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Established in 1996, the Partnership for the Delaware Estuary is aproéin
organization based in Wilmington, Delaware. The Partnership manages the Delaware
Estuary Program, one of 28 estuaries recognized by the U.S. Congress for its national
significance under the Clean Water Act. PDE is the ordyatie, multtagency National

Estuary Program in the country. In collaboration with a broad spectrum of
governmental agencies, neurofit corporations, businesses, and citizens, the
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to restore and protect the natural and economic resources of the Delaware Estuary and its tributaries
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Executive Summary

The Delaware Estuary watershed and its natural resources will face a variety of challenges with climate
change. Due to the many igue features of the Estuary
some aspects of changing climate may not be as sey
here as in nearby watersheds and estuaries, wherg
other changes may be more important. Since 2008, {
Partnership for the Delaware Estuary has engag
experts from thraghout the region to conduct an
assessment of the vulnerabilities and adaptation optio
for three key resources of the Delaware Estuary: ti
wetlands, drinking water, and bivalve shellfish. Theg
provide three case studieg a habitat case study, g
human/water use case study, and a living resource ci
study ¢ for looking at climate change impacts and ho
best to adapt to them here in the Delaware Estuaf
These case studies represent the very first step in
adaptation planning process, the goal which is to | Thisimage from the US Geological Survey

ensure the resiliency of this vast and valuable system DPePt. of the Interior depicts the Delaware
climate changes Estuary from above with land areas in shade

of green and open water in blue.

How Will Climate Change in the Delaware Estuary?

To answer this question, the Partnership enlisted the help of a predictions team led by Dr. Raymond

Najjar from The Pgha &t @l yAl {dF 4GS | yADBSNEAGE ® ¢CKA& LINBRAC
models like those used by the Intergovernmental Panel on Climate Change (IPCC) are relatively good
predictors of key elements of past climate in the Delaware Estuary regioa.détails of this work can

be found in Chapter 2 and the appendices referenced there. Climate change resulting from two
greenhouse gas emissions scenarios was investigated. The median projections of the 14 climate models

for the end of this century aresafollows:

e Temperatures will rise between 2 and 4 degrees Celsius, with substantially more warming in
summer than in winter, resulting in more extreme heat days.

e Precipitation will increase by-3%, with substantially more increase in winter months, arl 5
more days of heavy precipitation annually.

¢ The growing season will increase substantially (0@ %lays annually) and the number of frost
days will decrease substantially (by-20 days annually).

e Sealevel will rise by between .5 meters and 1.5 met@smore).

o Sealevel rise will result in larger tidal volumes that bring more salt water up the estuary, and
some of that salinity increase could be offset by increases in precipitation, at least during cooler
months.
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For temperature, precipitation and gnong season metrics, the ranges of these predicted changes
represent the difference between the high and low emission scenarios used in prediction models. The
difference between the high and low ends of these predictions may not seem like gfoclexanple,

between 2 and 4 degrees Celsius of temperature increase. But the consequences to human populations
and natural resources are expected to be dramatic between these two temperature outcomes.- A one
degree rise is capable of causing local extinctiomxirpation of some plants and animals, but a four
degree rise is likely to lead to mass extinction (Yohe et al., IPCC, 2007). These differences emphasize the
importance of taking aggressive action to reduce greenhouse gas emissions as soon as possible.

However, for the next quarter century, predictions indicate that the Delaware Estuary (like the rest of
the world) is locked into a climate change trajectory dictated by levels of greenhouse gasses already
released. Even if all carbon dioxide emissionsevgtopped today, climate change will continue on this
trajectory for many yearsTherefore, in the shorterm, the region will have to adapt to the forecast
climate conditions.

How Will Climate Changéffectthe Resources of the Delaware Estuary?

Assessinghe effects of climate change on the vast and varied resources of the Delaware Estuary is a
huge effort, and one that can only be accomplished over time, and with a tremendous commitment of
resources. The three case studies examined here represent a small frattioa effects that climate
change will have on ouregion and broader society, includin
people and property. But they offer insights into how natuf
resources can be impacted by climate change, and how we
begin assessing those impacts and our amgidor adapting to
minimize them. These case studies provide valuable informat
about the vulnerability of a select set of key resources, and chan
that will impact them the most, based on the best availal
information and expert opinion.

An expert team led by Dr. David Velinsky of the Academy of Nat|
Sciences assessed five different elements of climate change for |
impacts on two different types of tidal wetlands. For a fi
explanation of results, see Chapter 3 and the appendietsenced
there. In summary, results indicate that tidal wetlands are m(
vulnerablg to thrgg of the elemgnt§ assessed: increases rat.e More than 15 million people gef
sealevel rise, salinity, and precipitation and storms. The top sin their drinking water from the
concern to experts in our region is tregfect of sealevel rise on | pejaware Basin.
Brackish/Saltwater Wetlands. These wetlands run a high risk=e
G RNE ¢ y A y-Buels riséiin theSlbwer Estuary. On the other hand, freshwater tidal wetlands are
thought to be highly vulnerable to all three of those elemerstsd especially to salinitgffects. With

plant communities that cannot tolerate high salinity levels and few areas left to migrate inland because
of the built environment, the narrow fringe of freshwater wetlands remaining in the Delaware Estuary
faces acombination of threats.
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To assess climate change impacts on drinking water resources (specifically, surface water) a team of
experts led by Paula Conolly of the Philadelphia Water Department examined impacts of potentially
changing physical conditions the Delaware Basin on drinking water. For a full explanation of results,
see Chapter 4 and the appendices referenced there. Important concerns identified by the workgroup as
ideal candidates for future study include potential damage to, and inundatipndiinking water
infrastructure through flooding, selevel rise, and storm surge. Drinking water treatment plants,
pumping stations, and other infrastructure are located close to water resources and in the direct path of
flooding and storm surges. Drgled source water quality is also of concern to drinking water experts.
With potentially heavier precipitation and continued development of the watershed, runoff will
increasingly contribute to both flooding and decreased water quality. Salinity iotresiacerbated by
sealevel rise and storm surge, and power outages and customer supply issues which could be
influenced by increased flooding and storm surge are also major concerns for drinking water supplies.

Bivalve shellfish play a unique role as both a living resource to protect in the Delaware Estuary, and a
source of habitatind water quality protection for the Delaware Estuamheeffects of five elements of
climate change on bivalves in the Delaware Estuary were assessed by a team of shellfish experts led by
Dr. Danielle Kreeger of the Partnership

for the Delaware Estuary. For a full
explanation of results, see Chapter 5 and

the appendices referenced there. Overall,
concern for freshwater mussels emerged

as greatest among shellfish experts,
based on vulnerability to theffects of
storms, temperature, and precipitation.

The life history of freshwater mussels
makes them not only directly vulnerable

to these effects, but also indirectly
vulnerable through impacts to the fish
hosts required to complete their life

cycle, and impacts to the conditions the

Planting oysterin the Bay for the Delaare Bay Oyster
Restoration Projechas demonstrated a $40 to $1 return of
investment of federal dollars based on dockside value streams that serve satheir habitat. The
effect of sealevel and salinity on both

freshwater tidal bivalves and saltwater bivalves, like oysters, is also a major concern. For oysters, sea
level rise and salinity combined with temperature increases will likely contributendoe virulent
diseases that can take a great toll on oyster populations. Freshwater tidal bivalves cannot tolerate
salinity, so sedevel and salinity increases would force their populations into smaller areas.

For all three case studies, the top conceamong experts are the vulnerabilities of key resources to

sealevel rise and salinity changes, and flooding and precipitagifiacts. Whereas many estuaries

around the world are concerned with séavel rise, the vulnerability to salinity rise in the &ehre

9Aa0Gdzr NBEE A& A2YS6KIFEG dzyAljdzSE |yR SaLISOAlLfte y2al ¢
freshwater tidal prism.
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What Are the Options for Making Keigesourcedlore Resilient toClimate Changes?

Anticipating all of the options available to us &olapt to climate change, now and in the future, is
impossible. However, the case studies provide us with a basic grasp of the most faadibféective
options available to us in the short term for protecting some key resources.

Allowing for landward migration was identified by tidal wetland experts as the most promising
adaptation tactic for tidal wetlands. For a fullmanation of results, see Chapter 3 and the appendices
referenced there. For some tidal wetlands
this can be facilitated by protecting the
natural buffers alongside wetlands and
instituting  structure setbacks so that
wetlands can make their way into those
areas as selevel rises. For areas where
structures, roads, or other improvements are

in the way of wetland migration, their
removal (a type of strategic retreat) may be
the best adaptation option.  Experts also
identified the installation of living shelines

as a promising adaptation tactic in places
where they can beeffective at stemming
erosion. In addition, managingater flows

was identified as a potentially important
tactic for maintaining salinity balance by insuring adequate freshwater floms the system.
Determining where each of these tactics is appropriate will require development of a geospatial
framework that integrates LIDAR, land use, and monitoring data.

Installations of af A @Ay 3 &AK2NBfAYS
Maurice River, NJ can hghpevent erosion of wetlansl

Drinking water experts selected one regiotalel priority and one utililevel priority adaptation

option for each major drinking water vulnerability identified. The options selected were identified by the
workgroup as the most important actions needed now to address the vulnerabilities. Adaptations
selected generally do not redre extensive climate change modeling; they minimize current threats to
RNAY1AY3 6 GSN) adzLILIX AS&a G2 LINPGARS || aOdzaKA2YyE
change, or they aim to improve current knowledge of conditions in the Basin codactilitate future
projections. To address potential degraded source water quality, forest protection in the Upper
Delaware Basin was identified is the single most important action needed on a regional level. Improving
monitoring of priority parameters,ush as UV254, chlorides, turbidity, and other concerns for drinking
water is the most critical utility level adaptation identified. With respect to the potential for increased
spills and accidents, ensuring continued support for tools that facilitate megide communication

during emergencies, such as the Delaware Valley Early Warning System, is key. Modernizing emergency
response protocols is also essential at a utility level. For a full explanation of results, see Chapter 4 and
the appendices referenckthere.
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The top three adaptation options identified by shellfish experts for assisting bivalve shellfish to adapt to
climate change are direct restoration efforts: apt shell to restore oyster beds, propagate all bivalves

and seed new reefs/beds, and restore forested areas al(
streams for freshwater mussels. Through these activiti
populations of bivalves can be restored and strengthened
be more resilient to @nate change. However, two morg
challenging adaptation tactics were also identified
imperative for bivalves. One of these is managing wa
flow to minimize the effects of flooding on freshwater
mussels and salinity on oysters and freshwater tig
bivalves. The other is maintaining water quality for i
bivalves.  Both will require the concerted efforts ¢
government agencies, conservation organizations, and Id
communities to be successfukor a full explanation of
bivalve shellfish adaptation ojons assessment results, se
Chapter 5 and the appendices referenced there.

For all three case studies, the protection and/or restoratig
of buffers (of various types) and the management of wat
flows were identified by experts as critical actions fi
civF §S OKIFy3aS FTRIFILIFGAZ2Y ®

Sampling teams
mussels in headwater streamsin
Pennsylvania

look for freshwate

two-way connection between adaptation options for bival

T

shellfish and tidal wetlands and improving water quality and system resiliency. Maintaining water
quality and system resiliency is importdiotr sustaining tidal wetlands and bivalve shellfisand vice
versa Bivalve shellfish and tidal wetlands also play an important role in improving water quality and

system resiliency, making investment in these resources extremely important.

What Actions Are Recommended to Protect Key Resources?

The three case studies provide valuable insights into the actions we canddig and in the near

future to help key resources adapt to climate change in the Delaware Estuary. A complete set of
recommenad actions is provided in each case study chapter; following is a synthesis that takes into
account some of the key points and commonalities between case studies.

Take immediate action to protect buffers, plant shell, and protect drinking water infrastructure.
e Protect known forested streamside areas and undeveloped wetland buffer migration areas to
benefit water quality and allow tidal wetlands to migrate.
¢ Continwe/reinvigorate shell planting on existing beds for oyster restoration.
¢ Evaluate placement of new drinking water infrastructure with respect for potential exacerbated

flooding

10 | Executive SummaryClimate Change and the Delaware Estuary
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Develop and fund a climate monitoringorogram for tidal wetlands bivalve shellfish and drinking
water quality. Indicators are needed to track both impairments (and possibly fies)e¢hat result from
climate changesuch as the presence of oysters in intertidal ar&isentific analyses should deectly
relevant for managers. It should hel®
bolster our understanding of the benefits
(a.k.a., ecosystem servicesl these haliats
and speciedo watershed health as well as
the consequences of watershed management
on these habitats and species This
information is crucial to carrying out each of
the following recommendations, and to
developing the more detailed projections and
adaptations that will be required to ensure
the resiliency of the Delaware Estuary to
climate change. More monitoring at a utility
level and regional level to detect trends in
important parameters for drinking water,
such as UV254, chlorides and turbidity, a
good example of a specific monitoring need.

Surface elevation tables like this one recently installed |
neighboringBarnegat Bay, NJ can be used to monitor
changing marsh conditions over time.

Develop watershed and estuarine hydrodynamic models to fill information gaps about the combined
effects of key climate change driversAcross all three case studies, vulnerability to-E=2eel rise and

the need for flow management were common concerns. To better prediceffexts of sedevel on

local resources (and interacting with precipitation, flooding, and salinity) and to mainegiewater
flows, improved information and modeling of flows in the watershed is greatly needed. This information
is also critical for evaluating the combinedffects of climatechange with other major initiatives and
events that could impact the Estuasych as channel deepening, Marcellus gas drilling, and oil spills.

11 | Executive SummanyClimate Change and the Delaware Estuary PDE 1®@1



Develop a geospatial framework to identifyriority tidal wetland areas to restore and protect,
including

¢ Vulnerable areasf tidal wetlands that could benefit from restoration or adaptatitmincrease
or enhancethe acreage tht is sustainable. For examplejing shorelines cabe installedto
slow erosion and stem marsh loss at seaward edged sediment budgets and hydrology can
be engineered to help marshes build themselves up. These tactics help tidal wetlands maintain
their elevation and health in relation to rising skewels.

e Landsn the buffer zondandward of current tidal marshes that have suitable elevation, slope
and other traitscan be managed tdacilitate tidal marsh expansion into these areabor
example, tactics like strategic retreagetbacksor conservation easementsan be used to
ensure unimpeded marsh migration

Assess stream and shoreline conditions to identify priority bivalve populatiofts restoration,
including
e High quality areador augmentation,6 K SNBE (G KS OdzZNNBy G LI2LJdzZ | GA2Y
carrying capacity and can be augmented through hatchery propagation and outplanting of seed,
relocation of gravid broodstock, and restoration or protection of forests along streams.
e Promising areas foreintroduction that currently are not colonized, where bivalves can be
(re)introduced and supportethrough hatchery propagation and outplanting of seed, relocation
of gravid broodstockand restoration or protection of forested areas along streams.

Educate the broader resource magement community
about key Delaware Estuary resources, including:

e The importance of tidaletlands and bivalvefor
watershed health andhe effects of water quality
and quantity on them.

e The importance ofusing green infrastructureto
address local issues, build community ameniti
and add to overall Basin resiliency in the face
climate change.

