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Abstract
Compared to rural environments, cities are known to be extraordinarily rich in plant species. In particular, the proportion of alien plant species is higher in urban areas. This is attributed to specific urban
conditions, which provide a large variety of habitats due to high geological heterogeneity. It can also be
attributed to the role of cities as centres for plant introductions and the consequential increased propagule
pressure. Neophytes, alien plant species introduced after the discovery of the Americas, appear to contribute especially strongly to the increased proportion of alien plants in cities. To investigate whether the plant
traits of neophytes can be explained by environmental variables, we modelled the composition of their
pollination types and growth forms as well as their diaspore weight and the onset of flowering in response
to a selection of climatic, geological, land cover and traffic network variables with data from Germany. To
test for a specific urban effect, we included their interactions with the area of urban land use.
In general, we found that climatic variables were the most important predictors for all traits. However,
when considering interactions with urbanisation, non-climatic variables, which often were not significant
as the main effect, remained in the final models. This points to an existing ‘urban effect’. However, it is
much smaller compared to the purely climatic effects. We conclude that interferences and alterations
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mainly related to urbanisation and human activity in general are responsible for the different ecological
processes found in cities compared to rural areas. In addition, we argue that considering functional traits
is an appropriate way to identify the ecological mechanisms related to urbanisation.
Keywords
Alien plants, cities, growth form, phenology, pollination, seed mass, traits, vector generalised linear model

Introduction
Next to climate and land-use change, biological invasions are regarded as one of the
main drivers for the recent loss of biodiversity (Elton 1958, IPBES 2019). However,
the arrival of new species in foreign regions does not necessarily lead to their successful establishment. In fact, some of these alien species rather benefit from changes in
ecosystems (they are also called passengers of change) instead of causing them (also
called drivers of change, Didham et al. 2005). In particular, those species successfully
invading degraded ecosystems tend to be rather passengers of change (MacDougall and
Turkington 2005). In turn, heavily disturbed habitats, such as urbanised areas, are the
ones that are most strongly invaded (Kowarik 1990).
The increase in urban population (United Nations 2014) leads to an expansion of
the urban built area at the cost of unsealed land (Douglas and James 2015). Therefore,
urbanisation can be regarded as one of the main drivers of land-use change, often at
the expense of natural ecosystems (Vitousek et al. 1997), and it will probably facilitate
invasions in the future.
Due to their particular characteristics, cities differ from their surrounding nonurban areas by decreased mean annual air humidity and consequently drier soils
(Bridgman et al. 1995), increased average annual temperature (Oke 1982, Bowler et
al. 2010), and reduced wind speeds (Nowak et al. 2010). Further, the highly heterogeneous structure of urban areas offers a wider range of different habitats (Kühn et al.
2004). In addition, cities represent hotspots of human mobility and transportation
which are considered important factors determining the number of invasive species
(von der Lippe and Kowarik 2008, Jehlík et al. 2019, Seebens 2019).
In terms of cities also being hotspots for alien plant species, it is important to understand which plant traits benefit from, and which are disfavoured by urbanisation.
Several studies have focussed on functional traits and whether they are either promoted
or suppressed in cities. Their results seem to imply that plants that thrive in nutrient
rich, alkaline soils as well as in warm and bright conditions are more successful in urban areas. Plants that prefer moist conditions are suppressed in cities (Williams et al.
2015). For example, in Germany, when compared to non-urban grid cells, urbanised
grid cells had higher proportions of wind-pollinated plants, plants with scleromorphic
leaves, and plants that are dispersed by animals. At the same time, these urban grid cells
had lower proportions of insect-pollinated plants, plants with hygromorphic leaves,
and plants dispersed by wind (Knapp et al. 2008b).
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The concept of the rural-urban gradient (Forman 2014) is widely used to highlight
the variability of several environmental factors when transitioning from rural areas to
the city centre. Kühn et al. (2017) tested for a potential urban effect on neophytes (i.e.
species introduced after the discovery of the Americas, Pyšek et al. 2004), or more precisely, on their richness and proportion. Based on the assumption that the alien flora
in cities differs from the alien non-urban flora, they expected changes in the responses
of neophyte richness to environmental variables along the rural-urban gradient. If
this holds true, they would speak of an existing urban effect. Their results, however,
indicate that conditions that explain neophyte richness in cities are mostly the same
as in rural environments but are more effective towards the urban end of the gradient
(Kühn et al. 2017).
In this study, we aim to extend this approach and to test whether selected traits of
neophytes are affected differently by environmental conditions along the rural-urban
gradient. Firstly, working with traits allows to get beyond a purely taxonomic characterisation to a more functional approach (Kühn et al. 2006, McGill et al. 2006),
secondly, we are not aware of many studies, that take a trait-based approach to urban
flora (but see e.g. Knapp et al. 2008b, 2010, Fischer et al. 2013). In doing so, we hypothesise that the following traits will change in a rural-urban gradient: (1) pollination
type, (2) growth form, (3) diaspore mass and (4) flowering phenology.
Pollination type describes the vector a plant employed for pollen transfer. We included this trait in the analysis because the main vectors, wind and insects, are known
to differ between urban and rural landscapes (Connor et al. 2002, Nowak et al. 2010).
We aim to test whether these differences also reflect variances in the proportion of
insect-, wind- and self-pollinated neophytes in their response to environmental conditions. According to some studies, urbanisation favours wind pollination over biotic
pollination (Lososová et al. 2006, Sodhi et al. 2008, Knapp et al. 2008a, 2010).
Growth form in this study is a combination of life form (Raunkiær 1934) and
lifespan, a specification of lifetime and the number of possible generative reproductions. Therefore, growth form provides information on the duration of a plant’s life
cycle and whether it is woody or not. We analysed this trait because the different
frequencies and intensities of disturbance in cities compared to rural areas might favour or disadvantage certain growth forms. Previous studies revealed that urbanisation
tends to favour woody plants, i.e. trees and shrubs (Knapp et al. 2008a, Williams et al.
2015, but Chocholoušková and Pyšek 2003), therophytes/annuals (Sukopp and Werner 1983) as well as biennials (Chocholoušková and Pyšek 2003, Lososová et al. 2006),
and disfavours geophytes (Williams et al. 2015, but Knapp et al. 2008a).
Diaspore mass is important, because large diaspores contain more resources and
therefore have competitive advantages in the establishment of seedlings compared to
small seeds (Westoby et al. 1996). Small diaspores, however, are more likely to be dispersed further and therefore are more likely to reach new appropriate habitats (Meyer
and Carlson 2001). Hence, diaspore mass is linked to both processes of dispersal and
establishment. It has been assumed that for every environment there is an optimal seed
mass (Smith and Fretwell 1974). Urban environments should therefore also represent
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habitats ideally suited for a certain (rather lower) seed mass, because nutrients are usually sufficient but newly disturbed patches need to be colonised.
Flowering phenology refers to information about timing and range of flowering
events and is of great importance for pollination and reproduction. Despite genetic determination, the beginning, end and the duration of flowering can be modified, mainly
by climatic conditions (Trefflich in Klotz et al. 2002). Here, we test the hypothesis
that flowering begins early in urban areas and in areas with higher temperatures and
moderate precipitation.
In this study, we test whether there is an urban effect on the proportions of traits
(pollination, growth form) or the average state (diaspore mass, phenology) of neophytes in the rural-urban gradient. To this end, we explain the functional composition
of grid cells of the mapping scheme of the flora of Germany by different environmental
variables. In addition, we added the interactions of each variable with the area of urban
land-use to detect possible urban effects in comparison with the main effects of specific
environmental variables.

