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ABSTRACT
Cultivated exotic plants are often introduced for
their aesthetic value and today comprise a substantial fraction of the flora of urban domestic gardens.
Yet, their relative contribution to the functional
diversity of domestic gardens and how it changes
across different climate zones is insufficiently
understood. Here, we investigated whether the effects of cultivated exotics on functional diversity of
three plant traits related to plant aesthetics (that is,
plant showiness, plant height, and leaf area) varied
in suburban domestic gardens in three regions
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(Minnesota, USA; Alt Empordà, Spain; and central
South Africa) that differ in aridity. For each garden,
we calculated the mean and variance of each plant
trait considering all co-occurring species and also
splitting them into co-occurring cultivated exotics
and natives. Our results revealed that mean plant
showiness increased linearly with the proportion of
cultivated exotics both across and within studied
regions. Moreover, co-occurring cultivated exotics
were, on average, showier than natives in all regions, but differences in their trait variances were
context-dependent. The interaction between cultivated exotics and aridity explained variation in
mean plant height and leaf area better than either
predictor alone, with the effect of cultivated exotics
being stronger in more arid regions. Accordingly, cooccurring cultivated exotics were taller and had
larger leaves than natives in warmer and drier regions, while the opposite was true in cooler and
wetter regions. Our study highlights the need to
consider the combined effects of exotic species and
climate in future studies of urban ecology.
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HIGHLIGHTS
 The interaction between exotics and aridity
drove functional diversity in gardens.
 The effect of this interaction was positive and
stronger in more arid regions.
 Exotics were on average showier than co-occurring natives in all regions.

INTRODUCTION
As the world becomes more urbanized (UN DESA
2018), urban plant communities are becoming
increasingly important for maintaining biodiversity
(Aronson and others 2014, 2016) and providing
ecosystem services (Tratalos and others 2007). Although exotic plants comprise a substantial fraction
of the urban flora (Pyšek and others 2010) and are
often assumed to increase taxonomic diversity in
urban environments (Pearse and others 2018),
their contributions to ecosystem function and the
delivery of ecosystem services to urban residents
across different environmental and social contexts
are insufficiently understood (Cook-Patton and
Agrawal 2014).
Urban plant species, both native and exotic, can
be broadly classified into two groups: cultivated
(that is, plants that are intentionally introduced
and managed by humans) and spontaneous (that
is, plants that colonize and establish without human assistance). The relative abundance of species
representing each group varies across urban habitat
types with different levels of human management
(for example, parks, gardens, abandoned land)
(Aronson and others 2016). Among urban habitat
types, domestic gardens represent highly managed
areas where gardening practices in the form of soil
amendments, supplemental watering, weeding,
and fertilization have been shown to partly override climatic stress and other natural environmental filters (Kendal and others 2012b; Groffman and
others 2016; Padullés Cubino and others 2019),
and favor the persistence of a large number of
cultivated species with different functional strategies (Marco and others 2010; Bigirimana and others 2012; van Heezik and others 2013).

Cultivated species in gardens are largely selected
from the horticultural pool (Cavender-Bares and
others 2020) based on homeowners’ preferences
for certain traits associated with these species,
including low water requirements, a specific size at
maturity, and showy flower displays (for example,
Kendal and others 2012a; Goodness 2018; Pearse
and others 2018). These traits have often been referred to as ‘ecosystem-service based traits’ (Pataki
and others 2013), as opposed to the suite of traits
commonly used in ecological studies (Cornelissen
and others 2003; Pérez-Harguindeguy and others
2013). In this regard, the aesthetic value associated
with more colorful vegetation has been considered
an important cultural ecosystem service that contributes to human well-being in urban areas (Ulrich
1986; Millennium Ecosystem Assessment 2005)
although it can be perceived differently by different
social and cultural groups (Marco and others 2010).
Although the scientific literature indicates that
ecosystem-service based traits associated with visual aesthetics tend to be of high priority for the
configuration of the floras in domestic gardens
(reviewed in Goodness and others 2016), we have
a relatively poor understanding of the contribution
of cultivated exotics to the diversity of these traits,
and whether trait diversity of cultivated exotics and
natives differs across climatic zones.
Climate has been shown to be the major driver of
garden plant diversity and composition at large
spatial scales (Loram and others 2008; Pearse and
others 2018; Padullés Cubino and others 2019).
Low and highly variable precipitation (that is, increased aridity) induces water stress in native
plants affecting their growth, photosynthetic ability, and ultimately their distribution. Unlike other
climatic constraints, such as extreme temperatures,
water availability in gardens can be regulated by
irrigation, allowing cultivated exotic plants to persist in areas where natural conditions would
otherwise be unsuitable. As a result, trait differences between co-occurring native and cultivated
exotic plants in gardens are expected to increase
with aridity, leading to contrasting patterns of plant
functional diversity in regions with varying aridity.
To date, few studies have considered how exotic
species and water availability collectively influence
diversity patterns (for example, Nobis and others
2009), despite a number of scientific studies urging
for a more integrated approach (Walther and others
2009).
The connection between functional traits and
ecosystem services is well documented for a wide
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range of ecosystems (reviewed in de Bello and
others 2010). However, this connection has not
been fully described in novel urban ecosystems,
particularly for cultural ecosystem services (for
example, Goodness and others 2016; Avolio and
others 2018). In addition, no single functional
diversity measure captures all of the relevant
information needed for drawing mechanistic links
between functional traits and ecosystem function
(for example, Pavoine and others 2017). As a result, complementary measures, which cover specific aspects of community functional structure, are
required (Figure 1). First, community mean (CM)
trait values describe how a group of co-occurring
species collectively contribute to a specific ecosystem function, which can, in turn, translate into a
range of ecosystem services. For example, if cultivated exotics show larger CM values for plant
height than natives in a domestic garden, then this
likely indicates that cultivated exotics contribute
more to certain ecosystem services (for example,
provision of shade) or disservices (for example,
dropping of debris) than co-occurring natives
(Avolio and others 2018). Second, community trait
variability (or trait variance; CV) defines the total
community trait space occupied by a group of cooccurring species. Again, if cultivated exotics have
a greater CV for plant height than natives in a
domestic garden, then this suggests they have a

