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ABSTRACT

Justin Tyler Ridge: Influence of sea level on the growth and composition of intertidal oyster
reefs
(Under the direction of Antonio B. Rodriguez and F. Joel Fodrie)

Oyster reefs play an important role in the estuarine landscape but have been globally decimated
over the past century from overharvesting, deteriorating water quality, and disease. Expanding
our knowledge of how these habitats are responding to anthropogenic and climate driven
changes will help improve management strategies. This work explored the growth and
composition of intertidal oyster reefs in the euhaline estuaries of North Carolina using high-
resolution mapping (terrestrial lidar), density sampling, and cores of reefs. The first chapter
examined mature, constructed patch reefs (isolated on sandflats) to elucidate that oyster reef
growth is strongly linked to specific elevation ranges within the intertidal zone. Building upon
these findings, the second chapter determined this pattern holds true on marsh-fringing reefs, and
as the reefs transgress the marsh with sea-level rise (SLR) they also protect carbonaceous marsh
sediment from erosion. The third chapter observed reefs of varying age, both constructed and
natural, over five years to discover that oyster reefs are in a dynamic equilibrium with sea level,
responding rapidly (< 1 year) to fluctuations in sea level. Similarly, examining oyster reefs
across time scales, from ancient reefs (~4,000-2,000 years old) to extant natural reefs (150 years
old) and recently constructed reefs (5-10 years old), chapter four provided evidence that oyster
reefs exhibit catch-up and keep-up growth phases tied to SLR, which was first described for

coral reefs. Within this context, reefs experience exceptional rates of shell production and



organic carbon accumulation while catching up to sea level, but these values are at least a
magnitude less in reefs that are keeping up with sea level. Burial of ancient reefs is likely a
result of estuarine changes related to the migration of adjacent barrier islands, indicating oyster
reefs existing near the limits of suitable conditions could be fatally impaired by estuarine

modifications, either anthropogenic (inlet and river dynamics) or climate driven (storms).
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CHAPTER 1: MAXIMIZING OYSTER-REEF GROWTH SUPPORTS GREEN
INFRASTRUCTURE WITH ACCELERATING SEA-LEVEL RISE!

1.1. Introduction

Species distributions result from distinct regions of optimal fitness conditions, defined by
critical boundaries regulated by physiological and external stressors (Connell 1972, Menge and
Sutherland 1987). As such, biological zonation is expressed both globally (e.g., latitudinal range
limits) and locally, as in the intertidal zone for foundation species such as saltmarsh, mangrove
and reef-forming bivalves. The forecasted acceleration in SLR (IPCC 2014) will shift the
position of critical boundaries in littoral systems. Thus, the resilience of sessile species confined
to a narrow intertidal zone and their associated shorelines (both natural and developed) will be
defined by the species’ ability to respond to moving boundary conditions. However, migration
of coastal foundation species (e.g., oyster reefs and saltmarsh) will be hindered by shoreline
development as part of the coastal squeeze (Pontee 2013), resulting in reduced area suitable for
colonization. Therefore, this anthropogenically-induced phenomenon accentuates the importance
of self-maintaining accretional habitats that can match SLR (Nicholls et al. 1999). Failure to
maintain their position within the tidal range or migrate landward will result in replacement of
biogenic reefs or marshes by unstructured habitats like sandflats (Nicholls et al. 1999, Borsje et

al. 2011).

This chapter previously appeared as an article in Scientific Reports. The original citation is as
follows: Ridge JT, Rodriguez AB, Fodrie FJ et al. (2015) Maximizing oyster-reef growth
supports green infrastructure with accelerating sea-level rise. Scientific Reports, 5, 14785.



Intertidal habitats can provide disproportionately high levels of ecosystem services, such
that coastal and estuarine ecosystems are among the most valuable on earth (Costanza et al.
1997, Coen et al. 1999, Peterson and Lipcius 2003, Grabowski and Peterson 2007, Barbier et al.
2011, Grabowski et al. 2012). Unfortunately, continued population growth in coastal areas
globally has led to the degradation of these ecosystems and reduced service delivery (Vitousek
1997, Halpern et al. 2008, Barbier et al. 2011), stimulating efforts to explore how these systems
will respond to current and future anthropogenic stressors, such as accelerated SLR. As one of
the only natural hard substrates along the Mid and South Atlantic Coast (USA), oyster reef
habitat has been recognized as green infrastructure for shoreline protection (Borsje et al. 2011,
Arkema et al. 2013) and conservation of natural capital in the face of damaging storms and wave
erosion (Piazza et al. 2005, Scyphers et al. 2011, Cheong et al. 2013, La Peyre et al. 2014), even
though they now occupy a small fraction of their distribution prior to massive harvesting during
the last three centuries (Kirby 2004, Beck et al. 2011, zu Ermgassen 2012). The effectiveness of
using oyster reefs to enhance shoreline resiliency and reduce storm hazards along estuarine
shorelines depends on understanding the biologically- and environmentally-driven thresholds
separating oyster-reef production and growth from imminent degradation.

At whole-estuary scales, oyster growth responds to two overarching factors: salinity and
aerial exposure, the amount of time intertidal oysters are exposed (or emerge) during a tidal
cycle. Free-swimming oyster larvae require hard substrate to settle onto and typically grow on
other oysters, which will form patches of unconsolidated oyster clusters that can eventually
develop into large cohesive reef mounds (>1 km?) with densities exceeding 1000 individuals m
(Bahr and Lanier 1981, Kennedy et al. 1996). Historical observations (Bahr and Lanier 1981,

Wilber 1992, Hargis and Haven 1999) of oyster abundances along estuarine gradients provide a



foundational understanding of oyster response to varying salinity and aerial exposure. The
euhaline (high salinity, between 30-35 psu) waters commonly found near coastal inlets are not
conducive to subtidal oyster reef formation due to high levels of biotic stress on individual
oysters from marine predators, competitors, bioeroders and pathogens (Chu et al. 1993, White
and Wilson 1996, Fodrie et al. 2014, Johnson and Smee 2014). However, mesohaline and
polyhaline waters (moderate salinities, 5-18 and 18-30 psu respectively) offer oysters refuge
from these marine stressors that are not tolerant of lower salinities, thereby allowing oyster reefs
to persist subtidally unless they are exposed to hypoxic/anoxic (low oxygen) events (Lenihan
1999, Lenihan et al. 1999) or overharvesting (Rothschild et al. 1994, Jackson et al. 2001,
Wilberg et al. 2011). The decimation to oyster populations as well as anthropogenic and SLR-
driven changes to water quality have made restoration and sustainability difficult (Mann and
Powell 2007, Mann et al. 2009, Seavey et al. 2011), but there have been promising efforts
(Piazza et al. 2005, Powers et al. 2009, Schulte et al. 2009, Rodriguez et al. 2014) that indicate
restoration, recovery and sustainability are possible. Rates of oyster-reef growth appear
comparable to rates of SLR (DeAlteris 1988), and while intertidal oyster reefs have also
exhibited the capacity for even greater growth (Rodriguez et al. 2014), it remains unclear as to
which environmental conditions will provide the greatest return on investment from restoration
efforts and ensure persistence with accelerations in SLR. Optimizing conservation and
restoration efforts of oyster populations along our coasts requires a more precise understanding
of how intertidal reefs grow in response to exposure-flooding cycles and forecasted SLR.

We investigated whole- and across-reef vertical growth, along with oyster density, on
natural and constructed Crassostrea virginica (eastern oyster) reefs within the Rachel Carson

National Estuarine Research Reserve, Back Sound, North Carolina (tidal range 0.92 m, salinity



30-35 psu). In total, 43 reefs provided spectrums of sizes (15 — 850 m?), ages (<1 — >100 years
old), and tidal elevations (intertidal to subtidal) for our investigations. Constructed intertidal
oyster reefs were created by forming dead oyster shells into 3 x 5 x 0.15 m piles in 1997, 2000,
and 2011 that developed via natural oyster recruitment, growth and survivorship patterns
(Grabowski et al. 2005, Fodrie et al. 2014). We used a terrestrial laser scanner to measure
variation in vertical growth across entire reefs constructed in 1997 and 2000, over a two-year
time step (measured between 2010 and 2012, Fig. 1.1). Water-level data were collected within
the study area in order to transform the reef elevations into the amount of time each portion of
the reef spent emerged from the water (percent aerial exposure) during a tidal cycle (water level
referenced to elevations using the North American Vertical Datum of 1988 [NAVD88]). We
examined the relationship between reef growth and associated elevation to determine growth
thresholds relative to an oyster reef’s position in the intertidal zone. Subsequently, we used those
empirical data to develop a model that illustrates impacts of accelerating SLR on existing reefs
and future reef construction as large-scale green infrastructure.
1.2. Results and Discussion

Decade-old oyster reefs exhibited a unimodal relationship between average vertical-
accretion rate and aerial exposure (Fig. 1.2a). Areas of highest mean growth were exposed 20-
40% of the time, and this range represents an optimal-growth zone (OGZ). These reefs, along
with natural oyster reefs, consistently exhibit a plateau morphology at 0.03 m NAVD88 (+ 0.05
m) (Appendix 1.1), indicating that 55% (£ 1.5%) exposure is the upper zero-growth boundary
(growth ceiling) for reefs in this region. The 10% exposure, occurring at -0.43 m NAVDS88 in
the Reserve, coincides with mean low water (MLW) and represents the lower zero-growth

boundary for oyster reefs where accretional and erosional forces are balanced. Below 10%



inundation, increases in accretion resulted from deposition of sediment and dead oyster shell at
the reef edge. As an oyster reef is physically and biologically weathered (Fodrie et al. 2014,
Johnson and Smee 2014), material is transported from higher reef elevations downslope, mainly
during periods of high wave and current energy, promoting lateral expansion. The lower
portions of an oyster reef may experience increased vertical growth as the physical processes of
sedimentation build those areas in to the OGZ. For example, a majority of reef MF3-1997 had
just reached the center of the OGZ at the beginning of the study period and experienced the most
vertical growth of all the decade-old oyster reefs (Figs. 1,2a).

To verify these exposure boundaries, in 2011 we constructed oyster reefs along a gradient
of sandflat exposures ranging from 0.01 to 18.0% (Appendix 1.2 and Table 1.1) and average
vertical reef growth was measured in 2014 using a Trimble 5800 GPS receiver (1.5 cm
vertical). The initial reef-top exposures ranged from 0.30 to 32.4%, which were comparable to
the lower edge to mid-slope of natural, mature oyster-reef mounds located in the area. Those 3-
year old reefs followed the same growth pattern as the decade-old reefs, with increasing aerial
exposures resulting in greater reef growth rates, and little to no growth when those older reef
were located below 10% exposure (Fig. 1.2b). Although the shallower reefs exhibited rapid
vertical growth (4-8 cm yr?), with the shallowest reef reaching 45% exposure at the end of the
study period, our observation period was too short for these reefs to reach the growth ceiling and
become confined by the stress of limited inundation. Reefs below MLW did not sustain growth,
and anomalously-high accretion rates measured on some reefs were caused by migrating sand
ripples converting the deep shell piles into sand mounds (Fig. 1.2b), as has been observed in
other sandy environments (Taylor and Bushek 2008). While this overall growth pattern

reinforces our results from decade-old reefs, it also indicates that newly-constructed oyster reefs



have the potential to grow twice as fast as mature reefs. Thus, there likely is a progression of
diminishing vertical growth from substrate colonization to reef maturation as the oyster reef
approaches the growth ceiling and the area of the OGZ narrows to the reef flanks (Fig. 1.1c).

Oyster recruitment, growth and survival collectively mediate oyster reef accretion rates,
and therefore, oyster density should generally be correlated with reef accretion. Adult oyster
density in both natural and restored reefs also matched the observed reef growth pattern, except
at the highest elevations of the reef (>0GZ), where density continues to increase as oysters
recruit and fill the interstitial space (Fig. 1.2c) but are still limited in overall growth by
desiccation stress (growth ceiling). Adult oyster densities were greater on natural reefs than
restored reefs in all but the topmost region of the reefs (Fig. 1.2c). Very low adult oyster density
below 10% exposure further supports our observation that reef accretion at the base (Fig. 1.2a) is
from accumulation of sediment and shell material, not oyster growth.

While rising sea level will shift the growth boundaries landward and to higher elevations,
accelerations in SLR will exacerbate the loss of substrate elevations suitable for oyster reef
growth. Similar to models of productivity in saltmarsh habitats (Morris et al. 2002), our oyster-
reef growth model reveals the rates of SLR for a given oyster reef to remain in equilibrium with
rising water levels (Fig. 1.3a). At current rates of local SLR (~ 0.3 cm yrt, Kemp et al. 2011),
the 12% exposure depth represents a critical-exposure boundary (CEB) where rates of reef
growth and SLR are equal. At substrate depths above the CEB, oyster reefs will form and persist
as a consequence of reduced stressors such as disease, predation, and sedimentation. However,
an increase in the rate of SLR to 0.5 cm yr (well within most predictions of SLR by 2100,
Rahmstorf 2010) may render substrates below 15% exposure unsuitable for intertidal oyster-reef

habitat because below that level, oyster-reef accretion cannot keep pace with this SLR scenario



(Fig. 1.3b). In contrast, the growth ceiling, while adjusting in elevation with SLR, will remain at
the 55% exposure. Therefore, and most notably, this strong link between oyster growth and
aerial exposure means accelerating SLR will reduce the estuarine area suitable for oyster reef
occupation (Fig. 1.3c,d) between the shifting CEB (e.g., 12% to 15% exposure) and the constant
growth ceiling (55%). The amount of oyster-reef habitat area lost locally further depends on
nearshore sedimentation rates and changing bathymetry as the shoreface responds to SLR and
fluctuations in sediment supply. Considering the model is crucial for newly forming oyster reefs
(both natural and constructed), as we have witnessed failed reef growth below the CEB within
the first year of construction (Fodrie et al. 2014), making this boundary an immediate
consideration for restoration efforts. Because our results suggest that oyster-reef growth in the
intertidal zone is dependent upon percent aerial exposure, the range of suitable substrate depths
(above the CEB) and the OGZ boundaries will likely expand in other estuaries of the U.S. with
increasing tidal range as the intertidal zone is stretched across a greater depth spectrum
(Appendix 1.3). It also bears noting that the growth ceiling, depending upon oyster tolerance to
desiccation and other stresses of exposure, may differ in warmer and colder latitudes, as more
extreme temperatures could diminish the upper growth limit.

