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Abstract

Questions: Urban ecosystems present an opportunity to study ecological com-
munities in the context of unprecedented environmental change. In the face of
urban land conversion, ecologists observe new patterns of species composition,
dominance, behaviour and dispersal. We propose a hypothetical socioeconomic
template that describes a gradient in human investment in community composi-
tion to aid in organizing the human role in shaping urban biodiversity. We
asked: (1) what is the relative magnitude of taxonomic and functional turnover
of urban woody plant communities across different land-use types; and (2) do
land uses exhibiting higher intensity of human management of biodiversity sup-
port higher turnover over those with less human influence?

Location: Baltimore, MD, USA (39°17' N, 76°38" W).

Methods: We examined patterns in woody plant biodiversity across 209 plots
of different urban land uses. Six land-use types were arranged along a gradient
in the intensity through which humans are hypothesized to manage species
composition at the plot scale. We calculated local, or a-diversity, and composi-
tional turnover, or B-diversity, of taxonomic and functional diversity across plots
within each land-use type. We compared the magnitude of these biodiversity
measures between land uses to test our conceptual template for how the inten-
sity of human management can predict urban woody plant biodiversity.

Results: We observed high taxonomic turnover in residential and commercial
plots compared with vacant or open space land-use areas. This was associated
with a weaker, but similar, pattern in functional diversity. This was associated
with low total abundance in residential and commercial plots. Furthermore, the
number of unique species was extremely high in the same land-use types.

Conclusions: Our observations help explain why turnover can be high in heav-
ily managed plots relative to vacant land. In patches without heavy human
management, we found low levels of turnover. This highlights the importance
of assessing diversity both locally and at the level of turnover between patches.
Management and policy can benefit from the perspective embodied in the con-
ceptual approach tested here.

intermediate disturbance hypothesis (Connell 1978)), but
also newly considered drivers of diversity and composition

A fundamental goal of community ecology is to under-
stand the mechanisms that maintain species co-existence
at multiple spatial scales. In the rapidly urbanizing land-
scape, the processes that maintain local and regional spe-
cies diversity, as well as turnover in composition, involve
not only general ecological mechanisms (e.g. the produc-
tivity hypothesis (Gaston 2005), the ecosystem-stress
hypothesis (Menge & Sutherland 1987) and the
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best explained by human behaviour and decision-making
(Williams et al. 2009; Aronson et al. 2014). Urban places
exhibit a juxtaposition of patch types that support a wide
variety of ecological communities, governed by a range of
socioecological processes (Cadenasso et al. 2007; Lososova
et al. 2011). Such patches can include remnant habitats,
such as wooded riparian or park areas and other unman-
aged areas such as roadside plant communities, which are
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often, but not necessarily, interpreted as ‘disturbed’ envi-
ronments. Urban habitat patches also include designed
landscapes, such as lawns and managed parks and gardens.
Including these managed and designed green spaces in cal-
culations of biodiversity is important, as privately owned
and maintained gardens and yards can constitute the
majority of available urban green space (Goddard et al.
2010). The biodiversity in each location is assembled as a
result of both indirect and direct effects of human activity
on the landscape (Bonthoux et al. 2014).

In general, urban biodiversity is described at either local
or regional scales, with relatively less focus on variation in
diversity within cities, between habitat patches arranged
along urban environmental, management and spatial gra-
dients (Knapp et al. 2010; Ferenc et al. 2013; McDonnell
& Hahs 2013; but see Godefroid 2001; Thompson et al.
2003; Celesti-Grapow et al. 2006; Ricotta et al. 2012;
Gutiérrez-Canovas et al. 2013; Ramalho et al. 2014;
Beninde et al. 2015). Local species diversity, or a-diversity,
represents a subset of the regional species pool (y-diver-
sity). Shifts in species composition from one local assem-
blage to another represent species turnover, or B-diversity.
Regional species diversity is therefore comprised of not just
local diversity, but also of compositional turnover. This
classic concept is powerful to embrace in the context of
urban ecosystems for a number of reasons. First, it high-
lights that local communities are not isolated on the land-
scape, but connected to a common regional species pool,
i.e. they are members of a metacommunity (Leibold et al.
2004). Furthermore, this common regional species pool is
not limited to just native species, but also non-native,
potentially invasive taxa as well. Second, it emphasizes
composition as an important regulator of how biodiversity
emerges at larger scales. Compositional change from one
location to the next can result from many classically
invoked biotic and abiotic factors, such as competition and
environmental constraints (Leibold et al. 2004). However,
shifts in both diversity and composition in cities can also be
linked to a variety of socioeconomic factors, such as
human-mediated dispersal (Hope et al. 2003; Kinzig et al.
2005; Bigirimana et al. 2012; van Heezik et al. 2013;
Belaire et al. 2014; Clarke & Jenerette 2015). Despite
recognition of this, integration of these observations into a
testable, multi-scale conceptual model of biodiversity for
urban ecosystems is still lacking.

