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Flooding is among the most common and costly natural disastes in the United States.
Flood impacts have been on the rise as ood mitigating habitts are lost, development
places more people and infrastructure potentially at riskand changing rainfall results in
altered ood frequency. Across the nation, communities argecognizing the value of ood

mitigating habitats and employing green infrastructure @rnatives, including restoring
some of those ecosystems, as a way to increase resilience. Heever, communities may
under value green infrastructure, because they do not recagze the current bene ts of

risk reduction they receive from existing ecosystems or thpotential bene ts they could

receive through restoration. Freshwater wetlands have l@gnbeen recognized as one of
the ecosystems that can reduce ood damages by attenuating sirface water. Small-scale
community studies can capture the ood-reduction bene ts from existing or potentially
restored wetlands. However, scalability and transferalify are limits for these high
resolution and data intensive studies. This paper detailie development of a nationally
consistent dataset and a set of high-resolution indicatorsharacterizing where people
benet from reduced ood risk through existing wetlands. We demonstrate how this

dataset can be used at different scales (regional or local) tapidly assess ood-reduction

bene ts. At a local scale we use other national scale indicatrs (CRSI, SoVI) to gauge
community resilience and recoverability to choose Harris @unty, Texas as our focus.
Analysis of the Gulf Coast region and Harris County, Texasedti es communities with

both wetland restoration potential and the greatest ood-pgone population that could

bene t from that restoration. We show how maps of these indiators can be used to set

wetland protection and restoration priorities.

Keywords: resilience, bene t indicators, ooding, wetlan ds, geospatial

INTRODUCTION

Flooding is a signi cant problem across the United Stateshoterms of contribution to overall
risk (Doocy etal., 2013; Summers et al., 2@nd recovery costs\SFPM, 2013 Four confounding
trends are increasing the impact of ooding: changing ocemge and intensity of storm events
(Milly et al., 2009y, increased urbanizatiorHpllis, 1975; Shuster et al., 2QPkhcreased value of
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assets vulnerable to oodingJongman et al.,, 20)2and approach that evaluate tradeo s between alternative retitora
decreased stormwater mitigation due to loss of greesites by placing dollar values on wetlands or speci ¢ servites o
infrastructure @hern, 2007. wetlands Brander et al., 2006, 2013; Ghermandi et al., 2010

Green infrastructure refers to the systems that provideisesy However, transferring the results of previous studies dlyiekd
to people—these systems can be managed to varying degreessistently across national or regional scales is di chicause
from fully constructed systems, such as rain gardens, tgtiag, values are context and location-specic, requiring addigb
“natural” ecosystems, like oodplain wetlandBi(rgess, 20)5 information for bene t transfer and use in local decision magi
The ability of wetlands to function by attenuating ood wase The Rapid Bene t Indicators (RBI) approachlfzzotta et al.,
depends primarily on their type, condition, and landscape2016, 201Battempts to directly capture the potential bene ts to
position (Brinson, 1993; Bullock and Acreman, 2003; Acremarpeople from wetland restoration or protection e orts. It outlines
and Holden, 2013; Kadykalo and Findlay, 2nMhen awetland an indicator set for prioritizing wetlands within a watershe
attenuates ood water it has the potential to provide an ectesys  informed by how people interact with, bene t from, and value
service, in the form of ood-reduction services. Despite thethe wetlands.
critical role wetlands play in the landscape, their extenthie t This paper details how we assembled a national dataset
contiguous United States has declined by more than half sinac&f spatial indicators developed through the RBI approach.
colonization Pahl, 199). Most freshwater wetland losses areWe demonstrate how to use the developed indicators to
due to historic drainage to convert those areas to productivenform decisions on wetland restoration and conservation
agricultural landsDahl and Allord, 199%and continuing urban  priorities at multiple scales. Locations where there is
development$tein and Ambrose, 1998; Kelly, 2001 demand for ood-reduction services by populations in

Recognizing both the magnitude of wetland losses, and thegotentially ooded areas downstream but there is limited
resulting loss in the vital ecosystem services those wetlarsdipply of those services from wetlands upstream indicates
systems supplied, national regulatory policies and communityestoration priorities. Locations where people currently &én
grassroots actions have focused on protecting remaininffom reduced ooding through existing wetlands indicate
wetlands and restoring wetlands where feasibl{ and conservation priorities.
Allord, 1996. Federal programs include the Federal Emergency
Management Agency (FEMA) Community Rating System, an
incentive-based program that credits preservation or regton NMETHODS
of wetlands in oodplains, and the Department of Agricultige’
Conservation Reserve Program, which funds wetland restorati The Rapid Bene t Indicators (RBI) approach is a bene ciary-
projects nationally (SDA, 2015; FEMA, 20).7 Community  centric, non-monetary way to quickly compare restoration
organizations restore, protect, and otherwise manage wetlarsites using indicators that address several questiontectla
resources through a variety of mechanisms, including ratt@n ~ the aspects of bene ts that make them valuable. Spatial tools
banks, acquisitions, and easement&n\(ironmental Law developed to apply the RBI approach answer these questions
Institute, 2012 by assessing indicators for the area surrounding potential

