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Abstract
Despite a growing literature-base devoted to document biodiversity patterns in cities, 
little is known about the processes that influence these patterns, and whether they 
are consistent over time. In particular, numerous studies have identified the capacity 
of cities to host a rich diversity of plant species. This trend, however, is driven primar-
ily by introduced species, which comprise a large proportion of the urban species 
pool relative to natives. Using an experimental common garden study, we assessed 
the relative influence of local assembly processes (i.e., soil environmental filtering and 
competition from spontaneous urban species) on the taxonomic and functional diver-
sity of native plant communities sampled over four seasons in 2016–2018. Taxonomic 
and functional diversity exhibited different responses to local processes, supporting 
the general conclusion that species-  and trait-based measures of biodiversity offer 
distinct insights into community assembly dynamics. Additionally, we found that nei-
ther soil nor competition from spontaneous urban species influenced taxonomic or 
functional composition of native species. Functional composition, however, did shift 
strongly over time and was driven by community-weighted mean differences in both 
measured traits (maximum height, Hmax; specific leaf area, SLA; leaf chlorophyll a flu-
orescence, Chl a) and the relative proportions of different functional groups (legumes, 
annual and biennial-perennial species, C4 grasses, and forbs). By contrast, taxonomic 
composition only diverged between early and late seasons. Overall, our results indi-
cate that native species are not only capable of establishing and persisting in vacant 
urban habitats, they can functionally respond to local filtering pressures over time. 
This suggests that regional dispersal limitation may be a primary factor limiting na-
tive species in urban environments. Thus, future regreening and management plans 
should focus on enhancing the dispersal potential of native plant species in urban 
environments, in order to achieve set goals for increasing native species diversity and 
associated ecosystem services in cities.
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1  |  INTRODUC TION

More than 50% of the global population currently lives in cities, with 
an estimated increase to 68% by the year 2050 (U.N., 2018). This 
has led to the rapid expansion of urban landscapes, globally (Seto 
et al., 2012). Urbanization has profound effects on biodiversity pat-
terns (Grimm et al., 2008) and is one of the leading causes of species 
extinctions (Kowarik, 1995; Marzluff, 2001; McDonald et al., 2008), 
with the greatest impact on biodiversity hot spots (Seto et al., 2012). 
Despite these changes, urban habitats often host a rich diversity of 
plant species (Knapp et al., 2008; Kühn et al., 2004). The composi-
tion of urban plant communities, however, is dominated by high pro-
portions of introduced “urban exploiters” relative to native species 
(Aronson et al., 2014; Kowarik, 1990, 1995; Pyšek, 1998). Although 
this trend has been observed in many cities, leading to the charac-
terization of urban communities as globally homogenized (i.e., ex-
hibiting low β-diversity across cities; McKinney & Lockwood, 1999), 
there still lacks a general understanding of the factors responsi-
ble for shaping these unique biodiversity patterns. Urban biotic 
homogenization, for example, is often attributed to competitive 
effects, resulting from the introduction of non-native generalist 
species by humans that, over time, outcompete native residents 
(McKinney, 2004, 2006; but see McCune & Vellend, 2013). Other 
studies have hypothesized that urbanization generates unique en-
vironmental conditions and disturbance regimes, which filter out 
natives that do not have the functional capacity to adapt to urban 
environmental pressures (Williams et al., 2009). Still, other studies 
have concluded that the primary mechanism driving local extinc-
tions of native plant species in urban environments is recruitment 
limitation caused by the proliferation of small, fragmented habitat 
patches in the urban landscape acting act as barriers to dispersal 
(Schleicher et al., 2011).

Understanding the nature of community assembly processes 
underlying contemporary biodiversity patterns in cities is neces-
sary for reconciling these different conclusions. More importantly, 
it is vital for the development of general principles that can predict 
how communities will respond to urban pressures over time (Swan 
et al., 2011), which directly influence management and regreening 
efforts (Niemelä, 1999). Urban regreening approaches often consist 
of physically introducing focal species via seed additions, altering 
environmental conditions (e.g., soil amendments), or removing highly 
competitive invasive species (Lautenbach et al., 1995). These strat-
egies, however, are only effective if they are accurately matched to 
limiting factors. For example, implementing seed addition strategies 
will not be useful if soil environmental conditions act as a strong 
filter to limit the establishment of focal species. Likewise, remov-
ing invasive species from highly fragmented habitats will not benefit 
species that are dispersal limited.

Elucidating the role of different community assembly processes 
on biodiversity patterns, however, presents substantial challenges 
due to both the integrated nature of local and regional effects 
(Cavender-Bares et al., 2009; Williams et al., 2009) and the myriad 
ways in which biodiversity is measured and interpreted (Purvis & 
Hector,  2000). The term “biodiversity” describes multiple compo-
nents of diversity, including the richness and abundance of species, 
functional traits, and genotypes (DeLong, 1996). Biodiversity is often 
used as a general term, which implies that these different metrics are 
equivalent. However, taxonomic and functional patterns of diversity 
are seldom complimentary and often provide different insights into 
the structure and functioning of ecological communities. For exam-
ple, several previous studies have shown that general conclusions 
regarding the assembly and functioning of plant communities are 
strongly dependent on the metric used to assess biodiversity; that is, 
species diversity does not necessarily track functional trait changes 
in a community (Cadotte et al., 2011; Fukami et al., 2005; Mayfield 
et al., 2005). Thereby suggesting that multiple components of biodi-
versity must be considered when assessing the general structure and 
functioning of ecological communities in different environments.

Biodiversity patterns are also not static through time. The dy-
namic nature of plant communities has been cataloged, studied, 
and debated for over 100 years (Wiens, 2016). Numerous studies of 
succession have shown that the relative influence of different as-
sembly processes changes through time, dramatically influencing 
both taxonomic and functional diversity in unique ways (Kahmen & 
Poschlod, 2004; Lohbeck et al., 2014; White & Jentsch, 2004). In gen-
eral, dispersal is expected to play a strong role in early-successional 
seres, when suitable habitat is available. Over time, as niches are oc-
cupied and resources become limited, competition plays a stronger 
role in influencing local communities (Aicher et al., 2011). Yet, the 
field of urban ecology has primarily developed from observational 
studies of species at a single point in time (Hobbs, 1988; Dallimer 
et al., 2012; Knapp et al., 2012; but see Johnson et al., 2018; Pyšek 
et al.,  2004). It is thus unclear how native plant species respond 
to urban environmental conditions over time, and whether these 
changes influence the long-term establishment and persistence of 
native plants in different urban habitats.

Here, we explore the relative influence of local assembly pro-
cesses on seeded native plant communities over time. Specifically, 
we experimentally assessed the effects soil environmental filtering 
(i.e., urban fill soil vs. topsoil) and competition from species that re-
cruited into the experimental plots (i.e., spontaneous urban species) 
on different dimensions of biodiversity (i.e., taxonomic and func-
tional) over four growing seasons in 2016–2018. It is well-established 
that the urban environment consists of a mosaic of habitat patches 
with highly variable environmental conditions (Machlis et al., 1997; 
Swan et al., 2021). Conducting an experimental study that includes 
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the full complement of unique urban environments would thus be 
ideal for gaining generalizable insights into urban plant community 
assembly patterns; however, such an experimental design is not lo-
gistically feasible. We therefore focused on a single land-use type 
as a model system for our study, namely urban vacant land. In urban 
environments, vacant land represents remnants of build infrastruc-
ture (e.g., residential housing) that have been demolished and left 
undeveloped (Pagano & Bowman,  2000). Vacant land is a com-
mon feature in most urban landscapes, especially “shrinking cities” 
(Pallagst et al., 2009) where long-term urban population losses have 
left an abundance of unused land parcels. For example, in Baltimore 
City, a loss of nearly 400,000 residents since the 1960s (U.S. Census 
Bureau, 2018) has resulted in over 25,000 vacant lots, and another 
17,000 abandoned houses, which are slated to be razed in the com-
ing years (McHugh, 2012). Once a building has been demolished and 
the area leveled using imported subsoil fill material, urban vacant 
land typically persists under minimal management, allowing plant 
communities to establish naturally. As a result, these areas often 
contribute substantially to urban biodiversity by serving as derelict 
habitats for an array of species (Muratet et al., 2007). This character-
istic makes urban vacant land a potential asset for urban regreening 
efforts aimed to enhance biodiversity and ecosystem services in cit-
ies (Burkholder, 2012). By focusing on a single, minimally managed 
urban habitat type, we were also able to more effectively assess the 
filtering effects of local assembly processes and avoid confounding 
factors associated with past and present human-management pres-
sures (Vallet et al., 2010).

In this study, we expected taxonomic and functional diversity 
patterns to differ across treatment groups and time (H1). Specifically, 
we expected Shannon diversity to be strongly influenced by compe-
tition from spontaneous urban species exhibited by a decrease in 
Shannon diversity in unweeded plots than in weeded plots. By con-
trast, we expected soil environmental filtering would have a greater 

effect on functional diversity over time exhibited by a decrease in 
functional diversity in urban fill than in topsoil. We also expected 
compositional changes to vary according to the relative influence 
of different local assembly processes (H2). Namely, if soil environ-
mental filtering has a strong effect on the composition of native 
species, we predict both taxonomic and functional composition (i.e., 
the multivariate distribution of species or functional trait values, re-
spectively, in a community) will be lower in urban, subsoil fill material 
compared with topsoil, as harsh edaphic conditions associated with 
urban fill are expected to limit the establishment of species, as well 
as the abundance and range of their functional trait values (Cornwell 
& Ackerly,  2009). Likewise, if spontaneous urban species exhibit 
strong competitive effects on natives, we predict taxonomic and 
functional composition will be higher in weeded plots where com-
petitive pressures are relaxed. Finally, we expected species diversity 
and composition to shift over time (H3), as later-successional spe-
cies, with different functional strategies, replace early-successional 
species (Chang & Turner,  2019; Lososová et al.,  2006; Schadek 
et al., 2008).

