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a b s t r a c t
Vacant land, a product of population and economic decline resulting in abandonment of infrastructure,
has increased substantially in shrinking cities around the world. In Cleveland, Ohio, vacant lots are minimally managed, concentrated within low-income neighborhoods, and support a large proportion of the
city’s urban forest. We quantiﬁed abundance, richness, diversity, and size class of native and exotic tree
species on inner-city vacant lots, inner-city residential lots, and suburban residential lots, and used i-Tree
Eco to model the quantity and economic value of regulating ecosystem services provided by their respective forest assemblages. Inner-city vacant lots supported three times as many trees, more exotic than
native trees, and greater tree diversity than inner-city and suburban residential lots, with the plurality
of trees being naturally-regenerated saplings. The urban forest on inner-city vacant lots also had two
times as much leaf area and leaf biomass, and more tree canopy cover. The quantity and monetary value
of ecosystem services provided by the urban forest was greatest on inner-city vacant lots, with exotic
species contributing most of that value, while native taxa provided more monetary value on residential
lots. The predominately naturally-regenerated, minimally managed exotic species on vacant land provide
valuable ecosystem services to inner-city neighborhoods of Cleveland, OH.
© 2017 Elsevier GmbH. All rights reserved.

1. Introduction
Urban populations are expected to grow by 2.5 billion people
over the next several decades and account for close to two-thirds of
the global population (Floater et al., 2014). Although urbanization is
a dominant landscape pattern on a global scale (Grimm et al., 2008),
many cities are currently experiencing population and economic
decline (Blanco et al., 2009). The term ‘shrinking city’ has been
used to deﬁne “an urban area. . .that has experienced population
loss, economic downturn, employment decline, and social problems as symptoms of a structural crisis” (Martinez-Fernandez et al.,
2012). As cities shrink, infrastructure is abandoned and vacant land
increases predominately within the city core (Kremer et al., 2013),
creating a multitude of challenges for policymakers, urban planners, businesses, and residents (Bonham et al., 2002; Alexander,
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2005). In the absence of population growth, vacant lots tend to
persist as minimally managed parcels of land that can lower the
value of adjacent properties, depress tax revenue, and deter community revitalization (Rybczynski and Linneman, 1999; Pagano and
Bowman, 2004; Alexander, 2005). These parcels are often concentrated within low-income, inner-city neighborhoods (Accordino
and Johnson, 2000) where access to green space is often limited
(Wolch et al., 2014). Despite the existing challenges associated
with vacant land, it presents an opportunity for the establishment
of pockets of urban wilderness and other green spaces that can
improve environmental quality by supporting biodiversity and provisioning ecosystem services (Kremer et al., 2013; Gardiner et al.,
2013; Haase et al., 2014; Kim, 2016).
Because of the diversity of ecosystem services they provide,
urban forests represent a valuable resource to residents of inner
cities and suburbs (Tyrväinen et al., 2005; Mullaney et al., 2015).
Urban trees play an important role in sequestering carbon, mitigating the heat island effect (Rosenfeld et al., 1998; Akbari et al.,
2001), improving air quality (Nowak et al., 2006, 2014), and reducing stormwater runoff (Xiao and McPherson, 2002). They can also
enhance property values, improve human health and well-being,
and foster a greater sense of social connectivity (Ulrich, 1984;
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Fig. 1. A typical (A) inner-city vacant lot, (B) inner-city residential lot, and (C) suburban residential lot in Cuyahoga County, OH. Map shows the distribution of vacant
land within the city of Cleveland, the eight inner-city neighborhoods (0-Broadway-Slavic Village, 1-Buckeye-Woodhill, 2-Central, 3-Detroit Shoreway, 4-Fairfax, 5-Glenville,
6-Hough, 7-Tremont), and the eight suburbs (shaded green). Figure adapted from Green et al. (2016).

