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Abstract

Questions: Climate strongly influences the composition of natural plant

communities, but a variety of human activities might release plants in urban

areas from some of these climatic constraints. (1) After controlling for minimum

temperature, is urban tree species composition related to biome? (2) Do any

such patterns result solely from the presence of native species in urban floras?

(3) Which climatic, demographic and economic variables are predictive of urban

tree species composition?

Location: Continental USA.

Methods: We investigated patterns of tree species composition in small cities

across the continental USA, specifically exploring relationships to surrounding

biomes and their accompanying temperature and precipitation regimes, as well

as to key demographic and economic variables. We estimated urban tree species

composition by surveying tree experts in randomly selected cities that were

stratified by minimum temperature (i.e. ‘hardiness zone’) and biome, and con-

strained to similar population sizes. We then used non-metric multidimensional

scaling to investigate relationships between urban tree species composition,

biome classification, native status, individual climate variables and several

anthropogenic factors.

Results: We found that urban tree communities were consistently related to

the surrounding biome, even after controlling for minimum temperatures.

These communities could also be predicted by several individual climatic

variables (in models that focused solely on the role of climate as well as models

that simultaneously considered key anthropogenic factors). In addition, most of

these general patterns were still present when we exclusively examined non-

native species. We were unable to identify specific climatic and anthropogenic

variables of broad importance because the most predictive variables were highly

dependent upon the specific analysis.

Conclusions: Our results demonstrate that, despite substantial human

influence, urban tree communities (including their non-native components)

are related to the same climate factors that shape wildland plant communities.

Introduction

Humans exert substantial and increasing pressure on

ecosystems throughout the globe. With an estimated

one-third to one-half of land area already transformed by

human activity (Vitousek et al. 1997), some authors have

proposed an anthropogenic biome classification system

that explicitly incorporates human landscape modification

(Ellis & Ramankutty 2008). In contrast, natural biome

classification, such as the system defined by Bailey (1996),

relies primarily upon temperature and precipitation. The

distribution of tree species is influenced by temperature

and precipitation, and natural ranges are often associ-

ated with particular biomes. However, trees in urban

environments, which are subject to strong anthropogenic

influences on vegetation structure and diversity (McBride

& Jacobs 1976, 1986; Nowak 1993; Hope et al. 2003), may

be less subject to climatic constraints.
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Urban ecosystems are affected by interacting biophysical

and sociocultural factors (Grove & Burch 1997; Pickett

et al. 1997; Alberti et al. 2003), and urban vegetation pat-

terns illustrate the confluence of these different influences.

Urban forest composition and structure may reflect rem-

nants of natural vegetation, previously planted orchards

and afforested agricultural fields, pest and fire disturbance

history, and species preferences of homeowners and public

agencies (e.g. McBride & Jacobs 1976; Loeb 1992; Nowak

1993). Hope et al. (2003) found that socioeconomic fac-

tors, namely income and housing age, drive spatial varia-

tion in urban plant diversity; the authors proposed a

‘luxury effect’, in which human financial resources super-

sede biophysical limiting resources in explaining urban

plant diversity. McKinney (2006) argued that urbanization

leads to biotic homogenization, with urban flora and fauna

similar across the globe. The factors that limit and homoge-

nize urban species diversity include human importation of

non-native species (whether intentional or accidental),

urban environmental disturbance stressors that favour a

particular subset of species, and technology to facilitate

altering abiotic conditions (Trowbridge & Bassuk 2004;

McKinney 2006). With the persistent impact of anthropo-

genic vegetation selection, maintenance and environmen-

tal disturbance, it may seem reasonable to view urban

plant communities as largely divorced from their natural

climatic constraints (with the possible exception of mini-

mum temperatures, which are likely to constrain perma-

nent outdoor plantings regardless of the level of human

intervention). Comparing the species composition of an

urban forest to the biome in which it resides, one might

expect that urban tree communities are structured by dif-

ferent forces.

If urban tree species composition is homogenized

(McKinney 2006) across several biomes, thereby representing

a manifestation of the emerging ‘Homogocene’ epoch

(Warren 2007; Winter et al. 2010), which is characterized

by a general process of biotic homogenization (McKinney

& Lockwood 1999), it may be reasonable to adopt the

anthropogenic biome concept and categorize urban land-

scapes as simply ‘urban’ or ‘dense settlements’ (sensu Ellis

& Ramankutty 2008). Underlying most natural biome

classification systems (e.g. Bailey 1996) is the concept of

potential vegetation based upon abiotic factors. This

implies a climax community, an idea that has been

challenged by the growing acceptance of non-equilibrium

dynamics and undermined by a more comprehensive

understanding of both abiotic and biotic disturbances

(Scheffer et al. 2001; Alberti et al. 2003; Chiarucci et al.

2010). Additionally, certain vegetation types depend upon

keystone species or specific disturbance regimes for their

persistence; for instance, grasslands may convert to

woodland in the absence of large grazing animals and/or

frequent fires (Scheffer et al. 2001). Alberti et al. (2003)

suggest that ecologists seeking to distinguish the

fundamental and realized niches of a focal species should

interpret human impacts in the same manner as other

interacting species (i.e. human influences range from

facilitation to inhibition, and humans thus directly impact

realized niches). As an example of how current natural

biome classification systems may already incorporate

anthropogenic influence, current research suggests that

Native Americans significantly expanded the range of

what is typically regarded as naturally occurring prairie

(Denevan 1992). If we characterize humans as keystone

species or critical biotic disturbance agents in urban ecosys-

tems, definitions of ‘natural’ and ‘potential vegetation’

become increasingly blurred, and natural biome classifica-

tion (e.g. Bailey 1996) appears problematic.

We investigate relationships between urban tree species

composition, native status and natural biome classification,

while assessing the importance of key climatic and anthro-

pogenic variables. Previous studies have related urban flo-

ras to native status and anthropogenic factors within

similar climate zones (e.g. La Sorte et al. 2007, 2008), but

to the best of our knowledge, this is the first publication to

explicitly examine relationships between natural biomes

and urban floristics. Our specific objectives were to: (1)

determine whether urban tree communities are influ-

enced by the biomes in which cities are located, after con-

trolling for minimum temperature; (2) determine if

patterns relating to biome result solely from the presence

of native species in urban floras; and (3) identify the spe-

cific climatic, demographic and economic variables that

are most predictive of urban tree species composition.