With numerous protection or restoration candidate sites andrestoration sites from spatial datasetso(isquin et al., 20)7
limited funding, practitioners have developed many strategi Most of the spatial input datasets have suggested national
to prioritize sites for restoration. Several states haveeld@ed defaults for use where locally relevant data are not aVeilatie
their own tools or assessments, such as Rhode Island's éidapta developed a new national dataset as a more accessible tlterna
of a rapid assessment todll{ler and Golet, 200), Oregon's to the spatial analysis tools. The dataset has the added bene t
Wetland Restoration Planning Todlsor Wisconsin's Wetlands that practitioners can use it at multiple scales. The new datase
and Watersheds ExploreiVller et al., 201). Most existing is specic to ood-reduction services and answers two of the
wetland assessment methods focus on wetland functions. &/heRBI questions.
methods do address bene ts, it is typically in the form of a The rst question addressed here is: how many people
judgment regarding the “social signi cance” of each fuoati benet? In contrast to some other benets of freshwater
(seeKing et al., 2000and King and Price, 2004or more wetlands, ood-reduction is particularly dependent on the spht
on these approaches)dealy and Secchi (2016peviewed and hydrological characteristics of the landscape, becsites
seven ecosystem service modeling and decision support togesoviding ood-reduction services bene t people some distance
(e.g., InvestNelson et al., 20Q9or their ability to evaluate downstream. The value of ood-reduction services is highly
di erent wetlands restoration scenarios. Only the ARIES nmlodedependent on the number of people who bene t as well as the
(Bagstad et al., 20)4incorporated bene ts of inland ood- value and level of vulnerability of assets protected fromding.
reduction services. However, the approach required sembBuring a storm event people benet from ood-reduction
intensive modeling making it di cult to apply as a screening services in the form of ood damage reductions. When planning
tool or at broader scales. Economic valuation studies aothen  for future storms, the bene t of future ood-reduction seices

can take the form of ood-risk reductions. Here, we use the term

1The Oregon Explorer-Wetland Restoration Planning Tool, developedrbg@n ood-reduction bene ts to refer to both bene ts intercharmgbly.
State University and the Oregon Watershed Enhancement Boancheaccessed | N€ number of people downstream who are currently exposed to
at: http://oe.oregonexplorer.info/wetlands/restoration/. ooding and may experience ood-reduction bene ts after it
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restoration indicates how many people bene t. For simplicitist there may be added redundancy and resilience infrastrectur
will be referred to as the demand indicator. that comes with a major city, re ected in a high score for
The other question addressed here is: by how much do peopthe built environment domain (0.84) that o sets some risk.
bene t? This question has four parts, however the only oné'he natural environment domain is of special interest here, a
addressed here is service scarcity. For ood-reductiowises, it includes indicators describing the extent and conditioh
people downstream may already be receiving bene ts fronmatural ecosystems in the context of natural hazards essit.
existing wetlands or gray infrastructure, such as dams améds. A low natural environment domain, 0.19, demonstrates Harris
Where there are fewer substitute sources of ood-reductionCounty has limited resilience from natural systems. A county
services, those services are scarcer and the value of oodith a low score in the CRSI natural environment domain
reduction services from a restored site is greater. The jpgaga has the opportunity to increase their resilience through gree
of wetlands upstream provides an indication of the existingnfrastructure or restoration.
ow of benets. For simplicity this will be referred to as the  Another natural hazards resilience characterization Sbeial
scarcity indicator. Vulnerability Index (SoVI;Cutter et al., 20083 utilizes census
The national dataset we developed characterizes two metricdemographic data, often available at the census tract level,
the populationin ood-prone areas and the prevalence of exgstin to characterize socio-economically vulnerable populatidiis.
wetlands. However, the spatial relationship of a restoratioused SoVI to identify bene ciaries that are the most socio-
site, either upstream or downstream of these landscapeconomically vulnerable and may need resilience most lsecau
characterizations is what identi es the bene ciaries oreee they have fewer resources to recover from natural hazards.
scarcity. We used the perspective of a practitioner evaluaingCensus tract SoVI scores within Harris County range from
potential restoration site to frame the spatial relationshipom 6.93 10 11.85, when scaled within Texds{ards Vulnerability
that perspective the indicators are (1) downstream beneieggr Research Institute, 20).4The average SoVI score for the 786
i.e., how many people are in ood-prone areas that wouldtracts in Harris county is 0.237, considerably less than the
bene t from restoring the site, and (2) local scarcity, ijeow Texas average (11.85), indicating vulnerable populations in
many wetlands are already supplying the same ood-reductioithe county.
services. The alternative perspective is that of a potential Both resilience indicators, CRSI and SoVI, conrmed
bene ciary and could be explored using the same nationaHarris County Texas as a good candidate for the local scale
dataset and methods (s&upplemental Materialy. From that demonstration. We chose the Gulf of Mexico for our regional
perspective the indicators would be (1) local bene ciaried &) demonstration because Harris County falls within that egi
upstream scarcity. and because other manuscripts within this special issue also
Another requirement for this national dataset was scaigbil highlight other indicators in the Gulf of Mexico.
When a county, municipality, watershed manager, or other
commurjlty decision mqker is .trymg to prioritize wetlands Framework
restoration or conservation projects on the ground, the dat