Species vary in their dispersal ability. In urban ecosys-
tems, people not only actively move species around,
regardless of their innate dispersal abilities, but also facili-
tate the establishment of very vagile species (Albrecht
et al. 2011; McConkey et al. 2012; von der Lippe &
Kowarik 2012). Dispersal rates between patches in the
urban landscape alter the relative contribution of local
diversity and compositional turnover to overall regional
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diversity patterns (Mouquet & Loreau 2003; Aicher et al.
2011; Schleicher et al. 2011). In general, as dispersal
increases, local assemblages become saturated with species
from one common regional species pool, decreasing turn-
over but increasing local diversity (Mouquet & Loreau
2003). Eventually, without localized disturbances or high
levels of local environmental heterogeneity, more compet-
itive species become dominant in patches, resulting in a
decline in regional diversity. In urban ecosystems, high
levels of dispersal by the total pool of species favoured by
urbanization and destruction or alteration of native habi-
tats generally has led to a shift towards species pools domi-
nated by stress-tolerant and broader dispersing species
(Williams et al. 2009). Taken together, these shifts con-
tribute to widely documented patterns of biotic homoge-
nization and the hypothesized decline in urban regional
diversity (Lososova et al. 2012; Ricotta et al. 2012; Aron-
son et al. 2014). However, we know diversity does not
always decline in urban environments (Kowarik 2011;
Aronson et al. 2015). Compositional turnover, or p-diver-
sity, and interspecific variation in dispersal abilities may
help us understand why this occurs.

Community assembly is generally conceived as the pro-
cesses by which species co-occur locally as a subset of the
regional species pool (Leibold et al. 2004). In urban envi-
ronments, abandoned or remnant habitats can be con-
ceived of as being ‘self-assembled’, in that the community
assembly process is similar to non-urban ecosystems, pri-
marily as a result of interactions between the existing com-
munity and environmental characteristics (Fig. 1). But
many assemblages occur in the urban landscape primarily
as a function of a multitude of socioeconomic processes,
such as gardens, yards or managed parks. Therefore, we
propose a hypothetical socioeconomic template that
describes a gradient in human investment in community
composition to aid in organizing the human role in the
community assembly process (Fig. 1).

Where social investment is low, composition and/or
diversity is not a priority or is ignored and the harsh urban
geophysical template imposes strong environmental filter-
ing (Calfapietra et al. 2015), therefore leading to low com-
positional turnover (e.g. Chase 2007). However, as
socioeconomic investment in practice increases, focus may
turn to conservation of existing communities or habitats,
restoration activity and the design of novel ecological com-
munities. In this case, humans impose substantial con-
straints on the assembly process, either by altering habitat
to promote the desired species composition, or by directly
assembling, eliminating and/or maintaining certain species
combinations. We term these communities as undergoing
‘facilitated assembly” (Fig. 1; Swan et al. 2011). One pre-
diction is that, among such habitats, turnover is predicted
to be quite high because of differential human
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Human investment in biodiversity

Low < > High
Abandoned Remnant habitat Restoration Designed
Regional species pool
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Poenvironmental  i—, G Environmental }
*, filtering ‘." facilitation
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i Turnover T Turnover

Self assembly

Facilitated assembly

Fig. 1. A conceptual model of the influence of human investment on the development turnover, or B-diversity, in urban ecosystems. Self- and facilitated
assembly describe processes selecting subsets of species combinations from the regional species pool. Here, control on assembly is hypothesized to be
governed by biological interactions mediated by the geophysical template or local human perception and behavior. Strong environmental filtering should
constrain species composition regardless of level of human input, given consistently harsh environmental conditions (left). This should reduce species
turnover, as indicated by the smaller arrows. Heterogeneity in habitat conditions among parcels and/or the facilitation of species coexistence directly via
aided dispersal (e.g., planting, attraction/elimination of undesirable taxa) or indirectly via habitat alteration, should lead to the development of B-diversity

(larger arrows). Modified from Swan et al. (2011).

decision-making and preferences (Kendal et al. 2012; Avo-
lio et al. 2015; Johnson et al. 2015). High rates of turn-
over, particularly between communities with high levels
of socioeconomic input, may lead to higher than expected
regional diversity when taking such designed communities
into account.

To test this concept, we examined patterns in woody
plant biodiversity across a variety of urban human land
uses, where land use was arranged along a gradient in the
intensity through which humans are hypothesized to
manage species composition at the parcel scale. We
focused primarily on B-diversity, at taxonomic and func-
tional levels. We predicted that taxonomic turnover should
be highest in areas where humans have very large control
over composition. We expected functional turnover differ-
ences to be weak, given regional-scale constraints on traits
compatible with the urban environment (Reichard &
White 2001; Pataki et al. 2013; Calfapietra et al. 2015).

Methods

Study sites and tree communities

We made use of a large data set created as a part of a tree
inventory effort in the Baltimore Metropolitan Region,
USA. Forest composition of planted and naturally recruited
individuals were identified to species using plot-based
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random sampling (Nowak et al. 2008, http://nrs.fs.fed.us/-
data/urban/; N = 209). Dates of inventories ranged from
1999 to 2009. The number of inventory plots varied by
land-use (Table 1), and land-use was noted during
sampling, with designations following the USDA Forest
Service’s I-Tree Eco User's Manual (v 5.0, www.
itreetools.org). Plot size was 0.04 ha, and all individuals
2.54 cm DBH or more were counted and identified.

