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Executive Summary
The Chesapeake Bay watershed is the largest estuary in the United States and home to a
diverse array of species and habitats. Its rich abundance of fish and wildlife and its rivers,
creeks, and tributaries provide ecological, historical, and cultural values to those that live within
the region and beyond. However, the Bay is facing significant challenges relating to poor water
quality, degradation of habitat and loss of species and habitats, development, overfishing, etc.
Many resources have been focused on the decline of the Bay and improvements have been
made, but climate change effects, ranging from increasing temperatures to accelerating sealevel rise, will likely exacerbate these existing stressors. Thus, one of the most significant
threats to the well-being of the region is climate change. The Chesapeake Bay is already feeling
the effects of climate change, and those effects will only intensify in the future. As a result, to
effectively protect, manage, and restore these coastal ecosystems in the Bay, we must
integrate the reality of current and future climatic changes into our work. Making our projects
“climate-smart” in this way will enhance their value and durability over the long term.
The purpose of this project and report is to help the National Oceanic and Atmospheric
Administration (NOAA) and its partners set the stage for addressing climate change impacts in
the Chesapeake Bay, focusing on how to integrate climate change into coastal restoration and
conservation activities. To do this, NWF worked with NOAA, a panel, and technical experts to
identify climate change impacts for the Middle Patuxent subwatershed and developed options
for adapting restoration and conservation practices to address those impacts. This project was
designed to help NOAA consider its investments and how to protect them and ensure their
effectiveness over the long-term in the face of climate change. The information from the
project and in this report will be useful to those working within this watershed and beyond.
This report focuses on describing the vulnerability of the Middle Patuxent subwatershed
and a selection of species, habitats, and conservation and restoration project types to climate
change (Section II) as well as providing a suite of potential adaptation options to address those
vulnerabilities (Section III). Several key next steps that could be taken to integrate this climate
change information into conservation and restoration actions within the Middle Patuxent and
the region as well as implement the approach used for this project and assessment to other
areas can be found in Section IV.
For the Middle Patuxent, vulnerability information generated through this project can
be used to consider how their management and conservation techniques may need to change
for the species/habitats/ projects assessed. Identifying the most feasible actions or the ones
that provide the most benefit will be useful. Adaptation options that serve multiple species or
habitats could be reviewed to determine if they should be considered priorities for
implementation. The vulnerability process could also be expanded upon within the Middle
Patuxent subwatershed to other species, habitats, and projects. Finally, an important next step
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will be to identify the specific science and research needs illuminated from this effort and how
to best obtain needed information.
For the Chesapeake Bay region, many of the adaptation options outlined in this
document will be relevant across the Bay. Managers and conservation and restoration
practitioners can consider how these actions could be used or adapted to their area.
Alternatively, it will also be important to think about how adaptation options described in this
document may differ for the same targets elsewhere in the Bay. Finally, the approach used for
the vulnerability assessment and development of adaptation options can be replicated for
other subwatersheds throughout the Bay.
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I. Introduction
The Chesapeake Bay has been the focus of extensive conservation and restoration
efforts during the last quarter century, with billions invested to restore and protect fish and
wildlife habitat within the Bay watershed. The widespread decline of the Bay led to the historic
1983 Chesapeake Bay Agreement in which Virginia, Maryland, Pennsylvania, the District of
Columbia, and the U.S. Environmental Protection Agency established the Chesapeake Bay
Program partnership to protect and restore the Bay’s ecosystem. The initial focus was on toxic
pollution, nutrient input to the Bay, and declining seagrasses. Since then, the program has
issued several plans with ambitious goals and timelines for Bay restoration, and there have
been important improvements in the health of the Bay (Glick et al., 2007).
With all the effort focused on the Chesapeake Bay, significant progress has been made
on various fronts, yet many threats remain (Glick et al., 2007). Excessive nutrients, chemicals,
and sedimentation still plague the majority of the waters within the watershed. Loss of critical
habitats such as eelgrass beds and tidal wetlands continue due to development and other
pressures, resulting in decline of key fish and wildlife species within the Bay. For example,
populations of shad, menhaden, blue crabs, native oysters, and hard clam species have declined
dramatically due to habitat loss as well as pollution, habitat degradation, and other problems
(Glick et al., 2007). Marine diseases and fish contamination from toxic pollutants such as
mercury are common (Glick et al., 2007). Invasive species, such as Phragmites australis
(Phragmites), are a problem throughout much of the Bay’s wetlands. Unfortunately, climate
change effects, ranging from increasing temperatures to accelerating sea-level rise, will likely
exacerbate these existing stressors.
Sea-level rise is already affecting the Chesapeake Bay watershed through the loss of
marshes, open beaches, and small coastal islands (Glick et al., 2008). Examples of other
potential impacts from climate change include: migration of coastal habitats, increased
intensity of storms and resulting flooding, loss of wetlands, salt water intrusion, increase in and
appearance of new oyster disease, loss of waterfowl and shorebird habitat, increased incidence
of hypoxia and algal blooms, and loss of submerged aquatic vegetation (SAV) (Glick et al., 2007;
CCSP, 2009). Coastal restoration and protection strategies (e.g., wetlands and habitat
restoration, oyster bed restoration, land acquisition, land creation through sedimentation, etc.)
are important tools for addressing changing conditions, because they can facilitate inland
movement or migration of coastal habitats, enhance protection of water quality, reduce hazard
risk, and facilitate creation of wetlands. As such, it is important to consider how to build climate
change into existing programs and what new coastal restoration and protection strategies may
be useful and effective.
The National Wildlife Federation (NWF) received funding from the National Oceanic and
Atmospheric Administration’s (NOAA) Restoration Center to help set the stage for addressing
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climate change impacts in the Chesapeake Bay, focusing on how to integrate climate change in
coastal restoration and conservation activities. To do this, NWF worked with NOAA, a panel,
and technical experts to identify climate change impacts for the Middle Patuxent subwatershed
and to develop options for adapting restoration and conservation practices to address those
impacts. This project was designed to help NOAA consider its investments and how to protect
them and maximize their effectiveness over the long-term in the face of climate change. The
information from the project and in this report will be useful to those working within this
watershed and beyond. The process and approach used for this effort is one that managers can
replicate to help them conduct a vulnerability assessment and develop actionable adaptation
options efficiently and effectively. More information on the approach and processes can be
found in Appendix A.

Project Area Overview
The Patuxent River is Maryland’s deepest and longest river (approximately 110 miles
long) flowing entirely within the state (Bevan-Dangel and Tutman, 2007). It runs through eight
counties into the Chesapeake Bay and is situated between Washington, DC and Baltimore, MD,
with half the river (55 miles) located within Prince George’s county (USACE, 1996). The federal
government also owns an extensive amount of land within the watershed (USACE, 1996).
Although the river is located between two large cities, much of the area along the main stem of
the river is forested and protected. The entire watershed is approximately 932 square miles
(64,000 acres) (Bevan-Dangel and Tutman, 2007; MD DNR, 2007). A large portion of the
Patuxent River watershed area is forested, but there also are areas of significant development
and agriculture (Table 1).
Table 1: Land Type within Patuxent River Watershed (Bevan-Dangel and Tutman, 2007).

Land Type
Forested
Developed
Agriculture
Water
Barren

Percent Land in the Patuxent Watershed
43
30
23
3
1
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For this project, the focus area is on a smaller portion of the Patuxent watershed – the
Middle Patuxent subwatershed, which is bounded by Route 231 in the south and Route 50 in
the north (Figure 1).
Figure 1: Middle Patuxent Subwatershed Project Area – Route 231 in the South and Route 50
in the North (Source: MD DNR, 2012a).
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Within the Middle Patuxent subwatershed, the Jug Bay component of the Chesapeake
Bay National Estuarine Research Reserve (NERR) is an important area of conservation and
research. It consists of the Jug Bay Wetlands Sanctuary (1,600 acres) managed by Anne Arundel
County and Jug Bay Natural Area (596 acres), which is part of the Patuxent River Park
(approximately 7,000 acres), in Prince George’s county. Patuxent River Park is administered by
Prince George’s County Department of Parks and Recreation and the Maryland-National Capital
Park and Planning Commission. NOAA and the Maryland Department of Natural Resources (MD
DNR) administer the Chesapeake Bay NERR. The Jug Bay component has extensive freshwater
tidal wetlands, which are considered globally important for the rare habitats they contain, and
diverse species assemblages. This area is one of the largest tidal freshwater wetlands systems in
the Eastern U.S. (Delgado, 2011).
The state of Maryland also owns and protects lands within the project area (Maryland
Greenways Commission, 2000). In addition to these protected lands, much of the land directly
along the shore of the Middle Patuxent is forest, wetland, or agriculture land (Figure 2).
However, there are substantial areas of residential and industrial development present along
the Middle Patuxent and farther inland (Bevan-Dangel and Tutman, 2007).
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Figure 2: Land Cover in the Middle Patuxent Based on Data from 2010 (Source: MD Dept of
Planning)
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Ecological Resources and Stressors

The Patuxent River watershed has a wide array of habitats and species. It is home to a
variety of ecologically and economically important fish species, many of which can also be
found in the Middle Patuxent subwatershed (USACE, 1996). Example estuarine species within
the Middle Patuxent are highlighted in Table 2. As a part of the Atlantic Fly Way, the area is also
important to migrating birds (Table 3). Jug Bay component of the Chesapeake Bay NERR alone
provides habitat to over 200 bird species annually, and over 20 species of waterfowl are also
found within Jug Bay (Delgado, 2011). Diamondback terrapins (Malaclemys terrapin) inhabit
the sandy beaches of the Patuxent. The beaver (Castor canadensis), otter (Lontra Canadensis),
and muskrat (Ondatra zibethicus) are semi-aquatic mammals that also live within the
watershed. Habitats within the subwatershed include tidal salt marsh, tidal freshwater
wetlands; swamp, riparian forests; and submerged aquatic vegetation (SAV) such as Elodea,
Najas minor (brittle naiad), Najas guadalupensis (water nymph), Ceratophyllum demersum
(coon tail), Zannichellia palustris (horned pondweed), among others (Delgado, 2011).
Table 2. Example Estuarine Species Found in the Middle Patuxent (Delgado, 2011)
Alewife (Alosa pseudoharengus)
Eastern oyster (Crassostrea virginica)
American shad (Alosa sapidissima)
Hickory shad (Alosa mediocris)
Atlantic menhaden (Brevoortia
Largemouth bass (Micropterus salmoides)
tyrannus)
Bay anchovy (Anchoa mitchilli)
Softshell clam, (Mya arenaria)
Blueback herring (Alosa aestivalis)
Striped bass (Morone saxatilis)
Blue crab (Callinectes sapidus)
Walleye ( Sander vitreus)
Channel catfish (Ictalurus punctatus)
White perch (Morone Americana)
Chain pickerel (Esox niger)
Yellow perch (Perca flavescens)
Table 3. Example Bird Species Found in the Middle Patuxent (Delgado, 2011)
American bittern (Botaurus lentiginosus) Mourning warbler (Oporornis
philadelphia)
Bald eagle (Haliaeetus leucocephalus)
Olive-sided flycatcher (Contopus cooperi)
Black duck (Anas rubripes)
Osprey (Pandion haliaetus)
Black skimmer (Rynchops niger)
Redhead (Aythya Americana)
Canvasbacks (Aythya valisineria)
Royal tern (Thalasseus maximus)
Great blue heron (Ardea Herodias)
Sedge wren (Cistothorus platensis)
Great egret (Ardea alba)
Short-eared owl (Asio flammeus)
Loggerhead shrike (Lanius ludovicianus) Snowy egret (Egretta thula)
Mallard (Anas platyrhynchos)
Wood duck (Aix sponsa)
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Over the last 60 years, human population has more than doubled in the area, resulting
in numerous problems for the river, including erosion, sedimentation and other water qualityrelated issues, and drainage of wetlands (USACE, 1996). Development has been a primary cause
of degradation, resulting in extensive water use through wells and power generating facilities,
severe sedimentation, and significant decreases in water quality among other impacts. Lack of
adequate upgrades to sewage treatment plants has also contributed to the decline in water
quality and habitat. There are two sewage treatment plants within the project area and
multiple plants further upstream. Maryland’s Patuxent River Basin Tributary Strategy Summary
Report 1985-2005 includes information on nitrogen, phosphorus, and sediments within the
river system. Although trends of nitrogen and phosphorus have decreased since 1985 in the
Middle Patuxent; concentration trends are starting to increase (MD DNR, 2007). Water clarity is
also poor as a result of sedimentation and erosion (MD DNR, 2007). In addition, although there
are only a few small blockages within the Middle Patuxent subwatershed, the dams upstream
affect ability of anadromous and freshwater fish from moving throughout the entire system
(Anne Arundel County, 2004). As a result of these multiple stressors, SAV beds have
experienced significant losses in the recent past. Declines have also been observed for in
estuarine fish diversity, anadromous fish spawning success, oysters, woodlands, and riparian
buffers (USACE, 1996; Delgado, 2011). With water quality improvements achieved by water
treatment plants, however, SAV in tidal freshwater areas have begun to recover.
As with the many stressors facing the area (e.g., human development patterns,
economic activity, natural disasters), there is and will always be a degree of uncertainty about
future climate change. This does not mean climate change should not be taken into
consideration in conservation efforts today. Rather, the fact that there is risk – and the
potential for climate change to lead to irreversible change – necessitates precautionary
management and restoration approaches (Stein et al., 2013). Climate change also may
exacerbate many of the existing threats and problems in the region as well as cause direct
impacts to the watershed and the habitats and species contained within it. Managers can no
longer assume historical averages or trends will remain unchanged when setting their
conservation and restoration goals, and must instead anticipate an increasingly variable and
uncertain climate. Given this new, highly uncertain reality, state and federal agencies, nongovernmental organizations, and others concerned with conservation are challenged with
designing and implementing strategies that will maximize the effectiveness of conservation
investments under both current and expected future climate conditions.
Managing for unknown future conditions using broad-scale climate projections and
species distribution models as guidance is one of the greatest challenges managers currently
face in an era of climate change (Lawler et al., 2010). Increased monitoring and research on the
known and potential impacts will help close gaps in knowledge, but we will never know exactly
when and where we will experience the impacts in the future. Therefore, planning for climate
13

change necessitates true adaptive management, including greater investments in identifying
and monitoring key variables and management performance over time (Stein et al., 2013).
For managers in Maryland, this means finding ways to address climate change through
watershed plans and policies, species protections, conservation and restoration projects, and
implementing conservation measures through a true adaptive management process.
Developing meaningful adaptation strategies for watersheds within Maryland requires an
understanding of the impacts, risks, and uncertainties associated with climate change and the
vulnerability of the different features of relevant natural and human communities to those
changes. Climate change vulnerability assessment is a key tool for bringing climate data and
related ecological understanding into conservation planning and management efforts (Glick et
al., 2011a).
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II. Middle Patuxent Vulnerability Assessment
In an effort to begin considering how climate change may affect management and
conservation planning within the Chesapeake Bay and identifying what options may be
available to address these impacts, NWF and NOAA selected a sub region of the Bay watershed
and conducted a vulnerability assessment to evaluate the potential impacts of climate change.
Likely exposure to climate change is summarized below for the Middle Patuxent subwatershed
as well as its sensitivity and adaptive capacity to climate change. The vulnerability assessment
framework used for this analysis described is in Appendix A and was adapted from Scanning the
Conservation Horizon: A Guide to Climate Change Vulnerability Assessment and Restoring the
Great Lakes’ Coastal Future: Technical Guidance for the Design and Implementation of ClimateSmart Restoration Projects (Glick et al., 2011a; Glick et al., 2011b). Vulnerability assessments
were also completed for target species, habitat, and projects specific to the subwatershed to
provide a more complete understanding of climate change impacts to the system. These
assessments are located in Appendices D to N. Information from these assessments was used
to help develop potential adaptation options.

Scale, Objectives, and Targets
Scale

Scale of an assessment refers to both the extent of the area covered and the timeframes
used. The extent of the project area is the Middle Patuxent subwatershed of the Patuxent River
watershed in Maryland with the lower boundary at Route 231 (Benedict’s Bridge) and upper
boundary at Route 50. In terms of temporal scale for the assessment, climate projections in the
literature typically correspond to 2050 and 2100 time horizons, and thus, this report focuses on
impacts at mid and late century. The assessment does not include shorter-term time scales as
there are no available models or projections at the 10 to 20 year scale for this area. For several
species and habitat vulnerability assessments, some consideration was given to how
vulnerability may change at shorter versus longer time frames where this was deemed an
important factor in determining the degree of impact (Appendices D to N).
Objectives

The objectives of this vulnerability assessment are to (1) provide a qualitative climate
change vulnerability assessment for the Middle Patuxent and a selection of species, habitats,
and projects within the subwatershed to assist in developing adaptation options to address
projected climate impacts; and (2) develop an effective vulnerability assessment and adaptation
framework that can be used by others in the region.

15

Targets

Specific targets for the assessment were selected in a collaborative process between
NWF, NOAA, and Middle Patuxent Subwatershed Panel (more information on this process can
be found in Appendix A). The primary target of the assessment is the Middle Patuxent
subwatershed as previously described. The selection of 11 species, habitats, and projects were
chosen as additional targets that represent NOAA priorities and diversity in the subwatershed,
and detailed vulnerability assessments for each target are in the appendices (Table 4).
Table 4. Targets and Corresponding Appendix with Vulnerability Assessment

Target
Yellow perch (Perca flavescens)
River herring (Blueback herring (Alosa aestivalis) and
Alewife (Alosa pseudoharengus))
Blue crab (Callinectes sapidus)
Black duck (Anas rubripes)
Tidal freshwater wetland
Submerged aquatic vegetation
Stream habitat
Wild rice (Zizania aquatic) restoration
Tidal salt marsh restoration
Fish passage
Oyster (Crassostrea virginica) restoration

Appendix Location
Appendix D
Appendix E
Appendix F
Appendix G
Appendix H
Appendix I
Appendix J
Appendix K
Appendix L
Appendix M
Appendix N

Climate Vulnerability and Water Quality
In addition to climate change, numerous other stressors pose significant threats to the
Middle Patuxent and the Chesapeake Bay. Threats such as development, habitat fragmentation
and degradation, overfishing, invasive species, and degraded water quality will likely be
exacerbated by climate change impacts as well as play a role in the degree to which climate
change affects the subwatershed. Climate change does not happen in isolation and recognizing
that there are other, often more immediate, threats is important in understanding how the
system and the species and habitats within them may react. Given this, in the species, habitat,
and project specific assessments included in the appendices, a description of baseline
conditions and/or status is provided so that the reader understands the targets’ current
condition and additional stressors in conjunction with projected climate impacts.
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Water quality, however, is a pervasive threat to the health and ecological sustainability
of the Chesapeake Bay that deserves specific discussion prior to the subwatershed assessment
below to provide a basis from which climate change impacts can be best understood for the
Middle Patuxent subwatershed. The majority of our Middle Patuxent project area (Route 231
north to Route 214) is considered impaired for nitrogen and phosphorus, and a Total Maximum
Daily Load (TMDL) has been established; however, the area from Route 214 to Route 50 is not
considered impaired. The entire project area is considered impaired for sediment with a TMDL
developed. For the entire Patuxent River, urban runoff makes up the largest percentage of the
nitrogen load (34%). Agriculture contributes 22% of the nitrogen load, point sources 12%, and
septic systems 12% (MD DNR, 2007). Phosphorus concentrations have been decreasing in the
watershed. Urban non-point source pollution contributes 38% of this phosphorus load, while
point sources contribute 25% and agriculture 23%. Sediment loads are also down from 1985,
with non-point sources contributing a large portion of the sediment load, and agriculture is still
the primary contributor at 54% (MD DNR, 2007). There is one major waste water treatment
plant (WWTP), Western Branch, within the Middle Patuxent subwatershed, but it has
undergone significant upgrades, and its outputs are significantly cleaner than in the past. There
are eight WWTPs upstream that also affect the waters of the subwatershed, because nutrients
flowing into upstream waters do not necessarily settle in the sediment but flow down into the
lower reaches including the project area (MD DNR, 2002a).
Urban runoff and resulting impairments to water quality significantly affect fish and
wildlife species and the habitats on which they depend. For example, Uphoff et al. (2007, 2008,
2010, and 2011) have been investigating impacts of urbanization on fish habitat and
populations. Their research demonstrates that increased development, determined by
impervious surface area, is related to losses in anadromous spawning habitat, decreases in
larval yellow perch occurrence, and increases hypoxia in mesohaline waters that can result in
lower occurrence of species, including striped bass, white perch, and blue crab (Uphoff et al.,
2011). This could have implications for the Middle Patuxent subwatershed, where impervious
surface ranges from 5 to 12% in the lower portion of the project area to 12 to 42% in the upper
region of the project area (Delgado, 2011). Additionally, development and urbanization
adjacent to and near wetlands results in higher levels of invasion by Phragmites within the
Chesapeake Bay (King et al., 2007). Phragmites is a primary threat to the health of wetlands,
because it replaces native species, resulting in degradation of habitat and ecosystem functions
(King et al., 2007).
Watersheds also are limited in their capacity to cope with development-related
stressors, and increased variability of climate change may further hinder a watershed’s capacity
to respond to stressors (Uphoff et al., 2011). Climate change, especially more intense storms
and precipitation events, will only exacerbate the impacts of poor water quality (e.g., increased
nutrients, sediment, and contaminants into the river and decreased dissolved oxygen
17

concentrations) by dumping more water in shorter time periods, resulting in increased volumes
and rates of storm water runoff into the river. Increasing temperatures will also compound the
impacts of increased nutrients into the system. In addition, during the summer, increased
hypoxia in bottom waters is associated with increases in impervious surface area in moderately
brackish tributaries (Uphoff et al., 2008). Sea-level rise and warmer, drier summers may only
make this condition worse by increasing the likelihood of hypoxia and salinity levels resulting in
even greater stratification. Another issue related to water quality and climate change is that
average winter precipitation is projected to increase, which may result in the need for more
road salting to prevent icing. This, in turn could increase stream conductivity in the spring.
Increases in conductivity have been shown as indicators of stress, which can result in less use of
anadromous spawning habitat (Uphoff et al., 2010). Water quality, thus, is not only the primary
stressor in the Bay, but it could become an even more important factor as climate conditions
change.