_ _ _ Rain gardens like this one planted with th
Identify special protection or management areas based g el of volunteers in New Castle County 4

key ecosystem goods and services furnish@uantify the | | NE 2y & SEF vYLXE S 27
ecosystem goods ancessices furnished by key resourc
like wetlands, bivalves, and forests (for drinking water) in different locations and prioritize areas having
the greatest natural capitalThis does not apply to the main oyster beds in Delaware Bay, which are
already caefully protected and managed.

Consider policy changes needed to facilitatbmate changeadaptation. The following were identified
through the three case studies, but there are likely others:

12 | Executive Summary Climate Change and the Delaware Estuary PDE 1@1



e Policies that focus on restoring to past conditions withaaking into consideration future
needs/conditions may not result in the best investment of public funds. Restoring certain plant
communities or places may not be sustainable, nor the best use of funds.

e Some of the best future restoration opportunitiedNJ 2@ a0 SNE t AS GAGKAY g
to oysters due to public health concerns.

e Permitting requirements for wetlands can prevent (or severely thwart) living shorelines from
being used to prevent marsh erosion.

e Policies that prevent the interstatéransfer of species can prevent mussels from being
reintroduced to streams where they have been extirpated.

e Policies that acknowledge the direct value of forests to drinking water supply protection and
that protect drinking water supplies from salinitytiimsion are largely lacking.

e Policies and plans that guide the development of infrastructure should take changing conditions
into account.

2 KFG IFLIISYya LT 2SS 52yQ0 ¢ 1S ! OdAaAzyK

Adaptation to climate change will happen, whether we take action or not. By taking action, we can
choose to adapt in a way that protects our most valued resources. By not taking action, we are risking

the likelihood of losing or damaging some of our mesiuable resources (as indicated by vulnerability
assessment results for each case study). To help inform decisions about what resources to protect, and

Fd eKFG O2aitx AGQa dzaSTdz G2 O2yaARSNI ayl GdzNT € C
natural resources.

A team of experts led by Priscilla Cole, Science & Policy Fellow at the Partnership for the Delaware
Estuary, was formed to assess the natural capital values associated with case study resources. There are
many components of the natat capital values of these resources, including provisioning services (e.g.,
the value of oysters for food), regulating services (e.g., the value of forests for water filtration), cultural
services (e.g., the value of mussels for jewelry), and supporéingcss (e.g., the value of wetlands for
primary production). Calculating comprehensive values for all of these services is very complex, and
beyond the scope of the case studies. However, some assessment of natural capital value was
completed for each fothe case studies to illustrate these values and their potential uses.
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For tidal wetlands, this included a rigorous assessment of the loss of primary production value of tidal
wetlands due to climate change. This work was completed by Industrial Economics (IEc) and is
presented in more detail in Chapter 3.7.2. IEc used modeling to predict tidal wetland changes due to
sealevel rise and found that 40,000 hectares of tidal wetlands would be lost across the whole Estuary
by 2100, with a primary production service loss @fgillion kilograms over the century. Tidal wetlands
provide a host of natural capital values, including flood protection, support for fisheries and
shellfisheries, sequestering carbon, helping to maintain water quality, and others. A more complete
inventory of these values is provided in Table 3&:cording to theeport ValuingNew 5 NB& Slatufhi
Capital project completed in 200Wetlands have the highest combined natural capital value of any
land/habitat type assessed.

2000 _
. Legend
- Developed Dry land
L] Undeveloped Dry and
B svamp
B inianc Fresh Marsh
| Tidal Fresh Massh
B Scrd EnnnTranstonal Marsn
Regularly Fiooded Marsh

For drinking water, amore
rudimentary assessment wag
used to illustrate natural capital
values associated with sourcs
water  protection. This
illustration is included as 4

feature box in Chapter 4. Thg RS

. o Bl o Flat
hypothetical scenario it presentg ' B itand Open Wate
shows how even a relatively 34 L] Tdal Open Wate
small amoub of damage to 5[’::"";;‘;:”"""’"“"’
drinking water infrastructure
(19%) due to climate change coul ok -
lead to significant  supply PA /
shortages if demand grows at the : i
same rate as population (2.5 : : K 4
million by 2050). It also L &
illustrates how employing . D‘, A
conservation BMPs to reducd 4
demand ad fill the shortage -

would be less expensive than th
cost of filling the supply deficit
with bottled water for only 2| Industrial Economics used SLAMM model 6 to estimate wetland cha
days. from climate change in 2100. This map series shows a loss of braf
marsheswith conversions to salt marsh and mud flats2f00.

For bivalve shellfish, the naturar
capital values of different bivalve shellfish are compared and contrasted in Appendix Qe Ofyil

oysters boast value as a food and ecotourism resource, marsh mussels and freshwater mussels both
AKINB GKS 22aiGSNDRa 20KSN) @ f dzS afiftratianycQviodeRrenyely aK2N
valuable assets for water quality and watershediliency. The natural capital team estimates that the 4

billion adult Elliptio freshwater mussels in the Delaware Estuary currently filter 758 million kilograms of

total suspended solids from streams annually. With a hypothetical 15% population detye2850

due to climate change that filtering capacity would be reduced by 114 million kilograFua.
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perspective, total suspended solids are regulated in New Jersey with targets4gf @0lligrams per
litre.

Natural capital values can provide a very helpful tool
illustrating the value of resource protection, as show
here. With more rigorous assessment and bette
information, they can also guide decisions about whe
to invest in resource protection for the greatest benefit

2 Kl iQ& bSEQ
This report concludes the Partnership for the Delawg
9a40dzr NEQa LIAf 2 (EPAaCIidaieeRead
Estuaries  Program but implementing the
recommendations of this report i®ur highestpriority
Gy SEG. &aiSL3kE

According to the NJ Natural Capital rci
completed in 2007, forests have the highe
natural capital value for water quality
As previously noted, the case studies presented here | Protection of any land/habitat type assessed.
just a start to climate adaptation planmnfor the

Delaware Estuary. A great deal of additional work is needed not just to fully understand and plan for
impacts to the three resources assessed here, but also to assess climate impacts and adaptation options
for the myriad other resources in theelware Estuaryiot addressed here. For example, experts on

the drinking water workgroup acknowledged that their assessment does not adequately address
groundwater, a critical source of drinking water for millions of people in the Delaware Estuary region.
Given the potential threat of salater intrusion into groundwater supplies and relatively little
information encountered by the drinking water workgroup about the impacts of climate change on our
groundwater resources, this is an importar
area for irvestigation. Similarly, while the
wetlands workgroup considered removal ¢
structural impoundments (such as dikes, leveg
weirs) as potential adaptation tactics, they di
not assess the vulnerabilities of existin
structures themselves. Given the hundsed
possibly thousands, of these structurg
throughout the Delaware Estuary, that some
these structures are not regularly inspected (
maintained, and that they protect quite a bit o
our built and natural environment, this is als
an important area fotinvestigation. These ar€
just two examples of important resources thg
were outside the scope of this study, but fqg
which vulnerability assessment and adaptatig
planning is clearly needed.

Many wetlands in the Estuary are squeezed up aga
impoundments and other structures, leaving no pla
for them to migrate if rising sekevels push in.
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Working with our partners to recognize and seize opportunitiésr adaptation planning to address
other important Delaware Estuaryesourcesid f &2 'y AYLER NIl yd aySEG adSLvé

One of the most common threads across the case studies, and the experts who worked on them, is the
need for more research and monitoring in erdo better understand climate change impacts, and their

effects on our naturatesources and systems here in the Delaware Estuary. The lack of hard data on this

is reflected in the survey methods employed by the case studies presented here, reliay lange

expert opinion. This provides some critical initial guidance, but leaves us with much more work to be
done even for the three cases presented here. For rigorous adaptation planning that can be confidently
used as the basis for making tough decisiombout policies and investments, better data and
information is needed. This is crucial to every aspect of adaptation planning, from improving predictions

to implementing adaptation tactics.Continuing to improve our knowledge base on climate change
throdzZA K NBaSIENOK YR Y2yAG2NAY3I Aa +y 2y3I2Ay3a aySEI

Another common thread across the case studies is the need for educatespecially of resource
managers and decisiemakers, but for all stakeholders in the region as well. The information gathered

from these case studies is a great resource for helping people to make the connection between global
climate change, and impacts on resources here in the Delaware EstW@rygncourage our partners to

use it for this purpose, and will do soourselves a8 i KSNJ 2y 32Ay 3 aySEG aidSLIbE

Climate change will have a profouaflect on our society that will go well beyond the resources

examined here. As people and property become increasingly impacted, prioritizing resources will

become increasingly challengitgy R SaaSy dAl f o {2 A0Q&a AYLERNIFyYy(d G4CF
can today for our most important resources, using the best available information.
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Chapterl

Introduction

The Delaware River has a duel identity as both a living river and a working river, which makes its Estuary
one of many contrasts. It is a principal corridor for commerce that has sustaireedegion since

I Y S NJcdiohia @eriod and reached a zenith during thelustrial Revolution Todayit continues to

be a major strategic port for national defensed economic interestsThe Estuary supports theé"4
fIFNBSald daNblFy OSYdSNI Ay (KS tfyeshivdte? gort. The Estuarg slsol A y a
sustainsa wealth of natural and living resources, such as drinking water for millions of people, extensive
tidal marshes that sustain vibrant ecosystems, and woldds habitats for horseshoe crabs, migratory
shorebirds, and rare and endangered shellfish (Figufg.1

Ecologically Unique

wOver 200 fish species, both residents and migrants.
wHabitat for endangered species

w185 naturalcommunity types

wMore than 405,000 acres of wetlands

wOne of the largest freshwater tidal estuaries

| wLargest breeding population of horseshoe crabs

- wSeconéhighest concentration of shorebirds in North AmeJrfi)g a

Economically Important

wDrinking water to over 15 million people

wPort system generates $19 billion annually

w 2NI RQa f I NBSad FNBaKgl dSNJ L2 NI
wMulti million dollar oyster industry

wSecondlargest refining petrochemical center nationally
w70% of the oil shipped to the East Coast passes through

\ \ ‘ -F/,

Figure 11. Examples of ecological and economic features of the Delaware Estuary

Like elsewhere in the United Statemxd world, the Delaware Estuary watershed and its natural
resources will face many challenges with climate change. Due to the many unique features of the
Estuary, some aspects of changing climate may not be as severe here than in nearby watersheds and
eduaries, whereas other changes may be more problematic. Hypothetically for example, modest rises
in temperature could lengthen growing seasons or boost productivity for some signature species and
help them compete with invasive species or keep pace vétidlevel rise. On the other hand, séavel

rise will likely result in greater saltwater (salinity) reaching further up the estuary, threatening the many
unique species adapted to our freshwater tidal area, which is the largest of its kind in the world.
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dimate changes will occur alongside other changes in the fabric of the watershed. Continued rises in
human population will increasingly tax our natural and built infrastructure, with anticipated loss of open
space, fragmentation of natural habitats, andimg demands for clean water, as a few examples.
Climate change and continued watershed change will interact in complex ways. Environmental resource
managers will require new ways to predict climate impacts in order to adapt appropriately.

This reportsummarizes findings from our first significant effort at climate adaptation planning, whereby
the Partnership for the Delaware Estuary worked with dozens of partner entities to characterize the
array of issues that confront a few of our key natural resesrand to begin to plan for how we might
respond, to work proactively to stave off losses and take advantage of opportunities.

1.1 Climate Ready EstuariesThe Delaware Estuary Pilot

Climate Ready Estuari¢€RE) is an EPA program operated by Gfimate Change Division and the
Oceans and Coastal Protection Division. The mission is towithrkhe National Estuary Prograns: 1)

assess climate change vulnerabilities, 2) develop and implement adapttrategies, 3) engage and
educate stakeholders, and 4) share the lessons learned with other coastal mankg@@08, EPA
funded six National Estuary Programs to create CRE pilots. The Partnership for the Delaware Estuary
(PDE) was one of the origirsix pilots.

Through the CRE pilot funding, the Estuary Programs were given flexibility to design studies and
adaptation plans according to the needs of their study areas, and up to 18 months to conduct the pilot.
In the large and complex Delaware Esiuéfig. 12,) three case studies were chosen representing major
resource areas of concern in the system. These case studies consisted of tidal wetlands as a habitat
resource, drinking water as a human/water resource, amdlveshellfishas a living resage.

For each of the three case study resources, PDE:

e characterized the array of vulnerabilities to climate change using updated climate predictions,
e assessed thpotential effectiveness of adaptation options to address those vulnerabilities, and
e developal recommendations for resource managers and stakeholders in the region.

Due to the short timeline and pilot nature of this project, our approach was primarily qualitative, relying
principally on best scientific judgment and risk assessment methods.fir@ings should therefore be
considered preliminary, helping to guide next steps. More detailed, quantitative analyses will be
needed to confirm and refine our findings leading to sifecific recommendations.

PDE recognizes that climate chargféects are not occurring in a vacuum and must considered with
other stressors to the system, Including such activitiesradging,water withdrawals, land use change,
new energy development, legacy and emerging pollutants, and environmental hazards. Future
refinements to these recommendations will need to consider the added complexity contributed by such
ongoing watershed changes. Future adaptation efforts will also need to consider new information on
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future climate projections, which are frequently updatedindfly, efforts to build on this report will
need to consider the multitude of other important natural resources in the Delaware Estuary, and their
AYGSNI OGAz2yaod G!' RFLIGAGS FTRELIGFGAZY LIX Fyaég ogAff

REGION

Figure 2. Map of the study area of the Partnership for the Delaware Estuary, a National Estuary
Program. This comprises the lower 52% of the Delaware River Basin.
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1.2 Approach

To assess vulnerabilities of our three case study resources (tidal wetlands, drinking water, bivalve
shellfish) to changes in physical and chemical conditions associated with climate change, we first
obtained updated and locally relevant predictions fopegted changes in key environmental conditions
between now and 2100 (Chapter 2.)

We then engaged scientists and managers with expertise in each of the three case study resources to
identify and prioritize their concerns related to these expected chamgghysical conditions (Figure 1

2). Information was gathered in a special workshop (September 2008), a climate session at the Delaware
Estuary Science Conference (January 2009), in workgroup meetings, and through polling using Survey
azylSend 2 Snadlypdt@Rr toalsaMirnish potential adaptation options for each case study
resource. To augment the information contributed by these experts, we also performed a literature
review for vulnerabilities and adaptation tactics related to the three cagdiss. This information was
compiled into a concise inventory of potential vulnerabilities and adaptation measures.

Survey methods and a risk assessment approach were then used to gauge relative levels of concern (for
vulnerabilities) andeffectiveness(for adaptation tactics) by additional resourspecific experts in the
broader science and management community in the Delaware Estuary or vicinity. This approach was
useful in providing a first order ranking of relative concerns and the relative ubfitgdaptation
measures for each of the three case studies based on best available expertise. It also exposed some
knowledge gaps.

Potential vulneabilities and adaptation fixes were then considered in the context of ecosystem goods

FYR aSNIBAOSEA 6F d1 dF @ yIlFGdz2NF £ OFLAGETE 0@ hdzZNJ S@S
Oft AYF(GS OKIy3aS |yR a3l Ayaé mrivest@entddn 2rdezal lifsuBtainidg | G A 2 y
ecosystem services. However, this analysis is only now beginning and this report is limited to some early

discussion of future tradeoffs anc
information for strategic investment, where R@{{nEIENHER([ailolgfs

possible.