Older established oyster reefs that reached the growth ceiling are resilient to accelerating
SLR because growth rates will increase on top of the reef as oysters exploit increased inundation
time and subaqueous space. That increased productivity at the reef top could in turn lead to an
increase in biogenic sediment flux to the reef base and enhance lateral and vertical accretion
rates around the CEB. This resiliency is contingent upon limited disturbance; harvesting that
lowers an oyster reef below the CEB will ultimately result in the loss of the habitat.

Conservation efforts should limit harvesting practices from reducing oyster reef elevation below



the OGZ to maximize the potential for rebound and to maintain optimal reef growth levels that
would ensure the highest productivity of the fishery.

As development along low-elevation sheltered coastlines and rates of SLR continue to
increase, so does our need for new decision-support tools that both reduce the risk of human
societies to coastal hazards and maintain the vast natural capital that coastal habitats provide. In
high salinity portions of estuaries, oyster-reef restoration in front of either saltmarsh shorelines or
stabilization structures like riprap revetments will increase and help sustain ecosystem services,
but only if restoration efforts consider the CEB and OGZ during project design, implementation,
and future harvesting practices. Notably, the range of suitable substrate elevations for
colonization, restoration, and maintenance of oysters and likely other intertidal foundation
species is a moving and narrowing target with accelerating sea-level rise.

1.3. Methods

We constructed reefs from 60 bushels of shucked oyster shell (cultch) formed into 3 x 5 x
0.15 m boxes in 1997, 2000, and 2011 on sandflats or adjacent to saltmarsh (Spartina
alterniflora dominated; see Appendices 1.1 and 1.4; Grabowski et al. 2005, Fodrie et al. 2014).
Constructed reefs are located within the Rachel Carson National Estuarine Research Reserve and
are protected from harvesting. The natural reefs are located within the Rachel Carson National
Estuarine Research Reserve and adjacent to Cape Lookout National Seashore and are not
protected.

Ten-minute water-level data were obtained over the course of 6 months (June —
December 2010) using HOBO® U20 Water Level Loggers (Onset Computer Corporation; = 0.3
cm accuracy) located in three areas of Middle Marsh. Loggers were placed in a stilling well

(slotted PVC pipe) attached to rebar that was driven into the substrate to refusal (~3 m deep).



Elevations were surveyed at both deployment and data collection, which occurred every month,
with a Trimble® RTK GPS. Pressure data were corrected for local fluctuations in barometric
pressure using a fourth pressure sensor deployed on land, and water-levels were verified with
independent field measurements obtained with a level measuring staff at time of deployment and
readout. Survey data were used to transform the water-level data in to the North American
Vertical Datum established in 1988 (NAVD88) with average vertical precisions of 1.5 cm. We
divided the tidal data into 1-cm bins to ascertain mean percent aerial exposure at each elevation,
which we used to convert all elevation measurements obtained from the oyster reefs to percent
exposure.

Following previously established methods (Rodriguez et al. 2014), we measured cm-scale
vertical growth rates across the entire surface of six sandflat reefs over a 2-year period. These
reefs were chosen because they incorporated a wide range of intertidal elevations and were fully
exposed during the most extreme spring low tides, which is necessary for our methods of
measuring reef growth. Reefs were scanned using a Riegl three-dimensional LMSZ210ii
terrestrial laser scanner in 2010 and 2012 and point clouds were processed to isolate ground
returns using RiISCAN Pro software. We utilized Surfer 10 (Golden Software) to generate digital
elevation models (1-cm cell size) of the six sandflat reefs from 600,000 to 1,000,000 laser returns
(number depends on reef size) spaced <1 cm apart. Elevation changes >1.4 cm are resolvable
with this method. The 2010 reef grid-cell elevations were subtracted from 2012 counterparts (>
500,000 observations per reef) to obtain elevation changes between measurements. This allowed
us to create a table of XYZ and elevation change (2010 value for Z), which we sorted by
descending 2010 elevation values. Those data were separated into 2-cm elevation bins (2010

elevations) and mean elevation change between 2010 and 2012 for each bin were calculated (i.e.,



mean vertical accretion rate for every 2-cm change in reef elevation across the entire reef
surface). An overall mean vertical accretion rate among reefs was then calculated for each 2-cm
elevation bin. Reef MF4-2000 was excluded from the overall mean because it showed signs of
significant harvesting between our 2-yr time step (even though the reef was protected), and this
was supported by laser-scan data and field observations.

Recently constructed reefs (2011) were placed on sandflats at approximate substrate
elevations of -0.9 m, -0.75 m, -0.6 m, and -0.5 m NAVD88 (exposure range: 0.01-18%, Kennedy
et al. 1996, Fodrie et al. 2014). To assess the growth of recently-constructed (2011) reefs over
their lifetimes, we surveyed a grid across each reef using the RTK-GPS at 0.25-m horizontal
intervals. Reefs were surveyed in the fall and winter of 2011, spring of 2013, and spring of
2014. The highest 10% of points within each grid were averaged and designated as the elevation
of the reef top. For each reef, we subtracted top elevations between the longest available time
step and then normalized by the time interval. For comparison, reef accretions were averaged
after binning by original cultch surface exposures: 0-15%, 15-30%, and >30%.

To ascertain size-abundance patterns at different aerial exposures we measured oyster
density and oyster-shell height across intertidal elevations. We randomly placed 0.25-m?
quadrats at varying elevations (surveyed using the Trimble® GPS) on decade-old reefs to obtain
2-3 quadrat samples per reef (N = 22) for density and SH. To sample natural reefs (N = 7),
parallel transects, from reef crest to base, were placed 1 meter apart, and one randomly-placed
quadrat was sampled along each transect. Samples within reefs were not pooled because they
were collected from areas with different exposure conditions, and our primary interest was to
determine if exposure regulates reef dynamics. Oyster-reef material was sampled to a depth of

approximately 15 cm (or to the depth where sediment was anoxic) and the number and shell
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height of live oysters was quantified in the field. Samples were broken into 4 different aerial
exposure bins: less than mean low water (<MLW), from MLW to 20% aerial exposure (MLW),
from 20% to 40% aerial exposure or the optimal-growth zone (OGZ), and greater than 40%
aerial exposure (>0OGZ). Adult-oyster densities (oysters >2.5 cm long) were then analyzed
among aerial exposure bins and between natural and constructed reefs using a two-way analysis
of variance (ANOVA). We used a post-hoc Tukey Honest Significant Difference (HSD) test (o
= 0.05) to determine density differences among exposure zones and between reef types.

The tidal-growth model (Fig. 1.3a) was developed using water-level data and the oyster-
reef-growth curve (Fig. 1.2a). Critical boundaries were defined as the elevation where reef
growth equaled the current or forecasted rate of sea-level rise. NOAA tide data from Fort
Pulaski, Georgia (Station I1D: 8670870) were used to extrapolate the model into a larger tidal
range (2.25 m)(Appendix 1.3). Tidal elevations were transformed to aerial exposure and indexed

to corresponding reef-growth rates using the North Carolina growth curve.
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Figure 1.1 Measuring fine-scale growth on oyster reefs. (a) Photo and (b) oblique point cloud
of oyster reef MF3-1997, both obtained in 2010 using a terrestrial laser scanner. (c) Digital
elevation model subtraction maps of reefs constructed in 1997 and 2000. Reef scans were
conducted in 2010 and 2012. Contour lines represent the 20% and 40% aerial exposure
elevations in 2010.
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Figure 1.2 Analysis of oyster-reef growth and density over an aerial exposure gradient. (a)
Mean vertical accretion rates by aerial exposure for decade-old constructed oyster reefs in Back
Sound, North Carolina. Thick black line represents the mean vertical accretion rate from 2010 to
2012 for five of the decade-old reefs, excluding reef MF4-2000, which was heavily fished during
the study period. (b) Bars represent the growth of newly constructed oyster reefs from 2011
(date of origin) to 2014 (mean  standard error). Red and blue bars indicate loss and accretion
respectively. Thick black line is the mean vertical accretion rate from the decade-old constructed
reefs (from a). (c) Average adult oyster densities for natural (black) and constructed (white)
reefs divided into four intertidal zones (mean * standard error). The four zones include: below
mean low water (<MLW), from MLW to 20% aerial exposure (MLW), the optimal-growth zone
(OGZ, encompassing 20-40% aerial exposure), and above the OGZ (from 40% to approximately
60% aerial exposure). Tiered horizontal bars represent statistical similarity (o = 0.05).
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CHAPTER 2: SALT MARSH AND FRINGING OYSTER REEF TRANSGRESSION IN
A SHALLOW TEMPERATE ESTUARY: IMPLICATIONS FOR RESTORATION,
CONSERVATION AND BLUE CARBON?
2.1. Introduction
Climate change poses a significant threat to coastal ecosystems with the expectation of
increased flooding with sea-level rise (SLR) and storms. Low relief coastal environments are
highly susceptible to erosion and inundation from accelerating SLR and storms, as well as
anthropogenic stressors like increased development and boat wakes. While many developed
areas use hardened structures to protect their shorelines in the form of bulkheads and rock
revetments, there has been a movement to utilize more natural methods, such as living
shorelines. Living shorelines exploit the innate ability of natural habitats (e.g., oyster reefs and
salt marsh) to dissipate wave and current energy (Broome et al. 1992; Currin et al. 2010; Gedan
et al. 2011; Gittman et al. 2014; Davis et al. 2015). Regaining lost shoreline habitats through
restoration, which in many instances have been lost through development (salt marsh; Kennish
2001; Lotze et al. 2006) and exploitation of resources and/or disease (oyster reefs; Beck et al.
2011; zu Ermgassen et al. 2012), not only increases shoreline and property resistance to wave

energy and resultant erosion but also enhances overall service delivery of the estuarine

ecosystem (Coen et al. 2007; Grabowski and Peterson 2007).

2 This chapter previously appeared as an article in Estuaries and Coasts. The original citation is
as follows: Ridge, Justin T., Antonio B. Rodriguez, and F. Joel Fodrie. 2016. Salt Marsh
and Fringing Oyster Reef Transgression in a Shallow Temperate Estuary: Implications for
Restoration, Conservation and Blue Carbon. Estuaries and Coasts. 1-15.
d0i:10.1007/s12237-016-0196-8.
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Tidal wetlands provide a number of ecosystem services, making them one of the most
valuable ecosystems in the world (Costanza et al. 1997). Marsh grasses form expansive
platforms along estuarine shorelines of low relief and elevation, providing a number of benefits
for shores under pressure from SLR and storm waves. Spartina alterniflora can trap sediment by
baffling current and wave energy (Leonard and Croft 2006) and significantly reduce wave height
(~90% decrease) within 20 m of the marsh edge (Knutson et al. 1982). Marshes can be resilient
to SLR because they have the ability to increase their elevation by augmenting belowground
biomass (Cahoon et al. 2004), and they can exhibit greater productivity with increased
inundation (Morris et al. 2002). However, Morris et al. (2002) also describe a threshold
occurring near MSL where increased inundation will result in diminished marsh productivity,
and rapid SLR could destabilize many marsh shorelines. This could result in major loss of marsh
services along the estuarine coastline, including wave dampening, provision of essential fish
habitat and carbon sequestration (Peterson and Turner 1994; Barbier et al. 2011; Murray et al.
2011; Moller et al. 2014).

More than 50% of wetlands have been lost in the US alone within the last century
(Kennish et al. 2001, Lotze et al. 2006) from both natural and anthropogenic sources, with an
estimated minimum global loss of 1-2% per year (Duarte et al. 2008). Along with coastal
development of marshland, the combined pressure of accelerating SLR (Reed 1995; Nicholls et
al. 2007; Craft et al. 2009) and sediment starvation (Syvitski et al. 2009) will lead to the eventual
drowning of marshes along some coasts (Kirwan et al. 2010). An entire marsh platform can
transform into a subtidal sand- or mud-flat environment as conditions change, and marsh-edge
erosion is pervasive along both highly productive and degraded marshes, resulting in a decrease

in area and associated ecosystem services.

20



Oyster reefs fringe many natural salt marshes, and are more resistant to erosion and
positioned lower in the tidal frame than marsh platforms. With multiple stressors reducing the
integrity of the marsh, the use of synergistic ecological engineering (Halpern et al. 2007;
Milbrandt et al. 2015), like coupling oyster reef with marsh, is a viable coastal adaptation that
should provide greater shoreline protection and stability (Cheong et al. 2013). This type of
shoreline modification is applying the sequence of environments found naturally along many
undisturbed, stable estuarine coastlines, encompassing subtidal sand- or mud-flat in the open bay
to oyster reef and then marsh platform moving landward. The installation of substrates like
oyster cultch (recycled shell) or other hard materials at the edge of vegetated habitats is
commonly implemented with the expectation that a living reef will grow and protect the adjacent
habitat edge from erosion. Increasing our understanding of the conditions that promote the
vertical and lateral growth of reefs that fringe vegetated habitats and the subsequent evolution of
the habitat boundary will better guide restoration practices for maximum return on investment in
terms of time, money, and sustained shoreline protection. In addition, constraining the growth
patterns and optimal growth conditions of fringing reefs will improve predictions of coastal
landscape response to climate-induced changes to estuaries in the absence of intervention.