Methods

Experimental design and selection of sample cities

Sample cities were stratified into nine climatic regions,

based upon two complementary classifications: (1) biomes

(i.e. ‘ecosystem divisions’; sensu Bailey 1996), which are

categorized primarily by temperature and precipitation

regimes (Table 1), and (2) ‘hardiness zones’, which repre-

sent expectedminimum temperatures (Table 2). Hardiness

zones were developed by the United States Department of

Agriculture (USDA) to assist with the process of matching

species planted outside their native ranges with suitable

climates. Hardiness zone classifications, as presented in the

1990 USDA Plant Hardiness Zone Map (Cathey 1990), are

based on 10°F ranges of average annual minimum temper-

ature values from 1974 through 1986. Two hardiness

zones, 5 and 8, were selected to span a range of biomes and

to represent distinct minimum temperature regimes

(Fig. 1, Table 2); zones 5 and 8 are composite categories of

zones 5a and 5b, and zones 8a and 8b, respectively.
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Within each climatic region (i.e. each biome–hardiness

zone combination), three sample cities were randomly

selected from all cities with 50 000–100 000 residents

(Table 3), as identified by the Hammond World Atlas Cor-

poration (2000); precise population sizes for each city were

obtained from the 2000 United States Census (U.S. Census

Bureau). Our random sampling method also included a

protocol to reject potential sample cities that were <50 km

from other previously selected sample cities or from the

boundaries of adjacent biomes and hardiness zones. How-

ever, this was not always possible in climatic regions with

few cities of the appropriate population size; in a few

instances, we accepted sample cities that were in neigh-

bouring hardiness zones, but which were very close to the

boundary of the intended zone (Table 3).

Definitions of the word ‘urban’ vary (McIntyre et al.

2000), but in the context of this study, ‘urban’ simply

characterizes municipalities within this population size

range. We restricted city population size because level of

urbanization (which is related to population size) affects

ecological patterns and processes in urban forests (Zipperer

Fig. 1. Map of biomes, hardiness zones and sample city locations. Base map with biome boundaries is from United States Forest Service (1995); USDA

hardiness zones 5 (5a and 5b) and 8 (8a and 8b), which have been traced and represented with hatching, are derived from Cathey (1990). See Table 3 for

city names.

Table 1. Climate and dominant vegetation of ecosystem divisions (i.e. ‘biomes’). Note that Bailey (1996) does not distinguish between northern (‘Prai-5’)

and southern (‘Prai-8’) prairie ecosystem divisions.

Hardiness

zone

Ecosystem division (i.e. ‘Biome’)

& Abbr.

Climate & dominant vegetation (from Bailey 1996)

5 Hot Continental HoCo Hot summers with cool winters; precip. greatest near coast; high humidity –

tall deciduous, broad-leaved trees

Prairie Prai-5 Hot summers with cool winters; precip. less than HoCo; subhumid – tall grasses and herbs

Temperate Steppe TeSt Hot or warm summers with cold winters; abundant summer precip.

with dry winters; semi-arid – short grasses and herbs

Temperate Desert TeDe Hot summers with cold winters; low precip.; low humidity – sparse xerophytic shrubs

8 Subtropical Subt Hot summers with mild winters; precip. abundant all year, but greatest in summer;

high humidity – pines along coast, deciduous forest inland

Prairie Prai-8 Hot summers with mild winters; precip. less than Subt; subhumid – tall grasses and herbs

Tropical / Subtropical

Desert

T/SD Very hot summers with cool winters; very low precip.; extreme aridity – hard-leaved

or spiny shrubs, cacti and hard grasses

Mediterranean Medi Hot summers with mild winters; precip. in winter only – hard-leaved evergreen trees and shrubs

Marine Mari Warm summers with mild winters; precip. throughout the year, but most in winter; humid –

coniferous trees

Table 2. USDA hardiness zones. Values represent average annual

minimum temperatures from 1974 through 1986; data from Cathey (1990).

5a 5b 8a 8b

°F �20 to�15 �15 to�10 10 to 15 15 to 20

°C �26.2 to�28.8 �23.4 to�26.1 �9.5 to�12.2 �6.7 to�9.4
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et al. 1997; Porter et al. 2001; Iakovoglou et al. 2002;

Nowak et al. 2004). We chose this particular population

size range because: (1) this interval is frequently used in

demographic classification systems (e.g. Hammond World

Atlas Corporation 2000), (2) many smaller cities do not

have departments specializing in urban vegetation (which

we relied on for data collection; see below), (3) several

biome–hardiness zone combinations are devoid of larger

cites, and (4)wedeemed it desirable tominimizepotentially

confounding effects of very largemetropolitan centres.

Data collection

Information on several climatic variables was collected to

verify proper stratification of sample cities into biomes and

hardiness zones, and to examine relationships between

climate data and species composition. Specifically, we

examined annual temperature, January minimum

temperature, July maximum temperature, annual precipi-

tation, January precipitation and July precipitation,

thereby capturing annual averages as well as seasonality in

temperature and rainfall. All climate data are normals and

were obtained fromNOAA’s National Climatic Data Center

‘U.S. Climate Normals’, Monthly, 1971–2000 (product

‘CLIM81’). When data were not available for sample cities,

the closest available weather stations were substituted.

Complete climate data for all sample cities are provided in

Appendix S1.

Due to the very large geographic scale of our study,

direct sampling of tree species composition was not feasi-

ble; instead, tree species data were collected via telephone

surveys of municipal offices and businesses specializing in

the sale of plants. All surveys were conducted between

March and June 2006. Municipal departments containing

the terms ‘park(s) ’, ‘planning’ and/or ‘public works’ were

targeted. Upon identifying the relevant department, we

requested ‘the municipal employee most familiar with the

species of street trees and park trees’ in the given city. After

briefly explaining the goals of the study, we asked this per-

son a scripted series of questions designed to ascertain the

five most common tree species currently existing in parks

and the five most common tree species currently existing

as street-side plantings, within the given city. We also

attempted to obtain tree inventory records, but only two

sampled cities had relevant data and both of these invento-

ries were incomplete. Although tree inventories would be

ideal for accurate measures of tree species diversity and

abundances, we assert that local experts can provide

reasonably accurate lists of the most common species in

their cities, which was the only information we sought.