Our hypotheses rely on a gradient of increasingly
active management of species composition (Fig. 1). As
such, we interpret the land-use descriptions in light of
this (Table 1), and present them in order of predicted
low to high human investment in and management of
local species composition and diversity: Vacant Lots,
Open Space, Parks, Institutional, Commercial, Residen-
tial. While certainly Vacant Lots reflect no current active
management of local species composition, parcels catego-
rized as Institutional, Commercial and Residential do.
Open Space and Parks, however, likely represent a mix.
We place these two in between the identified end mem-
bers, and interpret the results in light of some ambiguity
in the order of these categories. We maintain, however,
that given the information associated with the data set
and the large number of replicates within each land-use
type (Table 1), including these land-use types was more
valuable than excluding them.
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Table 1. Land-use classes as defined by Cadastral Geodatabase LANDUSE.TaxParcel Data Dictionary. The number of plots in each land-use class included

in the study are also given (n).

Land Use n Description

—_

Vacant Lots

6 Parcel that does not have a principal building, at least 10 yr since created through the subdivision process, and is not predominantly

covered with accessory uses such as garages and swimming pools. Also includes unbuildable land

OpenSpace 55

Unimproved space transferred to the local government through the development process or acquired by other means; space that

contains surface or underground water storage and also provides open space/recreational amenity

Parks 16
Institutional 20
Commercial 14
Residential 88

Maintained space containing a permanent recreational improvement

Places of worship, colleges/schools, medical facilities, police/fire, cemeteries, libraries, other government facilities
Structure containing retail/service or office uses. Includes parking lots

Single-family detached, attached or multi-family (3+) homes

Functional data

Functional trait data were collected that describe how
plant species cope with general ecological challenges in dis-
persal, establishment and persistence (Weiher et al. 1999).
Traits for all species were assembled from online databases
(Zanne et al. 2009  http://hdl.handle.net/10255/
dryad.235; USDA PLANTS Database, USDA, NRCS 2013
http://plants.usda.gov). They included leaf retention, rela-
tive growth rate, re-sprouting ability, rate of vegetative
spread, height at maturity, seed mass and wood density
(Table 2). These traits were chosen due to their availability
for the species under study, and how well they reflect
strategies in dispersal, seedling growth, seed production,
competitive ability, acquiring and holding space, and
response to disturbance (Table 2; Weiher et al. 1999; Diaz
et al. 2004).

Local diversity

Local (o) taxonomic diversity was calculated as Shannon
diversity (H') for each plot. Local functional diversity
required dealing with both categorical and continuous
traits (Table 2). Continuous traits were range-standar-
dized, and wood density was log;, transformed to ensure a
normal distribution of values. We used the index of func-
tional dispersion (Rao’s Q) on a Bray-Curtis dissimilarity
matrix, which weights the distances by species abun-
dances, to describe the local diversity of functional traits
(Laliberté & Legendre 2010).

Compositional turnover

We analysed turnover, or variation in community compo-
sition among plots within land-use types, using the
betadisper function in R (R Foundation for Statistical Com-
puting, Vienna, AT). This is an analysis of multivariate
homogeneity of group dispersions, and an analogue of the
univariate Levene’s test for homogeneity of variance

(Anderson et al. 2006). This procedure employs a

permutation test based on 999 randomizations, resulting
in a P-value associated with an F-test comparing the degree
of dispersion among principal coordinates to group-level
medians. The value of this approach is that it accepts any
distance matrix. Compositional turnover in taxonomic
diversity was estimated on a Bray-Curtis dissimilarity
matrix. Functional turnover was based on Gower’s dis-
tance as it accepts both categorical and continuous vari-
ables (Table 2; de Bello et al. 2013).

Data analysis

Local diversity (Shannon H’, Rao’s Q), turnover for both
diversity levels, and total abundance per plot were anal-
ysed with a one-way ANOVA with land use as the source
of variation. We further compared the community-
weighted means (CWM) of individual functional traits
between land-use types using a one-way ANOVA. Post-hoc
comparisons between the six land-use classes were esti-
mated, with significance evaluated after adjusting the Type
I error rate using Tukey’s HSD. All analyses were carried
out in the R statistical computing environment.

Results
Abundance and local diversity

Total abundance varied significantly with land use (Fs,503,
P < 0.001), with Vacant Lots harbouring significantly
more individuals than Residential plots (Fig. 2). Institu-
tional, Commercial and Residential plots, land-use types
with clear indications of human management, supported
four to eight individuals per plot, while Vacant Lots, Open
Space and Parks harbored 17-21 individuals (Fig. 2).
Vacant Lots, Open Space and Parks appeared, however, to
offer minimal to no human influence on species composi-
tion (Table 1).

Patterns in a-diversity largely mirrored those of abun-
dance (Fig. 3, left). Local taxonomic and functional diver-
sity declined with the level of active human management
(Fig. 3, left). This was pronounced between Vacant Lots
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and Residential plots. Shannon diversity was more than
twice as high in Vacant Lots, Open Space and Parks com-
pared to the remaining, more actively managed plots.
While there was a significant effect of land-use on taxo-
nomic diversity (Table 3), the effect was only weakly sig-
nificant (P < 0.1) for functional diversity. The observed
trend, however, was similar, with the lower observed
functional diversity levels in Institutional, Commercial and
Residential plots. The relatively weaker inter-group func-
tional differences caution any strong interpretation of the
broader distinctions drawn for abundance and taxonomic

USDA PLANTS
USDA PLANTS
Zanne et al. (2009)

USDA PLANTS
USDA PLANTS
USDA PLANTS
USDA PLANTS

Reference

Units
Binary
Slow
Moderate
Rapid
Binary
None
Slow
Moderate
Rapid
log(g)
kg-m~3

diversity.