Oyster reefs are self-accreting structures through deposition of shell and biodeposits but
are degraded at varying rates through predation, bioerosion, dissolution, and disturbance (Powell
et al. 2006; Mann and Powell 2007; Powell and Klinck 2007; Green et al. 2009). Salinity and
exposure to air during tidal cycles (aerial exposure) constitute two of the main controls on oyster
reef growth (Baggett et al. 2015; Walles et al. 2016). Exposure provides a refuge from
competition and predation in the high salinity lower estuary (Fodrie et al. 2015), while the

fresher water of the upper estuary provides this refuge for reef growth deeper in the water
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column. Oysters naturally colonize hard substrate located on sand or mudflats, isolated from
other habitats (patch reefs), or along the distal edge of salt marshes (fringing reefs; Grabowski et
al. 2005). Previous work examining intertidal oyster patch-reef growth has shown that, like
marshes, oyster reefs have the capacity to grow at rates equal to or greater than present rates of
SLR (Rodriguez et al. 2014; Ridge et al. 2015).

The proximity of a habitat with other structurally complex habitats can alter
hydrodynamics (Borsje et al. 2011; Sharma et al. 2016a; Sharma et al. 2016b) as well as predator
utilization along these habitat boundaries (Irlandi and Crawford 1997; Lewis and Eby 2002;
Carroll et al. 2015). Oyster reefs may produce a shadow effect, attenuating hydrodynamic
energy, reducing erosion and promoting expansion of adjacent vegetated habitats (Sharma et al.
2016a, Sharma et al. 2016b). However, reduced flow around the marsh-reef complex may
decrease food delivery to oysters and allogenic sedimentation in both the reef and marsh. These
interactions may ultimately result in diminished reef growth and marsh accretion, as well as
changes in sediment composition within both habitats.

Vertical accretion and shoreline evolution are particularly important for carbon
sequestration potential as marshes are considered a blue carbon habitat (Murray et al. 2011),
capturing a disproportionately high amount of carbon compared to the global area they occupy
(Chmura et al. 2003; Duarte et al. 2005). Theuerkauf et al. (2015) observed marsh shoreline
erosion in North Carolina on the order of 0.65-0.76 m yr. This process has resulted in total
ravinement (loss to erosion) of carbonaceous marsh sediments spanning hundreds of years,
highlighting the importance of carbon export explicitly through lateral erosion when modeling
marsh carbon budgets (Theuerkauf et al. 2015). During transgression, the presence of a fringing

oyster reef could change the ravinement process and preservation of marsh sediments. To better
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understand fringing oyster reef development and the lateral trajectory of the marsh-reef boundary
(and implications for the carbon-related storage services of marsh habitat), this study addresses
three main questions: 1) Are fringing reefs following the same growth paradigm with regards to
aerial exposure as observed on patch reefs (sensu Ridge et al. 2015)? 2) What is the trajectory of
marsh-oyster reef boundaries (shorelines) in the Southeast US? and 3) What are the consequent
implications for the carbon storage potential of these environments?
2.1.1. Conceptual model of estuarine shoreline evolution

The depositional environments that exist around marsh shorelines can evolve in a number
of ways depending on the local hydrodynamics, sediment supply, and rate of SLR (Mariotti and
Fagherazzi 2010, Fagherazzi et al. 2012, Fagherazzi et al. 2013, Kirwan et al. 2016; Fig. 2.1).
The stratigraphy of coastal areas preserves a record of the trajectory of the boundary between
depositional environments. Assuming a productive marsh platform and the absence of a fringing
oyster reef, a salt marsh may grow laterally and/or vertically with adequate sediment supply and
relatively low hydrodynamic energy and rates of local SLR (LSLR). Conversely, sediment
starved areas can experience wave-induced shoreline erosion even without SLR. As a salt marsh
shoreline erodes under conditions of increasing hydrodynamic energy and/or rapid SLR, salt
marsh area is reduced and typically transformed into a subtidal sand- or mud-flat environment.
Depending on the depth of wave- and current-induced erosion and thickness of the salt marsh,
some marsh peat could be preserved under the new sandflat environment, retaining a portion of
the buried carbon that accumulated in the past. Increasing the depth of erosion, or ravinement,
and decreasing marsh thickness decreases the preservation potential of old marsh peat as the

marsh edge transgresses.
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A productive salt marsh platform fringed with oyster reef may have a different evolution
under conditions of increasing hydrodynamic energy and/or accelerating SLR than the scenario
described above, because an oyster reef is more resistant to erosion than the adjacent marsh.
Under these conditions, the boundary between the fringing oyster reef and salt marsh could
experience four different evolutionary responses, including: 1. regression, 2. stasis, 3.
transgression, or 4. disconnection as the boundary between environments widens (Fig. 2.1). If
the oyster reef dampens the hydrodynamic energy impacting the boundary and accretion of both
environments is keeping up with the rate of LSLR, then the boundary will either regress and the
marsh would expand over the oyster reef or the boundary will remain static as both environments
accrete vertically. Alternatively, if the oyster reef does not sufficiently dampen the
hydrodynamic energy impacting the boundary and accretion of both environments lags behind
the rate of LSLR, then the boundary will either transgress, through the displacement of oyster
reef on top of salt marsh, or the marsh edge will erode landward at a faster rate than the oyster
reef, and the fringing reef will transform into a patch reef (disconnection).

2.2. Methods
2.2.1. Study site and reef selection

Back Sound and the North River Estuary, North Carolina, were chosen for the study
because they contain natural and restored fringing oyster reefs (Crassostrea virginica) and salt
marshes (S. alterniflora) that are experiencing edge erosion (Fig. 2.2). The marshes and oyster
reefs included in the study are located around Middle Marsh (MM), North River Marsh (NRM),
and Carrot Island (CI) (Fig. 2.2). Middle Marsh and North River Marsh are part of a relic flood
tidal delta that formed approximately 4000-2000 years ago (Berelson and Heron 1985). Itis an

extensive network of salt marsh, tidal channels, natural and constructed oyster reefs, and
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sandflats, many of which are occupied by seasonal seagrass beds. This area experiences a
semidiurnal tide with a range of 0.9 m (U.S. Army Corps of Engineers 1976; Rodriguez et al.
2014) and salinities between 30-35 ppt.

Oyster-reef growth, and evolution of the reef-marsh contact were studied using natural
and constructed reefs (Table 2.1). The natural fringing reefs and back-reef marshes examined
were along straight portions of the marsh shoreline and along marsh headlands. The oyster reefs
at marsh headlands were narrow (~10 m) and long extending (20-40 m) off the headland into the
adjacent estuary (groin reefs). The other natural marsh-fringing reefs are oriented with their long
axis parallel to the marsh shoreline extending ~100 m and 10 m in the along- and cross-shore
directions, respectively. Constructed fringing reefs were built from recycled oyster shell placed
at the edge of the salt marsh in 3 m x 5 m x 0.15 m boxes (long dimension oriented parallel to the
marsh shoreline) around Middle Marsh in 1997 and 2000 (Grabowski et al. 2005) (Fig. 2.2).
2.2.2. Reef growth

Growth of natural and constructed fringing reefs were assessed using remote sensing and
coring. Terrestrial laser scanning has proven to be a highly accurate method for measuring reef
growth and elevation changes >1.4 cm (Rodriguez et al. 2014, Ridge et al. 2015). This method
only works for areas exposed during a tidal cycle and data were collected during spring low tides
when the maximum reef area was exposed. The natural and constructed fringing reefs were
scanned twice between 2010 and 2015 using a RIEGL three-dimensional LMSZ210ii terrestrial
laser scanner to create digital elevation models (DEM) from 600,000 to 1,000,000 laser returns
spaced <1 cm apart. Point clouds were processed using RiISCAN Pro software (RIEGL LMS),
extraneous points were removed using the MARS 7 software package (Merrick® Advanced

Remote Sensing Software), and DEMs of the reefs were generated at a 5-cm grid-cell spacing
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using Surfer 11 (Golden Software, Inc.) (Fig. 2.3). Reef grid cell elevations were subtracted
from its second-scan counterpart to obtain elevation changes between measurements, then those
differences were sorted into 2-cm elevation bins, based on the first scan for each bin, and
averaged (i.e., mean vertical accretion for every 2-cm reef elevation bin across the entire surface
of the reefs; Ridge et al. 2015). Intertidal elevations were converted to percent aerial exposure,
or relative amount of time spent out of the water during an average tidal cycle, as described by
Ridge et al. (2015), because aerial exposure is an important determinant of reef growth in the
high-salinity seaward portions of estuaries (Walles et al. 2016). This provided fine-scale vertical
growth measurements for determining if aerial exposure impacts the growth of fringing reefs
similarly to patch reefs. All elevations are reported in reference to the North American Vertical
Datum of 1988 (NAVD88).

To supplement the laser scan data, we took cores through the middle of 10 constructed
reefs to coarsely measure reef growth from date of construction to 2010. Core locations were
surveyed using a Real Time Kinematic Global Positioning System (RTK-GPS) to determine the
exact elevations of the reef surface relative to mean sea level (MSL). To core the reefs, a 10-cm
diameter aluminum pipe was driven into the surface using a jackhammer. In the lab, cores were
split longitudinally, sectioned continuously in 5-cm increments from the top, photographed, and
described. In addition to the date of oyster-reef construction, we used the distance between the
reef surface and the top of oyster cultch shell to calculate vertical growth rates. The oyster cultch
shell is morphologically distinct and easily discernable from new oyster growth because the
cultch shell was sourced from subtidal oyster beds that have wider and thicker shells compared
to the narrower thinner shells of intertidal reefs.

2.2.3. Live oyster and salt marsh density
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Oyster density is an indication of oyster population, recruitment and survivorship, while
size provides additional information on the age structure of a reef (Kraeuter et al. 2007). Along
natural reefs, at least four transects running from the reef crest to base were spaced one meter
apart. Each transect was divided into four zones down the reef slope, and a random sample was
taken within each zone using a 0.06-m? quadrat. Quadrats were excavated to the depth that all
living oysters were collected, typically where the reef became anoxic (Baggett et al. 2015). All
plot elevations were recorded at the surface of the reef using the RTK-GPS. Along with oyster
density, the shell heights of all oysters were measured to ascertain the number of adult oysters
(>2.5cm).

Marsh-grass densities were measured using a 0.25-m? quadrat at the farthest extent of grass
adjacent to the fringing reef, the marsh platform levee, and the interior of the marsh (5-10 m
from the levee). Stem heights of 10 grass blades were recorded within each plot. These
measurements were also taken at 5 non-reef marsh sites for reference (Fig. 2.2).

2.2.4. Reef-marsh evolution

To assess the evolution of the reef-marsh interface, we collected a core transect
perpendicular to the reef-marsh contact across 7 natural fringing-reef shorelines. Each transect is
composed of four cores (10-cm aluminum pipe) collected at the seaward edge of the reef, at the
reef crest, in the zone occupied by both living oysters and marsh grass, and in the marsh beyond
the extent of living oysters. Using the RTK-GPS, we collected elevation profiles by walking
from the bayward edge of the reef into the marsh to demark the boundaries and overlap of
habitats. For reference, we also cored areas of marsh with no oyster occurring on the shoreline
using two cores 1 m from the marsh edge in both directions. Concurrently, transects of push

cores were taken at non-reef marsh sites progressing away from the marsh edge (furthest extent
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of living grass) at 1-m intervals. This provided the thickness and extent of marsh sediments
preserved following marsh shoreline retreat. We used the jackhammer method of collecting
cores on the reef and some salt marshes were cored using a sledgehammer to drive the 10-cm
diameter aluminum pipe into the subsurface.

Once taken, cores were processed similarly to the oyster-reef cores obtained to measure
vertical reef growth. The similar depth of strata between adjacent cores indicates that what little
compaction was introduced during the coring process (<5 cm, defined as the distance between
the top of the core and the adjacent substrate measured before the core was extracted) is
ubiquitous within and among the cores. For the natural reefs, we estimated the timing of first
oyster colonization and lateral reef expansion, by obtaining Carbon-14 dates from shell
fragments cut from the umbo of articulated oysters sampled at the base of reefs. Additionally,
we radiocarbon dated marsh material collected just below the reef-marsh contact in the mid-reef
core of two natural groin reefs (MM2 & NRM2). The National Ocean Sciences Accelerator
Mass Spectrometry Facility at the Woods Hole Oceanographic Institution provided the
radiocarbon ages. Ages were calibrated to years before present (AD 1950 = 0 BP) and calendar
years at the 95.45% confidence interval (2 sigma) obtained by using the CALIB 7.1 program
(Stuiver and Reimer 1993; Reimer et al. 2013).

2.2.5. Sedimentary analyses

Coastal depositional environments form distinct lithofacies, arranged in a vertical
succession dictated by the evolution of an area through time with laterally shifting habitats. In
addition to visual description, we measured grain size on each 5-cm section of the cores to aid in
defining lithofacies. Samples were wet-sieved to separate the >2-mm size fraction, which was

weighed. The remaining finer-grained sediment was dried, weighed, subsampled, and processed
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through a Cilas 1180 laser particle-size analyzer to obtain a grain-size distribution from 0.04 to
2000 microns split into 100 bins.

Percent organic carbon in reef and marsh sediments was obtained using a combination of
Loss on Ignition (LOI) and a Perkins-Elmer CHN analyzer. CHN analysis was conducted on 6-
10 samples (< 2-mm size fraction) from most cores, and LOI was used on the > 2-mm size
fraction for each sample. We also used LOI to further supplement this dataset from the
remaining cores, which consisted of separately combusting sediments <2 mm and organic
material >2 mm (mainly blades, stems and roots) at 550°C for 4 hours. A calibration (Craft et al.
1991) was applied to more accurately estimate the organic C content from organic matter
combusted during LOI, making these results directly comparable and combinable with CHN
data. Mean percent organic carbon (sediment + organics, mass by volume) was calculated for
marsh strata in each core, and then averaged across sites for the interior marsh carbon inventory
(kg m2). Next, using the dimensions of marsh sediment preserved below oyster reef obtained
from the cross-sections, we calculated average carbon inventory below each study reef. Finally,
prior to the formation of these fringing reefs, marsh shorelines likely stretched beyond the
present extent of their preserved sediments, and we determined the percent carbon conserved at
each shoreline using respective carbon inventories and the trapezoidal area bounded by the two
oyster-reef cores with marsh sediments (cross sections) at relevant sites (MM2, MM3, and
NRMZ2). Our study areas fall along the edges of historical aerial imagery, and the distance from
reliable benchmarks for georectification make it difficult to reliably track shoreline changes at
each of our sites. Therefore, for a conservative estimate of percent carbon preserved by the
reefs, we assumed the greatest erosion scenario in that the current lateral extent of marsh

sediment along eroding shores was once occupied by a fully formed marsh platform.
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2.3. Results and Interpretation
2.3.1. Reef growth and density

Elevation measurements from the laser scans of the natural fringing reef (CI-1) yielded a
parabolic growth response with elevation (Fig. 2.3), having the greatest growth (1.4 cm yr?)
between 18% and 28% aerial exposure (-0.35 and -0.25 m NAVD88, respectively). Overall, the
entire reef area examined exhibited growth, which dropped to <0.5 cm yr? at 10% (mean low
water, MLW) and 52% exposure (-0.43 and -0.1 m NAVD88, respectively). Scans of the
constructed fringing reef (SG3-1997) revealed a similar trend in the 3-yr time step, but in the
first scan (2010), reef substrate only incorporated elevations up to -0.25 m NAVD88. Most of
SG3-1997 experienced little or no growth (predominantly loss), with growth spiking at the
highest elevations (Fig. 2.3A).

