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Abstract
Understanding phenological responses of plants to changing temperatures is important because of multiple associated
ecological consequences. Cities with their urban heat island can be used as laboratories to study phenological
adaptation to climate change. However, previous phenology studies focused on trees and did not disentangle the role of
micro-climate and urban structures.

We studied reproductive phenology of dry grassland species in response to micro-climate and urbanization in Berlin,
Germany. Phenological stages were recorded weekly at the individual plant level for �ve native grassland species
across 30 dry grassland sites along an urbanization and temperature gradient. We estimated 50% onset probabilities
for �owering and seed maturation of populations, and analysed variation in onset dates using regression models.

Early �owering species signi�cantly advanced �owering phenology with increasing mean air temperature but were little
in�uenced by urbanization. By contrast, late-�owering species showed signi�cant phenological responses to both air
temperature and urbanization, possibly because micro-climate was most affected by urbanization in late summer.
Surprisingly, not all grassland species showed an advanced phenology with increasing intensity of urbanization.

This contradicts observed patterns for urban trees, indicating that phenological shifts in urban areas cannot be
generalized from the observation of one growth form or taxonomic group. Growth form appears as a possible
determinant of phenological responses. Results suggest that the phenology of dry grassland species may directly
respond to the urban heat island, albeit with variable direction and magnitude. This has implications for ecosystem
services, shifted allergy seasons, changes of biogeochemical cycles and potential ecological mismatches.

1. Introduction
Urbanization is a key aspect of global change with large impacts on biodiversity (McKinney, 2002) and ecosystem
services (McDonald et al., 2013). In urban areas ecosystem functioning is subject to modi�ed nutrient cycles and
hydrology, fragmentation and anthropogenic land cover, introduction of non-native species and altered micro-climate
(Alberti, 2005). These changed biotic and abiotic conditions in turn affect species richness (Aronson et al., 2014;
McKinney, 2008), and the functional ecology and diversity of urban plants (Jochner & Menzel, 2015; Williams et al.,
2015) and animals (Buchholz & Egerer, 2020; Sol et al., 2020). Understanding the environmental factors that control
urban biodiversity and ecosystem processes and functioning is crucial for biodiversity conservation and the continued
provision of ecosystem services (Knapp et al., 2021; Swan et al., 2021).

Urban areas show higher air temperatures compared to rural areas, creating the so called ‘Urban Heat Island’ (UHI), a
climatic phenomenon resulting from dense urban structures and land use (Deilami et al., 2018). Cities are characterized
by a high share of impervious surfaces, dense buildings and reduced sky-view-factor in�uencing the urban climate and
causing a multitude of local climate zones within cities (Stewart & Oke, 2012). The UHI particularly in�uences aspects
of ecosystem functioning sensitive to temperature, such as plant phenology (Jochner & Menzel, 2015). Numerous
studies showed that microclimatic variability related to urban structures directly affects plant phenology (Chmielewski
& Rötzer, 2002; Dallimer et al., 2016; Jochner & Menzel, 2015; Zipper et al., 2016). The effect of urbanization on
microclimate strongly varies with seasons (Schatz & Kucharik, 2014). Hence, it is likely the that the phenological
response of species to urbanization will vary between species which exhibit key phenological stages at different times
of the year (Li et al., 2020).

Previous phenological studies in cities have largely focused on tree species (Lu et al., 2006; Mimet et al., 2009; Roetzer
et al., 2000) or tree-dominated ecosystems (Li et al., 2017; Liang et al., 2016, but see Cheptou et al., 2008; König et al.,
2018; Lambrecht et al., 2016; Neil et al., 2010). In response to increased temperatures due to the UHI phenological
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changes such as advanced �owering phenology of urban trees (Lu et al., 2006; Mimet et al., 2009) or extended
vegetation period, advanced start or delayed end of growing season have been observed (Li et al., 2017). Besides micro-
climatic drivers, urbanization variables can have a direct role in in�uencing phenology, too (Li et al., 2020; Wohlfahrt et
al., 2019). Wohlfahrt et al. (2019) showed that �owering, fruiting and leaf development advance with higher urban
fraction and impervious degree, while leaf senescence is delayed. Further, higher human population densities (as a
proxy of urbanization) coupled with higher annual precipitation caused delayed �owering offset and extended �owering
duration of urban trees (Li et al., 2020).

While phenology of herbaceous plants is also sensitive to changes in micro-climate (König et al., 2018), previous
phenological studies largely cover non-urban systems such as alpine grassland and prairies (Cornelius et al., 2011;
Dunne et al., 2012, Bennie et al., 2018; Wilsey et al., 2018, but see Cheptou et al., 2008; König et al., 2018; Lambrecht et
al., 2016; Neil et al., 2010 ). Alpine meadow species for instance advanced their timing of �owering in response to
experimental warming and snow-removal treatment in conjunction with warmer soil temperatures (Dunne et al., 2012).
Such studies of grassland phenology at the species level are still lacking in urban habitats.