2  |  METHODS

2.1  |  Study design

To address these questions, we designed a common garden study 
consisting of 32, 2-m2 raised experimental plots, which were sepa-
rated by a 2-m wide aisle covered in landscape fabric, located on 
the University of Maryland, Baltimore County campus (39°15′N, 
76°42′W, 75 m; Figure  1). Replicated treatments (6x each) were 
crossed in a 2 x 2 (urban fill vs. screened topsoil, weeded vs. un-
weeded) full-factorial randomized design. Eight plots (four urban fill 
and four topsoil) acted as open, control treatments and were not 

F I G U R E  1 (a) Map of study site 
location relative to Baltimore City, 
Maryland (orange outline) and (b) location 
on the University of Maryland, Baltimore 
County campus (star). (c) Illustration 
of the experimental plot layout. Soil 
treatment groups are indicated by color 
(orange-topsoil; gray-fill) and competition 
treatment groups are indicated by a “W” 
for weeded and no letter for unweeded 
plots; solid lines around boxes indicate 
control groups that were not seeded, and 
numbers in each box indicate the seeded 
native “community type.”
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seeded with a native species seed mix. The “urban soil” treatment 
was selected to simulate vacant land soil conditions postdemolition. 
Subsoil fill material was sourced directly from a company contracted 
for vacant housing demolition projects in Baltimore City, MD (M.R. 
Dirt, Towanda, PA). Screened topsoil was sourced locally to replicate 
typical soil conditions for native species used in the study. These 
soil treatments do not account for the full range of possible soil 
types found in undisturbed sites or urban vacant land (Herrmann 
et al., 2017; Pickett et al., 2011; Pouyat et al., 2007). They are, how-
ever, the most common soil types in anthropogenic environments 
(Gilbert, 1989), and exemplify the opposing conditions in terms of 
potentially strong (i.e., urban fill) and weak (i.e., topsoil) environmen-
tal filters.

In our study, weeding treatments isolate interspecific compe-
tition from urban plant species that have either recruited into the 
plots from the surrounding region or that were present in the soil 
seed bank (i.e., spontaneous species). All species, both native and 
non-native, that were not seeded were removed from the weeded 
treatment plots. Plots were weeded monthly during the growing 
season (May–August) and prior to data collection in November and 
July 2016–2017; tree seedlings were concomitantly removed from 
all plots. All spontaneous species that recruited into the study plots 
have been surveyed in urban vacant lots in Baltimore City (Johnson 
et al., 2015, 2018), indicating that the regional species pool is consis-
tent across study sites. We seeded all treatment plots, except open 
control plots, with one of six native “community types,” which con-
sisted of 10 herbaceous plant species randomly drawn from a pool of 
25 species native to Maryland. We avoided species with narrow hab-
itat ranges or specialists, such as wetland or obligate forest under-
story species, due to the likelihood that they would not germinate 
or survive in our experimental plots. We did, however, include sev-
eral species that are associated with forest and woodland habitats, 
namely Thalictrum thalictroides and Oxalis violacea. In addition, each 
native community was composed of species representing different 
growth forms, life history strategies, and dispersal modes (Table S1). 
This design captured variation in community composition and en-
sured that each community represented a diverse array of func-
tional groups, which limiting bias associated with community type. 
To minimize genotypic variation across ecotones (Joshi et al., 2001), 
we sourced all seeds from commercial producers that collect and 
propagate seeds of Northeastern regional provenances (Ernst 
Conservation Seeds, Inc., PA; Prairie Moon, MN; Chesapeake na-
tives, MD). We followed a substitutive design for all seed additions; 
whereby, the total density of seeds was kept equal across plots, but 
the seed density for each species in a community was adjusted for 
seed mass-seed number trade-offs (Murray et al., 2005; Rees, 1995; 
Westoby et al., 1992; i.e., we added lower densities of large seeds 
and higher densities of small seeds to each community). Total seed 
density was set at 2.5 g/m2, which is comparable with other seed 
addition studies (e.g., Aicher et al., 2011; Hitchmough et al., 2004; 
Myers & Harms, 2009) and the recommended rate for meadow res-
toration (Diboll, n.d.). We sowed seeds in October 2015 and 2016 to 
allow them to naturally stratify.

2.2  |  Sampling design and species surveys

We sampled seeded native and spontaneous plant communities bi-
annually during peak growth and peak standing biomass (mid-July 
and early November, respectively) beginning from November 2016 
to June 2018 (Figure S1). We used a modified Braun-Blanquet rel-
evé method to visually estimate percentage cover of each species 
(Braun-Blanquet, 1932), using a 1-m2 quadrat placed in the center 
of each plot, to avoid edge effects. We identified all plants to the 
species level and estimated percent cover using midpoint values of 
seven cover classes (i.e., <1% was estimated as 0.005%, 1%–5% as 
3%, 6%–10% as 7.5%, 11%–25% as 17.5%, 26%–50% as 37.5%, 51%–
75% as 62.5%, and 76%–100% as 87.5%).

2.3  |  Functional trait measures

We selected seven traits that represent key axes of plant ecological 
strategies related to dispersal capacity, establishment, and persis-
tence (Weiher et al., 1999). They included continuous traits, that is, 
average seed weight, maximum vegetative height (Hmax), specific leaf 
area (SLA), and leaf chlorophyll a fluorescence (Chl a), as well as cate-
gorical traits related to biophysical characteristics, that is, photosyn-
thetic pathway (C3 graminoid and C4 graminoid), growth form (forb 
and legume), and life form (annual and biannual/perennial). Seed 
weight is associated with seedling fitness and resource allocation 
trade-offs (i.e., seed size-seed number and competition-colonization 
trade-offs, Jacobsson & Eriksson,  2000; Turnbull et al.,  2004). It 
serves as a proxy for both spatial, that is, the potential distance a 
seed can move, and temporal, that is, seed bank retention time, dis-
persal potential, with smaller seeds generally having long-distance 
dispersal capacities and a more persistent seed bank, which allows 
them to remain viable in soil for longer periods of time, compared 
with larger seeds (Cornelissen et al., 2003). Seed weight is expected 
to increase with plant height and under drier and warmer conditions 
(Pakeman et al., 2008). Height is a persistence trait that is associ-
ated with competitive vigor and relative growth rate (Cornelissen 
et al., 2003; Weiher et al., 1999; Westoby, 1998). SLA is part of the 
“leaf economics spectrum,” which describes a broad range of eco-
logical strategies related to establishment and persistence, includ-
ing photosynthetic capacity, resource acquisition, and water use 
efficiency (Westoby et al., 2002; Wright et al., 2004). Finally, Chl a 
is a biochemical trait that relates to photochemical changes associ-
ated with plant stress, with lower values corresponding to increased 
water and/or nutrient stress (Schreiber & Bilger, 1987).

For all trait measures, we sampled three mature individuals of 
each represented species in each plot. Trait measures were taken 
concomitantly with species surveys, except Chl a, which was 
not measured in the first season because the Chl a fluorescence 
equipment was unavailable. We followed standard protocols for 
all trait measures (Cornelissen et al.,  2003; Pérez-Harguindeguy 
et al., 2013). All seed and leaf samples were oven-dried at 70°C for 
a minimum of 72 h prior to weighing. We calculated seed weight by 
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collecting and weighing a known number of ovendried seeds for 
each individual and dividing the total weight by the seed number. 
Seeds with visible protective structures or attachments (e.g., wings, 
burs, and plumes) were weighed whole. We measured plant height as 
the distance (in cm) between the ground and the highest photosyn-
thetic tissue or “stretch length” for recumbent species. SLA is a com-
posite measure that is calculated by dividing the total area of a leaf 
by its dry mass. For each sampled individual, we measured SLA on 
three fully expanded, undamaged leaves, including petiole. We mea-
sured leaf area directly in the field using a LI-3000C Portable Leaf 
Area Meter (Li-Cor, Lincon, NE). We measured Chl a fluorescence 
using a Chlorophyll Content Meter Model CCM-330 (Opti-sciences, 
Jackson, MS) on the same leaves sampled for SLA, prior to removal.

2.4  |  Soil data

We collected soil samples in November 2016 (hereafter, season 1) 
and June 2018 (hereafter, season 4) from all study plots, including two 
reference samples of fill and topsoil that were not used in the study. 
Soil samples were sent to the Cornell Nutrient Analysis Laboratory 
(Ithaca, NY) for analysis of micro- and macronutrient concentrations, 
pH, organic matter (LOI), and heavy metal concentrations using a 
modified Mehlich-I extraction technique (Burt, 2004). This analysis 
technique measures a variety of soil nutrients and abiotic character-
istics that have been used in prior studies to characterize urban soils 
(Johnson et al., 2015; Pavao-Zuckerman, 2008; Pouyat et al., 2010). 
Notably, this technique cannot reliably measure available nitrogen, 
due to its volatility in the environment; therefore, nitrogen com-
pounds (i.e., ammonium and nitrate) were not included in the soil 
data. Because our study plots were only 18″ deep, we collected soil 
samples via a hand trowel from the corners (6–8″ away from the plot 
border) and the center of each plot, for a total of five samples per 
plot. We composite mixed and air-dried soil samples from each plot 
for seven days prior to shipping. For the soil analysis, we selected 
standard soil variables that are essential for plant growth and devel-
opment, as well as variables that are common contaminants in urban 
environments, which can negatively impact plant survival. These 
included the following: % moisture, pH, organic matter (OM), alu-
minum (Al), arsenic (As), calcium (Ca), cadmium (Cd), chromium (Cr), 
copper (Cu), iron (Fe), potassium (K), magnesium (Mg), manganese 
(Mn), sodium (Na), phosphorus (P), lead (Pb), and Zinc (Zn).

