Appendix D: Oyster Reef Restoration Monitoring Metrics
Monitoring Overview: This appendix contains oyster reef, height, and density metrics intended to evaluate the success of oyster reef restoration project by measuring reef area, height, and oyster growth parameters as well as indicators of the size and persistence of the reef structure. This section largely follows Bagget, et al. (2014), chapters 2 and 3, per guidance in NOAA (2024).

Note on living shoreline oyster monitoring:
Monitoring for the oyster reef component of a living shoreline NBS may be conducted in the same way as a standalone oyster reef restoration NBS. It may be convenient to locate oyster sampling (using quadrats or another method, as described below) along the transects used for quadrat sampling of vegetation, elevation, and shoreline position.

Timing consideration: If possible, consistent with the NCRF measurement periods (pre-implementation, shortly post-implementation, and one year post-implementation), oyster sampling should be performed at the end of your region’s oyster growing season, e.g., in the late summer or early fall, and after newly settled oysters have grown to the minimum size for measurement (10mm for Crassostrea virginica and 3mm for Ostrea lurida). Keep oyster sampling dates as consistent as possible across years and sites.
Oyster Reef Area
Intent: The area of the restored reef and the change in area through time are key indicators of the reef’s ability to persist and provide ecosystem services such as habitat, filtration, and wave attenuation. 

General guidelines for oyster reef area measurements:
· The area requested here is the plan view extent (the map view or top-down area), not the area of the reef in three dimensions, and it is limited to the project footprint.
· The reef is defined as the area where the percent cover of living or non-living oyster substrate material above the sediment is 25% or greater. The reef edge is the area where percent cover drops below this value.
· To calculate reef area, use the 25% cover rule above and sum the area of any reef patches within the project footprint. 
· It is helpful to place markers for reference to make it easier to locate the reef and see change in subsequent measurements. This may be done on foot, by boat, or by SCUBA, using survey stakes that extend above the water or using floats. Record the locations of these markers with GPS. Make sure to comply with your permit and any applicable rules and regulations for your area if installing permanent markers.
· The location of a reef restored by placing cultch may not precisely match the planned location, because of how the cultch may have been placed, and because it may be redistributed by waves and currents. However, restoration methods that install artificial reef products should be much simpler to find. 
· Methods will differ for intertidal versus subtidal reefs.
Intertidal reef area method 1 (recommended): Handheld GPS.
· Walk the reef at low tide using a GPS device such as a standard handheld GPS. Collect as many points as necessary to define the reef edge (or the edge of each reef patch) accurately. 
· Use mapping (GIS) software to determine the reef area from the coordinates, summing the areas of multiple patches.
· This is the preferred method for accuracy and convenience.
Subtidal reef area method 1: Sidescan or multi-beam
· Determine the perimeter of the reef underwater using a sidescan or multi-beam sonar.
· This equipment will typically collect GPS locations with the sonar data to allow it to be exported to mapping (GIS) software; if it is not GPS-enabled, take continuous measurements with a GPS as the sonar measurements are being taken to allow the sonar data to be georeferenced.
· Sonar measurements can have limitations; for example, sonar may penetrate the sediment, indicating a shell bottom when the shell is actually covered by sediment. Therefore, ground-truthing by taking bottom samples at regular intervals, or using divers’ observations, is needed.
· For considerations when planning sonar transects to give full coverage of the area to be surveyed, see Bagget, et al. (2014), p. 15. 
· Use mapping software to determine the reef area from the coordinates of the reef edges as seen in the sonar data, summing the areas of multiple patches.
Subtidal reef area method 2: Small boat with GPS
· If the water is shallow enough to see the shell bottom, fix a GPS on a kayak or other small craft and walk, paddle, or pole the craft along the reef edge while taking continuous GPS locations.
Subtidal reef area method 3: Echo sounder
· If a sidescan or multibeam sonar per method 1 is not available, and water conditions do not allow method 2, use an echo sounder (side-imaging sonar depth finder) or another depth finder to detect changes in bottom relief. 
· Use this instrument in combination with a pole, tongs, etc., to detect the presence of reef substrate. 
· Make continuous GPS measurements of the perimeter of the reef or project footprint (group of patches).
· Run transects within this footprint while taking bottom samples with a pole or tongs to determine the presence of reef substrate. See Bagget, et al (2014), p. 15, for details on planning transects. Mark sample locations with GPS.
Subtidal reef area method 4: Divers
· If the above methods are not possible, SCUBA divers may determine the locations and dimensions of reef patches using transect tapes.
· Measure the reef (or patch) perimeter and maximum length and width. Because patches may have irregular shapes, this method is likely to be less accurate.
· Use GPS to determine the central coordinates of each patch for mapping.
Oyster Reef Height
Intent: The height of the restored reef and its change through time are key indicators of the reef’s ability to persist and provide ecosystem services.