Two approaches are established in urban studies to elucidate mechanisms of phenology response to urban conditions:
in-situ and remote assessments. In-situ �eldwork studies assess phenological responses at a species and individual
level and give information on distinct phenophases (Fotiou et al., 2011; Lambrecht et al., 2016; Lu et al., 2006; Mimet et
al., 2009; Yakub & Ti�n, 2017). On the other hand, satellite based phenology studies use remotely sensed vegetation
indices on a coarse spatial resolution on the habitat/ecosystem level (Coseo & Larsen, 2014; Dallimer et al., 2016; Liang
et al., 2016; Melaas et al., 2016; Xiao et al., 2006; Zhang et al., 2004; Zipper et al., 2016) .

Spatial urban phenological studies comprise studies of urban-rural comparisons (Dallimer et al., 2016; Zhang et al.,
2004) or spatial gradients from city center to rural areas (D. Li et al., 2020; Ohashi et al., 2012) which found that
�owering phenology advances in urban compared to rural areas. Such spatial studies can be particularly suitable to
model climate change effects on ecosystems via space-for-time substitution, allowing conclusion on responses to
future climate change (Jochner & Menzel, 2015; Lahr et al., 2018).

Zhang et al. (2004) show that vegetation phenology in both urban core areas and surrounding regions is signi�cantly
in�uenced by urban heat island regimes. For temperature and vegetation phenology, the ecological footprint of urban
land cover extends about 10 km beyond the perimeter of urban areas. In this study, the footprint of urban climates on
vegetation phenology is 2.4 times the size of the actual urban land cover (Zhang et al. 2004). Tree remote sensing
studies analyzing in�uence of urban structure on phenology, show consistent general trends of phenological advances
at the ecosystem level (Lambrecht et al., 2016), and differences in phenological response between tree species and
growth forms (Li et al., 2020).

Although grassland is an important component of urban vegetation with multiple social and ecological functions
(Ignatieva et al., 2020; Onandia et al., 2019; Southon et al., 2017), phenological responses of grassland species to the
urban climate are critically understudied. While there is some urban phenological research on the herb growth forms,
such as a for the annual herb Crepis sancta (Cheptou et al., 2008; Lambrecht et al., 2016) or herbarium record studies
on ephemeral plants (Neil et al., 2010), so far studies of phenology of multiple grassland species in response to
urbanization and urban micro-climate are lacking so far.

Urban grasslands are suitable model habitats for urban phenological studies since they are a frequent ecosystem type
in cites globally, with self-assembled and often diverse plant communities present along a broad urbanization gradient
(Fischer et al., 2016; van der Walt et al., 2015; Williams et al., 2005). With many diverse grassland under pressure from
land-use changes in rural areas (Poschlod et al., 2005), cities can contribute to grassland conservation and restoration
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to ensure their ecological functions (Klaus, 2013). However, phenological changes of grassland species may effect
ecological functions of grassland (Jochner & Menzel, 2015). An enhanced understanding of urban grassland phenology
is important to predict and evaluate vegetation feedback on micro-climate (Penuelas et al., 2010), to understand the
timing of ecosystem services to urban inhabitants (reviewed in Jochner & Menzel, 2015) and potential ecological
mismatches (especially with birds and pollinators) (Primack et al., 2009), as well as effects on human health in relation
to allergies (Ziska et al., 2003).

While urbanization has been shown to modulate the taxonomical and functional composition (Buchholz & Egerer, 2020;
Williams et al., 2006; Zeeman et al., 2017) and ecosystem functioning (Onandia et al., 2019) of urban grasslands,
changes to the phenology of grassland plants are largely unknown. Particularly, the seasonally varying role of the urban
heat island on microclimate and thus indirectly on the phenology of different grassland species has not been studied
before.

This study thus aimed to disentangle the role of multiple environmental variables related either to the local micro-
climate or the adjacent level of urbanization for the phenology of dry grassland species along an urbanization gradient.
We used a network of 30 extensively managed dry permanent grasslands in the Berlin metropolitan area to monitor
phenology of three herb and two grass species over an entire growing season. We assessed the in�uence of different
urban structure and urban micro-climate variables on dry grassland phenology in order to answer the following
questions:

1. How does the urban micro-climate (local air temperature variables like mean day and night temperatures, mean
monthly temperatures) relate to the �owering phenology and seed maturation of urban dry grassland species?

2. What is the effect of urbanization (e.g., impervious surface, �oor area ratio, road density) on dry grassland species
phenology when controlling for micro-climatic variables?

We hypothesized that:

1. Flowering and seed maturation phenology of urban dry grassland species advances in response to local air
temperature variables.

2. Urbanization (the effect of urban structures) results in advances in urban dry grassland phenology. We further
hypothesize a stronger urbanization effect for summer species compared to spring species, due to a stronger urban
heat island effect in summer.