Response to
Disturbance

> = Compositional turnover

We observed a consistent pattern of increasing turnover
along the hypothesized land-use gradient for both taxo-
nomic and functional B-diversity, with the pronounced
differences observed between Vacant Lots and Residen-
< tial parcels (Fig. 3, right). However, the magnitude of
the effect of land-use varied among the diversity
dimensions, with taxonomic turnover significant
(P <0.05), and functional turnover marginally so at
=< P < 0.1 (Table 4). Taxonomic turnover, while generally
higher in Institutional, Commercial and Residential
plots, was lowest in Parks. Residential plots were the
only land-use category with the predicted effect of
design elements (Table 1) having statistically higher
< X turnover compared to those categories lacking this fea-
ture (Vacant Lots, Open Space, Parks; Fig. 3). Func-
tional turnover showed the weakest patterns among
land-use categories, with the largest difference, again,
between Residential plots and Vacant Lots and Open
Space. Residential Lots exhibited the highest turnover
in trait composition. An analysis of the CWMs of indi-
vidual traits revealed significant differences among cer-
tain land-use types. Of the 12 traits/trait states
examined, we observed significant variation in four
(Table 5). We observed significant variation explained
for height at maturity (highest in Parks), seed mass
(also highest in Parks), proportion of the community
= exhibiting rapid vegetation spread (highest in Commer-
cial) and proportion of the community exhibiting leaf
retention; there were no evergreen taxa in Vacant Lots
compared to the highest number observed in Residen-
x tial plots (Table 5).

Compositional turnover was examined further by enu-
merating the number of unique taxa occurring in each
land-use category across all plots (Fig. 2, bottom). Residen-
tial plots harboured by far the most unique taxa, followed
by Open Space, with >16 each. Among the other cate-
gories, less than five unique taxa were supported in each
(Fig. 2, bottom).

Holding Space/
Longevity

Acquiring
Space

Competitive
Ability

Seed
Production

Seedling
Growth

Dispersal
in Time

Ecological Challenge

Dispersal
in Space

Table 2. Traits and references. After Weiher et al. (1999).

Leaf Retention
Relative Growth Rate
Re-sprouting Ability
Vegetative Spread
Height at Maturity
Seed Mass

Wood Density

Trait
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Open space Parks
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Parks

Institutional Commerical Residential

Fig. 2. Mean total abundance per plot, + 1 SE (top). Bars with the same letter are not statistically different following Tukey’s HSD (P > 0.05). Number of

unique species identified in each land use (bottom).

Discussion

In general, the pattern of compositional turnover was con-
sistent with our predictions. We observed high turnover in
Residential and Commercial parcels compared with Vacant
or Open Space land-use areas. These results can be inter-
preted in light of two observations. The first is that abun-
dance was very low in Residential and Commercial plots,
therefore keeping local diversity low. The second was that
the number of unique species was extremely high in the
same land-use types. Taken together, these observations
can help explain why turnover can be very high in these

land-use types relative to Vacant and abandoned land,
even though local biodiversity is low.

One interesting pattern we observed is that where the
geophysical template was hypothesized to be most harsh
(e.g., Vacant Lots, Open Space), higher taxonomic and
functional a-diversity was observed, but lower a-diversity
was observed in more designed plots. We interpret this in
light of total abundance. Simply, humans appear, in this
region at least, to prefer few individual woody plants,
which consequentially leads to lower diversity. Unlike lar-
gely self-assembled habitats, facilitated-assembly plots are
more likely to contain single individuals of a species, as
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Fig. 3. o (left) and B (right) taxonomic (top) and functional diversity (bottom) for each land use. Units of the y-axis for functional turnover are the distance
to the centroid in multivariate space. Bars are the mean + 1 SE. Bars with the same letter are not statistically different following Tukey’s HSD (P > 0.05).

Table 3. Local diversity ANOVA results. df = degrees of freedom, SS = sum of squares, MS = mean square, F and P = F-statistic and associated P-value
for the one-way ANOVA, respectively. Bold values indicate statistical significance at oo = 0.05.

Diversity Metric Source df SS MS F P

Taxonomic Shannon H’ Land use 5 15.5 3.10 8.86 <0.001
Residuals 203 80.1 0.39

Functional Rao’s Q Land use 5 0.042 0.008 1.83 0.109
Residuals 203 0.935 0.005

human dispersal allows species to persist in a location at
very low population sizes. The variation in the planting or
maintenance choices people make from one patch to the
next leads to the development of $-diversity. This is in con-
trast to what may be a more consistent environment in
Vacant lots and Open Space, which appeared to support
similar local assemblages. Therefore, we suggest abun-
dance and patch-level variation in management choices
(or lack thereof) interact to generate divergent patterns in
o- and B-diversity in this urban ecosystem. Similarly, high
levels of variation in gardens as a result of variation in

Applied Vegetation Science

human planting choices, rather than broader-scale descrip-
tors of landscape context and the environment, have also
been found in other cities (Thompson et al. 2003; Jagan-
mohan et al. 2012; Kendal et al. 2012; Clarke et al. 2014).