2.5  |  Statistical analyses

In total, we included four sample seasons in our analyses (season 1: 
November 2016; season 2: June 2017; season 3: November 2017; 
and season 4: June 2018). All taxonomic and functional diversity 
analyses were in implemented in R (v 3.3.3, R R Core Team, 2017) 
and were based on species' relative percent cover estimates. To esti-
mate taxonomic diversity, we calculated the Shannon diversity index 
(H) for each plot treatment group and seeded community type. Prior 

to estimating functional diversity, we log10-transformed all con-
tinuous traits (i.e., Hmax, SLA, seed weight, and Chl a) to normalize 
the data and then range-standardized traits using the “decostand” 
function in the R vegan package (v 2.4–3, Oksanen et al., 2017). We 
then estimated functional diversity using the functional dispersion 
(FDis) index, which calculates the abundance-weighted mean dis-
tance of species to the community centroid in multidimensional trait 
space (Laliberté & Legendre, 2010). This index estimates functional 
alpha diversity and is suitable for ecological data because it is not 
affected by species richness or outliers, it can accommodate dif-
ferent types of traits, as well as any distance metric and number of 
traits—including scenarios where traits outnumber species (Laliberté 
& Legendre, 2010). FDis of traits was calculated using Gower's dis-
tance, as it can accommodate missing values and mixed variables (de 
Bello et al., 2013).

We tested for differences in taxonomic and functional diversity 
across treatment groups and seasons using mixed-effects ANOVA 
models. We fitted five models and selected the most parsimonious 
model based on significance (α = 0.05) and Akaike information cri-
terion (AIC). All models, except models 1 and 5 (see below), incorpo-
rated soil, competition, season, and their interaction as fixed effects. 
Models included (1) a baseline random intercept model; (2) a model 
with no random effects; (3) a model incorporating community type 
as a random effect; (4) a model incorporating community type as 
a random effect and a compound symmetry correlation structure—
using the “corCompSym” function in the nlme package (v 3.1–131, 
Pinheiro et al., 2017)—to account for repeated measures across sea-
sons; and (5) a model incorporating community type nested within 
season as a random effect with a compound symmetry correlation 
structure. The model with the lowest AIC consistently included soil 
(two levels: fill and topsoil), competition (two levels: weeded and 
unweeded), season (four levels: season 1-season 4) and their inter-
action (soil x competition × season) as fixed effects, and community 
type (six levels) as a random effect (i.e., model 3). We conducted post 
hoc Tukey's HSD tests to evaluate pairwise differences across each 
model group.

To assess changes in taxonomic and functional composition 
across seasons and experimental plots with different soil and weed-
ing treatments, we performed permutational multivariate ANOVA 
(PERMANOVA; Anderson,  2001) based on pairwise distance ma-
trices, using the “adonis” function in the vegan R package (v 2.4–3, 
Oksanen et al., 2017). We measured taxonomic dissimilarity across 
seasons and treatment groups using the Bray–Curtis distance met-
ric, and Gower's distance for determining functional dissimilarity. 
We tested the PERMANOVA assumption of multivariate homoge-
neity of group dispersions using the “betadisper” function (Oksanen 
et al.,  2017). Because continuous trait measures were taken di-
rectly on multiple individuals in each experimental plot, versus col-
lated from databases as species-level estimates, we averaged trait 
values across individuals for each species at the plot-level (versus 
the species-level) and used these values in our compositional and 
CWM analyses. We conducted pairwise comparisons of significant 
PERMANOVA factors using the “pairwise.perm.manova” function 
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in the RVAideMemoire R package (v 0.9–66, Hervé, 2017) with the 
“fdr” adjustment method for multiple comparisons (Benjamini & 
Hochberg, 1995; Benjamini & Yekutieli, 2001), which is appropriate 
for repeated measures as it corrects for the false discovery rate. We 
calculated community-weighted mean (CWM) of each functional 
trait, which represents the average trait values in a community of 
species weighted by their relative abundance (Díaz et al.,  2007; 
Garnier et al., 2004; Lepš et al., 2011), in order to compare changes 
in each trait across seasons, soil, and competition treatment groups.

We assessed patterns in soil parameters for urban fill and top-
soil in seasons 1 (November 2016) and 4 (June 2018) using prin-
cipal components analysis (PCA). All PCAs were conducted in the 
FactoMineR package in R (Lê et al., 2008), and PCAs were calculated 
with the PCA function. To accommodate comparisons across mag-
nitudes of variation and different units of measurement, we range-
standardized soil variables to scale to a mean of zero and a variance 
of one, prior to analysis (Table S2). Finally, we calculated the correla-
tion coefficient and associated p-values between each soil variable 
and dimension using the “dimdesc” function. Only soil variables with 
significant correlations (α = 0.05) were retained as vectors for the 
PCA biplot.

3  |  RESULTS

Of our seeded pool, four species did not successfully germinate and 
establish (Table S1). We attribute this to strong environmental filter-
ing effects that excluded natives with specific habitat requirements. 
In particular, all unrepresented natives prefer partial sun exposure 
and moist-mesic soil conditions, and several species grow primarily 
in forest understory habitats. By contrast, our study area was lo-
cated in a clearing with full sun exposure. Additionally, the limited 
size and raised position of our study plots meant that soil moisture 
was highly variable, that is, soil conditions changed from saturated to 

dry over relatively short periods. One species, Elymus hystrix L., only 
appeared later in our study (i.e., seasons 3 and 4), which may indicate 
that this species has a longer seed dormancy period than the other 
native species in our pool.

3.1  |  Taxonomic and functional diversity

Soil did not have an effect on native taxonomic diversity (Table 1, 
Figure 2a); however, both competition and season significantly in-
fluenced native taxonomic diversity (Table  1, Figures  3a and 4a, 
respectively). Post hoc pairwise comparisons showed that Shannon 
diversity was higher in weeded vs. unweeded plots (t75  =  −2.09, 
p  =  .04) and was lower in season 3 than in seasons 2 (t75 =  3.21, 
p  =  .01) and 4 (t75  =  −4.17, p  =  .0005). Comparisons between all 
other seasons were nonsignificant (p > .05).

When comparing functional diversity metrics, we found no ef-
fect of competition (Table 1, Figure  3b); however, functional dis-
persion (FDis) differed significantly between soil types and across 
seasons (Table 1, Figures  2b and 4b, respectively). Post hoc anal-
yses indicated that FDis was greater in topsoil treatments than fill 
(t75 = −2.30, p = .024), and, similar to Shannon diversity, was lower in 
season 3 than all other seasons (seasons 1–3: t75 = 4.06, p = .0007; 
2–3: t75 = 3.54, p = .004; 3–4: t75 = −2.45, p = .076).

3.2  |  Compositional divergence among treatment 
groups and species trait distributions

We found no significant divergence in taxonomic or functional com-
position between soil types, competition treatment groups, or any 
interactions (p > .05; Table 2). Across seasons, however, taxonomic 
composition did significantly diverge (Table 2, Figure 5a); pairwise 
permutational comparisons indicated that composition differed in 

Variable df F p

Shannon H Soil 1, 75 0.07 .787

Competition 1, 75 4.37 .040

Season 3, 75 6.40 .001

Soil × Competition 1, 75 3.01 .087

Soil × Season 3, 75 0.37 .778

Competition × Season 3, 75 0.49 .692

Soil × Competition × Season 3, 75 1.30 .281

FDis Soil 1, 75 5.31 .024

Competition 1, 75 0.002 .970

Season 3, 75 6.50 .0006

Soil × Competition 1, 75 1.68 .199

Soil × Season 3, 75 0.20 .894

Competition × Season 3, 75 0.09 .964

Soil × Competition × Season 3, 75 0.91 .439

Note: Significant differences (p ≤ .05) denoted in bold.

TA B L E  1 Mixed-effects ANOVA of 
the of the effect of soil (fill vs. topsoil), 
competition (weeded vs. unweeded), 
season (S1–S4), and interactions (soil × 
competition, soil × season, competition 
× season, soil × competition × season) 
on taxonomic diversity (Shannon 
H), functional diversity (FDis), and 
community-weighted mean of traits.
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early seasons, but did not change between later seasons (seasons 
1–2: p  =  .078; 1–3: p  =  .003; 1–4: p  =  .003; 2–3: p  =  .028; 2–4: 
p  =  .149; 3–4: p  =  .162). Functional composition also significantly 
diverged across seasons (Table 2, Figure 5b), and post hoc pairwise 
comparisons showed that functional composition shifted between 
all seasons (seasons 1–2: p = .004; 1–3: p = .001; 1–4: p = .001; 2–3: 
p = .001; 2–4: p = .001; 3–4: p = .001). Comparing CWM values of 
individual functional traits, we found significant differences in the 
distribution of all traits except seed weight and the proportion of C3 
grasses (Table 2, Figures 2, 3, and 4c–l). Differences in CWMs were 
most commonly observed across seasons (either individually or as 
interactions); although, Hmax also differed between soil treatments 

(Table  2, Figure  2c), the proportion of C4 grasses differed be-
tween soil treatments and competition × soil interaction (Table 2, 
Figure 2h), and the proportion of forbs differed only between soil 
types (Table 2, Figure 2i). Competition from spontaneous species did 
not significantly influence CWM trait values for any measured trait 
(Figure 3c–l).

