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Abstract: Urban forests in coastal regions are vulnerable to changing climate conditions, especially
sea level rise (SLR). Such climate change impacts add complexity for urban forest managers as
they make decisions related to tree species selection. The New York City (NYC) Parks Department
manages over 660,000 street trees, many of which occupy sites that are susceptible to saltwater
flooding. In order to build a resilient urban tree canopy in these flood-prone zones, we ranked tree
species based on their overall tolerance to coastal vulnerability factors such as high winds, salt spray,
and soil salinity. Our results revealed that 16 of the 44 species ranked high in overall tolerance to
these factors. We also developed a GIS-based tool, specific to NYC, which delineates three coastal
tiers based on their susceptibility to coastal vulnerability factors using SLR projections for the 2100s.
The species list combined with the GIS tool provides urban forest managers a method to assign tree
species to different coastal tiers based on their ability to withstand coastal climate change impacts
into the future. We provide details on how this tool was developed for NYC so other coastal cities
can replicate this approach to creating a more resilient future coastal urban forest.

Keywords: street trees; sea level rise; coastal resilience; coastal tiers; salt tolerance

1. Introduction

Sea level rise (SLR) is among the biggest concerns that coastal regions of the world face
as a result of changing climate. Impacts of SLR threaten both human and plant populations
in coastal regions. Trees in both planned and unplanned green spaces are managed for an
array of reasons including recreation, biodiversity provisioning, stormwater regulation,
and other ecosystem services [1]. Trees in coastal regions are subject to coastal flooding and
storm gusts in addition to urban stressors such as polluted and compacted soils.

According to the 2018 Urban Climate Change Research Network report [2], 570 cities,
globally, will be impacted by sea level rise, which includes increased exposure to coastal
flooding and storm surge during the next 50 years [3]. Increased urban coastal flooding
impacts our cities’ trees, yet little is known about the tolerance of urban street trees, park
trees, and forests to saltwater inundation. In New York City (NYC), for example, hurricane
Sandy caused coastal saltwater flooding that impacted 46,000 street trees. This coastal
flooding had a variable impact on street trees, with some species recovering from salt stress
while others exhibited high levels of mortality [4]. Modeled sea level rise projections suggest
that by the year 2080, a category 2 storm would flood twice as many linear kilometers of
NYC streets than were flooded during hurricane Sandy, affecting 97,000 street trees, more
than double the number of trees flooded by the storm surge in 2012 [4]. The frequency of
this flooding will likely increase with future climate change [5]. A greater understanding
of tree species’ tolerance to periodic saltwater inundation can inform urban greening
strategies in cities’ flood-prone areas. Little work has been done on which tree species are
most tolerant to periodic saltwater flooding, however, there is a body of work focused on
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the relative tolerance of tree species to increased soil salinity caused by deicing salt used on
streets and sidewalks. Increased soil salinity adversely affects plants at all stages of growth
and development [6]. In trees, salt stress can cause a reduction in above-ground biomass
and interferes with nutrient uptake [7,8]. In addition to the physiological stress caused
by increased soil salinity, soil inundation causes many physiological changes in woody
plants not adapted to flooding, including suppression of leaf formation and expansion,
premature leaf abscission and senescence, shoot dieback, and inhibition of photosynthesis
and carbohydrate transport, macronutrient absorption, and root formation and growth [9].
Tolerance to both flooding and salinity varies widely by tree species and genotype [9–11].

Saltwater intrusion from frequent tidal flooding and sea level rise has many biogeo-
chemical consequences, which impact forested ecosystems. This includes soil salinization,
which can subsequently cause osmotic stress in plant roots, prevent drainage, change
carbon dynamics, and lead to sulfide toxicity in plants [12]. In addition, saltwater flood-
ing of urban forested natural areas can lead to dominance of coastal ecosystems by more
salt-tolerant invasive species [12].