Furthermore, limiting this study to only those cities with

tree inventories would have potentially introduced bias by

overlooking municipalities without the resources to

conduct inventories.

Businesses specializing in the sale of plants were also

contacted, in order to identify tree species that are common

on other land-use types (e.g. residential). Three tree-selling

businesses (TSBs) per city were sampled in an attempt to

capture a representative range of tree species; greater vari-

ability can be expected in TSB tree species composition

because consumer planting preferences are driven by bot-

tom-up processes, as opposed to municipal street and park

tree plantings, which are characterized by centralized top-

down control (Martin et al. 2004). TSBs were identified for

each sample city with the online business directory pro-

vided by Verizon Superpages 2006;. The ‘distance search’

option, originating at the online directory’s predetermined

precise centre of each city, was used to preferentially rank

all relevant businesses within a given city, as well as to

extend this list into neighbouring cities when necessary.

The following categories were queried to obtain business

names and contact information for TSBs: ‘Garden Centres’,

‘Plants Retail’, ‘Plants & Trees Retail Nurseries’, ‘Retail

Nurseries’ and ‘Wholesale & Growers’ Nurseries’. Potential

TSBswere contacted sequentially in order of ascending dis-

tance until three TSBs were successfully surveyed. Busi-

nesses were excluded that did not sell permanent outdoor

Table 3. Sampled cities.

Intended

zone

Biome ID no. City Actual

zone

Pop. size

5 HoCo 1 Nashua, NH 5A/5B 86 605

2 Wyoming, MI 5B 69 368

3 Springfield, OH 5B 65 358

Prai-5 4 Saint Joseph, MO 5A/5B 73 990

5 Olathe, KS 5B 92 962

6 Lawrence, KS 5B 80 098

TeSt 7 Greeley, CO 5A 76 930

8 Loveland, CO 5A 50 608

9 Longmont, CO 5A 71 093

TeDe 10 Ogden, UT 6B/7A 77 226

11 Layton, UT 6B/7A 58 474

12 Orem, UT 5A/5B 84 324

8 Subt 13 Lake Charles, LA 8B/9A 71 757

14 Gainesville, FL 8B 95 447

15 Gulfport, MS 8B 71 127

Prai-8 16 Victoria, TX 8B/9A 60 603

17 Bryan, TX 8A/8B 65 660

18 Temple, TX 8A/8B 54 514

T/SD 19 Las Cruces, NM 8A 74 267

20 Yuma, AZ 9B/10A 77 515

21 Odessa, TX 7B 90 943

Medi 22 Chico, CA 8B/9A 59 954

23 Merced, CA 9A 63 893

24 Lodi, CA 9B 56 999

Mari 25 Kent, WA 8B 79 524

26 Renton, WA 8B 50 052

27 Bellingham, WA 8B 67 171
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trees and/or specialized in only one family or genus. Once

speaking with a willing survey participant, we asked a

scripted series of questions designed to ascertain the five

tree species sold in the greatest numbers by the given busi-

ness. Accuracy and consistency of scientific names, for TSB

as well as municipal surveys, was ensured by re-contacting

respondents when necessary, and following the nomencla-

ture of Burns & Honkala (1990) and Dirr (1998), with

priority placed on the former. Due to cryptic parentage and

intensive breeding, the following identifications were

permitted (and analysed) in lieu of binomial species

names: ‘Malus [Flowering Crabapple] ’, ‘Prunus [Flowering

Cherry] ’ and ‘Prunus [Flowering Plum] ’. Complete survey

data, for street/park trees and TSB trees, are provided in

Appendix S2.

After all survey data were collected, we compiled data

on the native ranges of reported species. By comparing

biome boundaries to range maps and descriptions, which

we obtained from Burns & Honkala (1990) and Dirr

(1998), we assigned each species a unique native status for

each biome within each hardiness zone: (1) definitively

native to given biome–hardiness zone combination, but

not necessarily to all three sample cities; (2) native to an

adjacent biome within the same hardiness zone (including

the mountain portion of the sampled biome; see Bailey

1996), potentially with insignificant incursions into given

biome; (3) native to the United States, but native range

within given hardiness zone separated from given biome

by at least one biome; (4) not native to any part of the

United States; or (5) highly domesticated, i.e. of hybrid

origin and/or subject to intensive anthropogenic selection

(e.g. flowering Prunus cultivars). Complete native status

data are provided in Appendix S3.

We also collected data for several demographic and

economic variables (i.e. ‘anthropogenic’ variables) to

investigate potential relationships with urban tree species

composition. This was not intended to be an exhaustive

analysis, but rather an overview based on four key

variables: population size, population density, per capita

income and median home value. Demographic and

economic data for all sample cities were obtained from the

United States Census Bureau’s American FactFinder

website, via user-generated customized tables (United

States Census Bureau 2000). Complete demographic and

economic data for all sample cities are provided in

Appendix S4.

Data analysis

In all statistical analyses, (1) zones 5 and 8 were

segregated, and (2) street and park trees were pooled into a

single ‘street/park’ tree class group, while TSB trees were

considered separately (tree class group = ‘TSB’). This

resulted in four distinct analytical data sets (values in

brackets indicate the number of unique species reported in

each): (1) Zone 5: Street and Park Trees [spp. = 37], (2)

Zone 5: TSB Trees [spp. = 47], (3) Zone 8: Street and Park

Trees [spp. = 73] and (4) Zone 8: TSB Trees [spp. = 87].

Zones 5 and 8 were segregated because our primary objec-

tive was to determine if urban tree communities are

influenced by biome, after controlling for minimum tem-

perature (which is emphasized by many plant selection

guides and undoubtedly constrains permanent outdoor

plantings; Taylor 1948; Thomas 1992; Phillips 1993). Street

and park trees were pooled in the interest of unity and

brevity, but we segregated TSB trees because of key differ-

ences in the data sets for these two tree class groups. In

addition to the distinctions noted above (e.g. top-down vs.

bottom-up processes), it is important to recognize that our

street/park tree data set represents successfully established

urban trees (many of which were planted decades ago),

while our TSB tree data set indicates which tree species are

currently preferred by consumers.