Data and methods
Floristic data
The data for plant species occurrence was extracted from the latest version (2013) of
the floristic mapping of Germany (NetPhyD and BfN 2013), which contains more
than 14 million records of plant occurrences in Germany. Data is available at a grid
resolution corresponding to 10' longitude and 6' latitude (c. 12 km × 11 km). Since
fragments of grid cells in border regions or along coastlines have considerably fewer
species, only grid cells equal to, or greater than, the size of the smallest full cell of Germany (c. 117 km2) were kept for analysis. As the survey efforts in different regions and
the botanical knowledge of volunteers are heterogeneous (Manceur and Kühn 2014),
we followed Kühn et al. (2006) in only including grid cells with at least 45 out of 50
control species (those widely spread which should be present in each well-mapped grid
cell), resulting in n = 2599 grid cells.
Only naturalised occurrences of neophytes from 1950 onwards were considered.
Data on floristic status was retrieved from BiolFlor (Klotz et al. 2002). In total, 497
different neophyte species were included in the analysis, varying widely in frequency of
occurrence (Suppl. material 1, Table S1).

Trait data
Data on the four traits (pollination, growth form, diaspore mass, flowering phenology) was also retrieved from BiolFlor (Klotz et al. 2002) and merged with the plant
occurrence data based on species names or synonyms. The categorial traits pollination
type and growth form comprise several trait states (Table 1). For some species, multiple
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Table 1. Description, abbreviation and source of the traits and response variables used in the analyses.
Trait
Pollination
type

Growth
form

Diaspore
mass
Flowering
phenology

Description

Response var.

Abbreviation

Type of pollen transfer to the stigma. Either
Insect pollination
i
abiotic or biotic. Only the three most common
(entomophily)
types were considered and only those which were
Wind pollination
w
assigned as always, often or the rule for each plant
(anemophily)
in BiolFlor.
Self-pollination (autogamy)
s
Multiple
m
Trait combining lifespan and life form.
Annuals
an
Biennials
bn
Herbaceous perennial
hp
Woody plants
wd
Multiple
mu
Mean mass of diaspore (germinal plus any
mean(log(diaspore mass))
dispersal-assisting tissue).
Mean month at which neophytes of a grid cell mean(beginning month of mean(BFM)
begin to flower.
flowering)

Source
Durka in Klotz et al.
(2002)

Krumbiegel in Klotz et
al. (2002)

Otto in Klotz et al.
(2002)
Trefflich in Klotz et al.
(2002)

pollination types were recorded or the state of life span can have several states. In these
cases, an additional state called ‘multiple’ was introduced.

Environmental data
Data for model prediction is comprised of data on climate, geology, land cover and
traffic network. A total of 19 initial environmental predictors (see Table 2) were selected based on physiological principles known to be related to species richness in general,
and alien species richness in particular (Kühn et al. 2017).