Urban forest managers are currently managing for increased species diversity as
they plan for the future [13]. Climate change adds complexity to these decisions because
trees are long-lived and will experience warmer and drier or wetter conditions over their
lifespan. In coastal cities, these management goals are further complicated by increased
frequency and area of saltwater inundation. Here, urban forest managers will benefit from a
greater understanding of the relative level of salt tolerance of tree species along with future
scenarios of inland saltwater incursions along the coastline resulting from sea level rise.

As a land management agency, the NYC Department of Parks and Recreation (NYC
Parks) operates at the nexus of climate adaptation and risk mitigation. In NYC, there is
a growing focus on increasing canopy cover to mitigate the effects of a warmer climate.
In 2017, NYC launched the “Cool Neighborhoods Initiative”, which highlights increasing
street tree canopy cover as one way to mitigate the effects of climate change [14]. As a
result, on average, every year the city of New York plants nearly 7700 new trees across its
5 boroughs (5-year average) [15]. However, coastal urban landscapes, such as NYC, face a
dual challenge of not only increasing their tree canopy but streamlining species selection to
develop an urban forest that is resilient in the face of an increase in extreme weather events
and sea level rise.

Here, we describe an ArcGIS-based survey tool developed by NYC Parks that identifies
tree planting areas within three tiers of coastal vulnerability along with a system that rates
tree species based on their level of tolerance to coastal conditions. The overall goal of this
effort is to create a decision support tool for NYC’s urban forest managers to make street
tree planting decisions in areas that are likely to be impacted by saltwater flooding within
the expected lifespan of street trees. This approach may be useful to other coastal cities
engaged in creating a more resilient urban forest for the future.

2. Materials and Methods
2.1. Study Area

New York City is the most densely populated city in the United States, covers a land
area of 784 km2, and has a coastline that covers a linear distance of 837 km. There are
over 660,000 street trees in the city that come under the jurisdiction of NYC Parks [16].
New York City contains five boroughs: Bronx, Brooklyn, Manhattan, Queens, and Staten
Island (Figure 1). Tree management of street and park trees within NYC is managed
by NYC Parks and is divided into four operations: (1) a tree planting team with sub-
teams dedicated to each borough, (2) borough-level maintenance and operations units for
structural management and removal of mature trees, (3) citywide permits and plan review
team for tree preservation, replacement, and restitution, and (4) a team of foresters who
repair sidewalk damage around existing trees.
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Figure 1. The New York City study area.

2.2. Coastal Vulnerability Factors

Future climate projections suggest that storm frequency including tropical cyclones
(hurricanes and tropical storms) is likely to increase [2,17]. In NYC, urban forest managers
are most concerned about the increased frequency of offshore storms causing coastal
flooding. As the sea level rises, flooding along with storm surge will be exacerbated,
especially in high-risk areas [17]. In addition, there is an increased likelihood that areas
previously considered safe from flooding could be impacted. Coastal vegetation will
likely be impacted by high winds and increased salt spray. Consequently, as we consider
street tree planting strategies for the NYC coastline, we focus on the following coastal
vulnerability factors: (1) frequent exposure to high winds; (2) salt spray; (3) saltwater
flooding. With these factors in mind, we developed a tool that considers which tree species
are most tolerant to salt exposure and delineates appropriate planting zones based on
proximity to the coast.

2.3. Species Tolerance to Coastal Vulnerability Factors

We created a Coastal Tree Species Palette by reviewing the literature for tree survival
and resilience in post hurricane and tropical storm conditions. We focused on tree species
that are suitable for urban planting in our geographical region. We relied on both scientific
and management expertise ranging from measurement of physical tree damage to mu-
nicipal arborist surveys [18,19]. Tolerance of tree species to coastal environmental factors
(soil salinity, salt spray, and high-speed winds) was reported in the existing literature on
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a six-class scale, i.e., high, moderate, moderate to high, low to moderate, low, poor, and
unknown, for species lacking tolerance data [18,19]. From these ratings, we adapted the
ModFacs approach developed by Matthews et al. [20] and calculated the modifying factor
scores for 44 tree species suitable for urban planting. Scores were then converted into
categories of high, moderate, and low overall tolerance (Supplementary Material File S1).
We assigned high-tolerance tree species to coastal tier 1, moderate-tolerance trees to coastal
tier 2, and low-tolerance trees to coastal tier 3 (see below and Figure 2). Clearly, trees
assigned to a lower tier can also be planted in any coastal tier with a higher number. For
example, trees assigned to tier 1 are suitable for tier 3 but not vice versa.
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Figure 3. Methodology to develop GIS-based tool supporting species selection in coastal regions. 1*
refers to the map legend in Figure 2 for symbology.

