[bookmark: Table]NBS Design Assessment Worksheets
Supporting community decision-making through climate-smart design of resilient nature-based solutions (NBS)
These climate-smart design worksheets provide a structured method to evaluate the strategic design of NBS and other management interventions to ensure they remain robust in the face of changing environmental conditions and associated risks. They were developed and applied in a report,  “Climate-Smart Design Assessment Based on Vulnerabilities of Selected Nature-Based Solutions under Consideration for Crisfield, Maryland”, as a contribution to the U.S. Environmental Protection Agency’s (EPA) coastal community resilience research. For that research, the EPA Organon (Figure 1) was used as a structured process for organizing, integrating, and synthesizing diverse research components to serve the needs of partners in Crisfield, Maryland (MD). For more details, please see the Organon partner project write up, Crisfield Solutions Driven Research (SDR). Figure 1. The EPA Organon is a collaborative framework for resilience planning. Climate-smart design of interventions based on site-specific vulnerabilities occurs in Steps 2-4 of the cycle.

Results and lessons learned from the Crisfield SDR Organon partner project informed the development and use of the report worksheets (attached below). The worksheets include:
· Section A: Assessing NBS vulnerabilities using worksheets adapted from a guide for assessment originally developed for coral reefs.
· Section B: Evaluating climate-smart designs using worksheets adapted from an EPA tool for improving NBS configurations to reduce vulnerabilities and increase resilience.
The worksheets contain example information based on NBS being considered for implementation in Crisfield, MD, which is a community challenged by sea level rise and associated tidal flooding. However, the tables are fully editable and can be used for assessing vulnerabilities and associated climate-smart design responses for other NBS and other natural resource management interventions in other locations. 
Users can keep information that fits their location or NBS (or other intervention) type and change information that does not. The tables are not comprehensive or universally applicable but rather are meant to provide ideas and examples for creative thinking.

[bookmark: _Toc205360100][bookmark: AppendixA][bookmark: Section1]Section A: Assessing vulnerabilities of selected NBS under consideration for Crisfield, MD

These vulnerability worksheets were adapted from a Local Early Action Planning Guide (U.S. Coral Triangle Initiative Support Program 2013). In this case they are used with a targeted literature review to assess the potential vulnerabilities of Janes Island oyster reefs, dunes and marshes that support nature-based solutions (NBS). Here, vulnerabilities of NBS are characterized by exposure, sensitivity, and adaptive capacity in the face of key climate and non-climate stressors that affect NBS functionality regarding wave and storm surge attenuation functions. Identification of changes in the key stressors, which in turn drive changes in environmental conditions, are estimated as threats and potential impacts that result in system vulnerabilities. 

I. Threats and Impacts 				

II. Vulnerabilities 					
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[bookmark: ThreatsImpacts]I. THREATS AND IMPACTSPotential Impacts
Climate Threats

	Stressors of concern
	Magnitude and direction of change over time based on latest climate science
	Changes in environmental conditions 

	Potential impacts to natural and social resources


	· Sea level[footnoteRef:1] [1:  Largely from Boesch et al. 2018; https://www.umces.edu/sea-level-rise-projections ] 

	Sea level has risen and is projected to continue to rise in Chesapeake Bay, including near Crisfield, MD.
Historical: Tide-gauge records show that sea level rise (SLR) in Chesapeake Bay has been occurring at an average rate of 1.3 to 1.5 in per decade over the past 100 yrs, 50% more than the global historical average observed over the same period. For the Chesapeake Bay, global SLR is compounded by substantial rates of land subsidence (average rate of 3.1 mm per year between 2006 and 2011 due to a combination of groundwater withdrawal and natural geologic effects associated with post-glaciation adjustments). (from https://statesummaries.ncics.org/chapter/md/).
Projections: From Boesch et al. 2018, and ‘Projections for Maryland 2023’ website (footnote 1) and NOAA State climate summaries (footnote 2): The Likely range (66% probability) of the relative rise of mean sea level expected in Maryland between 2000 and 2050 is 0.8 to 1.6 ft, with about a one-in-twenty chance it could exceed 2.0 ft and about a one-in one hundred chance it could exceed 2.3 ft. Sea level along Maryland's shores will very likely rise 1 ft between 2000 and 2050—as much as it did over the whole of the last century—and could rise 1.5 ft. Sea level is unlikely to rise more than 3 1/2 feet by the end of the century. Accounting for local, mainly tidally driven changes in SLR projections within Chesapeake Bay, SLR near Crisfield (specifically at Lewisetta) will, on average, be very close to the NOAA-projected median rise (approximately 1.3 ft by 2050; Ezer 2023).
From the Chesapeake Bay Program website[footnoteRef:2]: Over the past century, Bay waters have risen about 1 ft and are predicted to rise another 1.3 to 5.2 ft over the next 100 yrs. This is faster than the global average, because the land around the Bay is sinking through subsidence. [2:  https://www.chesapeakebay.net/issues/threats-to-the-bay/climate-change#:~:text=During%20large%20rain%20events%2C%20river,and%20into%20rivers%20and%20streams] 