. oy . . he existing hydrologic framework of the Nation's rivers
used to inform that decision needs to be high resolution an(.jand streams (National Hydrography Dataset Plus Version 2:

aggregated to a scale appropriate to discern di erences With'p/chay et al., 2012provides a way to connect upstream and

that management area. Both regional- and local-scale idecis :
S . downstream areas. Several approaches have used this framework
makers need to be able to use the dataset to prioritize re@ora o
to connect upstream landscape characteristi¢d €t al., 201§

or conservation. We developed the national dataset for use . .
.~ or contaminant sourcesSamuels et al., 20)Lwith downstream
at a local-scale but demonstrate a method for aggregati

. . . . R "Snditions. Here the framework connected upstream ood
information for use in regional prioritization. . .

attenuating wetlands to people that bene t in downstream ood-
prone areas.

NHDPIusV2 de nes catchments for the area that ows into
each stream reach, hereafter referred to as “catchmentesd
small-scale catchments, at an average size of 32| &ra at a
ueseful scale for localized decisions. NHDPIlusV2 integrated th
(&test Watershed Boundary Dataset (WBD), allowing catafitsie
Harris County, TX as an area that might bene t from greentO be cross-wglked to. eight-digit WBD Hydrologic Unit Codgs
. . HUC-8). The integration and crosswalk to HUC-8 (average size
infrastructure. The CRSI uses scores to characterize coun&)\f . .

o . . . . 3,805 kn?) allows for aggregation to broader scales for use in
resilience to a variety of natural risks. Five domains cosgthe

index, each including a set of indicators and metrissmmers regional decisions.

et al. (2018)details CRSI component domain scores, each

scaled 0.01-0.99 for the nation. These domain scores provifeharacterizing Catchments

additional insight to other county resilience factors. Riskhe Each catchment required two new attributes: wetland extent
rst domain (0.99 for Harris County), where a higher Risk seor and ood-prone population.Figure 1 lists the four main input
means greater risk of hazardous events occurring. HarrismBo  datasetsKigure 1A) and how we used them to characterize the
includes the City of Houston and surrounding areas, meaningatchment attributes listed ifable 1

Case Study Selection

Other resilience indicators and characterizations maydlen
important context to restoration and conservation decision
Often this type of information follows sociopolitical jurigdions
instead of natural boundaries. We used the Climate Resilien
Screening Index (CRSISummers et al., 20)7to identify
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A Landscape Input Datasets

Landscape Attribute Source Statistics

Population EnviroAtlas Landscape . .

Flood-prone area (USEPA) EnviroAtlas Attribute [Table 1 Atheiliate

Flood-prone area (FEMA) FEMA Wetlands  Percent Wetlands Wetlands

Wetlands NWI CINHDPIus Catchment

B Characterize Catchment

C Characterize Catchments (Overlaid)

Population
High : 1.75085

+

Low:0
[INHDPlus Catchment

I Flood-prone area (FEMA)
:I NHDPIus Catchment

Landscape Attribute 1 Landscape Attribute 2 Table 1: Attribute
Population Flood-prone area (FEMA) Flood-prone population (FEMA)
Population Flood-prone area (USEPA) Flood-prone population (USEPA)

Population
g High : 1.75085

=

Low:0
[ Flood-prone area (FEMA)
[ NHDPIus Catchment

FIGURE 1 | Work ow used to characterize catchment attributes using(A) landscape input datasets. Catchments were characterized ¥ landscape attributes either
(B) as a percent of catchment area, for wetlands, o(C) as a total after being overlaid with a ood-prone-area, for oal-prone population.

TABLE 1 | Fields characterizing NHDPlusV2 Catchments.

Short name Description Field name

FEATUREID Unique catchment ID COMID
Attributes Percent wetlands Percent of catchment in wetlands wet_pct

Flood-prone population (USEPA) Dasymetric population in&EPA ood-prone areas dpop_EA

Flood-prone population (FEMA) Dasymetric population in REA ood-prone areas d_pop
Upstream/Downstream Percent wetlands 4 km upstream Percenof catchments within 4 km upstream in wetlands wetpct_up

Flood-prone population 4 km downstream (USEPA) Dasymetrigopulation in USEPA ood-prone areas for dpopEAd

catchments within 4 km downstream
Flood-prone population 4 km downstream (FEMA) Dasymetricgpulation in FEMA ood-prone areas for d_popd