To compress multivariate species occurrence data into a

smaller number of dimensions, we used ordination; this

approach (which actually encompasses a suite of closely

related methods) is used to examine a large number of

variables (which are often highly correlated) in multi-

dimensional space, and to identify a specified number of

abstract axes (usually two) that explain the greatest varia-

tion in these data. After identification of these axes, sam-

pling units (e.g. cities) and multivariate data (e.g. species)

can both be plotted in two-dimensional space, and the val-

ues assigned to each sampling unit (along each abstract

axis) can also be used for subsequent community-level

analyses (Quinn & Keough 2002). As an example, in Fig.

3a, Quercus macrocarpa is negatively associated with axis 1,

Acer platanoides is positively associated with axis 1, and Ul-

mus americana is not strongly correlated with axis 1; none

of these species are strongly correlated with axis 2 (i.e. they

are near the vertical centre of the figure). Accordingly, cit-

ies 4 and 5 are characterized in part by the presence of

Q. macrocarpa and city 12 is characterized in part by the

presence of A. platanoides (see Appendix S2 in the Support-

ing Information for precise occurrence data). Numerous

additional patterns can be interpreted from this and other

figures; however, it is important to recognize that – due to

the multivariate nature of ordinations – species that are

close to cities in ordination space were not necessarily

reported in these cities, particularly in regions of the plot-

ting area that are dense with cities and/or species.

More specifically, we used non-metric multidimen-

sional scaling (NMDS), which is considered the most

robust ordination technique for potentially non-linear

patterns across long ecological gradients (Quinn & Keough

2002); NMDS utilizes ranked distances (dissimilarity) to
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assess multivariate differences between sites. We used the

metaMDS function in the Vegan package of the R Statistical

Software (R Development Core Team 2009; R Foundation

for Statistical Computing, Vienna, AT); this function uti-

lizes multiple random starts to avoid spurious results

caused by local minima, rotates axes so that variance is

maximized on the first axis, and automatically calculates

species scores along with site scores. Dissimilarities were

calculated with the Bray-Curtis (Sørensen) method and

the number of output axes was set at two. In all analyses

presented in this paper, we utilized only those species that

were present in at least two sample cities (hereafter

referred to as multi-city species); species occurring in only

one city were excluded, as these species are not useful for

grouping sample cities and were considered potentially

anomalous (many other researchers have also opted to

exclude uncommon species from NMDS analyses; e.g.

Helms et al. 2005; Lombardo & McCarthy 2008; Buchholz

& Hannig 2009). Total numbers of unique multi-city spe-

cies were: Zone 5: Street and Park Trees [spp. = 23], Zone

5: TSB Trees [spp. = 24], Zone 8: Street and Park Trees

[spp. = 22] and Zone 8: TSB Trees [spp. = 40]. To check

for any unexpected effects of this exclusion, we also re-

executed our analyses with all species included; results are

provided in Appendices S7 and S8.

After obtaining NMDS scores for axis 1 (which explains

the greatest variation) and axis 2, we used ANOVA and

multiple regression to more comprehensively investigate

how urban tree species composition was related to biome

classification, as well as to specific climatic and anthropo-

genic variables. For all four ordinations, we tested each axis

separately, resulting in eight groups of analyses (two

groups for each of the four ordinations). In all analyses, the

response variable was specified as the NMDS scores from

axis 1 or 2. Each analytical group consisted of one ANOVA

model (with biome specified as the only explanatory vari-

able), and three multiple regression models (climatic,

anthropogenic and combined). Climate models were

selected through fitting every possible combination of cli-

mate predictors (January minimum temperature, July

maximum temperature, January precipitation and July

precipitation), and then choosing the model with the low-

est AIC value (i.e. the ‘best’ model). Annual climate vari-

ables were omitted from these analyses because their

inclusion in models with corresponding seasonal metrics

(e.g. annual mean temperature and January minimum

temperature) led to unacceptably high variance inflation

factor values, and seasonal metrics have been identified as

the best indicators of climate variability at continental

scales (Winter et al. 2010). The anthropogenic model

selection process was identical except that demographic

and economic variables (population size, population

density, per capita income and median home value) were

used in place of climate variables. The combined model

selection process was similar, although instead of consider-

ing the entire pool of climate and anthropogenic variables

as potential predictors, we considered only the predictors

that were included in the ‘best’ climatic and anthropogenic

models; after fitting all possible combinations of these pre-

dictors, we selected the model with the lowest AIC value.

All model selection procedures were executed indepen-

dently for each of the eight analytical groups (4 ordina-

tions 9 2 axes). All analyses were conducted with the R

statistical software.

Finally, to investigate the effects of native tree species on

our ordination patterns and analytical results, we re-exe-

cuted all of the procedures described above after excluding

all species that are native to the United States. Ordinations

utilizing native species exclusively were not possible

because of numerous instances of endemism (e.g. theMedi

biome did not share any native street/park species with

other biomes); points cannot be located in ordination space

unless they canbe related toother points by at least one spe-

cies. Ordinations utilizing all species that are non-native

within each biome (including those which are native to

other biomes) would have been possible, but such an

approach would be highly biased towards greater diver-

gence between biomes, because species occurrences would

need to be zeroed out in some biomes (those in which it is

native) and left intact in others (those in which it is non-

native). As a result, despite the five native status categories

described above (and detailed in Appendix S3), ordinations

and subsequent analyses are presented for only two catego-

ries: (1) all species that occurred in more than one city,

regardless of native status (i.e. multi-city species), and (2)

alien species (which we define as multi-city species that are

non-native throughout the entire United States, of hybrid

origin, and/or highly domesticated). Total numbers of

unique alien species were: Zone 5: Street and Park Trees

[spp. = 6], Zone 5: TSB Trees [spp. = 12], Zone 8: Street

andParkTrees [spp. = 7] andZone8: TSBTrees [spp. =21].