from Dhond et al. 2024: The Chesapeake Bay is experiencing regional land subsidence, which, in concert with global SLR, is leading to some of the highest rates of relative sea-level rise (RSLR) in the United States (Boon & Mitchell, 2015; Ezer & Atkinson, 2015; Sherpa, Shirzaei, & Ojha, 2023).
From Najjar 2024: SLR rates are projected to double by mid-century:
[image: A bar graph showing average decadal rates of sea level rise in Baltimore, Maryland and Norfolk, Virginia]
	Increased tide heights (including king tides) and associated tidal flooding on a weekly to daily basis. More frequent and severe inundation (of wetlands and low-lying uplands) from storm surge, including greater inundation depths and larger areas of inundation. Greater rates of shoreline erosion; saltwater intrusion into groundwater.
	Damage to key infrastructure, homes, and culturally important areas within the town of Crisfield; decreased near-coastal water quality, coastal flooding, and drainage issues. Drowning (or migration) of tidal marshes, loss (or migration) of SAV habitat, and saltwater intrusion that can compromise groundwater sources of fresh drinking water, as well as alter habitat suitability for aquatic life. Reduction in dune elevation relative to mean sea level, increasing exposure to wave erosion, and which in combination with more severe storms will increase storm wave erosion and risk of overtopping.
From Najjar 2024:
· 60% of marsh units in the Chesapeake Bay region have unvegetated/vegetated ratios (UVVR) of less than 0.15, suggesting widespread degradation of existing marshes under faster sea level rise rates (Ganju et al., 2024)
· Nevertheless, there is potentially 1050–3748 km2 of land available for marsh migration across the Chesapeake Bay, like the total area of tidal marsh in the Bay
· Warnell et al. (2022) project 12% loss with 0.6 m of SLR and 69% loss with 1.2 m of SLR of MD and VA marshes by end of century.
· While CO2 and temperature are important drivers of marsh processes, there are numerous compensating effects, leaving sea level as the dominant driver.

	· Air temperature
	Air temperature has increased and is projected to continue to increase in Maryland and the Chesapeake Bay area. 
Historical: In MD, average temperature has increased by about 2.5°F (1.39°C) since the beginning of the 20th century (NOAA 2022). The average number of very hot days per year increased from 6 in the period of 1950-84 to 7 in the period of 1985-2020; and the number of warm nights[footnoteRef:3] increased from 3 to 5 for the same periods. Climate modes (e.g., PDO, ENSO, NAO, and AMO[footnoteRef:4]) play an important role in interannual variability in temperature and precipitation trends (Schulte et al., 2016) (from Najjar 2024). [3:  In NOAA's climate change assessments, a "warm night" is defined as a night with a minimum temperature at or above 70°F (21°C).]  [4:  PDO = Pacific Decadal Oscillation; ENSO = El Nino Southern Oscillation; NAO = North Atlantic Oscillation; AMO = Atlantic Multidecadal Oscillation.] 

Projected: Average air temperatures in MD are projected to continue to increase by a minimum of 2.5oF under a low emissions scenario to an increase of 10oF under a higher emissions scenario. The intensity[footnoteRef:5] of summer heat waves is expected to increase, while the intensity of winter cold waves is expected to decrease. [5:  NOAA defines the intensity of summer heatwaves using a combination of factors, including the duration, frequency, and spatial extent of the event, as well as the magnitude of temperature anomalies, often expressed as "degree days".] 

	Warmer temperatures, higher rates of evapotranspiration, changes in rainfall patterns with potential increase in drought conditions
	Increased air temperatures may lead to substantial decreases in plant diversity, with shifts in plant community composition favoring Spartina patens (a C4 plant) over forbs (C3 plants), though mechanisms for this observation go beyond simple temperature tolerances (Gedan & Bertness, 2009). Factors including species viability/robustness under increasing temperatures, productivity under changing temperature and CO2 regimes (e.g., C3 vs C4 plants), and others may be important. Furthermore, increased temperatures could lead to a longer growing season, resulting in higher biomass and carbon accumulation, particularly when the marsh plants are more tolerant to higher temperatures (Colombano et al., 2021; Gedman & Bertness, 2010). [from Dhond et al. 2024]
For the dominant native dune grass in Maryland, American beachgrass (Ammophila breviligulata (Terrel and Peterson (2009), a 5oC increase in temperature can decrease survival by 45%, as well as reduce root biomass, which contributes to dune stabilization (Emery & Rudgers 2013). A. breviligulata had lower biomass and tiller production when exposed to warming and high rates of sand burial (Biel & Hacker 2021).

	· Water temperature
	Water temperatures have increased and are projected to continue to increase in the Chesapeake Bay, including the vicinity of Crisfield. 
Historical: From https://www.chesapeakebay.net/issues/threats-to-the-bay/climate-change#:~:text=During%20large%20rain%20events%2C%20river,and%20into%20rivers%20and%20streams: water temperature in the Chesapeake Bay region's rivers and streams increased by an average of 1.2oF between 1960 and 2014. A study by the U.S. Geological Survey (USGS) found an overall increase of 1.98 degrees F in air temperatures and 2.52 degrees in stream temperatures in the Chesapeake Bay region from 1960 to 2010. Average annual stream temperatures have increased by 1.1°F (.61°C) in the past six decades in the Chesapeake Bay watershed according to the USGS. In the Chesapeake Bay proper, the average water temperature has increased by 1 degree Celsius (1.8 degrees Fahrenheit) Over the past 30 years (https://www.fisheries.noaa.gov/topic/chesapeake-bay/climate-change). Warmer waters are also less able to hold oxygen. A drop in dissolved oxygen means a rise in the dead zones that suffocate marine life.
Projected: Chesapeake Bay waters will continue to warm, with average increases by end of century of 2.3-3.0oC for the lower emissions scenario to >5oC for higher emissions scenario (Muhling et al. 2018). Under the two higher emissions scenarios modeled, summer Bay water temperatures could be >30oC, by 2071–2100, compared to a historical (1970–1999) mean of 25.5–26 °C.:
[image: Projected trends of increasing water temperatures from 2010-2100 according to four Global Climate Models]
	Warming Chesapeake Bay and tributary waters, associated decreases in water DO concentrations, and changes in Bay mainstem and tributary stratification, which during summer (higher temperature) months can influence bottom hypoxia, surface to bottom temperature profiles, and other hydrographic conditions.
	Shifts in submerged aquatic vegetation (SAV) community composition to more heat-tolerant species (e.g., from eel to widgeon grass). SAV are susceptible to extreme die-offs due to heatwaves (Aoki et al., 2021; Hensel et al., 2023), as well as loss of sediment and plant uprooting due to high intensity waves from extreme storms (Gurbisz, Kemp, Sanford, & Orth, 2016; Oprandi et al., 2020). 
Hot summer months can help algae flourish, and the resulting algal blooms can block sunlight from reaching underwater grass beds. Algal blooms can also produce toxins that cause widespread fish kills and lead to low-oxygen dead zones that suffocate marine life.
Warmer temperatures could increase blue crab growth but decrease shell thickness and strength (https://www.epa.gov/climateimpacts/climate-change-connections-maryland-blue-crab). Rising water temperatures typically decrease juvenile blue crab carapace thickness and adult size at maturity (Cunningham and Darnell, 2015; Glandon et al., 2018). Increasing water temperatures will reduce the duration of blue crab overwintering (dormant phase buried in the mud), thereby extending the period of crab predation on benthos, and potentially reducing reproductive success and increasing mortality. On the other hand, shorter overwintering periods due to increasing water temperatures could decrease winter mortality and increase blue crab populations (Landon et al. 2019). Overall, the loss of marshes and SAV due to climate change (particularly SLR) is considered a threat to blue crab populations because it represents a loss of nursery and feeding habitat (NOAA n.d.). 
Over the last century, Chesapeake Bay oyster numbers plummeted to just a fraction of historic levels due to disease, overharvesting, pollution, and habitat loss.  (https://www.cbf.org/news-media/newsroom/2024/all/chesapeake-oyster-recovery-key-to-climate-resilience-community-vitality-and-bays-future-new-cbf-report-says.html). Rising water temperatures typically increase mortality of both small (<35 mm) and large (>35 mm) oysters (Southworth et al., 2017). Elevated temperatures reduce energy reserves and increase mortality of adult oysters, and the combined effects of reduced pH (via increased dissolution of CO2) and temperature causes reductions in shell hardness (Ivanina et al., 2013; Matoo, Ivanina, Ullstad, Beniash, & Sokolova, 2013).