Middle Patuxent Climate Change Exposure and Sensitivity
Downscaled climate analyses for the Northeast and Mid-Atlantic Regions show that
there is likely to be a degree of intraregional variation in how climate may change over this
century (Hayhoe, et al. 2007). Exposure of systems or species will, therefore, also vary
geographically. Maryland is likely to experience high rates of sea-level rise. A recent report
suggests that Maryland will experience three to four times the rate of sea-level rise as other
areas within the U.S. and globally (Sallenger, 2012). Maryland is also projected to experience
changes to air and water temperatures, precipitation, and storm events (Table 5). This section
focuses on the exposure and sensitivity of the Middle Patuxent subwatershed to sea-level rise,
increases in air and water temperatures, and precipitation changes and storm events.
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Table 5. 21st Century Climate Change Projections for the Chesapeake Bay Region and Maryland
Climate Varibale
Temperature

Precipitation

Hydrology

Sea-level Rise

Storms

Climate Impact to the Region
Annual temperatures in the Chesapeake Bay region are projected to increase 4 to
11°F (2 to 6 °C) by 2100 based on various emissions scenarios (low and high range)
(Pyke et al., 2008).
By late century, Maryland winter air temperatures are projected to increase by
approximately 7°F and summer air temperatures by 9°F. Water temperatures are
projected to increase by 5°F to 9°F, based on low and high emissions scenarios
respectively (Boicourt and Johnson, 2011).
The region is projected to see increases in winter and spring precipitation up to 10
percet by 2100 based on various emissions scenarios (Pyke et al., 2008).
In Maryland, winter precipitation is projected to increase 6.6 to 6.8 percent by 2050
and 10.4 to 12.8 percent by 2090. Additionally, rainfall is projected to increase
more in the winter months than the summer months (Boicourt and Johnson, 2011).
Hayhoe projects that streamflows will be greater in the winter due to increases in
snow melt and lower than normal in the summer when temperatures and
evapotranspiration will be higher (2007).
Peak spring flow is projected to occur two weeks earlier in the Chesapeake Bay
reiogn (Pyke et al., 2008).
Overall, there will be fewer days with precipitation. Droughts are also expected to
increase based on less days with precipitation and increased temperatures
(Boicourt and Johnson, 2011).
The Chesapeake Bay region is projected to see a 2 to 5 feet rise in sea levels by 2100
based on various IPCC emissions scenarios (Pyke et al., 2008).
The Maryland Commission on Climate Change estimates 0.9 feet to 2 feet of sealevel rise by mid-century (low and high emissions scenario respectively), with the
best estimate at 1.4 feet. By the end of the century, the Commission projects a
range of sea-level rise from 2.1 to 5.0 feet (low and high emissions scenario
respectively) of sea-level rise with the best estimate at 3.7 feet (Boesch et al., 2013).
Storms in the Chesapeake Bay region are projected to become more intense (Pyke
et al., 2008); however, some project that storms will likely not become more
frequent, and possibly less frequent (Najaar et al., 2010).
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Sea-Level Rise
Exposure

Climate change is contributing to an increase in the rate of sea-level rise due to the
thermal expansion of ocean waters and melting of glaciers and ice fields. The average global
(eustatic) sea level rose about 0.17 meters (6.7 inches) over the 20th century, at an average rate
of 0.017 meters (0.07 inches) per year. This was 10 times faster than the average rate of sealevel rise during the last 3,000 years (IPCC, 2007). The Intergovernmental Panel on Climate
Change (IPCC) projects that rates of sea-level rise will increase from between 0.19 and 0.59
meters (7 and 23 inches) by the end of the century (2090 to 2099) (CCSP, 2009). These IPCC
projections do not account for the recent dynamic changes in Greenland and Antarctica ice
flow, meaning that these values likely underestimate the future global rates of sea-level rise.
The Mid-Atlantic region has already been experiencing significant rates of relative sea-level rise
(includes the global rate as well as localized factors such as land subsidence) based on tide
gauge data, which shows the sea level rise rates ranged from 2.4 and 4.4 millimeters per year,
or about 0.3 meters (one foot) over the twentieth century (NECIA, 2006; CCSP, 2009).
In Maryland, relative sea-levels also have risen approximately 0.3 meters (one foot) over
the last 100 years; however, this varies by location. This amount is almost double the global
average, and with climate change these levels are projected to increase significantly (Maryland
Commission on Climate Change, 2008). Maryland’s Commission on Climate Change recently
revised its sea-level rise projections for Maryland in response to Governor O’Malley’s December
2010 Executive Order on Climate Change and “Coast Smart” Construction that required the
Commission to updates its 2008 projections (Boesch et al., 2013). To fulfill this request, the
Commission used the National Research Council’s process based global sea-level rise
projections as a starting point and adjusted the projected rates based on “thermal expansion,
land-ice loss, dynamic ocean effects, and vertical land movement” to project relative sea-level
rise rates for the state (Boesch et al., 2013). Using this approach allowed the Commission to
provide a range of projections that incorporates uncertainty around various factors such as
greenhouse gas emissions and responses of land ice to climate change (Boesch et al., 2013).
Based on this new effort, by mid-century Maryland is projected to see 0.9 to 2.1 feet of sealevel rise (low and high estimates) with the best estimate at 1.4 feet. By late century, Maryland
is projected to see 2.1 to 5.7 feet of sea-level rise with the best estimate at 3.7 feet (Boesch et
al., 2013).
In addition to sea-level rise estimates for Maryland, it is important to understand how
sea-level rise will affect the Middle Patuxent watershed. Within the Patuxent, there are no sitespecific sea-level rise projections as there is no tide gauge data this far inland (closest tide
gauge is at the mouth of the river on Solomon’s Island). Maryland Department of Natural
Resources (MD DNR) has conducted a “bathtub” sea-level rise modeling effort for the entire
state, including the Patuxent. Bathtub models generally identify coastal areas subject to
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inundation from sea-level rise based only on land elevation. This spatially explicit data is housed
in the MD DNR Coastal Atlas (MD DNR, 2012a). The sea-level rise vulnerability layer in the
Coastal Atlas shows vulnerability to inundation from projected sea-level rise rates of 0 to 2 feet,
2 to 5 feet, and 5 to 10 feet. The rates were calculated based on average rates of shoreline
change over approximately the last 50 years (MD DNR, 2012b). The maps were developed using
high-resolution topographic data (LiDAR) and show that sea-level rise will be a significant issue
not only along the coast of the main stem of the Chesapeake Bay but also further inland such as
the Middle Patuxent subwatershed (Figures 4A-4D and 5A-5D).
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Figures 4A-D: Sea-Level Rise Projections (Current to 10 feet SLR) for the Middle Patuxent from
Route 231 in the South to South of Jug Bay (Source: MD DNR, 2012a).
A. Current Conditions

B. Projection: 0 to 2 feet SLR

C. Projection: 2 to 5 Feet SLR

D. Projection: 5 to 10 Feet SLR
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Figures 5 A-D. Sea-Level Rise Projections (Current to 10 feet SLR) for the Middle Patuxent from Jug Bay
in the South to Route 50 (Source: MD DNR, 2012a).
A. Current Conditions

B. Projection: 0 to 2 Feet SLR

C. Projection: 2 to 5 Feet SLR

D. Projection: 5 to 10 Feet SLR
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While the bathtub sea-level rise assessment provides an initial screening-level analysis
of areas that are vulnerable to inundation, coastal managers will likely find that more detailed
information about localized factors that could affect habitat (e.g., rates of marsh accretion or
land subsidence, existence of coastal armoring, etc.) will be more valuable to support relevant
coastal conservation decisions. One model that can be used to examine potential changes in
habitat looking at both global (eustatic) and relative sea-level rise is the Sea-Level Affecting
Marshes Model (SLAMM). Sea-level rise also will result in habitat change along the coast.
Maryland DNR used the SLAMM model to predict wetlands change in Maryland for 2100. The
Maryland Coastal Atlas includes both maps and tables of wetland change by county based on
five to ten feet of sea-level rise by 2100.1 The tables below show projected changes in habitat
by hectares and percent change for the primary types of wetlands found in each county (Tables
6 to 8). For our project area, much of the subwatershed is in Prince George’s county (contains
55 miles of the 110 mile Patuxent River), with a smaller amount of land in Anne Arundel and
Calvert counties. These counties will lose much of their tidal freshwater marsh and irregularly
flooded (brackish) marsh, while tidal salt marsh (regularly flooded marsh) and tidal flat areas
are projected to increase significantly in area.
Table 6. Projected Change of Wetland Habitat in Prince George’s County Due to Sea-Level Rise (5 to 10
Feet) (Source: MD DNR, 2012a).
Prince George's County
Swamp
Inland Freshwater Marsh
Tidal Freshwater Marsh
Transitional Marsh
Regularly Flooded Marsh
Estuarine Beach
Tidal Flat
Inland Open Water
Riverine Tidal Open Water
Estuarine Open Water
Irregularly Flooded Marsh
Freshwater Shoreline
Tidal Swamp

Current Hectares

Year 2100 Hectares

Change (Hectares)

% Change

4902.48
423.00
115.65
6.12
19.62
11.25
0.09
750.24
2358.90
1039.59
853.56
47.52
374.94

4765.95
417.24
3.87
137.88
543.51
4.86
472.77
728.19
2046.69
1846.80
143.82
46.98
63.63

-136.53
-5.76
-111.78
131.76
523.89
-6.39
472.68
-22.05
-312.21
807.21
-709.74
-0.54
-311.31

-2.78%
-1.36%
-96.65%
2152.94%
2670.18%
-56.80%
525200.00%
-2.94%
-13.24%
77.65%
-83.15%
-1.14%
-83.03%

1

The Coastal Atlas Training Manual provides the following information about this model: “The marsh modeling
displayed on this application is intended to be viewed at the landscape level and is based on the Sea Level
Affecting Marshes Model (SLAMM) version 6.0.1 that was run by DNR in 2011. The model was run at the county
level, for all 16 coastal counties and Baltimore City using local erosion, sedimentation, accretion rates and an
estimated 3.4 foot rise in sea level by the year 2100 as outlined in Maryland’s Climate Action Plan” (MD DNR,
2011).
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Table 7. Projected Change of Wetland Habitat in Anne Arundel County Due to Sea-Level Rise (5 to 10
Feet) (Source: MD DNR, 2012a).
Anne Arundel County
Swamp
Inland Freshwater Marsh
Tidal Freshwater Marsh
Transitional Marsh
Regularly Flooded Marsh
Estuarine Beach
Tidal Flat
Inland Open Water
Riverine Tidal Open Water
Estuarine Open Water
Irregularly Flooded Marsh
Freshwater Shoreline
Tidal Swamp

Current Hectares

Year 2100 Hectares

Change (Hectares)

% Change

4919.49
375.48
85.86
7.38
18.72
57.60
55.71
646.83
32.94
46362.69
840.24
11.34
183.60

5121.72
370.98
63.99
83.34
267.30
14.04
152.01
630.09
12.78
46910.16
387.18
11.07
56.07

202.23
-4.50
-21.87
75.96
248.58
-43.56
96.30
-16.74
-20.16
547.47
-453.06
-0.27
-127.53

4.11%
-1.20%
-25.47%
1029.27%
1327.88%
-75.63%
172.86%
-2.59%
-61.20%
1.18%
-53.92%
-2.38%
-69.46%

Table 8. Projected Change of Wetland Habitat in Calvert County Due to Sea-Level Rise (5 to 10 Feet)
(Source: MD DNR, 2012a).
Calvert County
Swamp
Cypress Swamp
Inland Freshwater Marsh
Tidal Freshwater Marsh
Transitional Marsh
Regularly Flooded Marsh
Estuarine Beach
Tidal Flat
Inland Open Water
Riverine Tidal Open Water
Estuarine Open Water
Irregularly Flooded Marsh
Freshwater Shoreline
Tidal Swamp

Current Hectares

Year 2100 Hectares

Change (Hectares)

% Change

1954.53
25.83
179.64
29.34
19.08
7.74
52.92
4.14
273.69
1.08
34441.02
1101.96
2.70
240.48

1920.42
18.27
112.77
9.36
154.89
434.88
6.57
334.89
261.45
0.00
35376.21
282.15
2.70
98.19

-34.11
-7.56
-66.87
-19.98
135.81
427.14
-46.35
330.75
-12.24
-1.08
935.19
-819.81
0.00
-142.29

-1.75%
-29.27%
-37.22%
-68.10%
711.79%
5518.60%
-87.59%
7989.13%
-4.47%
-100.00%
2.72%
-74.40%
0.00%
-59.17%
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Sensitivity

Sea-level rise poses a significant threat to the coastal habitats of the Middle Patuxent
subwatershed. Many factors determine the distribution pattern and composition of the area’s
salt marsh, tidal freshwater wetlands, brackish marsh, SAV beds, beaches, and other near-shore
habitats, including their elevation relative to average sea level, inundation, desiccation, wave
scour, substrate type, and riverine inputs. An accelerating rate of global sea-level rise will affect
most of these factors, both directly and indirectly.
One of the primary ways in which sea-level rise will affect the region’s coastal habitats is
through sea-water inundation, which can increase the salinity of surface and groundwater
(Baldwin et al, 2012). Salt water intrusion will be a significant factor affecting sensitive tidal
freshwater wetlands (Baldwin et al., 2012). Many coastal plant and animal species have
adapted to a certain level of salinity, so prolonged changes can make habitats more favorable
for some species, less for others. Sea-level rise will also contribute to the expansion of open
water in some places – not just along the coast but also inland, where dry land can become
saturated by an increase in the height of the water table. Furthermore, sea-level rise will lead to
significant beach erosion and make coastal areas more susceptible to storm surges.
Within the Middle Patuxent, inundation and erosion will also negatively affect tidal
freshwater wetlands and SAV beds. Disturbance resulting from climate change such as
increased wave action or deposition of sediment could benefit invasive species expansion such
as Phragmites; however, inundation from storms and sea-level rise may inhibit its expansion
into the subwatershed (Baldwin et al., 2010). Species that depend on these habitats such as
waterfowl, migratory and shorebirds, and fish species among others will be threatened if these
habitats are not able to adapt to sea-level rise and resulting impacts.
Air and Water Temperatures
Exposure

Chesapeake Bay water temperatures have been increasing since 1938 at a rate of 0.2°C
(0.4°F) per decade. This translates to a total warming of 1.5°C (2.8°F) through 2006 (Boesch et
al., 2008). To determine future projections, the Chesapeake Bay Programs Science and
Technical Committee’s (STAC) 2008 report compared changes in historical air temperatures to
historical trends in water temperatures, and it notes that studies show a strong correlation
between Bay water temperature and regional atmospheric and oceanic temperature changes.
The authors conclude that regional climate model temperature projections can be applied to
the Bay’s water temperatures (Pyke et al., 2008). The STAC report projects that the Bay region
will see air temperature increases of 2°C to 5°C (4°F to 9°F ) by 2090, and thus, a likely similar
warming of the water (Pyke, 2008).
The Maryland Climate Action Plan provides Maryland-specific projections. By midcentury average state air temperatures will likely increase by 3°F based on higher emissions
scenarios. By 2090, also under the high emission scenario, winter air temperatures are
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projected to increase by approximately 7°F and summer temperatures by 9°F over current
mean temperatures (Boicourt and Johnson, 2011). For the Coastal Plain this translates to an
average summer temperature change from 77°F to 86°F by late century (Boicourt and Johnson,
2011). The number of days projected to be over 90°F is projected to double by the end of the
century under lower emission scenarios and triple by the end of the century under higher
emission scenarios (Boesch ed, 2008). High heat days and heat waves are also expected to
increase (Pyke, et al., 2008; Najjar et al., 2010).
Average annual water temperatures are also expected to increase by late century, 5°F
under the low emissions scenario and 9°F under the high emissions scenario (Boicourt and
Johnson, 2011). Temperature changes can also be compared to other areas. Summer water
temperatures would likely resemble North Carolina’s coast under low emission scenarios and
north Florida under high emission scenarios (Boicourt and Johnson, 2011).
Sensitivity

Temperature increases in streams and rivers that make up the Middle Patuxent
subwatershed may result in heat stress for species present, decreases in water quality and
dissolved oxygen content, and changes to food availability (Boicourt and Johnson, 2011).
Species at the more southern end of their range will likely not survive significant increases in
temperature, while species that are more tolerant of warm waters may increase in abundance
and spread northward (Pyke et al., 2008). Warmer waters in the winter will mean a shorter
winter season and earlier spring immigration. Changes in season lengths could have affects on
fish and other species reproductive cycles. Warmer winter waters may also benefit some
species due to a likely decrease in mortality of juveniles over the winter months (Pyke et al.,
2008). Parasites and other aquatic diseases that benefit from warmer waters also may become
more prevalent and/ or cause more damage than before (Pyke, et al., 2008; Najjar et al., 2010).
Studies also suggest that climate change could contribute to an increase in the extent of
harmful algal blooms (HAB) due to increasing temperatures and resulting decreases in oxygen
and eutrophication (Glick et al., 2007).
Precipitation and Storm Events
Exposure

Precipitation is a key factor in regulating stream flow, sediment, and nutrient delivery
into the Bay; thus, it plays a significant role at the watershed level (Pyke et al., 2008). Over the
20th century, precipitation has increased by approximately 10% in the Mid-Atlantic region
(Rogers and McCarty, 2000). Current trends for the Middle Patuxent, based on the Upper
Marlboro weather station, show that precipitation is lower in the winter months and higher in
the summer months. Annual precipitation is 108.8 centimeters (47.82 inches) and average
monthly precipitation is 9.1 centimeters (3.57 inches) (Delgado, 2011).
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Projecting precipitation changes is more difficult than projecting sea-level rise and
temperature changes due to the types of models available. Precipitation models indicate that
average annual precipitation is likely to increase, but the amount of increase and when the
increase occurs will be variable. The divergence in projections is due to the location of the MidAtlantic region between the subtropical region where precipitation is projected to decrease,
and the subpolar regions, where precipitation is projected to increase (Pyke et al., 2008). The
models are most consistent in projecting greater increases in precipitation in the Bay region in
winter and spring (Najjar, 2010).
The Maryland Commission on Climate Change used low and high emission scenarios to
project future precipitation for the state. By 2050 winter precipitation is projected to increase
by 6.6 to 6.8 percent and 10.4 to 12.8 percent by 2090; however, there is great variability
around these projections (Boesch ed., 2008). Although models vary, most project a slight
decrease in precipitation in the summer months (Boesch ed., 2008). Models are generally in
agreement that less of the winter precipitation will fall as snow, potentially affecting spring
river discharge (Boesch ed., 2008). Snow melt will likely occur earlier as well (Pyke, et al., 2008).
Based on model outputs, Hayhoe (2007) projects that streamflows will be greater in the winter
due to increases in earlier snow melt and lower than normal in the summer when temperatures
are higher and thus when evapotranspiration will be higher. Peak spring flow in the Chesapeake
Bay region is projected to take place two weeks earlier as these changes occur (Pyke et al.,
2008; Boicourt and Johnson, 2011).
In terms of coastal storms, several studies have found a correlation between warmer
average ocean temperatures and an increase in the intensity of tropical storms and hurricanes,
and there is evidence of an increase in intense tropical cyclone activity in the North Atlantic
over the past 40 years (Emanuel 2005; Webster et al. 2005; Meehl et al. 2007; Trenberth 2007).
Based on this evidence, a number of scientists believe that the trend toward more intense
storms will continue in the coming decades as our oceans continue to warm (Oouchi et al.
2006; Holland and Webster 2007; Mann et al. 2007; Trenberth et al. 2007). Specifically, storms
in the Chesapeake are likely to become more intense and destructive in the future (Pyke et al.,
2008). The number of storms is expected to decrease globally by the end of the century, but
Oouchi et al. (2006) suggest that the number of storms in the North Atlantic could increase by
as much as 34 percent over the same period.
Sensitivity

More extreme precipitation events and heavier runoff are likely to contribute to an
increase in nutrient, sediment, and pollutant flows as well as changes to salinity levels in the
system. More intense and longer droughts can lead to more stress around the first rainfall
following the drought (i.e., nutrients and pollutants build up for a longer period during the
drought which leads to a higher concentration during the first rain). Although freshwater input
is critical for tidal freshwater wetlands, increased runoff and resulting increases in turbidity
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could be problematic for species such as SAV. However, lower salinity levels and increased
nitrogen could favor the seaward expansion of some species like Phragmites (invasive in this
watershed) at the expense of salt marsh vegetation (Sillman and Bertness 2004; King et al.,
2007; Meyerson et al. 2009).
There is also the potential for reduced freshwater flows into the system due to changes
in peak streamflow and hotter, drier summers which could result in increased salinity of
estuarine waters (Najjar et al., 2010). Higher salinity levels would have significant impacts for
freshwater tidal wetlands that exist within a very narrow salinity range. Precipitation changes
could also affect HAB and plankton levels within the subwatershed. Increases in winter and
spring precipitation could lead to increased nutrient in the system at this time, resulting in
more plankton production and possibly increases in HAB. With temperature increases, the
spring plankton bloom also could occur earlier resulting in uncoupling of the processes that
depend on it (Najjar et al., 2010).