2. Materials And Methods

2.1. Study area and study ssystem
The study was conducted in Berlin, Germany’s capital and largest city, which in 2020 had 3.8 million inhabitants within
a total area of 892 km². Berlin has a temperate climate, laying within the Köppen−Geiger oceanic Cfb climate zone
which is characterized by a seasonal environment with an unimodal distribution of the vegetation period from spring to
autumn (Kottek et al., 2006). The yearly average air temperature between 1970 and 2000 was 9.2°C and the average
precipitation 589.2 mm/year in Berlin Dahlem (FU Berlin, n.d.) Local temperatures are modulated by the urban structure,
leading to increasing mean temperature values with the impervious surface (i.e. buildings, roads) close to weather
stations (Quanz et al., 2018).
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About 5% of Berlin’s surface is covered by grassland of which 43% can be assigned to dry grassland or other grassland
types with a legal protection status according to the Berlin Nature Conservation Act (Fischer et al., 2013). Accordingly,
grassland in Berlin harbors a range of endangered plant species (Planchuelo et al., 2019). We chose dry grassland as
study system because this vegetation type spans over a range of near-natural to strongly human-in�uenced sites
throughout the city including parks, roadside greenery, airports, and vacant land. Dry grassland represents an
anthropogenic vegetation type that is usually managed by mowing once or twice a year - without fertilization, irrigation
or herbicide application and intensive trampling (von der Lippe et al., 2020). Due to the low level of management, dry
grassland is generally of conservation concern in Berlin (Fischer et al. 2013). Dry grassland sites share a suite of
common plant species that allow for testing for phenological changes along a double gradient of temperature and
urbanization.

We performed phenological analyses in dry grassland sites that have been selected as a model ecosystem within the
CityScapeLab Berlin, an experimental research platform established for the evaluation of biodiversity patterns and
ecological processes in urban environments (von der Lippe et al., 2020). All plots belong to the same biotope type
(biotope code 05120, i.e., dry grasslands; Senate Department for Urban Development and Housing, 2014) and the same
vegetation type following the phytosociological classi�cation (i.e., Sedo-Scleranthetea). We selected a subset of 30 dry
grassland plots which contained the highest number of target species for phenological analysis, which evenly covered
the area of Berlin city and were subject to different levels of urbanization in their surroundings, as indicated by
percentage of impervious surface (Fig. 1).

Our target species included two annual herbs (Cerastium semidecandrum, Trifolium arvense), one perennial herb
(Potentilla argentea) and two perennial grasses (Agrostis capillaris, Festuca brevipila). While C. semidecandrum and F.
brevipila were most frequent (28 and 26 sites, respectively), the other species occurred on at least 11 sites (Tab. 1).

Table 1
Dry grassland species as target species for phenological analyses, their life form, occurrence on

study sites and period of observation. Species are sorted after period of observation.
Species name,

family

Abbreviation Life form Sites

(n)

Period of observation

Cerastium semidecandrum,

Caryophyllaceae

Cer Annual herb 28 14th March-

6th June

Festuca brevipila,

Poaceae

Fes Perennial grass 26 25th April-

20th June

Potentilla argentea,

Rosaceae

Pot Perennial herb 12 13th June –

25th August

Agrostis capillaris,

Poaceae

Agr Perennial grass 11 13th June –

25th August

Trifolium arvense,

Fabaceae

Tri Annual herb 17 13th June –

25th August

2.2. Sampling of phenological phases
Phenological observations took place every week between March 14th and August 25th in 2017. We monitored six
randomly chosen individuals per species in each plot where the species was present. Individuals were marked with
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colored plastic skewers and geo-located on a �ne scale map. The BBCH-Code classi�cation (Hack et al., 1992) was
used for phenological monitoring and slightly adapted to the different growth forms (Supplementary 1). The BBCH-
Code assigns numbered codes to morphological stages of plant development and we used the key stages 5 (heading,
closed bud), 6 (�owering, open �ower), 7 (fruit development, closed seed capsule) and 8 (seed maturation/ripening,
open seed capsule) to describe phenological stages (Supplementary 1). All BBCH-stages present on any given
individual were recorded each week. We chose this sampling interval because a more frequent sampling did not
strongly affect the estimates of onset dates in another study (Cornelius et al. 2011).

We used onset of �owering, onset of seed maturation and length of �owering as phenological response variables, since
they mark important stages in the plant life cycle, with �owering as the beginning of pollination and seed maturation as
a prerequisite for dispersal.

To obtain population wide aggregates of onset dates for �owering and seed maturation of each species, the BBCH-
stages for individual plants were converted to ordinal codes so that an occurred event (e.g. �owering and seed
maturation) was assigned a 1 and the lack of occurrence a 0. Then, to calculate the population-response variable for a
phenological stage and retrieve a date as phenological response variable, the day of 50% probability of �owering onset
and seed maturation onset for each site was calculated for each species according to Cornelius et al. (2011) who
suggested modelling progression curves of plant development with Ordinal Logistic Regression Models.