To validate the resulting species palette, we assessed the survival and condition of
species that were flooded during superstorm Sandy. We hypothesized that street trees
that lived through the storm exhibited some tolerance to coastal vulnerability factors, i.e.,
high-speed winds, soil salinity, and salt spray. We overlaid the Sandy Inundation Zone
layer [21] with NYC Parks Tree Point data [22] to select trees that experienced saltwater



Forests 2024, 15, 92 6 of 13

flooding during Sandy. Tree point features assessed during NYC Parks’ inspections include
diameter at breast height (DBH), tree structure, and tree condition. We selected trees that
made up at least 1 percent of the street tree population in the Sandy Inundation Zone
with a DBH > 25.4 cm (10 inches), Structure = “Full”, and Condition = “Excellent”, “Fair”,
or “Good”.

2.4. Coastal Tiers

We developed a geographical information system (GIS) layer delineating three areal
zones corresponding to the species tolerance classes (see above). We refer to these zones
as coastal tiers. A coastal tier can be defined as an area in proximity to the coastline that
is vulnerable to saltwater flooding (Table 1). We used sea level rise projection data to
quantify the average distance of water incursions from the coastline. To accomplish this, we
(1) processed sea level rise data, (2) delineated coastal boundaries, (3) conducted proximity
analysis, and (4) developed coastal tiers (Figure 3).

Table 1. Description of coastal tiers.

Tier Description

1 Along the coastline, high exposure to high-speed winds, wind-driven salt spray, saltwater flooding, high likelihood of
flooding in the event of sea level rise, only the most resilient tree species are suitable for planting.

2 Slightly inland, moderate exposure to high-speed winds, wind-driven salt spray, saltwater flooding, likelihood of flooding
during sea level rise is lower than Tier 1, tree species with moderate tolerance to coastal factors are suitable for planting.

3 Farther inland, low to moderate exposure to high-speed winds, wind-driven salt spray, saltwater flooding, likelihood of
flooding during sea level rise is minimal, tree species with low tolerance to coastal factors will thrive.

2.4.1. Sea Level Rise Data Processing

We used New York City’s Panel on Climate Change (NPCC) models on sea level rise for
this project. These models include percentile projections (10th, 25th, 50th, and 90th) for the
years 2020, 2050, 2080, and 2100 [23]. For our objective, we used the extreme SLR projection
of 1.9 m (75 inches) by 2100 that falls within the 90th percentile of projected estimates.
The 2100s projections portray an almost worst-case scenario, which is important for early
identification of trees and areas at risk to guide management decisions for developing a
more resilient urban tree canopy.

The NPCC SLR layer was a composite dataset of over 7000 pixelated polygons across
the 5 boroughs. Since the New York City mainland consists of both low-lying and elevated
areas, we hypothesized that not all boroughs will be impacted equally by SLR flooding.
Therefore, the analysis was constrained to treat every borough as a separate landmass
because of varied topography and NYC Parks’ borough-level managerial structure. Due
to their connected landmass, the boroughs of Queens and Brooklyn were treated as a
single unit.

To accurately calculate the distance of inland water incursions from the coastline, we
subtracted the sea level rise layer from the borough area [24] to generate a new output
feature class named Difference Layer (DL) (Figure 3). The DL is a polygon that delineates
the estimated coastline in 2100 after a projected 1.9 m of SLR.

2.4.2. Coastal Boundary Delineation

Coastal infrastructure such as boardwalks, jetties, and piers were removed, as well
as areas outside the jurisdiction of NYC Parks. Examples of areas outside NYC Parks’
jurisdiction include Riker’s Island, Governor’s Island, Liberty Island, Hoffman Island,
LaGuardia airport, John F. Kennedy Airport, and Floyd Bennett Field.