We offer two explanations for the weaker response
of functional diversity to land use. The first is that, at
the regional scale, the urban environment might be
selecting for a narrow range of traits regardless of the
identity of species that are available for local coloniza-
tion (McKinney 2006; Vallet et al. 2010). Our analysis

of CWMs supports this; even when significant
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differences were observed, these were between only
two land-use classes (Table 5). Even species that are
planted and maintained in wurban areas
restricted to some degree by broader climatic and envi-
ronmental drivers (Ramage et al. 2013). An alternate
explanation is that the traits chosen in this analysis

remain

are not entirely relevant in the urban environment.
For example, there may be other traits that are more
important to survival and reproduction in an urban
environment than were included here. Traits associated
with tolerance to pollution, extremes in temperature
or water availability were not included in the analysis,
yet may be more important in the urban environment
than many of the more commonly reported traits in
the general ecological literature (Weiher et al. 1999).
Many species that occur in residential, institutional
and commercial parcels were likely established on-site
as adults, so therefore traits associated with dispersal
and, perhaps, establishment, are not necessarily rele-
vant. However, those traits associated with maintaining
patterns of growth and fitness in the face of a chang-
ing urban environment may be more important to
consider, selection of

or traits related to human

Table 4. B-diversity ANOVA results. Distance to group centroids. df = de-
grees of freedom, SS = sum of squares, MS = mean square, F and P = F-
statistic and associated P-value for the one-way ANOVA, respectively.

Diversity Source df SS MS F P

Taxonomic Land use 5 0.073 0.0147 5.90 0.002
Residuals 203 0.508 0.0025

Functional Land use 5 0.046 0.0092 221 0.055
Residuals 203 0.850 0.0042

C.M. Swan et al.

species. For example, Pataki et al. (2013) identified
biogeographic origins and leaf phenology traits includ-
ing leaf N content and specific leaf area, which were
predictive of urban ecosystem service traits of interest
to city residents, including presence of showy flowers,
size at maturity and water requirements. Continuing
to establish quantifiable functional predictors of traits
that drive human planting preferences will likely
increase our theoretical understanding of how urban
plant communities are structured.

Other studies that have looked at turnover in taxo-
nomic or functional traits of urban tree communities
have also found that changing land use within cities
drives a substantial amount of urban forest composi-
tional variation. For example, Bourne & Conway’s
(2014) study of the Toronto, Canada, urban forest found
larger compositional differences between land-use types
within municipalities than between municipalities. A
study of urban tree diversity in Christchurch, New Zeal-
and (Stewart et al. 2009), in managed and unmanaged
parkland and residential properties observed increasing
proportions of exotic trees in more managed habitat
patches, but also found spatial variation in composition
related to sampling proximity to larger remnant wood-
land patches. Residential land-use patches had higher
tree species richness than remnant forest patches in a
study of Chongming Island, China, as well as contrasting
size structure compared to other land uses (Zhao et al.
2013). To best describe patterns of urban forest diversity,
future studies should continue to stratify sampling
efforts across land uses within cities, and also further
consider how land use interacts with spatial variation in
environmental gradients and socioeconomic patterns.

Table 5. CWMs for each trait studied across land uses. Height, Seed Mass and Wood Density are continuous, with the remaining traits reported as propor-
tion of the total community (see Table 2). Bolded traits are significant at o = 0.10, as indicated by a significant one-way ANOVA F-test. F-statistics are given.
To aid interpretation, the minimum and maximum values are bolded. For P < 0.05, statistically similar values are indicated with the same letter superscript.

Vacant Lot Open Space Parks Institutional Commercial Residential Fs 205

Height 235 24.2 25.8 20.6 223 215 2.14*
Seed Mass 1.77"® 1,558 1.87" 1.79%8 1.4978 1.34° 2.89%*
Wood Density 571.8 552.0 582.5 571.6 533.7 549.7 0.86
Relative Growth Rate

Slow 0.14 017 0.20 0.24 0.17 0.20 0.26

Moderate 0.25 0.18 0.35 0.22 0.1 0.27 1.64

Rapid 0.61 0.64 0.45 050 0.71 0.52 1.78
Vegetative Spread

None 0.69 0.74 0.77 0.85 0.64 078 1.08

Slow 0.19 0.12 0.09 0.03 0.15 0.10 1.10

Moderate 0.04 0.14 0.13 0.11 0.06 0.07 1.04

Rapid 0.09"8 0.00" 0.01"® 0.01"8 0.14° 0.04"8 2.65%*
Leaf Retention 0.00" 0.09" 0.06"® 0.10"® 0178 0.24° 3.00%*
Re-sprouting Ability 1.00 0.94 0.94 0.93 0.83 0.85 1.55

*P < 0.1,**P < 0.05.
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Conclusions

Our results demonstrated that abundance of individuals was
higher in patches of low socioeconomic investment, and this
was associated with higher local diversity. In areas without
human intervention, we found low levels of turnover, sug-
gesting a more homogenized pool of species or saturation
from the regional species pool compared to more actively
managed patches. This highlights the importance of assess-
ing diversity both locally and at the level of turnover
between patches. Management and policy can benefit from
the perspective embodied by the conceptual approach
offered here. Management decisions might be better
informed from observing biotic diversity patterns in habitats
ranging from large remnant patches of essentially native
vegetation, through managed parcels, to small interstitial
habitats wedged between buildings, along transportation
corridors or in neglected sites (Pickett 2010). Because there
is the potential for connectivity among this wide range of
patches, the test of our conceptual approach prompts exam-
ining sites that may not usually be considered to provide
urban ecosystem services. This highlights the need to deter-
mine how self-assembly and facilitated assembly are dis-
tributed across urban patch mosaics as key information for
management. The effect of altered composition as a result of
human restoration or design can be quantified by comparing
ecosystem services along gradients of low to high invest-
ment. Management can also be prioritized based on knowl-
edge of what patches are able to support self-assembled
communities that fulfill needed ecosystem functions, com-
pared to those patches where different kinds of facilitated
assembly may be required to meet sustainability goals.