A generalized linear model with a binomial distribution was �tted with the ordinal phenology variable (0 or 1) as
response and the date as predictor (Supplementary 2). The date for each the probability of the phenological event (in
our case 50% �owering or seed maturation) was calculated as following:

log
P

1−P = α + ∑ bi*Xi where P = P(Yi = 1 | Xi)

Equation 1: Calculation of statistical probabilities for �owering/ seed maturation

where P is the probability of the event and Y is the ordinal response variable (0 and 1 for phenological events), α is the
intercept parameter, bi the slope parameters and Xi the explanatory variable, in this case day of the year. This way we
calculated days of the year (DOY) for 50% �owering and 50% seed maturation probability for each species in each
population according to Cornelius et al. (2011) (Supplementary 2).

Lastly, the length of �owering period was determined as the difference between modeled 50% propabilities of seed
maturation and �owering onset:

LengthofFloweringPeriod(days) = DOY50%seedmaturation − DOY50%flowering

Equation 2: Calculation of length of �owering period

2.3. Sampling of micro-climate and urbanization variables
On each site, air temperature and relative humidity were recorded at 2 m height by micro-climate loggers (EasyLog EL-
USB-2+, Lascar Electronics) with a case that protected them from rain and direct sunlight (Protective Cover for Outdoor
Transmitter, TFA Dostmann). Microclimatic measurements were taken with a resolution of 10 minutes.

Environmental variables related to urbanization included percentage of impervious surface (e.g. buildings, roads), �oor
area ratio (i.e. ratio of a building's �oor area in relation to the size of the parcel its located on) and road density in a 500

( )
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m radius around sites and sky view factor at the site (Tab. 2) and were obtained from the CityScapeLab Berlin (see von
der Lippe et al., 2020, for further details).

Climate data was measured in 10 min intervals and aggregated to weekly and monthly resolution of day and night
average, overall average, minima, maxima, and sums of air temperatures. For climate data gaps due to vandalism of
loggers or technical problems at four plots, temporal interpolation of missing data was executed for each climate
variable via linear regression analysis. To that end, a linear model was created that predicted each missing climate
variable of the site based on the linear relation between the on-site measurements and the equivalent climate variable at
the long-term weather station at Tempelhofer Feld of the German Weather Service (DWD, n.d.) during a two-week period
prior to the data gap. The linear equation was then applied to the period of data gaps to interpolate the missing period
via linear regression.

As climate predictor variables for phenology, we extracted the air temperature values of different climate variables per
month/week prior to the median of 50% �owering/seed maturation (DOY) of each species across the study sites.
Hence, different time periods were used to characterize the microclimate for each of our �ve study species, ranging
from March climate values for C. semidecandrum to July climate values for P. argentea.

2.4. Statistical analysis
We quanti�ed changes in species phenology in response to both urbanization and micro-climate using linear regression
models for each of the �ve species.

To test how phenology of a given species relates to micro-climate, we ran a suite of linear regression models for effects
of various monthly and weekly micro-climate variables onto phenology (Supplementary 3). We chose weekly average
daytime temperature (Tavg Day) and average nighttime temperatures (Tavg Night) as representative micro-climate
variables for further analysis (Tab. 2).

Table 2
Explanation of urbanization variables and microclimate variables selected for analysis

  Abbrev. Explanation

Urbanization
variables

Seal500 Percentage of sealed surface in a 500 m buffer around biotope patch in which site is
located (range 1 – 100)

FAR500 Floor area ratio: ratio of a building’s �oor area in relation to the size of the parcel its
located on, measured in a 500 m buffer around biotope patch in which site is located

RdDen500 Road density: total length of roads (km) in a 500 m buffer around biotope patch in
which site is located

SVF Sky View Factor (share of open sky; range 0 – 1) at the biotope patch

Micro-
climate

Tavg Day Average weekly temperature of day hours

Tavg Night Average weekly temperature of night hours

T Mon avg

Min

Average monthly temperature of daily minima

To elucidate on temporal patterns of the effect of urban structure and micro-climate throughout the different months of
the observation period, we used single linear models. We used Seal500 as a representative response variable and
average monthly minimum (T Mon avg Min) temperatures as representative predictor variable, since the effect of the UHI in
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summer is mostly pronounced at night, and hence in�uences mainly the temperature minima (Heaviside et al., 2016;
Lopes et al., 2013; van Hove et al., 2015).

To test how phenology of a given species responds to urbanization, we used single regression models with Seal500 as
a predictor and modelled its effect on phenological variables. We further used backward selected multiple linear
regression models with multiple urban structure variables (impervious surface, �oor area ratio, road density and sky
view factor) and micro-climate (mean day and night temperatures) as predictors. We chose urban structure variables in
a 500m radius, as it has been previously observed that local climate variability is best explained by impervious surface
in a radius of 500 m around study areas (Schatz & Kucharik, 2014). For each species and each phenological variable, a
full linear model was �tted including all pre-selected urban structure and micro-climate predictors: Seal500, FAR500,
RdDen500 and SVF, Tavg Night and Tavg Day (Tab. 2). From this full model backward selection was performed to choose
the best urban predictor combination for �owering and seed maturation of each grassland species based on Akaike’s
Information Criterion (AIC).

Linear models were deemed appropriate for all parts of the analysis as all phenological and climate response variables
appeared normally distributed according to a Shapiro Wilk test. All statistical analyses were carried out in R (version
3.6.0).