Subwatershed Adaptive Capacity Overview
Adaptive capacity is a measure of the degree to which a species, an ecosystem, or
project approach is able to accommodate or cope with the impacts of climate change. It can be
described as intrinsic and extrinsic. Intrinsic adaptive capacity refers to the innate ability of a
species or habitat to accommodate or cope with the impacts of climate change and depends on
life history traits such as temperature tolerances. Extrinsic adaptive capacity refers to external
factors to a species or habitat that will help it accommodate or cope with climate change (Glick
et al., 2011). Several examples of sources of intrinsic and extrinsic adaptive capacity for the
Middle Patuxent subwatershed are provided below.
Intrinsic Adaptive Capacity

Coastal habitats such as marshes and beaches may be able to accommodate moderate
changes in sea level by migrating inland or increasing in elevation due to the buildup of
sediments (for wetlands, this is a process called accretion) (Cahoon and Guntenspergen, 2010).
In some river deltas and estuaries, for example, the deposition of sediments from upstream or
upland sources can provide sufficient levels of soil for marshes to maintain elevation relative to
sea level. In addition, marshes can build up their own organic matter through natural accretion,
which depends on factors such as soil types, vegetation types, and the amount of tidal influence
(Kirwan et al., 2010). While there is a certain amount buffer area around some parts of the
watershed, such as at the Jug Bay component of the Chesapeake Bay NERR and the Patuxent
River Park that might enable shoreward migration of low marsh vegetation into the high marsh
zone, slope and elevation may inhibit migration.
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Extrinsic Adaptive Capacity

The extrinsic adaptive capacity of a system depends on several factors: is there
extensive coastal armoring? Is sediment available for coastal marshes upstream? How much of
the area is protected? What are the existing jurisdictions involved in managing the
subwatershed and what challenges and opportunities exist? Are private landowners willing
partners in the area? Examining these questions will help provide an overall understanding of
the adaptive capacity for the subwatershed.
Coastal Armoring

Although coastal armoring is a common mechanism for protecting land from shoreline
erosion and flooding, it not considered ecologically sustainable as it prevents inland migration
of the shoreline and habitats. It also can displace erosion impacts to other areas.
Implementation of living shorelines is helping to decrease the amount of armor along
Maryland’s coasts and rivers; however, there is still extensive hardening of shorelines.
Maryland DNR’s Coastal Atlas estimates the amount of hardening along shorelines in Maryland
and provides estimates of hardening by county. The estimates of hardened shoreline for Prince
George’s County (the county with 55 miles of the Patuxent River and little other shoreline) is
5.1 miles (MD DNR, 2012a). Although there is hardening along coastal shores in Prince
George’s, based on the Atlas, there is little hardening along the main stem of the Middle
Patuxent subwatershed, which helps increase the subwatershed’s extrinsic adaptive capacity.
Protected Shoreline

Much of the land along the shore of the main stem of the Middle Patuxent
subwatershed is protected either at the federal, state, or county level. Some lands are in
conservation easement or agricultural lands that are protected in perpetuity. Although
development has increased and will continue to increase within the watershed and along the
tributaries, the significant portion of land protected along the main stem of the subwatershed
increases the adaptive capacity of the system as a whole. Existing stressors can be better
managed and ameliorated on protected lands; there may be more land available for inland
migration. Managers of these areas may have the capacity to implement climate-smart
conservation projects and/ or monitor for impacts from climate change.
Jurisdictional Boundaries and Regulations/Policies

There are multiple jurisdictions and federal and state agencies operating within the
Middle Patuxent subwatershed. The Middle Patuxent lies within three counties; the state and
federal government also own land, and there is land in conservation easement. Thus, there is
potential for conflicts between the various governing bodies, depending on regulations and
zoning. However, Anne Arundel and Prince George’s counties and Maryland Department of
Natural Resources already partner extensively through NOAA’s NERR. This existing relationship
could help efforts within the watershed in terms of planning for climate change and
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implementing adaptation strategies. Additionally, some entities are already beginning to
monitor and research potential impacts from climate change, such as the Jug Bay component of
the Chesapeake Bay NERR in Maryland. Within our project area, Jug Bay is a Sentinel
Monitoring site for understanding sea-level change and inundation impacts to coastal habitats,
providing the opportunity for this type of monitoring over the long-term (Delgado, 2011b;
NOAA, 2012). Effective cooperation between these entities will benefit efforts to address
climate change impacts within the area.
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III. Adaptation Options
Understanding the vulnerability of the Middle Patuxent subwatershed as well as the
species and habitats that make up the area is a key step in considering how management and
conservation actions may need to be reconsidered in light of changing conditions. Using the
information summarized above as well as the vulnerability assessments for species, habitats,
and conservation/ restoration projects in the Middle Patuxent (Appendices D through N), NWF
and NOAA in coordination with the Middle Patuxent Subwatershed Panel developed a suite of
potential adaptation options. Overarching adaptation options and climate-related
considerations are outlined below. Significant input and review was also provided by technical
experts with knowledge of the Middle Patuxent and climate change. Specific adaptation options
related to each of the targets assessed also are included below.

Overarching Adaptation Options and Considerations
Throughout the process of working with the Middle Patuxent Subwatershed Panel,
engaging technical experts, and developing the adaptation options, several key themes and
considerations repeatedly emerged. For example, the issue of water quality as a major stressor
throughout the Bay region and how climate change may exacerbate water quality was
mentioned in conjunction with almost every target discussed. This section addresses common
concerns related to the vulnerabilities of the Middle Patuxent and how to best develop
adaptation options to address them.
Water Quality and Climate Change Adaptation

Water quality is the most significant stressor that affects the entire subwatershed,
including the species, habitats, and projects that are a part of this assessment. Specific options
for improving water quality are not listed as adaptation options for every species, habitat, and
project because the recommendations relate to almost all these targets. However, in designing
and implementing strategies that address water quality, climate change projections and
impacts must be considered. If they are not, then a best management practice or other water
quality control effort may not be successful and effective in the long-run. For example, if a
management practice is put in place to help reduce sewer system overflows, but it does not
account for the likely increase in storm intensity and increase in amount of precipitation in a
particular time frame, it may not have the capacity to prevent overflows for which it was
designed. In thinking about reducing climate impacts on water quality, managers will need to
consider projected changes to precipitation, storm events, temperature, and sea-level rise. This
may include considering factors such as sea-level rise when siting new stormwater outflows or
having early warning systems, during times when temperatures are anomalously high, which
could exacerbate eutrophication or harmful algal blooms.
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The recently developed Total Maximum Daily Load (TMDL) for the Chesapeake Bay
considered climate change generally but not explicitly in its load allocations (EPA, 2010). TMDLs
may need to be adjusted if flow rates change due to climate change impacts. Current modeling
efforts predict that if flow rates decrease, then more stringent TMDLs would be necessary. The
initial climate assessment completed as a part of developing the Chesapeake Bay TMDL projects
changes to flows and nutrient and sediment levels in 2030 based on projections of temperature
and precipitation changes at high, medium, and low emission scenarios (EPA, 2010). This is an
important step, and the EPA developed an adaptive approach that will allow for future
integration of climate change science and information (EPA, 2010). Considering climate change
more specifically in the TMDL will be essential to ensuring that efforts to improve water quality
are designed to be the most effective possible given likely future changes.
Adapting to Stream Flow Alterations
Increases and unpredictable alterations in flow from more intense storms will affect fish
species, wild rice, SAV habitat, tidal freshwater wetlands, salt water wetlands, fish passage/
blockages, stream habitat health, and oyster restoration in a variety of ways. Heavier stream
flow will likely carry increased loads of nutrients and sediments and result in decreases to water
quality and clarity, and higher flows could also result in increased erosion rates, extensive
flooding, and inundation of habitat. During summer months, decreased flows may negatively
affect species and habitats in the subwatershed, especially those that require specific water
levels and salinities. Lower water levels may exacerbate existing low flow water conditions due
to development and other water uses within the watershed as well.
Stream flow changes are an important factor in the system, and focus should be placed
on monitoring changes in flows as storms and other events occur. At the Jug Bay component of
the Chesapeake Bay NERR in Maryland, Reserve staff have already been collecting long-term
data on marsh elevation dynamics, water quality, marsh emergent vegetation, and SAV in an
effort to understand climate impacts on the system (this site is part of the Climate Change
Sentinel Site Network of the National Estuarine Research Reserve Program) (Delgado, 2011;
NOAA, 2012). These data will be critical to developing more specific adaptation strategies and
adjusting existing management strategies in the future. In addition to monitoring, increased
coordination with other entities within and upstream of the project area that play a role in or
affect the amount of stream flow and the quality of stream water and run off will also be
important (Delgado, 2011).
Upstream Migration of Tidal Freshwater Habitats

Marshes may be able to keep pace with sea-level rise if their vertical elevation change is
more than the estimated rate of sea-level rise. If migration is necessary, it is likely marshes will
need to move inland or upstream – into lower salinity waters. Based on the elevation and slope
of the banks along the Middle Patuxent subwatershed, it is likely that most of the habitats
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assessed, particularly marshes, will not be able to migrate inland as a response to sea-level rise;
thus, upstream migration may be possible. There are many factors that would affect the
feasibility of migrating upstream, and this option needs to be researched further.
Working to accommodate inland/ upland migration is a more common adaptation
recommendation for addressing sea-level rise impacts for wetlands and other coastal habitats.
Managers considering facilitating upstream migration may need to take into account slightly
different factors than inland migration, such as structure of the stream or existing dams or
blockages. Other considerations may include: is there development upstream that could affect
migration, what habitats exist upstream and how will that affect potential migration, and who
owns the land directly adjacent to the river. Additionally, managers will need to identify,
prioritize, and conserve areas that may be suitable for marsh migration.
Adaptation Strategy Implementation and Timing

The uncertainty around the timing and extent of climate change impacts and how each
may affect development and implementation of adaptation strategies is a common concern.
Because the exact timing of certain impacts or the extent to which there will a response by a
species, habitat, or ecosystem is difficult to project, managers may feel it is difficult to provide
an adequate adaptation option. For example, some of the habitats and species (e.g., tidal
freshwater wetlands, wild rice, SAV) assessed are considered relatively healthy today, and
impacts from climate change likely will take years to have an effect on the system. Even though
these habitats are healthy now and may not experience impacts from climate change for some
time, measures can and should still be taken in the near term to ensure their resilience. These
measures could include continuing to actively remove invasive species, monitoring changes in
the system, and continuing plantings where needed, among others. These actions may, at first
glance, not seem to be climate-smart or adaptation; however, after assessing climate change
for these habitats within the Middle Patuxent, these actions are indeed critical to help these
habitats withstand climate impacts for as long as possible.
It also is not too early to consider actions that will help those habitats transition or
migrate. Thinking about how management goals and objectives should change based on
projected climate changes will be important. For example, managers can look upstream and
begin considering the possibility that tidal freshwater wetlands may need to migrate upstream
– What would be needed to help that transition (structurally, spatially)? What would the
management goals and needs be? What steps should be taken now to facilitate the transition?
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Target-Specific Adaptation Options
The following section provides a summary of vulnerability for each species, habitat, and
project assessed (detailed vulnerability assessments available in Appendices D to N). Potential
adaptation options and consideration also are included for each target. The adaptation options
described below are meant to serve as considerations for managers who are beginning to think
about how to adapt to climate change in their programs and projects as they relate to this area
and these targets.
Yellow Perch
2

Vulnerability Summary: Yellow perch is considered “highly vulnerable,” because spawning

and egg development require relatively narrow temperatures, salinities, dissolved oxygen (DO),
and sediment levels (e.g., if winter temperatures rise by 7°F in the winter that could be
problematic for spawning). Juveniles are also sensitive to temperature increases. Spawning and
juvenile life-stages are critical stages as yellow perch populations have been documented to
decline when spawning and juvenile habitat is compromised, which is likely under projected
perturbations due to climate change. While they are considered highly vulnerable, they are not
critically vulnerable, because yellow perch have some adaptive capacity given their life span
and broad occurrence with the region.
Adaptation Options

•

Focus riparian restoration activities on streams with poor water quality above Jug Bay
component of the Chesapeake Bay NERR. By focusing on these areas, restoration
efforts will take place where water quality problems are the greatest (a primary threat
to yellow perch). Helping improve water quality will improve the capacity of yellow
perch to be more resilient to other stressors such as changes in temperatures. They also
may be more likely to move upstream and upriver as temperatures change; thus,
improving the upstream habitat could provide beneficial habitat to yellow perch in the
future as they move away from warmer waters. Restoration efforts such as planting
more riparian cover may also help prevent increases in water temperatures as well as
improve water quality by helping to decrease erosion and sedimentation.

2

Vulnerability assessment relative rankings: Critically vulnerable: species, habitats, or projects are likely to
experience a complete loss of ecological function or be extirpated; Highly vulnerable: species, habitats, or
projects will likely be greatly reduced or impaired by climate change within the project area; Vulnerable:
species, habitats, or projects will likely be minimally to affected by climate change within the project area; Less
vulnerable: species, habitats, and projects likely experience a slight benefit from climate change in the project
area; and Least vulnerable: species, habitats, and projects will likely extend their range or greatly benefit,
maximizing ecological function within the project area (See Appendix B).
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•

•

•

Consider taking advantage of potential new shallow water habitat that may become
available in this area. Yellow perch use shallow water habitat that contains structures
to which egg strands can attach, such as tree branches. This habitat is projected by SeaLevel Affecting Marshes Model (SLAMM) to increase within the project area, potentially
providing new habitat for yellow perch.
Engage upriver reservoir managers about whether they are already addressing
climate change, or if not, would consider integrating climate projections in their water
management strategies/efforts. Much of the water in the project area is controlled by
two reservoirs upstream, and water levels are important factors for yellow perch
survival. As weather events become more extreme from storms to drought, managing
the water flows to account for these events and their impacts will be increasingly
important.
Adjust catch limits and other related regulations as stock abundance changes. State
fishery managers will need to monitor and revise catch limits and other related
regulations as they observe stock abundance changes.

River Herring (Alewife and Blueback Herring)
Vulnerability Summary: River herring are considered “vulnerable” to climate change as river

herring have broad temperature and salinity tolerances. They are found throughout the
watershed and not in an isolated area. Although river herring vulnerability to climate change is
considered moderate, it is important to remember that these species were deemed “depleted”
as a result of the recent Atlantic States Marine Fisheries Commission (ASMFC) stock assessment
and are currently at an all time low abundance in Maryland (ASMFC, 2012). River herring are
also vulnerable to development, poor water quality, predation (by striped bass, various catfish
species, etc.) and ocean by-catch. Climate change could exacerbate these more immediate
threats in the future as well as affect phytoplankton blooms on which river herring depend.
Adaptation Options





Monitor river herring. More information is needed on river herring life history to be
able to make adaptation recommendations; thus, more monitoring of river herring is
recommended. Efforts are being made to collect more information through population
monitoring and bycatch-related studies in the Bay and ocean. River herring are not
currently monitored in the Patuxent.
Study mechanisms to address potential sensitivity of river herring to mismatch in prey
availability. Phytoplankton blooms depend on temperature and the spring freshet. If
temperatures increase and the spring freshet is altered, the magnitude or timing of
phytoplankton blooms could be altered. Likewise, the warming and shifting of seasons
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are likely to affect the timing of river herring migration and spawning, which may lead to
a mismatch between spawning and plankton blooms needed to support the growth and
survival of larvae (Boesch ed., 2008). River herring, especially juveniles, may not be
readily able to adapt to the change in food availability.
Blue Crab
Vulnerability Summary: Blue crab is considered “less vulnerable” to climate change. Although

the blue crab has experienced overfishing and other problems in the recent past; their numbers
have increased to some degree over past few years. As winter temperatures warm, growing
season for juvenile blue crabs may start earlier, extending the growing season for blue crabs
and reducing over-wintering mortality. Although present in low amounts within the Middle
Patuxent subwatershed, blue crabs may be able to expand their population levels within the
area as waters warm and salinity levels increase. Sea-level rise and more intense storms may
result in loss of freshwater tidal SAV beds and wetlands within the Middle Patuxent, important
nursery areas for blue crabs, but blue crabs will likely be able to adapt and find other areas
within the watershed as they have wide temperature, salinity, and turbidity tolerances.
Adaptation Options

•

•

Take advantage of climate changes that may positively affect blue crabs within the
Middle Patuxent. The project area may see an increase in blue crab abundance as a
result of impacts from climate change (warmer waters, higher salinities) that may be
beneficial to crabs (e.g., during drier, high salinity summers, more crabs are seen in the
project area thus warmer, saltier waters could result in more crabs in the area).
Understanding the extent of these changes and the degree to which they could
positively affect blue crabs will be important.
Identify and protect refuge and forage areas for adult male blue crabs. Observations
have shown that within the Middle Patuxent there are a number of adult, male blue
crabs. Efforts to monitor how these male crabs withstand changes in temperature,
salinity, and other factors will be needed. Blue crabs are projected to not be as
vulnerable to climate change, but if blue crabs do well and a fishery in the area
increases, providing protection and forage areas for these male crabs may become
necessary. Additionally, some of their key habitats are projected to be loss over the
longer-term (e.g., SAV and wetlands), so focus should be placed on conserving these key
habitats.
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Black Duck
Vulnerability Summary: Black duck is considered “highly vulnerable” to climate change. Black

ducks will be sensitive to the impacts climate change has on its wintering habitat within the
Middle Patuxent subwatershed, including marsh habitat. Marshes may be lost due to sea-level
rise, and water quality may decrease from more intense precipitation events negatively
affecting black duck habitat and prey species. Diseases and pathogens also may become more
prevalent as waters warm (Devers and Collins, 2011). Additionally, changes in temperature and
precipitation may affect black duck prey resources in the area, which could have detrimental
impacts to their ability to survive (Berlin et al., 2012). However, black ducks also have a great
deal of adaptive capacity to climate change impacts in their ability to migrate to other more
suitable habitats. For example, the primary wintering area for the Atlantic Flyway black ducks
has shifted from the Chesapeake Bay to the New Jersey coast, likely in response to more
favorable conditions along the New Jersey coast (Krementz, 1991). Thus, their vulnerability in
this area is high, but they may be able to persist elsewhere in the region.
Adaptation Options







Focus on protecting adjacent areas to wintering habitat within the subwatershed as
wintering habitat is lost to sea-level rise and other climate impacts, so that suitable
adjacent areas will be available for black ducks.
Protect and acquire buffer areas around “new” or adjacent habitat areas (see above).
Black ducks are very vulnerable to disturbance and try to avoid highly populated areas.
Thus, as areas adjacent to previous wintering habitat are protected to provide refuge for
black ducks as the climate changes, consideration should be given to acquiring buffer
zone around these “new” habitat areas to provide refuge and protection from
disturbance.
Support the Chesapeake Bay E.O. Action Plan and integrate findings from the U.S.
Geological Survey study on climate change impacts to black duck habitat into
development of more specific adaptation options, such as determining present good
quality habitat, how this quality habitat shifts in the face of climate change, and
determine management actions to increase the quality of existing habitats for wintering
black ducks.

