


the world contain small and also large areas of natural for-
ests, such as Richmond Park (955 ha) in London, UK and
Tai Po Kau Nature Reserve (460 ha) in Hong Kong, China.
Such forested areas are spatially less uniform and often lack
inventory data in comparison to street trees (Hauer and
Peterson 2016). This lack of inventory data for forest stands
within urban areas means that there is a paucity of knowl-
edge about patterns of urban forest structure and composi-
tion at the scale necessary to align management with goals
for urban forests (Kendal et al. 2014, Cortinovis and Gene-
letti 2018). Further, it is common to inform goals for urban
forest using generalizations of urban forests derived from
city-scale assessments across multiple land uses (McPherson
et al. 1994, Nowak et al. 2008, 2011, Rogers et al. 2015),
which may then misrepresent the conditions of forested nat-
ural areas and hence their required management (Mexia
et al. 2018). For example, in contrast to street trees, urban
forested natural areas rely on natural regeneration to replace
the canopy trees and are typically underlain by pervious sur-
faces such as natural soils and herbaceous species. Accurate
data on the condition of urban natural area forests, and
appropriate management, is needed because these areas are
important for preserving native habitat and biodiversity
(Alvey 2006, Aronson et al. 2017), and often contain the
highest density of trees in cities leading to disproportionally
high provision of ecosystem services per unit canopy cover
(Vieira et al. 2018). Hence, for cities to achieve stated targets
to increase canopy cover and biodiversity at citywide scales
(Nowak and Greenfield 2010, McPherson et al. 2011, Aron-
son et al. 2017), requires quantitative knowledge of natural
area forest condition independent of other canopy land use
types (Cortinovis and Geneletti 2018).
We performed a vegetation assessment across all the desig-

nated forested natural area upland in New York City
(NYC), New York, USA, accounting for 2,947 ha across 53
parks. Our aim was to use NYC as a case study to evaluate,
by surveying natural area forest composition, structure, and
community type across the entire city, competing concep-
tions of urban forest as co-dominated by nonnatives vs. har-
boring high native richness, that arise respectively from
citywide vs. stand-level assessments. Specifically, NYC is
particularly attractive as a case study given a rich published
data set on the composition and structure of urban forests.
For example, a citywide assessment of the aggregated urban
canopy concluded that nonnative trees approximately
co-dominate the overstory (55% native canopy vs. 45% non-
native; Nowak et al. 2007). Further, an analysis of urban
land cover and vegetation patterns in the NYC region found
that nonnative species richness increased by 60% as urban
land cover increased, while native species richness decreased
(Aronson et al. 2015). Lastly, analysis of historical and
modern flora found that 42.6% of native species have been
extirpated within protected NYC parkland, with native spe-
cies extirpated at a greater rate than nonnatives (DeCandido
et al. 2004). Such conclusions point toward nonnative spe-
cies prevalence but are hard to reconcile in the context of
site or park-level assessments, which show that the canopies
of these forests are often primarily native (Loeb 2006). We
therefore established 1,124 plots across NYC natural area
forest to capture the full range of forest conditions and
hence establish whether the structure and composition of

the natural area forests fit with the contrasting conceptions
yielded by broader- vs. finer-scale assessments. Using the
data collected we asked (1) What is the range of species com-
position found across NYC’s forests, and are they primarily
native or nonnative dominated? (2) How do NYC’s forests
compare to rural forests in NY state, both in terms of stand
structure and forest type. (3) Is overstory stand structure
related to the understory species composition? We discuss
potential applications of these data for natural resource
management and conservation in light of the focus, both in
the United States and internationally, on preserving and
building native canopy and biodiversity in cities.

METHODS

New York City (NYC, 40.7128°N, 74.0060°W) is situated
on the edge of the Atlantic Ocean between the New England
and Mid-Atlantic U.S. regions. NYC is the most populous
city in the United States, but despite high population den-
sity, 40% of NYC’s land cover is greenspace including
2,947 ha of forested natural area managed as municipal
parkland. We sampled NYC parkland designated as upland
Forever Wild natural area management zones, which is pri-
marily forest but includes some grasslands and shrublands.
Using ArcGIS (ESRI, Redlands, California, USA), a 2-ha
grid was clipped to the Forever Wild Parkland boundary
and then, within each grid cell, one random point was gener-
ated and designated as plot center. Each point was visited in
the field in the 2013 or 2014 growing season. If >50% of the
plot area was impermeable surface, landscaped, wetland, or
was unsafe to access, we did not include it (n = 200). A total
of 1,124 plots (10 m radius) across 53 parks were measured.
To estimate the species composition, tree density, and