catchments within 4 km downstream

We characterized wetlands as a percent of each catchmegmbpulation from areas within the census polygons where
(Figure 1B) using the National Wetland Inventory (NWLJSFW, people are unlikely to live to where the population is likely
2019. The NWI is a national characterization of wetland denser USEPA, 2015 Re-distributing populations within census
extent and type. Of the de ned types, we limited wetlandslocks is particularly important for ood analysisMerz
in this study to “Freshwater Emergent Wetland,” “Freshwateet al., 201)) where census block geometries frequently overlap
Forested/Shrub Wetland,” and “Freshwater Pond.” We exatud waterbodies (lakes, rivers etc.) leading to ood-prone pofiata
non-freshwater coastal wetlands, because they provide - oodverestimation. To identify bene ciaries, the populatiorpirt
reduction services by reducing storm surge energy, actgg aataset was overlaid with a ood-prone arelidure 1C0). We
a barrier to water coming inland from the coast rather thanused two datasets to delineate the ood-prone area, FEMA
by attenuating ood waters. An advantage of NWI over the(FEMA, 201¥and USEPA\(Voznicki et al., 201p
National Land Cover Database (NLCBipmer et al., 201pis FEMA maps ood zones under the National Flood Insurance
that the NWI di erentiates more wetland types and is a moreProgram (NFIP). NFIP uses ood zones for insurance purposes,
accurate representation of wetland extent in at least sotiege  and the maps do not necessarily re ect observed ooding. The
(Handley and Wells, 2009 FEMA ood maps consider conditions at the time of creation,

Determining the ood-prone population required spatial including landscape attenuation and any gray infrastruetur
information on ood-prone areas and population. We usedsuch as dams or levees. FEMA characterizes ood zones
a dasymetric raster representation of block-level 2010 usensbased on recurrence (e.g., 100-year and 500-year stornas) an
populations available for the contiguous United States thfougbased on cause (riverine is an A-zone, coastal is a V-zone).
the USEPAs EnviroAtlasP(ckard et al., 2015; USEPA, 2016 FEMA makes ood zone data available in a variety of ways.
This dasymetric mapping redistributes populations within cesxsuThe Federal Insurance and Mitigation Administration (FIMA)
block polygons based on land use and slope to reassigrational vector dataseFEMA, 2013 best t the needs of this
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study. We restricted the ood zones considered to 100-year Applying those models to predict ood-prone areas from the
ood zones (A, AE, AO, AH) and combined adjacent ood zone same ancillary data in unmapped regions. The models performed
polygons to remove duplicates and speed up processing. well, accurately classifying 79% of the FEMA ood zones. FEMA

FEMA ood maps have drawbacks. FEMA designs ood mapsnaps are more versatile, because they di erentiate types of
with the intent to revise and update them over time, but remisi  ooding, and are more accurate, incorporating local data and
costs can be inhibitive resulting in many outdated ood maps.gray infrastructure into their modeling. However, for 40% o
Additionally, FEMA ood maps are not comprehensive, leavingcontiguous United States there are no FEMA maps, making
large areas of the United States unmapped. the dataset hosted by EnviroAtlas and describedNinznicki

Several modeling e orts have attempted to Il gaps in theet al. (2019)a more comprehensively available alternative.
FEMA ood maps by creating new nationally consistent mapsBecause both input datasets are useful in dierent parts of
(Wing et al., 2018; Woznicki et al., 2Q19VNoznicki et al. the contiguous United States depending on availability of
(2019) did this by training probabilistic models on ancillary FEMA data, we used both to characterize ood-prone areas
data where 100-year FEMA maps were available and thesf catchments.

Characterize Upstream/Downstream
e StamEiadh Catchment Stream Length (km) Flood-prone population (USEPA)
] NHDPIus Catchment A 22 3
fow B 1.4 3
C L9 1
D 8.1 23
5 )
L2 ™
N { i Catchment Catchments Total stream Flood-prone population 4
¥7\\ N downstream (4 km) length (km) km downstream (USEPA)
I\ C C+A 41 4
[ S—
o 7 R i D D 8.1 23
Table 1: Attribute Table 1: Upstream/Downstream
Percent Wetlands Percent wetlands within 4 km upstream
Flood-prone population (FEMA) Flood-prone population 4 km downstream (FEMA)
Flood-prone population (USEPA) Flood-prone population 4 km downstream (USEPA)

FIGURE 2 | Example of how upstream/downstream catchment metrics were alculated from catchment attributes.

National Dataset (Catchments)
Percent Wetlands
0.00-0.04 [ 0.28-0.40
0.05-0.10 [ 0.41-0.57 ;
0.11-0.18 [ 0.58-0.80 i N

N aaa— KM A
10.19-027 M 0381-1.00 [JUSBorder 0 500 1,000 2,000

FIGURE 3 | Map of catchment percent wetlands in the contiguous United $tes. Catchment values range from 0.00 to 1.00. The US bordeis used to show where
the NWI dataset stops, indicating catchments outside that brder include areas of missing data.
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We adapted scripts, algorithms, and quality assurancdownstream metricsFigure 2 shows how we used catchment
procedures from those used to characterize catchments aradtributes Figure 1B) and a speci ed stream length to calculate
produce watershed summaries for the StreamCat datasét ( the “Upstream/Downstream” metric§éble 1).
et al.,, 2015 Whereas, StreamCat converted vector landscape Understanding the sensitivity of results to the specied
features to raster before catchment characterizatione hee upstream or downstream stream length limit is vital since
characterized catchments using the original vector oraiadaita.  the distance ood-reduction bene ts travel downstream may
Adapted python scripts are availableSupplemental Materials  be dierent for dierent areas, dierent wetlands, or even
Table 1lists the elds used to characterize catchments in the nevior the same wetland during di erent stormsMjtsch and

national dataset we developed. Gosselink, 2000; VanSickle and Burch-Johnson, 2008; Liu
. et al., 2014; Bousquin et al., 201We explored the sensitivity
Using Networked Catchments for of three stream length limits (4-km, 5-km and 8-km; see
Upstream/Downstream and HUC-8 Supplemental Material} chosen based on simulations of
Aggregate Metrics wetland restoration Bousquin et al., 2035 A catchment