wider range of altitudes (that is, occupy a wider,
and likely novel, trait space), which could translate
into greater provisioning of ecosystem services, and
disservices. This approach can also be extended
from groups of co-occurring species to groups of
communities in a particular landscape.
Here, we apply this framework to investigate the
role of cultivated exotic plants in determining
functional diversity of traits related to visual
attraction and aesthetic appeal in domestic gardens
in suburban areas of three regions that vary in
aridity (Minnesota, USA; Alt Empordà, Spain; and
central South Africa). To this end, we selected three
plant traits representing visual aesthetic characteristics: plant showiness, plant height, and leaf area.
These traits have been linked to residents’ preferences in a number of urban studies (Acar and
others 2007; Goodness and others 2016; Padullés
Cubino and others 2020). Showy plants with colorful flowers, fruits, and leaves have often been
documented as more desirable in urban landscaping, due to their inherent aesthetic value (Kaufman
and Lohr 2004; Todorova and others 2004; Kendal
and others 2012a). Studies have also suggested that
distinct levels of plant heights (that is, greater
vegetation structural complexity) increase aesthetic
appeal (Ulrich 1986; Kaplan and Kaplan 1989;
Southon and others 2017), as well as certain leaf
morphologies and complex broad-leaved foliage

Figure 1. Diagram exemplifying differences between two trait measures (that is, community mean (CM) and variance
(CV)) in different groups of species. In case a), the two groups have different mean trait values (CM2 > CM1), but equal
trait variances. In case b), the two groups have equal mean trait values, but different trait variances (CV2 > CV1). This
same approach could be applied to a group of communities instead of species.
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(Williams 2002; Lindemann-Matthies and Bose
2007). Understanding how human-mediated
selection for these traits induces differences in the
functional diversity of exotic and native species is
crucial for the design and planning of sustainable
landscapes that aim to maximize the provision of
ecosystem services.
Our analyses are based on plant presence/absence data for 460 domestic gardens in suburban
areas located on three different continents (North
America, Europe, and Africa). Suburban areas in
these three regions (Minnesota, Alt Empordà, and
central South Africa) share a common European
gardening culture centered around aesthetic
ecosystem services but differ in a number of characteristics such as their cultural and socio-economic
background, biogeographic history, or climate
(Lubbe and others 2010; Padullés Cubino and
others 2015; Cavender-Bares and others 2020). We
use the distribution of the three regions along a
major global aridity gradient to assess whether the
influence of cultivated exotics on the functional
diversity in gardens varies as a function of climate.
We specifically address three questions: (1) How
does the proportion of cultivated exotic plant species relate to the functional trait diversity of
domestic gardens? (2) Do cultivated exotics influence functional trait diversity of gardens differently
across a global aridity gradient? (3) Do cultivated
exotics differ from co-occurring natives in functional trait diversity in regions with different levels
of aridity? Because homeowners often select for
cultivated species with different colors and aesthetic characteristics (Goodness and others 2016),
we hypothesized that higher proportions of cultivated exotics in domestic gardens would be positively associated with functional diversity of plant
showiness. We also expected the interaction between cultivated exotics and aridity to be important
in explaining variation in plant height and leaf
area, given that irrigation by homeowners can
compensate for the lack of precipitation in more
arid regions (Kendal and others 2012b; Padullés
Cubino and others 2019), creating newly available
niches that can potentially be filled by cultivated
exotics. Consequently, we expected co-occurring
cultivated exotics to be taller and have larger leaves
than natives in more arid regions. Nonetheless, we
expected co-occurring cultivated exotics to be, both
on average and in their distribution, showier than
natives regardless of aridity.