3.3  |  Comparison of soil characteristics

In total, we analyzed 70 soil samples, and report results for each soil 
treatment group sampled in each season (Table  S2). Reference soil 

F I G U R E  2 Plotmeans of (a) taxonomic diversity (Shannon H), (b) functional diversity (FDis), (c) CWM Hmax, (d) CWM specific leaf area 
(SLA), (e) CWM chlorophyll a, (f) CWM seed weight, (g) CWM C3 species, (h) CWM C4 species, (i) CWM forbs, (j) CWM legumes, (k) CWM 
annuals, (l) CWM biennials/perennials with 95% CIs for soil type (fill vs. topsoil). Letters indicate significant differences between pairwise 
comparisons of seasons (p ≤ .05).
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samples did not differ from season 1 samples and were thus not in-
cluded in our results. The PCA ordination plot showed that soil cor-
relations were relatively well captured by the first two axes; variance 
explained by the first and second axes was 33.3% and 26.9%, respec-
tively (Figure 6). Overall, the first axis was determined primarily by soil 
heavy metal concentrations (Mn, Al, Fe, Cu, Cr, Zn, Cd, and As), Na, and 
pH, whereas soil moisture, OM, Pb, and macronutrient concentrations 
(Ca, Mg, and K) were strongly positively correlated with the second 
axis (Table S3). Fill and topsoil samples strongly diverged over time, 
both within and between treatment groups. In season 1, fill and topsoil 
samples showed substantial overlap in soil parameters. By season 4, 
however, both treatment groups became strongly divergent, with each 
soil type exhibiting distinct characteristics.

4  |  DISCUSSION

4.1  |  The relative effects of local assembly 
processes on taxonomic and functional diversity 
patterns over time

The influence of soil and competition from spontaneous urban spe-
cies had different effects on the taxonomic and functional diversity 
of native species, which supports our hypothesis (H1). Overall, we 
found higher Shannon diversity in plots where spontaneous species 
were weeded compared with unweeded plots. By contrast, func-
tional diversity (FDis) was not influenced by competition, but did 
change in response to soil; whereby, topsoil plots exhibited higher 

F I G U R E  3 Plotmeans of (a) taxonomic diversity (Shannon H), (b) functional diversity (FDis), (c) CWM Hmax, (d) CWM specific leaf area 
(SLA), (e) CWM chlorophyll a, (f) CWM seed weight, (g) CWM C3 species, (h) CWM C4 species, (i) CWM forbs, (j) CWM legumes, (k) CWM 
annuals, (l) CWM biennials/perennials with 95% CIs for competition treatment groups (unweeded vs. weeded). Letters indicate significant 
differences between pairwise comparisons of seasons (p ≤ .05).
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functional diversity of natives than urban fill plots. This supports 
the general conclusion that harsh edaphic conditions associated 
with urban soils constrain the range of expressed functional trait 
values, resulting in lower functional diversity of the community. 
Our results also correspond with prior studies that found weak as-
sociations between local taxonomic and functional diversity pat-
terns (Purschke et al., 2013; Johnson et al., 2015; but see Petchey 
& Gaston,  2002). This is particularly evident when considering 
continuous traits that exhibit a high potential for phenotypic plas-
ticity such as SLA, height, and chlorophyll a (Gratani, 2014 and ref-
erences therein). High degrees of intraspecific trait variation can 
decouple taxonomic and functional relationships, such that local 

environmental conditions and competition can influence func-
tional trait expression without affecting species diversity (i.e., low 
turnover; Petchey & Gaston, 2006). Conversely, the distribution of 
functional traits in a community can converge in response to local 
filtering effects (i.e., environmental constraints or competition, 
Mayfield & Levine,  2010) despite high rates of species turnover 
or differences in initial species composition (Fukami et al., 2005). 
Overall, these results further suggest that taxonomic and func-
tional diversity metrics provide different sources of information for 
exploring community dynamics and must be carefully considered 
when developing general conclusions about community structure 
and functioning (Mayfield et al., 2010).

F I G U R E  4 Plotmeans of (a) taxonomic diversity (Shannon H), (b) functional diversity (FDis), (c) CWM Hmax, (d) CWM specific leaf area 
(SLA), (e) CWM chlorophyll a, (f) CWM seed weight, (g) CWM C3 species, (h) CWM C4 species, (i) CWM forbs, (j) CWM legumes, (k) CWM 
annuals, (l) CWM biennials/perennials with 95% CIs for season treatment groups (years 1–4). Letters indicate significant differences between 
pairwise comparisons of seasons (p ≤ .05).
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Variable df F p

Taxonomic 
composition

Soil 1, 80 0.95 .457

Competition 1, 80 0.42 .874

Season 3, 80 3.19 .001

Soil × Competition 1, 80 0.50 .804

Soil × Season 3, 80 0.26 .999

Competition × Season 3, 80 0.30 .996

Soil × Competition × Season 3, 80 0.15 1.000

Functional 
composition

Soil 1, 80 1.33 .126

Competition 1, 80 0.84 .654

Season 3, 80 4.19 .001

Soil × Competition 1, 80 0.98 .457

Soil × Season 3, 80 0.97 .495

Competition × Season 3, 80 0.72 .982

Soil × Competition × Season 3, 80 0.82 .843

CWM Hmax Soil 1, 75 6.17 .015

Competition 1, 75 2.32 .132

Season 3, 75 81.84 <.0001

Soil × Competition 1, 75 1.83 .180

Soil × Season 3, 75 6.34 .0007

Competition × Season 3, 75 0.70 .553

Soil × Competition × Season 3, 75 0.72 .541

CWM SLA Soil 1, 75 0.07 .787

Competition 1, 75 2.22 .141

Season 3, 75 4.56 .006

Soil × Competition 1, 75 0.01 .904

Soil × Season 3, 75 0.58 .631

Competition × Season 3, 75 1.22 .308

Soil × Competition × Season 3, 75 0.68 .565

CWM seed weight Soil 1, 45 0.80 .375

Competition 1, 45 0.00 .997

Season 3, 45 1.51 .224

Soil × Competition 1, 45 0.02 .895

Soil × Season 3, 45 0.78 .510

Competition × Season 3, 45 0.97 .414

Soil × Competition × Season 3, 45 0.88 .457

CWM Chl a Soil 1, 55 0.14 .706

Competition 1, 55 0.78 .381

Season 2, 55 12.36 <.0001

Soil × Competition 1, 55 2.11 .152

Soil × Season 2, 55 0.04 .964

Competition × Season 2, 55 0.03 .967

Soil × Competition × Season 2, 55 1.75 .183

CWM C3 grass Soil 1, 75 1.56 .216

Competition 1, 75 2.30 .134

Season 3, 75 0.04 .989

Soil × Competition 1, 75 0.07 .795

Soil × Season 3, 75 1.95 .129

Competition × Season 3, 75 0.76 .519

Soil × Competition × Season 3, 75 1.75 .164

TA B L E  2 PERMANOVA of the effect 
of soil (fill vs. topsoil), competition 
(weeded vs. unweeded), season (S1–S4), 
and interactions (soil × competition, soil 
× season, competition × season, soil × 
competition × season) on taxonomic and 
functional composition
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4.2 | Seasonal relationships between 
taxonomic and functional composition

Soil and competition did not affect either taxonomic or functional 
composition of seeded native species, indicating that the structure 
and functioning of native species in urban vacant habitats are not 
substantially influenced by local filtering effects (i.e., soil or com-
petition from spontaneous urban species). These results support 
our hypothesis (H2) and contradict prior assumptions regarding 
the low/decreasing proportions of native species in urban environ-
ments (Aronson et al.,  2014; Kowarik,  1995; Pyšek,  1993). It also 
suggests that regional factors, such as dispersal limitation, may be 
the primary driver of community assembly patterns in urban en-
vironments. A global meta-analysis of intra-urban biodiversity by 
Beninde et al. (2015) made similar conclusions, finding that factors 

indirectly associated with dispersal potential, that is, large patch size 
(> 50 ha) and corridor network, were most important for maintaining 
high levels of urban biodiversity among different taxa. By contrast, 
Thompson and McCarthy (2008) found that dispersal traits (i.e., dis-
persal mode and seed bank persistence) were not reliable determi-
nants of native and alien plant species success along an urban–rural 
gradient. Such discrepancies among studies suggest that research 
focusing expressly on seed dispersal pathways is needed to deter-
mine exactly how urbanization influences the potential for native 
species to colonize different urban habitats.

Elucidating the factors that influence the structure and func-
tioning of native plant communities has important implications 
for urban regreening and sustainability strategies, which in recent 
years have become focal goals of many cities, including Baltimore 
(Baltimore Office of Sustainability,  n.d.). According to our results, 

Variable df F p

CWM C4 grass Soil 1, 75 13.71 .0004

Competition 1, 75 0.45 .506

Season 3, 75 25.24 <.0001

Soil × Competition 1, 75 6.75 .011

Soil × Season 3, 75 1.41 .248

Competition × Season 3, 75 1.10 .355

Soil × Competition × Season 3, 75 0.66 .577

CWM forbs Soil 1, 75 8.26 .005

Competition 1, 75 1.80 .184

Season 3, 75 1.75 .164

Soil × Competition 1, 75 1.00 .321

Soil × Season 3, 75 1.34 .267

Competition × Season 3, 75 0.54 .659

Soil × Competition × Season 3, 75 0.49 .688

CWM legumes Soil 1, 75 0.01 .914

Competition 1, 75 0.16 .693

Season 3, 75 21.85 <.0001

Soil × Competition 1, 75 0.35 .556

Soil × Season 3, 75 0.07 .975

Competition × Season 3, 75 0.31 .818

Soil × Competition × Season 3, 75 0.26 .854

CWM annual Soil 1, 75 0.50 .480

Competition 1, 75 0.22 .639

Season 3, 75 4.55 .006

Soil × Competition 1, 75 1.15 .286

Soil × Season 3, 75 1.68 .178

Competition × Season 3, 75 0.04 .987

Soil × Competition × Season 3, 75 0.78 .511

CWM biennial-
perennial

Soil 1, 75 0.50 .480

Competition 1, 75 0.22 .639

Season 3, 75 4.55 .006

Soil × Competition 1, 75 1.15 .286

Soil × Season 3, 75 1.68 .178

Competition × Season 3, 75 0.04 .987

Soil × Competition × Season 3, 75 0.78 .511

Note: Significant differences (p ≤ .05) denoted in bold.