Acknowledgements

We gratetully acknowledge the efforts of those involved in
the assembling of the woody plant database (Zanne et al.
2009). This research was supported by funding from the
NSF Long-term Ecological Research (LTER) Program. This
material is based upon work supported by the National
Science Foundation (Grant No. DEB-1027188). Any opin-
ions, findings and conclusions or recommendations
expressed in this material are those of the authors and do
not necessarily reflect the views of the National Science
Foundation.

Conflict of interest

The authors declare no conflict of interest.

References

Aicher, R.J., Larios, L. & Suding, K.N. 2011. Seed supply, recruit-

ment, and assembly: quantifying relative seed and

Applied Vegetation Science

Turnover in an urban plant metacommunity

establishment limitation in a plant community context. The
American Naturalist 178: 464-477.

Albrecht, H., Eder, E., Langbehn, T. & Tschiersch, C. 2011. The
soil seed bank and its relationship to the established vegeta-
tion in urban wastelands. Landscape and Urban Planning 100:
87-97.

Anderson, M.J., Ellingsen, K.E. & McArdle, B.H. 2006. Multi-
variate dispersion as a measure of beta diversity. Ecology Let-
ters 9: 683—-693.

Aronson, M.F.J., La Sorte, F.A., Nilon, C.H., Katti, M., Goddard,
M.A., Lepczyk, C.A., Warren, P.S., Williams, N.S.G., Cilliers,
S., (...) & Winter, M. 2014. A global analysis of the impacts
of urbanization on bird and plant diversity reveals key
anthropogenic drivers. Proceedings of the Royal Society Series B:
Biological Sciences 281:20133330.

Aronson, M.F.J., Handel, S.N., La Puma, L.P. & Clemants, S.E.
2015. Urbanization promotes non-native woody species and
diverse plant assemblages in the New York metropolitan
region. Urban Ecosystems 18: 31-45.

Avolio, M.L., Pataki, D.E., Gillespie, T.W., Jenerette, G.D.,
McCarthy, H.R., Pincetl, S. & Weller Clarke, L. 2015. Tree
diversity in southern California’s urban forest: the interact-
ing roles of social and environmental variables. Frontiers in
Ecology and Evolution 3: 73.

Belaire, J.A., Whelan, C.J. & Minor, E.S. 2014. Having our yards
and sharing them too: the collective effects of yards on native
bird species in an urban landscape. Ecological Applications 24:
2132-2143.

Beninde, J., Veith, M. & Hochkirch, A. 2015. Biodiversity in cities
needs space: a meta-analysis of factors determining intra-
urban biodiversity variation. Ecology Letters 18: 581-592.

Bigirimana, J., Bogaert, J., De Canniere, 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: 118-126.

Bonthoux, S., Brunc, M., Di Pietrob, F., Greulich, S. & Bouché-
Pillon, S. 2014. How can wastelands promote biodiversity in
cities? A review. Landscape and Urban Planning 132: 79-88.

Bourne, K.S. & Conway, T.M. 2014. The influence of land use
type and municipal context on urban tree species diversity.
Urban Ecosystems 17: 329-348.

Cadenasso, M.L., Pickett, S.T.A. & Schwarz, K. 2007. Spatial
heterogeneity in urban ecosystems: reconceptualizing land
cover and a framework for classification. Frontiers in Ecology
and the Environment 5: 80-88.

Calfapietra, C., Penuelas, J. & Niinemets, U. 2015. Urban plant
physiology: adaptation-mitigation strategies under perma-
nent stress. Trends in Plant Science 20: 72-75.

Celesti-Grapow, L., Pysek, P., Jarosik, V. & Blasi, C. 2006. Deter-
minants of native and alien species richness in the urban
flora of Rome. Diversity and Distributions 12: 490-501.

Chase, J.M. 2007. Drought mediates the importance of stochastic
community assembly. Proceedings of the National Academy of
Sciences of the United States of America 104: 17430-17434.

Doi: 10.1111/avsc.12266 © 2016 International Association for Vegetation Science 15



Turnover in an urban plant metacommunity

Clarke, L.W. & Jenerette, G.D. 2015. Biodiversity and direct
ecosystem service regulation in the community gardens of
Los Angeles, CA. Landscape Ecology 30: 637-653.

Clarke, L.W., Li, L., Jenerette, G.D. & Yu, Z. 2014. Drivers of
plant biodiversity and ecosystem service production in home
gardens across the Beijing Municipality of China. Urban
Ecosystems 17: 741-760.

Connell, J.H. 1978. Diversity in tropical rain forests and coral
reefs. Science 199: 1302-1310.

de Bello, F., Carmona, C.P., Mason, N.W.H., Sebastia, M.-T. &
Leps, J. 2013. Which trait dissimilarity for functional diver-
sity: trait means or trait overlap? Journal of Vegetation Science
24:807-819.