Tyrväinen and Miettinen, 2000; Tyrväinen et al., 2005; Payton et al.,
2008; Gopal and Nagendra, 2014). The beneﬁts of urban forests,
however, can be inequitably distributed when tree canopy cover
and access to green spaces vary along socio-economic gradients
(Pedlowski et al., 2002; Heynen, 2003; Heynen et al., 2006; Landry
and Chakraborty, 2009; Wolch et al., 2014).
The composition, structure, function, and value of urban forests
are inﬂuenced by a number of factors, including historic plant communities, local stakeholders, differing management regimes, and
legacies of land use and development (Alvey, 2006; Burkholder,
2012). This is especially true for the forest community on inner-city
and suburban residential lots, where differences in neighborhood
age and community afﬂuence can inﬂuence tree abundance and
diversity (Kinzig et al., 2005; Conway and Bourne, 2013). Furthermore, the transition from residential to vacant lots may alter the
tree community in a variety of ways, but little is known about
how the urban forest on inner-city vacant lots differs from that
on inner-city or suburban residential lots.
Exotic tree species are common in many cities (Alvey 2006;
dos Santos et al., 2010; Aronson et al., 2015), which may inﬂuence
the ecological and economic value of urban forests. The negative
impacts of exotic species have been widely documented (Simberloff
2005; Rejmánek and Richardson, 2013). However, there has been
less focus on ecological beneﬁts that exotic trees might provide
(Goodenough, 2010; Dickie et al., 2014). Hence, there exists a need
to document the beneﬁts as well as costs of exotic trees to urban
forests, and to assess how they compare with native taxa.
The shrinking city of Cleveland, Ohio experienced the third
greatest population decline in the United States from 1960 to 2000
(Schilling and Logan, 2008) and lost over half of its population since
its peak in the 1950s (Blanco et al., 2009). The demolition of houses

and other infrastructure has created more than 27,000 vacant lots
(James Greene, personal communication, July 7, 2016) spanning
over 1,300 ha (Cleveland Land Lab, 2008). Following demolition,
most lots are planted with turfgrass and mown periodically with
little additional management. The objectives of this study were to
document the abundance, richness, diversity, ecosystem services,
and economic value of native and exotic tree species on vacant lots
within inner-city Cleveland, OH, and compare them with innercity residential lots located in the same neighborhoods, as well
as suburban residential lots located immediately outside the city
proper that may be more intensely landscaped and managed. We
tested the following hypotheses: (1) tree abundance, richness, and
diversity would be greatest on suburban residential lots; (2) exotic
trees would be more abundant on inner-city vacant and residential
lots; and (3) the quantity and economic value of ecosystem services
provided by trees would be greatest on suburban residential lots.
2. Methods
2.1. Study area and lot selection
The study was carried out within Cleveland, OH (41.49◦ N,
81.69◦ W) and surrounding suburbs in Cuyahoga County from April
– August 2015 (Fig. 1). As of 2010, Cleveland had the second largest
population in Ohio and Cuyahoga County was the state’s most
populous county (U.S. Census Bureau, 2012). Forest communities
were inventoried on three property types: (1) inner-city vacant
lots, (2) inner-city residential lots, and (3) suburban residential
lots (Fig. 1). Vacant and inner-city residential lots were located
within eight inner-city Cleveland neighborhoods: Broadway-Slavic
Village, Buckeye-Woodhill, Central, Detroit Shoreway, Fairfax,
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Glenville, Hough, and Tremont (Fig. 1). Suburban residential lots
were located within eight inner-ring suburban communities immediately adjacent to the city: Brook Park, Brooklyn, Cleveland
Heights, Euclid, Fairview Park, Garﬁeld Heights, Lakewood, and
Shaker Heights (Fig. 1).
Lots were selected from a database obtained from the Cleveland City Planning Commission with information on all land parcels
in Cuyahoga County as of 2014. For each inner-city neighborhood,
we initially randomly selected eight single-family residential lots
(LUC = 5100) and eight vacant lots (LUC = 5000) using the database
attributes parcel number, address, land use code (LUC), and size.
Residential lots had an occupied house while vacant lots were
devoid of any structure and often had been planted with turfgrass
following demolition of an abandoned house. All lots ranged in size
from 0.04 to 0.06 ha (mean for all three property types = 0.05 ha).
This size range was used because it is highly representative of lots
in both the inner city and surrounding suburbs.
The selection process yielded a stratiﬁed random sample of
inner-city vacant and residential lots, which served as our sample units. We performed the same sampling procedure for each
suburb in order to select residential lots to sample, but did not
select vacant lots. When we were denied permission to sample lots,
unable to access them, or they were otherwise found to be unsuitable, additional lots were selected at random by re-sampling the
database.
2.2. Urban forest characterization
Between May–August 2015, 53 inner-city vacant lots, 54 innercity residential lots, and 56 suburban residential lots were surveyed
(163 total lots). Property type and neighborhood/community were
rotated daily to avoid bias associated with seasonal or spatial variation. Surveys followed the methodology of Nowak et al. (2008)
and the urban forest assessment protocol (i-Tree Eco User’s Manual
v5.0. n.d.) for i-Tree Eco, an urban forest analysis tool within
the peer-reviewed, public domain i-Tree Software Suite v5.0. (iTree Eco v5.0. n.d.) developed by the USDA Forest Service and
cooperators. For each lot, we estimated the amount of tree and
ground cover within the following categories: building, cement, tar,
rock, bare soil, duff/mulch, herbaceous cover, grass, unmaintained
grass, and water. All living and dead trees with a stem diameter
at breast height (DBH, measured 1.37 m above ground) ≥2.54 cm
were surveyed, with establishment status (i.e., planted, naturally
regenerated, or unknown), whether it was a street tree (located in
right-of-way between sidewalk and street), total tree height, height
to live top, height to crown base, crown width in north-south and
east-west directions, DBH, percent crown missing, percent crown
dieback, crown light exposure, percent impervious surface under
the tree, and percent shrub cover under the tree were recorded.
Additionally, for all trees ≥6 m in height, distance and direction to
the three nearest space-conditioned residential buildings (buildings shaded by trees) located within 18 m of the tree were recorded.
All living trees were identiﬁed to genus, and in almost all cases
to species. Dead trees that could not be identiﬁed to species or
genus were classiﬁed as a hardwood (Magnoliopsida) or softwood
(Pinopsida). Trees were also classiﬁed as native or exotic to North
America following the USDA Natural Resources Conservation Service Plants Database (USDA NRCS, 2016) and Dirr (2009). Dead trees
were included in all analyses except when knowledge of continental origin was required, in which case the 18 trees of unknown origin
were omitted.
2.3. Tree abundance, richness, and diversity
We determined the effect of property type (inner-city vacant
lot, inner-city residential lot, or suburban residential lot) on tree
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abundance (total number of trees per lot), street tree abundance
(number of street trees per lot), taxonomic richness (number of
tree species per lot, or species plus genera when unable to identify
a particular species), and tree diversity (Shannon diversity index
value (H’) per lot) via ANOVA using generalized linear models (GLM)
in R (R Core Team, 2014). We also examined effects of tree origin
(native or exotic) and property type on tree abundance with twoway analysis of variance. Tree abundance, taxonomic richness, and
the abundance of native and exotic taxa were modeled with a negative binomial distribution; street tree abundance was modeled
with a Poisson distribution; and tree diversity was modeled with
a Gaussian distribution. The “Anova” function in the “car” package
(Fox and Weisberg, 2011) was used to generate analysis of deviance
tables from which likelihood-ratio test statistics were obtained.
Means were separated with Tukey contrasts using the “ghlt” function in the “multcomp” package (Hothorn et al., 2008). All analyses
described in Section 2.3. were conducted in R (R Core Team, 2014).
An alpha level of 0.05 was speciﬁed for all statistical tests.

