to shorter and milder urban winters due to the UHIE. 
Such adaptation could result from the selective loss of genotypes 
(environmental filtering) with long vernalization requirements, 
which might not be satisfied in cities as winter surface temper-
atures are 1–2 °C higher due to the UHIE (Manoli et al., 2020). 
While our vernalization results are consistent with the hypoth-
esis of adaptation to the UHIE, additional empirical evidence 
on the fitness benefits of shorter vernalization requirements in 
cities is desired to strengthen the adaptive interpretation of the 
observed genetic divergence in this trait. Additionally, it may be 
informative to follow the flowering response to different vernal-
ization treatments over several years. Dandelions are long-lived 
perennial plants and may still reproduce in other years, despite 
not flowering in some years due to insufficient vernalization. 
Although a lost reproductive season will therefore not imme-
diately lead to the termination of the respective genotype, the 
genotype’s lifetime fitness is considerably reduced by failing to 
reproduce in some years.

The urban environment is a complex mosaic of different hab-
itats (Santangelo et al., 2022a), where completely impervious 
(such as roads and pavements) and very pervious habitats (such 
as parks) occur in proximity. Small changes in UHIE will occur 
between such different urban areas and a linear transect will 
not perfectly capture the decrease in UHIE from the city center 
to the rural area. With our definitions of subhabitats (Figure 1A), 
we were able to capture part of this environmental heterogene-
ity and revealed subtle differences in heritable traits between 
plants from these categories. In the vernalization treatments, 
urban street plants had the highest flowering rate of all subhab-
itats after short vernalization exposure (Figure 2B). The differ-
ence with urban roadside verges, which is also visible after long 
vernalization exposure (Figure 2C), might reflect differences in 
selection pressures for reduced vernalization. This may be due 
to a lower difference between day and night temperatures in 
urban habitats with high impervious surface density (Van der 
Hoeven & Wandl, 2013). Rural roadside verges, on the other 
hand, may reflect a slightly urbanized version of the countryside 
with roads presenting slightly higher local temperatures due to 
the presence of asphalt. This is suggested by the higher biomass 
accumulation of rural roadside verge plants at 26 °C compared 
to rural grassland plants (Figure 3C). Taken together, we rec-
ommend a denser sampling of different intra-urban and -rural 
subhabitats to further investigate adaptation to this aspect of 
urban habitats. Anthropogenic activities affecting plant traits 
measured here (biomass, flowering), such as mowing, sweeping, 
trampling, and farming, may also reflect urban environmen-
tal heterogeneity and should therefore be considered in future 
studies.

Having demonstrated adaptation to urban heat in apomictic 
dandelions, a relevant question is to what extent our results are 
generalizable to other plant species. As our experiment included 
accessions from only one city, and patterns of urban evolution 
can differ between cities (Santangelo et al., 2022b), it would be of 
particular interest to investigate the adaptive responses we dis-
covered here in other cities of varying size. Although there can 
be significant structural differences between cities leading to dif-
ferent adaptation patterns (Santangelo et al., 2022a), the UHIE is 
a globally consistent pressure on wild flora and fauna (Rizwan et 
al., 2008) and adaptations to it may therefore be expected to be 
consistent between cities, as found in adaptive leaf color varia-
tion by Fukano et al. (2023).

We used the clonal mode of reproduction found in dandelions 
to our advantage here as it allowed us to establish a common 

environment experiment with genetically identical copies of 
the wild plants. Additionally, adaptation may be facilitated in 
apomictic dandelion populations as they form highly diverse 
clonal assemblages (Van Der Hulst et al., 2003). Such systems 
can respond rapidly to selection by environmental filtering of 
clones (Moerman & Colegrave, 2022) however, it is unclear if the 
long-term populations’ adaptive potential remains sufficient in 
these asexual assemblages. It would therefore be of interest to 
study urban heat adaptation in an outcrossing sexual species, in 
contrast with the clonal assemblages studied here. Clonality and 
asexual reproduction are predicted as favorable traits in urban 
environments due to the lower abundance and functional diver-
sity of pollinators (Johnson et al., 2015; Theodorou et al., 2020; Van 
Drunen & Johnson, 2022) and the lower availability of nearby sex-
ual mates. Diverse clonal assemblages such as dandelions may 
therefore, at least in the short term, have a competitive ecological 
advantage over sexually reproducing plants.

Successful adaptation to the UHIE, as we show here, may also 
have broader implications for adaptations to climate change. 
Continued global warming and increased frequency of extreme 
weather events, such as intensified heat waves, are predicted for 
the coming decades (Pörtner et al., 2022) but are already nor-
malized conditions in urban environments (Manoli et al., 2020; 
Rizwan et al., 2008). The UHIE might therefore act as a selective 
pressure toward preadaptation to climate change (Diamond 
& Martin, 2021). It would be interesting to further investigate 
whether plant populations from warmer native climates have a 
larger fitness in urban heat islands (Čeplová et al., 2017; Exposito-
Alonso, 2023; Géron et al., 2021). Furthermore, global warming 
will likely increase the UHIE significantly in the near future, 
requiring further adaptation to heat. Facilitating UHIE adaptation 
of naturally occurring flora, for instance via increased connectiv-
ity between natural urban and rural areas, could therefore have 
a positive effect on future UHIE mitigation and on native plant 
adaptation to climate change in general.
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