TA B L E  2 (Continued)
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native species are capable of establishing and persisting in urban 
environments, despite high proportions of introduced species and 
poor-quality soil conditions, which are indicative of many urban 
vacant sites (Bonthoux et al., 2011). Thus, to increase the relative 
proportion of native species in urban environments, management 
strategies should focus on enhancing native species recruitment into 
open habitats, via active planting and seeding efforts.

In contrast to local filtering effects, taxonomic and functional 
composition did change across study seasons, which supports our 

hypothesis (H3). Both metrics displayed strong compositional shifts 
in early seasons but exhibited different patterns between later sea-
sons. Specifically, taxonomic composition showed no appreciable 
change in later seasons; although, functional composition continued 
to shift over time, indicating that native communities in our study 
exhibited similar trait responses regardless of seeded “community 
type,” local edaphic conditions, or potential competitive effects 
from spontaneous urban species. A long-term experimental grass-
land study by Fukami et al. (2005) also found strong community con-
vergence in functional composition over time, despite differences in 
the initial composition of species across treatments, which remained 
divergent over the nine-year study period.

In contrast to local filtering effects, taxonomic and functional di-
versity indices differed across seasons, showing consistently lower 
diversity in season 3 than other sampled seasons, thereby also 
supporting our hypothesis (H3). By definition, successional dynam-
ics are driven by the establishment of different plant species, with 
distinct (and often predictable) suites of functional strategies, over 
time. For example, succession in urban environments is character-
ized by shifts from annual and forb-dominated communities in the 
first year, postdisturbance, to longer-lived biennial and perennial, 
grass, and forb species in years two and three (Bazzaz, 1996). Thus, 
successional changes related to the establishment of functionally 
distinct communities likely explain the observed seasonal patterns 
in taxonomic and functional diversity in our study. CWM compari-
sons supported this conclusion, displaying an inverse relationship in 
the proportion of short-lived annual species (decreasing) and longer-
lived biennials-perennials (increasing) over time.

Seasonal differences in functional diversity (FDis) were driven by 
several traits. SLA, the proportion of C4 grasses, forbs, legumes, and 
annual and biennial-perennial species all exhibited CWM differences 
across seasons. Seasonal trends tended to display either increasing 
(i.e., Hmax, legumes, and biennials-perennials) or decreasing (i.e., Chl 
a, C4 grasses, annuals) CWM patterns over time. By contrast, trends 

F I G U R E  5 Principal coordinate analysis (PCoA) of (a) taxonomic composition and (b) functional composition data (n = 24 for each season) 
with convex hulls differentiating each season and 95% confidence ellipses.

F I G U R E  6 PCA biplot of soil variables for urban fill and topsoil 
treatments measured in seasons 1 (S1) and 4 (S4). Soil variables 
include % moisture, pH, organic matter (OM), aluminum (Al), arsenic 
(as), calcium (ca), cadmium (cd), chromium (Cr), copper (cu), iron 
(Fe), potassium (K), magnesium (mg), manganese (Mn), sodium (Na), 
phosphorus (P), lead (pb), zinc (Zn). Only soil variables that were 
significantly correlated with the first two principal component axes 
(p ≤ .05) were retained as vectors for the biplot.
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in CWM SLA were cyclical, with SLA increasing during peak growth 
in June and decreasing in November during peak-biomass. These 
results support the general conclusion that SLA is a highly variable 
trait that responds to a number of environmental factors, includ-
ing the availability of light and water (Weiher et al., 1999; Westoby 
et al., 2002), which change predictably with season.

Community-weighted mean seed weight was the only trait 
that did respond to soil environment or competition. Prior stud-
ies have shown that seed characteristics can rapidly change in re-
sponse to strong urban selection pressures (Cheptou et al.,  2008; 
Riba et al.,  2005). These studies, however, were conducted on 
heterocarpic species (i.e., plants that produce two or more func-
tionally different seed types), which only makeup a small pool of 
species commonly belonging to the Asteraceae family (Gardocki 
et al.,  2000; Venable,  1985). Compared with leaf and whole-plant 
functional characteristics, seed traits do not typically exhibit high 
degrees of trait variation (genetic and/or phenotypic plasticity; 
Violle et al.,  2009). Additionally, seed weight is more likely to be 
influenced by dispersal-related factors, such as recruitment limita-
tion (McEuen & Curran, 2004) and high risk of dispersal (Cheptou 
et al., 2008)—factors which, logistically, could not be incorporated 
into our study design.

4.3  |  Changes in soil properties over time

Although native species in our study did not exhibit strong responses 
to soil environmental filtering for most biodiversity metrics (except 
Shannon diversity), soil analyses from seasons 1 and 4 showed that 
soil treatment groups (fill vs. topsoil) were characterized by differ-
ent properties, which changed over time. Soil properties were highly 
variable among samples in season 1 with little differentiation be-
tween fill and topsoil treatment groups. By season 4, however, soil 
properties were more constrained among samples within each soil 
group, and there was strong divergence between soil treatment 
groups and seasons. Specifically, in season 1, both fill and topsoil 
were positively correlated with the majority of measured soil vari-
ables; however, fill samples tended to have higher concentrations of 
heavy metals, while soil moisture, organic matter, Pb, and soil ma-
cronutrient concentrations were more strongly associated with top-
soil. Because both soil types used in our study were locally sourced, 
and possibly from the same locations in Maryland, it is not surprising 
that initial soil characteristics were similar between these treatment 
groups; although, physical properties, such as bulk density and tex-
ture, which were not measured as part of our soil analysis, would 
likely have differed (Scharenbroch et al., 2005). Over time, soil char-
acteristics diverged between fill and topsoil samples. Myriad soil and 
trait-related factors determine the availability and solubility of nutri-
ents and contaminants for plant uptake (Cataldo & Wildung, 1978). 
Thus, a combination of physical and biological factors, including 
characteristics that influence soil water holding capacity and leach-
ing, as well differences in nutrient and contaminant uptake rates by 
different species (Read et al.,  2008), are likely responsible for the 

observed changes in soil conditions in our study over time. Although 
we identified distinct patterns in soil characteristics across seasons, 
it should be noted that observed patterns in our experimental study 
might not correspond to in situ comparisons of soil in urban envi-
ronments, which are highly variable due to different contemporary 
management regimes and legacies of human influence (Johnson 
et al., 2015; Pouyat et al., 2010; Pouyat & Effland, 1999).

Abiotic and biotic soil characteristics can strongly influence 
both the survival of different plant species and the expression of 
functional traits in a community (Bernard-Verdier et al.,  2012). 
CWM comparisons showed that observed differences between 
soil treatment groups only influenced height (CWM Hmax), and the 
proportion of forbs and C4 grass species in our native communities. 
Interestingly, CWMs of these traits were greater in fill soil, indicating 
that native communities grew taller in fill soil plots and had higher 
proportions of forbs and C4 grass species. Assessing the effects of 
individual soil variables on functional trait values was not the inten-
tion of our study; thus, it is not clear which soil parameters had the 
greatest influence on individual trait values. However, lower soil 
moisture in fill soil plots likely had a strong filtering effect on our na-
tive communities, selecting species that are adapted to hotter, drier 
environments (i.e., species utilizing a C4 photosynthetic pathway; 
Barnes & Harrison, 1982).

Although native communities overall grew taller in fill soil plots 
(higher Hmax), the significant interaction between soil and season in-
dicated that the effect of soil on Hmax changed over time; that is, 
Hmax of native species was higher in fill soil plots in early seasons 
(seasons 1 and 2), but shifted to topsoil in later seasons (seasons 3 
and 4). This may be due to higher turnover rates of organic matter 
and soil nutrients in coarse-textured soil (Van Veen et al., 1985; i.e., 
subsoil fill material), which increases the short-term availability of 
macronutrients in fill soil. (Note-soil texture was based on visual as-
sessments only).

5  |  CONCLUSION

Numerous studies have focused on characterizing urban plant di-
versity patterns; however, this is the first study, to our knowledge, 
to experimentally assess the role of local assembly processes on 
native plant communities, in an effort to better understand the 
factors influencing both the structure and functioning of com-
munities in urban habitats. We found that despite strong filtering 
effects of soil and competition from spontaneous urban species, 
native communities are able to successfully establish in experi-
mental vacant habitats, as well as respond to environmental pres-
sures via functional trait changes over time. These results suggest 
that regional factors related to dispersal limitation are responsible 
for the underrepresentation of native species in urban environ-
ments. Future research documenting and comparing seed disper-
sal pathways of both native and spontaneous urban species across 
a matrix of urban habitat patches will provide more evidence for 
identifying the relative influence of different assembly processes 
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on urban plant community patterns. The strong seasonal effects 
found within our two-year study period also suggest that urban 
communities undergo rapid changes over time. Therefore, re-
search focused on a single time frame or season, likely does not 
capture the full scope of taxonomic and functional changes in a 
community. More long-term studies of urban environments will 
not only provide a greater comprehensive view of urban communi-
ties, but it will also offer insights into the eco-evolutionary dynam-
ics of urban ecosystems over time.