MATERIALS

AND

METHODS

Study Areas and Vegetation Data
For the purpose of this study, domestic gardens (or
only ‘gardens’) were defined as the private land
around a detached, semi-attached, or attached
single-family home that is actively managed primarily for aesthetic purposes. We extracted information on vascular plant species occurrence in 460
gardens from various datasets encompassing suburban areas in three regions: Minnesota, USA; Alt
Empordà, Spain; and central South Africa. To ensure consistent sampling effort in our data, extracted data in each region matched four
conditions: (1) Gardens were actively managed by
live-in owners or tenants (that is, non-abandoned),
(2) plant data were recorded at the individual
garden level, (3) garden area was recorded, and (4)
data contained an exhaustive list of all plant species
(that is, both cultivated and spontaneously occurring plants) present in the garden. Data from
Minnesota, USA, included 155 domestic gardens
sampled in the Minneapolis-St. Paul metropolitan
area between 2008 and 2012. The Alt Empordà
region in northeastern Spain included 258 domestic gardens distributed among five neighboring
municipalities that were sampled in 2012. Finally,
data from central South Africa included 150
domestic gardens distributed between two municipalities located approximately 100 km apart (Johannesburg and Tlokwe) that were sampled
between 2008 and 2011. We considered gardens in
this region to be in the same geographic unit because species composition was consistently homogeneous across the region (Appendix S1:
Figure S2). To standardize sampling efforts among
cities, we randomly subsampled 155 gardens in Alt
Empordà to make the data comparable to Minnesota and South Africa. Details on site selection
and data collection in each location can be found in
the references provided in Table 1, and in Appendix S1: Table S1.
In all datasets, plants were identified to the species level by trained botanists and the support of
specialized literature. For those species that could
not be identified at the species level, the genus was
recorded ( 9%). We retained records for hybrid
species ( 8%), but excluded hybrid genera
(< 1%). Species were designated as either spontaneous or cultivated based on homeowner interviews, observations of placement, land use, and
land-use history. We standardized nomenclature
for all species according to accepted name in the
Plant List (www.theplantlist.org) version 2.1 using
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Table 1.

Location, Number of Gardens, Climate, and References for Each Dataset.
Aridity
index
(*10,000)c

Dataset references4

754

8291

15.2

531

6118

Cavender-Bares and others
(2019), Padullés Cubino and
Narango (2019)
Padullés Cubino (2019)

16.7

720

4271

Siebert and others (2020)

Mean Annual Annual
Temperature Precipitation
(°C)b
(mm)2

Region
(country)

Latitude;
Number of
Longitudea analyzed
gardens

Minnesota
(USA)

44.97;
- 93.19

155

7.0

Alt Empordà
(Spain)
South Africa

42.25; 3.12

155

- 26.20;
28.04

150

a

The spatial distribution of domestic gardens within regions can be found in Appendix S1: Figure S1.
Climatic data represent average values across all households in each city. Mean annual temperature and annual precipitation were obtained from the WorldClim database v.2
(www.worldclim.org/version2). Additional climatic data can be found in Appendix S1: Table S2.
c
Details on the calculation of the aridity index can be found in the Methods. Aridity index values increase for cooler and wetter conditions and decrease with warmer and drier
conditions.
4
A complete list of publications derived from these datasets can be found in Table S1.
b

the R package Taxonstand (Cayuela and others
2017). In total, studied gardens contained 1863
taxa.

Native Species Status
We classified species as native or exotic in each city
using database information and peer-reviewed literature. Specifically, we used USDA PLANTS (ww
w.plants.usda.gov) and EOL (www.eol.org) databases for classifying garden species in Minnesota.
For gardens in Alt Empordà, we classified species as
native or exotic according to Bolós and others
(2005). Finally, we followed Germishuizen and
others (2006) and Glen (2002) for classifying garden species in central South Africa. Hybrid species
were classified as exotic. The proportion (%) of
cultivated exotic species in gardens ranged from
3% to 74% in Minnesota, from 12 to 92% in Alt
Empordà, and from 0% to 72% in central South
Africa (Appendix S1: Figure S3).

Plant Traits Related to Visual Aesthetics
We assigned trait values to all recorded species.
Plant showiness was calculated for all species as the
sum of three independent categorical plant traits:
flower, fruit, and foliage showiness (Avolio and
others 2015; Padullés Cubino and others 2020).
Flower showiness was divided into three categories:
0 for species that did not flower or had inconspicuous flowers; 1 for species whose flowers are visible
and conspicuous; and 2 for species with large
showy flowers. Fruit showiness consisted of two
categories: non-visible (0) or visible (1) fruits or

berries. Foliage showiness also consisted of two
categories that depended on whether leaves turn
color in the fall or have whitish, bluish, or other
neutral tones in their leaves (for example, Silene
coronaria, Codiaeum variegatum) (1), in contrast to
leaves that are only green (0). Data for these traits
were obtained from the USDA PLANTS database,
the Missouri Botanical (www.missouribotanicalga
rden.org), and specialized floras such as Bolós and
others (2005) and Glen (2002).
Plant height and leaf area were collected from
the TRY database (www.try-db.org; additional references are provided in Appendix S2). We excluded
trait records for plant height and leaf area with a
distance greater than 4 standard deviations from
the mean of species or genus to avoid any potential
effect of outliers (Dı́az and others 2016). We then
calculated species’ mean trait values with the retained plant trait records. All traits were available
for at least 57% of the species in each region (Appendix S3: Table S3).