Tidal Freshwater Wetlands
Vulnerability Summary: Tidal freshwater wetlands are considered “less vulnerable” in the

short-term and “highly vulnerable” over the longer-term. Tidal freshwater wetlands are not
likely to be negatively affected by climate change in the short-term future (20 years); however,
given the degree of sensitivity to potential climate impacts, they are ranked as highly vulnerable
to increased flooding and salinity levels from sea-level rise over the longer-term (Neubauer,
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2011). Tidal freshwater wetlands are characterized by salinities lower than 0.5 parts per
thousand (ppt). Therefore, any slight increase in salinity would trigger changes in the system
from fresh to oligohaline (0.5 to 5 ppt), which would translate to changes on the species
composition and dominance towards more salinity tolerant species. Similarly, an increase in the
frequency and duration of flooding will negatively affect species found near the lower end of
their range in the tidal frame (Aat et al. 2009). The transition from freshwater tidal wetland to
more brackish marsh likely will be a slow one as salinities increase.
Tidal freshwater wetlands also exhibit some adaptive capacity. Although surrounded by
protected areas, they will not necessarily be able to move inland due to elevation restrictions
and slope in some locations, unless changes occur due to storm events that could alter the
coastline. Tidal freshwater wetlands may be able to migrate upriver into lower salinity waters
as waters in their current location become more brackish (pers. comm. D. Whigham, Jan. 2013).
Additionally, given the projected climate change impacts of increased salinity and erosion/
disturbance, there is a chance for expanded invasion of Phragmites into the Middle Patuxent.
The Patuxent is one of the few systems that still has high quality wetlands with little
Phragmites, and what is present may be the native haplotype (pers. comm., D. Whigham, May
2013). Increases in the invasive Phragmites could lead to degraded wetland habitat and
ecosystem function within the system (Baldwin et al., 2010).
Adaptation Options





Continue to utilize current research and management efforts to prevent future impacts
and maintain diversity and health. Tidal freshwater wetlands within the Middle
Patuxent subwatershed are currently the focus of extensive research, monitoring, and
conservation. Continuing to invest in and carry out these efforts will be essential to
better understanding how these systems will respond to climate change, which will help
inform ways to increase habitat resiliency.
Develop strategies to facilitate upriver and inland migration and use modeling and
mapping tools to identify areas for inland protection and acquisition. Upriver and
inland migration of these wetlands may be the best option for their survival as sea-levels
rise and waters become more saline. Migration is a natural process and the best that
can be done to facilitate this process is to protect those areas adjacent to wetlands that
seem more suitable for this transition (e.g., appropriate slopes and soils). Selecting and
prioritizing potential areas for migration and targeting them for protection would be a
good use of resources. Managers should use mapping tools such as the Coastal Atlas
that includes mapped wetland adaptation areas throughout Maryland (Figure 5). These
areas have the potential for wetlands to migrate inland. High priority areas are found
around Jug Bay component of the Chesapeake Bay NERR. Additionally, upriver migration
may need to be facilitated by removing obstructions that may significantly hinder
wetland migration.
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Figure 5. Wetland Adaptation Areas within the Middle Patuxent Subwatershed (Route 262 north to
Route 4) (MD DNR, 2012a).





Monitor for Phragmites throughout the subwatershed to prevent its invasion.
Additionally, in tributaries and areas where there is Phragmites, even if minimal, it
should be removed to prevent potential for more extensive invasion under changing
climate conditions.
Research how super storms could potentially alter the coastline and what that may
mean for tidal freshwater wetland persistence and migration. Managers could look at
impacts of storms such as Super Storm Sandy to determine how impacts affected the
coastline and elevations of shoreline and how might these changes affect tidal
freshwater wetlands and/ or adjacent areas where they may migrate.
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Submerged Aquatic Vegetation
Vulnerability Summary: SAV are considered “highly vulnerable” to climate change. SAV are

sensitive to climate change, and have low adaptive capacity, especially given slope and
elevation constraints to migrating inland. SAV also survive only at specific water depths that
allow for adequate light levels. Sea-level rise will increase the water levels in the near shore
environment, and more intense storm events will likely result in more erosion and turbidity in
the water column (and decreasing water quality), hindering SAV survival. The SAV in this
subwatershed are not as vulnerable to temperature as SAV elsewhere in the Chesapeake Bay,
but they are intolerant of high salinity waters.
Hydrilla, the primary SAV habitat component, is less sensitive to climate change than
native SAV. Although Hydrilla is a non-native invasive species in this system, its potential
decline due to elevated salinity and increased spring turbidity could negatively impact
coexisting native species. Hydrilla may be providing valuable ecosystem services by slowing
water velocity and allowing particle settling, thus improving water clarity for other species
(Rybicki and Landwehr 2007; Shields et al. 2012). Significant declines in these types of
ecosystem engineers may cause declines in natives as well. On the other hand, declines in
Hydrilla may release native species from competition or herbivory, allowing them to increase in
abundance. However sea-level rise and increased rainfall and storm events, particularly in the
spring when light is most critical for these plants, will likely negatively impact natives even in
the absence of competition from Hydrilla.
Adaptation Options





Improve water quality to ensure SAV are maintained in this region.
o Focus on storm water management/land use practices that would improve water
quality.
o Implement stream restoration and riparian buffers to help ameliorate the effect
of storm events and sedimentation (i.e., helps reduce flashiness; reduces
nutrients and large inputs of fresh water).
Focus on small scale restoration efforts targeting specific SAV.
o Target restoration using specific SAV species that can best tolerate the substrate,
especially as conditions change, and be better suited to adapt to changes in
climate. This will need to be carefully considered, so that any non-native
candidate species could be screened to try to ensure that they will not become
harmful invasive species in other ways. An example species that can tolerate
muddy substrate is coontail.
o When designing non-SAV restoration projects, keep in mind that what is dry now
may be submerged and become SAV habitat in the future (i.e., use living
shorelines rather than hardened shorelines).
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Monitor changes in SAV as conditions change to determine how natives and Hydrilla
respond and use the monitoring results to design the most effective restoration
actions.

Stream Habitat and Restoration
Vulnerability Summary: Stream habitat is considered “highly vulnerable” to climate change.

Stream habitat is extremely vulnerable to impacts from increasingly intense storm events and
projected increases in precipitation in the winter and spring months. Increased stream flows
will result in increased runoff that likely will be high in nutrients and pollutants. More intense
flows may also result in increased erosion along banks, increased sedimentation within the
stream, and braiding within stream channels. Higher temperatures will negatively affect various
life cycles of sensitive fish and invertebrate species, and may result in increases in invasive
species, increases in harmful algal blooms, and decreases in dissolved oxygen. Changes may
also occur to phytoplankton bloom cycles, resulting different species succession and a
mismatch for species that feed on the phytoplankton and zooplankton. Additionally, if there are
increases in temperatures and decreases in precipitation during the summer months, stream
flows will be diminished and nutrient and pollutant levels will be in higher concentrations.
Streams are responsible for three of the most important functions in the formation of
the landscape: erosion, transportation, and deposition of sediments. These functions are
controlled by the energy of the stream, and the energy of the stream is determined by the
stream's gradient (the slope of the stream) and discharge (the volume of water passing through
the channel per unit of time). More extremes in future precipitation events and flow regimes
will also affect stream restoration efforts such as stream stabilization, erosion control projects,
and other water quality management practices. Although these projects inherently have a
relatively high adaptive capacity, if projected climate changes are taken into consideration
during the design of the project, stream restoration and water quality control projects are still
moderately vulnerable. Precipitation and discharge changes will be variable and are difficult to
predict. Designing a project that can accommodate the change to the degree needed may not
always be possible, thus not all vulnerabilities may be mitigated by climate-smart design.
Adaptation Options

Many water quality improvement strategies will help make stream habitat more
resilient to impacts from climate change such as more intense storm events, temperature
changes, and drought conditions. Some of the adaptation options outlined below are being
implemented by the State of Maryland as a part of its stream restoration practices. These
options will help stream systems in the state and this watershed better accommodate and
address projected changes.
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Protect and manage natural stream buffers wherever possible in the watershed.
Perhaps more than any other factor, stream riparian zones determine the health of the
adjacent stream ecosystem through maintenance of a system’s physical structure,
preservation of ecological function, temperature control, and provision of native habitat
for water-dependent species.
Use plants that can tolerate a range of conditions (e.g., drought or wetter/flood
conditions) as both are possible at different periods. In the Middle Patuxent, drought
will be more of an issue than flooding. Example species to plant include bottom land
hardwoods, red maple (Acer rubrum) and sycamore (Platanus occidentalis), and river
birch (Betula nigra).
Consider changing flood-year calculations to account for potential changes from
climate change. This could help stream restoration projects better account for
potential impacts.
Design wider channels and/ or flood plains in stream restoration projects to help
account for increased discharge from storm events and extreme weather events.
Wider stream channels and floodplains will help minimize impacts during storm events
both to the system and communities, but it will also help reduce erosion,
sedimentation, and runoff after the storm subsides.
Encourage and support efforts to improve stormwater management. Emphasize
managing volume as well as nutrients and sediment. As storm events become more
intense, storm systems will be even more at risk, putting stream restoration projects at
risk from the overflow and/ or increased flows.
Consider coastal plain outfall restorations projects to restore badly eroded streams.
This approach could be applied to highly eroded stream valleys in the Middle Patuxent
subwatershed to give plant opportunities to become established as the valleys flood.

Wild Rice Restoration
Vulnerability Summary: Wild rice restoration is considered “vulnerable” in the short-term but

“highly vulnerable” over the longer-term. Wild rice populations constitute a significant
component of Jug Bay’s tidal freshwater wetlands, and are relatively healthy at the present
time. The most detrimental impact from climate change on wild rice (increase in salinity from
sea-level rise) will likely happen gradually over a longer time frame. In the short-term, wild rice
vulnerability to climate change may be attributed to the potential impacts from more intense
storm events. This is especially true during late summer and fall when wild rice is blooming and
producing seed, when flooding could uproot or drown small plants. It is important to note that
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the seed bank is extensive in the Jug Bay area – so it is possible for regeneration to occur if
optimal conditions return.
As sea levels rise and increase the frequency and duration of flooding, wild rice will
likely become increasingly vulnerable to climate change impacts. Also, wild rice species have
very narrow salinity tolerance levels (Scofield 1905; Garfield 2006; Crocker 2008). Any
significant and permanent salinity change within the tidal freshwater wetland system beyond
the current average of 0.5 ppt will largely impact wild rice populations and their survival, no
matter how effective the management techniques. Salinity impacts on tidal freshwater
wetlands, including wild rice, may also be exacerbated by the occurrence of drought events.
These events result in lower freshwater flows into the system, which then may translate into
temporal salinity spikes that can last several days (Delgado, pers. comm., Jan. 2013).
Adaptation Options








Continue current management practices to maintain healthy and resilient habitats for
as long as possible. Current effective management includes wild rice plantings and
Canada goose management.
Plan for year class failures, storms and erosion, and future losses. Plan in advance for
times where there may be storms or class failures in terms of the best practices for
plantings and other restoration strategies.
Actively monitor for the appearance of new invasive species as conditions change and
implement control strategies.
Consider facilitating transition to more upstream freshwater habitat as conditions
become more saline. There has been some expansion of wild rice into the tributaries of
the South River, including non-tidal areas; thus, there may be potential for upstream
movement into non-tidal habitats as the area of freshwater tidal habitat declines (pers.
comm., D. Whigham, May 2013).

Salt Marsh Restoration
Vulnerability Summary: Salt marsh restoration is considered “less vulnerable” to climate

change, but within the Middle Patuxent subwatershed, salt marsh is found only along the
fringes at the southern end of the project area. Studies show that salt marsh appears to be able
to withstand climate change impacts such as increasing temperatures and carbon dioxide
levels, even benefiting from these changes. However, depending on the rate of sea-level rise
and resulting inundation, these salt marshes may or may not keep pace. Given that there is a
significant amount of protected land along the Middle Patuxent subwatershed (federal, state,
and county lands and conservation easements) there may be more possibilities for inland
migration if areas are managed and protected for this purpose; however, steeper slopes could
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prevent this migration. Additionally, sea-level rise is expected to be extensive in Maryland, but
the salt marsh along the Middle Patuxent may not be as greatly impacted because of its
location up-river. Salt marsh areas may even increase according to the Sea-Level Affecting
Marshes Model (SLAMM).
Although tidal salt marsh is sensitive to sea-level rise and intense storm events, salt
marsh restoration projects can be designed to take climate change into consideration in a
variety of ways. By considering climate change throughout the design and implementation
project, managers ensure salt marsh restoration is climate-smart by minimizing projected
impacts to salt marsh or helping prepare for transitioning habitats. Tidal salt marsh restoration
projects could be more vulnerable than the habitat itself if the actions taken do not consider
future climate impacts (i.e., planned elevation could be off, plants might not withstand
inundation or increased salinities, infrastructure used may not be able to withstand more
intense storms or other climate changes).
Adaptation Options







Consider using agriculture lands for inland migration purposes. This is a more longterm strategy as most of the adjacent land is now perched at high elevations and not
available.
Continue the practice of creating/restoring a wetland in place with boundary
protection (e.g., sill, rock) with increases planned in elevation for marsh protection. In
addition, managing for elevation at projected rates of change of sea-level rise will be
important as most sites will provide little ability to do this naturally on their own.
Use vegetation species for restoration that are more flood-tolerant and can withstand
higher salinities. When faced with a plant at the upper limit of its salinity or water
tolerance limit, then managers should consider opting for another locally occurring
species that would be more in range with the expected future conditions at the site.

Fish Passage Projects
Vulnerability Summary: Fish passage is considered “vulnerable” to climate change. More

extremes in future precipitation events and flow regimes may make it more difficult for fish to
navigate a fish passageway (e.g., low flows may make navigation around/over barrier
difficult/impossible in summer; high flows may prevent passage of species that are not able to
expend the necessary energy). There is relatively high adaptive capacity for fish passage
projects that involve blockage removal rather than constructing passageways (e.g., fish
ladders). Projects that remove blockages are not highly vulnerable and have a low ranking of
vulnerability. Although projected changes to precipitation and flow are variable, removing
blockages ensures river connectivity, a natural resilience to climate change.
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Adaptation Options

The state of Maryland owns and manages multiple fish passageways in the region. In
managing the fish passage ways, the state uses an adaptive approach that focuses on changing
conditions. Their management actions can serve as models for others throughout the region
that own similar size dams or larger dams.






Manage blockages to address changes in flow. The state of Maryland manages smaller
passageways by accounting for changes in flow. For example, biologists open and close
passageways to account for changes in timing of flow and/ or amount. This will be
helpful as more intense storms occur or more severe droughts occur in the summer.
Consider flows based on 100 year storms and hurricane frequency when planning dam
removals. Managing fish passages to account for 100 year storms as well as hurricanes,
which occur more frequently, will make the structures and their management more
flexible and prepared to deal with these larger storm events.
Conduct sedimentation monitoring as a part of dam removal implementation.
Sedimentation down-stream is a significant concern when removing dams. More intense
precipitation events could exacerbate these problems; thus, it will be important to
include sedimentation monitoring especially in light of climate change when removing
dams.

Oyster Restoration Projects
Vulnerability Summary: Oysters and restoration projects are considered “critically vulnerable”

to climate change within the Middle Patuxent subwatershed. Although oysters have a broad
salinity tolerance, which is useful in areas where salt water intrusion could be a problem,
increased precipitation and more intense storm events could harm the oysters in terms of
increasing nutrient and pollution levels. Reductions in salinity levels could decrease oyster
abundance, spat settlement, disease levels and filtration rates. Higher temperatures would
favor harmful diseases and lower dissolved oxygen. Additionally, oysters are not highly mobile,
preventing them from moving to other areas if needed, but they can withstand negative
environmental conditions for short periods by remaining closed. These factors are important in
this system where there are less than 10 live oyster bars. In general, the impacts of climate
change on oyster populations in the Middle Patuxent will depend on how salinity changes and
corresponds to the location of suitable bottom habitat. There is significant uncertainty
regarding the effects/impacts of predicted precipitation changes. Although oyster restoration
efforts have been and can be successful, proposed restoration projects will need to take into
account the uncertainty associated with climate change.
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Adaptation Options









Improve water quality to ensure oysters are maintained in this region.
o Focus on storm water management/land use practices that would improve water
quality.
o Implement stream restoration and riparian buffers to help ameliorate the effect
of storm events and sedimentation (e.g., helps reduce flashiness; reduces
nutrients and large inputs of fresh water).
Preserve the natural ability of oysters to develop disease resistance. This may lower
the effects of increased disease presence.
Monitor oyster predators, such as starfish and oyster drills, that are currently absent
from the Middle Patuxent River due to the relatively low salinity. An increase in salinity
may allow these predators to move into areas where they were previously absent.
Predator exclusions could be used at small scales until oysters reach a certain size.
Engineer habitat that will support reef restoration by enhancing the bottom with
alternative materials as oyster range increases with changing climate conditions.
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IV. Lessons Learned and Next Steps
Lessons Learned
While the results of the vulnerability assessment and related adaptation options are key
outcomes of this project and will be useful to those working in the Middle Patuxent
subwatershed and on the related targets, the process used to assess vulnerability and develop
adaptation actions can be used as a model throughout the watershed. Thus, the lessons learned
from working through the approach used for this effort provide important insights that will help
others begin to consider climate change and its impacts throughout the Bay region.
Communicate Objectives and Targets

Identifying objectives, scale, and targets of an assessment early on and communicating
them to partners that will be working on the effort is an important early step. Establishing a
clear set of targets and criteria for selecting those targets will allow those participating in the
effort or using the information from the assessment to have a better understanding of the
utility and limitations of the information. For example, NOAA and NWF determined the
subwatershed level would be an ideal scale on which to focus, allowing us to assess more than
one habitat and multiple species as well as looking more generally at the entire subwatershed.
We developed ecological criteria to help select the subwatershed of focus (e.g., type of
resources present, vulnerability to sea-level rise, extent of wetland habitat, etc.), and we used
input from members of our Middle Patuxent Subwatershed Panel. Once the subwatershed was
selected, NWF and NOAA worked together to identify an initial list species, habitats, and
projects to assess based on NOAA’s goals and priorities. We worked to include diverse species
and habitats as well as ones we thought may be more and less vulnerable to climate change for
comparison purposes. We also incorporated partner input and included several additional
species and habitats to address a broader array of resources within the subwatershed.
Documenting the process to determine objectives and targets will help others replicate a
similar effort in different subwatersheds or at various scales.
Coordination with Partners

Working with partners was essential to carrying out this project as we used not only
scientific literature but also technical expert input to assess vulnerability of the selected targets.
When using an expert elicitation process, coordinating and working with partners from the
beginning of an effort such as this will help build support for the initiative and encourage
participation in the process and development of assessment content (Glick et al., 2011a).
Additionally, engaging relevant partners throughout the vulnerability assessment process
provides them with a better understanding of the climate-related issues, so that they can be
equipped to consider and propose potential adaptation options. Working with a range of
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partner types is also critical – federal, state, and local agencies (managers, biologists, policyexperts) as well as academic institutions and conservation organizations. Because of the
scientific nature of the analysis, the approach did not incorporate public input; however, it may
be useful to include the public for some types of vulnerability assessments, especially those
that may more closely consider infrastructure, recreation, or economic targets.
Expert Elicitation-Driven Assessments

Detailed modeling and climate data can enhance any vulnerability assessment results;
however, the process used for this effort demonstrates that through expert elicitation,
vulnerability information can be summarized in a useful format and provide sufficient
information to begin thinking about strategies to address climate change. Working through the
aspects of vulnerability (sensitivity, exposure, and adaptive capacity) using research and input
from technical experts allows for development of a descriptive narrative that can be as useful
as a vulnerability index or map. In fact, some managers feel that having detailed descriptive
narratives that explain why something is vulnerable is more useful than a vulnerability ranking
alone. The goal of this project was not to have a list of highest and lowest priority species in
terms of vulnerability but to provide information for managers to help them understand why a
particular target is vulnerable and what actions could help address those impacts to that target.
Additionally, although there may not be precision in the results of the vulnerability assessment,
accuracy is hard to achieve when dealing with uncertainty related to climate change. What the
assessment does provide is a starting point to integrating climate change into decision-making
around projects and programs. Lack of certainty or precision in results should not hinder
managers and others from implementing a climate change vulnerability assessment.
Similarly, we found that walking through the process with technical experts/ managers/
biologists encouraged consideration of climate change in a more explicit way than before. The
vulnerability assessment approach provided a forum for biologists and managers to think about
how climate change may affect some of the species and habitats they manage without
requiring extensive amounts of their time and resources. Often agency and organization staff
are extremely busy with existing responsibilities, and climate change may be of interest, but
time may not allow for its integration into day to day activities or projects. Using an expert
elicitation approach and bringing biologists and managers together allows discussion and
introduction of the concepts that they can then take back to their daily work and programs.
Additionally, managers that are farther along in terms of integration of climate into projects
and programs can help others understand how climate change can be applied in a management
and conservation setting.
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Consider Existing Stressors and Climate Change

When conducting a vulnerability assessment, existing stressors should be included in the
analysis. For this effort, the Middle Patuxent Subwatershed Panel recommended including
information on current stressors for each target assessed. Additionally, in working through the
vulnerability assessment it was clear that water quality issues were an overarching stressor that
would interact with and exacerbate climate change impacts throughout the subwatershed.
Thus, this particular stressor was given specific attention. It would be valuable to incorporate
existing stressors from the beginning of an assessment and to a greater degree than was done
here, where possible. This is an important aspect of any vulnerability as climate change does
not happen in a vacuum.
Finally, the assessment and adaptation options are not meant to be prescriptive, but a
guide to help managers in the region begin to think through how climate may affect species,
habitats, and conservation projects and what types of actions may they need to begin to
consider now in order to plan and prepare for climate change. Working on this project with
many technical experts and partners also helped raise awareness within the Bay community
that climate change will likely have significant impacts to important resources, and this process
provides a mechanism to better understand those impacts and potential options to address
climate change.