2.4. Urban forest community comparisons
To evaluate similarity among and between property types
based on the composition of taxa on individual lots, we ordinated
lots using nonmetric multi-dimensional scaling (NMDS) in R. The
“rankindex” function in the “vegan” package (Oksanen et al., 2016)
was used to identify the Euclidean dissimilarity index as the optimal index for ordination. The community data were transformed
with a Wisconsin double standardization and square root transformation, which lowered the stress of the ordination and improved ﬁt
(Minchin, 1987). The “metaMDS” function in the “vegan” package
was used to perform the ordination, and three dimensions were
speciﬁed to minimize stress. Permutational multivariate ANOVA
was used to test for an overall difference in community composition between the three property types using the “adonis” function
in the “vegan” package in R while multi-response permutation procedures (MRPP) was used to test for pairwise differences between
property types using PC-ORD Version 5 (McCune and Grace, 2002).

2.5. i-Tree Eco: urban forest composition and structure
We used our survey data with i-Tree Eco to model forest
composition (proportion of each species) and structure (physical
characteristics of trees and forest) of each property type. We used
i-Tree Eco to estimate percentage of the population and percent
total leaf area for each taxon, which were summed to produce an
importance value ranging from 0 to 200, with higher values indicative of greater dominance on a property type, as well as tree size
class distributions, tree density, total leaf area, total leaf biomass,
and total canopy cover for each property type.

2.6. i-Tree Eco: ecosystem services
Ecosystem services and their monetary values provided by trees
on each property type were also modeled on a per hectare basis
from survey data by i-Tree Eco, including carbon sequestration, carbon storage, and oxygen production. Energy effects and savings,
avoided stormwater runoff and savings, and atmospheric pollutant removal values were estimated for the cumulative area of each
property type, and were standardized on a per hectare basis in order
to compare the three property types. Monetary values of estimated
ecosystem service outputs were also generated for each taxonomic
group, and the percentage contribution of native and exotic taxa to
the total monetary value was determined for each property type.
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Table 1
Number of trees surveyed on 53 inner-city vacant lots, 54 inner-city residential lots, and 56 suburban residential lots in Cuyahoga County, OH during 2015.
Genera