Missing Trait Data Imputation
To account for missing data, we imputed trait values using phylogenetic information from closely
related species with available data (Swenson 2014).
We relied on data imputation versus selective removal of species with unavailable trait information
because it avoids potential bias resulting from the
removal of rare species sampled in different regions. First, we constructed a phylogenetic tree
using an updated version of the Zanne and others
(2014) phylogeny constructed by Qian and Jin
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(2016). We added species missing from this phylogeny at the genus level using the ‘congeneric.merge’ function in the R package pez
(Pearse and others 2015). Hybrid species and those
recorded at the genus level were also added to the
phylogeny when possible. We excluded about
2.7% of the taxa from the analysis for which there
were no phylogenetic data. Second, we used the R
package Rphylopars (Goolsby and others 2017) to
compare available trait data across four alternative
evolutionary models (that is, Early Burst, Brownian motion, Ornstein–Uhlenbeck, and multivariate
Ornstein–Uhlenbeck). We selected the best-fitting
model based on the lowest AIC value (that is,
Ornstein–Uhlenbeck) to impute trait data. Further
details on missing trait data imputation and performance assessment can be found in Appendix S3.
After completing trait data imputation, we
established a maximum plant height of 25 meters
and assigned this value to all species taller than 25
m. We did this based on the authors’ personal
observations and knowledge that human management rarely allows tall trees to achieve their maximum height in domestic gardens. We also tested
the limitations of assigning a maximum plant
height value by repeating analyses using different
maximum plant heights to assess their effect on the
results, but they all showed similar patterns (Appendix S4).

Aridity Index
The three regions included in our study are located
along a global aridity gradient (from cooler and
wetter to warmer and drier: Minnesota, Alt Empordà, and central South Africa, respectively) that
maximizes climatic differences among these areas
better than other variables such as mean annual
temperature, annual precipitation, or the maximum and minimum temperatures of the warmest
and coldest month (Table 1; Appendix S1:
Table S2).
To quantify the aridity gradient and account for
its influence in our models, we downloaded the
global aridity index (hereafter aridity index) data
from the Consortium for Spatial Information’s
(CGIAR-CSI) website (www.cgiarcsi.community)
(Trabucco and Zomer 2019). The mean aridity index from the 1950–2000 period was available at 30
arc second spatial resolution and is calculated as:
Aridity index ¼ MAP=MAE
where MAP is the mean annual precipitation, and
MAE the mean annual potential evapotranspiration. MAP values were obtained from the World-

Clim database v.2 (www.worldclim.org/version2)
(Fick and Hijmans 2017), whereas MAE values
were aggregated from potential evapotranspiration
layers estimated on a monthly average based on the
Penman–Monteith equation (see Trabucco and
Zomer 2019). Aridity index values increase for
cooler and wetter conditions and decrease with
warmer and drier conditions. We extracted the
mean aridity index for each plot in our study using
the R package raster (Hijmans 2019).

Statistical Analysis
We established significance at a < 0.05 and performed all statistical analyses in R version 3.5.3 (R
Core Team. 2019). We calculated the community
mean (CM) and variance (CV) of plant showiness,
plant height, and leaf area in each garden considering (1) all co-occurring species, and (2) separately
for co-occurring cultivated exotics and natives (that
is, including both cultivated and spontaneously
occurring natives). We chose trait variance over
trait range as a measure of trait dispersion because
it is less sensitive to the effect of outliers.
We modeled CM and CV of each trait considering
all co-occurring species across all gardens as a
function of the proportion (%) of cultivated exotics
and the aridity index (fixed effects, previously
standardized and centered; Zuur and others
(2007)), using linear mixed-effects models with the
‘lme’ function in R package nlme (Pinheiro and
others 2018). Leaf area was log-transformed prior
to analysis to reduce skewness and improve the
normality of the residuals. In all models, we included ‘region’ (that is, Minnesota, Alt Empordà,
South Africa) as a random effect to account for
large-scale spatial patterns and other region-specific characteristics. In addition, because gardens in
South Africa were split into two relatively distant
cities (that is, Johannesburg and Tlokwe; Figure S1), we also nested ‘city’ within ‘region’ in the
random effect. Overall, we investigated five candidate models resulting from the combination of
both predictors and their interaction: aridity index
(M1), % of cultivated exotics (M2), log-transformed % of cultivated exotics (M3; to account for
potential nonlinear and saturating effects), the
combined effects of aridity index and % of cultivated exotics (that is, aridity index + % cultivated
exotics; M4), and the interaction between aridity
index and % of cultivated exotics (that is, aridity
index * % cultivated exotics; M5). To account for
potential species-area effects, we included the logtransformed area of each garden as a covariate in all
models. We also included a null model with only
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the log-transformed garden area as a fixed effect
and location as a random factor (M0). We calculated the AICc (the small-sample-size-corrected
Akaike information criterion; Anderson 2008)
values of each candidate model set and ranked the
models by their Akaike weights using the R package AICcmodavg (Mazerolle 2019). We used the
function ‘modavgPred’ in the same package to
compute the model-averaged predictions, which is
the natural average and reduces concerns about
bias away from zero (Cade 2015). To assess the
predictive power of the models, we calculated
marginal and conditional R-squared from the R
package MuMIn (Bartón 2019). To assess whether
response variables and derived model residuals
were spatially autocorrelated, we calculated Moran’s I with R package ape (Paradis and Schliep
2019).
We used independent Mann–Whitney U test for
nonparametric samples to test for significant differences in mean garden trait values between cooccurring cultivated exotics and all natives in each
location. Similarly, we used F-tests to test for differences in the distribution of mean garden trait
values between the two groups of species. We use
the term ‘distribution’ here instead of ‘variance’ to
avoid confusion between variance across gardens
(distribution) and variance across species (CV). We
plotted density curves to visualize differences between the two groups. We adopted a conservative
approach and compared cultivated exotics versus
all natives (rather than only cultivated natives)
because a number of homeowners reported that
many desired natives grew spontaneously in their
gardens, and the distinction between ‘spontaneous’
and ‘cultivated’ natives was not always clear.