3. Results

3.1. Micro-climate, �owering phenology and seed maturation
The �ve monitored species had different staggered �owering and seed maturation phenology (Fig. 2). The earliest
�owering species was C. semidecandrum, followed by F. brevipila, P. argentea, A. capillaris and T. arvense. While the
early-�owering species C. semidecandrum and F. brevipila showed low variation in the onset of �owering and seed
maturation, the late-�owering species P. argentea and A. capillaris showed an amplitude of 40-60 days for all
phenological events across the monitored sites. Amplitude of �owering length was largest for A. capillaris (52.1 days)
followed by P. argentea (39.8 days), C. semidecandrum (13 days), T. arvense (10.5 days) and F. brevipila (9.7 days).

The response of 50% �owering and seed maturation onset to preceding weekly temperatures differed greatly between
species in both signi�cance, magnitude and direction (Table 3, and see Supplementary 4). Flowering of the early
species C. semidecandrum was signi�cantly advanced by 0.85 days/°C in response to night-time temperatures (Table
3). In contrast, �owering of F. brevipila was delayed by 1.9 days/°C in response to day-time temperatures. The three later
�owering species P. argentea, A. capillaris and T. arvense were not signi�cantly affected by either Tavg Night or Tavg Day.
Overall, the two early �owering species (C. semidecandrum and F. brevipila) responded stronger to micro-climate of the
preceding week than the later �owering species.

For seed maturation, no signi�cant in�uence of micro-climate was found across species. P. argentea showed a trend of
advanced seed maturation by 7.7 days/°C in response to Tavg Day and (p=0.052) and A. capillaris a trend of delay by 5.4
days /°C in response to T avg Night (p=0.069).

  



Page 9/20

Table 3
Linear regression models for in�uence of average weekly night temperature (Tavg Night) and

average weekly day temperature (Tavg Day) of the preceding week on phenology of �ve grassland
species (for abbreviations see Table 1). Only combinations with p<0.1 shown and combinations

with p < 0.05 in bold

    T avg Day T avg Night  

Event Species Slope R² p slope R² p week

Flowering Cer -1.637 0.116 0.076 -0.854* 0.162 0.033 15

Fes 1.909* 0.219 0.021       19

Pot -0.855 0.010 0.757 -2.978 0.059 0.448 24

Agr 7.902 0.234 0.132 2.474 0.038 0.565 25

Tri 0.745 0.041 0.435 -0.654 0.052 0.378 27

Seed maturation Cer 1.258 0.024 0.427 -0.311 0.006 0.701 18

Fes -0.287 0.014 0.577 0.206 0.027 0.447 21

Pot -7.727 0.301 0.052 3.057 0.073 0.371 27

Agr 7.834 0.106 0.328 5.386 0.321 0.069 27

Tri -0.556 0.026 0.537 -0.775 0.064 0.326 30

3.2 Urbanization and grassland phenology
Urbanization, represented here by the percentage of sealed surfaces in 500m buffer around grasslands (Seal500), was
associated with an increase in mean minimum temperatures in spring and summer (Fig.3). This relationship became
stronger as the season progressed, from a non-signi�cant trend in March (p=0.098) to an increasingly strong positive
linear relationship towards July (p<0.001) (Fig.3). With progressing growing season, the variance in temperature
explained by urbanization (adjusted R2) increased steadily from 6% in March to 66% in July, showing a tighter
relationship between sealed surface and monthly averaged minima in summer.

Figure 3: Relationship between urbanization and micro-climate in dry grassland plots. Linear models for in�uence of
impervious surface in a 500m radius (Seal500) on monthly minimum temperatures in dry grassland plots in a) March,
b) April, c) May, d) June and e) July, (R² = adjusted R2)

Single regression models of effect of urbanization on phenology showed that �owering and seed maturation of A.
capillaris, as well as seed maturation of P. argentea, were delayed with increased Seal500 (Supplementary 4). By
contrast, F. brevipila �owered earlier and longer as sealing increased. All other species showed no signi�cant or a
slightly negative response, i.e. earlier onset dates. Overall, Seal500 explained a larger share of seed maturation
phenology for the later species P. argentea, A. capillaris and T. arvense, than for C. semidecandrum and F. brevipila
(Fig. 4b).

Multiple regression models obtained through backwards selection showed a similar trend to the single regression
models, as urban structure and the micro-climate variables showed the high explanatory power for the later species
(Figure 4). Large explanatory power was found for the �owering stage, especially for A. capillaris and T. arvense (Figure
4, Table 4) where a combination of urban micro-climate and urban structure signi�cantly explained 80% and 70% of
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variation (adj. R2). Flowering of C. semidecandrum and F. brevipila was signi�cantly in�uenced by the micro-climate
variables TAVGday and by RdDen, albeit in opposite directions and the multiple models signi�cantly explained 20.1% and
43.2% of variation, respectively.

In the seed maturation models, a combination of TAVG day and Seal signi�cantly explained 61.9% of P. argentea seed
maturation, while FAR explained 44.1% for A. capillaris. Seed maturation of all other species remained entirely
unaffected by all urban structure and micro-climate variables.