Statistical analysis
Model specification and simplification
All environmental predictors were centred to zero mean and unit standard deviation.
Collinearity between the environmental predictors was assessed, but none of the pairs
of predictors showed high collinearity (|Kendall's τ| > 0.7; Dormann et al. 2013).
One problem with compositional data is that the proportions are not independent of each other: if one proportion increases, at least one of the others must decrease
and vice versa. This is called the unit-sum-constraint and can be obviated by using
the logarithms of ratios (log-ratios) instead of the observed proportions (Aitchison
1986, Billheimer et al. 2001, Kühn et al. 2006). While, mathematically, the choice
of denominator and numerator for the log-ratios is arbitrary and does not impair the
results (Aitchison 1986), for the purpose of interpretation, the choice depends on the
respective ecological interest. Therefore, to model the proportions of the states of pollination type and growth form in response to the environmental variables, we used a
vector generalised linear model (VGLM; Yee 2015) with a multinomial distribution
family based on log-ratios (Lososová et al. 2012, Menzel et al. 2016). This approach
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Table 2. Environmental data and sources used for analysis of the response variables. Variables are known
to be related to species richness in general and alien species richness in particular. We provide units and
variable range for linear but not for quadratic predictors. In such cases, the units (and min/max values) do
not make sense and the transformation was performed to account for non-linear relationships.
Variable

Description of variable

Average July temperature
Squared average July temperature
Annual temperature range, i.e. average difference
between January and July temperature
PrecipitationSummer
Average summer precipitation (June, July,
August)
PrecipitationSummer2
Squared average summer precipitation
WindSpeed
Average wind speed
#GeoPatch
Number of geological patches
#GeoType
Number of geological types
LoessArea
Area covered by loess
Area covered by sand
SandArea
LimestoneArea
Area covered by limestone
#LcPatch
Number of land cover patches
#LcType
Number of land cover types
ForestArea
Forest area
AgriculturalArea
Agricultural area
UrbanArea
Urbanised area
RiverArea
River area
RoadLength
Total length of roads
RailwayLength
Total length of railways
TmpJul
TmpJul2
TmpAnnualRange

Units Variable range
(min - max)
°C
12.8–19.8
°C

21.5–29.1

mm

168–494

m/s

1.9–5.6
1-51
1-24
0–114.1
0–135.2
0–135.4
26–353
5-22
0–131.5
0.5–124.7
0–79.7
0–8.5
0.2–29.2
0–6.1

km²
km²
km²

km²
km²
km²
km²
km
km

Source
Fronzek et al. (2012),
observation period 1961-2000

Bundesanstalt für
Geowissenschaften und
Rohstoffe (1993)

LBM_DE2012 – Bundesamt
für Kartographie und Geodäsie
(2012)

Open Street Map Project and
MapCruzin (undated)

accounts for the above-described problem of the unit-sum-constraint. For both categorical traits, ‘multiple’ was used as the denominator. For simplicity, the ratios of the
unambiguously assignable trait states over ‘multiple’ hereafter are simply called ‘ratios’.
Diaspore mass and flowering phenology are metric. Therefore, generalised linear models (GLM) were fitted.
In order to detect a potential ‘urban effect’, a different model was fitted to each of
these four traits (either VGLM or GLM) with all the environmental variables (except
wind speed, see below) as initial predictors plus the interactions of each variable with
the area of urban land cover (UrbanArea; hereafter called ‘urbanised area’). In addition,
the initial models for pollination type, diaspore mass and flowering phenology also
included the variable of average wind speed and its interaction with the urbanised area.
The model simplification process for the generalised linear models (GLM) and vector
generalised linear models (VGLM) followed the recommendations of Crawley (2012)
by implementing a backward selection based on error probabilities such that a predictor was significant for at least one log-ratio.

Spatial autocorrelation
To test for spatial independency of the residuals, Moran's Index (the autocorrelation
equivalent of Pearson’s correlation coefficient) was calculated using the R package ncf
by Bjørnstad (2013). All initially fitted models (VGLM and GLM) showed highly spa-
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tially autocorrelated residuals (Moran's I > 0.04 [p < 0.05]) up to a distance of 10 grid
cells and therefore were not suitable for drawing robust conclusions.
To account for spatial autocorrelation, a method called the ‘residuals autocovariate
approach’ was applied (Crase et al. 2012). As this approach calculates an autocovariate
from the residuals (hereafter called ‘residual autocovariate’, RAC) instead of deriving
it from the response variables themselves, it does not suffer from biased parameter
estimates that were reported by Dormann (2007). For VGLMs, the number of RACs
equals the number of log-ratios that are included in the model. In generalised linear
models with only one response variable, only one residual autocovariate was calculated.
During each step of model simplification (see above), new RACs for the updated
model were calculated and the process was repeated until the final model was selected.
This procedure ensured that the most accurate autocorrelation structure was utilised
at every step. The residual autocorrelation could be reduced to a satisfying level for all
final models.

Model evaluation
To evaluate the model fits, their explained deviance D2 was calculated (Guisan and Zimmermann 2000). To assess whether the D2 of the final models (D²tot) is mainly due to the
environmental variables or the residual autocovariates, it was partitioned into the deviance explained by the environmental-only (D²env) and by the residual autocovariate-only
model (D²rac; Borcard et al. 1992). We never observed an overlap between the two groups.

Software
All statistical analysis was performed with the software R, version 3.4.1 (R Core Team
2017). The following packages were used, mainly for data processing purposes: raster
(Hijmans et al. 2016), sp (Pebesma et al. 2017), corrgram (Wright 2017), and VGAM
(Yee 2017).
To calculate area and length per grid cell, it was necessary to indicate the intersections of the land-cover data and traffic network systems with the lattice used for
the floristic mapping. This was performed with the geographical information systems
(GIS) ArcGIS 10.5 (ESRI 2016) and QGIS 2.18 (QGIS Development Team 2015).