Areas of Coney Island, Brighton Beach, and Rockaway Beach were projected to com-
pletely submerge during the occurrence of a 90th percentile SLR event in the 2100s, indi-
cating high exposure to coastal vulnerability factors. Therefore, by definition, these were
classified as coastal tier 1 (Table 1). As a result, these were eliminated while constructing
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the Borough Coastline Layer (BCL) for Brooklyn and Queens and were eliminated from the
proximity analysis.

2.4.3. Proximity Analysis

The process of eliminating physical and jurisdictional barriers generated a feature
polyline layer, the BCL (Figure 3), which was used as the starting point for estimating
the distance of saltwater incursions. This distance was computed using the “Generate
Near Table” geoprocessing tool that calculates the nearest distance and other proximity
information between one or more feature classes or layers. While this tool can utilize point,
polygon, polyline, and multipoint feature types, it does not accommodate multi-polygon
feature analysis (ArcGIS Pro 3.2, Esri, Redlands, CA, USA). Therefore, we generated points
at 15.24 m (50 feet) intervals along the DL to create a feature point layer called the Water
Incursion Layer (WIL).

After further data cleaning, such as eliminating physical and jurisdictional barriers
from the WIL, we ran the “Generate Near Table” tool with WIL and BCL as the input and
near feature class, respectively.

2.4.4. Coastal Tier Formation

The results of the proximity analysis were exported to a spreadsheet for further
investigation. All data points with Near Distance field value < 0.3 m (<1.00 feet) were
discarded as being outliers to avoid skewing the data average. The remaining data points
were used to calculate percentile values corresponding to each coastal tier. We calculated
the average distance of water incursions using the following data analysis command:

= PERCENTILE.EXC(array, k) (1)

which returns the kth percentile of values in a range, where k is in the range 0. . .1, exclusive.
The value of k was substituted with 0.5, 0.75, and 0.9 for buffers 1, 2, and 3, respectively.

With the objective to create a resilient coastal canopy, we used 50th percentile to determine
the distance of the first buffer zone from the coastline. Our next data breaks were at 75th
and 90th percentile to maximize the coverage of flood-prone areas by the tiers. Beyond
90th percentile, the projected incursions were not only sparse but significantly farther
inland. Therefore, with applied management considerations, we used data points within
90th percentile to avoid limiting the species choice for inland areas while maximizing the
coverage of areas prone to saltwater flooding.

Based on the percentile values, planar, round buffers around the BCL were then
introduced using the “Buffer Analysis” geoprocessing tool (ArcGIS Pro 3.2, Esri, Redlands,
CA, USA). We then clipped buffers from the borough area to delineate coastal tiers (Figure 3).
To achieve non-overlapping tiers for operational purposes, areas of buffers 1 and 2 were
extracted from buffers 2 and 3 correspondingly before the final clipping leading to coastal
tiers. Additionally, we merged areas of Coney Island, Brighten Beach, and Rockaway Beach
while generating tier 1 for Brooklyn and Queens.

3. Results
3.1. Species Palette

We found information on tree species tolerance to salt spray, soil salt, and wind
for 44 tree species (Supplementary Material File S1). Out of these, 16 had high overall
tolerance, 21 had moderate overall tolerance, while only 7 had low overall tolerance to
coastal vulnerability factors. This means that 16/44 species were suitable for planting in
coastal tier 1, 37 (high plus moderate overall tolerance) were suitable for planting in coastal
tier 2, and all 44 (high, moderate, low) were suitable for planting in coastal tier 3.