The cores from constructed reefs in Middle Marsh sampled the cultch surfaces of all but
two reefs (SG3-2000 and SM1-1997) below MLW and the mean thickness of the reefs above the
cultch were only 10.5 £ 5.7 cm (Mean = SD). Thus, we observed the same pattern as the laser
scanning results with little growth below MLW, based on the overall reef growth since their
construction (mean growth rate of 0.89 + 0.51 cm yrt). Greatest growth (20 cm or 2.0 cm yr?)
occurred on constructed reef SG3-2000 (Fig. 2.3B), which had the highest cultch surface
exposure (14%).

Adult oyster density increased with exposure, with greatest densities occurring near the
tops of natural reefs around MSL (Fig. 2.4). Constructed fringing reefs mainly occupy areas at
and below MLW, and oyster densities in those lower tidal-zone regions, while being less

abundant, followed the pattern found on natural reefs.
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Salt marsh density and average stem height between reef and non-reef sites were not
significantly different (density: t = -0.966, df = 34, P = 0.34; height: t = 1.88, df = 34, P = 0.069;
Appendix 2.1). Mean stem densities in non-reef and reef marshes were 128 + 49.2 m2 and 112 +
50.2 m2 (Mean + SD), respectively, while mean stem heights were 48.2 + 10.2 cm (non-reef)
and 54.5 £ 9.93 cm (reef).

2.3.2. Sedimentary units and stacking patterns

Cores sampled the same three sedimentary units in all transects along natural shorelines.
The deepest unit was a fine-grained silty sand (mean grain size ~150 um) with less than 1% shell
fragments. This unit was interpreted as a sandflat and is similar to the modern sandflat that
exists throughout Middle Marsh. Above the sand flat, we sampled a carbonaceous muddy sand
(mean grain size ~ 100 um) to sandy mud (mean grain size ~50 um) with abundant roots and
stems of S. alterniflora. This unit was interpreted as salt marsh peat and extends below and in
direct contact with all but the natural reef NRM1 (Fig. 2.5, Appendix 2.2). While older, deeper
marsh sediments were uniformly muddy sand, inner marsh cores (Core 1 for each transect) all
exhibited a fining upwards trend (the transition from coarse-dominant to fine-dominant sediment
up core). Marsh cores closer to the reef (Core 2 of each transect) were sandier overall. In most
transects, the marsh unit was continuous and thickened toward the reef-marsh boundary.

Oyster reef strata were composed of >15% shell with sandy mud or muddy sand filling
the pore space, and the taphonomically active zone (zone of living oysters) having between 80-
98% shell with relatively open pore space. Similar to the marsh cores, reef cores exhibited a
fining upwards trend in grain size. Laterally, reefs experienced a midpoint peak thickness and

thinned toward both the sandflat and salt marsh boundaries. The maximum thickness of the reefs
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varied, with the groin reefs MM2 and NRM2 being the thickest reefs sampled (0.6 m and 0.85 m
thick, respectively).

Radiocarbon dates from the deepest section of North River reef NRM2 revealed the reef
first formed 110-208 cal yr BP (~1819 AD). Dates from the base of the Middle Marsh reef
MM2 suggested it formed after 1950 AD (Fig. 2.5), and aerial photography from the United
States Department of Agriculture (USDA) in 1958 indicated that a smaller precursor reef was
present. For both groin reefs, MM2 and NRM2, dates taken up the slope of the reef-marsh
contact demonstrated that these reefs expanded over the marsh after 1950. Similar to NRM2,
shell material from CI-1 showed the reef was as old as 65-211 cal yr BP (~1877 AD).

Preservation of the marsh sediment under the study reefs reached 5-15 m from the
farthest extent of living marsh (Figs. 2.5,2.6), while marsh sediments at all non-reef sites were
completely absent at some distance within 5 m of the marsh edge (Fig. 2.6). Interior marsh cores
had an average soil carbon density of 0.0208 + 0.004 g C cm™ and organic carbon inventory of
12.5 + 2.41 kg C m™ (average of four cores and standard deviation). Carbon inventories for
marsh sediments below reefs ranged from 0.382 to 9.72 kg m*2 among individual cores and reef
sites with an overall average below-reef inventory of 5.29 + 2.69 kg C m and soil carbon
density of 0.0199 + 0.007 g C cm™. The natural low-relief fringing reefs, MM3 and MM4,
yielded average below-reef marsh carbon inventories of 3.50 + 2.37 kg C m? and 1.81 + 2.01 kg
C m?, respectively (averages of two cores each). Marsh sediments under the high-relief fringing
reef, MM1, contained 8.27 kg C m (one core), while the marsh sediments below the groin reefs
NRM2 and MM2 contained 7.44 kg C m™ (one core) and 5.44 + 3.78 kg C m (three cores),

respectively.
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To calculate the percent carbon preserved by the reefs during transgression, we used a
conservative date for oyster-reef presence on the marsh shorelines (1950 AD, modern by
radiocarbon analysis). This meant the marsh platform would have been approximately 15-cm
lower at historical rates of LSLR (2.8 mm yr*, Beaufort, NC, NOAA Tides and Currents, Station
ID 8656483). The corresponding interior marsh core at each site was used to estimate the
potential carbon within the hypothetical marsh platform bounded by the relevant oyster cores.
Compared to the current extent of buried marsh sediment and corresponding carbon inventories,
carbon preservation under reefs MM3, NRM2, and MM2 equaled 22.2%, 28.3%, and 58.4%,
respectively. Just relating the interior marsh cores to cores taken within the reef-marsh interface
indicated that an average of 64.4% + 13.4% (standard error) was capped by the transgressing
reef.

2.4. Discussion
2.4.1. Reef growth

Natural fringing reefs appear to be following a parabolic exposure-growth curve, with a
peak in reef growth between MLW and MSL. This growth pattern follows previous fine-scale
examinations of constructed intertidal patch-reef growth, which exhibited a parabolic growth
pattern with greatest rates occurring in the mid-low intertidal (optimal growth zone, OGZ; Ridge
et al. 2015) with zero-growth boundaries forming near MLW and MSL (growth ceiling).
However, unlike constructed patch-reef growth curves, the natural fringing reef exhibited growth
lower in the tidal range, from 15-30% as opposed to the 20-40% previously described. It also
experienced net accretion across all elevations sampled, only decreasing to 3.9 mm yr* around
MLW and 2.3 mm yr* near MSL, roughly the rate of local LSLR (2.8 + 0.37 mm yr). This

inconsistency may indicate that natural reef growth behaves differently than constructed reef
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growth due to a variety of factors. Growth may manifest differently with varying levels of reef
maturity (Rodriguez et al. 2014). The fringing reef’s location adjacent to salt marsh may impact
the growth curve due to flow modification (Leonard and Croft 2006) and/or predator
accessibility and behavior (Irlandi and Crawford 1997; Lewis and Eby 2002; Carroll et al. 2015).
While proximity to the marsh would not change the tidal exposure-elevation gradient, baffled
flow near the marsh could reduce food delivery, and the higher elevations of the reef nearer the
marsh edge may experience increased predation. This reef may have also experienced a different
aerial exposure regime during this study period than the elevation-exposure calibration we
derived from Middle Marsh water levels earlier in 2011 as a result of annual fluctuations in sea
level between 2012 and 2015, with annual mean sea level changing = 4 cm between years
(Beaufort, NC, Mean Sea Level Trends; NOAA Tides and Currents, Station 1D 8656483).
Because the tidal range in this area is just below a meter, each centimeter change in water level
would correspond to a shift of slightly more than one percent aerial exposure when referencing
our baseline water level data. A 4-cm drop in water level could explain the OGZ appearing at
15% aerial exposure instead of 20% when compared to the same 2011 baseline water levels.
Constructed fringing reefs in Middle Marsh are experiencing little to no growth, and in
some instances, substantial elevation losses as the substrate is slowly redistributed (e.g. the
abundant loss on SG3-1997, Fig. 2.3). The scanned constructed reef (SG3-1997) experienced a
growth peak at its highest elevation (26% exposure). While that peak did occur within the
previously defined OGZ for constructed patch reefs (Ridge et al. 2015), the critical exposure
boundary (the depth at which growth is equivalent to LSLR) of this constructed fringing reef also

falls within the previously defined OGZ. Therefore, from a restoration standpoint, it appears that
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the optimal placement of material along some marsh shorelines could be defined by an even
narrower depth range than previously suggested from examining patch reefs.

In comparison to constructed patch reefs in Middle Marsh (Rodriguez et al. 2014; Ridge
et al. 2015), many of these constructed fringing reefs were placed lower in the tidal range, with
much of their surface below MLW (Figs. 2.3,2.4). A detailed inspection of the shell material
within each core section (Appendix 2.3) reveals that the “growth” displayed by most of these
reefs is only a cluster of oysters that spans one to two generations. When we exclude the
taphonomically active zone (zone of living oysters), which is the top 5-10 cm of each core, the
only reef that showed growth is SG3-2000. Reef SG3-2000 was the only constructed-fringing-
reef site where cultch material was placed near the OGZ, which further supports the paradigm
that reef material placed too low in the water column will not produce a prolific reef in lower
estuarine systems.

Oyster recruitment, growth and survival collectively mediate oyster-reef accretion rates,
and therefore, oyster density should generally be correlated with reef accretion. Adult oyster
density in both natural and restored fringing reefs matched the observed reef-growth pattern,
increasing growth with exposure, except at the highest elevations of the reef (> OGZ), where
oyster densities were high but growth rates were low. These areas of the reef near MSL are most
likely older sections of the reef that have been confined by the growth ceiling (~55% aerial
exposure in this area). Over time, oyster recruitment within the interstitial space has increased
density (Fig. 2.4) while oyster growth is still being limited by desiccation stress. Most of the
restored fringing reefs included in this study fall on the deeper end of the growth spectrum and

thus have markedly lower densities than the more mature, natural fringing reefs.

35



It is possible that the constructed-reef locations along marsh shorelines, which did not
have substantial natural oyster reefs prior to cultch placement, are not suitable for reef
development due to factors other than aerial exposure. Recent work has indicated that some
shorelines may be unsuitable for oyster reef growth due to high wave exposure (Theuerkauf et al.
2016). Flow and sedimentation, which were not measured here, have been used to model reef
development (Jordan-Cooley et al. 2011; Housego and Rosman 2015), primarily for subtidal
oyster reefs. Flow has a major influence on the growth and condition of oysters (Grizzle et al.
1992; Lenihan et al. 1996; Lenihan 1999), and the baffling of flow around the marsh may inhibit
food delivery to oysters and increase sediment deposition. Several studies (MacKenzie 1981;
Colden and Lipcius 2015) have linked sedimentation to oyster mortality, and studies conducted
by Lenihan (1999), Taylor and Bushek (2008), and Colden and Lipcius (2015) found that
sediment burial could be detrimental to reef development. Solomon et al. (2014) found that
sedimentation was positively correlated with increased inundation in the intertidal; thus, low
flow and high sedimentation could explain why the constructed reef SM1-1997, which was
placed just above MLW but in a very sheltered area, still exhibited little growth (Fig. 2.3). This
coupled with the high growth of SG3-2000, which had the greatest cultch material thickness (i.e.
highest relief; Appendix 2.3), may indicate that the importance of flow and sedimentation with
relation to subtidal reef height (Lenihan 1999; Schulte et al. 2009; Jordan-Cooley et al. 2011)
could be applicable to intertidal reefs. While it is possible that we are witnessing a localized
effect, these data still support the need for proper siting of oyster restoration projects.

2.4.2. Reef-marsh evolution
Core transects revealed that most of the natural fringing reefs in Back Sound are in a state

of transgression (Fig. 2.1, Response C), as old marsh sediment was found beneath 5 of the 7

36



natural reefs studied. Radiocarbon dating of marsh-sandflat contacts from around Back Sound
indicates that marsh grass colonized and fully occupied intertidal sandflats as early as the 16™
century (Theuerkauf et al. 2015). The increased rate of SLR during the last two centuries
combined with anthropogenic disturbances have driven marsh area loss along our coasts
(Nicholls et al. 1999). Lateral retreat of marsh shorelines in response to these changes in
estuarine conditions is associated with some degree of ravinement of old marsh sediment from
waves and currents. Prior to oyster-reef formation, it is likely that the areal extent of the marsh
platform extended seaward. This assumption is supported by core transects across marsh
shorelines in this study that sampled marsh below oyster reef (Fig. 2.6) and other research
conducted in nearby areas (Mattheus et al. 2010; Theuerkauf et al. 2015) that showed over 20 m
of shoreline erosion since 1958 (the oldest, discernable shoreline from aerial photographs). In
places of eroding marsh, the non- or sparsely-vegetated, shoreface may have provided an
intertidal surface for deposition of shell material allowing reefs to gain a foothold. Radiocarbon
dating of basal oysters from three reefs suggests these reefs occupied their present position
within the last 200 years, and dates obtained from the reef/marsh sediment contact in cores 3 and
4 of the natural groin reef MM2 (Fig. 2.5) show that transgression has primarily happened within
the last century.