With catchments characterized, the networked feature ofipstream/downstream total included a downstream catchment
those catchments allows for the calculation of upstream ani the total stream length from that downstream catchment to

A National Dataset (Catchments)

Flood-Prone Population (FEMA)

KM
0 500 1,000 2,000 A

FIGURE 4 | Maps of population in ood-prone areas using FEMA(A) and EnviroAtlas(B) ood zone extents. Colors for the number of people in ood proneareas
within each catchment use a consistent scale across the two raps to facilitate comparisons.

Frontiers in Environmental Science | www.frontiersin.org 6 May 2019 | Volume 7 | Article 54


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Bousquin and Hychka Wetland Flood Bene t Indicators

the catchment was less than the stream length limit (i.,emtk Assigning Catchment Priorities
Figure 2 demonstrates calculation of ood-prone population We demonstrate how the scarcity and demand indicators can
4 km downstream for two example catchments, C and D. Fobe used to assign regional and local priorities. At the region
catchment C irFigure 2the ood-prone population downstream scale, we selected the sub-regions that drain into the Gulf o
includes the ood-prone population from catchments C and A. Mexico for demonstration and aggregated metrics to priogtiz
The total stream length for these two catchments is 4.1, so noy HUC-8. At the local scale, we selected Harris County, Texas
catchments further downstream are considered. If a catelime for demonstration and assigned priorities at the catchmewel.
contains a stream length greater than the stream lengttilieng., We selected Harris County, TX because it is a good candidate f
catchment D inFigure 2, the catchment upstream/downstream ecosystem restoration based on CRSI and SoVI, and because it
characterization will only represent characteristics inatth has experienced recent ood events.
catchment. If there are no upstream catchments (e.g., We assigned each HUC-8 or catchment a priority based on a
headwater catchments) or no downstream catchments (e.gyuartile distribution for that indicator. For the Gulf of Méco,
terminal catchments or a sink catchment) the catchmenthe quartiles were from values within the region (329 HUC-8s).
upstream/downstream characterization may only represerfor the local comparison, the quartiles were from values @ th
characteristics in that catchment. NHDPIusV2 sub-region, in this case the 24,607 catchmerttsan

We combined catchment data by HUC-8 using the WBDTexas 12a sub-region.
snapshot data included with NHDPIusV2 for regional analysis. We chose quartiles over more quintiles for two reasonst,Firs
We either totaled metrics in component catchments (e.g., FEMAhe high number of catchments with no wetlands or no ood-
based ood-prone population) or calculated the area-weightegbrone areas caused smaller bins to be redundant (e.g., in some
percent of the catchments (e.g., NWI based wetlands percentiases 40% of catchments might have no wetlands). Second, in
Sink catchments do not contribute to downstream ows and arethe example application, we placed catchments into 3 main
not included in the HUC-8 data. categories, limiting the utility of increased levels ofdiization.

A National Dataset (HUC-8)

[J us Border

D Gulf of Mexico Region
E NHDPlusV2 Sub-Regions
HUC Percent Wetlands

[ 10.00-0.01
[0.02
[ 0.03 - 0.06
I 0.07-0.94
KM
0 500 1,000 2,000

B Gulf of Mexico and TX12a Sub-Region (HUC-8)

D Gulf of Mexico Region
TX12a Sub-Region

HUC Percent Wetlands

[ 70.00-0.02

[10.03-0.09

I 0.10-0.17

I 0.18-0.75

c 9 N
0 125 250 500

FIGURE 5 | Map of HUC-8 percent wetland quartiles(A) scaled nationally, with the Gulf of Mexico region highligat in brown (B) scaled to the Gulf of Mexico region
with the TX 12a sub-region highlighted in tan, anqC) an expanded highlight showing the HUC-8 watersheds withintte TX 12a sub-region.
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A National Dataset (HUC-8)

I:I US Border

D Gulf of Mexico Region

] NHDPIusV2 Sub-Regions
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FIGURE 6 | Map of HUC-8 population in USEPA ood-prone area quartilegA) scaled nationally, with the Gulf of Mexico region highlightl in brown (B) scaled to the
Gulf of Mexico region with the TX 12a sub-region highlighteth tan, and (C) an expanded highlight showing the HUC-8 watersheds withinhte TX 12a sub-region.

Decision makers should choose binning methods and categoriquartile designations. We use an example application in Harris
that best meet their needs. County, Texas to demonstrate how practitioners could use
local-scale data for restoration and conservation decisions.