AUTHOR CONTRIBUTIONS
Dorothy Borowy: Conceptualization (lead); formal analysis (lead); 
methodology (lead); writing –  original draft (lead). Christopher 
M. Swan: Conceptualization (supporting); project administration 
(equal); supervision (equal); writing – review and editing (equal).

ACKNOWLEDG MENTS
We thank Akors, LLC for designing and constructing the study site 
and experimental plots, as well as Erin Everton, Ariel Poirier, Helen 
Schott, Tess Gallagher, Ian Baker, Camryn and Liam Swan, Clare 
McCauley, Nicole Voelker, and April Sparkman for their invaluable 
assistance in the field and processing of samples in the laboratory.

FUNDING INFORMATION
This research was jointly funded by the NSF Long-term Ecological 
Research (LTER) Program (Grant No. DEB-1027188) and the NSF 
Sustainability Research Network (SRN) Cooperative Agreement 
(Grant No DEB-1444758). Any opinions, 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.

CONFLIC T OF INTERE S T
The authors declare that the research was conducted in the absence 
of any commercial or financial relationships that could be construed 
as a potential conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
The data presented in this study have been uploaded to Dryad 
(https://datad​ryad.org/stash/​share/​W_1PKTv​tR2j7​6AwXz​Q9-
Yh8MY​3R4k6​vuc5i​672gO4j4).

ORCID
Dorothy Borowy   https://orcid.org/0000-0002-2569-9757 

R E FE R E N C E S
Aicher, R. J., Larios, L., & Suding, K. N. (2011). Seed supply, recruitment, 

and assembly: Quantifying relative seed and establishment limita-
tion in a plant community context. The American Naturalist, 178, 
464–477.

Anderson, M. J. (2001). A new method for non-parametric multivariate 
analysis of variance. Austral Ecology, 26, 32–46.

Aronson, M. F. J., Handel, S. N., La Puma, I. P., & Clemants, S. E. (2014). 
Urbanization promotes non-native woody species and diverse 

plant assemblages in the New York metropolitan region. Urban 
Ecosystem, 18, 31–45.

Baltimore Office of Sustainability. (n.d.). Sustainability plan. https://www.
balti​mores​ustai​nabil​ity.org

Barnes, P. W., & Harrison, A. T. (1982). Species distribution and commu-
nity organization in a Nebraska sandhills mixed prairie as influenced 
by plant/soil-water relationships. Oecologia, 52, 92–201.

Bazzaz, F. A. (1996). Plants in changing environments: Linking physiological, 
population, and community ecology. Cambridge University Press.

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

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discovery rate: 
A practical and powerful approach to multiple testing. Journal of the 
Royal Statistical Society, Series B, 57, 289–300.

Benjamini, Y., & Yekutieli, D. (2001). The control of the false discovery 
rate in multipletesting under dependency. Annals of Statistics, 29, 
1165–1188.

Bernard-Verdier, M., Navas, M. L., Vellend, M., Violle, C., Fayolle, A., & 
Garnier, E. (2012). Community assembly along a soil depth gradient: 
Contrasting patterns of plant trait convergence and divergence in a 
Mediterranean rangeland. Journal of Ecology, 100, 1422–1433.

Bonthoux, S., Brun, M., Di Pietro, F., Greulich, S., & Bouché-Pillon, S. 
(2011). How can wastelands promote biodiversity in cities? A re-
view. Landscape and Urban Planning, 132, 79–88.

Braun-Blanquet, J. (1932). Plant sociology: The study of plant communities 
(1st ed.). McGraw-Hill book Company, Inc.

Burkholder, S. (2012). The new ecology of vacancy: Rethinking land use 
in shrinking cities. Sustainability, 4, 1154–1172.

Burt, R. (2004). Soil survey laboratory methods manual. USDA- NRCS [re-
port no. 42], Lincoln, NE, US.

Cadotte, M. W., Carscadden, K., & Mirotchnick, N. (2011). Beyond spe-
cies: Functional diversity and the maintenance of ecological pro-
cesses and services. Journal of Applied Ecology, 48, 1079–1087.

Cataldo, D. A., & Wildung, R. E. (1978). Soil and plant factors influencing 
the accumulation of heavy metals by plants. Environmental Health 
Perspectives, 27, 149–159.

Cavender-Bares, J., Kozak, K. H., Fine, P. V. A., & Kembel, S. W. (2009). 
The merging of community ecology and phylogenetic biology. 
Ecology Letters, 12, 693–715.

Chang, C. C., & Turner, B. L. (2019). Ecological succession in a changing 
world. Journal of Ecology, 107, 503–509.

Cheptou, P.-O., Carrue, O., Rouifed, S., & Cantarel, A. (2008). Rapid evo-
lution of seed dispersal in an urban environment in the weed Crepis 
sancta. Proceedings of the National Academy of Sciences of the United 
States of America, 105, 3796–3799.

Cornelissen, J. H. C., Lavorel, S., Garnier, E., Díaz, S., Buchmann, N., 
Gurvich, D. E., Reich, P. B., ter Steege, H., Morgan, H. D., van der 
Heijden, M. G. A., Pausas, J. G., & Poorter, H. (2003). A hand-
book of protocols for standardised and easy measurement of 
plant functional traits worldwide. Australian Journal of Botany, 51, 
335–346.

Cornwell, W. K., & Ackerly, D. D. (2009). Community assembly and shifts 
in plant trait distributions across an environmental gradient in 
coastal California. Ecological Monographs, 79, 109–126.

Dallimer, M., Rouquette, J. R., Skinner, A. M. J., Armsworth, P. R., Maltby, 
L. M., Warren, P. H., & Gaston, K. J. (2012). Contrasting patterns in 
species richness of birds, butterflies and plants along riparian corri-
dors in an urban landscape. Diversity and Distributions, 18, 742–753.

de Bello, F., Carmona, C. P., Mason, N. W. H., Sebastià, M. T., & Lepš, 
J. (2013). Which trait dissimilarity for functional diversity: Trait 
means or trait overlap? Journal of Vegetation Science, 24, 807–819.

DeLong, D. C. (1996). Defining biodiversity. Wildlife Society Bulletin, 
1973–2006(24), 738–749.

Díaz, S., Lavorel, S., de Bello, F., Quétier, F., Grigulis, K., & Robson, T. M. 
(2007). Incorporating plant functional diversity effects in ecosystem 

https://datadryad.org/stash/share/W_1PKTvtR2j76AwXzQ9-Yh8MY3R4k6vuc5i672gO4j4
https://datadryad.org/stash/share/W_1PKTvtR2j76AwXzQ9-Yh8MY3R4k6vuc5i672gO4j4
https://orcid.org/0000-0002-2569-9757
https://orcid.org/0000-0002-2569-9757
https://www.baltimoresustainability.org
https://www.baltimoresustainability.org


    |  15 of 17BOROWY and SWAN

service assessments. Proceedings of the National Academy of Sciences 
of the United States of America, 104, 20684–20689.

Diboll, N. (n.d.). Designing natural landscapes: Meadow design with na-
tive prairie seed mixes. https://www.prair​ienur​sery.com

Fukami, T., Martijn Bezemer, T., Mortimer, S. R., & Putten, W. H. (2005). 
Species divergence and trait convergence in experimental plant 
community assembly. Ecology Letters, 8, 1283–1290.

Gardocki, M. E., Zablocki, H., El-Keblawy, A., & Freeman, D. C. (2000). 
Heterocarpy in Calendula micrantha (Asteraceae): The effects of 
competition and availability of water on the performance of off-
spring from different fruit morphs. Evolutionary Ecology Research, 
2, 701–718.

Garnier, E., Cortez, J., Billès, G., Navas, M. L., & Roumet, C. (2004). Plant 
functional markers capture ecosystem properties during secondary 
succession. Ecology, 85, 2630–2637.

Gilbert, O. L. (1989). The ecology of urban habitats. Chapman & Hall.
Gratani, L. (2014). Plant phenotypic plasticity in response to envi-

ronmental factors. Advances in Botany, 2014, 1–17. https://doi.
org/10.1155/2014/208747

Grimm, N. B., Faeth, S. H., Golubiewski, N. E., Redman, C. R., Wu, J., Bai, 
X., & Briggs, J. M. (2008). Global change and the ecology of cities. 
Science, 319, 756–760.

Herrmann, D. L., Shuster, W. D., & Garmestani, A. S. (2017). Vacant urban 
lot soils and their potential to support ecosystem services. Plant 
and Soil, 413, 45–57.

Hervé, M. (2017). RVAideMemoire: Diverse basic statistical and graphical 
functions. R package version 0.9-66. https://CRAN.Rproj​ect.org/
packa​ge=RVAid​eMemoire

Hitchmough, J., de la Fleur, M., & Findlay, C. (2004). Establishing north 
American prairie vegetation in urban parks in northern England: 
Part 1. Effect of sowing season, sowing rate and soil type. Landscape 
and Urban Planning, 66, 75–90.

Hobbs, E. R. (1988). Species richness of urban forest patches and implica-
tions for urban landscape diversity. Landscape Ecology, 3, 141–152.

Jacobsson, A., & Eriksson, O. (2000). A comparative study of seed num-
ber, seed size, seedling size and recruitment in grassland plants. 
Oikos, 88, 494–502.

Johnson, A. L., Borowy, D., & Swan, C. M. (2018). Land use history and 
seed dispersal drive divergent plant community assembly patterns 
in urban vacant lots. Journal of Applied Ecology, 55, 451–460.