These activities were performed by multipl

teams of experts brought together under
new Delaware Estuary Climate Adaptatic

Workgroup (CAWG), which was formed as Adaptation Ta
work group under the PDE Science al W
Technical Advisory Committee. The CAV

met quarterly. In addition, six subgroups o ——————————————
the CAWG were created to tackle specil
tasks and steps in our approach (Fig3)1

The subgroups were Tidal Wetlands, Bival
Shellfish, Drinking Water, Climate Predictions, Natural Capital, and GIS. TFhblistd the nain

Figure 13. Approach for climate adaptation planning for
each of three case study natural resources.
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participants. Although our overall approach was comparable among the three case studies, some
methods differed considerably. Additional details on the approach and methods, as well as the results,
are provided in the sections below: Predictions (Gbaf,) Tidal Wetlands (Chapter 3,) Drinking Water
(Chapter 4,) and Bivalve Shellfish (Chapter 5.)

Table 11. Participants in the PDE Climate Adaptation Workgroup and six subgroups.

Climate Adaptation Workgroup (Chair: Dr. Ray Najjar)

David Velinsky Academy of Natural Sciences
TidalWetlands Kurt Phillip- Wetlands Research Service

Tracy Quirkg Academy of Natural Sciences

Danielle Kreeger, Angela Padelefiriscilla Cole PDE

. ) Danielle Kreeget PDE
Bivalve Shellfish John Kraeuteg RutgersUniversity
Priscilla Cole PDE

Climate Predictions | RaynondNajjar (ChairfhePennsylvania State University

Paula Conolly (ChaigPhiladelphia Water Department
Raynond Najjar¢ ThePennsylvania State University

Lance Butleg Philadelphia Water Department

Carol Collieg Delaware River Basin Commission

Drinking Water Chuck KanetskyUS EPA Region 3

Sue Kilhang Drexel University

Chris Linrg Delaware Valley Regional Planning Commission
Christine MazzarellaUS EPA Riem 3

Amy Shallcross Delaware River Basin Commission

Alysa SuereUS EPA Region 3

Priscilla Cole (Chair)PDE

Natural Capitaleam | Anthony Dvarskas National Oceanographic and Atmospheric Administratig
Irene Purdy; US EPA Region 2

James Bennett formerly DVRPC

Priscilla Cole PDE

Andrew Homsey, Water Resources Agency

GIS Team Paula Conollg Philadelphia Water Department
Chris Linrg Delaware Valley Regional Planning Commission
James Bennett Delaware Valley Regional Planning Commission
Jerry Kauffmaig Water Resources Agency

Other CRE Jennifer Adking PDE

Participants Jessica RittleBanchez, DRBC

Simeon Hahimg NOAA
Amie Howelk US EPA Region 3
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1.3 On the road to Adaptation PlanningNext Steps

¢tKSNBE A& a2YS RSo6F0GS lo2dzi 6KFEG AG YSIFyapibtz 065 W
has come to a close, but the work of climate adaptation planning is an ongoing process. Vulnerability
FaaSaaySyiaa KFgS 2yfte 0SSy OFNNARSR 2dzi F2N (KNS
vulnerabilities could be expanded in further quantitat analysis and modeling. Likewise, the adaptation

options and recommendations in this report have not undergone cost benefit analysis, nor have they

been vetted through the larger constituent bases or stakeholder bodies necessary to carry them out.
Thisreport is the first of its kind for the Delaware system, and it is an important first step for climate
adaptation planning. However, this is only the first of many steps that need to take place before the
Delaware Estuary is truly Climate Ready.

Table 12 provides examples of other regional climate programs in the Delaware Estuary. The CRE pilot
fills an important niche by focusing on specific resources at the geographic scale of the Delaware Estuary
and watershed. In the future, greater information simgriand collaboration will be needed to link
various climate adaptation efforts within the Delaware River Basin and Estuary.

Table 12. Example®f regional efforts to examine climate adaptation.

ClimateChange
Interests

Mitigation Targets for
Greenhouse Gases

RegionalEntities

Delaware River Basin Flooding, Inundation, Salinity] N/A
Commission
Philadelphia Water Department Drinking Water, Intakes N/A

30% reduction by 2020 (presented
to the Governor Dec 18, 2009)

Energy, Forests, Carbon
Emissions

Commonwealth of
Pennsylvania
State ofNew Jersey

Reduce emissions to 1990 levels K
2020 andB80% below 2006
emissions levels by 2050

Carbon Sequestration, Air,
REGGI Patrticipant

State ofDelaware

SealevelRise, Inundation,
REGGI Participant

Stabilize emissions between 2009
2015, then reduce incrementally tq
a 10% reduction by 2019

Partnership for the Delaware
Estuary

Natural Resource Adaptation
Planning, Climate Predictions
Prioritization Using Natural
Capital Analyses

N/A

For updated information, please visit us on the web:
http://www.delawareestuary.org/science_projects climate ready.asp
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Chapter2

Climate Prélictions

Planning for climate change in the Delaware Estuary watershed first requires an understanding of the
most current and locally relevant climate predictionsheTClimate Adaptation Workgroup (CAWG)
enlisted Dr. Raymond Najjar from The Pennsylv&téde University to project changes in temperature,
precipitation, sedevel, and a variety of metrics based on these variables (e.g., length of growing season,
number of frost days, extreme precipitation, etc.) that can be expected between the preser1®ad

under two greenhouse gas emissions scenarios (B1 and A2). Dr. Najjar, an oceanographer, has 10 years
of experience in using climate model output for coastal and regional climate impact assessments
((Najjar, 1999; Najjar et al., 2010; Najjar et al., 2000; Neff et al., 2000; Shortle et al., 2009; Wu et al.,
2009)

To provide these climate projections for the Delaware Estuary for tiecgmtury, fourteen different
climae models were first contrasted to test their accuracy in predicting past conditions for the region
(Appendix A). For this comparison, the geographic extent of the Delaware Estuary and its watershed
were regarded as spanning three degrees in
latitude andone degree in longitude. Thereforg — 4'n
the climate simulations were averaged ovg J
three grid boxes (Fig-D).

The model comparison indicated that the bej
past predictions resulted from use of a
fourteen model outputs averaged together
rather than fom any single model (Appendix A
The multimodel average was considere
superior to any individual Global Climate mod a
(GCM) (Appendix A). Therefore, this mul
model approach was used to project futur 33"3@.%
conditions.

40" N L

80" w 78" W 76 W 74 W

Figure 21. For climate modeling, the Delaware River
Basin was represented by the three degrees of latituds

Table 21 summarizes results of Zlcentury
(39-42°N) and one degree of longitude (7%°W).

climate predictions for the Delaware Estuar
region. As noted above, models were used to

hindOF &G Of AYI S O2yRAGAZ2YAE Ay (GKS LI &ad G2 SELRAS
conditions, these biases (Tablel® must be correctedAppendix A). Sections 2.1 to 2.3 describe
expected climate conditions in the Delaware estuary watershed for the key metrics described in-Table 2

1. In addition, Dr. Najjar compiled the latest literature on expectedieeal (Section 2.4) and salinity

rise (Section 2.5).
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Table 21. Climate predictions for temperature, precipitation, length of growing season, and number of frost days
for the Delaware Estuary watershed during the period from present to 2100. A synopsis of model accuracy and
confidencem future projections is provided in columns 3 and 5, respectively.

. " Model Evaluation: 21% Century Confidence
Climate Condition . o
Biases & Issues Prediction Levels
Monthly Mean Slight cool bias in winter and
summer Warming
Inter-annual Slightly too much variability, but | 1-96 3.7°C median rise
Variability better with winter than summer | Py late century; High
Temperature AZIRISIOE @ ST NE \/Sv;tr)ritiin“i?l"gu%ema(t;r
peratu Intra-monthly correctly, but there is a large monthsg
Variability spreadamongthe individual
models
Extreme Tem Downscaled models
>80 F P | Underestimates show substantial High
increases
Monthly Mean Wgt b:\s in winter and spring an
adry bias irsummer Increase in Preciation:
- Inter-annual Does not preQ|_ct summer peak 7 - 9% median increase Medium
Precipitation - and winter minimum seen in by late century;
Variability - : :
observed conditions Substantialncreasen
Intra-monthly Mean reasonably captures, but | Winter months
Variability too low in the summer
Short Term Slight low bias Substantial increases
Extreme Drought .
Precipitation | Hea but less than % of Medium
P vy o Slight low bias models show declines
Precipitation
Growing Season Length Predicts accurately Substantialncreaseby High
end of century
Number of Fost Days Somewhat high Substantial decline High

2.1 Temperature

The models show high confidence that average annual temperatures will increase by the end of the 21
century by 24° C (Fig.-2). Carbon dioxide emissions will determine whether the lower or higher
temperature is realized. More warming is expected in the summer months. The B1 scenario (lower
emissions) predicts median summer temperature increasesakrthan 2° C, whereas the A2 scenario
(higher emissions) is predicted to result in summers of about 4.5° C warmer than present by 2100.
These conclusions are consistent with predictions by the Union of Concerned Scientists, which estimated
that Pennsylvaia summer temperatures could increase ly72 C depending on the emissions scenario
(UCS, 2008; Field et al. 2007). Extreme summer heat days are also expected to rise by the end of the
century (UCS, 2009; GCRP, 2009) and southern Pennsylvania couldvesenb®&370 days per year

with temperatures over 90°F (UCS, 2008).
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2.2 Precipitation & Extreme
Weather Events

Annual mean precipitation is predicteq
to increase by B% by the end of the
21* century (median projection). Highe
increases are expected during wintg
months (Najjar 2009; GCRP 2009), w
more than a 15% increase by 210
under the high emissions scenari
(Appendix A.) Three quarters of th
models predict substantial increases i
the frequency of extreme precipitation
events including heavy precipitation an
consecutive dry days. The U.S. Glol
Climate Research Program (GCRP) 4
predicted increases in extreme weathg
events and associated risks from stor
surges (GCRP, 2009).

SF A2 ]
2 4} 3
2 | B1 )

S 3F AT E
B1 : 1
2 2 ? sn B
= Bl A2 1
Y el
0E 1
Early Mid Late
Century Century Century

Figure 22. Box and whisker plots of temperature riS€) for
three periodswith respect to the late 2B century (19861999):
2011-2030 (early century,) 2048065 (mid century,) and 2080}
2099 (late century) under low (B1) and high (A2) emissi
scenarios. The beand whisker plot shows quartilg
distributions (minimum, 28 percentile, median, 78 percentile,

and maximum) of temperature change among the fourte

models used.
2.3  Other ClimateModel
Outputs

60 |

The length of the growing season will substantia g 50 ns
increase: by about 15 days by ruentury and by § i ,
up to 30 days by 2100 (Appendix A o ¢ - A2 B1 .
Approximately 20 fewer frost days per year a g)”0§ \
predicted by migcentury and 40 fewer frost dayg S0 . s
by the end of he century under the higherl 2 45! ;
emission scenario (Appendix A). With fewer frg ) 2 - ‘
days, Pennsylvania snow packs are expected i Mid Century Late Century

decrease and melt earlier (UCS, 2008). The los|
the winter snow pack, combined with highe
winter precipitation, will contributeto greater
winter flooding and lower amounts of springtimg
snowmelt runoff. These factors widlffect the
seasonal timing of freshwater supplies for drinkir
water and habitats dependent on snow melt.

Figure 23. Box and whisker plots afrowing season|
length changedor two periods with respect to the
late 20" century (19801999): 20462065 (mid
century,) and 2082099 (late century) under low (B
and high (A2) emissions scenarios. The -douk
whisker plot shows quartile distribution®f the
growing season lengtishanges among the fourteen
models used.
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2.4 Sealevel

The  MidAtlantic

t t r * . -
States are Relative Sea Level Rise Factors in 2100
anticipated to
experlence sea == Sea Level Rise (lﬂl Ri‘.i'.‘) ‘
level rise greater w= L3nd Elevation Subsidence (1-2 cm loss/year) {}
than  the gIObaI Sediment Accretion - Sediment Accretion (Small elevation gains where m
average (GCRP sediments can migrate in)

2009).  Absolute | fh\

sealevelriserefers 000 QMAMMAMWT
. 0g
to the global rise of LD Sea level

water resulting Lc;‘:"‘rent %o - with 1m Rise
. . dE @
from melting ice levatyq,, O %¢p g;':fe": &
sheets and o6
i Futy,, '."0‘
gxpandmg water as Elep te' Lang “”0
it warms. Some With Sups; dance

regional variation
in absolute sea

level will occur | Figure 23. The effective rate afealevelrise experienced at the larsea surface in
because of | the Delaware Estuary is determined by the net elevation change from three factors
gravitational actual rate ofsealevelrise, the sinking elevation (subsidence) of the land, and the
forces, wind, and| amount of sediment collected (accretion.)

water  circulation

patterns (Appendix C)In the MidAtlantic region, changing water circulation patterns are expected to
increase salevel by approximately 10 cm over this century (Appendix C; Yin et al., 20083lly, two

other factors contribute to relativesealevel rise: Subsidence and Sediment Accretion (Fi8.) 2Post
glacial settling of the land masses has occurred in Dieéaware system since the last Ice Age. This
settling causes a steady loss of elevatigrhich is calledsubsidence Through the next century,
subsidence is estiated to hold at an average-2 mm of land elevation loss per yeéAppendix C;
Engelhart et b, 2009).Sediment Accretioris a natural procesg whichsuspended sediments in the
water settle out and buildip along shoreline habitats such as mud flats and wetlands. Accretion cannot
occur on hard structures, where erosion is high, or where areasedimentstarved from diversions.
Rates of subsidence and accretion vary in different areas around the Estuary, but the greatest loss of
habitat will occur where subsidence is naturally high in areas that cannot accrete more sediments to
compensate forelevation loss plus absolute sésvel rise. All three factors must be taken into
consideration to determine where habitat will persist, where it will be lost, shere it can be saved

(Fig. 23) The net increase isealevel compared to the change innd elevation is referred to as the

rate of relativesealevelrise (RSRLDur best estimate for RSLR by the end of the century is 0.8 to 1.7 m
(Appendix Cladditionallocal predictions for RSRL are shown in Talite 2
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Table 22. Predicted rates of relativeealevelrise by 2100 from different sources.

RelativeSealevel Rse Predictions

State of Delaware Scenarios= 0.5m, 1.0m, 1.5 m
State of Maryland 0.61m¢1.12m

Considering: Conservative 0.170.53 m
High Estimates 1.4 m

State of New York

State of Maine 1.0m

0.18 m to 0.59 m, excluding accelerated ice discharges
IPEE iR, 2007 from the Greenland and Antarctica ice sheets.