Quality Assurance and Missing Data
Input datasets stopped at intemational borders or containe e characterized catchments for use in bene t analysis in two

missing data in some locations. Where possible, we estimaged t . o

e .~ “ways: the percent of wetlands and the number of people living in
percent of each catchment that was missing values for eacth NP J-orone areas within the catchments themselves. Resoits f
dataset (seSupplemental Material3. Neither the NWI or the P :

all catchment characterizations listed Table 1are available as

FEMA ood-prone area datasets identify areas of missing \Eiluecomma separated values in tBapplemental Materials

and catchments do not have percent missing for these data. For The national map of catchment percent wetlands in

FEMA ood zones, we encourage users to evaluate missing&valult_ei 3 sh hvsi hi ds in fresh land
using FIRM boundaries gure 3 shows physiographic trends in freshwater wetlands.
There is higher percent wetlands cover in the Great Lakes,
along the Mississippi, and along the East Coast. These
catchment characterizations for wetlands compared faugriab
characterizations StreamCat made using other wetland detas
This study presents results from national, regional, and llocaseeSupplemental Material$.
analysis. At the national scale, results focus on catchment The two national maps ifrigure 4 show the total dasymetric
characterizations. At the regional scale, results focusthen population in ood-prone areas: the rst using the FEMA
same characterizations but aggregated to HUC-8 for the Gulf obod zones and the second using USEPA modeled ooding.

ational Results

RESULTS

Mexico. At the local scale, results include catchment laapec
characterizations, upstream/downstream characterinati@and

?Interactive Map of Mapped and Unmapped AregEMA Flood Map Service
Center. Accessed at https://msc.fema.gov/portal/search.

Both maps show ooding occurs throughout the contiguous
United States. The map showing population in the USEPA ood-
prone areas detects more widespread ood-prone population
west of the Mississippi than the map showing population
in the FEMA ood zones, likely due to FEMA non-mapped
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areas. Values in catchments that extend outside of US borders We aggregated catchment characterizations up to HUC-
likely include areas with missing values in both ood-prone8 for regional resultsFigures5 6 show HUC-8 results for

area de nitions. the same two characterizations from national catchments
_ (Figures 3 4): percent wetlands based on NWFigure 5
Gulf Region and total population in USEPA ood-prone area§igure 6).

National maps show trends in catchment-level wetland andVe choose to use USEPA ood-prone areas for regional-
ood-prone population. Decisions based on the combination ofscale decisions, because aggregation to HUC-8 generalizes
this information are best made at regional- and local-ssate data rich areas with areas missing data making it harder to
avoid weighing national physiographic trends too heavilyisTh detect missing data in the FEMA dataset. The Harris County
section explores how regional decision makers could usesthegesults section revisits the FEMA ood maps at the local-scale
results in the Gulf of Mexico. decision level where catchments with missing values ariereas
to identify.

The HUC-8 map of wetlands shown Figure 5suggests some
di erences in physiography across the region, with westerrebex
showing limited existing wetlands. This contrasts the atamce
of wetlands along the Mississippi and on the Florida peninsula.
Areas in the second quartile for percent wetlands may be ideal
for restoration, since the presence of some wetlands sugjthest
area s suitable, but the percent wetlands may not be highgmou
to signi cantly reduce ood waters in the watershed (3—7 pent
of watershed suggested Hyy and Philippi, 199p

Figure 6 shows HUC-8 total ood-prone population. Greater
demand for ood-reduction bene ts will be in areas where the
is a greater population in ood-prone areas, areas in the 4th
quartile. The proximity of wetlands to the population in ood-
prone areas was not explored at this scale.

Ideal areas for further investigation are those with a high
demand, indicated by quartile 4 for the number of people in
ood-prone areas, and moderate scarcity, indicated by tltesd
quartile for percent wetlands.

Harris County, Texas
At a local-scale we focus on Harris County, Texas. Based on
CRSI generalized resilience and its component domains, Harris
County has an opportunity for increased resilience through
FIGURE 7 | Map of Texas 12a sub-region catchment percent in NWI wetlans! green infrastructure. We show how a county can use a bene ts
quartile. This map also shows NHDPIus reaches with a streamrder greater approach to inform green infrastructure decisions. such as
than two in blue. . ’

wetlands restoration.

FIGURE 8 | Map of Texas 12a sub-region catchment percent ood-prone are quartiles(A) using USEPA ood model, or(B) using FEMA A ood zones.
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characterization of wetlands as a scarcity indicator. Gagatts
with more wetlands are near main stream and river ow paths
rather than in headwaters. Wetlands are also more prevalemt nea
the southern coast.

The maps inFigure 8 show catchment percent ood-prone,
using either USEPA ood-prone aredarigure 8A) or FEMA
ood zones igure 8B) to highlight di erences between the two
datasets and demonstrate how to choose one for use in local
bene t assessment. Catchments lacking FEMA ood zones are
apparent as large white spots on the map where data is missing.
These gaps are largely due to un-mapped areas, but removal of
vector zones may contribute to missing data in coastal areas
We chose the USEPA dataset to map ood-prone populations
in Harris County, because of gaps in FEMA coverage along the
southern part of Harris County, an area that also contains high
population. It is worth noting that FEMA is currently updating
ood maps in this area. In other parts of the same map, e.g.
southern Dallas, FEMA better accounts for ooding making it a
better choice for use in decision making there.