Length of �owering models showed a similar pattern with high R2 for the later species P. argentea, A capillaris and T.
arvense and an inclusion of both urban structure and micro-climate variables in the selected models.

 
Table 4

Multiple linear regression models (selected with AIC) for in�uence of urbanization variables (all in 500m radius) and
micro-climate onto �owering and seed maturation of �ve dry grassland species. Filled cells show remaining urban

variables obtained in the model through backwards selection with AIC from a maximum model.
Phenology
stage

Species FAR RdDen SVF Seal TAVGnight TAVGday Adj
R2

p-
value

Flowering Cer -4.622 0.315*       -2.301* 0.201 0.039

  Fes   -0.204**       2.424** 0.432 0.001

  Pot   0.941 72.37   -6.568 -5.823 0.05 0.4

  Agr 81.162** 1.887   -0.688 -13.050**   0.8 0.006

  Tri   0.416**   -0.204*** 1.482 1.247** 0.7 0.0007

Seed
maturation

Cer             0 n.s.

  Fes             0 n.s.

  Pot       0.378**   -14.929** 0.619 0.003

  Agr 16.87*           0.441 0.015

  Tri       -0.026     0.056 0.184

Length of
�owering

Cer             0 n.s.

Fes 3.369*   -9.658     -1.522 0.36 0.007

Pot     -98.39**       0.485 0.007

Agr -32.67   128.89   9.998   0.44 0.9455

Tri -4.475 -0.52**   0.221*   -1.62** 0.549 0.007

By contrast, F. brevipila �owered earlier and longer as sealing increased. All other species showed no signi�cant or a
slightly negative response, i.e. earlier onset dates. Overall, Seal500 explained a larger share of seed maturation
phenology for the later species P. argentea, A. capillaris and T. arvense, than for C. semidecandrum and F. brevipila
(Fig. 4b).

4. Discussion
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Cities can harbour biodiverse grasslands, and the phenology of such urban ecosystems is particularly important for a
range of ecological processes (Jochner & Menzel, 2015). Yet grassland phenology at a single species level has not been
assessed in an urban context so far. Here we show that dry grassland species phenology responds to urbanization in a
species-speci�c manner. Along with an increasing effect of urban structures on micro-climate from spring to summer,
phenology of later species tended to respond stronger to a combination of both micro-climate and urbanization, while
phenology of early species responds predominantly to micro-climate.

4.1. Grassland phenology and urban micro-climate
In this study we observed clear differences between species in phenological response to micro-climate. Our hypothesis
that overall phenology advances with increasing air temperature of the previous week proved to be only valid for the
early spring herb C. semidecandrum, while other species, especially the later ones, such as P. argentea and A. capillaris
showed no response to preceding air temperatures, and F. brevipila exhibited phenological delays. This is contrary to the
multitude of tree phenological studies in urban areas, which have shown consistent advances in �owering phenology
(D. Li et al., 2020; Lu et al., 2006; Mimet et al., 2009; Neil et al., 2010).

The early �owering species C. semidecandrum was signi�cantly in�uenced by mean night and day-time temperatures,
which is in line with �ndings on the high sensitivity of early phenology species to microclimatic cues and the winter UHI
(Jochner & Menzel, 2015). This is further strengthened by long-term phenological �ndings revealing that �owering of
spring-species responded the strongest to temperature of preceding months (Fitter & Fitter, 2002). Studies on urban tree
phenology have found an in�uence of temperatures on a monthly scale on for instance �owering (Lu et al., 2006). In
this study weekly micro-climate was more predictive for phenological onsets than monthly micro-climate. This could
possibly be due to fast-growing plants like grasses being faster and/or more plastic in timing their internal
physiological and chemical dynamics (König et al., 2018).

Many studies �nd that phenological response varies due to functional traits and growth forms of the plant species
(Fitter & Fitter, 2002; Iversen et al., 2009; König et al., 2018; Li et al., 2020; Lu et al., 2006). A. capillaris and P. argentea
(both perennial) responded positively to the urban environment (delayed onset), while C. semidecandrum (annual) and
T. arvense (annual or biennial) responded negatively (advanced onset). Due to our low number of repetitions per growth
form, we cannot generalize on a growth-form speci�c effect of phenology response to the UHI, however we observed a
trend that is consistent with previous literature: König et al. (2018) found that early �owering grasses and annual herbs
exhibited more intense advances in �owering onset than late-�owering grasses and perennial herbs – as in our study.
While in König et al. (2018) climate zone related to advance in onset of herbs, for grasses micro-climate site conditions
had a negligible effect and plant speci�c traits explained phenological responses, such that high speci�c leaf area was
related to advances in onsets, while high leaf dry matter content was related to phenological delays (König et al., 2018).