Appendix CRahmsborf (2007 | 0.8 m¢1.7m
U.S. Army Corpsf Engineers | Planning with scenarios of 0.5m, 1.0m, 1.5m

25 Salinity

The Delaware Estuary has the largest freshwater tidal prism in the world. The freshwater tidal region
extends about 70 river miles, and the salinity in areas more seaward changegradually This feature

makes the Delaware Estuary uniqgue among large American estuaries because of the array of ecosystem
services supplied to human and natural communities tied to the extended salinity gradient, such as the
supply of drinking water fopeople and rare natural communities. Increasgeglevel will result in

larger tidal volumes that bring more salt water further up the estuary.-18eal rise could increase the

tidal range in the Delaware systefiValters 1992) similar to expectatios for the Chesapeake Bay
(Zhong et al2008). Tidal range changes would also likely increase the salinity range over the tidal cycle
(Appendix B.

Increased precipitation could help to offset the salinity rise, at least during cooler seasons. Current
literature suggests that modest increases in annual streamflow and more substantial increases in winter
streamflow can be expected over the 21st Century, resulting mainly from precipitation (Section 2.2.)
However, precipitation is likely to become more wahte with the potential for more intense storms and
storm surges (Lambert and Fyfe, 2006). All of these factors will likely increasearibbility of river

flows, perhaps with higher winter runoff and lower or simieummer runoff, leading to increased
variability in estuarine salinityAppendix B

To understand how river flonaffect salinityin the estuaryDr. Najjarand the CAW@®@btained historical

salinity data on computgpunch card from Rutgers Haskin Shellfifesearch.aloratory. A cardreader

was located at Penn State to enable these data, which extend back to 1927, to be digitlithdhese

data, Dr. Najjar was able to reproduce results from a 1972 Haskin report relating salinity to streamflow,
and add more recent salinity dato quantifylong term trends in the regiofAppendix B)A preliminary
analysis suggests that salinity is increasing more than can be explained by streamflow and simple models
of the response of salinity to sdavel. This could be a result of other des in the Estuary, such as
successive channel deepening events that occurred during the period of analysis, and which could have
also contributed to salinity intrusion upbay due to larger tidal volumes bathymetric changes
(Appendix B)
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Chaper 3
Case Study #IIidal Wetlands

Coastal wetlands ararguably KS 5SSt g NB 9alGdzZ NBQa VY2ad. Thereld2 NI | y i
are two traits that distinguish this system from others. First, there is a near contiguous border of more

than 150,000 hectares of tidal wetlands that fringe Delaware Bay and the lower estuary region. Second,

the system has the largefteshwate tidal prismin the world, and the extended salinity gradient leads

to a rich diversity of marsh types.

Tidal wetlands are at risk from a variety of climate change impacts, and there is growing concern that
hastened wetland loss will translate into lastosystem service important for lives and livelihodeifty
percent of theoriginal tidal wetlands along the DelawakEstuary have been lost to development and
degradation associated with human activititisese losses are continuing today, and much maoald

be lostby climate changémpacts

3.1 Tidal Wetlanddn the Delaware Estuary Watershed

The Delaware Estuary contains diverse tidal wetlands including a variety of types of emergent marshes
and forested swampsSomeare flooded regularly by tides and others are irregularly flooded on spring
tides or during storms. The most extensive types marshes dominated by perennial vascular plants.
The different marsh communities are mainly delineated by the salinity gradient ¢(Eiyy. Theeffects of

climate change were examined for the two mo
ecologically significant wetland types, freshwatedat I it s
marshes and brackish/salt marshes.

3.1.1. FreshwateiTidal Marshes

Approximately five percent of the original acreage
freshwater tidal marsh remains, amounting to 11,7
hectares based on the latest available 1980s data from
National Wetlandinventory (Appendix G.) Nevertheles
the Delaware Estuary still supports more of this marsh t
than any other estuary in the nation. New Jersey conta
the greatest percentage, 7302 hectares, and Delaware
Pennsylvania contain 4527 and 380 hectamespectively.

Delaware
Bay

Freshwater tidal wetlands occur in the upper reaches
large tidal rivers beyond the reach of saltwater. Salinit -
are less than 0.5 ppt. The characteristic native vegetat| Figure 31. Tidal wetlands of the

species is diverse with dominant species such as wild r Delaware EstuarfReed et al. 2008
Zizania aquaticcattails, Typhaspp., and low marsh species
such as arrovarum, Peltandria virginicapond-ily, Nuphar lutea and pickerelweed?ontedaria cordata
(Westervelt et al. 2006). The invasive common re@hragmites australisis also abundantcreating
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dense monotypic stands especially in areas where the natural hydrology has been altered. Freshwater
tidal marshes are diurnally flooded and have wide tidal ranges vary from 0.5 to 3 meters (i.e., they are
macrotidal.) They contain many rare ptacommunities and serve as habitat for species such as
endangered shorhose sturgeon.

3.1.2. Brackish and Salt Marshes

More than 145,000 hectares of brackish and salt marshes remain in the Delaware Estuary, roughly half
in Delaware and half in New Jergéyppendix G.) These wetlands extend from Cape Henlopen to New
Castle, Delaware, and from Cape May to Salem, New Jersey, forming a near contiguous border around
Delaware Bay. Since European settlement, approximately a quarter to half of the brackshitamdter
wetlands have been altered or converted for other purposes. Many were diked for agriculture, such as
salt hay farming and cattle grazing. Others were impounded to create waterfowl hunting opportunities.
As with other areas of the Atlantic caasegetated tidal marshes in the Delaware Estuary continue to

be lost for various reasons. Between 1998 and 2004 alone, more than one percent of Atlantic coast tidal
wetlands were destroyed (Stedman and Dahl 2008.)

Brackish and saltwater wetlands occur the lower reaches of tidal tributaries and along the open
shores of Delaware Bay. Salinities range between 0.5 ppt and 30 ppt. The characteristic native
vegetation is less diverse than in freshwater tidal marshes particularly in the regularly flocdedeas

of salt marshes due to the need for salinity tolerance. In the low marsh areas smooth cordgrass,
Spartina alterniflorais the functional and structural dominant species. In the irregularly flooded high
salt marsh, important species include salt h&partina patens SaltgrassDistichlis spicatand high

marsh shrubs such as groundsel tr@accharis halimifoliand JedzA i Q dlva rutebcknElong with

the invasive form of common reeBhragmites australisMost salt marshes of the Delaware Estuary are
diurnally flooded with narrower tidal ranges (< 1 m, microtidal) than the freshwater tidal marshes.

3.1.3. Ecolgical Importance oflidal Wetlands

Tidal wetlands furnish essential spawning, foraging, and nesting habitat for fish, birds, and other wildlife.
Theyfunctionasii KS S 02 a @ & G SitérdgicontainikaRty, Buleatg, and suspended sediments,
allowing for higher water quality than would otherwise occumgortant finfisheriesand shellfisheries

are supported by tidal wetlandS'hey sequester more carbon than asther habitat in the watershed.

And importantly they represenbuir first line of defens against storm surge and flooding. Acre for acre,
tidal wetlands likely provide more ecosystem services than any other habitat type eatieeshed.

3.2 Tidal Wetlands; Approach to Assessing Vulnerability and Adaptation Options

The vulnerability ofitdal wetlands to climate change and potential adaptation options were assessed by
a Wetland Workgroup comprised of wetlangtientists and managers frommoth public and private
sectors. Participants included specialists in freshwater tidal marshes andasaties. For the purposes

of this project, the Wetland Work Group operated as a subgroup under the Climate Adaptation Work
Group. Initial tasks completed by the group were to:
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e Identify the main physical and chemical environmental factors that are likely to change with
changing climate andlsoaffecttidal wetlands (Section 3.3.1.)

e Inventory the main climate change vulnerabilities of tidal wetlands in terms of ecological or
physiological consequences (Section 3.3.2.)

e Identify various adaptation options that might be used to lower the vulnerability of tidal
wetlands to climate change (Section 3.3.3.)

Followingthe development of inventories of climate drivers, vulnerabilitiaad adagpation options for
each of the two marsh types (Section 3.8k Wetland Work Group then:

e Prepared a survey to rank the relative level of concern for how projected changes in four
physical and chemical conditions might impact varidicators of wetland health (Section
3.4),

e Used the survey format to poll experts and rank relative vulnerabilities for the two marsh types
(Section 3.5),

e Used the survey to rank various adaptation options for their potential to address the
vulnerabilities (SectioB.6),

e Reviewed additional supporting documentation regarding tidal wetland vulnerabilities and
adaptation options (Section 3.7),

e Ranked the top vulnerabilities and adaptation options after synthesis of information in Sections
3.5-3.7 (Section 3.8),

e Prepaed adaptation recommendations (Section 3.9.)

3.3  Wetland Work Group Inventories

Climate changewill affect innumerable direct and indirect ecological interactions, and the Wetland
Work Group did not attempt to develop comprehensive lists of climatgedsi vulnerabilities, and
adaptation options. The intent of the group was to identify the most important driveffects and
options that could be fairly analyzed in a short period of time as a first step toward climate adaptation
planning.

3.3.1 Climate Drivers

Four climate drivers were identifiegls mostlikely to affect tidal wetlands. These are described below
along with an initial orientation to how they mighffectwetland status in different areas.

Sea level rise Sea level rise represents the greatest threat to tidal wetlands in the Delaware Estuary,
0KS KIFIoAGFGO &aAdda 6SR 2y (GKS GFNRyYyd tAySaao CARIf
accumulation of dead plant matter and sediment. Whethenshes keep pace with sea level rise or not

depends on many factors, such as their productivity, sediment supply from other areas, nutrient
loadings, wave and current energies, and the rate of sea level rise. This is a delicate balance, and in any
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given mash there typically both areas of erosion and drowning as well as areas where the marsh is
expanding.

Until about 4000 years ago, the rate of sea level rise was faster than today (about 3 mm per year), and
there was considerably less tidal wetland ar@ang the MidAtlantic region because that rate was
faster than marshes could keep pace with (Day et al. 2000, Najjar et al. 2000.) Then, the rate of sea level
rise slowed to approximately 1 mm per year, which allowed tidal marshes to become establighed a
maintain themselves along protected shorelines. During the last 100 years however, the rate of sea
level rise in the Delaware Estuary has increased-#or8m per year (Chapter 2.) During this same
period, we began to see losses of tidal marsh (PDB,Z16dman and Dahl 20Q8presumably due to a

mix of direct human impacts and the increased rate of sea level rise. With current projected rates of sea
level rise of up to 10 mm per year or more in the coming century (Chapter 2,) it is plausible to expect
there to be far more wetlands lost than gained.

The demise of tidal marshes witbspect to sea level rise can occur in many w8yaward edge erosion
canalter the ratio of shoreline edge to marsh area and incesalsannel and tidal creek sco(ffig. 32.)
Another common pattern is drowning of interior areas of marsh, especiallynwimifficient sediments

are delivered through tidal exchange or where plant productivity is low. In such cases, the surface
elevation of the marsh falls below the threshold needed to keep pace with sea level rise and the marsh
drowns (Reed 995 Cahoon kal. 1999.)

Sea level rise in the Delaware Estuary is likely to
greater than the global average for many reasons (g
Chapter 2.) Another local complication is subsiden
which refers to the sinking of land surfaces. Much of t
land in the coastaplain of the Delaware watershed i
losing elevation (ref.) Since the land is sinking while
f S@St Aa taz2 NrRaAy3azr Gf
NI 6S 2F aSlI tS@St NmnasSé j
must keep pace with. Figure3-2. Rapid erosion rates are

occurring along the seaward margin of mar

. . . Delaware Estuary salt marshes, as seen hq
Tidal flooding can dn be tolerated by marsh vegetatior \yithin the mouth of the Maurice River. NJ.

to a certain physiological limit, $ocreasein tidal range
associated witlrising seasnay alsoaffect plant productivity, potentially creating a negative feedback,
whereby reduced production compromises the abililyadccumulate organic matter and grow vertically.
Sparse vegetation traps less sediment. Once the marsh community begins to lose elevation relative to
sea level, it can become mosesceptilte to storm surgesrosionthat accomparesstorm events.

SNJ t£ 20!
LK O02YYc

The vuherability of tidal marshes to sea level rise can be exacerbated by the presence of excess nutrient
loadings (Turner et al. 2004.) Recent studies have shown that excess nutrients can promote greater
aboveground plant production at the expense of belowgrdiproduction. Belowground production is
important for peat formation (for vertical accretion) since much of the aboveground production
decomposes in situ. Tall and leggy marsh plants tend to occur in nulizigen areas, and since there is

31 | Chapter X, Climate Change and the Delaware Estuary PDE 1@1



little rhizome structure to hold place these marshes can be highly sensitive to storm surges. The
Delaware Estuary has some of the highest concentrations of nutrients compared to other large
American estuaries (Sharp et al. 1982, Sharp 1988, 1994,) however this $yesdenot shown the tell

tale signs of eutrophication such as algal blooms, hypoxia, and fish kills. One reason for this is the
natural high turbidity which inhibits phytoplankton production in many areas. Although relatively
unstudied, the extensive frging tidal wetlands might also be serving as a nutrient sink. More study is
therefore warranted to ascertain whether nutrient loadings compound the vulnerability of tidal
wetlands tothe effects ofsea level rise.

Sediment supply from rivers is also neédfor marshes to maintain themselves with sea level rise. In
recent decades the supply of sediments entering the estuary from major rivers has been decreasing.
Maintenance dredging of the shipping channel removes more sediment each year than is infpamed

the rivers. It is unclear whether sediment management practices, channel configuration and depth, and
changing hydrodynamics associated with sea level rise contribute to sediment deficits for tidal marshes.

Tidal inundation into formerly notidal areas can also create opportunities for invasspecies, such as
Phragmites australis This invasive halseen observed colonizing former freshwater forested wetlands
following meadow dikdreaches (K. Philipp, D. Kreeger, Pers. Commun.)

Salinity. The effects of salt water on tidal marshes are problematic for freshwater tidal marshes and
freshwater tidal swamps that cannot tolerate salinities greater than half a part per thousand. Salt water
intrusioninto freshwater areas can occur short bursts dung storms orover longer time perioglwith
relative sea levdiise. In either case, shifting salinity zones will drive shifts in marsh communities.

Not only pants, but animaland microbial communitiesvill be altered by salt intrusion particularly in
poorly flushed areagWeston, 2006; Craft et al., 2008, Weston et al., 2088)plants with a low salt
tolerance become stressed, less productive diejmarsh communities shift to salblerant species.

Conversion to saline conditions can also alseil types affect evapotranspiration ratesand alter
anaerobic decompositiomates Typically,carbon dioxide (C£p gets reduced tomethane (Ch) in
freshwater marshes, and a shift sulfate (S@°) reductionin salt marshes will increashe rate at
which organic matter is decomposeiticreasing the loss of carbon stored in marsh soils.

Temperature Increasedtemperatures will boostproduction and decompositiorates, but also lead to
reduced soil moisture and increased salinity because of greatapotranspiration. The associated
stress from deiscation and/or salinitycould offset the higheproductivity. Increased temperaturewill
also promotethe northern migration of southern species

Precipitation and Storm Event€£hanges in precipitation patterrsge projected to bring an increase in

the frequency of both droughts and heavy precipitation storm events, whereas changes in storm
intensity could bring greater threats of storm surge and flooding. Projected increasesliseason
precipitation will help to offset increases in salinity during the Jgpowing times of the season, and
during the growing season it may be hotter with no marked change in precipitation (Chapter 2.) Taken
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together with projected increases sitrong storms, it is likely that weather will be more oscillatory with
greater abrupt swings in salinity and floodingn salt marshessuch oscillations are believed to
contribute to marsh dieback (browning) (Bason et al. 2007 9wLrainfall periodscan lead to oxidation
of soils andextremely high soil salt concentratiordgtrimental to all butextremely halophytic species.
When soils are then suddenly flooded and become reduced, they can become toxic to marsh plants.