The areas of NYC that were flooded during Sandy contain 24,000 trees. There are
19 species which make up at least 1 percent of the flooded tree population (Figure 4). Of the
trees flooded during Sandy, 21,000 trees met our size and selection criteria suggesting some
level of tolerance to associated coastal factors explaining their survival and growth post
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hurricane Sandy. Of the 19 species that constituted at least 1 percent of the population, only
6 (i.e., Gleditsia triacanthos L., Liquidambar styraciflua L., Quercus palustris Munchh., Quercus
phellos L., Styphnolobium japonicum (L.) Schott, and Zelkova serrata (Thunb.) Makino) matched
the species palette produced in this study (Supplementary Material File S1). Out of these, G.
triacanthos and Q. phellos exhibit high tolerance to coastal vulnerability factors based on the
ModFac scores, whereas L. stryaciflua, S. japonicum, and Z. serrata have moderate tolerance,
and Q. palustris has a low overall tolerance. The species composition analysis further
revealed some interesting population trends. London plane tree (Plantanus × acerifolia Mill.
Ex Munchh.) contributed to 28.5% of the existing Sandy Inundation Zone population
city-wide with over 7000 trees. Callery pear (Pyrus calleryana Decne.), Norway maple
(Acer platanoides L.), and green ash (Fraxinus pennsylvanica Marshall) trees also contribute
significantly to the existing population in the inundation zone.
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3.2. Coastal Tiers

The configuration of coastal tiers indicated that not every borough was affected equally
by rise in sea level. The data from proximity analysis showed that the boroughs of Brooklyn,
Queens, and Staten Island had larger flood buffers compared to Bronx and Manhattan,
suggesting that the latter are projected to experience less flooding in the future (Table 2).
While more than 136,000 of the nearly 660,000 street trees in NYC exist in coastal tiers
city-wide, the distribution of trees expected to be impacted by coastal vulnerability factors
in the future varies between boroughs. For example, in tier 1, Brooklyn and Queens jointly
have over 38,000 trees, and Staten Island has nearly 7500 trees, while Bronx and Manhattan
contain 1836 and 8585 trees, respectively.

Table 2. Linear distance of coastal tiers from borough coastline.

Distance from Coastline in Meters

Borough Tier 1 Tier 2 Tier 3

Bronx 0.3–58.2 58.3–156.7 156.8–395
Manhattan 0.3–97.5 97.6–197.8 197.8–314.8

Brooklyn and Queens 0.3–176.4 176.5–412.0 412.1–651
Staten Island 0.3–205.1 205.2–794.6 794.7–1693
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While tiers 1 and 2 were introduced as continuous buffers along the coastline, tier 3 is
a discontinuous outline of areas prone to saltwater flooding in an event of sea level rise
(Figure 3). We determined from observational data that trees farther inland are relatively
less exposed to high-speed winds or wind-driven salt spray, therefore the largest factor at
play was saltwater flooding. Because not all areas will be equally impacted by flooding
due to varying topography, we concluded that a continuous buffer outlining tier 3 was not
necessary for our purposes.

4. Discussion and Management Implications

Salt tolerance mechanisms in trees include exclusion of salt by roots, excretion by
leaves, and storage of salt ions in cells to balance external water potential [25]. Research on
salt tolerance mechanisms of forest trees along with breeding, selecting, or creating trees
with high tolerance to saline soils is in its infancy [25]. Here, we rely on the existing literature
and empirical evidence to rank tree species by their level of tolerance to salt impacts.

Our species composition analysis highlights the vulnerability of the existing tree
canopy along NYC’s coastline with higher populations of London plane tree, pin oak,
callery pear, Norway maple, and green ash. London plane trees were severely impacted
by saltwater flooding during Sandy, indicating poor tolerance to saltwater flooding [4],
which raises concerns about the sustainability of the street tree population in the coastal
tiers. Furthermore, while the data on coastal suitability of callery pear and Norway maple
species are limited, their shallow root systems make them susceptible to uprooting during
high-speed winds. Considering a potential decline of coastal tree population, NYC Parks is
working to diversify the street tree planting palette, with particular attention being given
to tree species that may be more resilient to future climatic conditions. This has resulted in
planting greater numbers of willow oak (Quercus phellos) and Japanese zelkova (Zelkova
serrata), which, according to our analysis, have high and moderate tolerance to coastal
vulnerability factors, respectively (Supplementary Material File S1).