	· Extremes: Severe storms, droughts
	The number and intensity of heavy rain events and other major storms have increased, and these trends are expected to continue in the Chesapeake Bay near Crisfield.
Historical: Average annual precipitation in Maryland has increased about 5 percent in the last century, but precipitation from extremely heavy storms has increased in the eastern United States by more than 25 percent since 1958 (USEPA 2016). In MD, the average annual number of 2-in extreme precipitation events has increased from 1.8 days per year during the 1950–2004 interval to 2.5 days per year during the 2005–2020 interval. The fraction of hurricanes that are major (category 3–5) is increasing in the North Atlantic Ocean (Kossin et al. 2020).
North Atlantic tropical cyclones (TCs) have changed over the past several decades:
· More frequent (Kossin et al., 2020)
· More intense (Kossin et al., 2020)
· Translating (moving forward) more slowly, increasing precipitation totals (Kossin, 2018)
· Intensifying faster over the ocean (Garner, 2023)
· Decaying more slowly over land (Li and Chakraborty, 2020)
· Landfalling hurricanes shifting towards the US east coast (Li and Chakraborty, 2020)
· Greater number of TCs undergoing extratropical transition (Mokhov et al., 2020).
[image: Bar graph of number of storms affecting Maryland per decade from the 1950s to the 2020s]
Projected: In MD, an increase in the frequency and intensity of extreme precipitation events/TCs is projected (Marsooli et al. 2019), potentially increasing flooding events in urban areas and likely expanding flood hazard areas. Naturally occurring droughts will also continue despite increases in precipitation and are projected to be more intense because higher temperatures will increase the rate of soil moisture loss during dry spells. 
	More extreme rain events, more extreme storms, and other extreme weather such as high wind events, as well as continued but more intense droughts; increased erosion and runoff of nutrients, sediments and other pollutants
	Increased storm surge and flooding expanded areas of residential and commercial property damage/loss due to flooding, more damage to community resources (e.g., road flooding, impacts to crops and livestock, issues with freshwater availability, degrading water quality along the coast. Tidal marsh vegetation can be damaged or destroyed by wind or hydrodynamic forces during extreme storm events, which can lead to loss of foliage or uprooting (Temmerman et al., 2023). Particularly strong storm events can have lasting impacts on an entire tidal marsh ecosystem, requiring re-colonization and successional stages; however, tidal marshes generally show more resiliency to storm events than other wetland ecosystems (Temmerman et al., 2023). SAV are susceptible to loss of sediment and plant uprooting due to high intensity waves from extreme storms (Gurbisz, Kemp, Sanford, & Orth, 2016; Oprandi et al., 2020). More frequent and severe storms and high wind events will increase wind erosion of dunes.

	· Precipitation
	Rainfall has been variable, but has generally increased slightly, with increases projected to continue, although both increases and decreases could occur depending on location in MD, including Crisfield.
Historical: In MD, total annual precipitation has been variable, but slightly above the long-term average for the last 26 yrs (1995–2020). Climate modes (e.g., PDO, ENSO, NAO, and AMO) play an important role in interannual variability in temperature and precipitation trends (Schulte et al., 2016) (from Najjar 2024). Najjar (2024) indicates that precipitation is projected to get more extreme (heavier downpours, longer dry spells) (St.Laurent et al., 2022).
Projections: In MD, average annual precipitation is projected to increase by 5-10% by mid-21st century compared to mid-20th century.
	Increasing average rainfall will increase runoff and total loading of nutrients, sediments and other pollutants. 
	Potential degrading water quality along the Bay despite ongoing non-point source pollution curtailment efforts.

	· Salinity
	In general, salinity in Chesapeake Bay is expected to be increased by SLR more than it will be decreased by greater freshwater inflows.
Historical: A signal of sea-level rise can be seen in long term patterns of salinity (Hilton et al., 2008), which are spatially variable with small bay-average increase detectable from 1949 to 2006. 
Projections: Future salinity change due to streamflow change is highly uncertain (from Muhling et al. 2018):
[image: Plot showing projected variations in surface water salinity from 2010-2100 according to four Global Change Models]
Nevertheless, SLR increases salinity and stratification (Hilton et al. 2008; Rice et al., 2012; Hong and Shen, 2012) and the effects are larger than streamflow and tidal range impacts on future projections (Ross et al. 2021):
[image: Plots of mean salinity and vertical salinity difference expected by 2050 based on metamodel simulations]
SLR is expected to increase salinity by 1.2-2.5 ppm. Spring salinity should decline due to projected increases in winter streamflow. Changes in tidal fresh and oligohaline (low-salinity brackish) regional salinity highly uncertain, particularly in summer.
	Salinity is a strong driver of the distribution, abundance, and community composition of estuarine biota.