Results
While trait information on pollination, growth form and flowering phenology was
available for the majority of species, information on seed mass was scarcer (for details
see Table 3). The most common pollination type was insect pollination and most species were either annuals or herbaceous perennials (Figure 1). In the following, we will
focus on the most pertinent results of the statistical analyses (Tables 4–6).
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Table 3. Number of neophytes per trait and trait state used for analysis. For minimum, maximum, median and/or mean values see Suppl. material 1, Table S2.
Trait
Pollination type

Growth form

Diaspore mass
Flowering phenology

Trait state
Insect pollination
Wind pollination
Self-pollination
Multiple
Annuals
Biennials
Herbaceous perennial
Woody plants
Multiple

Number of species
per trait state
total
262
438
69
82
25
157
492
32
193
74
36
188
482

Figure 1. Overview of trait states of neophytes across the 2599 grid cells of Germany A pollination type
B growth form C diaspore mass (*back-transformed mean of log transformation) and D time (in months)
at which neophytes begin to flower (**mean/grid cell). Bold black lines represent medians, boxes 25–75%
interquartiles, whiskers samples with less than 1.5 times of the interquartile range and dots are outliers.
For detailed values see Suppl. material 1, Table S2.

The functional composition of the neophytic flora along a rural-urban gradient

31

Pollination type
The explanatory power of the model was quite good, though only half of the variation explained refers to environmental information (Table 4). Wind speed had the
strongest negative effect on the relative ratio of insect-pollinated neophytes (Table 4A).
Geological characteristics and land cover features were of additional, but much less,
importance. We found a significant interaction: in more urbanised areas insect pollination decreases with low July temperatures and increases again with temperatures rising
higher than the mean for July.
The log-ratio of wind pollination (log[w/m]) had by far the highest number
of significant predictors of all log-ratios in the model (Table 4B). In turn, climatic
variables had the absolute largest parameter estimates by far. For July temperatures,
there seems to be an optimum pollination ratio around average temperatures. Very
low temperatures lead to a strong decrease, and high temperatures to a moderate
decrease of wind-pollinated species. Further results indicate that highly urbanised
Table 4. Estimates of modelling the log ratios of (A) insect pollination, (B) wind pollination, and (C)
selfing over multiple pollination types. For modelling, a vector generalised linear model (VGLM) was used
that included a multinomial distribution family and residual autocovariates (RAC) to account for spatial
autocorrelation (SAC). D²tot – deviance of final model; D²env – deviance of environmental-only model; D²rac
– deviance of residual autocovariate-only model. Bold numbers indicate significant values. Asterisks represent error probabilities: ◦ 0.1 > p ≤ .05; * .05 > p ≤ .01; ** .01 > p ≤ .001; *** p < .001. For abbreviations
of predictors see Table 2.
Predictor
Intercept
UrbanArea
TmpAnnualRange
TmpJul
TmpJul²
PrecipitationSummer
PrecipitationSummer²
WindSpeed
#GeoPatch
LoessArea
SandArea
#LcType
#LcPatch
AgriculturalArea
RiverArea
UrbanArea:TmpJul
UrbanArea:WindSpeed
UrbanArea:SandArea
RAC1
RAC2
RAC3
D²tot
D²env
D²rac

(A) log(i/m)
+1.791 ***
+0.027 °
+0.038 °
-0.245
+0.072
-0.021
+0.057
-0.150 ***
-0.027 *
+0.035 **
-0.048 ***
-0.004
+0.007
+0.062 ***
+0.013
+0.044 **
+0.020
-0.008
+9.565 ***
+0.013
-0.254

(B) log(w/m)
-0.482 ***
+0.097 ***
+0.277 ***
+1.189 *
-1.172 *
-1.114 ***
+1.116 ***
-0.128 ***
-0.008
+0.035 *
+0.038 °
+0.050 *
-0.021 **
+0.020
+0.085 ***
+0.057 **
+0.067 ***
-0.051 **
+0.373
+8.942 ***
+0.026
0.61
0.29
0.30

(C) log(s/m)
+0.746 ***
+0.010
+0.003
-0.653
+0.679
+0.626 ***
-0.491 ***
-0.021
-0.022
+0.013
-0.022
+0.002
+0.055 ***
-0.001
+0.029 *
+0.051 **
-0.003
-0.013
-0.079
+0.024
+9.626 ***
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areas seemingly harbour more wind-pollinated neophytes. It is also noteworthy that
the ratio of wind pollination was the only log-ratio in the model with more than
one significant interaction. In more urbanised areas, the ratio of wind pollinated
neophytes increases even more with intermediate to high July temperatures and decreases with low July temperatures. Further, the ratio of anemophily decreased less
in more urbanised areas with higher wind speeds than in non-urban areas. While the
effect of sandy areas was not significant in non-urban areas, it had a negative influence in more urbanised areas.
The ratio of self-pollinators was mostly related to climatic variables, and most
strongly to the linear and cubic terms of summer precipitation with an optimum
around the average amount of precipitation (Table 4C). July temperature appeared to
be the only variable that significantly interacted with the urbanised area. With temperatures higher than the mean, selfing is slightly more frequent in more urbanised
areas. With lower temperatures, the frequency of selfing slightly decreases in more
urbanised areas.