Diaz, S., Hodgson, J.G., Thompson, K., Cabido, M., Cornelissen,
J.H.C., Jalili, A., Montserrat-Marti, G., Grime, J.P., Zarrinka-
mar, F., (...) & Zak, M.R. 2004. The plant traits that drive
ecosystems: evidence from three continents. Journal of Vege-
tation Science 15: 295-304.

Ferenc, M., Sedlacek, O., Fuchs, R., Dinetti, M., Fraissinet, M. &
Storch, D. 2013. Are cities different? Patterns of species rich-
ness and beta diversity of urban bird communities and regio-
nal species assemblages in Europe: urban bird species
richness and beta diversity. Global Ecology and Biogeography
23:479-489.

Gaston, K.J. 2005. Biodiversity and extinction: species and peo-
ple. Progress in Physical Geography 29: 239-247.

Goddard, M.A., Dougill, A.J. & Benton, T.G. 2010. Scaling up
from gardens: biodiversity conservation in urban environ-
ments. Trends in Ecology € Evolution 25: 90-98.

Godefroid, S. 2001. Temporal analysis of the Brussels flora as
indicator for changing environmental quality. Landscape and
Urban Planning 52: 203-224.

Gutiérrez-Canovas, C., Millan, A., Velasco, J., Vaughan, L.P. &
Ormerod, S.J. 2013. Contrasting effects of natural and
anthropogenic stressors on beta diversity in river organisms:
beta diversity along natural and anthropogenic stress gradi-
ents. Global Ecology and Biogeography 22: 796-805.

Hope, D., Gries, C., Zhu, W., Fagan, W.F., Redman, C.L., Grimm,
N.B., Nelson, A.L., Martin, C. & Kinzig, A. 2003. Socioeco-
nomics drive urban plant diversity. Proceedings of the National
Academy of Sciences of the United States of America 100: 8789—
8792.

Jaganmohan, M., Vailshery, L.S., Gopal, D. & Nagendra, H.
2012. Plant diversity and distribution in urban domestic gar-
dens and apartments in Bangalore, India. Urban Ecosystems
15:911-925.

Johnson, A.L., Tauzer, E. & Swan, C.M. 2015. Human legacies
differentially organize functional and phylogenetic diversity
of urban herbaceous plant communities at multiple spatial
scales. Applied Vegetation Science 18: 513-527.

Kendal, D., Williams, K.J.H. & Williams, N.S.G. 2012. Plant traits
link people’s plant preferences to the composition of their
gardens. Landscape and Urban Planning 105: 34-42.

Kinzig, A.P., Warren, P., Martin, C., Hope, D. & Katti, M. 2005.
The effects of human socioeconomic status and cultural

C.M. Swan et al.

characteristics on urban patterns of biodiversity. Ecology and
Society 10: 23.

Knapp, S., Kuhn, L., Stolle, J. & Klotz, S. 2010. Changes in the
functional composition of a Central European urban flora
over three centuries. Perspectives in Plant Ecology, Evolution and
Systematics 12: 235-244.

Kowarik, I. 2011. Novel urban ecosystems, biodiversity, and con-
servation. Environmental Pollution 8-9: 1974-1983.

Laliberté, E. & Legendre, P. 2010. A distance-based framework
for measuring functional diversity from multiple traits. Ecol-
0gy 91:299-305.

Leibold, M.A., Holyoak, M., Mouquet, N., Amarasekare, P.,
Chase, J.M., Hoopes, M.E., Holt, R.D., Shurin, J.B., Law, R.,
Tilman, D., Loreau, M. & Gonzalez, A. 2004. The metacom-
munity concept: a framework for multi-scale community
ecology. Ecology Letters 7: 601-613.

Lososova, Z., Horsak, M., Chytry, M., Cejka, T., Danihelka, J.,
Fajmon, K., Hajek, O., Jurickova, L., Kintrova, K., (...) &
Tichy, L. 2011. Diversity of Central European urban biota:
effects of human-made habitat types on plants and land
snails: biodiversity of Central European cities. Journal of Bio-
geography 38: 1152-1163.

Lososova, Z., Chytry, M., Tichy, L., Danihelka, J., Fajmon, K.,
Héjek, O., Kintrova, K., Lanikova, D., Otypkova, Z. &
Rehorek, V. 2012. Biotic homogenization of Central Euro-
pean urban floras depends on residence time of alien species
and habitat types. Biological Conservation 145: 179-184.

McConkey, K.R., Prasad, S., Corlett, R.T., Campos-Arceiz, A.,
Brodie, J.F., Rogers, H. & Santamaria, L. 2012. Seed dispersal
in changing landscapes. Biological Conservation 146: 1-13.

McDonnell, M.J. & Hahs, A.K. 2013. The future of urban biodi-
versity research: moving beyond the “low-hanging fruit”.
Urban Ecosystems 16: 397-409.

McKinney, M.L. 2006. Urbanization as a major cause of biotic
homogenization. Biological Conservation 127: 247-260.

Menge, B.A. & Sutherland, J.P. 1987. Community regulation —
variation in disturbance, competition, and predation in rela-
tion to environmental stress and recruitment. The American
Naturalist 130: 730-757.

Mouquet, N. & Loreau, M. 2003. Community patterns in
source—sink metacommunities. The American Naturalist 162:
544-557.