	Changes in salinity patterns could shift the distributions of estuarine plant and animal communities. Salinity increases are also associated with higher levels of oyster and blue crab mortality due to greater disease prevalence and predation (Hofmann et al., 2018; Huchin-Mian et al., 2018; Pusack et al., 2019). Higher salinity can increase predation on oysters by favoring invertebrate predators such as oyster drills; conversely low salinities can provide a predation refuge (Kimbro et al. 2017; Pusack et al. 2019). Low salinity events from intense rain events also can reduce oyster feeding and their overall condition (Pusack et al. 2019). Oysters can close their shells in response to unfavorable WQ conditions include very low salinities, changing temperatures, and the presence of various ions, but only for limited durations (Shumway 1996). 

	· Streamflow inputs
	On average, streamflow inputs to the Bay should increase, particularly in spring, due to increases in precipitation.
Historical and Projections: Streamflow inputs to the Bay should increase, particularly in winter/ spring, due to increases in precipitation, though projections are variable across models (Muhling et al. 2018). Slight decreases in streamflow during the summer are more consistently projected, due to Increased temperatures and evapotranspiration. From Najjar 2024: 10 studies show widely different results for annual flow changes from the watershed: 
[image: Table with example references for information on annual streamflow changes based on different models and scenarios]

	Streamflow influences watershed inputs to the Bay, including nutrients, sediments, and other pollutants. It also influences Bay hydrology, circulation, and stratification.
	Potential increases in nutrient, sediment, and pollutant loadings to the Bay due to higher flows, as well as greater concentrations in runoff that could result from increased erosion due to higher intensity rainfall. Patrick et al. (2023) modeling work shows strong effects of nutrients in Chesapeake Bay on SAV future trends – under the RCP4.5 emissions scenario, SAVs could decrease slightly if there are no further nutrient reductions or increase more notably even with climate change if there is continued nutrient reduction, but these patterns are species-specific (Ruppia very responsive to nutrient reductions, less affected by warning. Zostera very responsive to warming, less affected by nutrient reduction).

	· pH
	Overall, pH is expected to decrease (become more acidic) in the Bay, although in fresh and low salinity areas (upper Bay) there is some evidence of increasing pH (alkalinity increasing).
Historical: from Najjar 2024:
· River (Bay tributaries) showed increasing alkalinity between 1964-2010 (Kaushal et al., 2013) and 1985-99 (Najjar et al., 2020)
· pH increasing in upper Bay in fall and spring, decreasing in lower Bay in summer (Da et al., 2021), observed over the last 3 decades due to increasing atmospheric CO2 and decreasing nutrient inputs, and 
· Th carbonate system includes multiple fluctuating variables that are influenced by changes in atmospheric CO2, temperature, and river carbon, alkalinity, and nutrients (St-Laurent et al. 2020; Da et al., 2021).
Projections: from Najjar 2024:
· Elevated atmospheric CO2 and temperature, along with changes in streamflow and continental shelf conditions, will decrease Chesapeake Bay pH by 0.1 to 0.3 units and nearly double atmospheric CO2 uptake (Li et al., 2023)
· In the Chesapeake Bay where oysters occur, elevated atmospheric CO2, temperature, and sea level decrease calcite saturation state; 
	Less available carbonate to form shells (shellfish)
	Slower growth of shellfish; a loss of oysters and their reefs would affect water quality and habitat. Increased acidity and temperature interact to reduce calcification rates of Eastern Oyster, leading to thinning shells; oysters with thinner shells experience higher rates of mortality, and must divert energy from growth to shell maintenance. oyster tissue weight and shell weight are projected to decrease by 16% and 25%, respectively, over the next 50 years (Czajka, 2024)

	· Hypoxia
	From Najjar 2024:
Historical: 
· Climate has already influenced hypoxia, primarily through warming (Du et al., 2018; Frankel et al., 2022; Ni et al., 2020).
Projections:
· Warming will be the dominant climate change factor directly affecting future hypoxia (Irby et al., 2018; Lake and Brush, 2015; Ni et al., 2019; Testa et al., 2022; Tian et al., 2022)
· The positive impact of continued nutrient reductions could counteract the negative impacts of warming on hypoxia for an overall decrease in hypoxia (Frankel et al., 2022; Hinson et al., 2023; Irby et al., 2018).
	Greater extent and duration of hypoxia in the main Chesapeake Bay and tributaries during warm months.
	Negative impacts to Bay biota (benthos, fish, shellfish) due to increased mortality, loss of habitat, reduced food resources, increased physiological stress.

	Bay circulation/ stratification
	Stratification mostly unchanged (Testa et al., 2018). Stratification and circulation change uncertain, though SLR alone likely to increase them.
	Increases in Bay stratification, particularly during summer, could exacerbate Bay hypoxia issues, including duration and spatial extent of hypoxia. 
	[see above for hypoxia effects from increases in stratification]






[bookmark: Vulnerability]II. COMPONENTS OF VULNERABILITY
	Target Resources: Coastal marshes, SAV, and related Chesapeake Bay ecosystems in Crisfield, MD

Starting Condition and Trends: Salt marshes in the area are in fair to poor condition (60% of Chesapeake Bay marshes have UVVR <0.15; Ganju et al., 2024) and are declining due to continued SLR and land subsidence, as well as erosion. 
	Starting Condition and Trend Rating

FAIR TO POOR↓



	CLIMATE THREATS
	EXPOSURE
	SENSITIVITY
	IMPACT
(Exposure + Sensitivity)
	ADAPTIVE CAPACITY
	VULNERABILITY
(Potential Impact + Adaptive Capacity)