RESULTS
The model including the interaction between the
proportion of cultivated exotics and the aridity index was selected among the best models
(DAICc < 2) for all response variables, except for
CV of leaf area (Table 2). The coefficients of these
interactions were negative in all cases (Table 2;
Appendix S5: Figure S5), indicating that the contribution of the proportion of cultivated exotics in
increasing response variables was higher in more
arid regions. The model including the logarithmic
proportion of cultivated exotics best-explained
variation in CV of leaf area. Moran’s I for model
residuals indicated our predictor variables significantly reduced the effect of spatial autocorrelation
(Appendix S5: Table S6).

Within locations, the proportion of cultivated
exotics was consistently and positively associated
with CM of plant showiness (Figure 2A). However,
CV of plant showiness was only positively associated with the proportion of cultivated exotics in
South Africa (Figure 2B). For plant height, both
CM and CV were positively associated with the
proportion of cultivated exotics in South Africa but
negatively associated with the proportion of cultivated exotics in Minnesota (Figure 2C–D). The
association between CM of plant height and the
proportion of cultivated exotics was also positive in
Alt Empordà, albeit weaker than in South Africa
(Figure 2C). We found no significant association
between CV of plant height and the proportion of
cultivated exotics in Alt Empordà (Figure 2D). For
leaf area, we found positive associations between
both CM and CV and the proportion of cultivated
exotics in all locations (Figure 2E–F), except for CV
in Alt Empordà, where the association was not
significant. Nonetheless, regression coefficients for
CM of leaf area decreased from more to less arid
conditions. We found consistent effects of the
proportion of cultivated exotics on functional
diversity of the two South African cities (Johannesburg and Tlokwe), thus supporting the inclusion of the two cities under the same region in our
analyses (Appendix S5: Figure S6).
Co-occurring cultivated exotics were, on average, showier than co-occurring natives (hereafter
only ‘cultivated exotics’ and ‘natives’), regardless of
their location (Figure 3A, D, G; Appendix S5:
Table S7). However, the variance in the distribution of plant showiness was greater among natives
than among cultivated exotics only in Alt Empordà,
and we found no significant differences in Minnesota or South Africa. Cultivated exotics were, on
average, shorter and had a narrower distribution of
plant height than natives in Minnesota (Figure 3B;
Table S7), whereas the exact opposite pattern (that
is, taller cultivated exotics with greater distribution
than natives) was observed in South Africa (Figure 3H; Table S7). Alt Empordà showed a transient
state between the two. In this case, cultivated
exotics were taller on average than natives and
their distribution did not differ (Figure 3E;
Table S7). Leaf area among cultivated exotics was,
on average, larger and had a greater distribution
than natives in Alt Empordà (Figure 3F; Table S7),
and South Africa (Figure 3I; Table S7). In Minnesota, the distribution of leaf area was also greater
among cultivated exotics than among natives, but
mean leaf area was larger among natives (Figure 3C; Table S7). The highest trait distribution
overlap between cultivated exotics and natives
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- 1024

Log(L)
0.69
0.66
0.52
0.51
0.03
0.03
0.26
0.14
0.14
0.14
0.09
0.11
0.26
0.15
0.15
0.30
0.02
0.07
0.05
0.04
0.03
0.09
0.08
0.07
0.25
0.08
0.14
0.08
0.08
0.16
0.16
0.15
0.25
0.27
0.04
0.07

Marginal R2
0.70
0.68
0.66
0.65
0.52
0.53
0.26
0.15
0.15
0.15
0.13
0.14
0.35
0.22
0.21
0.41
0.11
0.13
0.05
0.04
0.04
0.18
0.18
0.16
0.35
0.19
0.21
0.19
0.19
0.22
0.21
0.21
0.32
0.35
0.10
0.12