Contrary to our hypothesis on advanced urban grassland phenology, we found a difference in direction of response
among species, such as unexpected delays in �owering or seed maturation. Delays in �owering dates are not
uncommon among different growth forms (König et al., 2018; Munson & Long, 2017). Flowering time of C3 grass
species (perennial and annual) advanced with increasing mean annual air temperature, while �owering time of all but
two C4 grass species (perennial and annual) was either delayed or unaffected (Munson & Long, 2017). This was
explained by higher optimal air temperatures for development of late-growing species resulting in heterogeneous
patterns of phenological shifts, and shows a dependency of phenological response on life history and photosynthetic
pathway. Moreover, �owering delays due to increased temperature have previously been explained by an eco-region
effect, with grass species that grow in relatively cold eco-regions (high elevation or northern latitude) advancing
phenology with warming, while those in relatively warm eco-regions (low elevation or southern latitude) delaying
phenology with warming (Munson & Long, 2017). At the much smaller local scale of our study, we found large variation
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of micro-climatic zones along the urban-rural gradient. This could be analogous the “ecoregion-effect” and explain the
delay of A. capillaris �owering due to higher air temperatures at the strongly urban and hence warmer sites.

Lambrecht et al. (2016) provide another explanation for delayed phenological responses: their study on urban and rural
plants of the Mediterranean species Crepis sancta suggests that selection favors later phenology when air
temperatures, moisture regimes and nitrogen-availability are strongly modi�ed, and CO2 is elevated. Especially moisture
regimes might be a potential critical factor causing the phenological delays of grasses in our study. Without connection
to groundwater and limited root depths particularly in annual species, dry grassland species must rely on soil moisture.
We thus hypothesize that grasses with late summer �owering phenology might shift their onset dates away from the
maximum drought peak in mid-summer in order to relocate reproductive phenology to periods when site conditions,
especially moisture, are favorable. This hypothesis is strengthened by the opposite response of early �owering herbs,
which grow in favorable moisture conditions in spring with almost no water restrictions and therefore match the usual
pattern of phenological advance in response to temperature.

4.2. Grassland phenology and urbanization
Our �ndings show an increase in explanatory power of urbanization in predicting micro-climate from March to July.
Cities have consistently shown to be hotter than adjacent rural areas, leading to the well-known Urban Heat Island (UHI)
effect (Stewart, 2011). In Berlin, like in many mid-latitude climates, the UHI was found to be most pronounced in
summer and during the night in response to surface cover (Fenner et al., 2014). This results in higher urban-rural
difference for sites with a larger percentage of urban fabric during the summer months.

Accordingly, species exhibiting crucial phenological phases in summer such as A. capillaris and T. arvense responded
strongly to a combination of micro-climatic cues and urban structure variables, while early species such as C.
semidecandrum mostly responded to micro-climate. This trend is in line with the temporal pattern of the UHI and the
exacerbated link between urban structure and micro-climate in summer, as shown in our results. Similarly, Li et al.
(2020) found that �owering onset of spring species in urban environments was advanced and more sensitive to
increased temperatures than summer species.

We found varying effects of urbanization on the �owering and seed maturation phenology of the �ve species, both in
terms of direction and magnitude (Table 3). For instance, F. brevipila �owering was explained by road density and
temperature averages, while a combination of the urban structure variables road density, �oor area ratio and degree of
soil sealing in combination with temperature averages explained a large share of the phenology of the later �owering
species A. capillaris and T. arvense. While Loheide (2016) estimated that degree of soil sealing explained ~50-70% of
remotely sensed start/end of the growing season, we also observed this urban structure variable to be a prominent
predictor of grassland phenology, explaining up to 35-38% of seed maturation and �owering timing for A. capillaris.
Loheide (2016) also found that the magnitude of urban-structure driven changes in phenology was determined by the
prevailing weather conditions during seasonal transitions. This matches our �ndings; as under hot air temperatures in
summer when urban structure in�uences micro-climate the most and creates local intra-urban weather patterns with
associated changes in other climate variables, phenology shows the strongest reaction.

While our multiple regression models combining urban structure and micro-climate succeed in explaining up to 80% of
phenological variability for some grassland species, for other species explanatory power was low, suggesting that a
suite of other non-measured factors affect urban grassland phenology. In urban areas photoperiod, chilling time and
nutrients, hydrological modi�cations (precipitation, air humidity), diseases, pests, competition, pollutants, individual
genes and age have been found to impact plant phenology (reviewed in Jochner & Menzel, 2015). For instance, warm or
cold spells could in�uence phenological behavior at the local scale: High air temperatures shortly before the
phenological onset of a speci�c event are likely to result in a simultaneous onset while low air temperatures rather
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contribute to a larger delay between urban and rural onset dates (Jochner et al., 2011). In general, extreme weather
conditions might have greater effects on phenology than changes in mean air temperatures, by disturbing the
synchronization between organisms due to less predictability (Jentsch et al., 2007).

Along the same lines, precipitation changes could play an important role for phenology and even drive �owering onset
stronger than increasing air temperatures (König et al., 2018). Despite lack of measurement in this study, precipitation
could represent a limiting factor for water supply and could be especially crucial in dry grasslands in the summer
months. The effect of water availability and drought on phenology in the summer months as a consequence of the UHI
could be a driver causing controversial shifts in phenological onset dates of grasses and would need to be included in
future urban phenological studies. This is especially crucial because of trends of increased drought intensity in
Germany (NASA, 2020) and particularly in cities (Lahr et al., 2018).