Growth form
The explained deviance of growth form was comparable to that of pollination (Table
5). The ratio of annual neophytes decreased with a wider annual temperature range and
to a lesser degree with a larger number of land cover patches per grid cell (Table 5A). It
increased with higher July temperatures and a larger river area. Agricultural area had a
significant and negatively related interaction with urbanised area, however, it was not
significant as a main effect.
The most important positively related variable explaining the ratio of biennials
was the main effect of urbanised area (Table 5B). Most important in general was precipitation (linear and cubic forms). Similar to annuals, the quadratic effect of summer
precipitation revealed a minimum ratio of biennials around average amounts of precipitation. Again, land cover and geological predictors had minor effects.
Except for the quadratic effect of summer precipitation, the ratio of herbaceous
perennials was explained only by negatively related variables: annual temperature
range, July temperature, urbanised area and river area (Table 5C). Most of the land
cover and geological predictors were insignificant.
The ratio of woody plants increased with a wider annual temperature range and
decreased with increasing average July temperatures (Table 5D). Again, as summer
precipitation was negatively related and squared summer precipitation was positively
related, the ratio of woody species first decreased with low to intermediate amounts of
precipitation and increased with intermediate to high precipitation in summer. Again,
non-climatic predictors were less important and even the many interactions they entailed were weak, even if significant.
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Table 5. Estimates of modelling the log ratios of (A) annuals, (B) biennials, (C) perennial herbs, and (D)
woody plants over multiple types. A vector generalised linear model (VGLM) was used that included a
multinomial distribution family and residual autocovariates (RAC) to account for spatial autocorrelation
(SAC). D²tot – deviance of final model; D²env – deviance of environmental-only model; D²rac – deviance
of residual autocovariate-only model. Bold numbers indicate significant values. Asterisks represent error
probabilities: ◦ 0.1 > p ≤ .05; * .05 > p ≤ .01; ** .01 > p ≤ .001; *** p < .001. For abbreviations of predictors see Table 2.
(A) log(an/mu)

(B) log(bn/mu)

(C) log(hp/mu)

Intercept

Predictor

0.979 ***

-1.055 ***

+1.443 ***

-0.040 **

UrbanArea

-0.034

+0.083 *

-0.053 *

+0.038

TmpAnnualRange

-0.106 ***

+0.058 *

-0.071 ***

+0.129 ***

0.070 ***

-0.051 °

-0.062 ***

-0.068 ***

TmpJul

(D) log(wd/mu)

PrecipitationSummer

-0.651 ***

-1.009 ***

-0.253 *

-1.442 ***

PrecipitationSummer²

0.546 ***

+0.911 ***

+0.232 *

+0.992 ***

#GeoPatch

0.018

-0.009

+0.010

+0.037 **

LoessArea

-0.015

+0.009

-0.001

+0.035 **

SandArea

0.012

-0.056 **

-0.014

+0.016

LimestoneArea

-0.011

-0.037 °

+0.004

-0.050 **

#LcType

-0.046 **

+0.063 **

+0.013

+0.025
-0.009

AgiculturalArea

0.002

-0.095 ***

+0.010

RiverArea

0.020 *

-0.046 **

-0.020 *

-0.009

RoadLength

-0.035

-0.154 ***

-0.027

-0.095 ***

UrbanArea:PrecipitationSummer

-0.014

-0.003

-0.016

+0.042 **

UrbanArea:#GeoPatch

-0.011

-0.001

-0.007

-0.025 *

UrbanArea:LimestoneArea

0.023

-0.002

+0.003

+0.061 **

UrbanArea:AgiculturalArea

-0.019 *

-0.019 °

+0.002

-0.019 *

RAC1

9.646 ***

-0.060

-0.032

-0.248

RAC2

-0.165

+8.870 ***

-0.100

+0.010

RAC3

-0.120

+0.073

+9.439 *

-0.440

RAC4

0.127

+0.036

+0.150

+9.750 ***

D²tot

0.63

D²env

0.30

D²rac

0.30

Diaspore mass
The explained deviance of diaspore mass was quite high, but almost twice as much
deviance was explained by the autocorrelation structure than was by environmental
factors (Table 6A). The most important predictor, again, was summer precipitation. It
was quadratically related with diaspore mass and furthermore was significant as quadratic interaction with urbanised area. Hence, minimum masses can be detected just
above mean amounts of precipitation; lower and higher amounts of precipitation predict heavier diaspores. The interaction indicates that this main effect of precipitation
on diaspore mass is strongly amplified in more urbanised areas. Once again, the nonclimatic variables were less important.
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Table 6. Estimates of modelling (A) the mean log-transformed diaspore mass per grid cell and (B) untransformed beginning-month of flowering. Generalised linear models (GLM) were fitted including residual autocovariates (RAC) to account for spatial autocorrelation (SAC). D²tot – deviance of final model;
D²env – deviance of environmental-only model; D²rac – deviance of residual autocovariate-only model. Bold
numbers indicate significant values. Asterisks represent error probabilities: ◦ 0.1 > p ≤ .05; * .05 > p ≤ .01;
** .01 > p ≤ .001; *** p < .001. For abbreviations of predictors, see Table 2.
Predictor
Intercept
UrbanArea
TmpAnnualRange
TmpJul
TmpJul²
PrecipitationSummer
PrecipitationSummer²
WindSpeed
#GeoPatch
SandArea
LoessArea
LimestoneArea
#LcType
#LcPatch
ForestArea
AgiculturalArea
RiverArea
RoadLength
UrbanArea:TmpAnnualRange
UrbanArea:TmpJul
UrbanArea:PrecipitationSummer
UrbanArea:PrecipitationSummer²
UrbanArea:#GeoPatch
UrbanArea:SandArea
UrbanArea:LoessArea
UrbanArea:LimestoneArea
UrbanArea:ForestArea
UrbanArea:AgiculturalArea
UrbanArea:RoadLength
RAC
D²tot
D²env
D²rac