Conditional R2
- 0.04
n.a.
0.22
0.21
n.a.
0.10
- 0.49
0.29
0.20
n.a.
n.a.
- 0.19
- 0.12
0.27
0.26
n.a.
n.a.
0.13
- 0.03
n.a.
- 0.09
0.04
0.03
n.a.
- 6.27
n.a.
1.29
- 0.88
0.04
n.a.
0.83
0.82
- 0.19
n.a.
n.a.
0.47

Model-averaged estimate
0.01
n.a.
0.01
0.01
n.a.
0.02
0.06
0.06
0.06
n.a.
n.a.
0.11
0.04
0.04
0.04
n.a.
n.a.
0.11
0.01
n.a.
0.02
0.81
0.01
n.a.
0.84
n.a.
2.97
0.85
0.81
n.a.
0.13
0.13
0.13
n.a.
n.a.
0.35

Unconditional SE

*For each model, the number of parameters (K), the change in small-sample-size-corrected Akaike information relative to the best model (DAICc), the model weight (wi), the log-likelihood (Log(L)), the marginal and conditional R-squared
are given. Models within two DAICc points of the top model are shown in bold. We also present model-averaged estimates and unconditional SE for each explanatory variable of interest incorporated into the whole set of models.
Unconditional confidence intervals that do not overlap zero are shown in bold (see also Appendix S5: Figure S5). All models include ‘city’ nested within ‘region’ as random effect and ‘garden area’ (log-transformed) as fixed effect (not
shown). Aridity = aridity index. CM = community mean; CV = community variance; n.a. = not applicable.

Leaf areaVAR

Plant heightVAR

Plant showinessVAR

Leaf areaCM

Plant heightCM

K

Model

Results from Candidate Linear Mixed-effects Models Predicting Functional Diversity.

Response variable

Table 2.
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Figure 2. Relationship between the mean (top row) and variance (bottom row) of the three plant traits (that is, plant
showiness, plant height, and leaf area) and the proportion (%) of cultivated exotics in domestic gardens. In each plot, points
and linear regressions are colored according to ‘region’. Blue colors represent cooler and wetter conditions (that is,
Minnesota), red colors represent warmer and drier conditions (that is, central South Africa), and violet colors intermediate
conditions between the two (that is, Alt Empordà). Shaded areas indicate 95% confidence intervals. Standardized
regression coefficients (b), and adjusted R2 are also provided. *, ** and *** indicate significant interactions at P < 0.05, 0.01,
and 0.001, respectively.

across locations was for leaf area, and the lowest for
plant showiness (Figure 3).
The proportion of gardens where CM and CV of
each trait was higher among cultivated exotics than
among natives tended to increase with more arid
conditions, except for CM of plant showiness that
remained constant (see stacked bar plots in Figure 3).

DISCUSSION
Using a transcontinental dataset, our study showed
that increased proportions of cultivated exotics had
contrasting effects on different plant traits related
to the visual aesthetics of suburban domestic gardens. Following our initial hypothesis, and across
three suburban areas in the USA, Spain, and South
Africa, we found that the vegetation in domestic

gardens consistently contained showier (more colorful) flowers, fruits, and leaves with increased
relative number of cultivated exotics. In addition,
co-occurring cultivated exotics were, on average,
more colorful than co-occurring natives, and the
distribution of plant showiness between the two
groups of species showed little overlap (< 25%).
These findings confirm that ornamental exotics
largely contribute to increasing visual attractiveness in private urban landscapes (Bigirimana and
others 2012; Avolio and others 2019) and that
combinations of native species in gardens are notably less showy than gardens composed of cultivated exotics. Nonetheless, a large number of
natives had higher values of plant showiness than
cultivated exotics at the regional level for all three
locations (Appendix S5: Figure S7), which indicates
that there is potential to create combinations of
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b Figure 3. Density curves for community means (CM) of

the three plant traits (that is, plant showiness, plant
height, and leaf area) separately for cultivated exotics
and natives in domestic gardens in Minnesota (a-c), Alt
Empordà (d–f), and central South Africa (g-i). The
proportion (%) of overlap between the two groups of
co-occurring species is provided next to the density
curves. Stacked bar plots in the bottom panels represent
the proportion of gardens in each region where the mean
or the variance of each particular trait was higher among
cultivated
exotics
than
among
natives
(spontaneous + cultivated).