General guidelines for reef height measurements: 
· Measure along the reef crest, or, if the reef has no obvious crest, along the approximate centerline of the reef.
· The measured heights will reflect the reef crest(s) rather than the entire reef area. 
· If using a method or instrument that does not take continuous elevation measurements, measure every 1m (5m if reef length exceeds 200m).
· Reef height is measured from the immediately surrounding substrate (i.e., not relative to the shore). 
· If the restoration site contains several patches, run transects in a grid to capture all patches. Only include the measurements within reef patches when calculating reef height. 
· Report the mean, minimum, and maximum measured heights.
Intertidal reef height:
· During low tide, use total station GPS, RTK GPS, or traditional survey equipment (e.g., level and rod or transit pole and laser) to sample the horizontal and vertical extent of the reef (e.g., in combination with intertidal reef area method 1). 
Subtidal reef height method 1: Sidescan or multi-beam
· Use a multi-beam sonar, interferometric sidescan sonar (or similar type of bathymetric sidescan sonar), scientific echo sounder, or depth finder, measure elevations along a transect over the reef crest or the approximate centerline of the reef.
· If the instrument does not take continuous GPS measurements, make continuous location measurements with a GPS to mark the locations of reef height measurements.
· Make sure the tide height and water depth in the vicinity of the reef are recorded at the time of sampling.
Subtidal reef height method 2: Pole
· Take depth measurements with a sounding pole along the reef at regular intervals (e.g., 2-5m), marking measurement locations with a GPS.
Low-relief method:
· If the reef relief is very low, whether intertidal or subtidal, the methods above may not be suitable. In this case, measure height using a ruler along the crest or, if the reef has no discernible crest, along the approximate reef centerline. 
· To measure the relief of a low, uneven surface, it may be helpful to measure height with a ruler held vertically up from the sediment while another ruler lies horizontally on top of the shell in contact with the vertical ruler.
Live Oyster Density
Intent: Live oyster density gives information about the oyster population size, a key indicator of the reef’s ability to persist, increase in size, and continue to provide ecosystem services.

General guidelines on live oyster density measurements: 
· Live oyster density is the number of live oysters per m2.
· Include individual live oysters with a shell height of at least 10 mm for C. virginica and at least 3 mm for O. lurida.
· Note the timing considerations for oyster sampling at the top of this appendix. 
· When collecting live oysters to measure density, optionally also measure shell lengths to calculate the size distribution of live oysters, an indicator of recruitment. 
Sample size, location, and stratification:
· Determine random sampling locations within reef patches in the project area.
· Take at least one oyster density sample per reef patch for at least the first five patches in the project. More samples will provide more information on reef health and growth.
· If the site has areas with different habitat characteristics that are likely to be important to explain measurement variance, stratify samples as necessary to capture the relevant habitat characteristics.
· If the reef is constructed of structures made of cement, stone, or metal, consider stratifying samples to capture habitat variation across the structures, for example, near the base, at mid-height, and near the crest. 
Quadrat sample collection method:
· This is the recommended method. 
· SCUBA divers may be needed to sample subtidal reefs using this method.
· A quadrat is a square frame. Dimensions of 0.5 m x 0.5 m (0.25m2) are suggested, although larger or smaller quadrats may be used (e.g., see Bagget, et al., 2014, p. 10).
· At each sampling location, excavate to the depth necessary to obtain all live oysters within the plane of the quadrat, unless it is possible to count and measure all live oysters without removing them.
· Dense clusters of oysters will need to be separated.
· Count all live oysters present in the sample. 
· If possible, return collected oysters to the reef after measurement. 
· Calculate the sample live oyster densities per m2. Report the mean of these values.
Sample collection from structures with bagged shell or other containers for live oyster density:
· If the reef is constructed of oysters in bags or metal structures, these may provide a convenient sampling unit. However, as oysters recruit and grow, it may no longer be possible to remove individual containers, in which case, sample as described above.
· For each sample, remove a container of shell and count all live oysters present in the sample. The area sampled is the area covered by the container in m2. 
· The live oyster density per m2 is the count of oysters divided by the area (in m2) covered by the measured bag.
· Calculate each sample’s live oyster density in oysters/m2. Report the mean of these values.
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