In both salt and fresh watewnetlands increase desiccation or floodingan also altesediment supply
and erosion.Productivity maybe affected by changes in rainfalExcessive or abrupt shifts ifrought,
heat wavesanda dzy 8 S a2yl 6t &8 ¢ @& @lsoDwerwiizEnt tHe hysio® didal 2ofesance
limits of some plants and animals.

In general, an increase in precipitatishouldoffset somenegativeeffects ofrelative sea level rise and
salinity increases on tidal wetlands. Aboveground productivity of salt marsh plaotsredated with
precipitation patterns, with greater production occurring in years of high precipitation in wetland areas
with relatively high salinity levels (De Leeuw et al. 1990, Gross et al. 1990\ever, increased
frequency and intensity of stormvents will impair tidal wetlands through wind, wave, and surge
effects. Such disturbancesuld also make marshes mosasceptille to aggressive, nonative species
invasions.

Atmospheric C® Increasel atmospheric COconcentratiors will affect the composition of wetland
plant communities by shifting conditions to be more suitable ptants that fix carbon using a;C
pathway instead of th&, pathway. This is important because the current functional dominant plants of
Delaware Bay salt marshes &partinagrasses that ar€, species Species that will be favored will be
sedgesand rushesthat are currently more common in brackish and freshwater wetlandé/hile not
being directly harmful to £plants, ncreased COconcentrationwill stimulate G-species (Curtis et al.
1990, Rozema et al. 1991elping them better compete with,@lants(Curtis et al. 1990, Ehleringer et
al. 1991). Potentially, this shift in species could lower productivity siGgepecies are more efficient in
fixing G and owerall resilience to disturbance could be reduced since thepEcies are not as good at
conserving watefChapin et al. 2002).

Over all plant species, elevated carbon dioxide levels will increase overall productivity of tidal marshes,
potentially helpinghesewetlands accrete faster and keep pace with sea level rise (Langley et al. 2009.)
Increasing atmospheric G@ill alsoaffect transpiration rates through greater leaf €é&xchange over
shorter periods of time. Stomates can be opened for shorter pisriof time to allow for this exchange,
which will cut water loss through these tiny pores thereby helping the plants stave off desiccation stress.
Taken together, elevated G@ill have both positive and negatiwdfects of tidalmarsh ecology and it is
difficult to predict net outcomes.

3.3.2 Inventory of Vulnerabilities
Numerous aspects of tidal wetland health were identified for use in vulnerability assessments. These

are briefly described below with an initial orientation to how they might Jaetfween the two wetland
types in relation to changes in climate drivers within the Delaware Estuary.
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Shifts in Community Species Compositidilme presence of various community assemblages of plants
and animals is largely determined by the geomorphologiinigy and temperature. As these conditions
change in tidal marshes of the Delaware Estuary, the dominant vascular plants will shift along with
associated invertebrates. Species that use a C4 photosynthetic pathway will be favored over C3 plants.
Invasive species also tend toe effective competitors under disturbed conditions. Shifts in dominant
plant species mawffect the net ecosystem services furnished by tidal wetlands (RomrahDaiber

1984)

Desiccation of Marsh Sediment8Vetland condition 5 obviously sensitive to the wetness of the soil.
With rising temperatures and more oscillatory weather (Chapter 2,) sediments in tidal marshes are
projected to experience more frequent periods of both dryness and saturation. Frequent alternation of
dryness and wetnessan affect sedimentgeochemistry and lead to the formation of free radicals that
are toxic to marsh rhizomes, potentially contributing to episodes of marsh dieback.

Change in Habitat SupportThe value of tidal marshes as habitat fahfiand wildlife is closely tied to
the vegetation type, structural integrity and productivity of the vascular plants (Minello and Zimmerman
1983, 1992). Since changes in climate conditionparcted toaffectthe plants in various ways, their
habitat support value will also change.

Productivity. In general, increasetemperature and COwill promote greater primary production by
vascular plants (Kirwan et al. 2009, Langley et al. 2009) and secondary production by bacteria and
animals is expected tfollow. However, plant production is sensitive to many factors, such as species
composition, salinity, storms, tidal range and nutrient conditions.

Ability of Accretion Rate to Equal RSLR Rafaal marshes must accumulate organic matter and
sediments (accretion) at a rate that matches the net change in water level to be sustainable. Local
changes in water level in the Delaware Estuary differ from global sea level changes due to many factors
(Chapter 2,) and the ecologically meaningful, net change is referred to as the rate of relative sea level
rise (RSLR). In many areas of the Estuary, the RSLR appears to exceed the accretion rate of tidal
marshes, particularly in the microtidal salt marstidDelaware Bay and particularly on the New Jersey

side of Delaware Bay (Kearney et al. 2002, Kreeger and Titus 2008.) Freshwater tidal marshes of the
upper estuary experience macrotidal conditions and are closer to-dedwed sediment supplies, and

they therefore appear less vulnerable to this factor.

Ability for Landward Migration With more rapid rises in the sea, the best hope for tidal marshes may

be landward migration into suitable natural areas. During landward migration, low marsh species mov
into high marsh areas, and high marsh species take over upland habitats. Salt marshes also replace
brackish and freshwater marshes. Landward migration occurs if there is a gentle slope, suitable
sediment, and no barriers. But in the Delaware Estuargration is impeded in many areas because of
coastal development antard structures (PDE 2008.)n these areas community shiftswill favor low
marshspeciesuntil ultimately tidal flooding lim# plant survival and marsh areas convert to open water

or intertidal mud flats (Section 3.7.2.)
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Change of Marsh Arearhe total area of tidal wetlands will be determined by the balance of acreage
gained through landward migration and lost through coni@rsto open water or mud flats (Section
3.7.2.) There are likely to be local exceptions where marshes expand seaward, but the expected net
change in marsh area is expected to be negative.

Increased Tidal Rang&he configuration of the Delaware Estuasysuch that tidal amplitude increases

in the uppermost areas, ranging from about one meter in Delaware Bay to more than 3 meters in tidal
tributaries toward Trenton, New Jersey. Tidal ramffects many geomorphological, biogeochemical
and ecological prazsses. As the total tidal volume of the Delaware Estuary increases with sea level,
tidal range in the upper estuary is expected to increase, waothcomitanteffects onmarsh ecology.

Ratio of shoreline edge to marsh are&ea level rise and associate@&on are increasing the area of

open water within tidal marshes of the Delaware Bay. Tidal creeks appear to be widening, and interior
areas of many marshes are ponding. This trend leads to a net increase in the amount of shoreline edge
relative to thetotal area of vegetated marsh. The ratio of edge to affaects manyimportant marsh
functions, such as the usefulness as habitat, productivity, and susceptibility to erosion.

Rate of Channel ScouAs tidal creeks widen within marshes, tidal amplituniereases, and the flushing
volume per tide increases with sea level, the hydrodynamic scouring of channel bottoms is expected to
also increase. Channel scouring contributes to erosion, potentially producing a positive feedback
whereby greater erosion caributes to more open water, tidal flushing and scouring (Day et al. 1998)

Storm surge susceptibility Storms can have positive and negateféects ontidal marshes. The surge
associated with some types of storms can deliver needed sediments thattashes accrete and keep

pace vertically with rising sea level (Reed 1989) On the other hand, storms can be physically damaging
and erosive for marshes, and they can decimate freshwater tidal marshes if saltwater accompanies the
surge.

Salt Water Intusion to Fresh Water Hatats. Animals and plants that are adapted to freshwater tidal

and brackish conditions are intolerant of rising salinity. Salt stress associated with gradual increases in
sea level will slowly but inevitably push these species mabkges further up the estuary and tidal
tributaries (see Feature 3.1). Tledfects of storms can be more sudden if salt water is driven into
freshwater areas.

Salt exposure/stress eventSalt marshes are uniquely adapted to seawater exposure, but egtrem
temperatures and droughts can lead to hypersaljoeer 100 psugonditions on the high marsh. These
brines also called salt pannes, stunt plant growth and can beyond the physical limits of many animals.
Although they are a natural feature shlt marsheschanging climate conditions could lead to more
hypersaline conditions in more areas, in turn decreasing marsh production and habitat support.
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3.3.3 Inventory of Adaptation Options

The Wetland Work Group identified six potential managentaatics for helping tidal wetlands adapt to
climate change in the Delaware Estuary. Some of these are more applicable to specific marsh types or
areas. Some tactics are straightforward restoration activities that double as climate adaptation tactics.
Adaptation options are described below along with an initial orientation to how they might address key
vulnerabilities by the principal types of wetland habitats.

Watershed flow management River flows are largely regulated in the upper portions of taabare
watershed to provide drinking water for people (Chapter 4\
Flows can also be managed to safeguard the public fr
floods and to ensure sufficient flows to proted
environmental health, offset negative impacts of drough
storm surge, and sea leveise in the Estuary. Since
freshwater tidal wetlands are vulnerable to storm surge, s
level rise and salinity, flow management represents
adaptation measure for sustaining these habitats.

Strategic retreat Strategic retreatis defined in different
ways. It sometimes refers to th@annedrelocation ofbuilt
structures and development from the coastdoeas inland,
thereby providing a more natural protective buffer avoid
the devastatingeffects of naturaldisasters that occur in the coastal ®rFor example, theelocation of

the Cape Hatteras Lighthouse€itls et al. 2009a) was a form of strategic retreat. Strategic retreat can
also refer to the acceptance that an area will become inundated by open water, and therefore not be
developed. Irthe case of tidal marshes or other natural habitats, one management option is to accept
that some areas will not be selected for preservation efforts if they are not deemed appropriate for
protective structures to preserve human development.

Figure 33. A lvingshorelinebeing
installed along an eroding salt marsh in
Delaware Bay.

Structuresetbacks Structure setbackgrohibit development on land thais expected to erod®r be
inundatedwithin a given period of time.Structure setbacks can prevent erosion or flood damage as
well as allowmvetlands to migrate inland as sea level risdsvo counties in Delawareurrently prohibit
developmentin the 100year floodplain along the Delaware River ddelaware BayTitus et al. 2009a

Creation ofbuffer lands The creation of buffer lands requires the protection, maintenance, and/or
establishment of natural habitat types that lie between developed lands and tidal wetlands. This allows
tidal wetlands to migrate inland with less impact to human depenent.

Living shorelines Living shorelineare natural enhancements to marsh edges that are typically eroding
and which provide much greater ecosystem services than traditional structural solutions to erosion such
as bulkheads and rip rap. Livingostlines soft armor the marsh edge using natural or degradable
materials such aplants, shell,stone, and otherrganic material{Fig. 33.) Living shorelines typically
slow shoreline retreat by augmentimgatural stabilizationprocesses
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Building dikes bulkheads, and tide gatesDikesare impermeable earthen walls designed pgootect

areas from flooding or permanent inundation kgegng the area behind them dryMany areas of the
Delaware Estuary that were once tidal wetlands have been diked far gthrposes such as waterfowl
hunting and salt hay farming. Dikes are usually associated with a drainage system to channel flood
water away from vulnerable lands and infrastructure. Due to the long period of sea level rise since
many dikes were built atnd the Delaware Estuary, many dikeshds are below mean low water
requiring pumping systera to remove rainwater and seepge (Titus et al. 2009a). According to the
Delaware Coastal Program office, no dikes or levees within the State of Delanareapable of
standing up to a one meter rise in sea level.

Bulkheadsare wallsbuilt in the shallow subtidal or intertidal zone to protect adjacent uplands from
erosion by wavesand current Bulkheads holdsoils in place but they do not normally extehebh
enoughto protect against storm surge (Titus et al. 20Q9&}jhough bulkheads can be used to protect
against erosion, they impair ecological processes and are inferior habitats for fish and wildlife (e.g.,
Bilkovic and Roggero 2008).

Tide gatesare barriers across small creeks or drainalifehesthat permit freshwater to exit during ebb
tides but prevent tidal waters to enter on flood tides (Titus et al. 2009a). Theeffaetive at
permitting low-lying are@ justabove mean low water tarain without the use of pumpsbut they can
impede natural ecological processes in areas that were often former tidal wetlands.

3.4 Tidal Wetlands; Survey Methods

Climate change vulnerabilities and potential adaptation options were examined separately for
freshwater tidal wetlands and brackish/saltwater wetlands. The Wetland Work Group relied on the
initial inventory (Section 3.3) to prepare a survey, which was sent to more than forty wetland scientists
and managers in the region.

{ dzZNISe a2yl Seé enstrad and aperadeRhe pall. EAch respondent was first asked to rank
the relative vulnerability of a particular wetland metric (Section 3.3.2) in response to a particular climate
change driver (Section 3.3.1), and this was repeated for each of the @mrehntypes. Respondents
were provided with themost current predictions tailored to our estuary watershed (Chapter 2,) and
they were asked to answer the questions to reflect the period from present to 2100 using these best
current projections (e.g., for h sea level rise.)

Survey participants were asked to consider all direct and indirect ecological relation3iieg.were

also encouragetb a 1 KAy 1 2dziaARS G(G(KS 02E¢ | o02dzi FRFLIFGAZY
consistent with current maagement practices. Managersurrently operate under placbased

LI N} RAIYa F2N ay2 ySi f 2 3agesin the KoastaKlandsBapeh Reispedtiviey I YA O
on the relative importance of various ecosystem goods and services provided by wetlidschange

over time, resulting in concomitant shifts in policies and priorities for flood protection, habitat
restoration, strategic retreat, invasive species control, mosquito control, waterfowl management, and
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fisheries management, as examples. Mgement @radigmswill shift in the future as these
perspectives evolve.

Survey respondents were also asked to consider all responses and ratings in comparative fashion across
the entire survey. For example, the vulnerability of freshwater tidal marsiesslinity intrusion was
compared relative to the potential vulnerability of salt marshes to storms.

Each rating of concern for a specifiauseeffect relationship was paired with a query of the
NEBALRYRSyGiQa NBfIFIGAGS tS@St 2F O2yFARSYOS Ay ((KS
Therefore, respondents with more expertise or knowledge for some situations were permitted to adjust

their confidencehigher than for situations that they are less familiar with.

Vulnerability rankings were assigned scores freB) and confidence rankings were also scoresl (low

to high). These weightings were then multiplied together per respondent to calculatenposite
weighting for the vulnerability that integrated concern level and confidence level. Therefore, a
respondent who expressed high concern but low confidence for a esffiset relationshipmay yield a
composite score identical to another responderttavexpressed low concern but high confidence. This
was one limitation of this risk assessment approach, whereby the net vulnerability could become biased
to the low side simply because of a weak understanding by respondents or by insufficient data. For
certain purposes, we therefore recommend that raw impact scores may be more useful than composite
scores that integrate confidence (both results are provigedppendix H.)