Next steps
To move beyond vulnerability assessment and implement adaptation options, there are
several key next steps that could be taken to integrate climate change into conservation and
restoration actions within the Middle Patuxent subwatershed as well as the region.
Middle Patuxent Subwatershed-Specific

A suite of adaptation options and considerations were developed for each target
assessed as a part of this project; however, it was outside the scope of this project to prioritize
these options for each target or across targets. The adaptation options provided are meant to
serve as a guide for managers who work to conserve these and other species within the
subwatershed. Managers can use the vulnerability information within this document to
consider how their management and conservation techniques may need to change for the
species/habitats/ projects assessed. Additionally, in some cases there are actions identified that
may serve a variety of targets and provide multiple benefits. These actions could be
investigated further to determine if they should be considered priorities for implementation.
Managers also can review the adaptation options outlined and work with stakeholders to
identify which ones may be most feasible to implement or provide the most effective potential
outcome. The adaptation actions included in this document are a starting point and should help
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managers and others thinking about how climate change may affect the resources they
manage.
The vulnerability process used for this effort also could be replicated for additional
suites of species and habitats in the area (e.g., fish, birds, mammals, terrestrial habitats, etc.).
Due to resource and time constraints, a limited amount of targets were analyzed. As outlined
in the lessons learned above, the process was extremely useful in bringing together managers
and others working in the region to discuss climate change and initiate an effort to understand
how climate may affect resources in the subwatershed. This could be expanded upon within the
Middle Patuxent subwatershed.
Considering climate change impacts on species and habitats where there is little
information on their life history and/ or extent within the subwatershed makes it difficult to
provide a complete assessment of how climate may affect them. Incomplete species/ habitat
information coupled with a very general assessment of climate also hinders development of
specific and effective adaptation options. River herring, black duck, and salt marsh were
included in our analysis, but the resultant vulnerability assessments and adaptation options
would benefit from additional research and monitoring of these species within the project area.
They were included as managers need to consider not only how climate change may affect wellresearched species, but also understand which species may need more attention in terms of
gaining a better understanding of how they may cope under climate change. These species and
habitats are vital to the ecosystem and subwatershed. An important next step will be to identify
the specific science and research needs illuminated from this effort and how to best obtain
needed information.
Chesapeake Bay-Specific

Many of the adaptation options outlined in this document will be relevant across the
Bay. Managers and conservation and restoration practitioners can consider how these actions
could be used or adapted to their area. For example, yellow perch will likely be vulnerable in
other subwatersheds and tributaries for similar reasons as the Middle Patuxent subwatershed
(e.g., spawning and egg development require relatively narrow temperatures, salinities,
dissolved oxygen, and sediment levels). Thus, focusing restoration efforts on streams and areas
upriver where the fish may migrate as temperatures warm and salinities rise could be an option
in multiple locations. Additionally, working with entities that withdraw water to ensure they are
considering climate change projections in their practices could be implemented across the
region and benefit multiple species.
Alternatively, it will also be important to think about how adaptation options described
in this document may differ for the same targets elsewhere in the Bay. For example, within the
Middle Patuxent subwatershed, salt marsh is expected to increase, while others parts of the
Bay are expected to see substantial decreases in salt marsh habitat. Given this, very different
adaptation options will need to be implemented in locations where salt marsh is projected to
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be lost. Additionally, blue crabs are likely to potentially benefit from increased temperatures in
water and salinity levels; however, there are other locations within the Bay where blue crabs
may be negatively affected, especially where extensive salt marsh and SAV habitat is projected
to be lost.
Finally, the approach used for the vulnerability assessment and development of
adaptation options can be replicated for other subwatersheds throughout the Bay. We
developed criteria to assist in selecting a subwatershed (Appendix A), which should be useful to
others in identifying a subwatershed. Implementing a similar process will help encourage more
people within the Bay region to consider climate change as it relates to their management and
conservation responsibilities. Bringing together experts to discuss climate change and how it
affects their resource responsibilities allows for a better understanding of climate change and
the trajectory that managers need to head in relation to implementation of actions to address
climate impacts. It provides the opportunity for managers to take time out from their daily
responsibilities to spend time that they otherwise may not have and focus on climate change
impacts and how they may need to reconsider projects and programs in light of those impacts.
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V. Conclusions
Climate change is a universal reality that can no longer be ignored. The long-term
success of conservation efforts, in this case conservation and restoration of coastal habitats in
the Chesapeake Bay region, is dependent on accounting for climate change in project
objectives, design, and execution. Successful restoration in a changing climate requires learning
from past conservation experiences, while at the same time accounting for how the climate will
change and how these changes will potentially impact target conservation areas. Resource
managers will need to consider dynamic changes in climate rather than assuming future
conditions will be similar to past climate.
Given that species will respond in individualistic ways to climate change, ecological
communities will not remain intact. Accordingly, it may no longer be effective or appropriate to
manage systems based on a paradigm of maintaining some pre-existing condition, or restoring
species or habitats to a previous desired state. This is all the more important given the
uncertainty about future conditions, as well as the likely greater extremes in various climatic
factors (such as temperatures and rainfall events).
Climate must be considered at various stages of management, which depends on
assessment of changes on species, habitats, and project techniques. As demonstrated through
this project, one effective mechanism for assessing vulnerability to climate is through expert
elicitation; however, modeling efforts and other processes also are successful approaches.
Armed with climate vulnerability information, managers have the means by which to adjust
conservation objectives if necessary and select appropriate management techniques that are
likely to be most effective in light of expected climate impacts. Adaptation options highlighted
in this report demonstrate that some management and conservation actions will need to
change in light of projected climate impacts, while continuing with existing actions may be
necessary and even more important in some cases. Both sets of actions are considered climatesmart, because climate change was a key factor in decision-making and determining adaptation
options.
Climate-smart conservation and restoration follow the same basic principles of any good
management system, which includes: defining goals, assessing current status and challenges,
identifying and implementing appropriate strategies, and managing and assessing project
performance. Projects become climate-smart when at each step of the process the potential
effects of climate change are considered as another factor. While a diversity of management
techniques exist, a changing climate is likely to increase the importance of certain priority
approaches, including maintaining or re-establishing connectivity of habitats, reducing key
existing stressors, protecting key ecosystem features, and maintaining diversity. These
approaches are likely be particularly effective at providing fish, wildlife, and plants with the
greatest opportunity to survive climate change and thus meet appropriate conservation
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objectives. As is necessary in any good management system, monitoring of results and
adjustment of management techniques to account for lessons learned, and now for continuing
changes in climate, are necessary. Climate change neither renders past conservation efforts
useless nor precludes continuing restoration efforts. Instead, we must take climate change into
consideration to improve our conservation successes and protect our restoration investments.
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Appendix A. Project Approach
This project was developed to better understand how climate is likely to affect the
Chesapeake Bay and develop a process/ framework that others within the region could use to
identify climate impacts and develop possible adaptation options. NWF in partnership with
NOAA decided to focus at a subwatershed level to analyze vulnerabilities to climate change at a
multi-tiered scale (species, habitats, projects). NOAA and NWF, in coordination with the Middle
Patuxent Subwatershed Panel that was organized for this project, selected a subwatershed as
well as identified a selection of target species, habitats, and projects that represented the
diversity of the subwatershed to use in the assessment.
NWF reviewed existing data and literature related to the target species, habitats, and
projects as climate change for the area to develop a draft vulnerability assessment document.
NWF worked with NOAA, the Subwatershed Panel, and additional technical experts to refine
the assessment and identify draft options for potential climate change adaptation strategies
that could be integrated into existing restoration and conservation efforts. The draft adaptation
options were refined through review by technical experts. The vulnerability assessment and
adaptation options are the foundation of this case study report. More specifics on each step of
the process are provided below.

Project Objectives
NWF and NOAA defined the primary goal for the project as well as several objectives to
help guide development of the activities, including selection of subwatershed and panel
members.
Goal: Maximize long-term ecological benefits in the Chesapeake Bay region to help ensure selfsustaining, resilient coastal habitats exist into the future.
Objectives:
1) Assess vulnerability to climate change at a subwatershed level and identify options for
adaptation to projected impacts that will help maximize long-term ecological benefits.
2) Develop a process for assessing vulnerability and developing adaptation options that will
serve as a model/ example of way that climate change can be considered in other areas of the
Chesapeake Bay.
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Middle Patuxent Working Group Selection
NWF and NOAA worked together to identify federal, state, and non-governmental
organization (NGO) potential panel members based on their expert knowledge and experience
on restoration, conservation, and climate change within the Chesapeake Bay. The final Middle
Patuxent Subwatershed Panel consisted of members from NOAA, U.S. Fish and Wildlife Service,
and Maryland Department of Natural Resources. The panel’s primary roles included assisting in
selection of the subwatershed and providing input and guidance on the vulnerability
assessment and adaptation recommendation development. Members also reviewed
documents and helped finalize relative vulnerability rankings. In addition to the working group,
NWF reached out and sought input from over 20 technical experts in the field throughout the
process of developing the vulnerability assessment and related adaptation strategies (as noted
below).

Selecting the Subwatershed
NOAA and NWF developed a set of criteria to assist in selecting a subwatershed for this
project. Example criteria included (1) subwatershed advances at least one of NOAA’s strategic
objectives (i.e., fringe marsh and large scale wetland restoration, fish passage, shellfish/mollusk
conservation); (2) area contains priority species and/ or habitats of importance; (3) area
contains opportunities for conservation and restoration; and (4) habitats and species within the
selected area are projected to be sensitive to climate change to some degree.
NWF and NOAA then outlined a process to determine whether a subwatershed met or
did not meet each of the criteria. For example, for the criteria related to meeting NOAA
objectives, NWF and NOAA decided to look at whether wetlands are present or not, if any of
the subwatersheds are priorities for fish passage removal, and if any areas within a
subwatershed were priorities for oyster restoration. For the criterion area contains priority
species and/or habitats of importance, NWF and NOAA identified a set of specific species and
habitats types (e.g., herring, blue crab, oyster, horseshoe crab, SAV, nursery habitat, etc.) and
determined how many different species and habitat types each subwatershed contain. Finally,
for the climate change-related criteria, NWF and NOAA looked at sea-level rise and compared
the amount of sea-level rise and wetlands change projected for each subwatershed. NWF and
NOAA decided it would examine five subwatersheds in Maryland3 to determine which ones met
the most criteria.
The five subwatersheds that were run through the criteria include: Upper and Middle
Patuxent, the Middle Chester, the South River, and the Little Choptank. This group of
3

Maryland was selected as the focal state given that both NOAA and NWF offices are located within the state.
Additionally, Maryland’s Coastal Atlas was identified as a key tool for this project.
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subwatersheds provided geographical diversity as well as a range of developed/rural areas.
These five watersheds also exhibit a range of vulnerability to sea-level rise and other climate
change impacts. NWF and NOAA developed an Excel Spreadsheet to allow for easy comparison
across sites. For each subwatershed, NOAA’s Environmental Sensitivity Index and the Maryland
DNR Coastal Atlas were used make a best estimate of whether a species was present or absent,
or the degree of projected sea-level rise (Coastal Atlas only). Based on the evaluation of each
subwatershed against the criteria, three watersheds met the most criteria – Middle Patuxent,
South River, and Little Choptank. The panel provided the final review and selected the Middle
Patuxent subwatershed for the focus of this project.

Selecting Target Species, Habitats, and Projects
The vulnerability assessment described in the following section was completed at four
scales – subwatershed, project, habitat, and species. By using a tiered approach, this
assessment provides information important to various levels of management and outlines
vulnerability at a multiple levels. Additionally, the process used will be valuable to others within
and outside the watershed interested in a multi-scale, expert panel driven vulnerability
assessment process. The following species, habitats, and project types were selected based on
discussions with NOAA’s Chesapeake Bay Office, the Subwatershed Panel, and various other
technical experts:
Species: Yellow perch (Perca flavescens), River herring (Blueback herring (Alosa aestivalis) and
Alewife (Alosa pseudoharengus)), Blue crab (Callinectes sapidus), and Black duck (Anas rubripes)
Habitats: Tidal freshwater wetlands, Stream habitat, and SAV (e.g., Elodea, Najas minor (brittle
naiad), Najas guadalupensis (water nymph), Ceratophyllum demersum (coon tail), horned
pondweed (Zannichellia palustris), and the non-native plant species Hydrilla
(Hydrilla verticillata))
Project Types: Wild rice restoration, tidal salt marsh restoration, fish passage, and oyster
restoration.
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Vulnerability Assessment
The purpose of conducting this vulnerability assessment was to provide the foundation
for developing ecological adaptation strategies for the Middle Patuxent subwatershed (defined
for purposes of this project at the southern boundary by Route 231 and Benedict Bridge and
Route 50 in the North) (Figure 1).4 The approach used for this project, including the vulnerability
assessment, is intended to serve as a model process that others within the broader Chesapeake
Bay watershed and elsewhere can use when embarking on an adaptation planning process that
is place-based (as opposed to species or habitat only) and involves a panel and technical expert
input.
Vulnerability Assessment Approach

To assess the vulnerability of the Middle Patuxent, NWF used the approach outlined in
Scanning the Conservation Horizon: A Guide to Vulnerability Assessment (Glick et al., 2011b).
Vulnerability to climate change is described as having three principal components: sensitivity,
exposure and adaptive capacity (Figure 1) (Glick et al., 2011b). Understanding these individual
components of vulnerability (whether explicitly or implicitly) is important in that it can help
project planners identify more clearly which of your target species, habitats, ecosystems, or
actions are vulnerable to climate change and, perhaps more importantly, why they are
vulnerable. A critical first step in conducting a vulnerability assessment, however, is to
determine the scope and objectives of both the overall conservation or management effort,
and of the assessment itself, including: identifying assessment goals and targets; defining the
geographical scale of the assessment; and establishing a timeline. Below is a general
introduction to the key elements of a vulnerability assessment (scope and objectives;
sensitivity; exposure; adaptive capacity), followed by a broad-brush assessment of the
vulnerability of the Middle Patuxent subwatershed as it pertains to a set of objectives
determined by NOAA, NWF, and the working group.

Figure 1. Framework for Assessing Vulnerability (Glick et al, 2011b).

4

Note: This area is not to be confused with the Middle Patuxent River. We are referring to the Middle Patuxent
subwatershed of the Patuxent Watershed.
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Scope and Objectives

In many cases, the overarching conservation or management goals and targets (e.g.,
maintaining healthy populations of specific species of concern; providing recreational
opportunities for the public) have already been established prior to conducting the assessment,
which is a useful place to start. From there, one needs to determine the specific questions
he/she wants the assessment to inform. For example, if the objective of an assessment is to
understand the relative vulnerability of all of the bird species in a refuge to climate change,
then the assessment targets would likely include that suite of species and their habitats. If the
objective is to support freshwater recreational fishing, which requires maintaining a coastal
impoundment, then one will likely want to assess the vulnerability of that impoundment
infrastructure, water quality, and target fish species.
The geographical scale also may be determined by a particular jurisdiction, although
depending on the target and objectives the scale may be set by ecological or species-specific
factors instead (e.g., an entire watershed, a species’ entire range). As highlighted above, by its
nature, climate change will require managers to think and plan within the context of larger
landscapes, even when management needs are very local. The appropriate geographic scale
must reflect both particular management jurisdictions or requirements, and the requirements
of the species or ecosystems being targeted. Another primary consideration is timeframe. That
decision depends on a range of factors, such as the planning horizon, the expected life-span of
particular infrastructure or perhaps most importantly the length of time that one expects or
wants the benefits of the conservation efforts to endure. This, in turn, will help determine which
climate change variables and scenarios will be most appropriate, as discussed below.
Sensitivity

The sensitivity of a species, habitat, ecosystem, or restoration project approach reflects
the degree to which that system is affected by or responsive to climatic changes (e.g., a species
with a narrow temperature tolerance is likely to be more affected by warmer temperatures
than a species with a broader temperature tolerance). The recognition that many freshwater
and marine fish species have specific temperature tolerances is a useful example of species’
sensitivity to climatic variables. Changes in temperatures can contribute to changes in fish
distributions as well as productivity. Another example of sensitivity to climate change is the
extent and composition of wetland vegetation types and associated wildlife species, which may
be sensitive to changes in average water depths. For example, many waterbird species have
certain preferred water depths for foraging (Tori et al., 2002). Assessing the sensitivity of
conservation targets/goals to climate change requires knowledge of how factors such as the
life-cycle and habitat needs of species, components and structure of habitats, and ecosystem
processes may be affected by climatic variables (see Table 1). In many cases, managers will
already have at least a general sense of whether and how targets are likely to be sensitive to
general changes in these types of variables.
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Table 1. Elements of Climate Change Sensitivity Among Species, Habitats, Ecosystems (Glick et al., 2011a)
Biological
Level

Sensitivity Factor

Examples

Species

Physiological factors

Changes in temperature, moisture, CO2 concentrations, pH, salinity may
affect a species sensitivity to climate change.

Dependence on
sensitive habitats

Species that spend some portion of their life in vernal pools, ephemeral
wetlands, intermittent streams or low-lying coastal zones are examples of
species that will be more sensitive to climatic changes because of the high
sensitivity of their habitat to changes in precipitation patterns or sea level.

Ecological linkages

Impacts on predators, competitors, prey, forage, host plants, diseases,
parasites, etc. will affect sensitivity.

Phenological changes

Events such as leafing and flowering of plants, emergence of insects,
migration of birds may be affected by climate change.

Population growth
rates

Species that can quickly recover from low population numbers are likely to
be less sensitive to climate change/disruptions.

Degree of
Specialization

Generalist species, such as those that use multiple habitats, have multiple
prey, etc. are likely to be less sensitive than specialists.

Reproductive
strategy

Species with long generation times and fewer offspring are likely to be
more sensitive to climate change

Interactions with
other stressors

Some factors may exacerbate sensitivity (e.g., exposure to pollutants may
increase sensitivity to temperature changes).

Sensitivity of
component species

Sensitivity of dominant species, ecosystem engineers, keystone species,
etc. will influence sensitivity of habitat type

Community structure

The level of diversity and redundancy of component species and
functional groups may affect sensitivity to climate change.

Degree if intactness

Degraded habitats may have insufficient species diversity or population
sizes to resist or recover from flood or drought.

Sensitivity of
component species

As with habitats, sensitivities of dominant, keystone, and indicator species
are likely to have large influences on sensitivity of the ecosystem.

Sensitivity of
ecosystem processes

Many ecosystem processes, such as decomposition, nutrient transport,
sedimentation, streamflow, etc. are sensitive to changes in temperature
and precipitation.

Habitats

Ecosystems

Exposure

Exposure is a measure of the character, magnitude, and rate of changes a target species,
ecosystem or location experiences (e.g., changes in temperature and precipitation, altered
streamflows). Assessments should consider exposure to (changes in) primary climate drivers
(e.g., changes in average temperatures and precipitation) as well as associated impacts on
biotic and abiotic components of the ecosystem or habitat (e.g., sea-level rise, hydrological
changes, ocean acidification, changes in biome type, loss of key food species). The primary way
to assess exposure to climate change and related factors is through a solid understanding of
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current regional climatology and the use of climate models. However, in all likelihood, those
involved in the design and on-the-ground implementation of climate adaptation efforts will not
be conducting sophisticated and complex climate modeling themselves but will instead rely on
existing scenarios and make use of downscaled projections.
Adaptive Capacity

Adaptive capacity is a measure of the degree to which a species, an ecosystem, or
project approaches are able to accommodate or cope with the impacts of climate change.
Broadly, adaptive capacity reflects both internal traits, such as the ability of a species to move
in search of more favorable habitat conditions, adapt evolutionarily, or modify its behavior as
climate changes, and external conditions, such as the existence of structural barriers such as
urban areas, bulkheads, or dikes that may limit the ability of that species or system to move
(Table 2). Adaptive capacity also may be a factor of issues that may affect management, such as
institutional flexibility, funding, etc.
Table 2. Elements of Adaptive Capacity among Species, Habitats, and Ecosystems (Glick et al., 2011a)
Adaptive
Capacity

Examples

Plasticity

The ability for a species to modify its physiology or behavior to synchronize with
changing conditions or coexist with different competitors, predators, etc.

Dispersal
abilities

Some species may be able to disperse over long distances (e.g., seeds may be
carried to new areas by birds). Other species, such as those that have evolved in
patchy or rare habitats, may have lower dispersal ability.

Evolutionary
potential

Traits such as generation time, genetic diversity, and population size can affect
the ability of species to adapt evolutionarily to climate change. For example,
populations with high genetic diversity for traits related to climate tolerance are
more likely to contain individuals with heritable traits that reduce sensitivity.

Habitats

Permeability of
landscape

More permeable landscapes with fewer barriers to dispersal and/or seasonal
migration will likely result in greater adaptive capacity. Relative permeability of
a landscape may depend on natural and anthropogenic factors

Ecosystems

Redundancy and
response
diversity within
functional
groups

In ecological communities, functional groups can include primary producers,
herbivores, carnivores, decomposers, etc. In systems where each functional
group is represented by multiple species and the response to environmental
change varies significantly among species in the group, the system’s resilience
to climate change is likely to be higher.

Institutions

Jurisdictional
issues

In some cases, agencies may not have the capacity to make management
decisions outside of existing jurisdictions (e.g. regulatory, geographical).

Funding

As with all conservation activities, the availability of funding will likely have an
impact on an agency’s or organization’s capacity to take certain management
actions. For adaptation efforts, this may affect the ability to make up-front
investments that will pay off over a relatively long time horizon.