Vacant lots

Inner-city residential

Suburban residential

Genera totals

Percentage of total

Abies
Acer
Aesculus
Ailanthus
Albizia
Amelanchier
Caragana
Carpinus
Carya
Catalpa
Celtis
Cercis
Chamaecyparis
Cornus
Crataegus
Eugenia
Frangula
Fraxinus
Ginkgo
Gleditsia
Ilex
Juglans
Juniperus
Larix
Liriodendron
Magnolia
Malus
Morus
Oxydendrum
Phellodendron
Picea
Pinus
Platanus
Platycladus
Populus
Prunus
Ptelea
Pyrus
Quercus
Rhamnus
Robinia
Salix
Sassafras
Sorbus
Taxus
Thuja
Tilia
Tsuga
Ulmus
Zelkova
Unknown
Total

0
176
1
49
0
0
0
0
6
19
0
0
0
0
7
1
0
14
0
1
0
13
0
0
0
0
1
196
0
1
1
0
6
0
2
31
0
3
10
12
10
0
1
0
2
0
8
0
183
0
12
766

0
36
1
16
1
0
1
2
0
8
2
0
0
1
2
0
0
3
1
6
0
3
2
0
0
2
7
38
0
0
2
2
1
1
2
12
1
3
10
0
4
1
0
0
2
13
2
0
9
1
2
200

1
68
0
0
0
2
0
0
1
1
1
3
2
7
0
0
2
6
0
6
1
0
0
1
2
1
7
20
1
0
7
4
0
1
0
8
0
8
8
10
0
2
0
1
5
25
5
2
7
0
4
230

1
280
2
65
1
2
1
2
7
28
3
3
2
8
9
1
2
23
1
13
1
16
2
1
2
3
15
254
1
1
10
6
7
2
4
51
1
14
28
22
14
3
1
1
9
38
15
2
199
1
18
1,196

0.1
23.4
0.2
5.4
0.1
0.2
0.1
0.2
0.6
2.3
0.3
0.3
0.2
0.7
0.8
0.1
0.2
1.9
0.1
1.1
0.1
1.3
0.2
0.1
0.2
0.3
1.3
21.2
0.1
0.1
0.8
0.5
0.6
0.2
0.3
4.3
0.1
1.2
2.3
1.8
1.2
0.3
0.1
0.1
0.8
3.2
1.3
0.2
16.6
0.1
1.5
100

3. Results

3.1. Tree abundance, richness, and diversity

A total of 1196 trees representing 50 genera and at least 76
species were inventoried. Of the 1196 trees, 1088 were identiﬁed to
species (representing 76 species), 90 individuals were identiﬁed to
genera only (representing 8 genera), and 18 dead trees were identiﬁed as hardwood or softwood. Most individuals (61%) belonged
to three genera: Acer (23%), Morus (21%), and Ulmus (17%); while
34 genera each accounted for less than 1% of the total number of
trees (Table 1). When all lots within a property type were combined, inner-city residential lots had more total genera (34) than
suburban residential (33) or inner-city vacant lots (25) (Table 1).
On inner-city vacant lots, Acer, Morus, and Ulmus were the most
common genera, accounting for 74% of taxa. On inner-city residential lots, Acer, Ailanthus, and Morus were the most common genera,
accounting for 45% of taxa, while Acer, Morus, and Thuja accounted
for 49% of all taxa on suburban residential lots.

Tree abundance (ANOVA, 2 = 82.0 (2, N = 163), P < 0.001) and
taxonomic richness (ANOVA, 2 = 18.5 (2, N = 163), P < 0.001) varied among the three property types. On average, inner-city vacant
lots supported more than three times as many trees and greater
taxonomic richness than the two residential property types, which
did not differ (Fig. 2A). Property types also varied in abundance
of native versus exotic trees (ANOVA, 2 = 4.6 (1, N = 326), P = 0.03)
(Fig. 2B). Exotic trees were more abundant than native trees on
inner-city vacant lots, however there was no difference in average abundance of exotic and native trees on inner-city or suburban
residential lots (Fig. 2B). Average abundance of street trees also varied among property types (ANOVA, 2 = 8.7 (2, N = 163), P = 0.013).
There were more street trees on suburban residential lots than
on inner-city vacant lots, but there was no difference in street
tree abundance between suburban and inner-city residential lots,
or between inner-city residential and vacant lots (Fig. 2C). Lastly,
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Fig. 2. Average tree abundance and taxonomic richness (A), native and exotic tree abundance (B), street tree abundance (C), and tree diversity (D) across inner-city (IC)
vacant lots, inner-city residential lots, and suburban (S) residential lots in Cuyahoga County in 2015 (±SE). Means with different letters of the same case (upper or lower) are
signiﬁcantly different (␣ < 0.05).