Not all climate change impacts are expected to impair tidal wetlands, and sosdte/@ benefits might
occur. In answering questions aboetosystem servicesespondents werask todiscern whether the
G@dzf YSNI OAT A ety LRAMGR OSSIOR| yASIZE ay2 ySi OKIFy3aSszé¢

Finally, for eaclcauseeffect relationship, respondents were asked to rank the relagffectiveness and
feasibility of the adaptation options listed in Section 3.3.3 to offset the vulnerabilities. Respondents
GSNBE a1 SR (2 NEfigdiveness and feasikilBysatiigh, inédiu® QriowEffeciveness

and feasibility responses were weightedveraged amonghe respondents, and then multiplied
together to derive a composite scoreTable 31 lists the most important vulnerabilities that were
identified due tochangesn the five physical driveralong with potential adaptation options.
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Table 31.

Principal climate drivers, tidal wetland vulnerabilities, and adaptation options in the

Delaware Estuary that were identified by the Wetland Work Group.

Climate
Drivers

Wetland Vulnerabilities

Adaptation Options

Sea Level Rise

Shifts in Community Species Compositior
Ability of Accretion Rate to Equal RSLR R
Ability for Landward Migration

Change of Marsh Area

Increased Tidal Range

Ratio of shoreline edge to marsinea

Rate of Channel Scour

Storm surge susceptibility

Monitor/Research Vulnerability
Beach/marsh nourishment
Elevating homes/structures

Dikes and Bulkheadshort term
management or removal

Structure SetbacksStrategic Retreat
Rebuilding infrastructue

Creation of Buffer Lands

Living Shorelines

Salinity Range

Shifts in Community Species Compositior
Salt Water Intrusion to Fresh Water

Monitor/Research Vulnerability
Watershed flow management

Increase Habitats; Change in Habitat Support Salt barrier

Salt exposure/stress event Strategic Retreat

Productivity Invasive Species Creation of Buffer Lands

Shifts in Community Species Compositior Monitor/Research Vulnerability
Temperature . : .

Desiccation of Marsh Sediments
Change

Change in Habitat Support
Productivity; InvasiveSpecies

Precipitaton &
Storm Events

Shifts in Community Species Compositior|
Salt exposure/stress events

Change in Habitat Support

Productivity

Desiccation, flooding or erosion
Sediment supply

Physical impacts by windjaves and surge

Monitor/Research Vulnerability
Beach/marsh nourishment

Elevating homes/structures

Dikes and Blkheads- short term
mgmt. or removal to create incentives
for landward migration

Structure SetbacksStrategic Retreat
Rebuildingnfrastructure

Prioritize lands to preserve

Living Shorelines

Atmospheric O,
increase

Shifts in Community Species Compositior
Productivity

Monitor/Research Vulnerability
Carbon Trading (acquisition incentive
for landward migration)

3.5 TidalWetlands¢ Vulnerability Assessment

The relative vulnerability of the two types of tidal wetlands to changes in climate conditions, as judged
by wetland specialists who responded to the survey (Section 3.4) is discussed below in Sections 3.5.1
(FreshwaterTidal Wetlands) and Section 3.5.2 (Brackish/Saltwater Wetlands.) Since there were many
different causeeffect results (2 wetland typesb climate drivers, 10 wetland outcomes), only example

data are shown here for the predicted impacts and associatedid®mée in the survey rankings. Full
survey responses are provided in Appendix H. To summitwgzeelative differences among wetlands

and climate drivers, impact and confidence responses were integrated into a composite vulnerability
index, which is showin Section 3.5.4.
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3.5.1 Vulnerability of Freshwater Tidal Wetlands

Estimated impacts varied among the five climate drivers, but the relative importance of the drivers
depended on which aspect of freshwater tidal wetland status was examined. The vulnerability to
salinity rise was the topped ranked driver that couwffect the plant community composition of
freshwater tidal wetlands, followed by sea level rise (see blue bars in-Biy. Bhis was because any
exposure to saltwater is likely to cause acute stress for plants (and animals) that are adapted to
freshwater condions. Temperature rise and changes in precipitation and storms were regarded with
moderate concern, whereas marsh vulnerability to increased levels of carbon dioxide was rated as the
least concern for the drivers in the poll. Survey response confidelscevaried but was generally high

for all drivers except carbon dioxide changes.

Shifts in community composition was one of the 4@ted vulnerabilities of freshwater tidal wetlands.
Changes in habitat support, landward migration potential, and thecheinge in marsh area were also
viewed ashigh concerns for survey respondents (see Appendix H for full responses.) Clranges
productivity and interactions with invasive species were rated as lowest concerns overall.

In general, tidal freshwater wetlands were viewed as being most vulnerable to salinity rise, followed by
sea level rise, followed by storms and precipitation changes, followed by temperature and carbon
dioxide changes (Appendix H.)

Salt waterintrusion into upper

estuary areas is expected t¢
squeeze suitable habitat for
freshwater  tidal  wetlands
because their landward
migration is impeded by the fal
line as well as by >859
development in the immediate
one kilometer landward
(Battelle 2006.) In transitici

salinity areas, freshwater tida
marshes will be replaced by
brackish  marshes, thereby
causing majorshifts in species

Shifts in Community Composition:

Tidal Fresh Wetland Impacts v. Confidence Levels

3 O Impact
W Confidenc

Temp SLR Salinity  Precip/Storms CO2

Figure3-4. Relative levelsfoconcern regarding the potential impact of
o ] changing conditions othe community composition of tidal freshwater

composition (e.g., plant, animal \yetiands (light blue) and relative coriflence in these projections (dark

and microbial), and likely | blue)

altering many functions of

habitat supportfor fauna(see also Section 37)
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3.52 Vulnerability of Brackish/Salt WatewWetlands

Sea level riselicited the greatest concern for brackish and salt marshes out of the various physical and
chemical drivers that may change with climatd&he greatest vulnerabilities are predicted to be the
inability to keep pace with sea level rise through vertical accretion,itlaility to migrate landward,
shifts in species compositidfig. 35,) loss ofsuitablemarsh areaincreasedseaward edge erosion, and
increasedsusceptibility to storm surge. Alsoluifjh concerrwasan expected increase tidal range and

a change in the ratio of marsh edge to interior arbath of which are expected to increagégth an
increasing rate ofea levelise.

Similar to freshwater tidal wetlands, the estimated impactslénging climate on brackish/salt water
wetlands varied among the five climate drivers. Sea level rise clearly elicited the most concern.
However, brackish/salt marshes were regarded as also vulnerable to temperature rise, salinity rise, and
changing strm and precipitation conditions. Increasedmospheric C®was not rated as being as
important (Fig. &.) Survey response confidence varied, being highest for sea levelffésts and

lowest for theeffects of carbon dioxide changes.

Shifts in Community Composition
Salt/Brackish Wetlands Impacts vs. Confidence Leve

O Impact

@ Confidence

N N E 1

Temp SLR Salinity Precip/Storms CO2

Figure3-5. Relative levels of concern regarding the potential impac
of changing conditions otihe community composition of brackish
and saltwater wetlandglight green)and relative corilence in these
projections (dark gree.
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The most vulnerable of the various wetland responses was deemed to be overall marsh area (see
Appendix H for full responses.), followed closely by the landward migration ability, vertical accretion
rate, amount of edge erosion, and shifts community composition (shown in FighR For all these
responses, the most significant climate driver was sea level rise. Wetland status metrics that were not
rated as much of a

concern included the| Table3-2. Relative levels of concern regarding the potential impact of changin
amount of channel| temperature, sea level, salinity, precipitation/storrasd carbon dioxiden the
various aspects of the status of tidal freshwater wetlands and brackish/saltwat

scouring, the amplitude wetlands in the Delaare Estuary.

of the tidal range, and

[Tidal Fresh | Tidal Salt/Brackish

interactions with
invasive species (e.g. Temperature Change
see Appendix F.) Shifts in Community Species Composition Med-High Med-High
Desiccation of Marsh Sediments Med-Low Low
5.53 Comparison of Change in Habitat Support Med-Low Med-Low
. Productivity Med-Low Med-High
Tidal Wetland Invasive Species Med-Low Med-Low

Vulnerabilities

Sea Level Rise

Composite - vulnerability Shifts in Community Species Composition
indices for freshwater | |Ability of Accretion Rate to Equal RSLR Rat

tidal wetlands and| [Ability for Landward Migration
Change of Marsh Area

brackish/saltwater

Increased Tidal Range (Upper River) Med-High
wetlands Were | |Ratio of shoreline edge to marsh area Med-High
contrasted among| |Rate of Channel Scour Med-High

Storm surge susceptibility

various respoges that :
Seaward edge erosion

might result from each
of the five climate

Salinity Range Increase

drivers. Since most] |Shifts in Community Species Composition Med-High
responses were not Salt Water Intrusion to Fresh Water Habitat Med-High
licable b h Salt exposure/stress event Med-Low
applicable between the Change in Habitat Support Med-Low
two wetland types, only | |Productivity Med-High Med-Low
one example is shown in Invasive Species Med-Low Med-Low
Figure 36. —
Precipitation & Storms
Shifts in Community Species Composition Med-High Med-Low
Survey respondents| [salt exposure/stress events Med-High Med-Low
rated freshwater tidal| |Changein Habitat Support Med-Low Med-Low
Productivity Med-Low Med-Low
wetlands and .

) Desiccation, flooding or erosion Med-High Med-Low
brackish/saltwater Sediment supply Med-High Med-Low
wetlands as similarly| |Physical impacts by wind, waves and surge] Med-High Med-High
vulnerable to : —
temperature and _ : . _ Atmospheric Carbon Dioxide

. Shifts in Community Species Composition Low Low
preC|p|tat|on storms, Productivity Low Low

and atmospheric carbon
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dioxide effects were considered to be less of a concern for both marsh types. Thevtw concerns
were sea level rise (more for brackish/saltwater wetlands) and salinity rise (more for freshwater tidal
wetlands).

The relative vulnerability index (combined impact and confidence) for various -efilest relationships

was compared between freshwater tidal wetlands and brackish/saltwater wetlands (Ted)e B
general, there was a greater number of moderate to high vulnerabilities for esffiset scenarios for
freshwater tidal marshes than brackishfsaiarshes. But the most consistently strong survey responses
were for brackish/salt marshes exposed to elevated sea level. All aspects of brackish/saltwater wetlands
were viewed as at least moderately vulnerable to sea level rise with six out of ther@tres being

rated the highest vulnerability index. There was comparatively less concern feffduds of other
changes in climate conditions on brackish/saltwater wetlands. The Wetland Workgroup noted that these
wetland metrics are just examplesthie myriad processes and elements of marsh ecology that might be
affected by changing climate (e.g., see Featute)3

| YA QD
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3.54 Associated Changes in Ecosystem Services

Survey participants were asked to estimate whether ecosystem services furnished by freshwater tidal
wetlands will increase, decrease, or not change in responseatih causeffect relationship (e.g.,
salinity riseaffecting community composition.) An increase in salinity was predicted by more survey
takers to have an overall negatieffect on ecosystem services (Fig83. Comprehensive results for
ecosystem service outcomes from other caggtectrelationshipsare provided in Appendix H. Less than
15% of respondents were uncertain for these caaffect scenarios

Ecosystem Services Change of Tidal Salt/Brackish Wetlar " 7o"ve €hanee

from Sea Level Rise = Negative Change

-10

-12

Shifts in Speciesccretion Rate v. Abilityfor  Change of Marshincreased Tidakhoreline: marsiRate of Channel Storm surge Seaward edge
Range/Compos. RSLR Landward Area Range area Scour Barriers suscept erosion
Migration

Figure3-9. Number of survey participants who predicted either net positive or net native changes in
ecosystem services by saltwater and brackish wetlands in response to projected rises in sea level by 21
Survey responses indicating no net changencertain change are not shown.

Sea level rise was also viewed by more respondents as likely to cause net decreases in services by
freshwater tidal wetlands, however a minority alpeedicted some positives (Fig:93) An increase in

sea level will have aegativeeffect on brackish/salt marsh area, and so this was thought to directly
reduce ecosystem services through a loss of habitat. See Appendix H for more expected ecosystem
sewice outcomes. Important net losses of services were also predicted for the inability of tidal wetlands

to move inland in response to seal level rise and salt water intrusion due to impediments to landward
migration, getting squeezed and losing area. yOaohe positive ecosystem service outcome was
predicted by the balance of survey takers, and this was foeffect of elevated carbon dioxide on tidal
wetland productivity (Appendix H.)
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3.6

Tidal Wetlands Adaptation Options

Numerous climate adaptation
tactics exist that capotentially

help address the vulnerabilities
of tidal wetlands. As a first
effort to prioritize which of

these offer the most promise,
respondents to the Wetland
Work Group survey rated the
feasibility andeffectiveness of
various adaptation tactics that
were described in Section 3.3.
in terms of their ability to
offset vulnerabilities of tidal
wetlands. Their responses ar
summarized in Table-3 and

more detail on the relative
effectiveness/feasibilityratings

are provided in Appendix H.

Activities that facilitate the
landward migration of tidal
marshes were rated as havin
the greatest promise, especially
for addressing the
vulnerabilities associated with
sea level rise (Table3) These
activities include clearing the
path to allow for landward
migration of tidal marshes
(strategic retreat) structure
setbacks, and creation of
buffer lands between

Table3-3. Comparison of the effectiveness and feasibility of various
potential adaptation options for addressing the main vulnerabilityial
freshwater wetlandeind brackish/saltwatewetlandsexposed to
changing sea level, salinity, precipitation/storms, antboa dioxide levels

by 2100in the Delaware Estuary.

|Tida| Fresh

[Tidal Salt/Brackish

Sea Level Rise

Structure Setbacks
Rebuilding infrastructure
Strategic Retreat
Creation of Buffer Lands
Living Shorelines

Med-High

Beach/marsh nourishment Med-High Med-Low
Elevating homes/structures Med-Low Med-Low
Dikes, Bulkheads, and Tide Gateq Med-High Med-High

Med-High

alinity Range Increase

S
Watershed flow management H

Med-High
Salt barrier Low Low
Strategic Retreat Med-High Med-High
Creation of Buffer Lands Med-Low Med-Low

Precipitation & Storms

Beach/marsh nourishment Low Med-Low
Elevating homes/structures Low Med-Low
Dikes, Bulkheads, and Tide Gateq Med-Low Med-High
Structure Sethacks Med-High Med-High
Rebuilding infrastructure Med-Low Med-High
Strategic Retreat Med-High Med-High
Creation of Buffer Lands Med-Low Med-High
Living Shorelines Med-High Med-High

Atmospheric Carbon Dioxide

Carbon Trading

Med-High

Med-High

development and marshes (e.g-
forests) to allow for landward migration.

These were ranked highest for both freshwater tidal and

brackish saltwater wetlads (Table d.) Adaptation options for dealing with sea level rise were ranked
higher than tactics for addressing salinity, storms, and cadioxide.

To address salinity rise, survey respondents indicated that watershed flow management is the best
adaptation option, especially for helping reduce the higher vulnerability of freshwater tidal wetlands to

saltwater.
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Carbon trading was the only adaptatiosption identified for offsetting the negativesffects on
atmospheric C@on both tidal fresh and tidabrackish/salt water wetlands. This was considered a
moderate to highheffective and feasible option.