natives that are showier than cultivated exotics.
However, such combinations of native species
might not be realizable if other traits such as
growth form, plant shape, and size, or time of
flowering, which we did not include in our study,
are more important in explaining planting decisions. In fact, the creation of ‘beauty’ in domestic
gardens is achieved by combining plants with different desired traits, including showiness or
attractiveness, but also care, neatness or naturalness (Clayton 2007; Marco and others 2010; Kendal and others 2012a; Goodness and others 2016).
These traits are usually chosen from among the
pool of available ornamental species in nurseries or
garden centers (Padullés Cubino and others 2015;
Cavender-Bares and others 2020), which is composed primarily of exotic species. Thus, given the
importance of nurseries in filling homeowners’
demand for garden cultivars, and both availability
and prices driving cultivated plant’s likelihood of
becoming invasive (Dehnen-Schmutz and others
2007), there is the need for more knowledge of the
factors that drive decision-making in the regional
to global horticultural industry.
Consistent with our initial hypothesis, the effect
of cultivated exotics on the mean and variance of
plant height, and mean leaf area, was mediated by
water stress (that is, aridity), with greater positive
effects of cultivated exotics in more arid (hotter and
drier) regions. We expected this because, although
native vegetation in more arid regions is usually
dominated by short shrubs, dry grasses, and other
small-leaved and drought-tolerant species (Shmida
1985), human management in the form of irrigation can compensate for the lack of precipitation in
gardens (Kendal and others 2012b; Padullés Cubino and others 2019), and help create new ecological niches that can potentially be filled by taller
and broader-leaved cultivated exotics. Accordingly,
the cold and humid continental climate in Min-

nesota resulted in co-occurring natives being taller,
with greater variance in plant height, and broader
leaves than co-occurring cultivated exotics,
whereas the opposite was true for the semi-arid
central area of South Africa. Moreover, gardens in
Alt Empordà, with its intermediate arid conditions,
showed a transition state between these two regions. Thus, cultivated exotic and native plants
seemed to be combined in domestic gardens to
encompass a range of growth forms and sizes that
promoted greater structural diversity, a pattern
shown to be preferred by homeowners in a number
of studies (Ulrich 1986; Kaplan and Kaplan 1989;
Williams 2002). Further exploration of the differences between functional diversity of cultivated
exotics and natives among social and cultural
groups would require fine-scale data, such as
household income, age, and cultural background,
collected throughout different regions.
The increase in flower, fruit, and leaf showiness
in gardens as a consequence of the cultivation of
exotic species might have implications beyond the
provision of cultural ecosystem services such as
aesthetics or recreation. For instance, some crucial
ecosystem functions, such as pollination or the
provision of food and habitat to natural wildlife,
can be both positively and negatively affected
(Pyšek and others 2012; Johnson and others 2017).
On the one hand, (showy) cultivated exotics can
positively increase pollinator services by sustaining
large pollinator populations (Haaland and others
2011), increase native plant genetic diversity via
hybridization (Stockwell and others 2003), or help
provide biotic resistance to invasion (Levine and
others 2004). On the other hand, cultivated exotics
can also induce a reduction of pollinator populations because of a loss of specialist pollinators or
increased heterospecific pollen deposition (Ashman
and Arceo-Gómez 2013), decrease native plant
genetic diversity via gene flow (Selbo and Snow
2005) or facilitate the transmission of novel pests
and pathogens (McArt and others 2014). Likewise,
increased plant height and leaf area in domestic
gardens can also induce changes in a number of
ecosystem services, besides visual attractiveness.
For instance, although a wider range of plant
heights and leaf sizes can increase CO2 sequestration, improve air quality, facilitate more efficient
light interception, and help regulate water balance,
it can also increase water requirements, produce
larger amounts of allergens, or generate unwanted
litter (Westoby and others 2002; Cameron and
others 2012). Therefore, trade-offs between
ecosystem services and disservices provided by
cultivated exotics can create conflicts over whether
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to manage for the former or the latter, and the
integration of the two requires an assessment of the
demands of human beneficiaries (Milanović and
others 2020).
Although we calculated the functional diversity
of domestic gardens for individual plant traits,
ecosystem function and associated services might
not be the expression of just one trait but the
aggregate of multiple traits within a category. These
complex trait-service associations can be useful for
identifying the different trait combinations that can
support a variety of ecosystem services in the urban
landscape. For example, research has shown that
general aesthetic appreciation of plants is associated
with large, spreading canopies, showy flowers, and
broad-shaped foliage (for example, Williams 2002;
Kendal and others 2012a; Goodness and others
2016). Accordingly, our study indicates that the
combination of these traits captures meaningful
aspects of aesthetic ecosystem services, as gardens
with a higher proportion of cultivated exotics
hosted showier and taller vegetation with larger
leaves, resulting in overall higher aesthetic appeal.
However, a consistent positive effect of cultivated
exotics on the diversity of the three studied traits
was only detected in more arid regions, highlighting that linkages between multiple traits and services of cultivated species are not necessarily
universal and that these linkages may differ widely
or have specific nuances across cultures and geographic locations. In addition, homeowners select
for plant traits associated with a wide range of
ecosystem services types, from cultural (including
aesthetics and symbolic meanings), to provisioning
(utility and food) and regulating and supporting
(environmental suitability, native vegetation, and
resource use) (Larson and others 2016). Therefore,
considering the interaction among multifunctional
landscape goals, homeowners’ management activities (for example, watering and selective plant removal), and climate, is essential for promoting
diverse garden plant communities that maximize
targeted services while also supporting low-maintenance native species that are adapted to the local
environment.
Our study relied on mean species trait values
collated from global databases for two of the three
traits studied. We thus acknowledge that the traitbased results from our study do not specifically
capture trait variation in our urban populations,
which are often exposed to unique selection pressures that can uniquely influence the expression of
different phenotypes (for example, Cheptou and
others 2008). Although these differences can
strongly influence trait patterns within sites at the