There was a reasonable ﬁt of the model to the data as evidenced
by the Shepard’s diagram and a stress value of 0.180 for the ﬁnal
three-dimensional solution. The ADONIS analysis indicated a significant difference in the grouping of sites (ADONIS, F = 6.7, P < 0.001);
however, less than 10% of the variation in distance matrices was
explained by this grouping pattern (R2 = 0.08).
The pairwise comparisons of the MRPP analysis indicated that
the greatest difference in forest communities was between innercity vacant and suburban residential lots (T = −29.6, P < 0.001,
A = 0.085), the two residential property types were most similar
(T = −15.0, P < 0.001, A = 0.029), and inner-city vacant and residential lots were intermediate (T = −21.8, P < 0.001, A = 0.066). An effect
size (A) of less than 0.1 is common for ecological data (Grace and
McCune 2002).
Fig. 3. Non-metric multidimensional scaling ordination of the community composition of trees on inner-city vacant lots (V), inner-city residential lots (I), and suburban
residential lots (S) with 95% conﬁdence limits. Stress of the ﬁnal conﬁguration was
acceptable (0.18) and the ordination was plotted in three dimensions.

tree diversity (H’) varied among the three property types (ANOVA,
2 = 9.2 (2, N = 163), P = 0.01), with inner-city vacant lots having a
higher average Shannon diversity index value than inner-city residential lots (Fig. 2D). However, the difference between inner-city
vacant lots and inner-city residential lots was not signiﬁcant, nor
was the difference between inner-city residential and suburban
residential lots (Fig. 2D).
3.2. Urban forest community comparisons
There was a high degree of overlap in forest community composition between the three property types as indicated by NMDS
ordination (Fig. 3). The forest community on inner-city vacant lots
was largely a subset of that on the two residential property types,
and was the most similar among lots within a property type (Fig. 3).

3.3. i-Tree Eco: urban forest composition and structure
According to i-Tree Eco, the three most common species on
inner-city vacant lots were Morus alba L., Acer platanoides L., and
Ulmus americana L., which collectively comprised 49% of all trees
(Table 2). Morus alba, Acer platanoides, and Ailanthus altissima Mill.
were the three most common species on inner-city residential lots,
where they comprised 43% of all trees, while Thuja spp., Acer saccharinum L., and Morus alba were the three most common species
on suburban residential lots, representing 32% of all trees (Table 2).
Morus alba had the highest importance value on both inner-city
property types, while Acer saccharinum and Acer platanoides ranked
among the three most important species for all three property types
(Table 2).
On inner-city vacant and residential lots, 46% of trees were in
the smallest DBH size class (0–7.6 cm), while only 23% of trees on
suburban residential lots were in that range (Fig. 4). Conversely, on
suburban residential lots, 32% and 19% of trees were in the next
two largest size classes (7.7–15.2 and 15.3–22.9 cm, respectively),
compared with 23% and 11% on inner-city vacant lots, and 17% and
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Table 2
i-Tree Eco estimates of the percentage of the population, percentage leaf area, and importance value of the top 10 most important taxa on inner-city vacant lots, inner-city
residential lots, and suburban residential lots in Cuyahoga County, OH in 2015. Importance values increase from 0 to 200 as dominance increases.
Inner-city vacant lots

Inner-city residential lots

Suburban residential lots

Taxa

% Population

% Leaf
area

Importance
value

Taxa

% Population

% Leaf
area

Importance
value

Taxa

% Population

% Leaf
area

Importance
value

Morus alba
Acer saccharinum
Acer platanoides
Ulmus americana
Ulmus pumila
Ailanthus altissima
Platanus × acerifolia
Acer pseudoplatanus
Acer × freemanii
Prunus serotine

25.5
7.9
10.9
12.1
6.9
6.4
0.7
5.4
1.2
3.7

21.8
13.8
9.1
4.8
6.7
4.3
9.1
4.3
4.5
1.6

47.5
21.6
20.1
16.9
13.6
10.7
9.8
9.7
5.8
5.2

Morus alba
Acer platanoides
Acer saccharinum
Ailanthus altissima
Robinia pseudoacacia
Malus spp.
Celtis occidentalis
Picea pungens
Prunus serotina
Catalpa spp.

22.4
12.1
3.4
8.0
3.1
4.4
1.3
1.2
3.9
4.5

15.6
9.3
17.1
1.7
5.1
3.1
6.1
5.5
2.3
1.7

38.0
21.4
20.4
9.6
8.2
7.5
7.3
6.7
6.2
6.2

Acer saccharinum
Acer platanoides
Quercus palustris
Thuja spp.
Morus alba
Acer rubrum
Fraxinus spp.
Rhamnus cathartica
Gleditsia triacanthos
Malus spp.