Species
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Adaptation Options Development
NWF and NOAA worked with the Middle Patuxent Subwatershed Panel as well as a team
of technical experts to develop a suite of adaptation options specific to the species, habitats,
and projects evaluated as a part of the vulnerability assessment. NWF organized and hosted a
meeting of technical experts in November 2012 that focused on developing adaptation
recommendations. Experts worked in small groups based on their expertise (e.g., fisheries,
wetlands, SAV, etc.) and worked through an initial brainstorming discussion of adaptation
strategies for a subset of species, habitats, and projects relevant to their area of interest. All
adaptation strategies and considerations were presented to the entire group, who worked
together to refine the strategies and highlight key adaptation options. NWF summarized the
strategies for each species, habitat, and project and sent them to the Subwatershed Panel and
technical experts for review.
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Appendix B. Target-Specific Vulnerability Assessment Approach
Targets
In addition to the vulnerability assessment of the Middle Patuxent subwatershed as a
whole, we assessed exposure, sensitivity, and adaptive capacity for a selection of species,
habitats, and project types within the watershed and provide an overall relative ranking of
vulnerability for each. By using a tiered approach, this assessment provides information
important to various levels of management and outlines vulnerability at a multiple scales.
Additionally, the process used will be valuable to others within and outside the watershed
interested in a multi-scale, expert panel driven vulnerability assessment process. The following
species, habitats, and project types were selected based on discussions with NOAA’s
Chesapeake Bay Office, the Middle Patuxent Subwatershed Panel, and various other technical
experts:
Species: Yellow perch, river herring, blue crab, and black duck
Habitats: Tidal freshwater wetlands, SAV, and stream habitat
Project types: Wild rice restoration, tidal salt marsh restoration, fish passage, and oyster
restoration.
Resources used to develop the vulnerability assessments include the Maryland
Department of Natural Resource’s Coastal Atlas, literature and web resources, and personal
communications with technical experts. The panel and technical experts also reviewed the
report prior to finalization.
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Assessment of Scope and Objectives, Sensitivity, and Exposure
The Table below outlines the type of vulnerability information assessed for each species/
habitat/ project type (Table 1).
Table 1. Vulnerability Assessment Components and Descriptions
Scope and Objectives
Current status or baseline
Section provides information on the current status of the species/
information
habitat/ project, allowing for a better understanding of how
climate could affect it within the Middle Patuxent subwatershed
(e.g., if species is already significantly threatened, climate change
will likely exacerbate the problem, but it may not be the most
immediate threat).
Current restoration/
Section outlines the specific restoration goals and targets for the
conservation goals and
species/ habitat/ project to help the user understand how that
targets
target is being protected within the project area.
Planned or existing
Section provides details on the type of restoration/ conservation
restoration/ conservation
approaches being used or potentially planned for the species or
approaches
habitat. For project type, this section details the types of
approaches used for the project.
Exposure
Projected climate change
Overall description of the expected range of climate impacts in
impacts
the Middle Patuxent is provided in Appendix C. This information
does not change from species to habitat to project, and it is
included as a separate Appendix.
Observed climate change
Observed climate impacts within the project area is also included
impacts
in Appendix C.
Sensitivity
Sensitivity of target species
Section provides details about the species/ habitat/ project type
and conservation/ restoration and what factors make it more or less sensitive to the range of
approaches
possible climate impacts. This section is based on extensive
literature review as well as input from technical experts.
Common conservation practices for the species or habitat that
might be vulnerable to climate change also are evaluated.
Adaptive Capacity
Section describes the intrinsic and extrinsic adaptive capacity of
the species/ habitat/ project to projected climate change impacts
to which it will be sensitive and exposed.
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***Climate change exposure information is located in Appendix C. It is not included in each
target assessment as it remains the same across species, habitat, and project types. Climate
change exposure information is not available at a scale that varies within the subwatershed.
Based on the assessment of sensitivity, exposure, and adaptive capacity of each target, a
relative ranking of vulnerability and summary of vulnerability are provided for each species,
habitat, and project.

Relative Ranking of Vulnerability
The ranking system was adapted from the framework used for the Northeast Regional Habitat
Vulnerability Assessment (Manomet and NWF, 2012).






Critically vulnerable: species, habitats, or projects are likely to experience a complete
loss of ecological function or be extirpated;
Highly vulnerable: species, habitats, or projects will likely be greatly reduced or
impaired by climate change within the project area;
Vulnerable: species, habitats, or projects will likely be minimally affected by climate
change within the project area;
Less vulnerable: species, habitats, and projects likely experience a slight benefit from
climate change in the project area; and
Least vulnerable: species, habitats, and projects will likely extend their range or greatly
benefit, maximizing ecological function within the project area.

The vulnerability rankings for each species, habitat, and project type were determined
based on the research, analysis, and discussion with the panel, and review by technical experts.
Although the assessment of the elements of vulnerability (sensitivity, exposure, and adaptive
capacity) takes into consideration how climate may affect the species, habitat, or project
outside of the project area, the overall vulnerability ranking is meant to be applied within the
Middle Patuxent subwatershed only. For example, we took into consideration life stages of
yellow perch that occur outside of the project area, but the vulnerability ranking applies to
those species only within the project area. To understand how yellow perch will do within the
Middle Patuxent, it is necessary to understand if other life stages outside of the project area
will affect its ability to survive conditions within this subwatershed.
Vulnerability Summary: This section includes a summary of the vulnerability information,
describing reasoning behind the relative vulnerability ranking score.
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Time Scale
For many of these species, habitats, and project types, impacts from climate change will
not have as significant an impact in the short-term (20 years) as in the longer-term (50-100
years). It is hard to account for the timing and extent to which climate change impacts will
affect a certain species, habitat, or project type. For the purposes of this assessment, the
analysis is generally considered to be longer-term (50 to 100 years); however, for a few of the
assessment targets, the analysis specifically notes the differences in how climate may affect the
species, habitat, or project in the short versus long-term.

Uncertainty
For each species, habitat, and project vulnerability assessment, we do not assign a
specific measure of certainty to each of our relative vulnerability rankings. Although the
assessment is based on literature review and technical expert opinion, it was not possible to
provide certainty or confidence values consistently between targets due to the qualitative
nature of the assessments and the varying degree of information available on each target. A
description of why each vulnerability ranking was chosen is also provided to help the user
understand the assigned value. As mentioned above, there are inherent uncertainties in sealevel rise models, temperature projections, precipitation projections as well as in how a species
or habitat might respond. For this process and assessment, we used the best available
information at the time of development. Additionally, each ranking was reviewed by members
of the Middle Patuxent Subwatershed Panel as well as technical experts for each species,
habitat, and project type.
Monitoring is also essential to addressing uncertainty. It allows for a better
understanding the system and determining changes over time. Within our project area, Jug Bay
National Estuarine Research Reserve is a Sentinel Monitoring site, providing the opportunity for
this type of monitoring over the long-term. Ultimately, being transparent about the areas of
uncertainty and understanding the range of possibilities given uncertainty allows managers to
articulate the reasoning for making a specific decision.
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Appendix C. Exposure to Climate Change Impacts
Climate change impacts will be relatively the same throughout the subwatershed as models are
not available at a scale that can discern climate change impacts at a level within the
subwatershed. The information below is meant to be used with each vulnerability assessment
in subsequent Appendices.

Exposure
Projected Climate Impacts for the Middle Patuxent
Sea-levels are expected to rise by approximately 0.9 feet to 2 feet of sea-level rise by
mid-century with the best estimate at 1.4 feet. By the end of the century, a range of sea-level
rise from 2.1 to 5.0 feet (low and high emissions scenario respectively) of sea-level rise is
projected with the best estimate at 3.7 feet (Boesch et al., 2013). Increases in sea-levels will
result in higher tides and water levels as well as salt water intrusion. Increased intensity of
storms could result in more extensive flooding as well as greater storm surges and wave action.
Precipitation is projected to increase annually, with a significant amount more precipitation
falling in the winter months and less or similar amounts falling in summer months. These
precipitation changes will affect stream flows in the system throughout the year, with a
likelihood of lower flows in the summer. Air temperatures are also projected to increase by 7
°F in the winter and summer temperatures by 9 °F by 2100 (Boicourt and Johnson, 2011).
Observed Climate Impacts for the Middle Patuxent
Temperatures have been increasing in the region, and storm events are becoming more
intense (Boicourt and Johnson, 2011). Relative sea-levels also have risen approximately 0.3
meters (one foot) over the last 100 years; however, this varies by location. This amount is
almost double the global average, and with climate change these levels are projected to
increase significantly (Maryland Commission on Climate Change, 2008). The high tide line at the
Jug Bay component of the Chesapeake Bay National Estuarine Research Reserve in Maryland
has been observed as increasing by 3 inches over the last 10 years (Delgado, 2011).
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Appendix D. Yellow Perch Vulnerability Assessment
Scope and Objectives
Status/ Baseline Information: Yellow perch are relatively stable within the Chesapeake Bay region and
the project area. Primary threats are poor water quality and development impacts. There is an active
fishery in the Patuxent watershed.
Current conservation/ restoration goals and targets: Goals include restore and enhance habitat, utilize
biological reference points to control fishing mortality, reduce user conflicts, and conserve spawning
areas. Targets include yellow perch spawning habitat and utilizing biological reference points for
spawning stock biomass/recruit models.
Current conservation/ restoration approaches: Approaches include stream restoration, total allowable
catch by area, closed fishing areas/seasons, strategic submerged aquatic vegetation (SAV) restoration in
known spawning creeks, targeted buffer protection/restoration in known spawning creeks, targeted
stormwater management investments in spawning streams to limit sediment delivery, and applying
impervious surface limits (<10%).
Sensitivity
Temperature: Yellow perch adults have a relatively broad temperature tolerance and salinity tolerance;
however, spawning tolerances are narrower (MD DNR, 2002b). Spawning is influenced by temperature,
salinity levels, dissolved oxygen, and sediment in the water column (MD DNR, 2002b). Spawning occurs
in late January to early April (MD DNR, 2002b). Adults must be exposed to an extended period of cold
water temperatures to ensure ripening of eggs. Minimum winter water temperatures (4-10° C) should
be maintained for 145-175 days to allow for normal gonadal development of adults so that viable
gametes will be produced. Temperatures of 10° C, increasing 1°/day to 20° C, are optimum for embryo
development (pers. comm., MD DNR Fisheries staff, Sept. 2012). Additionally, gradual warming is
important for egg development; thus, extreme high heat days could be problematic (Piavis, 1991). Fry
tolerate temperatures from 3.0 to 28.0° C, but they are inactive below 5.3° C, and survival is better at
20° C than at 10° C. Young fry have a tendency to move to warm water areas. Fry move to open water
during the first two months of life. Year-class strength has been positively correlated with the rate of
warming during incubation and hatching. Preferred temperatures of adult perch during the growing
season are between 63.7 ° F (17.6° C) and 77 °F (25.0° C) with 66.2 ° F to 75.2 ° F (19 to 24° C) being
optimum (pers. comm., MD DNR Fisheries staff, Sept. 2012). Based on this temperature information for
various life stages, abrupt warming and higher than usual temperatures could negatively affect ripening,
while warming waters could help egg development.
Warmer water temperatures will also benefit fish parasites, including those that affect yellow perch
(Najjar, 2010). Ocean acidification is just beginning to be studied in the Mid-Atlantic and Chesapeake
Bay region. It is unclear what affect this might have on yellow perch for the part of their life cycle spent
in the Chesapeake Bay, and the Middle Patuxent specifically.
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Sea-Level Rise: With sea-level rise, salinity levels will likely increase, affecting spawning, hatching, and
development. Yellow perch are found in brackish water at river mouths (up to 13 parts per thousand
(ppt)) in Chesapeake Bay. They require freshwater for spawning. Spawning occurs at 0 - 2.5 ppt salinity,
and development requires 0 - 2.0 ppt salinity (Piavis, 1991). However, projected increases in
precipitation in the winter months could help balance increasing salinity levels from sea-level rise and
help provide more suitable habitat. More intense storm events will affect the amount of sediment in the
water column, potentially negatively affecting spawning and development. Water depth is also
important as yellow perch egg strands are broadcast in water depths of 1.0 to 3.7 meters (pers. comm.,
MD DNR Fisheries staff, Sept. 2012). Finally, dissolved oxygen concentrations will likely decrease with
increasing temperatures, affecting juvenile survival.
Other Sensitivities: Impacts on prey and predator species will also affect yellow perch. Prey selection is
primarily based on size and availability (Piavis, 1991). This area needs more research, but if prey species
are negatively affected by temperature, salinity, etc., yellow perch could be impacted. Similarly, if
predator species are negatively affected by climate impacts, it could be beneficial to yellow perch (and
vice versa if some predator species benefit from climate change).
Sensitivity of Conservation/ Restoration Approaches: Restoration efforts involving stream buffers that
shade and cool water and improve water quality could be negatively affected by sea-level rise and more
intense storm events, especially if vegetation does not have sufficient salinity and flooding tolerance
levels. Stock abundance is the culmination of the total effects of stressors, including climate change.
Adaptive Capacity
Adaptive capacity for yellow perch is relatively high as yellow perch are found throughout the
Chesapeake Bay and their movements are not inhibited in the watershed except where there are dams
or other structures. Yellow perch return to their natal stream to spawn, however, which could affect
spawning success if conditions in the Middle Patuxent subwatershed or its tributaries stream change
(Piavis, 1991). Adult yellow perch have broader salinity and temperature tolerances and often live close
to 13 years, providing them the opportunity to migrate and spawn in a subsequent year.
Relative Vulnerability Ranking: Highly vulnerable
Vulnerability Summary
Yellow perch is considered “highly vulnerable,”5 because spawning and egg development require
relatively narrow temperatures, salinities, dissolved oxygen (DO), and sediment levels (e.g., if winter

5

Vulnerability assessment relative rankings: Critically vulnerable: species, habitats, or projects are likely to
experience a complete loss of ecological function or be extirpated; Highly vulnerable: species, habitats, or
projects will likely be greatly reduced or impaired by climate change within the project area; Vulnerable:
species, habitats, or projects will likely be minimally to affected by climate change within the project area; Less
vulnerable: species, habitats, and projects likely experience a slight benefit from climate change in the project
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temperatures rise by 7°F in the winter that could be problematic for spawning). Juveniles are also
sensitive to temperature increases. Spawning and juvenile life-stages are critical stages as yellow perch
populations have been documented to decline when spawning and juvenile habitat is compromised,
which is likely under projected perturbations due to climate change. While they are considered highly
vulnerable, they are not critically vulnerable, because yellow perch have some adaptive capacity given
their life span and broad occurrence with the region.

area; and Least vulnerable: species, habitats, and projects will likely extend their range or greatly benefit,
maximizing ecological function within the project area (See Appendix B).
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Appendix E. River Herring (Alewife and Blueback Herring) Vulnerability
Assessment
Scope and Objectives
Status/ Baseline Information: River herring populations are significantly stressed in the region, and
a moratorium on river herring went into effect on January 1, 2012. Chesapeake Bay states closed their
commercial and recreational fisheries for river herring. Stressors to river herring include overfishing,
water quality, blockages, etc.
Current conservation/ restoration goals and targets: The primary goal for river herring is to
maintain and/ or increase population levels. The target river herring species are alewife and blueback
herring.
Current conservation/ restoration approaches: Approaches include a moratorium on fishery,
water quality control efforts, habitat restoration, and reduction of ocean by-catch.

Sensitivity
Temperature: River herring (alewife and blueback herring) spend their adult lives at sea along the U.S.
East Coast and migrate to freshwater to spawn in the spring. While both species are found in the
Chesapeake Bay and its tributaries during the spring, alewife range from South Carolina to
Newfoundland and blueback herring are found from northern Florida to Nova Scotia (Klauda, 1991). If
temperatures in the Chesapeake Bay region warm to resemble those of North Carolina or Florida, a
northward distributional shift in species may affect species composition in the Chesapeake Bay and its
tributaries and competition for resources in these waters.
Migration and spawning are heavily influenced by water temperature. These behaviors may also be
affected by salinity, dissolved oxygen, and sediment in the water column. Alewife return to streams to
spawn from mid-March through April, when water temperatures are between 10 to 18°C. Blueback
herring return to spawn from early April through May, when water temperatures are between 15 to
22°C (Klauda et al., 1991). River herring migration into the Chesapeake Bay and spawning may occur
earlier as spring temperatures warm. Changes in the timing of spawning could affect spawning and
juvenile success and may lead to a match-mismatch between predator and prey species (NMFS, 2012).
Many fish and bird species are dependent on river herring throughout the watershed, and reduced
spawning or juvenile success could affect these predators. The migration of juvenile alewife and
blueback herring to the ocean in the fall is triggered by decreasing water temperature, and migration to
the ocean may be delayed due to warmer fall temperatures (Klauda, 1991).