	High rate of SLR (including land subsidence), leading to marsh drowning and loss, loss of SAV habitat, and amplification of storm surge inundation, increased impacts of wave damage, and saltwater intrusion.
Increased storm strength and frequency, with associated increased storm surge and wave energy.
Increasing air and water temperatures.
Increasing precipitation, including more heavy rainfall events.
Decreasing Bay water pH (increasing CO2 and acidification). 
	Very little protection from high degrees of exposure to several climate threats, particularly SLR with increased tidal and storm inundation, storm impacts including storm surge and waves with increased erosion, increased runoff, higher water (and air) temperatures, and acidification
	Marshes have medium-high sensitivity to increased water-surface levels due to climate change. Marshes around Crisfield (including Janes and Cedar Islands) are degraded to highly degraded. Susceptible to storms (including hurricanes), especially from the southwest. 
SAVs are moderately sensitive to climate impacts of increasing water depth, increasing temperatures, increasing salinity, but highly sensitive to anthropogenic inputs of nutrients and sediments, which could be exacerbated by climate change as well as population growth.
Oysters have medium/high sensitivity to increasing temperatures and decreasing pH.
Sand dunes are moderately sensitive to increased wind and water erosion due to climate influences of increased frequency and severity of storms and high wind events the effects of which will be enhanced by SLR. The main resistance to wind and wave erosion would come from dune vegetation, and/or from resistant core materials if used in dune construction.
	Medium/high potential impact - Marshes are highly exposed to climate threats and moderately to highly sensitive to these threats.
SAVs are highly exposed to climate threats and moderately sensitive to them but are highly sensitive to other anthropogenic stressors (nutrients/sediments) and so are threatened by the potential synergistic effects between climate change and other stressors.
Sand dunes and oysters also have medium/high potential impacts from climate change.
	Medium adaptive capacity – marshes and SAV beds can migrate inland with SLR if adjacent land is appropriate (topography, soils) and not blocked by human infrastructure. Migration compensates for a lot of loss due to SLR (Schieder et al. 2018)
Oyster reefs have medium/low adaptive capacity—the reefs cannot move to avoid sub-optimal conditions, though individual oysters can close for short periods of time to avoid short-term stresses.
These sand dunes also have medium to low adaptive capacity, as they likely have limited ability to roll back onto marsh areas behind the dunes and rebuild under exposure to wind erosion. 
	Crisfield saltmarsh, SAV, dune, and oyster vulnerability to climate change is rated as medium/high.
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These climate-smart design worksheets tailor concepts from EPA’s Adaptation Design Tool (Parker et al. 2017; West et al. 2018) to evaluate the potential for improved long-term effectiveness of nature-based solutions (NBS) through strategic design for long-term robustness in the face of interactive effects of key environmental stressors. Using expert elicitation discussions with project team members, the information on NBS vulnerabilities from the Section 1 worksheets is applied for each NBS—oyster reef construction, dune restoration, and marsh restoration—to understand the effects of changing stressors on NBS functionality and sustainability, and the implications of this knowledge for improving project design for greater long-term resilience and effectiveness.

I. Janes Island Artificial Oyster Reefs 	

II. Janes Island Dunes Restoration 

III. Janes Island Salt Marsh Restoration with Sediment Placement	


>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>

[bookmark: Oyster]I. JANES ISLAND ARTIFICIAL OYSTER REEFS
Worksheet A: Category 1 Climate-Smart Design Considerations--Climate change effects on stressor(s) of concern
	A1
	A2
	A3
	A4
	A5

	Basic NBS description
	Stressor(s) of concern[footnoteRef:6] [6:  “Stressors of concern” are stressors that are being addressed by the NBS and stressors that could affect the durability of the NBS ] 

	Climate change effects on stressor(s): (direction, magnitude, mechanism, uncertainty)

(Drawn from the ”Climate Threats” section of the vulnerability assessment)
	Implications for effectiveness metrics and how to measure them
	Notes

	Janes Island Artificial Oyster Reefs
· Oyster reef balls, sized/combined to attain required height
· ~28,000 ft length, along Tangier shore

	· Water temperature
· Water acidity/pH
· Wave energy
· Sea level rise (SLR) 
	· Ongoing increases in water temperature will continue, with average increases varying under different emissions. scenarios: under the two higher emissions scenarios modeled (Muhling et al. 2018), summer Bay water temperatures could exceed 30oC by 2100, compared to a historical (1970–1999) mean of 25.5–26 °C.
· Water acidity/pH is increasing in the upper Bay and decreasing in the lower Bay, with future projections expecting to range from change of 0.1 to 0.3 pH units. 
· Wave energy is expected to increase due to projected increases in storm severity and frequency.
· Rates of SLR will continue to increase, with current projections anticipating a rise of another 1.3 to 5.2 ft in the next 100 yrs.

	· Monitoring for oyster diseases will be increasingly important as temperature increases.
· Monitoring for changes in oyster growth and mortality will be increasingly important as pH decreases.
· Reef balls should be monitored for structural integrity/breakdown of cement as pH decreases.
· Damage/mortality in oyster communities should be surveyed especially after severe storms.
· Secure attachment/loss of reef balls should be checked after severe storms.
· SLR projections as well as real-time monitoring will be needed due to implications for maintaining optimal reef heights.

	· There are large uncertainties regarding spatial trends in pH due to mitigating factors such as nutrient runoff.
· Wave energy changes are hard to predict at specific locations.