Nowak, D.J., Crane, D.E., Stevens, J.C., Hoehn, R.E., Walton,
J.T. & Bond, J. 2008. A ground-based method of assessing
urban forest structure and ecosystem services. Arboriculture ¢*
Urban Forestry 34: 347-358.

Pataki, D.E., McCarthy, H.R., Gillespie, T., Jenerette, G.D. & Pin-
cetl, S. 2013. A trait-based ecology of the Los Angeles urban
forest. Ecosphere 4: art72.

Pickett, S.T.A. 2010. The wild and the city. In: Redford, K.H.,
Fearn, E. (eds.) State of the wild: a global portrait, pp. 153—159.
Island Press, Washington, DC, US.

Ramage, B.S., Roman, L.A. & Dukes, J.S. 2013. Relationships
between urban tree communities and the biomes in which
they reside. Applied Vegetation Science 16: 8-20.

Applied Vegetation Science

16 Doi: 10.1111/avsc.12266 © 2016 International Association for Vegetation Science



C.M. Swan et al.

Ramalho, C.E., Laliberté, E., Poot, P. & Hobbs, R.J. 2014. Com-
plex effects of fragmentation on remnant woodland plant
communities of a rapidly urbanizing biodiversity hotspot.
Ecology 95: 2466-2478.

Reichard, S.H. & White, P. 2001. Horticulture as a pathway of
invasive plant introductions in the United States. BioScience
51:103-114.

Ricotta, C., Bacaro, G., Marignani, M., Godefroid, S. & Maz-
zoleni, S. 2012. Computing diversity from dated phylogenies
and taxonomic hierarchies: does it make a difference to the
conclusions? Oecologia 170: 501-506.

Schleicher, A., Biedermann, R. & Kleyer, M. 2011. Dispersal
traits determine plant response to habitat connectivity in an
urban landscape. Landscape Ecology 26: 529-540.

Stewart, G.H., Meurk, C.D., Ignatieva, M.E., Buckley, H.L.,
Magueur, A., Case, B.S., Hudson, M. & Parker, M. 2009.
URban Biotopes of Aotearoa New Zealand (URBANZ) II:
floristics, biodiversity and conservation values of urban resi-
dential and public woodlands, Christchurch. Urban Forestry ¢
Urban Greening 8: 149-162.

Swan, C.M., Pickett, S.T.A., Szlavecz, K., Warren, P. & Willey,
K.T. 2011. Biodiversity and community composition in
urban ecosystems: coupled human, spatial, and metacom-
munity processes. In: Niemela, J., Breuste, J.H., Guntensper-
gen, G., McIntyre, N.E., ElImqvist, T. & James, P. (eds.) Urban
ecology: patterns, processes, and applications, pp. 179-186.
Oxford University Press, New York, NY, US.

Symonds, G.W. 1973. Tree Identification Book : A New Method for
the Practical Identification and Recognition of Trees. William Mor-
row Paperbacks, New York, NY, US.

Thompson, K., Austin, K.C., Smith, R.M., Warren, P.H., Angold,
P.G. & Gaston, K.J. 2003. Urban domestic gardens (I): put-

Applied Vegetation Science

Turnover in an urban plant metacommunity

ting small-scale plant diversity in context. Journal of
Vegetation Science 14: 71-78.

USDA, NRCS. 2013. The PLANTS Database.

Vallet, J., Herve, D., Beaujouan, V., Roze, F. & Pavoine, S. 2010.
Using biological traits to assess how urbanization filters plant
species of small woodlands. Applied Vegetation Science 13: 412—
424.

van Heezik, Y., Freeman, C., Porter, S. & Dickinson, K.J.M.
2013. Garden size, householder knowledge, and socio-eco-
nomic status influence plant and bird diversity at the scale of
individual gardens. Ecosystems 16: 1442—1454.

von der Lippe, M. & Kowarik, I. 2012. Interactions between
propagule pressure and seed traits shape human-mediated
seed dispersal along roads. Perspectives in Plant Ecology, Evolu-
tion and Systematics 14: 123-130.

Weiher, E., van der Werf, A., Thompson, K., Roderick, M., Gar-
nier, E. & Eriksson, O. 1999. Challenging theophrastus: a
common core list of plant traits for functional ecology. Jour-
nal of Vegetation Science 10: 609—620.

Williams, N.S.G., Schwartz, M.W., Vesk, P.A., McCarthy, M.A.,
Hahs, A K., Clemants, S.E., Corlett, R.T., Duncan, R.P., Nor-
ton, B.A., Thompson, K. & McDonnell, M.J. 2009. A concep-
tual framework for predicting the effects of urban
environments on floras. Journal of Ecology 97: 4-9.

Zanne, A.E., Lopez-Gonzalez, G., Coomes, D.A., Ilic, J., Jansen,
S., Lewis, S.L., Miller, R.B., Swenson, N.G., Wiemann, M.C.
& Chave, J. 2009. Global wood density database. Dryad.
doi:10.5061/dryad.234/1.

Zhao, M., Escobedo, F.J., Wang, R., Zhou, Q., Lin, W. & Gao, J.
2013. Woody vegetation composition and structure in peri-
urban Chongming Island, China. Environmental Management
51:999-1011.

Doi: 10.1111/avsc.12266 © 2016 International Association for Vegetation Science 17


http://dx.doi.org/10.5061/dryad.234/1