Results

Sample cities

Using our stratified random selection process, we selected

27 cities (Fig. 1, Table 3). Due to sparse population centres

in some biomes, stratification was imperfect. For instance,

some T/SD and Medi cities fell outside of the intended

hardiness zone, and one T/SD city is on the borderline with

another biome (although this neighbouring biome was not

sampled in this study); for convenience, all cities are

referred to with their intended biome–hardiness zone

combination throughout the remainder of this paper. Note

also that cities are geographically clustered in several

biomes; this was an unavoidable result of the spatial
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distribution of cities, particularly in less-populated biomes.

For instance, in the TeDe biome, all cities with population

sizes between 50 000 and 100 000 are located in the vicin-

ity of the Great Salt Lake.

Climatic patterns within and across biomes

Climate records obtained from NOAA’s National Climatic

Data Center confirmed that all our sample cities exhibit

temperature and precipitation regimes that align with Bai-

ley’s biome classification (Table 1, Fig. 2). Within each

hardiness zone, there was variation in minimum tempera-

ture among cities, but differences between biomes were

more apparent for other temperature variables and most

pronounced with regard to precipitation, in terms of

annual magnitude as well as seasonality (Fig. 2; also see

ANOVA results in Appendix S1). January minimum tem-

peratures are much higher than the hardiness zone values

displayed in Table 2 because hardiness zone ratings con-

sider extreme events, while normals are averages over a

30-yr period (Cathey 1990; National Climatic Data Center

2003). Values used to identify hardiness zones (‘the lowest

temperatures that can be expected’; Cathey 1990) are diffi-

cult to interpret from National Climatic Data Center

records for individual weather stations, and thus January

minimum temperatures (normals) were used as a proxy

measure of expectedminimum temperatures.

NMDS ordinations of tree communities and

relationships to biome

The NMDS ordinations yielded patterns in which (1) cities

within given biomes were tightly clustered, (2) cities in dif-

ferent biomes were interspersed, and most commonly, (3)

cities within a given biome were not interspersed with cit-

ies in other biomes (i.e. a triangle could be drawn around

all cities in a given biome without enclosing cities in

another biome), but some cities in different biomes were

proximate in ordination space (Figs 3 and 4). These pat-

terns did not differ notably across hardiness zones or tree

class groups; however, clustering by biome was generally

more apparent in the ordinations that utilized all multi-city

species, as compared to the ordinations that used only

alien species. Individual species that are broadly associated

with particular biomes and cities can be interpreted from

Figs 3 and 4, but due to the complex multivariate nature

of ordinations, definitive conclusions about species occur-

rences should not be drawn without reference to the com-

plete survey data provided in Appendix S2.

Biome was a significant predictor of urban tree species

composition. In the ordinations using all multi-city spe-

cies, this result was consistent across both hardiness zones

and tree class groups. In zone 5, axis 1 of the street/park

ordination was affected by biome (P = 0.0026), but axis 2

was not significantly related to biome (P = 0.5744). With

regard to the zone 5 TSB ordination, scores from both

axes were related to biome (axis 1: P = 0.0092; axis 2:

P = 0.0033). In hardiness zone 8, scores from axis 1 of

the street/park ordination were strongly related to biome

(P < 0.0001), while scores from axis 2 were weakly

related to biome (P = 0.0883). With regard to the zone 8

TSB ordination, scores from both axes were related to

biome (axis 1: P < 0.0001; axis 2: P = 0.0115). To provide

assurance that relationships between urban tree species

composition and biome resulted from climatic variables

other than January minimum temperature (i.e. hardiness

zone), we fitted additional models that included both

biome and January minimum temperature as explana-

tory variables. In all eight revised models, significance

classes (P < 0.05, 0.05 � P < 0.01, P � 0.10) for biome

remained qualitatively identical, and January minimum

temperature was entirely non-significant (P � 0.10) in

seven of eight models; the exception was axis 2 of the

zone 8 TSB ordination (January minimum temperature:

P = 0.0309; biome: P = 0.0034). When all species were

analysed (including those that were reported for only a

single sample city), results were very similar (see

Appendix S7.

Fig. 2. Key climate data for all cities sampled within each biome. All

values are normals (1971–2000). Numerical values for each city are

provided in the Supporting Information.
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In ordinations that used alien species only, biome was

able to predict some aspects of urban tree species composi-

tion, but these relationships were less consistent than those

resulting from the ordinations that used all multi-city

species. In zone 5, neither axis of the street/park ordination

was related to biome (axis 1: P = 0.4605; axis 2: P =
0.8420). With regard to the TSB ordination, axis 2 was

similarly unrelated to biome (P = 0.4736), but axis 1 was

strongly related to biome (P = 0.0006); on axis 1, the HoCo

and TeDe biomes (which had similar values despite their

geographic separation) did not overlap with the Prai-5 and

TeSt biomes (which also had similar values). In zone 8,

scores from axis 1 of the street/park ordinationwere unam-

biguously related to biome (P = 0.0029), while scores from

axis 2 were weakly related to biome (P = 0.0502); as in the

ordination using all multi-city species, the Mari and Medi

biomes were separated from all other biomes on axis 1, but

overlapped with the other biomes on axis 2. Neither axis of

the zone 8 TSB ordination was affected by biome (axis 1:

P = 0.1621; axis 2; P = 0.2653).

NMDS scores as a function of climate and anthropogenic

variables

Urban tree species composition (i.e. NMDS axis scores for

the ordinations using all multi-city species) was related to

several climatic and anthropogenic variables, across both

hardiness zones and tree class groups (Tables 4a,b and 5a,

b). For eachmulti-city species ordination, scores on at least

one of the NMDS axes were significantly related to

(P < 0.05) at least one climatic variable (in the model with

(a) (b)

(c) (d)

Fig. 3. NMDS ordinations for hardiness zone 5. Separate ordinations were

conducted with (a) all multi-city street/park trees, (b) all multi-city TSB trees,