Worksheet B: Category 2 Climate-Smart Design Considerations--Climate Change impacts on NBS
	B1
	B2
	B3
	B4
	B5

	Basic NBS description

(carried over from A1 for reference)
	Impacts of climate change on sustainability of NBS due to the changes in the stressors of concern or direct physical impacts 

(Drawn from the “Potential Threats” and  “Components of Vulnerability” ” sections of the vulnerability assessment)

	What changes are needed to adapt the NBS (place, time, and engineering design) 
	Notes/Unknowns
	Climate-smart NBS design summary

	Janes Island Artificial Oyster Reefs
· Oyster reef balls, sized/combined to attain desired height
· ~28,000 ft length, along Tangier shore

	· There may be decreasing oyster condition and greater oyster mortality in the future due to increased prevalence of common oyster diseases from temperature increases along with combined stress/thinning of shells/decreasing tissue weight from decreasing pH.
· Reef balls may be moved or damaged more frequently due to increasingly frequent and severe storms.
· Reef balls may be more prone to damage due to pH effects on rates of concrete degradation.
· Oysters may be dislodged from reef balls that are unsecured/dislodged/ abraded in severe storms.
	· Construction should be timed for spring/summer to maximize the availability of natural spat and survival and growth of young.
· Oysters currently used that become unviable over time may need to be replaced with alternative native species such as the Atlantic ribbed mussel.
· Be prepared to switch from natural colonization to artificially settled reef balls if larval supply in the Bay is/becomes insufficient.
· Reef balls need to be securely anchored to the bottom to reduce movement/damage during storms and checked frequently for secure attachment.
· Size and weight of reef balls used as components of the reef should be selected to be heavier/more stable in higher wave/heavier storm environments.
· Reef heights may need adjustments/ maintenance over time as sea level rises.
	· Monitoring of oyster development and viability after placement will be important to support adaptive management.
· It is unknown how much maintenance of overall structural height will eventually be needed to accommodate SLR.
· More information is needed on the Atlantic ribbed mussel (or other potential spp.) potential for greater viability (e.g., disease resistance, temperature tolerance) under changing temperature and pH.
· Information would be needed on spatial and temporal patterns of natural larval supply for reef colonization at Janes Island.
· Consider linking the timing and location of oyster reef ball project to that of marsh and dune restorations for protective co-benefits.

	Use oysters or other bivalves that are determined to be most robust, and time installation seasonally to maximize establishment/survival of spat. Height, weight, number, conformation, and anchoring methods of reef balls should optimize stability/robustness to storms and may require height adjustments as sea level rises. Plan for repairs of structural damage that will be needed at greater frequency. Plan for using reef balls with artificially pre-settled spat as replacements for damaged reef balls in the case of diminishment of naturally available spat. Given uncertainty in spatial patterns of pH and storms, monitoring should be designed to support adaptive management after changes (biological or physical/structural) in oyster reef condition.


[bookmark: Dune]II. JANES ISLAND DUNES RESTORATION
Worksheet A: Category 1 Climate-Smart Design Considerations--Climate change effects on stressor(s) of concern
	A1
	A2
	A3
	A4
	A5

	Basic NBS description
	Stressor(s) of concern[footnoteRef:7] [7:  “Stressors of concern” could be stressors that are being addressed by the NBS and/or stressors that could affect the durability of the NBS ] 

	Climate change effects on stressor(s): (direction, magnitude, mechanism, uncertainty)

(Drawn from the ”Climate Threats” section of the vulnerability assessment)
	Implications for effectiveness metrics and how to measure them
	Notes

	Janes Island Dune Restoration
· Vegetated dunes with stone revetment core
· ~24,000 ft, along Tangier shore
· ~6.5 feet above local mean sea level

	· SLR
· Air temperature
· Wave energy
· Storm/tidal inundation
· Runoff/erosion
· High winds 

	· Rates of SLR will continue to increase, with current projections anticipating a rise of another 1.3 to 5.2 ft in the next 100 yrs, leading to reduction in dune elevation relative to mean sea level and progressive increases in exposure to wave erosion, which in combination with more severe storms will increase storm wave erosion and risk of overtopping.
· Air temperatures will continue to increase, reducing the survival, tiller production, and root biomass of the dominant native dune grass.
· Wave energy is expected to increase due to projected increases in storm severity and frequency.
· Greater runoff/erosion will result from increasingly frequent extreme rain events (>2-inches of precipitation), which have increased by almost 39% between the 1950–2004 and 2005–2020 time intervals. Average precipitation is consistently increasing and is projected to get more extreme (heavier downpours, longer dry spells), increasing erodibility of soils.
· Increasing high wind events associated with increasing frequency and severity of storms and tropical cyclones will result in a 15-20% increase in max wind speeds (Marsooli et al. 2019).
	· Dunes should be monitored for structural integrity, including height and stability (e.g., sand/vegetation loss) especially following major storms and major high wind events.
	· Wave energy changes are hard to predict at specific locations.





Worksheet B: Category 2 Climate-Smart Design Considerations--Climate change impacts on NBS
	B1
	B2
	B3
	B4
	B5

	Basic NBS description

(carried over from A1 for reference)
	Impacts of climate change on sustainability of NBS due to the changes in the stressors of concern or direct physical impacts 

(Drawn from the “Potential Threats” and  “Components of Vulnerability” ” sections of the vulnerability assessment)
	What changes are needed to adapt the NBS (place, time, and engineering design) 
	Notes/Unknowns
	Climate-smart NBS design summary

	Janes Island Dune Restoration
· Vegetated dunes with stone revetment core
· ~24,000 ft, along Tangier shore
· ~6.5 feet above local mean sea level

	· Increasing rates of SLR over time will progressively reduce relative dune elevations, increasing stress on restored dunes through more frequent overtopping, storm surge inundation, and associated erosion.
· In association with SLR, more frequent/severe storms will result in greater dune erosion from higher energy waves that will impact the dunes more often.
· Increasing extreme rain events will contribute to greater dune erosion.
· Increasing high wind events also will lead to greater rates of dunes erosion.
· Loss of dune vegetation may occur due to greater temperature and erosion stress, and greater extremes of heavy rains and longer droughts. 
· Vegetation loss and high winds will lead to erosion and reduced dune stability.
	· For restored dunes to remain optimally functional, dune height will have to be maintained relative to SLR over time by periodic placement of additional sands and associated plantings to maintain dune stabilization.
· Plant density and species selection should account for increasingly negative air temperature and high wind native dune grass stabilization functions, as well as considering potential heavy rain and drought stresses over time.
· Additional maintenance of dune height and width and vegetation will also be needed to repair episodic storm damage.
· To further combat worsening erosion, consider the use of supplementary stabilization options such as fencing, geotextiles, trap bags, or other barriers.
· Site selection and placement within a site (e.g., angle, distance from shoreline) should account for changes in storms and storm pathways.
	· Based on the prevailing wind and storm directions relative to Janes Island, dunes would be best considered for placement on the Tangier Sound (western) edge of the island as a barrier to waves, storm surge, excessive tidal flooding, and winds for the adjacent Janes Island marshes, as well as for the town of Crisfield. 
· In association with the above, prioritization of dune restoration sites should likely be linked to the location of marsh restoration sites and be timed to coincide with planned marsh sediment placement.
· Information would be needed on more robust alternative grass species, acknowledging concerns about potentially invasive species.
· More information is needed on the potential effects of climate change stressors on stone core revetments.
· Consider timing of dune restoration to follow installation of protective oyster reefs and/or before adjacent marsh restoration to provide protection to the marsh.