basal area in each plot, the diameter of each overstory tree
was measured at 1.37 m from the ground (i.e., diameter at
breast height; DBH). Overstory trees were defined as woody
species >10 cm DBH and included both live and standing-
dead individuals. All results are reported using live trees.
Midstory abundance tallied all woody species between 2 and
10 cm DBH. Four 1-m2 subplots were established 5 m from
plot center in each cardinal direction. In these subplots, tree
seedlings (<2 cm DBH) were counted and herbaceous plants
were recorded by species; areal cover was estimated for each
species to nearest 1%.
After sampling, all plots were assigned a vegetation associ-

ation by ecologists in the New York State Natural Heritage
Program, resulting in 57 unique vegetation types (Edinger
et al. 2016). The 57 types were classified into five main vege-
tation groups for broader comparison of forest structure and
composition. The five groups were mature hardwood, succes-
sional hardwood, forested wetland, maritime forest, and open
upland. Any plots classified as emergent or estuarine marsh
(n = 9) were excluded from analyses testing differences
between vegetation groups. To compare NYC forests with
rural NY forests, the 57 vegetation types were cross-refer-
enced with data from the US Forest Service Inventory and
Analysis in NY State (NYS; Woudenberg et al. 2010), col-
lected between 2010 and 2015 for comparable forest types
(NYC plots n = 998, NYS plots n = 1,718). Stand structure
between NYC and NYS forest plots was compared using
mean tree diameter (quadratic mean diameter, QMD) plotted
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against tree density for each plot. QMD is a conventional
metric in forestry that gives greater weight to larger trees and
is better aligned with stand volume than the arithmetic mean
(Curtis and Marshall 2000). When used in conjunction with
density (trees/ha), QMD meaningfully describes stand struc-
ture. For example, stands with few very large trees have high
QMD and low tree density (trees/ha), whereas stands with
only small diameter trees will have low QMD and often high
density. As forest stands establish and move through succes-
sion toward mature canopy forests, typically stem density will
decrease, and average tree diameters increase, and hence
QMD increases while stem density decreases.
The mean proportion of native species in each vegetation

layer was estimated per plot based on relative abundance for
canopy and midstory, and on relative percent cover of
herbaceous vegetation. Plots that had no individuals in a
specific layer (i.e., no canopy trees) were excluded from
this analysis (canopy = 49, midstory = 27, understory = 0).
Species richness was calculated by counting the individual
species within a plot and across vegetation structural layer.
Total species richness includes both native and nonnative
species. Only 4.1% of our study area overlapped with tree
planting efforts conducted in the prior 8 yr suggesting our
findings are unlikely to be an artifact of current manage-
ment. All statistical tests were run in JMP Version 12.1
(SAS Institute, Cary, North Carolina, USA). Differences in
proportion native cover between forest groups, and stem
density and QMD were tested for using ANOVA. To explore
the relationship between different vegetation layers and
composition, we used a linear mixed effects model with
canopy basal area and invasive herbaceous cover as fixed
effects and park as a random effect to predict native species
richness. These analyses were performed using the R statisti-
cal program (version 3.3.1; R Core Team [2018]). Full spe-
cies lists can be found in the supporting materials.

RESULTS

The mean proportion of native canopy across all plots was
82% � 0.8% (mean � SE), with 53% of plots having 100%
native canopy (Fig. 1a). Further, 84% of all overstory trees
measured were classified as native (Data S1). Within the five
vegetation groups, mean proportion native canopy varied and
was highest in mature hardwood plots (92.3% � 1.2%) fol-
lowed by forested wetland (91.7% � 1.3%) and maritime forest
(89.9% � 3.0%), and was significantly lower in successional
forests (69.4% � 1.6%) and open uplands (60.0% � 8.5%;
P < 0.0001, F = 54.4, df = 4, 1,069). Total species richness
was, by contrast, less affected by vegetation grouping but var-
ied markedly across species structural layer (Fig. 1b). For
instance, the understory layer had the greatest floristic diversity
(591 species across all plots; 79.4% of all recorded species) and
also the greatest overall species richness ranging from 1 to 35
per plot, with an overall mean of 11.5 � 0.14 species per plot
with no significant differences between vegetation groups
(P = 0.06, F = 2.23, df = 4, 1,114). Across all plots, the mid-
story and overstory had significantly less total species richness,
with a range of 0–18 and mean species richness of 5.08 for the
midstory, and a range of 0–10 with a mean of 3.46 species for
the overstory layer. The mature hardwood forest had signifi-
cantly greater species richness in the midstory (P = <0.0001,