(c) alien street/park trees, and (d) alien TSB trees. Symbols denote biomes

(see Table 1) and numbers identify sample cities (see Table 3). In panels (a)

and (b), to minimize visual clutter, only species that accounted for 2% or

more of total occurrences within each ordination subset are displayed; all

multi-city species were included in the ordinations. In panels (c) and (d), all

alien species are displayed. Species abbreviations are: Ac.ne = Acer

negundo, Ac.pa = Acer palmatum, Ac.pl = Acer platanoides, Ac.ru

(overlapping Pi.st in (b)) = Acer rubrum, Ac.ru 9 sinum = Acer rubrum 9

saccharinum, Ac.sinum = Acer saccharinum, Ac.sarum = Acer saccharum,

Be.ni = Betula nigra, Ce.ca = Cercis canadensis, Ce.oc = Celtis occidentalis,

Fr.am = Fraxinus americana, Fr.pe = Fraxinus pennsylvanica, Gl.tr (behind

symbols 10 and 11 in (a)) = Gleditsia triacanthos, Hi.sy = Hibiscus syriacus,

Ma.FlCr = Malus [‘Flowering Crabapple’], Pi.ni = Pinus nigra, Pi.pu = Picea

pungens, Pi.st (overlapping Ac.ru in (b)) = Pinus strobus, Po.de (behind

symbols 10 and 11 in (a)) = Populus deltoides, Po.tr = Populus

tremuloides, Pr.FlCh = Prunus [‘Flowering Cherry’], Pr.FlPl = Prunus

[‘Flowering Plum’], Pr.pe = Prunus persica, Py.ca = Pyrus calleryana, Qu.

ma = Quercus macrocarpa, Qu.ru = Quercus rubra, Sa.ma = Salix

matsudana, Ti.co = Tilia cordata, Ul.am = Ulmus americana, Ul.pu =

Ulmuspumila.

(a) (b)

(c) (d)

Fig. 4. NMDS ordinations for hardiness zone 8. Separate ordinations were

conducted with (a) all multi-city street/park trees, (b) all multi-city TSB trees,

(c) alien street/park trees, and (d) alien TSB trees. Symbols denote biomes

(see Table 1) and numbers identify sample cities (see Table 3); in panel (c),

four cities have been omitted (13, 14, 16 and 25) due to an absence of alien

species among the street/park trees reported. In panels (a), (b) and (d), to

minimize visual clutter, only species that accounted for 2% or more of total

occurrences within each ordination subset are displayed; all species (multi-

city or alien) were included in the ordinations. In panel (c), all alien species

are displayed. Species abbreviations are: Ac.pa (overlapping Pr.FlCh in

(d)) = Acer palmatum, Ac.pl = Acer platanoides, Ac.ru = Acer rubrum,

Be.pe = Betula pendula, Ca.il = Carya illinoinensis, Ci.sp = Citrus spp., Co.

ko = Cornus kousa, Fr.ve = Fraxinus velutina, La.in (behind symbol 13

in (b)) = Lagerstroemia indica, Ma.gr = Magnolia grandiflora, Mo.al =

Morus alba, Pi.ch (overlapping Qu.fa in (b)) = Pistacia chinensis, Pi.ta =

Pinus taeda, Pl 9 ac = Platanus 9 acerifolia, Pr.FlCh (overlapping Ac.pa

in (d)) = Prunus [‘Flowering Cherry’], Pr.FlPl = Prunus [‘Flowering Plum’],

Pr.gl = Prosopis glandulosa, Ps.me = Pseudotsuga menziesii, Pr.

pe = Prunus persica, Py.ca = Pyrus calleryana, Qu.fa (overlapping Pi.ch in

(b)) = Quercus falcata, Qu.lo (behind symbol 23 in (a)) = Quercus lobata,

Qu.ni = Quercus nigra, Qu.pa = Quercus palustris, Qu.vi = Quercus

virginiana, Se.se = Sequoia sempervirens, Th.pl = Thuja plicata, Ul.pa =

Ulmus parviflora, 9 Cu.le = 9 Cupressocyparis leylandii, Ze.se (behind

symbol 23 in (a) and (c)) = Zelkova serrata.
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climatic predictors only) and at least one anthropogenic

variable (in the model with anthropogenic predictors

only). In addition, for all four multi-city species ordina-

tions, scores on both NMDS axes exhibited relationships

with climatic and anthropogenic variables that were at

least marginally significant (P < 0.10). As an example of a

relationship between species composition and climate

(which we highlight here to facilitate interpretation of our

results), July precipitation exhibited a strong inverse rela-

tionship (P = 0.0009) with axis 1 scores from the zone 5

TSB ordination (Table 4b, Fig. 3b); this relationship can be

understood by observing that cities in the HoCo and Prai-5

biomes, which had relatively low axis 1 scores, were

characterized by consistently higher July precipitation

values than sample cities in the TeSt and TeDe biomes

(Fig. 2), which generally had higher axis 1 scores. Many

other significant relationships can be understood via simi-

lar comparisons of our analytical results (Tables 4 and 5),

ordinations (Figs 3 and 4) and climatic patterns (Fig. 2).

When climatic and anthropogenic variables were com-

bined into a single model, at least one variable from each

of these groups was a significant predictor of NMDS scores

on at least one axis, for three of the four multi-city species

ordinations. The exception was street/park trees in zone 8;

for this ordination, no anthropogenic variables were signif-

icant when climatic variables were also included. Com-

plete results for all analyses with multi-city species are

provided in Appendix S5. When all species were included

in the ordinations (as opposed to only multi-city species),

results were very similar (see Appendix S8).

Alien tree species composition (i.e. NMDS axis scores for

the ordinations using alien species only) was also related to

several climatic and anthropogenic variables (Tables 4c,d

and 5c,d), but these analyses generally yielded fewer signif-

icant relationships (climatic as well as anthropogenic) than

analyses based upon ordinations using all multi-city spe-

cies. As an example of a relationship between alien tree

species composition and climate, January precipitation

Table 4. ‘Best’ climatic, anthropogenic and combined models for hardiness zone 5. Separate analyses were conducted for multi-city species and alien

species, street/park trees and TSB trees, and NMDS axes 1 and 2. Signs in parentheses indicate the direction of the relationship between NMDS axis scores

and each predictor variable, and numbers indicate P-values for these relationships. All predictors that were present in each ‘best’ model (i.e. the model with

the lowest AIC value) are shown, including those with P-values � 0.1. In the ‘Tree class’ column, lowercase letters in parentheses indicate corresponding

subfigures of Fig. 3. Complete model output is provided in Appendices S5 and S6.