The catchment populationHigure 9A) is most concentrated
in the south, near Houston, and in the north, near Dallas.
As described in Characterizing Catchments dfidure 1C the
catchment population Kigure 9A) was overlaid with USEPA
ood-prone areas Figure 8A) to characterize each catchment by
the population in ood-prone areasHigure 9B). As described
in Using Networked Catchments for Upstream/Downstream
and HUC-8 Aggregate Metrics, anBigure 2, we combined
the catchment population in ood-prone area&igure 9B) for
catchments within 4 km downstreanfrigure 90, characterizing
catchment ood-prone population 4 km downstream (USEPA)
for use as a demand indicator.

Upper quartile limits inFigure 9legends may be misleading,
as the same, outlier catchment has both the highest ood-pron
population (Figure 9B) and the highest downstream ood-prone
population (Figure 90, 15,814 and 25,104, respectively. The
next highest catchment for both metrics is signi cantly lew
(9,289 and 9,340 respectively).

Bene t Assessment and Prioritization
We combined catchment percent wetlandEigure 7) and
downstream population in ood-prone areasFigure9 as
FIGURE 9 | Map of Texas 12a sub-region catchment quartiles fo(A) indicators of ScarCity and demand (respectively) to perform
population (B) ood-prone population using USEPA ood model, and (C) a benet assessmentTgble 2 and map priority areas for
ood-prone population within 4 km downstream. Each map uses ®lors based management actions={gure 10.
on quartiles of values for all catchments shown on the map. We labeled each catchment with a management action
of either restore or protect based on scarcity, using the
quartile percent of wetlands in the catchmenfable 2. We
Catchment Characterization characterized catchments with a high percentage of wetlands
Our focus is on two catchment characterizations for use aé>50th percentile) as already bene tting people in ood-prone
indicators: catchment percent wetlands, indicating s¢tgreind areas downstream and as candidates for protection. Likewise
ood-prone population 4km downstream, indicating demand. we characterized catchments with a low percentage of wetland
Characterizing the ood-prone population 4km downstream (< 50th percentile) as having the potential to benet people
involved four other catchment characterizations: percembd- in ood-prone areas downstream if the catchment wetlands
prone area (USEPA), percent ood-prone area (FEMA), totaincreased through future restoration.
population and ood-prone population (USEPA). We assigned a priority of either A, B, or C based on
The map in Figure 7 shows catchment percent wetlandsdemand, using the quartiles for downstream ood-prone
classi ed into quartiles for the 12a sub-region. We use thigopulations able 2. We characterized the number of people
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TABLE 2 | Percent wetlands quartiles, ood-prone population downsteam (USEPA, 4 km) quartiles, number of catchments and proption of catchments for each
decision category and priority.

Decision category Catchment percent Flood-prone Catchment count Percent of
wetland (Quartiles) population catchments (%)

downstream

(Quartiles)
Restore A < 25th > 75th 1,367 5.6%
Restore B <50th > 50th 4,383 17.8%
Restore C <50th < 50th 6,554 26.6%
Protect A > 75th > 75th 1,672 6.8%
Protect B >50th >50th 4,881 19.8%
Protect C >50th <50th 5,750 23.4%

FIGURE 10 | (A) Map of TX 12a sub-region catchments prioritized for consemtion and restoration based on percent wetlands and ood-prae population within
4 km downstream (USEPA)(B) Map inset focused on outline of Harris County (FIPS 48201).

in ood-prone areas downstream by quartile, where a higherareas downstream making the wetlands in that catchment alow
quartile 50th percentile) meant there are more people inpriority than those that could bene t more people. This does
ood-prone areas and demand for ood-reduction services isnot indicate that decision makers should neglect wetlan@éseh
higher. Where demand for ood-reduction services is higher Since “Protect C” catchments may contain some limited wekia
we assumed restoration and conservation actions are highér 50th quartile) it is possible there is a low downstream ood-
priority (A or B) than where demand is low<(50th percentile is prone population because of the ood-reduction bene ts of these
priority C). existing wetlands.

Priority A catchments had to have both high demand Mapping catchments by scarcity and demand indicator
(> 75th quartile for downstream ood-prone population) and quartiles facilitated identi cation of priority areas for wands
be either strong restoration candidates 25th quartile for restoration or protection igure 10. A sub-region is too large
percent wetlands) or strong protection candidates76th for some decision makers to consider in its entirety, and
quartile for percent wetlands). Priority B catchments had todecisions are often made within jurisdictional boundariests
have demand X50th quartile for downstream ood-prone as counties. There are 941 NHDPIlus catchments that at least
population) and were either restoration candidates50th  partially overlap Harris CountyFigure 10shows the location of
quartile for percent wetlands) or protection candidatessQth ~ Harris County within the sub-region to highlight how the deaf
quartile for percent wetlands). indicators allows for further analysis within a county. Thighest