(A) Diaspore mass
+0.115 ***
-0.046 ***
-0.002
+0.270 °
-0.013 **
-0.398 ***
+0.308 ***
-0.214 ***
-0.026 ***
-0.018 ***
+0.031 ***
-0.018 ***

(B) Onset of flowering
+5.793 ***
-0.007
-0.013 ***
+0.021 ***
+0.123 ***
-0.132 ***
-0.027 ***
+0.003
+0.003

0.014 ***
+0.028 ***
+0.090 ***
+0.020
-0.039
+0.026
-0.217
+0.225

*
***
***
***
***

-0.028
-0.032
+0.017
+0.021

***
***
***
***

+0.010 ***

-0.009 **
-0.009 ***
-0.014 **
-0.029 ***

+9.842 ***
0.66
0.21
0.39

-0.018
-0.016
-0.018
+9.947
0.51
0.16
0.33

***
***
***
***

Flowering phenology
The explained deviance of flowering phenology was lower than for the other traits
with even less explanatory power of the environmental variables (Table 6B). As in the
previous traits, summer precipitation was quadratically related to flowering phenology with an optimal amount of precipitation around the average. While urbanised
area was not a significant variable itself, six significant interactions with urbanised area
remained in the final model. The significant interactions were usually much weaker
than their main effects.
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Discussion
We analysed trait compositions of alien plant species assemblages with respect to their
pollination type, growth form, diaspore mass and flowering phenology at an intermediate spatial scale (i.e. extent is the area of Germany and c. 130 km² resolution).
We tested whether their composition (for categorical traits) or mean traits values (for
metric traits), respectively, are linked to the geographical variation of different environmental conditions, specifically in the rural-urban gradient. Despite the coarse resolution of our input data and rather small shifts in the composition of pollination types,
growth forms, mass of diaspores and flowering phenology, the results revealed distinct
responses to environmental factors (Tables 4–6). Other studies, e. g. Williams et al.
(2015), also analysed a suite of other plant characteristics. However, they chose many
niche related features that are not functional traits in the strict sense of the term, but
are instead environmental associations (following the concept of Garnier et al. 2017)
or compound and derived features such as Grime’s CSR strategy, both of which we
avoided in order to focus our study. We did not aim, however, to cover the full spectrum of traits available.

Pollination type
In most other studies, pollination did not differ between urban and non-urban environments (see studies reviewed in Williams et al. 2015). In these studies, pollination
was shown to be mainly affected by climatic conditions. While wind pollination benefits from low to moderate wind speed, low humidity and infrequent precipitation, insect pollination is promoted by low wind speed, higher humidity rates and infrequent
to common rainfall (Kühn et al. 2006). Obviously, insect pollination is limited by
insect abundance. However, there is no sufficient data for study available at an appropriate resolution and extent. Still, wind speed across Germany is around 100 times
faster than necessary to dispatch pollen from anthers (Kühn et al. 2006, based on data
from Whitehead 1968). Therefore, wind is not a limiting factor and hence we conclude
that insect activity declining with increasing wind speed is responsible for the observed
pattern (c.f. Digby 1958, van Swaay et al. 2002). The higher ratio of anemophily is
also hypothesised to be related to phylogeny and correlates, for example, with a high
proportion of Poaceae and Chenopodiaceae (which are mainly wind-pollinated) in the
flora of settlements (Lososová et al. 2006, Knapp et al. 2008a). Lososová et al. (2006)
further discuss that anemophily might benefit from a competitive advantage over entomophily due to a lack of suitable habitats for insects in urban areas.
Although the positive relationship between agricultural land use and insect pollination matches the results of Kühn et al. (2006), an explanation remains elusive as
arable fields are usually species poor in general and weeds occurring there are mainly
wind- or self-pollinated (Baker 1974). Interestingly, neither the main effects of urbanised area nor July temperatures were significantly related to insect pollination. How-
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ever, the interaction of both was significantly positively related. This points toward a
positive urban effect that mediates the general relationship between July temperatures
and the ratio of insect-pollinated neophytes, even reversing it under cooler conditions.
Hence, higher or lower temperatures than the mean lead to a slight (non-linear) increase in the ratio of insect-pollinated neophytes. The mediating effect of urbanisation
might be explained by a lower habitat availability of insect-pollinated species while the
positive effect in cooler regions might especially be due to the urban heat island effect.
Self-pollination is associated with poor climatic conditions and unpredictable environments (Baker 1955), and is often explained as a strategy of reproduction in the
absence of pollinators or mates (Kalisz et al. 2004), for example, occurring towards
the edge of the geographic range of a species (Crawley 1997). Besides, alien species are
more frequently self-pollinated than natives (Klotz et al. 2002). Hence, one would expect a higher frequency of selfing in urban areas and in large river valleys, as both landscapes are known to harbour a relatively high proportion of alien plants (Deutschewitz
et al. 2003, Kühn et al. 2004, 2006). Our model, however, only revealed a significant
(positive) response of selfing to rivers. Urbanised area remained insignificant as a predictor. Hence, it seems that, in urban regions, this reassurance option is not needed.
On the contrary, there is increasing evidence that anthropogenic disturbance can negatively affect outcrossing and hence promote selfing (Eckert et al. 2009). Although the
effect of temperature on selfing differed significantly between less and more urbanised
areas, the difference was very small and difficult to explain.