Additionally, plant diversity could be a determinant for phenology as it has been shown to affect coordination of
phenology among species with earlier �owering in response to reduced diversity in a serpentine grassland (Wolf et al.,
2017). These differences in phenology were caused by the effects of plant diversity on soil surface temperature,
available soil nitrogen, and soil moisture which in turn affected timing of �owering (Wolf et al., 2017). While in our dry
grassland sites network no differences in plant diversity (i.e. in species richness) along the urbanization gradient were
found (Speaman's R2=-0.0258; P = 0.85), species richness increased slightly with maximum daily summer temperatures
(R2=0.30, P= 0.02) (data not shown), making plant diversity an interesting driver to include in future urban phenology
studies.

Further research on the multitude of potential factors such as precipitation, soil temperatures and plant traits, as well as
with more species from each growth form, growing at different times of the spring and summer and additional
phenophases would be useful to better understand the triggers of urban grassland phenology responses to the urban
heat island. Particularly, more research is needed to understand the physiological triggers for different phenophases
such as �owering and seed dispersal, as these phenophases are likely to be regulated by different environmental and
physiological triggers (Segrestin et al., 2018). Dispersal timing has been shown to be more variable and less responsive
to climate constraints such as water de�cits, than �owering. Moreover timing of phenological events can be in�uenced
by a coordination between phenophases, like between timing of seed dispersal, seed maturation and �owering timing
(Segrestin et al., 2018). Such a phenophase-coordination remains to be tested in an urban grassland context.

Finally, since the urban-rural gradient resembles an air temperature gradient, urban environments can be used as
laboratories to study the future impacts of climate change through space-for-time substitution (Lahr et al., 2018). The
advantage of this in a phenology context is that such intra-urban studies eliminate the confounding effects of varying
day length and reducing sample effort and costs compared to phenological studies over latitudinal gradients (Jochner
& Menzel, 2015). This has been done successfully using community science photographs of �owering across US cities
and with space-for-time substitution approach to show climate-change induced increases in �owering length (Li et al.,
2020). It remains to be tested for the grassland species we assessed whether phenological response to micro-climate
change equals climate variability over space, and whether a space for time substitution could reliably elucidate on the
future and consequences of dry grasslands in a warmer world.

5. Conclusion
Cities can be used as laboratories for plant adaptation to climate change because of the urban heat island established
here. This study, probably the �rst on the phenology of grassland species in �eld populations along a double gradient of
temperature and urbanization, showed that individual species respond signi�cantly - but differently - to increased
temperatures in cities. This points to the importance of different life forms or seasonal development of plant species for
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their response to the urban heat island. Future studies should illuminate the underlying physiological mechanisms and
ecological consequences, especially for biotic interactions.  

Grasslands are particularly useful for urban phenological studies due to their spontaneous occurrence along the whole
urban-rural gradient, covering a huge variety of micro-climates, stress-levels and environmental conditions. The
tendency of early �owering species responding mainly to air temperature of the precedent weeks, while late species
seem to be in�uenced by both micro-climate and urban structure variables, points towards a pattern of dry grassland
response the urban heat island effect, which is most pronounced in summer. It remains to be tested whether the
mechanism behind this response is due to species plasticity or due to evolutionary adaptations of the grassland
species and to what extend growth form and functional traits mediate phenological response.

Future research on urban grassland phenology in response to urban micro-climate could be useful, because of the high
sensitivity of grasslands to urban environmental conditions. A possible research focus could be on quantifying the
magnitude and direction of shifts of more representative species to create a catalogue of species phenological
response. Along with that, predictors like drought and soil moisture conditions, which are crucial for grassland species
and might be strong phenological triggers, could be included in future grassland phenology studies to untangle the
effects of different climatological and meteorological drivers. 

The potential of dry grassland species in describing urban warming patterns, provides promising avenues for urban
environmental research and towards an increased understanding of the impacts of  on urban ecosystems.
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Figures

Figure 1

Location of study sites (red dots) in Berlin, with city boundaries in blue (basemap: OpenStreetMap, 2017)

Figure 2
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Phenological stages in �ve dry grassland species in the vegetation period in 2017 (see Tab. 1 for abbreviations of
species names) during days of the year (DOY) , species ordered by the median of 50 % �owering onset. A) for �owering
onset, B) for seed maturation onset, C) for �owering length.

Figure 3

Relationship between urbanization and micro-climate in dry grassland plots. Linear models for in�uence of impervious
surface in a 500m radius (Seal500) on monthly minimum temperatures in dry grassland plots in a) March, b) April, c)
May, d) June and e) July, (R² = adjusted R2)

Figure 4

Explanatory power (adjusted R2) of multiple regression models (see Table 3) for the joint effect of micro-climate and
urban structure on �owering, seed maturation and length of �owering of the �ve species. Species ordered by the median
of 50 % �owering onset.
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