10.1
8.6
2.1
13.1
8.9
2.6
2.7
5.9
2.2
4.2

20.5
11.7
14.1
1.5
3.8
7.0
6.7
1.4
4.8
2.7

30.6
20.3
16.2
14.5
12.7
9.5
9.4
7.3
7.0
6.9

Table 3
i-Tree Eco estimates of the tree density, total leaf area, total leaf biomass, and mean percent tree cover (± SE) across inner-city vacant lots, inner-city residential lots, and
suburban residential lots in Cuyahoga County, OH in 2015.
Inner-city vacant lots

Inner-city residential lots

Suburban residential lots

Estimates

Value

SE

Value

SE

Value

SE

Trees (#/ha)
Total leaf area (m2̂/ha)
Total leaf biomass (kg/ha)
Tree cover (%)

2,857
30,552
2,011
34.6

33.3
3937
237
2.7

93.6
12,613
937
23.1

17.5
2,545
184
3.1

83.5
12,792
994
25.9

14.4
1,829
151
2.2

inner-city vacant lots (Table 5). The amount of carbon monoxide, nitrogen dioxide, ozone, sulfur dioxide, and particulate matter
annually removed by a hectare of urban forest was also greatest
on inner-city vacant lots, as modeled by i-Tree Eco (Table 4). This
translated into greater monetary value of these ecosystem services
provided by trees on inner-city vacant lots relative to the two residential property types (Table 5).
The percentage monetary value of ecosystem services provided by native and exotic taxa on each property type also varied.
On inner-city vacant lots, 52% of the total monetary value was
attributable to exotic taxa. On residential lots, however, the value of
ecosystem services provided by native taxa was much higher than
for exotic taxa, which accounted for only 30% and 26% of the total
value on inner-city and suburban residential lots, respectively.
4. Discussion

Fig. 4. i-Tree Eco estimates of the percentage of trees within each stem diameter size
class (DBH) measured at breast height (1.37 m above ground) on inner-city vacant
lots, inner-city residential lots, and suburban residential lots in Cuyahoga County in
2015 (±SE). Error bars are not included for the largest size class, which represents
the sum of several size classes.

8% on inner-city residential lots, respectively (Fig. 4). No property
type had more than 10% of its tree population in the 23.0–30.5 cm
or larger size class (Fig. 4). Using tree abundance, size class, percent
crown missing and dieback, and canopy cover data, i-Tree Eco estimated that inner-city vacant lots supported three times as many
trees, two times as much leaf area and leaf biomass, and more tree
canopy cover than the two residential property types (Table 3).
3.4. i-Tree Eco: Ecosystem services
Carbon sequestration, carbon storage, oxygen production, carbon emissions avoided through energy savings, and stormwater
runoff avoided were greater on inner-city vacant lots than on the
two residential property types (Table 4). The greater energy effects
and stormwater beneﬁts translated into greater monetary value
of these ecosystem services provided by the forest community on

Contrary to our a priori hypotheses, tree abundance and taxonomic richness were greater on inner-city vacant lots in Cleveland,
OH than on inner-city or suburban residential lots, as were the
quantity and economic value of ecosystem services. Tree diversity was also greater on inner-city vacant lots than on inner-city
residential lots. These patterns can likely be attributed in part to
the greater abundance of naturally regenerated exotic trees and
lower abundance of planted street and landscape trees on innercity vacant lots than on the two residential property types.
4.1. Tree abundance, richness, and diversity
On average, inner-city vacant lots were taxonomically richer,
supported three times as many trees, and twice as much total leaf
area and leaf biomass as inner-city and suburban residential lots,
and had a higher Shannon diversity index than inner-city residential lots. However, combined across all replicate lots, the total
number of tree taxa on both inner-city and suburban residential lots
was greater than the total number of taxa on inner-city vacant lots.
The Shannon diversity index is a function of species evenness (distribution of abundance among species) as well as richness (Smith
and Wilson, 1996). Hence, the high diversity on inner-city vacant
lots, even with fewer total taxa across all lots combined, is due to
high average evenness as well as high average richness. This pattern
resulted largely from the relative uniform species composition and
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Table 4
i-Tree Eco estimates of the output of ecosystem services generated by a hectare of urban forest found on each property type in Cuyahoga County, OH in 2015.
Ecosystem services

Inner-city vacant lots

Inner-city residential lots

Suburban residential lots

Energy effects

British thermal units (MBTUs)
Megawatt-hours
Carbon avoided (kg)

36.9
1.51
870

7.0
0.94
310

4.3
0.58
190

Stormwater runoff

Avoided runoff (m3/yr)

63.0

37.1

40.3

Atmospheric pollutant
removal

Carbon monoxide (kg/yr)
Nitrogen dioxide (kg/yr)
Ozone (kg/yr)
Particulate matter 10 (kg/yr)
Particulate matter 2.5 (kg/yr)
Sulfur dioxide (kg/yr)