Urban forest managers in coastal cities plan for increased temperatures and/or wetter
or drier conditions in the future. In addition, they are faced with changing environmental
conditions along the coast related to sea level rise, such as saltwater flooding and increased
storm frequency and severity, which in turn can exacerbate injury by salt spray. The
combination of these urban stressors can have an adverse effect on tree health, performance,
and survival [26].

The existing ash trees (Fraxinus spp.) in the coastal areas of NYC add further com-
plexity due to the ongoing emerald ash borer outbreak, indicating the need to replace the
declining population with tree species tolerant to saltwater intrusion as well as prevalent
pests. Many cities are setting or supporting goals for maintaining or increasing overall
tree canopy cover, which includes “parts of a tree or trees, including the leaves, branches,
and stems, that shade the ground when viewed from above”, mostly using remote sensing
technology [27]. For example, Forest For All NYC, a multi-organizational coalition, outlines
among its major objectives to achieve 30% canopy citywide by 2035 [28]. Other cities
around the world are adopting the 3–30–300 rule as a framework for urban greening [29].
A key component of these goals is to preserve the existing urban tree canopy cover in
addition to planting new trees. Our tool can help ensure the sustainability of trees planted
in areas likely to be impacted by coastal vulnerability factors now and in the future.

The method and procedures we outline could be applicable to other coastal cities
that are adopting nature-based solutions, such as increasing tree canopy cover in order
to increase future coastal resilience [30,31]. Our species list can help other urban forest
managers working with similar planting palettes. Additionally, the ModFacs approach
used to develop the species list serves as a template for determining overall tolerance to
coastal vulnerability factors for other species of interest to managers (e.g., in other climatic
zones). It should be noted that our species list does not provide coastal tolerance ratings
for all tree species currently being procured and planted by NYC Parks, nor does the list
include species suitable for other geographic regions, due to lack of existing data and
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literature. Therefore, future research efforts that monitor and assess the health of existing
trees in coastal tier 1 of NYC considering coastal vulnerability factors would help advance
the knowledge of salt tolerance in specific tree species. Our efforts provide information
for adopting a proactive approach focused on mitigating the impacts of future saltwater
inundation on street trees.

5. Conclusions

While several studies have assessed damage from coastal storms as well as salt tol-
erance of various species [6,19,32,33], the creation of an overall tolerance score for coastal
vulnerability paired with a GIS-based tool that allows managers to pair the most tolerant
tree species with geographies that are most likely to experience saltwater inundation in the
future is novel.

Trees provide many ecosystem services, and the importance of maintaining urban
green spaces as a refuge was emphasized during the pandemic [34]. However, city trees
face a set of environmental factors that they did not necessarily evolve with (e.g., higher
temperatures [35], heavy metals [36], atmospheric pollutants [37], therefore, having knowl-
edge of planting the right species at the right location can help mitigate and adapt to a
changing climate. Sea level rise due to climate change means that coastal cities will face
saltwater flooding that is both more frequent and severe (i.e., greater areas of inundation [4]
putting a greater proportion of a coastal cities’ tree canopy at risk. This comes at a time
when many cities are trying to increase their urban tree canopy cover.

These results highlight the vulnerability of existing street tree populations in areas in
close proximity to the coast. For example, London plane tree and other species particularly
susceptible to coastal vulnerability factors make up the majority of NYC’s street tree
population. The methods outlined here allow NYC’s street tree planting teams to choose
more tolerant species to plant in those geographic areas, which are more likely to experience
saltwater flooding in the future.

We learned that there is limited information in the scientific literature on the relative
tolerance of tree species to coastal vulnerability factors, and more research is needed. As
cities begin to plant putatively tolerant species in zones impacted by coastal vulnerability
factors, subsequent validation of their resilience could be very useful. As coastal cities work
towards creating a tree canopy that is resilient to future climate impacts, our framework
and template may be useful for other urban forest managers.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f15010092/s1. Supplementary Material File S1: NYC Tree Planting
Coastal Species List. References [4,15,18,38–68] are cited in Supplementary Materials.
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