F = 49.2, df = 4, 1,114) and overstory (P < 0.0001, F = 79.95,
df = 4, 1,114) than other types. The 10 most common canopy
species citywide (Fig. 2a) account for 69.7% of all overstory
trees measured, and 75.4% of the canopy basal area. Sweetgum
(Liquidambar styraciflua, 16.9%) recorded as the most com-
mon species across all plots, and northern red oak (Quercus
rubra, 10.5%) recorded as the second most common species
with the greatest overall basal area. Black locust (Robinia pseu-
doacacia, 5.3%), followed by Norway maple (Acer platnoides,
1.7%), were the most common nonnative species, but notably
they were far less abundant than the dominant native overstory
species (Fig. 2a, see Data S1 for full species lists).
The mean proportion of native midstory across all plots

was 75% � 9.0%, with 31.8% of plots having 100% native
midstory (Fig. 1a), and 79.3% of all midstory species classify-
ing as native (Data S1). Across all vegetation groups, the mean
proportion native midstory was lower than the mean propor-
tion native canopy. Still, similar to the canopy, native species
dominated in mature hardwoods (82.8% � 1.8%), forested
wetlands (85.6% � 1.9%), and in maritime forests (86.3% �
2.4%). Successional forests (64.6% � 1.6%) and open uplands
(59.2% � 7.1%) again had significantly lower proportion
native species but still had a greater proportion than nonnative
species (P < 0.0001, F = 32.2, df = 4, 1,092). The most abun-
dant native midstory species included spicebush (Lindera ben-
zoin; 12.5%) and black cherry (Prunus serotina; 7.5%); the
most common nonnative species were apple (Malus spp.; 3%)
and Norway maple (Acer platanoides; 2.3%; Data S1).
Nonnative species were more prevalent in the understory

layer, with a mean proportion native species of 53% � 0.90%.
This pattern persisted across vegetation groups, with nonna-
tive species dominant in open uplands (Fig. 1a). Mature
hardwoods and forested wetland plots had the greatest pro-
portion native cover with 65.7% � 1.3% and 58.6% � 2.7%,
respectively. Significantly lower native understory was found
in successional forests (46.0% � 1.4%) and maritime forests
(43.0% � 3.6%), and the mean proportion of native species
cover in open uplands was 24.0% � 3.4%, significantly lower
than all forest groups (P < 0.0001, F = 40.4, df = 4, 1,114).
The most dominant occurring understory species (in both
percent cover and frequency) were woody vines (lianas;
Fig. 2b). These included natives such as poison ivy (Toxico-
dendron radicans) and Virginia creeper (Parthenocissus quin-
quefolia), as well as nonnatives such as Japanese honeysuckle
(Lonicera japonica) and oriental bittersweet (Celastrus orbicu-
latus). Of the 10 most abundant species in terms of relative
cover, one-half were nonnative (Fig. 2b). Notably, we found
that 58% of our forest plots had nonnative vines climbing in
canopy trees. Tree seedlings accounted for on average 39% of
the understory cover, and when looked at separately had a
mean proportion native species count of 72.4% � 1.2%. Nine
of the 10 most common tree seedlings were native and
accounted for 70.1% of the total seedlings. Overall 81% of
forest plots aligned with forest types found in the USDA for-
est FIA manual (Table 1), and those that did not were pri-
marily native maritime coastal forests (12.5%) in addition to
various other open upland and shrubland vegetation types
making up the remaining 5.6% of vegetation types. Exotic
hardwood is considered one forest type by USDA; however,
we found nine different types of exotic hardwoods in NYC’s
forest that accounted for 15.5% of all forest plots in NYC.
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Given that forest stand structure is an important metric
for making management decisions, we also quantified stand
structure for NYC forest types, and compared these struc-
tures to those for similar types in NYS. There was wide vari-
ation in tree density in NYC (95–7,066 trees/ha, >2 cm
DBH, Fig. 3), with a mean of 1,180 � 22.5 trees/ha. Mean
tree density was significantly higher (P < 0.001, df = 1,
2,715, F = 124.7) in NYS forests (mean 1,605 � 25.9 trees/ha).
In contrast, mean tree diameter (QMD) was significantly
but only slightly higher in NYC (18.3 � 0.22) than in NYS
(17.6 � 0.17; P = 0.014, df = 1, 2,715, F = 6.03). In addi-
tion, variation in QMD in NYC’s natural area forests
extended beyond the range observed in NYS, with values

ranging from 2.3 to 70.9 in NYC vs. 2.1–64.8 in NYS
(Fig. 2). A similar pattern was found when nonnative spe-
cies were removed from the analysis suggesting that native
tree species are driving these patterns in tree stand density.
To visualize the variation in patterns between forest structure

and composition between the overstory and understory layers
we plotted the relationship between overstory native basal area
(m2/ha), native understory species richness and understory
invasive cover across all plots (Fig. 4a), and by park (Fig. 4b).
The r2 of our linear model for all plots was only 0.21 suggesting
that most of the variation in native species richness is explained
by other factors not included in the model. Across all plots
(Fig. 4a), native basal area has a positive relationship with

FIG. 1. Mean (solid line) and standard error (dashed line) of individual plot (symbol) values of (a) proportion of native species in New
York City natural area forests and (b) species richness across vegetation layers and vegetation groups. Data were collected in the growing
seasons of 2013 and 2014. Forest groups are a subset of “all forest and uplands”; plots categorized as upland marsh (n = 9) were excluded
from the vegetation group analysis.
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