	Plan for maintenance of width and height of the constructed dune as more is understood about local storm surge and wave heights and as sea level rises. Consider types of vegetation for stabilization that would be most robust to physical damage and temperature and high wind impacts, as well as rain/drought extremes; and consider supplementary stabilization options such as fencing or other barriers to address increasingly severe erosion conditions. Budget for repairs of structural damage that will be needed at greater frequency through time. Monitoring should be designed to support adaptive management after changes in dune condition, especially after severe storms.



[bookmark: Marsh]III. JANES ISLAND MARSH RESTORATION WITH SEDIMENT PLACEMENT
Worksheet A: Category 1 Climate-Smart Design Considerations--Climate change effects on stressor(s) of concern
	A1
	A2
	A3
	A4
	A5

	Basic NBS description
	Stressor(s) of concern[footnoteRef:8] [8:  “Stressors of concern” could be stressors that are being addressed by the NBS and/or stressors that could affect the durability of the NBS ] 

	Climate change effects on stressor(s): (direction, magnitude, mechanism, uncertainty)

(Drawn from the ”Climate Threats” section of the vulnerability assessment)
	Implications for effectiveness metrics and how to measure them
	Notes

	Janes Island Marsh Restoration 
· Sediment placement via thin layer placement (TLP) and/or dredge material 
· ~2,800 acres, all marsh area
· ~7.8 inches sediment by 2050 (matching projected SLR)
· Rock sills along back marsh edges for erosion protection
· Runneling to establish/ maintain marsh hydrology

	· SLR
· Air & water temperature 
· Wave energy
· Runoff/erosion
· High winds
· Salinity/ saltwater intrusion

	· Rates of SLR will continue to increase, with current projections anticipating a rise of another 1.3 to 5.2 ft in the next 100 yrs. Tidal ranges also are increasing with increasing SLR (by about 0.6 inches per foot of SLR; Ross et al. 2017).
· Air temperatures will continue to increase (by 1.4oC to 5.6oC by the end of the century). Bay water temperatures will also continue to rise, on average 2.3-3.0oC by end of century for the lower emissions scenario and >5oC for the higher emissions scenario (Muhling et al. 2018). Under two higher emissions scenarios, summer water temperatures could be >30oC by 2071–2100 compared to a mean of 25.5–26 °C from 1970–1999.
· More frequent/severe storms with increasing wave energy are expected.
· The frequency of extreme rainfall events (>2-inches of precipitation) has increased by almost 39% between 1950–2004 and 2005–2020. Average precipitation is consistently increasing but occurring as more extreme events. Average streamflow also is increasing but will vary seasonally with temperature (increase in winter, potential decrease in summer). Runoff of nitrogen is increasing as streamflow increases, though flow-normalized total nitrogen loads are decreasing. Sediment inputs are expected to increase with increasing precipitation intensity.
· Increasing high wind events associated with increasingly frequent and severe storms are expected, including a 15-20% increase in max wind speed (Marsooli et al. 2019).
· SLR is expected to increase average salinity by 1.2-2.5 ppm. Water column stratification, measured by vertical salinity difference, is also projected to increase. Spring salinity is expected to decline due to projected increases in winter streamflow, but future salinity changes due to streamflow changes are highly uncertain.
	· More frequent monitoring for marsh condition, including elevation and UVVR, will be increasingly important as SLR increases and as the potential for erosion and acute storm damage increases.
· Monitoring marsh plant conditions and health may become more important to detect effects of air/water temperature increases.
· Monitoring runnel conditions may be increasingly important as rainfall intensity, storm frequency, and erosion increase.
	· There are large uncertainties regarding future changes in salinity due to changes in streamflow.
· Changes in Bay stratification are not yet a problem but are projected to increase in the future.


Worksheet B: Category 2 Climate-Smart Design Considerations—Climate change impacts on NBS
	B1
	B2
	B3
	B5
	B4

	Basic NBS description

(carried over from A1 for reference)
	Impacts of climate change on sustainability of NBS due to the changes in the stressors of concern or direct physical impacts 

(Drawn from the “Potential Threats” and  “Components of Vulnerability” ” sections of the vulnerability assessment)
	What changes are needed to adapt the NBS (place, time, and engineering design) 
	Notes/Unknowns
	Climate-smart NBS design summary

	Janes Island Marsh Restoration with Sediment Placement
· Sediment placement via TLP and/or dredge material  
· ~2,800 acres, all marsh area
· ~7.8 inches sediment by 2050 (matching projected SLR)
· Rock sills along back marsh edges for erosion protection
· Runneling to establish/ maintain marsh hydrology

	· Increasing rates of SLR combined with increasing tidal ranges will progressively increase stress on restored marshes through marsh inundation and drowning. 
· More frequent and severe storms with increasing wave energy will cause greater marsh erosion, damage to and uprooting of marsh vegetation, sediment loss, and flooding.
· Increasing air and water temperatures will stress existing plants and cause shifts in marsh plant communities, such as potentially favoring C3 over C4 plants. 
· More extreme rainfall events will cause increased erosion and degraded WQ from increasing nutrient runoff, leading to greater above-ground biomass but reduced below-ground biomass that weakens marsh stability and resistance to erosion and break-up. Increased total nitrogen loading from runoff also increases microbial decomposition of marsh organic matter, reducing marsh elevation. On the other hand, increased sediment loading increases sediment accumulation that aids marsh elevation.
· Increasing salinity/ saltwater intrusion and greater seasonal variation in salinity (lower in winter, higher in summer) may also impact the restored marsh through mortality of plant species typically used.
· Increasing high winds can negatively impact restored marshes by damaging or uprooting vegetation and can increase marsh flooding, contributing to marsh stress and degradation.