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

Joshi, J., Schmid, B., Caldeira, M. C., Dimitrakopoulos, P. G., Good, J., 
Harris, R., Hector, A., Huss-Danell, K., Jumpponen, A., Minns, A., & 
Mulder, C. P. H. (2001). Local adaptation enhances performance of 
common plant species. Ecology Letters, 4, 536–544.

Kahmen, S., & Poschlod, P. (2004). Plant functional trait responses to 
grassland succession over 25 years. Journal of Vegetation Science, 
15, 21–32.

Knapp, S., Dinsmore, L., Fissore, C., Hobbie, S. E., Jakobsdottir, I., Kattge, 
J., King, J. Y., Klotz, S., McFadden, J. P., & Cavender-Bares, J. (2012). 
Phylogenetic and functional characteristics of household yard 
floras and their changes along an urbanization gradient. Ecology, 93, 
1–16.

Knapp, S., Kühn, I., Schweiger, O., & Klotz, S. (2008). Challenging urban 
species diversity: Contrasting phylogenetic patterns across plant 
functional groups in Germany. Ecology Letters, 11, 1054–1064.

Kowarik, I. (1990). Some responses of flora and vegetation to urbaniza-
tion in Central Europe. In H. Sukopp, S. Hejny, & I. Kowarik (Eds.), 
Urban ecology: Plants and plant communities in urban environments 
(pp. 45–741). SPB Academic Publishing.

Kowarik, I. (1995). On the role of alien species in urban flora and veg-
etation. In P. Pyšek, K. Prach, M. Rejmánek, & P. M. Wade (Eds.), 

Plant invasions—General aspects and special problems (pp. 85–103). 
SPB Academic.

Kühn, I., Brandl, R., & Klotz, S. (2004). The flora of German cities is natu-
rally species rich. Evolutionary Ecology Research, 6, 749–764.

Laliberté, E., & Legendre, P. (2010). A distance-based framework for 
measuring functional diversity from multiple traits. Ecology, 91, 
299–305.

Lautenbach, W. E., Miller, J., Beckett, P. J., Negusanti, J. J., & Winterhalder, 
K. (1995). Municipal land restoration program: The regreening pro-
cess. In J. M. Gunn (Ed.), Restoration and recovery of an industrial 
region (pp. 109–122). Springer.

Lê, S., Josse, J., & Husson, F. (2008). FactoMineR: An R package for multi-
variate analysis. Journal of Statistical Software, 25, 1–18.

Lepš, J., de Bello, F., Šmilauer, P., & Doležal, J. (2011). Community trait 
response to environment: Disentangling species turnover vs intra-
specific trait variability effects. Ecography, 34, 856–863.

Lohbeck, M., Poorter, L., Martínez-Ramos, M., Rodriguez-Velázquez, 
J., Breugel, M., & Bongers, F. (2014). Changing drivers of species 
dominance during tropical forest succession. Functional Ecology, 28, 
1052–1058.

Lososová, Z., Chytrý, M., Kühn, I., Hájek, O., Horáková, V., Pyšek, P., & 
Tichý, L. (2006). Patterns of plant traits in annual vegetation of 
man-made habitats in Central Europe. Perspectives in Plant Ecology, 
Evolution and Systematics, 8, 69–81.

Machlis, G. E., Force, J. E., & Burch, W. R., Jr. (1997). The human eco-
system part I: The human ecosystem as an organising concept 
in ecosystem management. Society and Natural Resources, 10, 
347–368.

Marzluff, J. M. (2001). Worldwide urbanization and its effects on birds. 
In J. M. Marzluff, R. Bowman, & R. Donnelly (Eds.), Avian ecology and 
conservation in an urbanizing world (pp. 19–47). Kluwer Academic 
Publishers.

Mayfield, M. M., Boni, M. F., Daily, G. C., & Ackerly, D. (2005). Species 
and functional diversity of native and human-dominated plant com-
munities. Ecology, 86, 2365–2372.

Mayfield, M. M., Bonser, S. P., & Morgan, J. W. (2010). What does spe-
cies richness tell us about functional trait diversity? Predictions 
and evidence for responses of species and functional trait di-
versity to land-use change. Global Ecology and Biogeography, 19, 
423–431.

Mayfield, M. M., & Levine, J. M. (2010). Opposing effects of competitive 
exclusion on the phylogenetic structure of communities. Ecology 
Letters, 13, 1085–1093.

McCune, J. L., & Vellend, M. (2013). Gains in native species promote 
biotic homogenization over four decades in a human-dominated 
landscape. Journal of Ecology, 101, 1542–1551.

McDonald, R. I., Kareiva, P., & Forman, R. T. T. (2008). The implica-
tions of current and future urbanization for global protected 
areas and biodiversity conservation. Biological Conservation, 141, 
1695–1703.

McEuen, A. B., & Curran, L. M. (2004). Seed dispersal and recruitment 
limitation across spatial scales in temperate forest fragments. 
Ecology, 85, 507–518.

McHugh, C. (2012). Cutting through the red tape: How Baltimore's vacant 
lot programs have made it easier for communities to revitalize the un-
derutilized and blighted spaces in their neighborhoods. http://web.
mit.edu/natur​e/proje​cts_12/pdfs/McHug​hBalt​imore​Vacan​cy1SM​
ALL.pdf

McKinney, M. (2004). Measuring floristic homogenization by non-native 
plants in North America. Global Ecology and Biogeography, 13, 47–53.

McKinney, M., & Lockwood, J. (1999). Biotic homogenization: A few win-
ners replacing many losers in the next mass extinction. Trends in 
Ecology & Evolution, 14, 450–453.

McKinney, M. L. (2006). Urbanization as a major cause of biotic homoge-
nization. Biological Conservation, 127, 247–260.

https://www.prairienursery.com
https://doi.org/10.1155/2014/208747
https://doi.org/10.1155/2014/208747
https://cran.rproject.org/package=RVAideMemoire
https://cran.rproject.org/package=RVAideMemoire
http://web.mit.edu/nature/projects_12/pdfs/McHughBaltimoreVacancy1SMALL.pdf
http://web.mit.edu/nature/projects_12/pdfs/McHughBaltimoreVacancy1SMALL.pdf
http://web.mit.edu/nature/projects_12/pdfs/McHughBaltimoreVacancy1SMALL.pdf


16 of 17  |     BOROWY and SWAN

Muratet, A., Machon, N., Jiguet, F., Moret, J., & Porcher, E. (2007). The 
role of urban structures in the distribution of wasteland Flora in the 
greater Paris area, France. Ecosystems, 10, 661–671.

Murray, B. R., Kelaher, B. P., Hose, G. C., & Figueira, W. F. (2005). A meta-
analysis of the interspecific relationship between seed size and 
plant abundance within local communities. Oikos, 110, 191–194.

Myers, J. A., & Harms, K. E. (2009). Seed arrival, ecological filters, 
and plant species richness: A meta-analysis. Ecology Letters, 12, 
1250–1260.

Niemelä, J. (1999). Is there a need for a theory of urban ecology? Urban 
Ecosystem, 3, 57–65.

Oksanen, J, Blanchet, FG, Friendly, M, Kindt, R, Legendre, P, McGlinn, D, 
Minchin, PR, O'Hara, RB, Simpson, GL, Solymos, P, Stevens, MH, 
Szoecs, E, & Wagner, H. (2017). Vegan: Community ecology pack-
age. R package version 2.4-3. https://CRAN.R-proje​ct.org/packa​
ge=vegan

Pagano, M. A., & Bowman, A. O. M. (2000). Vacant land in cities: An urban 
resource. Brookings Institution, Center on Urban and Metropolitan 
Policy.

Pakeman, R. J., Garnier, E., Lavorel, S., Ansquer, P., Castro, H., Cruz, P., 
Doležal, J., Eriksson, O., Freitas, H., Golodets, C., & Kigel, J. (2008). 
Impact of abundance weighting on the response of seed traits to 
climate and land use. Journal of Ecology, 96, 355–366.

Pallagst, K., Aber, J., Audirac, I., Cunningham-Sabot, E., Fol, S., Martinez-
Fernandez, C., Moraes, S., Mulligan, H., Vargas-Hernandez, J., 
Wiechmann, T., & Wu, T. (Eds). (2009). The future of shrinking cities 
– Problems, patterns and strategies of urban transformation in a global 
context. Center for Global Metropolitan Studies, Institute of Urban 
and Regional Development, and the Shrinking Cities International 
Research Network Monograph Series. http://iurd.berke​ley.edu/
sites/​defau​lt/files/​pubs/MG-2009-01.pdf

Pavao-Zuckerman, M. (2008). The nature of urban soils and their 
role in ecological restoration in cities. Restoration Ecology, 16, 
642–649.

Pérez-Harguindeguy, N., Díaz, S., Garnier, E., Lavorel, S., Poorter, H., 
Jaureguiberry, P., Bret-Harte, M. S., Cornwell, W. K., Craine, J. M., 
Gurvich, D. E., & Urcelay, C. (2013). New handbook for standardised 
measurement of plant functional traits worldwide. Australian 
Journal of Botany, 61, 167–234.

Petchey, O. L., & Gaston, K. J. (2002). Functional diversity (FD), species 
richness and community composition. Ecology Letters, 5, 402–411.

Petchey, O. L., & Gaston, K. J. (2006). Functional diversity: Back to basics 
and looking forward. Ecology Letters, 9, 741–758.