Growth form
As expected, climatic variables were most important for explaining the ratio of all
of the four growth forms in the model. Furthermore, we detected an urban effect
on agriculture for annual and perennial herbs and urban effects of three predictors
for woody plants. The annual temperature range is often used as a rough proxy for
two important climate types in Europe. While a small temperature range characterises
oceanic climate, a wide range indicates a continental climate (Driscoll and Yee Fong
1992). According to our results, annual temperature range was a significant variable
that explained ratio changes in all four growth forms. The ratio of annuals decreased
with the increasing influence of continental climate.
Annuals are often associated with arable fields, as fields are disturbed relatively
regularly (Lososová et al. 2006) and offer a large number of microsites, which are fundamental for the establishment of annuals. However, our results do not support this assumption, as agriculture was not significant as a main effect. This might be because very
few of the neophytes are species that are associated with agriculture (Klotz et al. 2002).
Highly urbanised areas harbour a high ratio of annuals in absence of agricultural land
and a small ratio of annuals in presence of agricultural land. On the other hand, in areas
with a high proportion of agricultural land, an additional high proportion of urban
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area leads to a decrease in the ratio of annuals. Hence, it seems that neophytes cannot
cope with two strong types of disturbance simultaneously. The occurrence of two different types of disturbance at the same time might be too strong in magnitude and/or
frequency, hinting towards the “intermediate disturbance hypothesis” (Huston 1979).
As in previous studies (Chocholoušková and Pyšek 2003, Lososová et al. 2006,
Knapp et al. 2008a), we detected an increase in the ratio of biennials with an increase
in urbanised area. Lososová et al. (2006) ascribe this pattern to the existence of socalled mosaics of early to mid-successional stages in cities that offer habitats to all
lifespan categories. We did not find any significant interactions that explained the ratio
of biennials. One might argue that urban areas simply offer more favourable (or less
unfavourable) conditions for biennial neophytes (see the positive relationship with
UrbanArea). It might also simply be that there is no interaction due to the low number
of biennials per grid cell, i.e. a low overall variability.
Our results revealed a large ratio of perennial herbs in more urbanised areas if the
proportion of agricultural area was small. In contrast, increasing agricultural area led
to a much smaller share of perennial herbs in highly urbanised areas. A possible reason
for this could be that the large majority of the neophytes in Germany are intentionally introduced ornamental plants (Lambdon et al. 2008) rather than neophytes that
colonize agricultural fields.
Although we did not find that urbanised area had a significant main effect on
woody neophytes, our results revealed differences in the rural-urban gradient for three
variables. A potential explanation for the benefit that trees and shrubs experience from
increased summer precipitation could be deduced from the trade-off between shadeand drought-tolerance. As adaptions of shade-tolerant species preclude a tolerance to
drought conditions, they would benefit from moister soils caused by increased summer
rainfall (Smith and Huston 1989). This could also perhaps explain the outcome that
the positive effect of increased summer precipitation on woody plants is even greater
in urban areas. This is because urban areas tend to be even warmer and drier, hence the
dependency of shade-tolerant plants on water is even increased. However, we can only
speculate about this, as woody plants are not shade-tolerant in general and we did not
include the functional types associated with tolerance to shade or drought, neither for
trees nor shrubs, in our analysis.
In areas with the lowest rates of urbanisation, an increasing number of geological
patches (i.e. coherent areas of the same geological type) had a slightly positive effect.
This is probably related to habitat heterogeneity and is in line with the findings of
Kühn et al. (2004). Towards the urban end of the gradient, however, this relation is
firstly flattened and then even changes direction. Hence, in less heterogeneous regions,
urbanisation promotes shrubs and trees again. Most of them, though, are ornamental
species that are planted in parks and gardens (Hanspach et al. 2008). Hence, these
species are easily promoted by urbanisation. Admittedly, at the moment no reasonable
explanation can be given for the changing effect of the area of limestone in conjunction
with increasing urbanised area.
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Diaspore mass
While four of six studies that were examined by Williams et al. (2015) reported an increase in species with heavier seeds in urban areas, the results of Kalusová et al. (2017)
suggest the opposite.
Our results revealed a great number of variables that explain the mass of diaspores.
As already encountered by Salisbury (1942), species with larger seeds are more frequent
in habitats with higher temperatures. More recently these findings were corroborated
by Murray et al. (2004). This relationship between larger seeds and higher temperatures is often explained by the better competitive performance of larger seeds over
smaller seeds under poor or stressful conditions such as nutrient deficiency (Westoby
et al. 1996), shade (e.g. Leishman and Westoby 1994, Grubb and Metcalfe 1996), and
drought (Hendrix et al. 1991).
It is known that seed mass is positively correlated with growth form or adult longevity (Salisbury 1942, Baker 1972, Thompson and Rabinowitz 1989). Thus, annual
herbs have smaller seeds than perennial herbs, which again have smaller seeds than
shrubs and trees (e.g. Westoby et al. 1996). Several mechanisms generate this pattern.
Firstly, due to mechanical constraints, small and short-lived species are not able to
produce large seeds. Secondly, when released from the same height, lighter seeds travel
further than heavier seeds of similar morphology. As heavy seeds would lead to difficulties of dispersal, small plants tend to produce lighter seeds (Rees 1997).
We showed that urbanised area itself is negatively related to the diaspore mass of
neophytes. This matches the results of Kalusová et al. (2017) but contradicts the papers
which were reviewed by Williams et al. (2015). Williams et al. argue that heavier seeds
are better adapted to hazardous conditions (e.g. drought, competition, deep shade or
burial) which are often present in cities. Baker (1972) reported that larger seeds are favoured in arid areas since they provide sufficient resources for the seedling. Our results
partly support this suggestion; however, they also point out that large seeds benefit
from wet but urban conditions. One might suggest that in rather dry conditions additional precipitation can provide sufficient water to allow photosynthesis for carbon
allocation into large seeds.
Most interesting is that the interaction of urban land use amplifies the effect of
climatic variables but dampens that of geological conditions. This is a hint towards homogenisation of geological subsoils (Groffman et al. 2014), for example, due to translocation of soil material and bedrock. Extremes in climatic conditions are thus amplified, for example, by changing the physical conditions of the environment (Heisler and
Brazel 2010) or by promoting an urban effect on trait compositions.