80

Precipitation: Changes in precipitation and flow may also affect the timing of river herring migration to
the ocean. These changes in migration timing may affect the overall amount of time these fish spend in
their ocean habitat.
Other Sensitivites: Blueback and alewife herring are found over a wide range of temperatures and
salinities (Klauda et al., 1991). This may buffer the impacts of related climate change impacts. However,
neither the energetic costs of such exposure nor the limits of river herring tolerances are well defined.
In addition, juveniles have been reported to prefer lower salinities (Klauda et al., 1991). An increase in
carbon dioxide in the atmosphere will result in an increase of carbon dioxide in the ocean, which will
cause ocean acidification. There is no specific information on the impacts of ocean acidification on river
herring. River herring prey may be vulnerable to acidification due to decalcification, and river herring
olfaction (chemical signaling) may be impacted (NMFS, 2012).
Conservation/ Restoration Approach Vulnerability: The success and effectiveness of water
quality control (e.g., sediment control, nutrient control) and habitat restoration efforts may be affected
by more intense storm events, sea-level rise, and an increase in water temperatures.
Adaptive Capacity
The adaptive capacity for river herring throughout the watershed is relatively high, because they are
found throughout the region and are not inhibited in the watershed, except where there are dams or
other structures. The Chesapeake Bay is at the mid-range for both species of river herring, which may
minimize distributional shifts due to warmer water temperatures. Additionally, river herring exhibit
straying behavior (not always returning to natal estuaries and tributaries to spawn), which may allow
them greater adaptive capacity to spawn in other areas if their natal streams increase in salinity or
temperature.
Relative Vulnerability Ranking: Vulnerable
Vulnerability Summary
River herring are considered “vulnerable” to climate change as river herring have broad temperature
and salinity tolerances. They are found throughout the watershed and not in an isolated area. Although
river herring vulnerability to climate change is considered moderate, it is important to remember that
these species were deemed “depleted” as a result of the recent Atlantic States Marine Fisheries
Commission (ASMFC) stock assessment and are currently at an all time low abundance in Maryland
(ASMFC, 2012). River herring are also vulnerable to development, poor water quality, predation (by
striped bass, various catfish species, etc.) and ocean by-catch. Climate change could exacerbate these
more immediate threats in the future as well as affect phytoplankton blooms on which river herring
depend.
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Appendix F. Blue Crab Vulnerability Assessment
Scope and Objectives
Status/ Baseline Information: The blue crab population is beginning to rebound within the
Chesapeake Bay, having experienced an increase in abundance over the last few years due to various
management techniques. Stressors vary as male and female life histories differ (females spawn in the
Lower Bay with higher salinities, and males often remain in lower salinity waters). However, water
quality and habitat degradation are key stressors. Overfishing has been a significant problem in the past,
but current management/ regulation has helped the population recover. In this project area, males are
more frequently found as the waters are lower in salinity.
Current conservation/ restoration goals and targets: Goals include maintaining abundance above
the appropriate biological reference point, maintaining fishing mortality below the threshold, protecting
habitat, and minimizing user conflicts. Targets include biological reference points for spawning stock
biomass and fishing exploitation.
Current conservation/ restoration approaches: Approaches include harvest and season
regulations, Bay grass restoration, and water quality improvements.
Sensitivity
Temperature and Salinity: Blue crabs can tolerate a relatively broad range of salinity levels and
temperatures. Blue crabs occupy waters ranging from near-ocean salinity of 34 parts per thousand (ppt)
to fresh water in rivers (Hines et al., 2010). Most blue crabs move to relatively deeper, warmer waters
in the winter and return to rivers, tidal creeks, salt marshes, and sounds when conditions become more
favorable in the spring. In the warmer months, males generally stay in lower salinity waters such as
creeks, rivers, and upper estuaries. Mating occurs primarily in relatively low salinity waters in the upper
areas of estuaries and lower portions of rivers. When not mating, mature females tend to favor high
salinity areas of lower estuaries and stay there for the remainder of their lives (pers. comm., MD DNR
Fisheries Staff, Sept. 2012).
Increasing salinities from sea-level rise and increasing water temperatures could affect their growth and
survival positively (Hines et al., 2010; Hines and Johnson, 2010). Blue crab larvae, called zoeae, hatch in
the Chesapeake Bay, Chincoteague Bay, and Delaware Bay, and other estuaries and drift out to sea,
where they feed and grow in the water column. Water temperature and salinity influence the growth
and survival of larvae. Optimal water temperature for the survival of larval crabs ranges from 21: C to
30: C. Salinities of 22 ppt to 28 ppt are needed for normal hatching and development of zoeae (pers.
comm., MD DNR Fisheries Staff, Sept. 2012). They consume phytoplankton such as dinoflagellates and
copepods, and temperature increases could change the timing of zooplankton blooms, creating a
mismatch between crab zoeae and their primary food source. Adult crabs are generalists, and thus,
feed on a wide variety of organisms that vary temporally and spatially, so a mismatch is less likely to
occur (pers. comm., MD DNR Fisheries Staff, Sept. 2012).
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Megalopae, post-larval stage, swim freely but generally stay near the bottom in near shore or lower
estuarine, high salinity areas. Survival and growth of megalopae may be normal at salinities as low as 5
ppt. Changes in coastal currents and weather patterns along the East Coast could affect the movement
of megalopae into Chesapeake Bay. Juveniles return to the Bay and tributaries in the winter months,
where they remain inactive. As water warms, they emerge and begin to grow and mature (Hines et al.,
2010; Hines and Johnson, 2010). Studies show that extremely cold winters restrict the growing season
and can result in longer periods of inactivity; thus, as air and waters warm and winters become milder,
crabs may have a longer growing season and more brood production (Hines et al., 2010; Hines and
Johnson, 2010). Although spawning and post-larval stages are not present in the Middle Patuxent, if
climate change benefits crab reproduction and growth, this could have benefits for the project area.
Also, as waters become warmer and higher salinity in the project area, they may become even more
hospitable to blue crabs.
Warmer waters may benefit predators as well, resulting in increased juvenile mortality (Hines and
Johnson, 2010). Ocean acidification is just beginning to be studied in the Mid-Atlantic and Chesapeake
Bay region, and it could affect the ability of the crabs to develop their carapace and development.
Other Sensitivities: Blue crabs are also prey for a diverse array of species including fish, sea turtles,
birds and small mammals. Vulnerability of blue crabs to predation may increase if the array of predator
species also increases as a result of climate change. Climate change is also predicted to affect blue crab
habitat within the Chesapeake Bay and Maryland. Shallow, nearshore habitats such as tidal marsh and
freshwater tidal SAV beds are important habitats for blue crabs. Loss of salt marsh and SAV habitat
could present a problem for blue crabs (Hines et al., 2010; Hines and Johnson, 2010). However, in the
Middle Patuxent there is no eel grass, which is the primary SAV habitat for blue crabs. Low dissolved
oxygen levels, which could result from higher temperatures and other climate-related factors, also could
reduce forage species that crabs depend on for food. Finally, wind events associated with more intense
storms could affect crab migration in and out of the Bay waters (Najjar et al, 2010)
Conservation/ Restoration Approach Sensitivity: Stock size will reflect the culmination of stressors
on the blue crab population in the Bay. The biological reference points will need to be adjusted if
necessary and may result in changes to harvest and catch regulations. Additionally, consideration may
need to be given to the SAV and salt marsh species planted in restoration efforts as temperatures warm
and sea-levels rise.
Adaptive Capacity
Adaptive capacity for blue crabs is high as they have wide salinity, turbidity, and temperature
tolerances. They are also found throughout the entire Bay watershed and their movement is not
restricted.
Relative Vulnerability Ranking: Least Vulnerable
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Vulnerability Summary
Blue crab is considered “less vulnerable” to climate change. Although the blue crab has experienced
overfishing and other problems in the recent past; their numbers have increased to some degree over
past few years. As winter temperatures warm, growing season for juvenile blue crabs may start earlier,
extending the growing season for blue crabs and reducing over-wintering mortality. Although present in
low amounts within the Middle Patuxent subwatershed, blue crabs may be able to expand their
population levels within the area as waters warm and salinity levels increase. Sea-level rise and more
intense storms may result in loss of freshwater tidal SAV beds and wetlands within the Middle Patuxent,
important nursery areas for blue crabs, but blue crabs will likely be able to adapt and find other areas
within the watershed as they have wide temperature, salinity, and turbidity tolerances.
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Appendix G. Black Duck Vulnerability Assessment
Scope and Objectives
Status/ Baseline Information: Black ducks have experienced significant declines in the region, likely
due to multiple factors, including loss of wintering habitat, hybridization with mallards, stress factors
from adjacent lands, among others (Berlin et al., 2012).
Current conservation/ restoration goals and targets: Goals could include protecting and restoring
existing wetland acreage and SAV and improving water quality. Targets include wintering black duck
populations.
Current conservation/ restoration approaches: Approaches include habitat protection,
restoration, enhancement, and management.
Sensitivity
Black ducks in the Chesapeake Bay are threatened and have experienced a significant decline since the
1950’s due to loss of wintering habitat and decrease in quality of wintering habitat, especially salt marsh
due to development, erosion, and poor water quality (Devers and Collins, 2011). Freshwater, tidal
freshwater, and brackish marshes are key wintering habitat within the Bay (Berlin et al., 2012). Within
the project area, only wintering black ducks are present (likely no breeding black ducks).
Wintering black ducks will be sensitive to climate change both because of indirect effects (i.e., climate
impacts exacerbating existing stressors) as well as direct climate effects. For example, with increased
development and sea-level rise, loss of wintering habitat and decreases in winter carrying capacity may
occur (Devers and Collins, 2011). Within the project area, tidal freshwater marshes are projected to
decrease significantly by the end of the century due to sea-level rise (based on the Sea-Level Affecting
Marshes Model), which would negatively affect availability of wintering habitat. SAV is key foraging
habitat and important to black ducks and successful wintering. SAV may experience declines in the area
by the end of the century because of sea-level rise and increasing salinity levels. Prey distribution is also
affected by salinity levels, and may be altered as sea level rises.
Decreased water quality also has been noted as a stress for black ducks in the Patuxent; thus, if water
quality problems area exacerbated due to increased runoff from more intense precipitation events or
droughts and warmer temperatures, then black ducks could be negatively affected (Berlin et al., 2012).
Additionally, as temperatures warm and diseases and pathogens are better able to survive winters and
thrive, black ducks may be more affected with increased levels of pathogens (Devers and Collins, 2011).
Conservation/ Restoration Approach Sensitivity: Wintering habitat restoration approaches t could
be impacted by changes in climate such as sea-level rise and temperatures if vegetation planted is not
tolerant of potential increases in inundation, salinity levels, or increased temperatures. Water quality
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best management practices benefiting black ducks may also be affected if stormwater controls or
agriculture practices that reduce runoff do not consider climate impacts.
Adaptive Capacity
Black ducks are more abundant on Maryland’s Eastern Shore and Chester River than the Patxuent and
Middle Patuxent subwatershed. However, much of their habitat on the Eastern Shore is significantly
threatened by sea-level rise – more so than the Middle Patuxent. Thus, if the black ducks could take
advantage of available habitat within the Chesapeake Bay and specifically the Middle Patuxent, black
ducks may have some level of adaptive capacity. Additionally, black ducks have a greater capacity to
adapt than many aquatic species as they can migrate to other suitable habitat if their habitat in this area
becomes inhospitable.
Relative Vulnerability Ranking: Highly vulnerable
Vulnerability Summary
Black duck is considered “highly vulnerable” to climate change. Black ducks will be sensitive to the
impacts climate change has on its wintering habitat within the Middle Patuxent subwatershed, including
marsh habitat. Marshes may be lost due to sea-level rise, and water quality may decrease from more
intense precipitation events negatively affecting black duck habitat and prey species. Diseases and
pathogens also may become more prevalent as waters warm (Devers and Collins, 2011). Additionally,
changes in temperature and precipitation may affect black duck prey resources in the area, which could
have detrimental impacts to their ability to survive (Berlin et al., 2012). However, black ducks also have
a great deal of adaptive capacity to climate change impacts in their ability to migrate to other more
suitable habitats. For example, the primary wintering area for the Atlantic Flyway black ducks has shifted
from the Chesapeake Bay to the New Jersey coast, likely in response to more favorable conditions along
the New Jersey coast (Krementz, 1991). Thus, their vulnerability in this area is high, but they may be
able to persist elsewhere in the region.
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Appendix H. Tidal Freshwater Wetlands Vulnerability Assessment
Scope and Objectives
Status/ Baseline Information: Freshwater tidal wetlands are well represented within the project
area. They are not in decline and are considered relatively healthy at the current time.
Current conservation/ restoration goals and targets: The primary goal for the area is to preserve
the existing tidal freshwater wetlands (much of these wetlands are in protected lands within the
watershed). Targets include tidal freshwater wetlands and the vegetation species found within the
habitat.
Current conservation/ restoration approaches: Much of the conservation/restoration efforts
focus on long-term monitoring, specifically to determine how these wetlands may respond as the
climate changes and land use changes.
Sensitivity
Hydrology and flooding patterns play an important role in plant composition and structure of tidal
freshwater wetlands (Delgado, 2011). Changes to these patterns will affect wetlands over the long-term
as will other climate change impacts. Tidal freshwater wetlands are often divided into low and high
marsh. The plants that dominate the low marsh in this area include Nuphar lutea, Pontederia cordata,
and Z. aquatic, while the high marsh vegetation includes Leersia oryzoides, Hibiscus moscheutos,
Peltandra virginica, Phragmites australis, Polygonum arifolium, and Typha × glauca (Swarth et al., 2012)
Salinity: Salinities are typically less than 0.5 parts per thousand (ppt), meaning tidal freshwater
wetlands have a low salinity tolerance (Swarth et al., 2012). Given the low salinity levels, the primary
impact to these wetlands from climate change will likely be increasing salinity levels due to intrusion of
brackish waters from sea-level rise as many species cannot tolerate salinities over 2 ppt. Salinity levels
will also be affected by the freshwater flows coming in from up river. Freshwater flows may increase as
storms become more intense, offsetting some of the changes in salinity; however, more frequent
droughts are also expected, especially in summer months, which would likely boost the rise in salinity
levels expected from sea-level rise. Additionally, tidal freshwater wetlands will be sensitive to increased
inundation due to flooding from storms (Swarth et al., 2012). Inundation may result in flooded and
water logged tidal freshwater wetlands, affecting soil chemistry.
Temperature: Water temperatures in tidal freshwater wetlands (mainly Jug Bay) range from 0 to 35 °C
throughout the year (Swarth et al., 2012). As these temperatures potentially rise by 5 to 9 °C by the end
of the century, there could be significant impacts to the vegetation in the wetlands and the species that
depend on them, especially in terms of higher temperatures decreasing dissolved oxygen content and
affecting nutrient cycles and phytoplankton blooms (Najjar et al., 2010). Examples of temperatures
impacts on key species SAV and wild rice can be found in Appendices I and K.