Tree class Axis Climate Anthropogenic Combined

All multi-city

species

Street/Park (a) 1 July precip (�, 0.0018)

July temp (�, 0.0203)

Jan temp (+, 0.0364)

Pop dens (+, <0.0001)

Pop size (�, 0.0036)

Pop dens (+, 0.0037)

July precip (�, 0.0477)

Pop size (�, 0.0498)

Jan temp (+, 0.0746)

July temp (�, 0.0778)

2 July temp (+, 0.0674)

Jan temp (�, 0.0706)

Jan precip (+, 0.1894)

Home val (+, 0.0459) Home val (+, 0.0459)

TSB (b) 1 July precip (�, 0.0009) Home val (+, 0.0182)

Per cap inc (�, 0.0643)

Pop dens (�, 0.1368)

July precip (�, <0.0001)

Pop dens (�, 0.0116)

2 Jan precip (+, 0.0411)

July precip (�, 0.0413)

Jan temp (+, 0.0630)

July temp (�, 0.2624)

Pop dens (+, 0.0075)

Home val (�, 0.0904)

Jan precip (�, 0.0391)

Pop dens (+, 0.0912)

Home val (�, 0.1508)

July precip (�, 0.1579)

Jan temp (+, 0.2876)

Alien species Street/Park (c) 1 Jan temp (+, 0.0058)

July temp (�, 0.1335)

[no predictors: ‘best’

model included the

intercept only]

Jan temp (+, 0.0058)

July temp (�, 0.1335)

2 [no predictors: ‘best’

model included the

intercept only]

[no predictors: ‘best’

model included the

intercept only]

NA

TSB (d) 1 Jan precip (�, 0.0068)

July precip (+, 0.0671)

Jan temp (�, 0.0747)

Pop dens (�, 0.0091)

Home val (+, 0.0928)

Jan precip (�, 0.0243)

Pop dens (�, 0.0883)

Home val (+, 0.1768)

July precip (+, 0.1841)

Jan temp (�, 0.2141)

2 Jul precip (+, 0.1310) [no predictors: ‘best’

model included the

intercept only]

Jul precip (+, 0.1310)
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exhibited an inverse relationship (P = 0.0068 in the

climatic model, P = 0.0243 in the combined model) with

axis 1 scores from the zone 5 TSB ordination (Table 4d,

Fig. 3d); the HoCo and TeDe biomes, which had low axis 1

scores, generally had higher January precipitation values

than the Prai-5 and TeSt biomes (Fig. 2), which had high

axis 1 scores. An example of a similar pattern in hardiness

zone 8 is apparent in the inverse relationship between

July precipitation (P = 0.0020 in the climatic model,

P = 0.0132 in the combined model) and axis 1 scores from

the street/park ordination (Table 5c, Fig. 4c); the Mari and

Medi biomes, which are characterized by low summer

rainfall (Fig. 2), exhibited axis 1 scores that exceeded those

of all cities in all other biomes. Note that this relationship,

along withmany others, is present in the multi-city species

ordination as well as the alien species ordination; however,

in some instances, axes 1 and 2 have been reversed (e.g.

Fig. 3b vs. Fig. 3d, Table 4b vs. 4d). Complete results for all

analyses with alien species are provided in Appendix S6.

Discussion

Our results demonstrate that natural biome classification is

a strong predictor of urban tree species composition in the

continental United States, in terms of species already estab-

lished in parks and roadways, as well as species currently

being sold by horticultural businesses. Even after account-

ing for minimum temperature (i.e. hardiness zone), other

climatic variables were related to the species composition

of common trees in these human-dominated environ-

ments. When anthropogenic factors (population size, pop-

ulation density, per capita income and median home

value) were included in our analyses, climate was still

related to tree species composition; we were unable to

identify specific climatic and anthropogenic variables of

broad importance because the most predictive variables

were highly dependent upon the specific analysis. Most of

these general patterns held for ordinations that only con-

sidered alien species, indicating that relationships between

Table 5. ‘Best’ climatic, anthropogenic and combinedmodels for hardiness zone 8. Separate analyses were conducted for multi-city species and alien spe-

cies, street/park trees and TSB trees, and NMDS axes 1 and 2. Signs in parentheses indicate the direction of the relationship between NMDS axis scores and

each predictor variable, and numbers indicate P-values for these relationships. All predictors that were present in each ‘best’ model (i.e. the model with the

lowest AIC value) are shown, including those with P-values � 0.1. In the ‘Tree class’ column, lowercase letters in parentheses indicate corresponding sub-

figures of Fig. 4. Complete model output is provided in Appendices S5 and S6.

Tree class Axis Climatic Anthropogenic Combined

All multi-city

species

Street/Park (a) 1 July precip (�, <0.0001)

July temp (�, 0.0128)

Jan precip (+, 0.0328)

Home val (+, <0.0001)

Per cap inc (�, 0.134)

July precip (�, <0.0001)

July temp (�, 0.0128)

Jan precip (+, 0.0328)

2 Jan temp (+, 0.0066)

July precip (�, 0.0091)

Jan precip (�, 0.0290)

Per cap inc (�, 0.0160)

Pop size (�, 0.0344)

Jan temp (+, 0.0420)

Jan precip (�, 0.0601)

July precip (�, 0.0950)

Pop size (�, 0.1310)

Per cap inc (�, 0.1705)

TSB (b) 1 Jan precip (�, 0.0038)

July precip (+, 0.0090)

July temp (+, 0.2193)

Home val (�, 0.0106)

Pop dens (�, 0.0622)

Pop dens (�, 0.0249)

Jan precip (�, 0.0378)

Home val (�, 0.0639)

2 July temp (+, 0.0626)

Jan precip (+, 0.1746)

Home val (�, 0.0045)

Pop dens (+, 0.0307)

Pop size (�, 0.0309)

Home val (�, 0.0008)

Pop dens (+, 0.0121)

Pop size (�, 0.0161)

Jan precip (+, 0.0499)

Alien species Street/Park (c) 1 July precip (�, 0.0020)

Jan precip (+, 0.0090)

July temp (�, 0.0327)

Home val (+, 0.0055)