Grain-size data reinforce that the upper portions of the marsh sediment column were
eroded prior to- or during transgression of the fringing oyster reef. Cores from the marsh interior
show that basal marsh sediment is sandy, and this old marsh was deposited during initial
colonization of the sandflat, when allogenic marsh sediment was being sourced from the
surrounding sandflats. As the marsh accreted and increased in areal extent, the allogenic

sediment source transitioned from the adjacent sandflat to the finer grains suspended in the water
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column, demonstrated by the fining upwards sequence present in interior marsh cores. This
process is mirrored in the oyster reefs, with the pore space in less developed reefs being
predominantly filled with sandy allogenic sediment. Pore space of the higher relief, mature reefs
is fining upward (Fig. 2.5). The tops of those reefs are now disconnected from the adjacent
sandflat and pore space is primarily being filled with fine-grained sediments, likely biodeposits
of oyster feces and pseudofeces. Marsh sampled below the oyster reefs show the same fining
upward sequence as the interior marsh cores, but upper muddy marsh sediment is thinner than
what was sampled in the marsh interior, and we interpret the difference in thickness between the
interior marsh and the marsh preserved below the oyster reef being due to ravinement processes.

Cores taken within the transition area between the marsh and oyster reef (Core 2 in most
transects) display a sandier marsh unit throughout except in the high-relief natural reefs MM1
and MM2. This is most likely due to the reconnection of allogenic sediment sourcing from the
adjacent sandflat as the shoreline retreated, and probably further mixed by bioturbation from
burrowing organisms. The siltier mid-transect cores (Core 2) from MM1 and MM2 are likely
due to the fringing reefs being more mature with greater vertical relief than other sites. The
mature fringing reefs reduced the connection of the marsh with the adjacent sandflat, protecting
that marsh sediment from reworking through exposure to erosive forces. This provides further
evidence that larger reefs with higher relief exhibit enhanced protection of the shoreline.

At the point of reef maturation, when the reef reaches its growth ceiling, the transition
zone between reef and marsh reaches peak stabilization. The ravinement of marsh sediment has
been reduced or halted as seen in MM1 and MM2, but it is unlikely that the reef-marsh transition
zone will remain static with both habitats accreting at the same rate. Rather, it is more likely that

the reef will consolidate as it intrudes into the marsh and increased oyster density crowds out the
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marsh grass as rising sea level elevates the growth ceiling and the transition zone transgresses.

In many cases, it is improbable that the rate of oyster reef transgression would supersede upland
migration of the marsh, but in instances where the marsh cannot traverse the upland boundary, or
has no upland to expand upon (Middle Marsh), this will result in the loss of the marsh platform
area over time, gradually decreasing its carbon sequestration potential.

2.4.3. Carbon reservoir

Marsh-carbon inventories from our study sites (both interior marsh and below reef) were
the same magnitude as inventories obtained in nearby salt marshes (5-8 kg C m, Theuerkauf et
al. 2015). These values are also equivalent to carbon inventories observed in Florida in middle
and high marsh areas (10 + 5 kg C m) but less than low marsh observations (25 + 4 kg C m?)
(Choi and Wang 2004). Likewise, our soil-carbon densities from interior marsh and below the
reefs were on the low end of the marsh-carbon density spectrum (see review in Chmura et al.
2003).

Ravinement of the marsh shoreline results in export of stored carbon to the estuary that
can far outweigh the marsh’s capacity to trap carbon (Theuerkauf et al. 2015). Fringing reefs,
regardless of morphology, did not impact marsh grass density or overall stem height (Appendix
2.1), and thus the natural hardening of the shoreline by oyster reefs is principally responsible for
mitigating the depth of ravinement and consequent loss of carbonaceous marsh sediment. This
study indicates that, from a fringing reef’s inception, it can preserve a quarter to half the carbon
stored within an eroding marsh shoreline. These percent preservation values are conservative,
because it is possible that the marsh was already eroded prior to oysters colonizing the shoreline,
which would increase the relative percent carbon preserved by the reefs. In the process of a reef

growing vertically and laterally along the marsh edge, erosion of marsh sediments was likely
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reduced correspondingly to the maturity of the reef. This is further evidenced by the cores taken
within the habitat overlap (the reef-marsh interface), which indicate that nearly two-thirds of the
marsh carbon is being preserved under recently transgressed areas; the highest preserved carbon
values being in the reefs with the greatest relief.

No marsh sediment was preserved >5 m bayward of the marsh edge at reference sites
where no oyster reef was present, indicating total ravinement of carbonaceous sediments. When
compared to the annual rate of carbon being lost from nearby eroding marsh sites without oyster
reefs (annual shoreline retreat: 0.65 m; average carbon inventory: 6.79 kg C m; Theuerkauf et
al. 2015), carbon preservation under the reefs MM1 and MM2 is equivalent to approximately 1.5
and 18.9 years of unimpeded marsh erosion, respectively (6.70 + 7.16 yr, average for all sites).
This presents a new view of how reefs can help enhance ecosystem services of marshes, by
preserving buried marsh carbon during transgression. This process is likely occurring
throughout the Southeastern US and other parts of the world where oyster reefs fringe wetland
environments.

Beyond capping carbonaceous marsh sediments, there still remains the question of what
role oyster reefs play in estuarine carbon budgets. It has been speculated that reefs can act as
carbon sinks (Peterson and Lipcius 2003; Grabowski and Peterson 2007), although there is a lack
of empirical evidence to support this postulation. As seen in the marsh, finer sediments (silts and
clays) are generally richer in organic carbon, and the fine sediments trapped in the pore space of
upper sections of mature reefs may be evidence for the reef’s capacity to trap large amounts of
carbon within the reef matrix. However, most of that carbon is likely allogenic, and it is yet to
be determined if this burial is enough to offset overall reef respiration and the CO> produced

during the calcification process (Ware et al. 1992).
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2.5. Conclusions

Salt marshes and oyster reefs are highly threatened habitats but are crucial components to
a coastal landscape that has experienced alarming changes since the end of the 19" century
(Beck et al. 2001; zu Ermgassen et al. 2012). This study demonstrates that marsh shorelines in
central North Carolina, and likely other locations along the Southeast coast of the US, are in a
general state of retreat and that fringing oyster reefs naturally transgress these habitats. Natural
fringing oyster reefs exhibit a similar pattern of growth to highly productive constructed patch
reefs, having a peak in growth occurring between MLW and local MSL, and we have also shown
that constructing fringing reefs above MLW in lower estuaries is important for promoting reef
growth. As reefs mature, they not only slow marsh retreat but also preserve buried marsh carbon
during transgression. Careful consideration of tidal placement and hydrodynamic conditions will
help promote growth of constructed reefs, and coupled restoration and preservation of reef and

marsh environments will help ensure prolonged ecosystem functioning in impacted estuaries.
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Table 2.1 Description of study reefs and sampling conducted on each.

Sampling Methods

Lase Core
Vertical r Transec
Reef Type Relieff Scan Core t Density
Natural Reefs
MM1 Fringing High X X X
MM?2 Groin High X X X
MM3 Fringing Low X X X
MM4 Fringing Low X X X
NRM1 Disconnec High X X
t
NRM2 Groin High X X X
Cl-1 Fringing High X X X X
Constructed Reefs
SG3-1997 Fringing Low X X X
SG3-2000 Fringing Low X X
SM1-1997 Fringing Low X X

fLow relief fringing reefs are less than 0.25 m in vertical relief, while high relief reefs are greater
than 0.25 m in vertical relief
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Figure 2.1 Potential responses of marsh shorelines with and without adjacent oyster reefs
to an increase in relative sea level, considering relative sediment supply and local
hydrodynamic energy. The dashed black line represents the original shoreline at Time 1.
Within each shoreline response, a combination of possible factors is included along a fulcrum to
illustrate how their relative contributions will impact the balance between shoreline regression
(R) or transgression (T). For example, the shoreline response A. Shoreline Regresses can occur
when sediment supply offsets the impact of SLR and/or hydrodynamic energy. As another
example, response D. Marsh Transgresses and Reef Disconnects may occur when hydrodynamic
energy far outweighs sediment supply, regardless of the rate of SLR.
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Figure 2.2 Study area map of Back Sound and North River Estuary in North Carolina.
Marsh sites with reefs (natural and constructed) and without reefs are indicated with symbols.
Black filled symbols represent reefs that were scanned using terrestrial lidar. All reef sites were
cored and oyster densities sampled. Labels are placed at sites mentioned in the text.
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Figure 2.3 Growth of natural and restored fringing oyster reefs. a) Digital elevation models
(DEMs) constructed from laser scans of natural (CI-1) and restored fringing reefs (SG3-1997).
Subtraction maps (right panels) denote elevation change between the two scans. Holes on maps
represent scan shadows with insufficient data to accurately construct the DEMs. b) Mean
vertical growth rate across a natural fringing oyster reef (CI-1, solid line) and constructed
fringing oyster reef (SG3-1997, dotted line) based on consecutive laser scans and binned by the
aerial exposure of initial scan. Dots represent growth rates of constructed oyster reefs based on
core data and plotted by the initial aerial exposure of the cultch shell surface at construction.

Mean low water (MLW) occurs at 10% aerial exposure, and the Optimal Growth Zone (OGZ)
spans 20-40% aerial exposure as established in Ridge et al. 2015.
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Figure 2.4 Adult oyster densities on natural and constructed reefs. a) Natural and Middle
Marsh constructed reefs (adapted from Ridge et al. 2015) and b) comparing constructed fringing
reefs with natural reefs. Elevation-exposure bins for depths on reef include <MLW (<10%
exposure), MLW (10-20% exposure), Middle (20-40% exposure), and Top (>40% exposure).
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Figure 2.5 Cross sections
of five study sites with
corresponding grain size
color maps from labeled
cores. Shaded oyster reef
represents units that are
mix oyster and marsh
sediments (overlap of living
marsh and oyster).
Radiocarbon dates are
labeled in red with arrows
pointing to approximate
depths sampled. Grain size
composition with depth was
transformed into a colored
grid using a relative
percentage histogram of the
100 grain size bins. Within
each color map, the y-axis
corresponds to the core
depth embedded in the
cross-section, and the x-
axis is divided into the 100
grain size bins from 0.04
pum to 2000 um. The x-axis
has been subdivided into
the grain size categories of
Clay (C; < 4 pm), Silt (St;
< 63 um), and Sand (Sd; <
2000 pm) for ease of
reference. Grain size maps
exclude the gravel fraction
(>2 mm) from each section,
which is predominantly
shell material in oyster
reefs and plant material in
the marsh sediments.
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Figure 2.6 Preservation of marsh sediments in both oyster reef and non-reef shorelines.
Reef site data to the left of zero were obtained from cores taken in the overlapping zone of living
oyster and marsh grass. Using the cross sections (Fig. 2.5), a midpoint value was chosen
between the outermost core that sampled marsh sediment under the reef and the presumed extent
of marsh sediment assuming the continuous depth of the marsh-sandflat contact (represented by
the open circles along the x-axis).
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CHAPTER 3: EVIDENCE OF EXCEPTIONAL OYSTER-REEF RESILIENCE TO
FLUCTUATIONS IN SEA LEVEL?

3.1. Introduction

Climate change poses a significant threat to ecosystems across the globe with pronounced
impacts to biogeography, manifesting most prominently at the edges of species ranges, near an
organism’s threshold tolerance to physicochemical or biotic controls. Changes to the
environment along these boundaries could result in a variety of outcomes including species
adaptations (Hoffman & Sgro 2011), changes to phenology (Edwards & Richardson 2004,
Poloczanska et al., 2013), range shifts (Davis & Shaw 2001; Chen et al., 2011; Poloczanska et
al., 2013), community and trophic restructuring (Walther et al., 2002, Edwards and Richardson
2004), and even localized extinction (Colwell et al., 2008; Pinsky et al., 2013). The magnitude
of these responses will depend on an organism’s sensitivity to the suite of environmental factors
that may be undergoing change or the resultant altered biotic relationships, the rate at which the
system is changing (Ackerly et al., 2010), and the reaction time of the species to adapt.

The response and reaction time of various organisms to climate fluctuations is highly
specific among different taxa. Conditions detrimental to fitness may occur if there is a notable
lag in community response to climate alterations, as seen with forest communities and
temperature (Bertrand et al., 2011), or a species unable to shift correspondingly to the vector and
acceleration at which an environmental variable, like temperature or average rainfall, is changing

(Zhu et al., 2011; Dobrowski et al., 2013; Burrows et al., 2014). The nature of environmental

3 At time of dissertation submission, this chapter is currently under review in Global Change Biology.
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shifts across geographic space means mobile organisms can respond more readily by migrating
(Pinsky et al., 2013), whereas sessile organisms must rely on adaptation, propagation and habitat
modification to maintain their populations (Bertrand et al., 2011). As many communities depend
on the persistence of habitat-forming foundation species, it is crucial that these sessile ecosystem
engineers keep pace with climate changes to sustain habitat area and quality.