local scale, at very broad scales (for example,
transcontinental), intraspecific trait variation is
minimized and likely does not have a strong effect
on community-level trait values (that is, interspecific trait variation) (Albert and others 2011).
Similarly, the taxonomic classification of garden
plants at the species level excludes the possibility of
accounting for trait variation among cultivars and
subspecies, which can also respond to human
preferences. We also note that trait availability was
relatively low for our study species, especially
among cultivated taxa and for leaf area (58% of
total species). Although we believe these limitations were largely mitigated by using an extensive
dataset with 1863 species, and trait imputation
techniques (Appendix S3), the collection and
publication of additional trait data, particularly
from species in urban habitats, and the use of
standardized measures of species abundances,
would allow further corroboration of our conclusions.
Overall, our study indicates that cultivated exotics play an important role in increasing the visibility and aesthetic value of domestic gardens, with
concomitant potential impacts on associated
ecosystem services and disservices. However, this
role varied across regions of different aridity, indicating that the effects of cultivated exotics on urban
ecosystem function is likely to intensify with
ongoing urban expansion, and climate change, as
many regions are projected to become hotter and
drier by the end of the 21st century (IPCC 2014). If
cities become more arid, it is possible that certain
services may be augmented, reduced, or eliminated. Likewise, new contributions may be added
to the list of urban-based ecosystem services, as the
structure and trait composition of urban vegetation
changes. These changes can be associated with
gains and losses of particular sets of cultivated
exotics with specific traits selected for by humans.
In addition, climate change is likely to be a key
driver in the local extirpation of many native species, thereby emphasizing the importance of
developing sustainable urbanization strategies that
reconcile the cost-benefits of exotics species, as
they relate to ecosystem services and the conservation of native biodiversity. In more arid landscapes, strategies that enhance water provision in
urban areas can also promote biodiversity and the
benefits associated with it, as well as enhance the
resilience of urban areas to the effects of climate
change. Finally, as the imports of ornamental liveplants continue to increase globally (van Kleunen
and others 2018), a better understanding of the
different garden fashions and the factors that drive
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decision-making in the horticultural industry can
help us predict the future effects of cultivated
exotic species on ecosystem function and the provisioning of ecosystem services.
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Ashman T-L, Arceo-Gómez G. 2013. Toward a predictive
understanding of the fitness costs of heterospecific pollen receipt and its importance in co-flowering communities.
American Journal of Botany 100:1061–70.
Avolio M, Pataki DE, Jenerette GD, Pincetl S, Clarke LW,
Cavender-Bares J, Gillespie TW, Hobbie SE, Larson KL,
McCarthy HR, Trammell TLE. 2019. Urban plant diversity in
Los Angeles, California: Species and functional type turnover
in cultivated landscapes. Plants People Planet:ppp3.10067.
Avolio ML, Pataki DE, Gillespie TW, Jenerette GD, McCarthy
HR, Pincetl S, Weller Clarke L. 2015. Tree diversity in
southern California’s urban forest: the interacting roles of
social and environmental variables. Frontiers in Ecology and
Evolution 3. http://journal.frontiersin.org/Article/10.3389/fe
vo.2015.00073/abstract. Last accessed 21/11/2017.
Avolio ML, Pataki DE, Trammell TLE, Endter-Wada J. 2018.
Biodiverse cities: The nursery industry, homeowners, and
neighborhood differences drive urban tree composition. Ecological Monographs 88:259–76.
Bartón K. 2019. MuMIn: Multi-Model Inference. R package
version 1.43.6. https://CRAN.R-project.org/package=MuMIn
de Bello F, Lavorel S, Dı́az S, Harrington R, Cornelissen JHC,
Bardgett RD, Berg MP, Cipriotti P, Feld CK, Hering D, Martins
da Silva P, Potts SG, Sandin L, Sousa JP, Storkey J, Wardle DA,
Harrison PA. 2010. Towards an assessment of multiple
ecosystem processes and services via functional traits. Biodivers Conserv 19:2873–93.
Bigirimana J, Bogaert J, De Cannière C, Bigendako M-J, Parmentier I. 2012. Domestic garden plant diversity in Bujumbura, Burundi: Role of the socio-economical status of the
neighborhood and alien species invasion risk. Landscape and
Urban Planning 107:118–26.
Bolós O, Vigo J, Masallés RM, Ninot JM. 2005. Flora manual dels
Paı̈sos Catalans. 3rd edn. Barcelona: Editorial Pòrtic.
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C, Kühn I, Máguas C, Maurel N, Novoa A, Parepa M, Pyšek P,
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