	· Replenishment of sediments to counter SLR should include consideration of how much lift to add in each increment, when (seasonally) to add more sediments, and what time interval between maintenance cycles is needed to minimize damage to vegetation already stressed by flooding, SLR, increasing temperatures, and salinity increases.
· More frequent addition of sediments may be needed to repair damage after major storms.
· Consider reviewing existing marsh vegetation species composition and emphasizing species more robust to higher temperatures, more erosion-resistant, more effective at trapping and retaining sediments, and/or more able to increase marsh elevations through organic production. This may also necessitate consideration of sediment types used (e.g., particle size composition, organic content, etc.).
· Initial restored marsh platform height should consider the rate of SLR and tidal flooding, but also the viability of existing marsh vegetation. TLP can sometimes be implemented to allow for natural vegetation, but thicker sediment lifts may require plantings to assure rapid revegetation of restored marsh. During initial years following sediment placement with no or minimal marsh vegetation to stabilize the placed sediments, damage from increasingly severe/frequent storms, rain events, wave energies, etc. could reduce the benefits of sediment placement and/or require more frequent maintenance. 
· TLP may not be applicable in areas of Janes Island with more severe marsh degradation and more open water areas (e.g., north portion), in which case plantings to maximize marsh platform revegetation rates should be included with thicker sediment placement depths. Areas of open water that require thicker sediment layers to achieve a functional marsh platform elevation should be prioritized for planting.
· Runneling[footnoteRef:9] should be designed to accommodate increasing runoff and erosion from more severe storms, flooding, and high-energy waves. [9:  Runneling = Hydrologic engineering of minor channels within the restored marsh platform to address drainage issues from increasing rainfall and flooding that would occur on a newly placed, solid restored marsh platform.] 

· Increased runnel maintenance may be needed due to increased channel erosion from more severe and frequent storms, especially before there is substantial revegetation.
· Rock sills along the back marsh edges are planned for erosion protection and sediment retention, but if continuous can also act as hydrologic barriers that impound rain and flood waters on the restored marsh, leading to vegetation die-off and marsh loss. Site-specific designs should consider relief breaks in the rock sills, coordinated with locations of runnels and natural hydrologic pathways.
· Consider linking the timing and location of marsh restoration projects to take advantage of protective benefits of oyster reef ball projects and dune restorations.
· Monitoring of vegetation and other marsh characteristics (e.g., platform elevation, UVVR) over time should track potential impacts of rising temperatures, increasing salinity and decreasing pH on condition and viability to inform adaptive management. 
	· Factors affecting decisions on initial sediment placement and sediment additions for periodic maintenance will vary with location across Janes Island based on the quality of the sediments being used and whether plantings are included, or re-vegetation is left to occur naturally.
· Volumes of sediment and optimal methods of sediment placement for a healthy marsh platform elevation will differ between the northern and southern halves of the island due to differences in existing marsh condition, amount of open water, UVVR, and elevation as well as differences in extent of open water channels that need to be preserved. 
	Plan seasonal timing of sediment placement (e.g., in early spring) with respect to the season of greatest storm occurrence, but also to assure sufficient time after marsh platform creation to accommodate immediate plantings and/or to facilitate optimal natural revegetation establishment and growth. Consider the sediment types used for platform creation to be compatible with marsh plant viability yet also relatively robust to flooding and erosion. Use marsh vegetation species that are robust to anticipated temperature, salinity, and erosion conditions. Plan platform height to be robust to SLR, excess flooding and erosion, but not so high as to encourage upland plant establishment. Use results from monitoring of marsh conditions periodically and following severe storms to implement adaptive management of the marsh platform through additional sediment placement and/or re-vegetation through additional plantings. Design runnels to mitigate permanent internal ponding and excess flooding that damages marsh but avoid excess marsh erosion that marsh channels can exacerbate in the face of increasing extreme rainfall events and storms. Determine timing and placement of the restoration to gain maximum protection benefits from associated dune and/or oyster reef restoration projects. 
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Storms affecting Maryland by period

Period Number of storms

1950s 9

1960s 14
1970s 1
1980s 13
1990s 20
2000s 29
2010s 33
2020s 14

https://www.wpc.ncep.noaa.gov/tropical/rain/tcrainfall.html





image6.png
Mean surface water salinity

 —cotop —cwioy —woioy




image7.png
1500-

Number of 1900,
metamodel
simulations 5

55 60 65
Vertical salinity difference
Best estimate
Cument o Numerical model I wetamodel

I Future (2050, RCP8.5)




image8.png
R i
e e

ommonetal 3 —0w1%

2oss) Taedan 3%

FECLTRENN Cow 1SS0 SRESSLAIb, CMPSCMPS, Distbued 20202039 111033%

2oss) 2% a2AP26, 800ABSD | waterbaawe 20502059 66w %
85 2000-2099: 135%035%

ESGailco" 195 RoPasss cMpsicca  Covehaes3 20702058 2181963%
 cidhar 1) 208

CCEBs: - wees  owes ve e
i ot 208 edan: 155
Colss o s owes temsl Notraportsd
176 RCPASSS CMPSMACK NedhMP  Multimodel sveages
20 Rep 452021 2050 13%
Rep 85 20212050 0.5%
Rep 45 2081_2000:22%
R 83 2001_2000: 5 4%
s A cMesmedan seamow  24%
Tojcew  m- ness  owesscc  swar ot reported
et ooy 28
cow 11— s upsicsD,  CoPehases,  20%-0sSnolsK
cow 19 s s corvhames  2ms2e%

- | 2055 6.2%