87

Sea-Level Rise: A likely result of sea-level rise will be an increase in the amount of brackish water into
the wetlands, and with this, there will be a potential change from low and high marsh to predominantly
low marsh (as is already seen in Virginia) – wild rice may convert to more low marsh with more arrow
arum and pickerel weed (pers. comm.., K. Moore, February 2013). Spatterdock is found on tidal flats,
which could increase in area with sea-level rise as other areas are lost; however, these plants have low
salinity tolerances (0.4 ppt or less) as do wild rice and arrow arum, which could increase their sensitivity
to sea-level rise (Delgado, 2011). These species could experience reduce growth rates, stunted growth,
and/ or salt burn. Loss of these species would mean a decrease in overall diversity as even more salt
tolerant species (more than low marsh species) take over (Delgado, 2011).
Other Sensitivities: These wetlands serve as important habitat to many bird species such as Sora rails,
egrets, waterfowl, and others that depend on these freshwater tidal wetland plants and their seed.
With the loss of high marsh, mammal habitat would be reduced. However, as these wetlands move up
river, they may still be able to provide similar services.
Adaptive Capacity
A majority of the freshwater wetlands in the subwatershed are located in protected areas where there is
minimal development on the shoreline (e.g., the Jug Bay component of the Chesapeake Bay National
Estuarine Research Reserve in Maryland and Patuxent River Park); thus, there could be s potential for
inland migration on adjacent lands. However, inland migration will likely be inhibited in the area by
slope and elevation. These wetlands could also migrate upriver as their current location becomes more
brackish.
Relative Vulnerability Ranking: Short-term: Vulnerable; Long-term: Highly vulnerable
Vulnerability Summary
Tidal freshwater wetlands are considered “less vulnerable” in the short-term and “highly vulnerable”
over the longer-term. Tidal freshwater wetlands are not likely to be negatively affected by climate
change in the short-term future (20 years); however, given the degree of sensitivity to potential climate
impacts, they are ranked as highly vulnerable to increased flooding and salinity levels from sea-level rise
over the longer-term (Neubauer, 2011). Tidal freshwater wetlands are characterized by salinities lower
than 0.5 parts per thousand (ppt). Therefore, any slight increase in salinity would trigger changes in the
system from fresh to oligohaline (0.5 – 5 ppt), which would translate to changes on the species
composition and dominance towards more salinity tolerant species. Similarly, an increase in the
frequency and duration of flooding will negatively affect species found near the lower end of their range
in the tidal frame (Aat et al. 2009). The transition from freshwater tidal wetland to more brackish marsh
likely will be a slow one as salinities increase.
Tidal freshwater wetlands also exhibit some adaptive capacity. Although surrounded by
protected areas, it is unlikely they will be able to move inland due to elevation restrictions and slope,
unless changes occur due to storm events that could alter the coastline. Tidal freshwater wetlands may
be able to migrate upriver into lower salinity waters as waters in their current location become more
brackish (pers. comm. D. Whigham, Jan. 2013). Additionally, given the projected climate change impacts
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of increased salinity and erosion/ disturbance, there is a chance for expanded invasion of Phragmites
into the Middle Patuxent. The Patuxent is one of the few systems that still has high quality wetlands
with little Phragmites, and what is present may be the native haplotype (pers. comm., D. Whigham, May
2013). Increases in the invasive Phragmites could lead to degraded wetland habitat and ecosystem
function within the system (Baldwin et al., 2010).
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Appendix I. Submerged Aquatic Vegetation Vulnerability Assessment
Scope and Objectives
Status/ Baseline Information: Native species of SAV exist within the project area, including common
waterweed (Elodea canadensis), coon tail (Ceratophyllum demersum) and southern naiad (Najas
guadalupensis), although it is dominated by the non-native species Hydrilla. SAV have experienced a
significant comeback over the last couple decades (both native and Hydrilla), especially since 1985
(Delgado, 2011). They also experienced an overall increase from 2001 to 2006 within the Jug Bay
component of the Chesapeake Bay National Estuarine Research Reserve in Maryland (Delgado, 2011).
The most prominent current threat to SAV is poor water quality.
Current conservation/ restoration goals and targets: In the past, restoration goals have included
planting SAV species if suitable water quality and restoration techniques were available. Target species
include naaids, coontail, etc.
Conservation/ restoration approaches to improve status of targets: Approaches include
growing and planting SAV and expanding SAV beds to include a diverse array of native species found in
the Patuxent. There are no Hydrilla eradication programs within the project area as studies show
Hydrilla provides similar ecosystem services to native SAV and has helped improve the health of the
area.
Sensitivity
Salinity: SAV are found in shallow waters – at 2 meters or less at mean low water; thus, they are
sensitive to increases in water levels that will occur as sea levels rise (Delgado, 2011). In deeper waters,
adequate light penetration does not occur. A study of Virginia freshwater tidal SAV beds projected that
losses from increased salinity levels from climate change would range from 13 to 76% depending on the
scenario and year (2050 or 2100) (Bilkovic et al., 2009). Additionally, sea-level rise, along with warmer
summers and increased droughts, will elevate salinity, and elevated salinity in the summer months is
particularly harmful for SAV, because this their peak growing season.
Precipitation, Storms, and Temperature: Increased rainfall and more intense storm events likely
will result in more sediment and nutrient runoff making waters more turbid. As storms become more
intense, storm surge and wave action may erode areas where SAV are found. Although the SAV species
within this section of the Middle Patuxent subwatershed are not highly vulnerable to warmer
temperatures, extreme temperatures over extended time period could affect the SAV species (Delgado,
2011). SAV serves as an important food source and nursery habitat for aquatic animals; it also helps
stabilize the shoreline and filter nutrients in the water. As the SAV decline, there will be residual effects
for the species that depend on them. Additionally, new invasive species may become more prevalent in
the warmer waters and out-compete current native SAV species. More information on specific species
is below.
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Hydrilla: Hydrilla is the dominant species in this system. It is very sensitive to even slight salinity
changes for short periods of time (Shields et al., 2012; Frazer et al., 2006; Twilley and Barko, 1990; Haller
et al., 1974). Because of this, it is likely to be negatively affected by any salinity increase due to sea-level
rise and/or increases in summer droughts. It is not sensitive to increases in temperature, however, as it
has been reported to have an optimum photosynthetic temperature of 36.5°C (Van et al., 1976).
Increases in temperature may favor this species, allowing it to become established earlier, thus limiting
the establishment of natives (Shields et al., 2012; Chadwell, 2008; Hofstra et al., 1999). Hydrilla is a
canopy-forming species, so it is able to capture surface light during peak biomass. However, during the
early growing season, it is sensitive to elevated turbidity because it is just becoming established and has
not had a chance to reach the water surface (Shields et al., 2012; Rybicki and Carter, 2002). Because of
this, increased rainfall and riverine discharge in the spring could negatively impact this species.
Coontail: Much less is known about the salinity tolerance of coontail, but surveys in other tributaries
such as those in Virginia document it growing in areas of higher salinity than H. verticillata. It is free
floating with no true roots, so is likely to be impacted by an increased frequency of storms and increased
river flow. Its optimum temperature for growth has been reported to be 28.5°C (Van et al., 1976),
significantly lower than Hydrilla, but still high enough that an increase in temperature in this system may
not impact its growth. It is also a canopy-forming species, so it is able to capture surface light by forming
dense mats. It is probably the least vulnerable to elevated turbidity due to its free-floating morphology.
Naiad: Salinity tolerances of naiad species also have not been well studied. Haller et al. (1974) found N.
guadalupensis to be more salt tolerant than H. verticillata and V. americana, with toxicity not seen until
salinity increased from 6.6 to 10 psu. Increasing water temperature may negatively impact N. minor,
especially where it is growing with H. verticillata. Shields et al. (2012) found that this species peaked
earlier in the growing season than H. verticillata, and was able to become established earlier due to
these differing growth patterns. If increasing temperatures allow for earlier establishment of H.
verticillata, N. minor may be outcompeted. Naiad species are canopy forming, so will be most
vulnerable to elevated turbidity during the early spring growing period where they have not yet been
established at the water surface.
Vallisneria americana: Vallisneria americana is not considered to be as sensitive to salinity as
Hydrilla, however, salinity stress can affect its light capturing abilities, and it has been suggested that
plants growing at 5 psu may have light requirements that are 50% higher than those growing in fresh
water (Twilley and Barko 1990; Frazer et al. 2006; French and Moore, 2003). V. americana has adaptive
abilities that allow it to exist under low light conditions, through leaf elongation, increased chlorophyll
production, and increased photochemical efficiency (French and Moore, 2003). In the tidal Potomac
River, V. americana was shown to increase while Hydrilla declined, due to production of large tubers,
increased elongation potential, and earlier germination. Similar to the other species mentioned that
become established earlier than Hydrilla, an increase in temperature may favor an earlier establishment
of Hydrilla, thus outcompeting V. americana. Also like all other species mentioned, V. americana is
thought to be most sensitive to low light during the spring and early summer period, which is a critical
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period for this plant to build up resources for continued vegetative growth and turion formation (French
and Moore, 2003).
Conservation/ Restoration Approach Sensitivity: Plantings of specific species could be sensitive to
sea-level rise and temperature changes if the type of SAV and its tolerance levels are not considered
(see above discussion). Management of invasive or non-native species will need to be considered as
new species migrate into the area.
Adaptive Capacity
SAV has low adaptive capacity primarily due to its narrow tolerances related to salinity, water depth,
and light availability requirements (although it varies between species). These tolerance levels would
likely hinder their ability to survive even small rises in sea level. The importance of light for these plants
in the spring and early summer is crucial. With climate models predicting greater runoff during this time,
there may less available light. This adds to their high sensitivity and limited adaptive capacity.
Additionally, ability to move inland will be limited.
Relative Vulnerability Ranking: Highly vulnerable
Vulnerability Summary
SAV are considered “highly vulnerable” to climate change. SAV are sensitive to climate change, and
have low adaptive capacity, especially given slope and elevation constraints to migrating inland. SAV
also survive only at specific water depths that allow for adequate light levels. Sea-level rise will increase
the water levels in the near shore environment, and more intense storm events will likely result in more
erosion and turbidity in the water column (and decreasing water quality), hindering SAV survival. The
SAV in this subwatershed are not as vulnerable to temperature as SAV elsewhere in the Chesapeake
Bay, but they are intolerant of high salinity waters.
Hydrilla, the primary SAV habitat component, is less sensitive to climate change than native SAV.
Although Hydrilla is a non-native invasive species in this system, its potential decline due to elevated
salinity and increased spring turbidity could negatively impact coexisting native species. Hydrilla may be
providing valuable ecosystem services by slowing water velocity and allowing particle settling, thus
improving water clarity for other species (Rybicki and Landwehr 2007; Shields et al. 2012). Significant
declines in these types of ecosystem engineers may cause declines in natives as well. On the other
hand, declines in Hydrilla may release native species from competition or herbivory, allowing them to
increase in abundance. However sea-level rise and increased rainfall and storm events, particularly in
the spring when light is most critical for these plants, will likely negatively impact natives even in the
absence of competition from Hydrilla.
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Appendix J. Stream Habitat Vulnerability Assessment
Scope and Objectives
Status/ baseline information: The majority of stream habitat in the Middle Patuxent subwatershed
is considered impaired for nitrogen and phosphorus with a Total Maximum Daily Load (TMDL)
developed; however, Route 214 to Route 50 is not considered impaired. The entire project area is
considered impaired for sediment with a TMDL developed.
Current Conservation/ Restoration Goals and Targets: Goals include restoring habitat, improving
water quality, and restoring/emulating ecosystem functions. Targets include stream health, native fish
species, and water quality.
Current conservation/ Restoration Approaches: Conservation approaches include restoring and
conserving stream beds and riparian areas, and implementing BMPs and other actions to improve water
quality. Restoration efforts for streams include water quality improvement measures, stream bed
restoration, and riparian area restoration.
Sensitivity
Stream habitat within the main stem of the Middle Patuxent subwatershed and its tributaries will be
sensitive to climate change, primarily from impacts that will occur from more intense storm events.
These storm events will exacerbate already existing water quality problems such as stormwater runoff,
nutrient and sediment run off, erosion, etc (Najjar, 2010). Warmer temperatures will also cause stream
and river waters to warm, especially in areas that have more shallow waters. These increased water
temperatures may affect timing for fish spawning and juvenile development, vegetation growth,
incident of disease, invasive species, and increases in harmful algal blooms (Najjar, 2010).
Stream bed and bank restoration projects often include bank stabilization and erosion/ sediment control
measures, habitat restoration and reforestation or other riparian restoration projects. All of these
efforts will likely be sensitive to climate change. For example, bank stabilization and erosion control
methods may be sensitive to increasing precipitation and storm events and resulting changes to extent
and timing of flows (this will depend on type of method used). Habitat restoration mechanisms (e.g.,
riparian buffers) could be sensitive to increasing water temperatures, changes in precipitation and flow
regimes, changes to water quality resulting from changes to inputs into the system, depending on the
type of activity (Seavy et al., 2009; Palmer et al., 2008). Droughts may also affect stream levels, resulting
in impacts to a streambed restoration projects (Najjar, 2010). Vegetation along the riparian area may be
sensitive to changes in temperature especially, as well as precipitation levels.
Increased precipitation events and storms will affect the amount of runoff of non-point source and point
source pollution into the Middle Patuxent (Najjar, 2010). If water quality control strategies do not
account for these potential changes, the river and its tributaries could be more sensitive to these
changes in precipitation, runoff, stream flows, etc. Pollutant loads entering the subwatershed could also
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be affected by more intense precipitation events that lead to increased runoff. Higher temperatures
and droughts may also negatively affect water quality best management practices.
Adaptive Capacity
Streams that have riparian buffer areas and other protection mechanisms (e.g., erosion control
measures, stormwater best management practices, etc.) in place have a greater adaptive capacity than
other streams. In terms of stream restoration projects, managers can select streambed stabilization and
erosion control measures that are better able to accommodate projected future changes. Additionally,
for riparian restoration, vegetation species can be selected that will be more tolerant of future
temperatures and salinity and flood regimes. Water quality control practices can be adapted to include
specific measures to help address vulnerabilities to climate impacts.
Relative Vulnerability Ranking: Highly vulnerable
Vulnerability Summary
Stream habitat is considered “highly vulnerable” to climate change. Stream habitat is extremely
vulnerable to impacts from increasingly intense storm events and projected increases in precipitation in
the winter and spring months. Increased stream flows will result in increased runoff that likely will be
high in nutrients and pollutants. More intense flows may also result in increased erosion along banks,
increased sedimentation within the stream, and braiding within stream channels. Higher temperatures
will negatively affect various life cycles of sensitive fish and invertebrate species, and may result in
increases in invasive species, increases in harmful algal blooms, and decreases in dissolved oxygen.
Changes may also occur to phytoplankton bloom cycles, resulting different species succession and a
mismatch for species that feed on the phytoplankton and zooplankton. Additionally, if there are
increases in temperatures and decreases in precipitation during the summer months, stream flows will
be diminished and nutrient and pollutant levels will be in higher concentrations.
Streams are responsible for three of the most important functions in the formation of the landscape:
erosion, transportation, and deposition of sediments. These functions are controlled by the energy of
the stream, and the energy of the stream is determined by the stream's gradient (the slope of the
stream) and discharge (the volume of water passing through the channel per unit of time). More
extremes in future precipitation events and flow regimes will also affect stream restoration efforts such
as stream stabilization, erosion control projects, and other water quality management practices.
Although these projects inherently have a relatively high adaptive capacity, if projected climate changes
are taken into consideration during the design of the project, stream restoration and water quality
control projects are still moderately vulnerable. Precipitation and discharge changes will be variable and
are difficult to predict. Designing a project that can accommodate the change to the degree needed may
not always be possible, thus not all vulnerabilities may be mitigated by climate-smart design.
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Appendix K. Wild Rice Vulnerability Assessment
Scope and Objectives
Status/ baseline information: Wild rice (Zizania aquatic) was decimated by Canada geese in the
1990’s; however, with active management of geese and enclosure of the wild rice, it has experienced a
significant come back and are healthy habitats within the project area (Haramis and Kearns, 2007).
Current conservation/ restoration goals and targets: Goals include reducing existing stressors and
working to restore/emulate ecosystem functions. The target is wild rice habitat.
Conservation/ restoration approaches to improve the status of the targets: Approaches include
growing enclosures to protect from Canada geese and Canada geese removal.
Sensitivity
Wild rice will be extremely sensitive to increasing salinity levels from sea-level rise as the plants salinity
tolerance is 0.4 parts per thousand (ppt). This will be a gradual impact as waters become more brackish
over the long-term. Wild rice habitats will also be sensitive to increasing water levels as the area is more
frequently flooded as storms become more intense with climate change. During times of inundation of
30 to 50 centimeters (11 to 20 inches), wild rice will produce less seed and smaller seed; thus, as sea
levels rise and precipitation increases, wild rice will likely be negatively affected (Delgado, 2011).
Additionally, more intense storms will likely increase erosion and scouring, negatively affecting these
habitats. Possible effects of warmer waters are unknown, but observation shows that wild rice does not
grow as tall in warmer waters south of the Jug Bay component of the Chesapeake Bay National Estuarine
Research Reserve in Maryland (pers. comm, G., Kearns, Sept. 2012).
Growing enclosures to protect wild rice from Canada geese could be vulnerable to storms and high
winds, but generally are not very vulnerable. There are multiple invasive plant species in the area. If the
invasive species benefit from climate change, they could out-compete existing native wild rice plants.
However, if salinity levels rise above wild rice tolerances, no management techniques will be sufficient
enough to maintain this habitat.
Adaptive Capacity
Adaptive capacity for wild rice and its restoration is minimal as they require very specific and shallow
depths for survival as well as specific turbidity levels. Preventing Canada geese from destroying the wild
rice will help it maintain resiliency as will plantings, but restoration projects or helping transition inland
may be difficult given specificity of needs and the uncertainty of the degree and timing of sea-level rise.
Relative Vulnerability Ranking: Short-term: Vulnerable; Long-term: Highly vulnerable
Vulnerability Summary
Wild rice restoration is considered “vulnerable” in the short-term but “highly vulnerable” over the
longer-term. Wild rice populations constitute a significant component of Jug Bay’s tidal freshwater
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wetlands, and are relatively healthy at the present time. The most detrimental impact from climate
change on wild rice (increase in salinity from sea-level rise) will likely happen gradually over a longer
time frame. In the short-term, wild rice vulnerability to climate change may be attributed to the
potential impacts from more intense storm events. This is especially true during late summer and fall
when wild rice is blooming and producing seed, when flooding could uproot or drown small plants. It is
important to note that the seed bank is extensive in the Jug Bay area – so it is possible for regeneration
to occur if optimal conditions return.
As sea levels rise and increase the frequency and duration of flooding, wild rice will likely become
increasingly vulnerable to climate change impacts. Also, wild rice species have very narrow salinity
tolerance levels (Scofield 1905; Garfield 2006; Crocker 2008). Any significant and permanent salinity
change within the tidal freshwater wetland system beyond the current average of 0.5 ppt will largely
impact wild rice populations and their survival, no matter how effective the management techniques.
Salinity impacts on tidal freshwater wetlands, including wild rice, may also be exacerbated by the
occurrence of drought events. These events result in lower freshwater flows into the system, which
then may translate into temporal salinity spikes that can last several days (Delgado, pers. comm., Jan.
2013).
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Appendix L. Salt Marsh Restoration Vulnerability Assessment
Scope and Objectives
Status/ baseline information: Salt marsh within the project area is minimal in extent and exists at
the very southern end of the area (near Route 231). Throughout the Bay region, salt marsh is very
vulnerable to sea-level rise and climate change; however, in our project area it is less vulnerable and
projected to increase.
Current conservation/ restoration goals and targets: Goals include restoring tidal marsh,
improving habitat connectivity, maintaining/improving diversity, reducing existing stressors, and
restoring/emulating ecosystem functions. Targets include salt marsh habitat and vegetation species.
Current conservation/ restoration approaches: Approaches include restoration of salt marsh
plants, restoration of salt marsh habitat, invasive species removal, and improving water quality.
Sensitivity
Sea-Level Rise: Tidal salt marsh will be sensitive to sea-level rise impacts, including inundation, tidal
flow pattern changes, changes to sediment transport and vertical accretion rates, changes to erosion
rates, changes in species composition , salinity regimes, and tidal amplitude (Cahoon et al, 2009).
Increased intensity of storms also may affect erosion rates and result in loss of tidal salt marsh (Najjar,
2010). If sea-level rise results in more rapid inundation of tidal salt marsh, then it is likely that much of
the salt marsh will convert to tidal flat or open water as vertical accretion from organic deposition may
not keep pace with accelerating sea-level rise.
CO2 Increases and Temperature: Increasing CO2 levels and temperatures may be beneficial for some
wetland plant species in terms of increased rates of biomass production; however, it is unclear if this will
help ameliorate impacts of sea-level rise and inundation to tidal salt marshes (Najjar, 2010). The 2011
Sea Level Rise Affecting Marshes Model analysis by Maryland DNR shows that Anne Arundel, Prince
George’s and Calvert counties (primary location of Middle Patuxent subwatershed) will all gain regularly
flooded marsh or salt marsh. However, this analysis does not account for hardened shorelines or other
impediments to habitat change.
Precipitation/ Storm Events: Changes in precipitation levels, droughts, and storm events could also
affect nutrient and sediment input into tidal salt marshes, negatively affecting the species that live
there. More specifically in terms of species impacts within salt marsh habitat, dominant marsh plant
species may be able to keep pace with sea-level rise as moderately warmer temperatures and increases
in precipitation will likely result in increased production of biomass; however, this will also depend on
ability to move inland and/ or up river(Charles and Dukes, 2009).
Phragmites: Phragmites have been shown to expand based on increased temperature; however,
inundation from sea-level rise could help protect against Phragmites expansion in low marsh based on
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their intolerance of high salinity waters (EPA, 2008). Conversely, inundation could stress the system,
making it more conducive to invasion by Phragmites (Najjar, 2010). Expansion will likely depend on the
rates of sea-level rise and inundation of the area.
Conservation/restoration approach sensitivity: Depending on sea-level rise, target elevation
selection for a project may not be sufficient over the long term. Restoration efforts in the Middle
Patuxent subwatershed may involve fill with clean sand and minimal structures, occasionally biologs and
rocks. Vegetation may be sensitive if it is not tolerant of floods or not able to withstand higher salinities.
Invasive species control could become more difficult if invasive species are expected to outcompete
native plants with increased temperatures, CO2 levels, and changes to salinities. Considering potential
changes to the system and the restoration practices in place (i.e., not placing creek channels, culverts,
and flow and water control structures that would be could be sensitive to increasing sea-levels as well as
more intense storm events), it may be advantageous to implement more restoration efforts as they are
not likely extremely sensitive to changes in sea-level, salinities, and temperatures. However, potential
changes to bench height, temperatures, and salinities will need to be carefully considered.
Adaptive Capacity
Salt marsh has moderate ability to adapt. Historically, vertical accretion rates have kept pace with sealevel rise; however, the current rates and project rates are much greater, and it is unclear if salt marsh
will be able to keep pace. Even if salt marsh is able to keep pace, it will depend if it can migrate inland
and whether there are structural obstructions or other potential conflicts (e.g., agriculture or forestry
lands). In the Middle Patuxent although there is a significant amount of development inland affecting
run off and pollution and sediment levels, much of the land directly on the shoreline is protected which
could allow for inland migration. However, slope and elevation may hinder this migration.
Salt marsh conservation and restoration approaches have a high level of adaptive capacity because
managers and restoration specialists can select vegetation types to plant based on sea-level rise
projections, considering more flood and salt tolerant species. Managers can also consider the design
specifications of related infrastructure based on sea-level rise as well as temperature and precipitation
projections. Finally, sea-level rise maps and other climate change data allows managers to consider
where best to conduct tidal wetland restoration and estimate the longevity of the project – perhaps
there is long-term sustainability or perhaps it is still valuable as a bridge strategy.
Relative Vulnerability Ranking: Vulnerable
Vulnerability Summary
Salt marsh restoration is considered “less vulnerable” to climate change, but within the Middle Patuxent
subwatershed, salt marsh is found only along the fringes at the southern end of the project area.
Studies show that salt marsh appears to be able to withstand climate change impacts such as increasing
temperatures and carbon dioxide levels, even benefiting from these changes. However, depending on
the rate of sea-level rise and resulting inundation, these salt marshes may or may not keep pace. Given
that there is a significant amount of protected land along the Middle Patuxent subwatershed (federal,
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state, and county lands and conservation easements,) there may be more possibilities for inland
migration if areas are managed and protected for this purpose; however, steeper slopes could prevent
this migration. Additionally, sea-level rise is expected to be extensive in Maryland, but the salt marsh
along the Middle Patuxent may not be as greatly impacted because of its location up-river. Salt marsh
areas may even increase according to the Sea-Level Affecting Marshes Model (SLAMM).
Although tidal salt marsh is sensitive to sea-level rise and intense storm events, salt marsh restoration
projects can be designed to take climate change into consideration in a variety of ways. By considering
climate change throughout the design and implementation project, managers ensure salt marsh
restoration is climate-smart by minimizing projected impacts to salt marsh or helping prepare for
transitioning habitats. Tidal salt marsh restoration projects could be more vulnerable than the habitat
itself if the actions taken do not consider future climate impacts (i.e., planned elevation could be off,
plants might not withstand inundation or increased salinities, infrastructure used may not be able to
withstand more intense storms or other climate changes).
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Appendix M. Fish Passage Vulnerability Assessment
Scope and Objectives
Status/ baseline information: Within the project area, there are only a few small blockages and fish
passage structures. The state maintains control of these structures and monitors changing conditions to
open and close passages as needed.
Current conservation/ restoration goals and targets: Goals include improving habitat
connectivity, reducing existing stressors, and restoring/emulating ecosystem functions. Targets are fish
passage projects for benefit of native fish species.
Current conservation/ restoration approaches: Approaches include construction of fish passage
structure and control of flow management regimes.
Sensitivity
There are several mechanisms used to create fish passage when removing a dam is not possible. Most
of these mechanisms are affected by stream flows, which are sensitive to precipitation patterns,
groundwater input (base flow), and evaporation (McBean and Moitee, 2008). Effectiveness of fish
passage design is sensitive to changes in the extent and timing of high and/or low flows. Thus, as
precipitation changes and storms become more intense, these structures may be sensitive to these
changes if they are not planned for in design. These structures could be especially sensitive if not
designed to withstand the various changes that will occur throughout the year as well, as flows change
from winter to summer or droughts become more prevalent in the summer. Some types of passages
also need to be kept clear of debris, which could be challenging as storm events become more severe.
Priorities for removing dams or adding fish passage could also change based on changing conditions, and
certain streams could become a higher priority for passage or removal based. Additionally, target fish
species are sensitive to timing and volume of streamflows for migration and spawning, as well as water
temperatures although sensitivity varies by species. See river herring and yellow perch for examples of
species specific vulnerabilities.
Adaptive Capacity
The existence of a dam limits the natural adaptive capacity of the river system and associated species.
Adaptive capacity of various project approaches will depend on relative ability to alter project design.
The ability to make changes in flow management may be constrained due to other demands for water
resources in the region.
Relative Vulnerability Ranking: Vulnerable
Vulnerability Summary
Fish passage is considered “vulnerable” to climate change. More extremes in future precipitation events
and flow regimes may make it more difficult for fish to navigate a fish passageway (e.g., low flows may
make navigation around/over barrier difficult/impossible in summer; high flows may prevent passage of
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species that are not able to expend the necessary energy). There is relatively high adaptive capacity for
fish passage projects that involve blockage removal rather than constructing passageways (e.g., fish
ladders). Projects that remove blockages are not highly vulnerable and have a low ranking of
vulnerability. Although projected changes to precipitation and flow are variable, removing blockages
ensures river connectivity, a natural resilience to climate change.
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Appendix N. Oyster Restoration Vulnerability Assessment
Scope and Objectives
Status/ baseline information: Less than 10 oyster bars exist within the project area, and they are
found at the most southern section. These oysters are at their upper end of their overall range and low
in number. Sedimentation from runoff is the primary and most immediate threat that oysters face in this
area.
Current conservation/ restoration goals and targets: Goals include restoring oyster beds into the
Middle Patuxent subwatershed and facilitating population recovery. Targets are native oysters.
Current conservation/restoration approaches: Approaches include new bar construction, existing
bar restoration, and seed bar construction.
Sensitivity
Temperature: Oysters can survive a wide range of temperatures, with adverse effects in development
above 35° C and a critical thermal maximum of 48° C (MacInnes and Calabrese, 1979; Henderson, 1929).
Oysters will likely survive any direct effects of temperature increases of the predicted
magnitude. However, increased summer temperatures may lead to a decrease in dissolved oxygen.
Although oysters can tolerate hypoxic conditions for short periods of time, they may not be able to
tolerate extended periods of hypoxia (Galtsoff, 1964). Spawning is triggered by a water temperature of
20° C (Stauber, 1950). Any increase in temperature may result in earlier in spawning, which in turn in
may result in a mismatch in timing between larvae and their algal food source. An increase in
temperature would increase feeding rates of ectothermic predators. These predators include cow nose
rays, crabs, and flatworms.
Disease: Two protist diseases affect oysters in Chesapeake Bay: MSX (Haplosporidium nelsoni) and
Dermo (Perkinsus marinus). The optimum temperature for MSX disease is 20° C, and the optimum
temperature for Dermo is 28° C (Ford and Tripp, 1996). Increasing temperatures may lead to an earlier
onset of these diseases, as well as a prolonged period of virulence. If temperatures exceed the optima
for the diseases, a decrease in virulence may be expected (Cook et al., 1998).
Salinity: The oysters in the Middle Patuxent subwatershed are at the top end of their range, with only
five oyster bars in the focal area. An influx of sea water would increase salinity, thus increasing the
range of the oyster in the Middle Patuxent subwatershed, assuming there is adequate substrate for
larval settlement. The oyster diseases MSX and Dermo are more prevalent in higher salinity waters;
therefore, any increase in salinity due to sea-level rise would increase oyster disease rates. Some oyster
predators, such as starfish and oyster drills, are currently absent from the Middle Patuxent
subwatershed due to the relatively low salinity. An increase in salinity may allow these predators to
move into areas where they were previously absent.
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Precipitation: The region is projected to see increases in winter and spring precipitation up to 10% by
2100. Increased precipitation may lower salinity to a point where oysters are not found in the Middle
Patuxent subwatershed, given that they are only found in the saltiest part of this stretch. The incidence
of the oyster diseases MSX and Dermo will decrease with decreasing salinity. An increase in both sealevel rise and precipitation may cancel each other out as far as salinity is concerned. On the other hand,
an increase in sea-level rise and precipitation may lead to increased stratification, and consequently
lower dissolved oxygen in the bottom waters (pers. comm.. E., Weissberger, Oct. 2012).
Storms: Storms in the Chesapeake Bay region are projected to become more intense; however, likely
less frequent (Najjar, 2010). Increased storm intensity or frequency could result in increased
sedimentation of oyster bars.
Ocean Acidification: Increases in CO2 emissions result in increased absorption of CO2 by the ocean.
This process results in increased acidification due to the formation of carbonic acid. Increased acidity
may result in thinner shells of oysters of all life history stages, which may render them more vulnerable
to predation. Oysters may have to expend more energy to build and maintain their shells against the
calcium carbonate solubility gradient. This may leave less energy available for growth and reproduction
(pers. comm. E., Weissberger, Oct. 2012).
Adaptive Capacity
Oysters have broad salinity and temperature tolerances; however, they cannot readily move to other
areas or inland if conditions become less favorable or diseases or predators increase as conditions
change.
Relative Vulnerability Ranking: Critically vulnerable
Vulnerability Summary
Oysters and restoration projects are considered “critically vulnerable” to climate change within the
Middle Patuxent subwatershed. Although oysters have a broad salinity tolerance, which is useful in
areas where salt water intrusion could be a problem, increased precipitation and more intense storm
events could harm the oysters in terms of increasing nutrient and pollution levels. Reductions in salinity
levels could decrease oyster abundance, spat settlement, disease levels and filtration rates. Higher
temperatures would favor harmful diseases and lower dissolved oxygen. Additionally, oysters are not
highly mobile, preventing them from moving to other areas if needed, but they can withstand negative
environmental conditions for short periods by remaining closed. These factors are important in this
system where there are less than 10 live oyster bars. In general, the impacts of climate change on
oyster populations in the Middle Patuxent will depend on how salinity changes and corresponds to the
location of suitable bottom habitat. There is significant uncertainty regarding the effects/impacts of
predicted precipitation changes. Although oyster restoration efforts have been and can be successful,
proposed restoration projects will need to take into account the uncertainty associated with climate
change.
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