0.54
5.3
16.5
14.3
2.6
4.6

0.36
2.9
9.7
7.2
1.3
2.7

0.41
3.2
10.7
7.7
1.3
3.0

Carbon and oxygen
effects

Carbon sequestration density (kg/yr)
Carbon storage (kg)
Oxygen production density (kg/yr)

1,483
57,448
3,612

672
22,952
1,276

566
17,997
1,233

Table 5
i-Tree Eco estimates of the monetary value of ecosystem services provided by a hectare of urban forest found on each property type in Cuyahoga County, OH in 2015.
Ecosystem services

Inner-city vacant lots

Inner-city residential lots

Suburban residential lots

Energy effects (USD)

British thermal units (MBTUs)
Megawatt-hours
Carbon avoided

$491
$176
$128

$93
$110
$46

$57
$68
$27

Stormwater runoff (USD)

Avoided runoff

$148

$87

$95

Atmospheric pollutant
removal (USD)

Carbon monoxide
Nitrogen dioxide
Ozone
Particulate matter 10
Particulate matter 2.5
Sulfur dioxide

$0.68
$4.87
$132
$887
$961
$2.09

$0.45
$2.68
$79
$433
$469
$1.27

$0.51
$1.60
$48
$280
$284
$0.78

$2931

$1320

$861

Value of ecosystem services (USD)

i-Tree Eco used the following monetary values: $13.32/MBTU, $116.8/MWH, $147/mt of C combustion avoided, $2.35/m3 of storm water runoff avoided, and $1,253/mt
of CO removed. Economic value of mean annual removal of the following pollutants was calculated based on these values for inner-city vacant lots, inner-city residential
lots, suburban residential lots, respectively: $913, $917, and $505/mt of NO2 ; $7,952, $8,081, and $4,463/mt of O3 ; $61,908, $60,265, and $36,341/mt of PM10; $3,75,372,
$3,62,244, and $2,11,626 per/of PM2.5; and $458, $462, and $257/mt of SO2 .

abundance of naturally regenerated saplings on inner-city vacant
lots compared with residential property types, which contained
low abundances of diverse horticultural species that were probably
planted by residents. Ordination analysis conﬁrmed this pattern,
revealing a high degree of overlap in forest community composition among the three property types, with that on inner-city vacant
lots largely representing a subset of those on the two residential
property types. Additionally, the ordination showed that the forest
community composition among inner-city vacant lots was more
homogenous than that of inner-city or suburban residential lots.
Inner-city vacant lots were dominated by only three genera
(Morus, Acer, and Ulmus), which comprised 74% of all individuals. Furthermore, 49% of all taxa belonged to only three species:
Morus alba, Acer platanoides, and Ulmus americana. Morus alba and
Acer saccharinum had the highest importance values on inner-city
vacant lots, while Acer platanoides had a higher importance value
than Ulmus americana despite accounting for a smaller percentage
of the overall population, perhaps because it often succumbs to
Dutch elm disease before reaching maturity.
Morus alba, Acer platanoides, and Ailanthus altissima were the
three most common species on inner-city residential lots, where
they comprised 43% of all trees. As was the case with inner-city
vacant lots, Morus alba, Acer saccharinum, and Acer platanoides had
the highest importance values. Because of the small size distribution of Ailanthus altissima, an early successional colonizer, its
importance was not proportional to its high abundance on innercity residential lots, but this may change over time as saplings
continue to grow.

On suburban residential lots, Thuja species and cultivars were
the most common taxa due to their widespread use as an ornamental landscape plant, followed by Acer saccharinum, and Morus alba.
Acer saccharinum and Acer platanoides were the two most important species on suburban residential lots. Despite consisting of just
over 2% of the population, Quercus palustris Münchh. was the third
most important species on suburban residential properties because
of its large average trunk diameter and total leaf area.