Pickett, S. T. A., Cadenasso, M. L., Grove, J. M., Boone, C. G., Groffman, 
P. M., Irwin, E., Kaushal, S. S., Marshall, V., McGrath, B. P., Nilon, 
C. H., & Pouyat, R. V. (2011). Urban ecological systems: Scientific 
foundations and a decade of progress. Journal of Environmental 
Management, 92, 331–362.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., & R Core Team. (2017). 
nlme: Linear and nonlinear mixed effects models. R package version 
3.1–131. https://CRAN.R-proje​ct.org/packa​ge=nlme

Pouyat, R. V., & Effland, W. R. (1999). The investigation and classification 
of humanly modified soils in the Baltimore ecosystem study. In J. M. 
Kimble, R. J. Ahrens, & R. B. Bryant (Eds.), Classification, correlation, 
and management of anthropogenic soils (pp. 141–154). USDA-NRCS, 
National Soil Survey Center, Nevada and California.

Pouyat, R. V., Szlavecz, K., Yesilonis, I. D., Groffman, P. M., & Schwarz, K. 
(2010). Chemical, physical and biological characteristics of urban 
soils. In J. Aitkenhead-Peterson & A. Volder (Eds.), Urban ecosystem 
ecology. Agronomy monograph 55 (pp. 119–152). American Society 
of Agronomy, Crop Science Society of America, Soil Science 
Society of America.

Pouyat, R. V., Yesilonis, I. D., Russell-Anelli, J., & Neerchal, N. K. (2007). 
Soil chemical and physical properties that differentiate urban land-
use and cover types. Soil Science Society of America Journal, 71, 
1010–1019.

Purschke, O., Schmid, B. C., Sykes, M. T., Poschlod, P., Michalski, S. G., 
Durka, W., Kühn, I., Winter, M., & Prentice, H. C. (2013). Contrasting 
changes in taxonomic, phylogenetic and functional diversity during 
a long-term succession: Insights into assembly processes. Journal of 
Ecology, 101, 857–866.

Purvis, A., & Hector, A. (2000). Getting the measure of biodiversity. 
Nature, 405, 212–219.

Pyšek, P. (1993). Factors affecting the diversity of flora and vegetation in 
central European settlements. Vegetatio, 106, 89–100.

Pyšek, P. (1998). Alien and native species in central European urban 
floras: A quantitative comparison. Journal of Biogeography, 25, 
155–163.

Pyšek, P., Chocholouskova, Z., Pysek, A., Jarosik, V., Chytry, M., & Tichy, 
L. (2004). Trends in species diversity and composition of urban 
vegetation over three decades. Journal of Vegetation Science, 15, 
781–788.

R Core Team. (2017). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.r-proje​
ct.org/

Read, J., Wevill, T., Fletcher, T., & Deletic, A. (2008). Variation among 
plant species in pollutant removal from stormwater in biofiltration 
systems. Water Research, 42, 893–902.

Rees, M. (1995). Community structure in sand dune annuals: Is seed 
weight a key quantity? Journal of Ecology, 83, 857–863.

Riba, M., Mignot, A., Fréville, H., Colas, B., Imbert, E., Vile, D., Virevaire, 
M., & Olivieri, I. (2005). Variation in dispersal traits in a narrow-
endemic plant species, Centaurea corymbosa Pourret. (Asteraceae). 
Evolutionary Ecology, 19, 241–254.

Schadek, U., Strauss, B., Biedermann, R., & Kleyer, M. (2008). Plant 
species richness, vegetation structure and soil resources of urban 
brownfield sites linked to successional age. Urban Ecosystem, 12, 
115–126.

Scharenbroch, B. C., Lloyd, J. E., & Johnson-Maynard, J. L. (2005). 
Distinguishing urban soils with physical, chemical, and biological 
properties. Pedobiologia, 49, 283–296.

Schleicher, A., Biedermann, R., & Kleyer, M. (2011). Dispersal traits de-
termine plant response to habitat connectivity in an urban land-
scape. Landscape Ecology, 26, 529–540.

Schreiber, U., & Bilger, W. (1987). Rapid assessment of stress effects on 
plant leaves by chlorophyll fluorescence measurements. In J. D. 
Tenhunen, et al. (Eds.), Plant response to stress (pp. 27–53). Springer.

Seto, K. C., Güneralp, B., & Hutyra, L. R. (2012). Global forecasts of urban 
expansion to 2030 and direct impacts on biodiversity and carbon 
pools. Proceedings of the National Academy of Sciences of the United 
States of America, 109, 16083–16088.

Swan, C. M., Brown, B., Borowy, D., Cavender-Bares, J., Jeliazkov, A., 
Knapp, S., Lososová, Z., Padullés Cubino, J., Pavoine, S., Ricotta, C., 
& Sol, D. (2021). A framework for understanding how biodiversity 
patterns unfold across multiple spatial scales in urban ecosystems. 
Ecosphere, 12, e03650.

Swan, C. M., Pickett, S. T., Szlavecz, K., Warren, P., & Willey, K. T. (2011). 
Biodiversity and community composition in urban ecosystems: 
Coupled human, spatial, and metacommunity10 patterns and 
trends in urban biodiversity and landscape design 173 processes. In 
J. Niemelä (Ed.), Urban ecology: Patterns, processes, and applications 
(pp. 179–186). Oxford University Press.

Thompson, K., & McCarthy, M. A. (2008). Traits of British alien and na-
tive urban plants. Journal of Ecology, 96(5), 853–859.

Turnbull, L. A., Coomes, D., Hector, A., & Rees, M. (2004). Seed mass and 
the competition/colonization trade-off: Competitive interactions 
and spatial patterns in a guild of annual plants. Journal of Ecology, 
92, 97–109.

U.S. Census Bureau. (2018). American fact finder. https://factf​inder.cen-
sus.gov

United Nations (U.N.). (2018). World urbanization prospects 2018: Key 
facts. U.N. Department of Economic and Social Affairs/Population 

https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
http://iurd.berkeley.edu/sites/default/files/pubs/MG-2009-01.pdf
http://iurd.berkeley.edu/sites/default/files/pubs/MG-2009-01.pdf
https://cran.r-project.org/package=nlme
https://www.r-project.org/
https://www.r-project.org/
https://factfinder.census.gov
https://factfinder.census.gov


    |  17 of 17BOROWY and SWAN

Division. https://popul​ation.un.org/wup/Publi​catio​ns/Files/​WUP​
20​18-KeyFa​cts.pdf

Vallet, J., Daniel, H., Beaujouan, V., Rozé, F., & Pavoine, S. (2010). Using 
biological traits to assess how urbanization filters plant species of 
small woodlands. Applied Vegetation Science, 13, 412–424.

Van Veen, J. A., Ladd, J. N., & Amato, M. (1985). Turnover of carbon 
and nitrogen through the microbial biomass in a sandy loam and 
a clay soil incubated with [14C (U)] glucose and [15N](NH4) 2SO4 
under different moisture regimes. Soil Biology and Biochemistry, 17, 
747–756.

Venable, D. L. (1985). The evolutionary ecology of seed heteromorphism. 
The American Naturalist, 126, 577–595.

Violle, C., Castro, H., Richarte, J., & Navas, M. L. (2009). Intraspecific 
seed trait variations and competition: Passive or adaptive re-
sponse? Functional Ecology, 23, 612–620.

Weiher, E., Werf, A., Thompson, K., Roderick, M., Garnier, E., & Eriksson, 
O. (1999). Challenging Theophrastus: A common core list of plant 
traits for functional ecology. Journal of Vegetation Science, 10, 
609–620.

Westoby, M. (1998). A leaf-height-seed (LHS) plant ecology strategy 
scheme. Plant and Soil, 199, 213–227.

Westoby, M., Falster, D. S., Moles, A. T., Vesk, P. A., & Wright, I. J. (2002). 
Plant ecological strategies: Some leading dimensions of variation 
between species. Annual Review of Ecology and Systematics, 33, 
125–159.

Westoby, M., Jurado, E., & Leishman, M. (1992). Comparative ecology of 
seed size. Trends in Ecology & Evolution, 7, 368–372.

White, P. S., & Jentsch, A. N. K. E. (2004). Disturbance, succession, and 
community assembly in terrestrial plant communities. In V. M. 

Temperton, et al. (Eds.), Assembly rules and restoration ecology (pp. 
342–366). Island Press.

Wiens, J. A. (2016). Ecological challenges and conservation conundrums: 
Essays and reflections for a changing world. John Wiley & Sons.

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., Norton, B. A., 
Thompson, K., & McDonnell, M. J. (2009). A conceptual framework 
for predicting the effects of urban environments on floras. Journal 
of Ecology, 97, 4–9.

Wright, I. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, 
F., Cavender-Bares, J., Chapin, T., Cornelissen, J. H., Diemer, M., & 
Flexas, J. (2004). The worldwide leaf economics spectrum. Nature, 
428, 821–827.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Borowy, D., & Swan, C. M. (2022). 
The effects of local filtering processes on the structure and 
functioning of native plant communities in experimental 
urban habitats. Ecology and Evolution, 12, e9397. https://doi.
org/10.1002/ece3.9397

https://population.un.org/wup/Publications/Files/WUP2018-KeyFacts.pdf
https://population.un.org/wup/Publications/Files/WUP2018-KeyFacts.pdf
https://doi.org/10.1002/ece3.9397
https://doi.org/10.1002/ece3.9397

	The effects of local filtering processes on the structure and functioning of native plant communities in experimental urban habitats
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Study design
	2.2|Sampling design and species surveys
	2.3|Functional trait measures
	2.4|Soil data
	2.5|Statistical analyses

	3|RESULTS
	3.1|Taxonomic and functional diversity
	3.2|Compositional divergence among treatment groups and species trait distributions
	3.3|Comparison of soil characteristics

	4|DISCUSSION
	4.1|The relative effects of local assembly processes on taxonomic and functional diversity patterns over time
	4.2|Seasonal relationships between taxonomic and functional composition
	4.3|Changes in soil properties over time

	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