Biogenic habitats are experiencing environmental change in a variety of forms, including
temperature, precipitation/desertification, ocean acidification, and sea-level rise (SLR); all of
which vary in rate geographically and can interact to cause complex responses in ecological
communities as populations react differently (Tingley et al., 2012). While many of these
climatic factors shift laterally across a geographic space, SLR also presents change in the
vertical, which is particularly important for developed coastal areas where infrastructure prevents
upland migration. Intertidal and shallow-subtidal biogenic habitats exist in a narrow elevation
range due to a combination of biophysical intolerance and interspecific interactions (Paine et al.,
1971; Bertness & Ellison 1987; Fodrie et al., 2014). Fluctuations in sea level can represent a
dramatic change to species that are relegated to intertidal zones, like saltmarshes and mangroves,
because it changes the inundation time during a tidal cycle. The change in sea level may be
significant compared to the overall range of elevations the organisms occupy. If these
foundation species cannot maintain their surface elevations compared to relative SLR (RSLR,
the combination of eustatic sea-level rise and local shifts to continental crust), they will become
imperiled by the stress of saltwater submergence, which could result in a loss of their supported
communities and associated ecosystem services (Kirwan & Megonigal 2013; Lovelock et al.,

2015).
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While sea level along the coast of the United States is generally rising 2-6 mm yr?, it
fluctuates significantly from year to year, seasonally, and even on shorter timescales (weeks to
months). These changes can range from 15-20 cm interannually with the most dramatic being
greater than 30 cm (Morris et al. 2001, NOAA 2009, Sea Level Trends, NOAA Tides &
Currents). Some of this variation is due to seasonal temperature and wind climate, but
pronounced deviations may also arise with the complex interconnectivity of the North Atlantic
Oscillations (NAO), prolonged or frequent storm activity, and sea-level anomalies linked to the
strength of the Gulf Stream (Kolker & Hameed 2007; Sweet et al., 2009; Ezer et al., 2013;
Goddard et al., 2015; Ezer 2016). Losada et al. (2013) demonstrated that interannual shifts in
sea level in other areas of the Atlantic Ocean can be on the order of 4-12 cm, with ENSO
induced sea level shifts exceeding historical RSLR and an increased frequency in sea-level
extremes occurring in recent decades. Short-term elevations in sea level are responsible for more
frequent flooding along the U.S. East Coast (Ezer & Atkinson 2014) and increased coastal
erosion (Theuerkauf et al., 2014). These fluctuations in sea level may have a marked impact on
coastal and estuarine habitats as their regularity and longevity are expected to increase (Ezer &
Atkinson 2014).

The persistence of biogenic habitats, along with the critical services they provide to
ecosystems and coastal infrastructure, is uncertain in the face of accelerated RSLR. Vegetated
habitats (saltmarshes, mangroves, and seagrasses) alter their surface elevations through passive
trapping of sediment from the water column, accumulation of annual aboveground biomass, and
by augmenting belowground biomass forcing the sediment surface upwards (Morris et al., 2002).
Habitats constructed by invertebrates (e.g., coral reefs, oyster reefs, worm reefs) rely on

individual growth and gregarious settlement to maintain their placement in suitable conditions,
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with multiple generations building on one another. Given the range of accretion rates exhibited
by these ecosystem engineers (Cahoon et al.,2006; Baustian et al., 2012; Bhomia et al., 2015;
Perry et al., 2015; Sasmito et al., 2016), many will maintain their relative position with moderate
rates of RSLR, while higher rates of RSLR may result in massive loss of coastal habitats along
large geographic stretches due to drowning and compression against coastal infrastructure
(Pontee 2013).

Oyster reefs are ubiquitous features within temperate and subtropical estuaries, spanning
from the intertidal to subtidal zones depending on salinity and climate (Baggett et al., 2015;
Walles et al., 2016). While oysters provide many important benefits to the ecosystem,
populations are recovering from decimation during the last century (Beck et al., 2011). Previous
work examining intertidal oyster-reef growth indicates that constructed Crassostrea virginica
reefs have a relatively high growth capacity compared to other coastal habitats (Rodriguez et al.,
2014), far outpacing any predicted rate of RSLR. However, growth rates are highly variable
across reef-elevation gradients due to stress associated with exposure (desiccation) and
submergence (competition and predation), with the reef crest and base exhibiting stunted or lack
of growth (critical exposure boundaries) and the sides growing at the highest rate (optimal
growth zone [OGZ], Ridge et al., 2015) (Fig. 3.1). In the lower portions of estuaries, where
salinities are typically greater than 30 ppt, C. virginica reefs cannot persist in the subtidal zone
due to overwhelming predation and competition by species that are intolerant to exposure
(Powers et al., 2009, Fodrie et al., 2014), indicating that transitioning from intertidal to subtidal
conditions will place reefs that cannot keep pace with rising seas in peril (Ridge et al., 2015).
While oyster-reef growth patterns are well constrained over decadal scales, their sensitivity to

changing sea levels over monthly to yearly timeframes is still relatively unknown. Considering

59



the degree to which sea level can fluctuate from weeks to months, understanding how the critical
boundaries and OGZ will shift in response is necessary information for proper timing and siting
of oyster restoration projects as well as assessing how future trends of RSLR will affect reef
persistence, which in many estuaries is the only available hard substrate.
3.2. Materials and Methods
3.2.1. Study area

This study was conducted using C. virginica oyster reefs located in the Rachel Carson
Research Reserve (North Carolina National Estuarine Research Reserve, NCNERR), Back
Sound, North Carolina, USA (all reefs are within 2 km of 34.693007°N, 76.621709°W, see Fig.
3.2a). The area is comprised of channelized sandflats and marsh islands (Spartina alterniflora).
Tides are semidiurnal with a mean range of 0.9 m and mean sea level at -0.03 m (all elevations
reported in the North American Vertical Datum of 1988 [NAVD88]). Oyster reefs are
predominantly intertidal in areas around Back Sound, occurring along marsh shorelines
(fringing) or isolated on sandflats (patch).
3.2.2. Study design

Our study included an assortment of reefs of different ages (grouped into three
“generations”) ranging from 2 years to a century old (Fig. 3.2b). Constructed reefs ranged from
5-10 m in diameter, similar in size to many natural reefs in our study area, while the natural reef
included in this study was one of the larger reefs locally, approximately 15 x 50 m (width x
length). Constructed reefs began as mounds of loose, recycled oyster shell (cultch shell)
measuring 3 x 5 x 0.15 m (width x length x height), followed by natural recruitment of oyster
larvae from the estuary. Growth (cm yr?) of three reefs constructed over a decade prior

(Grabowski et al., 2005, hereafter “decade-old reefs”), including one reef constructed in 1997
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and two in 2000, was measured from Spring 2010 to Spring 2012, and from Spring 2012 to
Spring 2015 (Table 3.1, Fig. 3.3a). Growth of eleven reefs constructed in 2011 (hereafter
“young reefs”) and scanned each subsequent winter was measured over nearly a 1-year period in
2012 and nearly a 1-year period in 2013 (Table 3.1, Fig. 3.3a). Finally, growth of one natural
reef nearly 100 years old (based on old nautical maps, hereafter “centennial reef”’) was calculated
from 2012 to 2014 and from 2014 to 2015 (Table 3.1, Fig. 3.3a).

To examine fine-scale growth across oyster reefs, terrestrial lidar (Riegl LMSZ210ii laser
scanner) was used to image reefs (Fig. 3.4). Reef-mapping with lidar required dry weather and a
low spring tide, providing only a narrow operating window to scan a reef, which typically took
an hour. As such, it sometimes required several days to several months to acquire all the scans
of each reef generation, particularly in the case of the young reefs, which were numerous and
widely separated (denoted by the bar widths in Fig. 3.3a). Within each reef generation, we
collected scans during the same season and normalized the data to annual rates to avoid uneven
seasonal influences across the time steps. The combination of RiISCAN Pro (Riegl) and Merrick
Advanced Remote Sensing (MARS 7.1) software packages were used to extract ground points,
which were then gridded (5-cm grid spacing) in Surfer 13 (Golden Software) using the Kriging
algorithm to create digital elevation models (DEMs). Consecutive DEMs were subtracted, the
resulting elevation change was linked to the corresponding grid-cell elevation from the initial
DEM and those linked data were binned to determine average vertical change at 2-cm elevation
bins across a reef (Fig. 3.4). Total volume change for each elevation bin was then calculated by
multiplying the grid cell area (25 cm?) by the total number of grid cells and average vertical

change within a particular elevation bin. A portion of the centennial reef was excluded from the
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growth analysis due to signs of heavy disturbance from harvesting and boat impacts along the
adjacent tidal channel.

(MSL) data from a NOAA tide gauge (NOAA Tides & Currents Station 1D: 8656483,
Beaufort, North Carolina) located approximately 5 km northeast of the reefs. We used VDatum
3.6 (NOAA/NOS Vertical Datum Transformation) to transform monthly MSL data into
elevations in the North American Vertical Datum of 1988 (NAVD88). Average sea level during
scan periods was then calculated for each time step. Six-minute water level data were also
queried from the Beaufort tide gauge and used to construct elevation-exposure histograms to
predict the OGZ elevation range for each scan comparison. Local water salinity and temperature
recorded in Back Sound by the North Carolina Coastal Reserves (North Carolina National
Estuarine Research Reserve) during the study period were also examined by month to elucidate
if patterns in reef growth were tied to changes in water quality. Using JMP v12 (SAS 2015),
regression analyses were run on monthly mean water temperatures and salinity during the overall
scan period (June 2010 — June 2015) to determine any trends in water quality beyond regular
seasonal fluctuations. Additionally, data were transformed (cube transformation) to meet
assumptions for parametric analysis and a series of t-tests were run to compare monthly mean
water temperatures and salinities between scan periods within each reef generation.

3.3. Results
3.3.1. Water level and quality

Monthly MSL data from 2009 to 2015 indicate that sea level in the study area was -0.028
+0.062 m NAVD88 (mean + standard deviation) (Fig. 3.3b). Prior to the start of scanning, the
study area experienced prolonged levels of high water from frequent sea-level anomalies during

the fall and winter of 2009-2010 that persisted for five months (Theuerkauf et al., 2014). The
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sea-level peak in 2009 corresponds to the November Mid-Atlantic nor’caster that spawned from
the remnants of Hurricane Ida (deemed Nor’Ida). This peak in sea level was followed by
relatively low water during 2010 and 2011. Prolonged periods of elevated monthly sea levels
(above mean longer than 3 consecutive months) occurred during 2012, 2014, and 2015 (Fig.
3.3b, Table 3.2).

Water temperature consistently fluctuated seasonally during the study period (Fig. 3.3c),
and mean monthly temperatures ranged from 5-30 °C with no significant trend during the study
period (R? = -0.02, F157 = 0.99, p = 0.33). Furthermore, all comparisons of water temperatures
between scan periods within reef generations did not yield significant differences (Tables 3.2,
Appendix 3.1). Overall, salinity declined during the study period (R>=0.17, F156 = 11.1, p =
0.0015). Prior to the first scan period, the area experienced a distinct drop in salinity with high
water associated with Nor’Ida (winter 2009-2010). Subsequent drops in salinity occurred
periodically during the scan periods, with the most pronounced declines coinciding with high
water in late 2014 and low water in early 2015 (Fig. 3.3c). Comparisons of salinity between scan
periods indicated significant decreases in salinity across time steps in both decade-old and young
reefs, but only marginal significance (if o = 0.1) in the centennial reef (Table 3.2, Appendix 3.1).
3.3.2. Reef growth

For the decade-old reefs, average sea level between the two periods increased
approximately 4 cm from -0.053 m NAVD88 (averaged through Spring 2010-Spring 2012) to -
0.016 m NAVDS88 (average through Spring 2012-Spring 2015) (Fig 3.5a,b), with prolonged
higher water during the warm seasons (April through September) of 2012 (0.004 m NAVD88)
and 2014 (0.032 m NAVDS88). Initial elevations (2010-2012) of the OGZ on decade-old reefs

were positioned between -0.15 m and -0.30 m NAVD88 with growth peaking at 2 cm yr? (Fig.

63



3.5b, Table 3.2). From 2012 to 2015, the maximum-growth rate on these reefs remained at 2 cm
yr, but the zone of high growth expanded 34%, spanning the elevations from -0.05 m to -0.49 m
NAVDB88. The upper critical no-growth boundary, or growth ceiling, increased in elevation from
-0.07 m to 0.05 m NAVD88, while the lower critical exposure boundary was not evident in the
second time step, indicating growth over the entire reef surface. Greatest volume increases
occurred within the OGZ during both time steps, yielding an average of nearly 0.04 m® yr (Fig.
3.5¢). Minor reef volume loss occurred at the reef crests during both time periods at nearly -0.01

3 yr!. The base of the decade-old reefs lost volume (-0.02 m® yrt) during the first time step,

m
but regained it over the second (0.03 m® yrt).

Mean annual sea level during the 2012 and 2013 scan periods for the young reefs
dropped 2.6 cm, from -0.017 m NAVD88 (averaged through Winter 2012-Winter 2013) to -
0.043 m NAVD88 (averaged through Winter 2013-Winter 2014) (Fig. 3.6a). Over the course of
2012, young reefs experienced a maximum growth rate of 3.6 cm yr? at -0.23 m NAVD88 (Fig.
3.6b, Table 3.2). The following year, the OGZ shifted to a lower elevation with greatest growth
(6.7 cm yrt) at -0.25 m NAVD88. These young reefs lack both the lower and upper critical
exposure boundaries because they occupy shallower substrates than the decade-old reefs and
have also not yet grown to sea level (i.e. filling the accommodation space). In terms of volume
change, the young reefs accumulated the most volume at the base of the OGZ during each time
step, increasing from 0.1 m® yr! to almost 0.3 m® yr! between the two time periods, a magnitude
greater volume gain than the decade-old reefs (Fig. 3.6¢)

With the centennial reef, mean sea levels over the two time periods increased 3.9 cm,

from -0.021 m NAVD88 (averaged through June 2012-June 2014) to 0.018 m NAVD88

(averaged through June 2014-June 2015) (Fig. 3.7a). During the first time step (average sea
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level), the centennial reef only exhibited growth between the elevations of -0.41 m to -0.09 m
NAVDS88, with losses of 2 cm yr! on top of the reef (Fig. 3.7b), and maximum growth (2.9 cm
yrl) at-0.29 m NAVDS88 (Table 3.2). The second time step (high sea level) revealed accretion
over the entire elevation gradient as the OGZ shifted higher with maximum growth (4.4 cm yr?)
at 0.01 m NAVD88. While sea levels and the predicted OGZ raised 4 cm in elevation, the upper
growth boundary experienced an increase from -0.09 m to 0.13 m NAVDA88 (22 cm). We also
did not capture a lower critical boundary where growth dropped near zero, which is likely not
resolvable because this reef extended below the water line during low tide. Reef volume gain
during the first time step hovered just below 0.1 m® yr* within the OGZ (Fig. 3.7¢). In contrast,
the second time step had increasing volume change beginning in the OGZ and peaking (1.0 m®
yr1) just above MSL.
3.4. Discussion