Living shoreline tactics that can help to reduce erosion and enhance ecosystem services were also rated
highly for addressing both sea level rise amatrsis/precipitation. Bulkheads, dikes and tide gates were
rated similarly for theireffectiveness in decreasing marshlnerability. On the other hand, sediment
nourishment, the elevation of structures (to allow for more tidal flow,) and creation obsatters were

given low marks by survey respondefitable 33.)

Ecosystem Services Change of Tidal Fresh Wetlar Positive Change

from Salinity Changes ® Negative Chang

B B

Shifts in Species Salt Water Intrusion Salt exposure even Change in Habitat Productivity Invasive Specie
Range/Compos. Support

o & AN o N

-12

Figure3-8. Number of survey participants who predicted either net positive or net native changes in
ecosystem services by tidal freshwater wetlands in response to projected risaknity by 2100. Survey
responses indicating no net change or uncertain change are not shown.
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3.7.2 Future Changes in Tidal Wetland Ecosystem Services

In support of the Climate Ready Estuaries pilot, EPA
awarded a Technical Assistance grant for Indust| Tapje34. Data used by IEo forecast future
Economics (IBcto more accurately predict climatg changes in tidal marsh acreage in the
change impacts on tidal wetlands and correspondi| Delaware Estuary using the Sea Level

. . Affecting Marsh Mode{SLAMM.)
ecosystem services changes in the Delaware Estl

(Appendix G.) Rates of primary production we Inputs for SLAMM model
examined as an example ecosystem service. In addit _
the IEc analsis included a comparison of projecte National Wetlands Inventory Data

outcomes from two different types of wetland
restoration efforts at two time periods (2020 and 2050)|| Sea Level Rise Predictions: IPCC & Tit

Wetland Acreage IEc used Version 6 of the Sea Le)| Elevation Data
Affecting MarshedModel (SLAMM) to predicted change
in wetland acreage, transitions of wetland types, af
potential wetland migration areas following a similg
approach to that used by Craft et al. (2009.) Twen
three wetland classes were used based on the attribul| Erosion Rate Data
adopted by the National Wetlands Inventory (NWI). THh
SLAMM model incorporated data linking various physical factors to marsh change (¥apkh&eby

AccretionRate Data

Tide Gauge Data

Table3-5. Predicted acreage changes for tidal marshes, open water and tidal flats;stonulb swamps,
and other habitats in the Delaware Estuary by 2100 using the Sea Afgeting MarshiModel (SLAMM,
see Appendix G.)

Open Water/Tidal

ScrubShrub/Swamp
Flats
Upper PA 1,717 98 -71 -1197
Estuary  FTR3 4,468 192 1,902 2758
Lower PA -1814 5,821 -500 -3507
Estuary 7793 -930 14,250 2,661 110,659
Delaware| PA 21,331 49,914 6,584 21,998
Bay NJ 24,668 36,254 7,007 4,560

calculating acreage gains and losses in each of the wetland classes (including tidal flats and open water
Therefore, the total acreage remained constant even though there were predicted to be big shifts from
some habitat types to others.

Table 35 summarizes the net change in the principal habitat categories analyzed with SLAMM. Across
the whole estuary42,558 hectares of tidal wetland are predicted to be lost, with most being located
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along the microtidal shorelines and tributaries of the Delaware Bay region. In addition, 50,236 hectares
are expected to be lost from adjacent habitats that are more larmdwincluding scrutshrub swamps,
non-tidal wetlands, and uplands. The SLAMM analysis predicts that these losses will translate into a net
gain of 106,529 hectares of open water and tidal flat habit@utputs from the SLAMM model were

put into GIS to show an example of how the various habitat types, includiad wdtlands, are
predicted to change between the present and 2100 in southwestern New Jersey-({Eg. By 2050,

Base year Legend

[ Developed Dry land

[""] Undeveloped Dry land

B swamp

I nland Fresh Marsh

[T Tidal Fresh Marsh

I scrub Shrub/Transitional Marsh
[ Regularly Flooded Marsh

[] Beach

I Tidal Flat

I inland Open Water

[ Tidal Open Water

[ irregularly Flooded Marsh
Tidal Swamp

Sources:

Sea Level Affected Marshes Model (SLAMM)
Version 6, Warren Pinnacle Consulting, Inc.

USFS National Wetlands Inventory

USGS National Elevation Dataset

NOAA CO-OPS Database

Environmental Systems Research Institute

Extent Map

|EC

INDUSTRIAL ECONOMICS, INCORPORATED

1 2 4 6 Miles

ST T N T T S o |

Figure3-10. The geographical coveragetbfrteen habitat types (see legend) in an area of southwest New
Jersey at present (1980s NWI data) and as predicted by SLAMM in 2050 and 2100.
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many of the irregularly flooded marshes are expected to turn into regularly flooded mashes. Then at the
end of the century, many of these mshes will transition into mudflats or open water as interior areas
of marsh begin to break up and tidal creeks widen.

Wetland Service€hange Industrial Economics used the Habitat Equivalency Model (HEA) to predict

ecosystem service changes that would accompany the predicted changes in seven habitat categories

from the SLAMM model (Table-63) The HEA tool was first developed to access nat@wsburce

damages from oil spills and to calculate how much restoration would be needed to offset those

RFEYF3Sad C2NJ 2dzNJ LJzN1LI2aASa> 19! O2yaARSNBR Of AYIGS
) of habitat and potential gains from restoration (ornchte

Table3-6. Habitat types contrasted for ) - . .

their relative primary production services adaptation) activities using a unit of scale called a

using Habitat Equivalency Analysis (HEA. Discounted Service Acre Year (DSAY). This unit of measure

. . incorporates time, allowing nelinear changes in condition,

EWICIMRYSISSRVECTORIINGIAN | fction, or dollars to be captured using principles of

ecological and econom compounding. DSAYs can

therefore be used tomore effectively LINR Y2 (1S ay2 ¢

f2aa¢ 2F oSitryRa o6& YI1Ay3 Al

how much loss is occurring and how much restoration is

Tidal Fresh Marsh needed at any point in time. HEA analysis can be extended

to be used for any ecosystem service. For this study,

primary productivity was selected because of the

availability of literature on this metric. Specifically, IEc ran

| 9! FylFtfteaaa 2y 2yt e 0dKS a LJIN

Tidal Flats O2yadzYLIiA2y ¢ YSI yAaf @Fodictios LINE L2

that could be readily consumed by animals.

Regularly Flooded Marsh

Irregularly Flooded Marsh

Scrub/Shrub Marsh

Tidal Swamps

Tidal Open Water

To estimate whether restoration practices might reasonably

be used to offset projected losses of wetland acreage and services, IEc used HEA to calculate the total

cost of one example restoration the if that tactic were to be implemented to preserve all vulnerable

tidal wetlands. To do this, living shorelines were considered a preventative measure which could be

used to offset future wetland losses through the end of the century. Assuming Iivimglimes would be
Ayadlftt SR AY wHnuHnI GKS LINRP2SOGSR O2ada oAy G2RI &
projected to be $29 billion (Table@ see Appendix G for calculations.) This price tag may seem large,

but if effective thisrestoration option would be used to combat all wetland losses occurring over a 90

year period (by 2100.) In contrast, if wetlands are allowed to degrade with no intervention, by the year

2050 enough wetlands would be lost or severely degraded so thatpleden restoration would be

required to restore acreage if that was deemed necessary. This full restoration option would include

costs of fill management, regrading, creation of tidal creeks, angdegetation. The cost of the full

restoration tacticini©l £ Odzf 1SR (2 0SS bodg o0Af A2yl dHegforé,l 2 Rl @ Q&
Pbmn o0AffA2Yy O6AYy G2RlI&Qa R2fftlFNBRO O2dAZ R 0SS al #SR
compared to full restoration later, in 2050. Preventative wetlandasures are not only the cheaper

climate adaptation option in terms of implementation costs, but they would also maintain all of the
attendant ecosystem services (not valued here) provided by the wetlands that would otherwise be lost

in the interim untilrestoration would hypothetically occur.
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Table 3-7. Comparison of the habitat equivalency outcomes and associated costsvfoadaptation
approaches for addressing projected tidal wetland losses: 1) use of living shorelines in 2020 to sten
losses and 2) restoration of lost wetlands in 2050 (see also Appendix G.)

DISCOUNTED ESTIMATED
DISCOUNTED PRIMARY COST OF
SERVICE ACRE | PRODUCTIVITY LO¢ RESTORATIOI RESTORATION

REGION STATE YEAR LO&S (THOUSAND KG) ACREAGE (BILLION $2009)
Prevention in2020(Living Shorelines)

Delaware -22,950 -2,461 1,832 $ 1.04
Lower Estuary

New Jersey -36,384 -3,902 2,904 $ 1.65

Delaware -239,686 -25,704 19,128 $ 109
Delaware Bay

New Jersey -269,223 -28,871 21,485 $ 12.2
TOTAL -568,243 -60,938 45,348 $ 258
Restoration in 2050

Delaware -22,950 -2,461 4,422 $ 1.59
Lower Estuary

New Jersey | -36,384 -3,902 7,010 $ 252

Delaware -239,686 -25,704 46,178 $ 16.6
Delaware Bay

New Jersey -269,223 -28,871 51,869 $ 18.6
TOTAL -568,243 -60,938 109,478 $ 39.3

The methodology presented in Appendix G promises to help evaluate the-offgl@ssociated with
various adaptation tactics, thereby assisting resource managers in deciding how to best stem losses of
wetland acreage and ecosystem services due to climadéa@h In some cases, strategic retreat or no
action might be the realistic scenario. However when adaptation tactics are sought and contrasted to
proactively address theffects ofclimate change, the relative costs and benefits of adaptation options
canbe contrasted using HEA for different locations and at different installation dates.
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3.7.3 Natural Capital of Tidal Wetlands in the Delaware Estuary Watershed

Besides being valued fo
their primary production
(as in Section 3.7.2), tida|
wetlands are hot spots for
many other ecosystem
services (Figure-B1). The
Natural Capital Team
identified many of these
and assigned the
ecosystem goods and
services to categorieg
used in the Millennium
Ecosystem Assessmer
(2005.) (Table -B.)

Generally, tidal wetlands
provide flood protection,
support  fisheries and
shellfisheries, sequestel
carbon, and help to
maintain water quality,

among others.

Figure3-11. Portrayal of the diverse ecosystem services furnished by wd#dhnds
in the Delaware Estuary (see also Tab&)3
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Table3-8. Summary of ecosystem goods and services provided by tidal wetlang
the Delaware Estuary, grouped as in the Millennium Ecosystem Assessment.

Milenium Ecosystem Assessment

Regulating

0 Service 20 Service 30 Service 4° Service
— Fisheries Support
L Algae and invertebrate production
Provisioning Genetic Materials Phragmites control research
Biochemical Products Research in Antifungal Agents
Fiberand Fuel Cellulose stock
Carbon Caps,
Sequestration Carbon mitigation
Sediment Stabilization . UL S
Erosion control sediment

Storm Protection/ Wave Attenuation/
Flood Protection

Protect Property Values and
infrastructure

Gas Regulation

Carbon Sequestration

Oxygen production

Water Quality

Sequestration, Filtering

TMDLs: Nutrients,
Pollutants

Cultural/ Spiritual

Recreation

Bird watching, hunting, boating

Spiritual and Inspirational

Native American Uses

University reasearch & school

Human Well Being Educational projects/trips
Landscape pictures, paintings,
Aesthetic Value open space

Supporting

Habitat Wildlife, shellfish, insects
Biodiversity Maintain Plant Communities
Production Primary Production

Water Cycling/Hydrologic Regime

Nutrient Cycling/Biogeochemical
Processes

Maintain trophic cycles, soil
building
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3.8 Tidal Wetlands Synthesis

Climate change is likelp affect different types of tidal wetlands in different ways in the Delaware
Estuary. For freshwater tidal wetlands, a unique feature of the Estuary, the greatest threat was found to
be the expected rise in salinity of the upper Estuary. Plants and aninglsomprise these wetlands

are intolerant of even brief exposure to seawater. As sea level rises and more saltwater begins to mix
in, freshwater tidal marshes will shrink as they are replaced by brackish communities. Landward
migration of freshwateritdal marshes is virtually impossible because more than 85% of buffer lands in
the upper estuary are developed and expected to be maintained as such. For these reasons, the most
vulnerable elements of tidal freshwater wetlands are loss of habitat acresigifts in community
composition, and the concomitant loss of habitat support for any fish and wildlife that depend on these
rare habitats.

In addition to their vulnerability to salinity, freshwater tidal wetlands are threatened by the physical
effects ofrising sea level, such as erosion of seaward edges, an amplified tidal range, and exposure to
more frequent storm surge. Increases in storm intensity and frequency will hasten the conversion of
some freshwater tidal marshes to brackish marshes, possityirthted by invasive species that thrive
under more frequent disturbance regimes. Sediment supply is expected to be ample for these marshes
since they are closer to sources of sediment brought to the estuary by large rivers, and greater
precipitation durhg cooler months could lead to more sedimdatien runoff. For this reason,
freshwater tidal marshes are expected to keep pace (vertically) with rising seas in areas that are not
exposed to saltwater despite the expected increase in tidal range.

Bracksh and salt marshes were examined together, although there are notable differences in species
assemblages that occur along the very broad salinity gradient in the Delaware Estuary. In contrast to
freshwater tidal wetlands, these saltwater adapted wetlaagie most vulnerable to sea level rise which

will interact with various other stressors to push many marshes past their sustainable threshold. The
lower portion of the Delaware Estuary is microtidal, meaning that the tidal range is small and there is
little vertical relief across the expansive marshes that form a near contiguous fringe around Delaware
Bay. In most areas, the rate of sea level rise is expected to increase to up to 10 mm per year or more,
probablyexceeding the ability of tidal marshes keep pacesince recent accretion in most areas is less
than this. Marshes grow vertically by accumulating dead plant matter as well as by trapping suspended
sediments brought in with the tides. Butdiment deficits, nutrient loadings, and projected inasesin

storm energy disrupt normal accretion rates, and all of these factors are certain to change with changing
climate contributing ¢ stresson native plant specietike Spartina alterniflorawhich isthe dominant
species oéxtensivelow marshcommunities.

Not all projected effects are negative. Increased carbon dioxide levels, combined with nutrients, might
boost overall productivity and help these marshes keep pace through organic matter accumulation in
some areas. On the other hand, theesies that are most likely to benefit from higher Q€vels are
different from the current biomass dominants. Paradoxically, nutrient loadings can decrease organic
matter accumulation by favoring aboveground production over belowground production. e§pawnd
production is more apt to wash out of the marsh following senescence, and tall plants with little rooting
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are more vulnerable to physical dislodgement during storms. These reasons explain why some marshes
can look very lush and healthy just befdhey collapse.

The top five climate change vulnerabilities for tidal wetlands in the Delaware Estuary are summarized in
Table36, considering all available information examined in this study.

Table 36. Top five vulnerabilities dfidal Wetlandgo climate change in the Delaware
watershed, ranked by th&/etlandWork Group.