4.2. Urban forest structure
Inner-city vacant lots were characterized by extensive urban
spontaneous vegetation (USV), which has been deﬁned as vegetation that colonizes and undergoes succession on unmanaged land
in and around cities (Robinson and Lundholm, 2012). Across all
inner-city vacant lots, 80% of trees were in the smallest three size
classes (0–22.9 cm), and 94% of trees were naturally regenerated
rather than planted, compared to just 53% on inner-city residential
lots and 31% on suburban residential lots. Robinson and Lundholm
(2012) also observed that sites dominated by USV had greater
plant species richness and diversity than managed lawns or seminatural forests. Nowak and O’Connor (2001) reported that vacant
land in Syracuse, NY supported over three times as many trees per
acre as residential land cover, with 81% of trees having a DBH of
≤23 cm. Similarly, Zipperer (2002) documented a greater density
of smaller trees (DBH ≤ 29.9 cm) and lower density of larger trees
(DBH ≥ 40.0 cm) on regenerated forest patches in urban forests, as
well as a greater leaf area for trees on vacant versus residential
land. These ﬁndings coupled with ours suggest that USV is ecolog-
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ically signiﬁcant in urban forests in general, and on vacant land in
particular, with the potential to support biodiversity and provide
substantial ecosystem services.
While USV can be viewed as a low-input component of urban
forests, street trees require signiﬁcant monetary inputs to support their establishment and management (Soares et al., 2016). We
recorded more than twice as many street trees on suburban residential lots as we did on inner-city vacant lots. There were also
more street trees on suburban residential lots than on inner-city
residential lots, although the difference was not statistically significant. These patterns suggest inequity in the distribution of street
trees across communities in Cuyahoga County. However, Cleveland
recently initiated an urban reforestation program (Atassi, 2014)
in an effort to increase its community-wide tree canopy, which
in a recent assessment ranked 57 among Cuyahoga County’s 59
municipalities (Cuyahoga County Urban Tree Canopy Assessment,
2013).
4.3. i-Tree Eco: ecosystem services
Trees on inner-city vacant lots provided a greater quantity of
regulating ecosystem services including carbon sequestration and
storage, oxygen production, energy savings, stormwater runoff
reduction, and the removal of atmospheric pollutants such as carbon monoxide and particulate matter on a per hectare basis than
did trees on suburban and inner-city residential lots. The combined value per hectare for those services for which a monetary
value was generated (energy savings, stormwater runoff reduction, and atmospheric pollutant removal) was more than two times
greater on vacant lots than inner-city residential lots and more than
three times greater on vacant lots than on suburban residential lots.
Although i-Tree Eco does not provide the user with monetary values for carbon sequestration and storage and oxygen production,
their output and presumably their economic value was also greater
on vacant lots. Zipperer (2002) also found that carbon storage and
sequestration by urban trees was greater on vacant land than on
residential properties. The net value of ecosystem services of trees
on vacant land relative to more highly managed trees is probably
even greater than estimated, as there are fewer to no costs associated with their planting or maintenance as many are naturally
regenerated (Zipperer, 2002). Therefore, with limited resources to
invest by local municipalities (Zipperer, 2002), the naturally regenerated trees on vacant lots represent a substantial and undoubtedly
undervalued resource to inner-city neighborhoods.

Scott, 2015). The many stressors such as heat, drought, pollution,
and soil compaction that are often characteristic of urban ecosystems make the incorporation of stress-tolerant taxa in the urban
forest a priority for long-term resilience (Sjöman et al., 2016). As we
observed, exotic species can also contribute to increased diversity,
which can promote ecosystem function and increase ecosystem
productivity (Jim and Liu, 2001; Hooper et al., 2005), as well as mitigate the risk of wide-scale deforestation following the introduction
of alien insects and pathogens (Raupp et al., 2010).
A legitimate concern, however, surrounding the ecological
impact and conservation value of exotic trees in urban environments is their potential inability to support a diversity of
native fauna comparable to their native counterparts, resulting
in decreased food web complexity (Tallamy, 2004). For example,
Burghardt et al. (2009) found that suburban residential properties
landscaped entirely with native plants supported more caterpillars and caterpillar species, as well as greater bird diversity
and abundance, than properties landscaped with a mixture of
native and exotic plants. In manipulative common garden experiments, Burghardt and Tallamy (2013) and Ballard et al. (2013)
also found that exotic plant species supported lower biodiversity
across trophic levels. Conversely, in a series of assays Morrison and
Hay (2011) observed that generalist herbivores preferred exotic
plants that were evolutionarily naïve, while Burghardt and Tallamy
(2015) showed that non-native plant species with native congeners
contributed as much to insect herbivore diversity as native plant
species. The effects of exotic tree species on the diversity and abundance of higher trophic levels in urban forests largely remains to
be investigated.
Davis et al. (2011) argued that exotic species provide valuable economic and ecological beneﬁts in some ecosystems, which
is clearly the case for the urban forest on inner-city vacant land
of Cleveland. When considering the ecological value of exotic,
naturally regenerated urban trees, perhaps the most important
consideration should be whether or not resources exist to actively
remove and replace them with native species. This may not generally be the case in shrinking cities. As our study showed, exotic
trees are providing substantial, economically valuable ecosystem
services on inner-city vacant lots in Cleveland, free of costly human
intervention and inputs such as fertilizer and pesticides. Therefore, a balanced and thorough assessment of the beneﬁts as well
as the costs associated with exotic trees is critical for the strategic
management of inner-city urban forests.

4.4. Role and potential value of exotic tree species
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