Flowering phenology
Phenology – the timing of biological events – is known to be linked to climate change.
Change in climate leads to change in phenology. Despite climate, changes of further
environmental conditions (e.g. land use change) can also lead to shifts in timing (Cara-
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Donna et al. 2014). Our models revealed multiple climatic, geological and land-cover variables that explain shifts in the timing of the first flowering. CaraDonna et al.
(2014) detected advanced first flowering with increased temperatures over time in the
same plot and so we expected higher temperatures that would lead to advanced first
flowering over geographical space.
However, our results denote a slight delay with higher July temperatures and even
more delay in more urbanised areas with high July temperatures. It is well known that
many urban neophytes tend to flower late in the year (Celesti-Grapow et al. 2003,
Knapp and Kühn 2012). Hence, it is likely that human preference selected for lateflowering species (i.e. to have colourful gardens when native flowers are already in
decay) promote the observed pattern.
The earlier onset of flowering in forests and agricultural areas can be explained by
the increasing dominance of trees and cultivated crops in the course of the year. Except
for a few tree species and cultivated species, this especially promotes early flowering
plants (i.e. before canopy cover closes or crops begin competing for light). We understand the even amplified effect in more urban areas to be a result of the urban heat island effect. Hence, city forests are relatively warmer compared to forests that are distant
to cities and, therefore, they lead to an even earlier closure of the canopy and hence to
an even earlier onset of flowering. The same applies for arable fields close to cities.
Lastly, there is a common pattern in most observed interactions: Urbanisation
leads to later flowering, probably for the reasons discussed above (human preference
for late flowering species; most neophytes are introduced for ornamental reasons –
Lambdon et al. 2008). Further, late flowering occurs with additional heterogeneity,
either the number of geological substrate patches, specific substrates such as sand, or
infrastructure such as roads. Again, this might be a confounding effect of sampling
from an available species pool: all these additional structures promote species richness.
In general, neophytes tend to flower later. Increasing species richness hence increases
the probability of drawing a late flowering species from the available species pool of
neophytes.

Synthesis
Across all traits, precipitation and temperature were usually the most important predictors as a main effect. In most interaction terms, however, other predictors were included. The functional response of alien species is therefore reliant on climatic variables
being independent from urbanisation (e.g. the urban heat island effect). This contrasts
with the results of Kühn et al. (2017) for species richness along the rural-urban gradient, for which the length of roads and railroads were important predictors. There is a
main difference between a functional and a taxonomic perspective on plant invasion
patterns in the rural-urban gradient. While species richness is largely determined by
propagule and colonisation pressure (Pyšek et al. 2015), functional traits seem to respond more closely to physiological constraints imposed by climate (Woodward and
Williams 1987). There were significant interactions with urbanisation for almost any
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trait but with varying predictors, suggesting that there is an ‘urban effect’, however
much smaller than purely climatic effects. And in addition, an idiosyncratic effect
of traits was visible in our study. We therefore argue that the main responses of the
studied traits refer to the physiological constraints of climate, but their interactions
are rather dependent on the context (Kueffer et al. 2013), i.e. the specific species with
their specific environmental preferences at their specific stage of the invasion process
being mediated by traits.

Conclusions
We aimed to extend the approach of Kühn et al. (2017) in order to identify changes
in the response of traits of neophytes to environmental conditions along the ruralurban gradient. While they did not find conditions that determine neophyte richness in general, being fundamentally different in cities compared to rural areas, we
show that considering functional plant traits allows more explicit and more differentiated insights. By modelling the plant traits of neophytes, instead of their richness or their proportion, we could reveal substantial differences between urban and
rural environments. In addition, we found a more complex effect of urbanisation
in many of the responses of the traits to environmental conditions, suggesting that
different ecological processes act within cities compared to rural areas. These differences can mainly be traced back to interferences and alterations that are related to
urban development and human activity in general. To enhance our understanding
of functional ecological mechanisms in cities, it is not only important to describe
how urbanisation affects species composition in relation to species origin, but also
to scrutinise the different processes behind these patterns. We argue that studying
plant traits is an appropriate way to do so and suggest considering plant traits more
explicitly in studies of urban ecology.
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