Ranking Vulnerability

1 Sea LeveRiseEffecs on Brackish/Saltwater Wetlands

2 SalinityEffecs on Freshwater Tidal Wetlands

3 Sea Level Rid&ffecs on Freshwater Tid&Vetlands

4 Precipitation and Storr&ffecs on Freshwater Tidal Wetlands
5 Precipitation and Storriffecs on Brackish/Saltwater Wetlands

The latest version of SLAMM (Sea LéMétcting Marshes Model) helped to predict how tidal marshes
and adjacennatural areas on the landward and seaward sides will respond to rising sea levels (Section
3.7.2). Using our climate predictions (ChaptgaBd best available acreage data for the uplands,-non
tidal wetlands, tidal wetlands, mud flats and open water, BMAoutputs indicated that more than
45,000 acres of natural areas that are currently landward of tidal wetlands will be converted to tidal
wetlands by 2100. This gain in tidal wetlands is expected to be more than offset however by an increase
of more than105,000 acres in unvegetated tidal flats and open water, mainly in brackish/saltwater
wetlands. Theet effectis predicted to be a loss of more than 40,000 acres of tidal wetlands, roughly a
tenth of current acreage. Projected losses of tidal wetlaar@ssimilar in Delaware and New Jersey.

All natural habitats provide ecosystem services; however, the combined services furnished by tidal
marshes exceed those of the other habitats examined in this analysis, leading to a substantial net loss.
For examfe, primary production is expected to decrease by more than 60,000 metric tons. Loss of
associated carbon sequestration services by tidal marshes will be felt doubly because of lost future
services combined with the release of formerly sequestered calioerosion of peat from marshes
O2y@SNISR (2 2Ly 6F0iSN® {AYAfINIe&z (KS fz2aa 27
to establish nutrient criteria since these extensive tidal marshes are thought to be important for
maintaining water quity in the Delaware Estuary.

In order to adapt to climate change, greater attention will need to be paid to the current plight and
functional significance of our wetland resources. Management of these habitats is governed by an
outdated paradigm that sks to sustain them in the same places as they exist today. There is also
limited systemlevel appreciation fothe effects an tidal wetlands of watershed flow, sediment supply
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and nutrient loadings, as examples. Tidal wetlands are so extensive in ldngdbe Estuary that a 10%
loss (or more) is certain t@affect fisheries water quality, flood protection and more.

In the Delaware Estuary, watershed flow management should be considerechdkeeffective and
feasible adaptation option for offsetting the most vulnerable climate change driver to tidal fresh water
wetlands, a salinity increase. A salinity increase in freshwater tidal marshes will probably occur quickly
during a storm event or drought, and rivlow managers should consider tidal freshwater wetland
protection along with other factors in setting flow targets to potentially offset salinities above 0.5 ppt. A
longer term watershed flow plan should account for the incremental budaf salinity.

Freshwater tidal wetlands would also benefit from a dedicated effort to set aside and preserve natural
areas, or to remediate dilapidated developed areas, to facilitate their landward migration. This is
especially challenging in the urban corridor okthpper estuary where there is little opportunity.
However, conversion of poorly used city properties to natural areas provides additional ecosystem
services for society, such as added recreational opportunities, flood protection and temperature
modulation.

Inthe extensive brackish and salt marshes of the lower estuary and especially around Delaware Bay, the
most beneficial adaptation options are also ones that facilitate landward migration. In this region, there

is greater opportunity because much dfet 1 km buffer landward of tidal marshes in undeveloped.
Agricultural lands abound here, and farmers or other landowners could be provided with incentives to
donate or sell easements to protect marsh buffei$iere are many types of easements along svaand
estuaries! GNREEftAY3d O2yaSNBIGA2Y SIaSySyidé¢ AadMadeSaraysS
between a willing property owner and an easement holder/purchaser (such as the state, or a
conservation organization), a rolling conservation easenaliws the property owner to continue
development and use of the property, but prohibits armoring of the shoreline to prevent inundation
(Titus 1998.) So as sea level rises, the marsh can advance unimpeded, and the rising tide eventually
causes more and nme of the property to fall under public ownership (from mean high tide seaward).

Strategic retreat, defined here as the removal of infrastructure that would otherwise be protected, is
also an option in some areas although it is costly. Along the Detalgstuary, a 1 m rise in sea level
would inundate at least 1000 hectares and perhaps up to 10000 hectares of agricultural laqtQ280
hectares of barren land, 2§Q2760 hectares of developed land, 59280 hectares of forested land, and

80 ¢ 130 hectaresf open water (e.g., impoundments,) and @2d20 hectares of notidal wetlands

(Gill et al. 2009). Many of these areas could be managed to facilitate tidal marsh development
depending on such factors as slope, sediment condition, and hydrodynamics.

Smart landward retreat requires adoption of a new paradigm that accepts coastal landscapes as
dynamic. Structures and policies that seek to fix habitats in place are counter to natural processes and
will thwart the ability of tidal wetlands to sustain theselves, especially as the rate of sea level rise
increases. Therefore, proactive climate adaptation should prohibit and remove construction in areas
vulnerable tothe effects of sea level rise and allow for coastal habitats to undergo their natural
succeasional march across the coastal zone.
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In the short term, however, shore protection will be needed in some areas to allow enough time to build
needed capital or engineering prowess to perform strategic retreat. Careful planning will also be
needed to ue LIDAR and other emerging technologies to forecast where future shorelines will be most
sustainable. New development must be set back far enough from estuarine shorelines or at a sufficient
elevation so that structures and policies are designed conseelgtto accommodate a significant
acceleration in the rate of sedavel rise (Titus et al. 2009a). In undeveloped areas where shore
protection may be unnecessary andrtainly ireffective at maintaining tidal wetland extent and services
over the long tem, strategic retreat is the best option (displayed in blue; Figure 4). Living shorelines are
promising and cosgffective tactics that slow erosion along seaward margins of tidal wetlands, buying
time for them to establish themselves inland, while also$ting habitat service values.

Discerning between undeveloped lands and ecologically and economically important lands will be critical
for targeting conservation and restoration efforts in response tolseal rise and iteffects. Preserving
undeveloped vulnerable lands also offers a significant opportunity to avoid placing people and property
at risk to sea level rise and associated hazards including storm surge, coastal flooding, and erosion.

The costs of wetland conservation and expansion are assaciprimarily with capital costs of land
purchases and/or easements in areas identified as critical to buffering against the impactsle¥elea

rise. Funding for tidal marsh preservation and expansion must be increased, perhaps fueled by our
increasingunderstanding of the value of the ecosystem services provijetthese habitats.

The Wetland Work Group identified many other adaptation options that ranked lower in terms of either
their projected benefits or their feasibility. As new information amedhnologies develop, some of
these may become more promising. As examples, development of carbon trading markets could help
focus attention on the carbon sequestration services provided by tidal marshes, especially salt marshes
which appear to sequester ane carbon than any other habitat in the M#stlantic. The beneficial use

of dredge material and marsh nourishment with sediments also represents a potential tactic to help
them keep pace with sea level areas where those measures are feasible. Sedipglyt fer tidal
marshes appears to be an important determinant of their carbon sequestration capacity (Mudd et al.
2009). It will also be important to ensure marshes receive the necessary sediment subsidy through
regional sediment management practices.

The top five climate adaptation options for sustaining or enhancing tidal wetlands in the Delaware
Estuary watershed are summarized in Tablé, 8onsidering all available information examined in this
study. This list does not include monitoring and reseaidivities.
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Table 37. Top five adaptation options to asst&lal wetlandsin adapting to climate
change in the Delaware watershed, ranked by WetlandWork Group.

Ranking  Adaptation Tactic

1 Strategic Retreafor Landward Migration

2 NaturalBuffers for Landward Migration

3 Living Shorelinet® Stem Erosion

4 ManageWater Flowto Maintain Salinity Balance
5 Structure Setbacki®r Landward Migration

In addition to these adaptation tactics, participants alstoessed the importance of research and
monitoring in climate change adaptation planning. In order determine the effectiveness of

adaptation plans and tactics, research and monitoring will be necessary to develop geospatial planning

tools relevant forlocal decisiormakers, to track changes in environmental conditions, and to set
appropriate benchmarks for gauging success of adaptation measures. Because of uncertainties
regarding the rate and severity of climatelated effects and the rapidly chaiirgg science and tools that

will underlie any climate plan, climate change adaptation will require frequent reassessment and
perhaps realignment of plans and actidns A PERE LG ¥ @& | RFLIGFGA2y LIX I yé GA
frequently to sustain the tidavetlands of the Delaware Estuary.

3.9 Tidal Wetlandss Recommendations

The following recommendations were provided by the Wetland Work Group to help sustain tidal marsh
habitats in the Delaware Estuary.

1. Identify and protect areas adjacent to tidalketlands that are suitable for wetland migration.
Allowing wetlands to migrate inland is the highest priority adaptation action. Adjacent
undeveloped areas with suitable elevation, slope, and no physical impediments to migration
should be treasured and prected where recognized. However, since many of these lands may
not be easily recognized, a geospatial framework incorporating LIDAR, land use, and monitoring
information is needed to identify them, based on location in the buffer zone, suitable elevations
slopes, and other traits. A variety of measures can be used to protect these areas féor mars
migration, including: strategic retreat, set backs for building/development, incentives or buyouts
for farmers, and conservation easements to ensure that mardgration can progress
unimpeded.
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2. Identify and restore areawhere living shorelines (or other restoration techniques) can slow
erosion _and stem marsh losse¥he same geospatial framework referenced in 1. above is
needed to identify vulnerable areas of ddl wetlands that could benefit from
restoration/adaptation projects to increase the amount of acreage that is sustainable.
Identifying areas with suitable edge conditions, energy conditions, and ownership conditions for
living shorelines should be a prityr based on assessment resulfkhis process could also
identify areasfor other types of adaptation, for exampleshere dikes could be removed from
impounded former tidal marshes and a thin layer of sediment could be applied to raise their
elevation.

3. Develop indicators to track botlimpairments (and possibly benefits) to tidal wetlands from
climate change (e.g., see featur?Band monitoring to support thenScientific analysis should
be directly relevant for managers, helping to bolster our undersiragaf the benefits of these
habitats to watershed health as well as the consequences of watershed management on these
habitats. This information is critical to carrying out the other recommendations presented here.

4. Identify special protection or managemiareasbased on those areas with the greatest natural
capital value based on key ecosystem services furnished by tidal wetldejseat the analysis
of production services in this study for carbon sequestration, which is increasingly being valued
as a nitigation tactic for climate changdzesults of the NJ Natural Capital studguld be
transferredto the entire Delaware Estuary region using the association of natural capital values
to land use / land cover types.

1. Educatethe broader resource managemerommunity regarding the importance of tidal
wetlands for watershed health and also tle#fects onwater quality and guantity on wetland
habitats. Much of the future for tidal wetlands hinges on having suitable flows, sediments and
water quality. In turn, tidal wetlands can Hp managers attain water quality targets, preserve
fisheries, and provide flood protection.

Tidal wetlands are a hallmafkature of the Delaware Estuary and they supply more ecosystem goods
and services than any other natural habitat. A coordinated, waterdiased approach to tidal wetland
preservation and landward migration is needed to help these habitats adapt totelichange.
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Chapter 4

Case Study #2: Drinking Water

4.1. Drinking Waterin the Delaware Estuary Watershed

The Delaware River, its bay, and 216 tributaries provide a source of drinking water for over 17 million
people, or over 5 percent of the United States patign. Approximately 88 percent of drinking water

taken from the Delaware Rivevatershedis from surface water and approximately 12 percent is from
groundwater.¢ KS / A& 2F tKAfIRSfLKAIFIQa RNARYy(1AYy3 ¢l SN &
exd dzZAA @St & FNBY adzaNFIFOS 41 GSNIJ a2 dzNJOch afdlew iork CitR RA (1 A 2
also gets its drinking water from reservoirs in the upper Delaware BaSpproximately 736 million

gallons of water per day are exported for populatiomdNiew York City and northeastern New Jersey.

Drinking water providers in the Basin encounter numerous challenges to the quality and availability of
their supply. Drinking water suppliers must share the resources of the Basin with other large water users
such as power generation and industry which make up approximately 95% of total water use in the tidal
Delaware Basin. Suppliers depend on sound, scibased decisioimaking by state and federal
regulators to ensure appropriate and equitable flow allocatiévater quality stresses from wastewater

and industrial discharges, stormwater and agriculture runoff, discharges from abandoned mines, and
other influences all pose serious threats to the ability of water providers to consistently deliver safe
drinking wder. Anticipated population growth in the regias likely toincrease demand for drinking
water and exacerbate water quality problems by increasing burdens on wastewater infrastructure and
potentially eliminating forests critical to water supply protectio

Potential effects of climate change on the Delaware Basin include waimand watertemperatures,
increased frequency and intensity of severe precipitation, and reduced snowpack. Such altered
conditions in the Basin may aggravate existing waterliguand quantity problems and potentially
create new stresses for water supplié®r example,nicreases in precipitation in the regi@ould lead

to increased runoff, increased streamflow, higher groundwater levels, increased flooding and changes to
watershed vegetation and forest cover in the Delaware Basin. These conditions could damage drinking
water treatment plants and infrastructure, inundate treatment plants and pump stations and further
degrade water quality. Increased temperatures alone from &férchange could increase potable water
demand from drinking water supply systems.

4.1.1. Drinking WaterCase Study

The purpose of the CRE Drinking Water Supply Case Study is to consolidate and evaluate information
about climate change, potential effects conditions in the Delaware Basin, and the impacts of these
potential effects on drinking water supply. The focus of this effort is primarily on surface water supplies
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follows: (1) develop an inventory of potential conditions in the Basin which could be altered due to
effects of climate change and catalog the possible impact of these changing conditions on drinking water
surface supplies; (Bvaluateresults from Goal 1 to identify potential planning priorities; (3) identify
opportunities for drinking water providers, with support from other stakeholders, to increase their

overall adaptive capacity in the face of current challenges and future unesftaind, (4) identify

priority research needs.

The potential breadth of impacts to drinking water from climate change, combined with current threats
to water quality and availability, necessitate strong leadership from water providers and state, local and
federal government. The future of our drinkingater supplies also depends on the education,
cooperation and commitment of Basin communities. The information in this report provides these
groups with a preliminary road map to help navigate the substantial uncertainty associated with future
change.
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Figure 4.1The map above shows the service areas of community water supply systems in the estuary. The major cities in the
northern parts of the estuary get much of their water from surface water or a mix of surface and ground water. Parts of the
Schuyldi River watershed and most of southern Delaware rely exclusively on ground water. The location of the salt line is
important to drinking water suppliers in the Upper Estuary. Sea level rise and storm surges can push the salt line ftivther up
Delaware By, leading to potentially high chloride and sodium concentrations at the drinking water intakes for Philadelphia and
Camden.
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4.2. Drinking Water¢ Approach to Assessing Vulnerdity and Adaptation Options

The vulnerability ofdrinking water supplyto climate change and potential adaptation options were
assessed by ®rinking Water Workgroup comprised of regiorsalientists and managers froimoth
public and private sectors. For the purposes of this projectPttieking WateMork Group operated as
a subgroup under the Climate Adaptation Work Grotipsks completed by the workgroup include

e Created an inventory of available literature on drirkiwater issues related to climate change
(Appendix J);
e Prepared a review document based on the literature inventory (Appendix I);
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