Pop size (�, 0.2116)

July precip (�, 0.0132)

July temp (�, 0.0212)

Jan precip (+, 0.1023)

Pop size (�, 0.1222)

2 Jan precip (+, 0.0386)

July temp (+, 0.0414)

July precip (+, 0.1282)

Jan temp (�, 0.2197)

Home val (�, 0.0541)

Pop size (�, 0.0787)

Pop dens (+, 0.1586)

Home val (�, 0.0002)

Jan precip (+, 0.0008)

Pop dens (+, 0.0029)

Pop size (�, 0.0045)

July precip (�, 0.0478)

Jan temp (�, 0.1766)

TSB (d) 1 July temp (+, 0.0008) Home val (�, 0.0124) July temp (+, 0.0008)

2 Jan precip (�, 0.0760)

July precip (+, 0.1890)

Home val (�, 0.0560) Home val (�, 0.0560)
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biome and tree species composition do not result solely

from the presence of native species in urban floras. As

such, we have broadly demonstrated that urban tree spe-

cies composition is associated with the same climatic

factors that shape the surrounding biome.

In agreement with our findings that urban tree

communities (including the alien components of these

communities) differ across natural biomes within the

continental United States, Winter et al. (2010) found that

climate was an important predictor of non-native species

assemblages (all plant species, not solely those in urban

areas), and asserted that ‘climatic suitability is more

important for the successful establishment of non-native

species between continents than geographical distance

between regions of different continents. ’ In addition, other

researchers have inferred that complete homogenization

of urban floras is not imminent even within similar

climates (La Sorte et al. 2007). Nonetheless, there is ample

evidence in support of the Homogocene concept, much of

which is dependent upon the scale of analysis. Qian &

Ricklefs (2006) concluded that ‘compared with native

species, exotic plants are distributed haphazardly among

areas but spread more widely, producing differentiation of

floras among neighbouring areas but homogenization at

greater distance’; these authors also determined that

climate had a greater effect on distributions of native

species than distributions of non-native species. At the

largest of spatial scales, alien species are reducing distinc-

tions between cross-continental floras, in urban areas

(La Sorte et al. 2007) and throughout regional landscapes

(Winter et al. 2010).

The causal explanation for the relationship between

natural biome classification (Bailey 1996) and urban tree

species composition may extend beyond strictly non-

anthropogenic climatic tolerances. While several promi-

nent urban plant selection guides mainly emphasize hardi-

ness zones (Taylor 1948; Thomas 1992; Phillips 1993),

other landscaping and arboriculture texts discuss multiple

climatic considerations (Dirr 1998; Harris et al. 2003;

Brenzel 2007). Thus the influence of climate and natural

biome classification on urban forest composition is likely

filtered through human-constructed lists of suitable plants

for different regions and climates.

Although spatial autocorrelation is a concern in this

study, we do not believe this issue undermines our conclu-

sions. In fact, spatial autocorrelation is an unavoidable

component of biome classification itself. Although indi-

cated as definitive lines on maps, boundaries of ecological

regions are not distinct and are often somewhat arbitrary;

transition is usually gradual, as most environmental factors

and species abundances vary along a continuum (Bailey

1996; McDonald et al. 2005). Therefore, it follows that

proximate cities within a biome should be more climati-

cally similar than widely spread cities within a biome, and

thus proximate cities could be interpreted as representing

more consistent climatic replicates. However, anthropo-

genic factors may also follow similar patterns. Zmyslony &

Gagnon (1998) show that neighbor mimicry occurs at local

scales with respect to residential landscape planting, and it

is conceivable that similar phenomena occur at larger

scales as well. For instance, we cannot exclude the possibil-

ity that cultural trends are partly responsible for the similar

species composition of cities in the geographically clustered

TeSt, TeDe andMari biomes.

More research is needed for a complete understanding

of landscape-scale anthropogenic vegetation patterns. Our

inferences are limited to the continental United States,

which is characterized by relatively moderate climates, as

well as an anthropogenic history that differs substantially

from many other regions. As an example of how the latter

point may affect urban floras, Winter et al. (2010), whose

analyses encompassed all plants (not only those in urban

areas), found that non-native species generally homoge-

nized regions across North America, but differentiated

regions across Europe; proposed mechanisms for this dis-

crepancy include (1) earlier introductions of European

plants into North America than of North American plants

into Europe, and (2) a history of less restricted trade among

North American states/provinces than across national

boundaries in Europe (La Sorte et al. 2007; Winter et al.

2010). In areas with more extreme climates (e.g. tropical,

polar), connections between biomes and urban vegetation

might be affected by similar historical/cultural factors,

as well as additional mechanisms specifically related to

climatic factors (McBride & Douhovnikoff 2012).

As part of their argument for an anthropogenic biome

classification system, Ellis & Ramankutty (2008) claim that

ecological patterns and processes are better predicted by

incorporating both anthropogenic and climatic influences,

as opposed to climatic factors alone. Similarly, human-

developed landscapes have been represented as emergent

entities – objects which cannot be understood by separate

examinations of their individual parts – that must be

analysed in terms of climatic and anthropogenic factors

simultaneously (Alberti et al. 2003). Our findings

generally support these views. While anthropogenic

factors were significant in our analyses, multivariate

ordinations highlighted the continuing relationship

between climate and urban tree species composition. In

contrast to some of the arguments made by McKinney

(2006) and Hope et al. (2003), we found that urban trees

were not homogenized across different natural biomes,

nor have human influences fully superseded biophysical

constraints on urban vegetation. Instead, both natural and

anthropogenic forces shape urban forest composition, as

reflected in case histories of particular cities (McBride &

Applied Vegetation Science
Doi: 10.1111/j.1654-109X.2012.01205.x© 2012 International Association for Vegetation Science 11

B. S. Ramage et al. Biomes and urban tree communities



Jacobs 1976; Loeb 1992; Nowak 1993), and conceptualized

by integrated frameworks for interconnected biophysical–

socioeconomic processes in urban ecosystems (Grove &

Burch 1997; Pickett et al. 1997; Alberti et al. 2003). Even

with heavy anthropogenic influences, urban tree commu-

nities remain connected to the same climatic influences

that shape natural biomes.
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