Changes in reef morphology and reef-wide growth were tightly aligned with month-to-
year patterns in sea level (Figs. 3.5-7, Table 3.2). The magnitude and direction of these
interannual fluctuations in sea level coincided with similarly scaled growth and erosion that
manifested along reef profiles. When compared to other intertidal or shallow subtidal habitats
such as salt marsh and mangrove (Cahoon et al., 2006; Baustian et al., 2012; Bhomia et al.,
2015; Perry et al., 2015; Sasmito et al., 2016), surface accretion across all reef generations
exceeded the rates of accretion in other coastal biogenic habitats. Additionally, the predicted
OGZ and growth ceiling, based on sea level during each scan-period, paralleled general growth
trends across reefs of all ages, further supporting its use as a management tool in oyster reef

conservation and restoration.
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Variations in water quality did not appear to have a strong influence on reef growth, but
fluctuations in salinity may be responsible for nonconformities in the expected growth pattern.
Water temperatures over the entire study period did not display dramatic deviations that would
explain differences in growth between years (Fig. 3.3c). Overall temperatures varied about a
degree Celsius or less between scan periods, having cooler temperatures during the second time
steps. Cooler temperatures would be associated with less growth in C. virginica (Dame 1972),
which is contrary to our results, indicating that temperatures had little effect on how growth
manifested on reefs. In contrast, salinity decreased throughout the entire study period, which
could have impacted how growth manifested in deeper portions of the reef profiles. C. virginica
is robust to fluctuations in salinity, and the range (15-36 ppt) is not outside of the Eastern
oyster’s tolerance (Shumway 1996). Salinities below 25 ppt may actually be more conducive for
oyster growth, especially in subtidal waters (Walles et al., 2016) where fresher water may hinder
predators (e.g., gastropods) and competitors (e.g., macroalgae), which could explain high growth
below the OGZ on the decade-old reefs after periods of pronounced lower salinity. Our study
was not designed as a controlled experiment to control for a suite of abiotic and biotic factors.
However, changes to biotic or abiotic influences, other than salinity, should generally impact the
magnitude of growth profiles, rather than shifting growth curves upward or downward as we
observed. For instance, increased thermal stress or disease should decrease the magnitude of a
growth curve overall but not change the elevations associated with growth. The exceptions to
this response would be those processes dictated by tidal-exposure stressors (e.g., desiccation,
predation, competition, etc.), which shift correspondingly with sea level, reinforcing sea level as
the primary control (and certainly the most parsimonious based on the available data).

3.4.1. Decade-old reefs
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Distinct patterns of growth were exhibited by the decade-old reefs during the two
sampling timeframes (Fig. 3.5) coinciding with shifts in sea level. The initial OGZ occurred in
the mid-low intertidal with these reefs showing erosion above -0.07 m. Although the reefs
extended above MSL (-0.03 m NAVDA88) during the first time step, they predominantly
experienced erosion across their plateaus between 2010 and 2012. Erosion was most likely the
response of these reefs returning to equilibrium after a year of high water preceding the first scan
(Fig. 3.3b). This would have temporarily increased the growth ceiling before waters returned to
a lower stand, exposing the reef crest to higher desiccation stress and potentially greater foraging
by avian predators, resulting in oyster mortality. Thus, it appears that while oysters cement
together to create a solid reef matrix, oyster mortality within the taphonomically active zone
(layer of living oysters) due to overexposure could compromise the outer reef structure, making
it more susceptible to erosional forces. A similar process has been documented on coral reefs
during extreme low tides (Anthony and Kerswell 2007), and it vertically mirrors dieback of
marshes in response to long-term over inundation creating highly reduced soils (Koch et al.,
1990). We could also have witnessed a natural process of compaction within the reef. As
multiple generations of oysters continue to build on one another, the structure of the reef matrix
likely condenses and fills the empty cavities of once living oysters. During years of average or
higher water, this process is likely compensated by oyster growth on the reef surface, and
therefore only manifests as loss during periods of protracted low water.

For the decade-old reefs, mean sea level increased 3.7 cm between the two time steps
with prolonged higher water during the winter of 2014-2015, which corresponds to increased
growth at higher elevations on the reef as both the OGZ and growth ceiling shifted upwards (Fig.

3.5). Extended high water can benefit a reef by providing increased accommodation space, or
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the space available for deposition that is usually controlled by sea level. This temporary increase
in accommodation space is similar to how short (monthly) periods of high water have been
shown to positively impact marsh communities (Morris et al., 1990). While the average
maximum growth remained at 2 cm yr?, the overall distribution of this growth encompassed
nearly the entire elevation range of the reefs between 2012 and 2015. As there was not a drop in
sea level during the time period that would have corresponded to growth lower on the reef than
the initial OGZ, it remains to be determined why the lower reef elevations exhibited the same
amount of accretion. It could be related to decreased poaching of oysters on the reef at this time;
the lower edges of intertidal reefs are generally less consolidated, making it easier to harvest
oysters. Lower reef growth could also be a trend linked to reef maturity, as older reefs have been
shown to have greater densities of adult oysters at depth (Ridge et al., 2015). It is also possible
that prolonged periods of decreased salinity during the 2014-2015 winter could be responsible
for some of the deeper-reef growth witnessed. Brackish water favors subtidal reef growth
(Walles et al., 2016) as it inhibits competition and predation. Therefore, the pronounced drops in
salinity during the winter and spring of 2014-2015 could have fostered oyster growth in the
shallow subtidal.
3.4.2. Young reefs

Elevations of growth maximums on young reefs also paralleled changes in sea levels
(Fig. 3.6). Sea levels during 2012 were higher than the initial time step for the decade-old reefs,
which resulted in an elevated OGZ. When sea levels dropped 2 cm in 2013, maximum growth
also occurred 2 cm lower, doubling the average accretion rate while also increasing growth along
deeper areas of these reefs. Young reefs appear to have the strongest response to sea-level

changes, but this could be a result of our scan-period resolution isolating narrow time frames

68



with fairly distinct trends in sea level. Areas of the young reefs exhibited growth as high as 8-11
cm yr! after their construction in 2011 (Rodriguez et al., 2014). The sustained high average
growth across these reefs indicates they will only require 4-6 years to occupy the accommodation
space and reach MSL. Volume changes on young reefs are an order of magnitude greater than
the decade-old reefs because of the greater surface area located within the OGZ coupled with a
much higher vertical accretion rate. This pattern of growth, two to three times greater than the
decade-old reefs, follows the modeled maturation of other intertidal habitats like marshes, which
experience rapid growth during immaturity that asymptotes at the rate of RSLR at maturity
(Allen 1990; Jennings et al., 1995).
3.4.3. Centennial reef

Growth changes on the centennial reef over the study period behaved comparably to
patterns displayed by the other study reefs (Fig. 3.7). Peak growth during the initial time step
occurred at the base of the predicted OGZ. Similar to the decade-old reefs, the centennial reef
experienced erosion at elevations above -0.07 during a period of relatively low water (2013).
However, the higher water of 2014-2015 yielded 4 cm yr accretion in previously eroded areas
at or above MSL, which manifests as a comparably large increase in volume across the reef
plateau. This growth rate (4 cm yr) is equivalent to the 3.9 cm jump in average sea levels over
the two time intervals and is also comparable to the rapid growths displayed by the young reefs.
Thus, mature reefs not only follow the intertidal oyster-reef-growth paradigm, they also have the
capacity to respond just as rapidly to changes in sea level as immature reefs. This would indicate
that mature oyster reefs are not confined to nearly asymptotic growth at the rate of RSLR like
that of other coastal habitats. Considering the clarity in response of the centennial reef to the

relatively confined sea level trend in 2014-2015, it is possible that we could have measured a
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similar response on the decade-old reefs if we had isolated a smaller window of time. Instead,
the growth response of the decade-old reefs is diluted across three years of fluctuating sea level.

Growth on the centennial reef was measured at higher elevations than the other reefs
included in this study. This reef is much larger than the constructed reefs, and we may be
witnessing a certain degree of facilitation (Bruno et al., 2003) within the oyster population,
similar to the Northern Acorn Barnacles of the New England rocky intertidal (Bertness 1989),
due to thermal buffering and reduced desiccation stress. In fact, each time the centennial reef
was sampled there remained ponds of water on the reef’s plateau during low tide (appear as dark
spots on the reef in Fig. 3.2b). Presence of these ponds shows that the reef is fairly non-porous,
retaining water at higher elevations throughout a tidal cycle. This would indicate that, while the
OGZ magnitude of large natural reefs corresponds to shifts in sea level, the elevations at which
the OGZ manifests may behave differently as a reef matures and expands.
3.4.4. Resilience to sea level fluctuations

Oyster reefs appear to be in dynamic equilibrium with sea level. Like other intertidal
habitats, decadal or longer measurements of mature reef surface-elevation changes would show
they track RSLR (DeAlteris 1988). However, unlike other habitats, annual rates of change in
reef vertical relief could be + 5 cm depending on relative sea levels. Prolonged shifts in sea level
cause different reef elevations to essentially turn off or on, akin to a phenomenon present in coral
reefs (Perry and Smithers 2011) but operating at a much greater magnitude. Rapid coral reef
vertical accretion is on the order of 0.5 to 0.9 cm yr* during reef turn-on (Perry and Smithers
2011), while oyster reefs can achieve greater than 2 cm yr regardless of maturity. Therefore,
oyster reefs, despite being sessile organisms, are well adapted for tracking this particular climate

velocity vector as long as the environment remains estuarine. It should be noted that this
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outstanding vertical accretion has only been measured on intertidal oyster reefs, and subtidal
oyster reef accretion may not respond to fluctuations in sea level. Existing in the intertidal zone
mediates the impact of biotic interactions and near bottom hypoxia, to which subtidal reefs are
exposed (Lenihan 1999), allowing for growth to be dictated primarily by sea level and aerial
exposure regime assuming no disease or degraded water quality.

The ubiquity of this response across oyster-reef ages is a testament to their resilience to
RSLR as well as their utility and longevity for stabilizing shorelines, likely reducing the potential
impacts of the coastal squeeze (Pontee 2013). This work supports the value of using the OGZ
for intertidal oyster population management (Ridge et al. 2015), being an effective predictive
tool for oyster reef growth patterns. Use of the OGZ will prove highly valuable in restoration
projects, particularly the implementation of green infrastructure like living shorelines that
incorporate oyster breakwaters. However, there remains a need to measure oyster reef lateral
expansion and adjacent benthic-sediment modification processes. These measurements will help
establish whether or not oyster reefs will build landward as they track SLR or eventually create
reef islands. Similar to wetland upland transgression with RSLR (Kirwan et al., 2016), this
process will depend on the ability of oysters to expand up the littoral slope (Ridge et al., 2016).
Considering the outstanding vertical growth captured in this study, the primary limiting factor
would appear to be the rate of transgression (i.e., expansion up slope) at a particular shoreline.

This study presents evidence that intertidal oyster reefs are highly responsive to short
term fluctuations in local sea level even at maturation. WWhen compared to other coastal habitats
and their capacities for RSLR response, oyster reefs are unparalleled in their ability to maintain
surface elevation with changing sea level. Greatest recorded rates of surface elevation change in

intertidal and shallow subtidal systems like marshes, mangroves, and corals are below 1-2 cm yr-
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! excluding storm related allochthonous sedimentation (Baustian et al., 2012; Bhomia et al.,
2015; Perry et al., 2015; Sasmito et al., 2016). Overall, this research further solidifies that oyster
reefs are resilient habitats that will become increasingly important in estuarine systems with

changing sea level.

72



Table 3.1 Reef name sorted by type, average area scanned for each reef type, and date of

each terrestrial laser scan mapping.

Mean Area
Reef Name (m?) Scan 1 Scan 2 Scan 3
Decade-Old 52.8
MF2-1997 June 2010 July 2012 May 2015
MF1-2000 June 2010 July 2012 May 2015
MF2-2000 April 2010 July 2012 May 2015
Young 39.1
1L5 Dec 2011 Dec 2012 Feb 2014
1L6 Dec 2011 Jan 2013 March 2014
1S5 Dec 2011 Jan 2013 March 2014
1S6 Dec 2011 Dec 2012 Feb 2014
2L5 Oct 2011 Jan 2013 Jan 2014
2L6 March 2012 Jan 2013 Jan 2014
2S5 - Jan 2013 Jan 2014
256 March 2012 Jan 2013 Jan 2014
3L5 Oct 2011 Jan 2013 Feb 2014
3S5 Oct 2011 Jan 2013 Feb 2014
4S5 Jan 2012 Jan 2013 March 2014
Centennial 222.5
Cl-1 June 2012 June 2014 June 2015
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Table 3.2 Summary of peak growth, sea level, temperature, and salinity for each time step
by reef generation. The elevation change in growth peak occurrence and sea level between
each period is also included.