Priority C catchments were those with low demard50th  restoration priorities cluster in an area southwest of Haurst
downstream ood-prone population). A priority C catchment is whereas a cluster of protection priorities are to the nortteds
only intended to indicate there are fewer people in ood-pronethe city.
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DISCUSSION comprehensive and therefore are more generally applicable.
However, the FEMA ood zones are more speci c to riverine
Datasets have preViOUSly characterized NHDPIlusV2 Catctﬂnenooding, better account for existing gray infrastructurenda
using census datet(ll et al., 2019. Those have been with the should be more accurate where available. Characterizieg th
intended purpose of characterizing potential stressors on thgopulation in both these ood-prone areas allows future users
landscape. Here the intended purpose was to de ne humagp choose the ood de nition that best suits their locatiome
bene ciaries for ecosystem services. The new dataset@eder decision contexts. Both de nitions for ooding rely on motieg
by this work was for this express purpose, and results show thghd may not accurately represent where actual ood risk is
utility of the dataset for characterizing a speci c aspecteftand  highest Batker et al., 2010; Yang et al., 2010
restoration and conservation prioritization. The analysis here only considered the population in ood-
Characterizing NHDPlusV2 catchments with the twoprone areas, but uninhabited structures and infrastructure
indicators, wetlands and population in ood-prone areas,are exposed to ooding as well. The addition of these built
allowed analysis and visualizations for decision-makifigaa environment assets may change restoration and conservation
variety of scales. The connection between catchments a&d thyriorities. In their more localized RBI applicationviazzotta
WBD allowed for aggregation to HUC-8, making it easier to seet a|. (2018used point datasets de ning addresses for individual
regional trends. The upstream and downstream relationshipstructures rather than population counts. Substituting attu
in the NHDPIlusV2 allowed connections between Wetlands, thQ)od occurrence data would be preferab|e where available.
ood-reduction services they provide, and the population in  The distance ood-reduction services ow downstream will
ood-prone areas downstream. impact where upstream freshwater wetland restoration and
The two indicators we developed here may inform di erent protection priorities are. In di erent parts of the United States
decisions. The local scale example in Harris County, Texagnd during di erent storms this distance will likely vary, and
showed how practitioners might prioritize restoration siteshe it js important to consider both local hydrologic charactits
county to increase ood-reduction services where people neegind objectives. The brief sensitivity analysis performedeher
them most. The demonstration also showed how praCtitiOﬂer%howed how Changes in the downstream extent of ood
might prioritize existing freshwater wetlands for conséivato  reduction service ows may alter estimates of the number
help ensure maintenance of important ood-reduction seesc  of people those services benet, potentially altering priorities
At this localized scale, we considered catchment data aldeg However, the aggregation of datasets to NHDPlusV2 catchsnent
other risk and socio-demographic indicators characterifed with upstream and downstream relationships allows for these
county and census-tract jurisdictional boundaries. Thevlo assumptions of downstream distances to be more easily and
natural infrastructure domain score in CRSI for Harris Coynt quickly manipulated.
identied the county as a good candidate for ecosystem The choice of method for binning combined indicators—
restoration to increase resilienceSmmers et al., 20)7 in our case, based on sub-region quartiles—greatly in @snc
Decision makers could use the indicators developed here t@e resulting prioritization. It is important to consider lota
prioritize restoration projects to increase that domain or conditions and, potentially, supplemental information when
and increase resilience to ood events. Decision makersdcou translating these metrics into indicators for prioritiziqojects.
also compare catchments identi ed as priorities for restmmat  For example, Harris County has a dense population compared to
or conservation in comparison to downstream demographicsmost of the Texas 12a sub-region, meaning a disproportionate
based characterizations such as SoVI (Cutter et al.), tihéuar number of catchments will be h|gher priority (i_e_’ have
di erentiate speci ¢ catchments or projects as higher priority  population in ood-prone areas) than in other less populated
Actual restoration decisions should consider priority parts of the sub-region. Further, using a statistical distriduit
catchments identi ed here a'OngSide additional charaiztions such as quarti]es in prioritizatiori does not account for
of project feasibility and restorable wetland function. It ispotential thresholds. For example, in our Texas 12a sub-region
important to remember the limits of the prioritization method demonstration the demand indicator (popu|ation in ood-prone
presented here. The method evaluates only two aspectfeas) threshold between medium (Priority B) and low (Priprit
how many people may benet and scarcity, of only onec) priorities was 5 people. In an actual decision, local contelkt wi
type of ecosystem service, ood-reduction. Our hope is thatjictate the required number of people serviced by a projecttfor i
characterizing our metrics for NHDPIlusV2 catchments andg be a priority.

aggregating to HUC-8 will make it easier to integrate reswits This analysis is very timely as Harris County voters
other datasets (e.g., EnviroAtl&sckard et al., 20)®rindicator  recently approved 2.5 billion in bonds for ood risk

frameworks (e.g., Recovery Potential Screening T@okon  reduction projects throughout the county and many
et aI., 2009 that provide additional information on wetland of those proposed proiec[s are nature-based, inc]uding
function and restoration feasibility at larger watershedlss. wetlands restoratioch Benet assessments can help inform

In the example indicator application, we made severafjecisions on where to prioritize for ood-reduction
assumptions that may need adjustment depending on the context

of the local decision. The rst was the choice to use USEPA ood - ) )
model results in lieu of FEMA ood zones. The demonstration Bond Program — Information and Community Engagement Interactive Map.

i Hosted by the Harris County Flood Control district. Accessed atp:Hivww.
here used the ood model results, because those are MO riscountyfemt.orgich.
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