Mean A Growth
Elevation Sea Mean Mean Peak Peak A Sea
Time  of Growth Level Temperature Salinity Growth Elevation Level
Reef Type Step  Peak (cm)f  (cm)f (°C) (ppt)  (cmyr?) (cm) (cm)
Decade-old 1 -17 -5.3 19.7 31.8 1.90
+8.0 +3.7
2 -9 -1.6 18.6 29.6 1.72
Young 1 -23 -1.7 19.7 324 3.68
-2.0 -2.6
2 -25 -4.3 18.2 *29.7 6.67
Centennial 1 -29 -2.1 18.8 30.6 2.89
+30.0 +3.9
2 1 1.8 18.5 27.7 4.36

T Elevations reference North American Vertical Datum of 1988
* Significant difference (P < 0.05) from previous time step.
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Figure 3.1 Reef growth conceptual model adapted from Ridge et al. (2015) that predicts
oyster reef growth rate with aerial (tidal) exposure. Relevant elevations in NAVD88 are
provided for aerial exposures (%) for the Cape Lookout region of North Carolina. The lower
critical exposure boundary occurs where oyster reef growth equals the rate of RSLR, shifting
correspondingly as RSLR changes. Oyster reef growth is illustrated (right panel) across a
hypothetical reef-elevation profile using dotted (time 1) and solid (time 2) profile lines.
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each sampling period. Each reef generation scanning period is denoted by a unique dashed line
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Figure 3.4 Digital elevation models and subsequent subtraction maps from the decade-old
reef MF2-2000. The reef was mapped with terrestrial lidar in 2010 (April), 2012 (July), and
2015 (May). Black contours on the subtraction maps represent the boundaries of the OGZ (20-
40% aerial exposure) referencing elevations from 2010 and 2012 (initial scans) respectively.
Fluctuations in sea level from 2009 to 2015 were examined using monthly mean sea level

78



(a) Decade-old Reefs

o 02
e}
o
>
<
Z
E
=
kel
©
>
@
w Q.
0 2 4 6 8
Distance (m)
(b) (c)
2010 2011 2012 2013 2014 2015 2010 2011 2012 2013 2014 2015
0.2 L R D i B | R IR I E R e R |
1
1
1
= 0] . UK
& | mrmpEm : 71ncrease in
z sea level
=z
£-02} Increase in
= predicted
S 0oGZ
©
>
k)
w04+ !
1
1
1
1
1 .
06 Loss |, Gain i | | \ |
-2 0 2 4 6 8 -0.02 0 0.02 0.04 0.06
Mean Vertical Accretion (cm yr') Volume Change (m? yr)

Figure 3.5 Growth of decade-old reef reefs constructed in 1997 (n = 1) and 2000 (n = 2)
scanned in 2010, 2012, and 2015. (a) Vertical profiles of MF2-2000 during each scan with
average sea levels between each scan period (dashed lines). (b) Mean vertical accretion rates by
elevation (solid lines) and mean relative sea levels (dashed horizontal lines) during the scan time
steps. Light red and dark blue bracketed bars represent the predicted optimal growth zone (OGZ)
based on water level data for relevant scan periods. (c) Reef volume change at each elevation
(solid lines) with mean sea level data (dashed lines).
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Figure 3.6 Growth of young reefs constructed in 2011 (n = 10) measured at the beginning of
2012, 2013 and 2014. (a) Vertical profiles of reef 2S6 during each scan with average sea levels
between each scan period (dashed lines). (b) Mean vertical accretion rates by elevation (solid
lines) and mean relative sea levels (dashed horizontal lines) during the scan time steps. Light red
and dark blue bracketed bars represent the predicted optimal growth zone (OGZ) based on sea
level data for relevant scan periods. (c) Reef volume change at each elevation (solid lines) with
mean sea level data (dashed lines).
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Figure 3.7 Growth of the natural, centennial reef scanned in 2012, 2014, and 2015. (a)

Vertical profiles of reef CI-1 during each scan with average sea levels between each scan period
(dashed lines). (b) Mean vertical accretion rates by elevation (solid lines) and mean relative sea
levels (dashed horizontal lines) during the scan time steps. Light red and dark blue bracketed
bars represent the predicted optimal growth zone (OGZ) based on sea level data for relevant scan
periods. (c) Reef volume change at each elevation (solid lines) with mean sea level data (dashed

lines).
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CHAPTER 4: CHANGES IN COMPOSITION AS OYSTER REEFS CATCH-UP AND
KEEP-UP WITH SEA-LEVEL RISE

4.1. Introduction

With a vast majority of the natural world being impacted by human activity, it is difficult
to determine baseline ecosystem health and performance for assessing conservation and
restoration success, especially in the face of climate change. Many studies that use current
reference sites as benchmarks may already be biased by an overall altered environment as the
ecological baseline has shifted (Pauly 1995, Jackson et al. 2011). To create reference criteria,
many researchers are delving into the past through historical ecology and conservation
paleobiology to understand how ecosystems and organisms have evolved with the progression of
human society and a fluctuating climate (Dietl and Flessa 2011, Rick and Lockwood 2013, Dietl
et al. 2015). These methods have been used across terrestrial and marine ecosystems, and help
differentiate impacts to ecosystem function from both human influence and climatic changes (see
reviews in Rick and Lockwood 2013; Dietl et al. 2015).

Studies have explored long-term trends in shellfish mollusc populations related to
anthropogenic changes. Shell middens (domestic waste dump sites) store valuable information
on historical and prehistorical harvesting pressure and impact on mollusks (Erlandson et al.
2008, Harding et al. 2008, Dame 2009, Klein and Steele 2013, Rick et al. 2016), and there is
evidence of a resilient response in bivalves to changing water quality (e.g., eutrophication,
drought) prior to the industrial revolution (Kirby and Miller 2005, Harding et al. 2010, Rick et al.

2016). Oysters represent a highly valuable estuarine habitat (Grabowski et al. 2012) that has

86



experienced global decimation over the last century through overfishing, water quality changes,
and disease (Beck et al. 2011). Their extirpation in some areas, like Australia, has caused a
complete loss of ecological baseline that makes restoration progress more difficult (Alleway and
Connell 2015). Investigations of oyster shell middens have been used to infer impacts to
estuarine water quality and disease vulnerability through population removal (Dame 2009, Mann
et al. 2009a;b), with the exacerbation of these effects from climate-related increases in water
temperatures (Harding et al. 2008). These studies have provided a window into oyster-
population trends but are confounded by the inherent bias of harvesting practices and cannot
directly address reef-scale response to climatic and anthropogenic alterations to the estuarine
environment.

Similar to other reef-building organisms, oyster reefs are self-accreting with younger
generations growing atop older. This process creates structural complexity and promotes
deposition within the reef matrix, trapping allogenic and biofiltered seston (feces and
pseudofeces) below the taphonomically active zone (region of living oysters overlying the reef
core sediment, Bahr and Lanier 1981; Figure 4.1). This accretion provides a well-preserved
chronology of reef growth and evolution in addition to a record of environmental conditions
throughout the reef’s lifespan (DeAlteris 1988, Perry et al. 2012, Stathakopoulus et al. 2015,
Rick et al. 2016). DeAlteris (1988) used excavations of the Wreck Shoal oyster reef to
determine that growth and development of the reef was directly tied to sea-level rise (SLR) and
the migration of the James River (Virginia) estuary. Just as coral reefs exhibit catch-up and
keep-up phases of reef growth linked to SLR (Neumann and Macintyre 1985), oyster reefs likely
experience the same phenomenon (Figure 4.1), which is supported by the rapid growth witnessed

on constructed reefs (8-11 cm yr!, Rodriguez et al. 2014) that is minimized when reef crests
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reach sea level (< 1 cm yr, Ridge et al. 2015). Some oyster reefs, however, have also been
found to enter a give-up phase, unable to keep up with SLR, leading to their eventual demise and
burial (see examples in Simms et al. 2008, Troiani et al. 2011, Mattheus et al. 2014).
Understanding the conditions resulting in reef give-up is invaluable for conservation and
restoration consideration and our ability to evaluate how alterations to the system might impact
ecosystem development and function (Kidwell 2015).

A thorough examination of oyster reef fossil records could help elucidate if reef
development has changed through time in response to environmental changes, such as SLR and
estuarine water quality. In addition to capturing reef growth patterns, fossil records can explore
changes in sedimentary composition, which may include organic carbon burial and implications
for estuarine fluctuations, as well as shell production and preservation, important for shell
budgets and estuarine chemistry (Powell et al. 2012, Waldbusser et al. 2013). This study
empirically explored oyster-reef growth and composition over reef lifetimes and across multiple
ages from prehistoric reefs to extant-natural reefs and recently-constructed reefs. Reef growth
was evaluated within the context of sea level, comparing reef position and growth rates with sea-
level curves to assess if oysters follow the catch-up/keep-up paradigm. Reef composition, in the
form of shell production and sedimentary composition (grain size and organic carbon content),
was measured throughout reef histories and placed within the growth-model framework to
determine if reefs of different ages are developing similarly.

4.2. Methods

Extant oyster reefs (Crassostrea virginica) were located in Back Sound and the North

River Estuary in the Cape Lookout region of North Carolina, USA (Figure 4.2). Ancient, buried

reefs were originally found by Mattheus et al. (2014) in the North River and Newport River
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Estuaries. Back Sound experiences a semi-diurnal tide (~0.9 m tide range) with mean sea level
(MSL) occurring at -0.03 m (all elevations reported in the North American Vertical Datum of
1988 [NAVD88]). Extant oyster reefs are almost exclusively intertidal in these areas with some
subtidal oyster beds existing up river.

We examined the growth models and composition of oyster reefs of varying ages, from
recently (~5 ya) and decade-old constructed reefs to natural reefs originating over 100 ya as well
as ancient reefs buried in mud for more than 1,000 years (Table 4.1). Constructed reefs began as
cultch shell reefs, using recycled oyster shell to foster natural recruitment and development. All
extant reefs, except some of the constructed reefs, have plateaus at elevations just above MSL
and natural reefs ranged from 2x to 40x larger in area than the constructed reefs (15-80 m?).
Vertical cores (~10-cm diameter aluminum pipe) were taken through each reef, and surface
elevations recorded with a Trimble RTK GPS. Elevations for the ancient, buried reef cores were
estimated based on depth to sediment interface and the water level at time of extraction obtained
from the nearby tide gauge (Station 8656483, NOAA Tides and Currents, Beaufort, NC).

4.2.1. Reef growth and sea level

Growth of extant natural oyster reefs was estimated using an endpoint method, obtaining
a radiocarbon date from the umbo of an articulated shell (both valves present) sampled at the
base of each reef and using the collection date of the core for the age of the reef top. Accretion
and growth of ancient reefs were assessed by creating a chronostratigraphy using 4-5
radiocarbon dates from articulated oysters distributed throughout the reef core. Shells were
analyzed for radiocarbon by the National Ocean Sciences Accelerator Mass Spectrometry
(NOSAMS) Facility at the Woods Hole Oceanographic Institution. Radiocarbon results were

calibrated to calendar years using CALIB 7.1 (Reimer et al. 2013, Stuiver et al. 2016), the
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atmospheric correction curve and a radiocarbon-dated oyster shell collected in 1948 from Back
Sound, NC to establish the local reservoir age (420 * 20 calibrated years before present [Cal yr
BP], Stuiver and Polach 1977). Dates are reported as years before present (BP), where present is
1950 Common Era (CE). Growth of constructed reefs was measured by dividing the vertical
distance from the reef surface to the cultch shell (construction material) by the duration in years
between reef construction and core collection.

We matched reef position and growth to sea level using the elevations of the radiocarbon
dated oyster shells compared to both local tide gauge data and sea level reconstructions.
Monthly mean sea-level data were queried from the NOAA tide gauge in Beaufort, NC (Station
8656483) from -25 to -65 yr BP (1975-2015 CE). The sea level reconstruction for North
Carolina (Kemp et al. 2011) was used to relate sea level from -25 to 2070 yr BP (1975 CE back
to 120 BCE, Before Common Era;). Beyond 2070 yr BP, we used relative SLR (RSLR) rates for
North Carolina determined by Engelhart and Horton (2012) to extrapolate sea level, which were
0.9 mm yr! from 2070 yr BP to 4000 yr BP and then 1.7 mm yr from 4000 yr BP to 8000 yr
BP.

4.2.2. Reef composition

Compositional changes within the reef matrix were examined through gain size, organic
carbon content, and shell production. Reef cores were divided into 5-cm sections (405.37 cm?®
sample volume), then shell material and sediment were separated by wet sieving (2 mm sieve),
dried at 60 °C, weighed for shell content and prepared for grain size and carbon analyses. Shell
volumes were estimated based on the density of calcium carbonate (2.71 g cm=) and converted
to shell production using relevant growth models. Grain size was measured using a Cilas 1180

laser particle size analyzer that produces a grain-size distribution from 0.04 to 2000 um divided
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into 100 bins (24 bins <4 um [Clay]; 31 bins <63 um [Silt]; 45 bins <2,000 pm [Sand]).
Resultant histograms were translated into grain-size maps for each core using relative
percentages.

Depositional habitats trap sediments from adjacent environments, and we assessed the
connectivity of these reefs to nearby sources through time by analyzing the sediment grain size
throughout each core. To visualize how reef maturation impacts connectivity between adjacent
sandflats and reef sedimentation, we conducted a regression analysis to determine if the percent
of sand stored within natural reefs was dependent on the overall vertical distance from the reef
base. Data transformations were applied to both percent sand (Log10) and distance from reef
base (Square Root) to meet assumptions for parametric analysis.

Sedimentary organic carbon was measured in cores using both CHN and Loss on Ignition
(LOI) methods. For most cores, multiple samples were selected down core for CHN analysis to
create a rough carbon profile. CHN was conducted using a Perkins-Elmer CHN Analyzer with
samples being acid fumed to remove inorganic carbon. Many of these samples were also run
through LOI, conducted by combusting sediments at 550 °C for 4 h, to obtain an oyster-reef
specific correction for true percent organic carbon from percent organic matter (YcHn =
0.457[xLo1], R? = 0.68, Appendix 4.1), similar to Craft et al. (1991). Remaining core samples
(not run for CHN) were processed for LOI and the calibration applied. Carbon burial rates were
then determined using the sediment component for each core section and pertinent growth-model
estimate for each reef.

To further assess reef functioning through time, we examined the sediment organic
carbon trend with distance from the reef base as well as the relationship between organic carbon,

mean grain size, and shell content within distinct samples (as a proxy for reef productivity at the
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time). Sediment organic carbon was regressed with relative height from the reef base using the
natural reefs sampled in Back Sound, and carbon data were Log10 transformed. Shell content,
mean grain size, and percent organic carbon stored within all natural reefs were explored through
a series of correlations using multiple samples from each core. We divided the dataset into
extant natural and ancient reef subsets and used a series of Spearman rank correlations because
the data did not meet the assumptions for parametric testing.
4.3. Results
4.3.1. Reef growth and sea level

Both ancient reefs formed above organic-rich sediment layers that were dated in
Mattheus et al. (2014) to be 5844-5890 Cal yr BP (North River) and 5387-5424 Cal yr BP
(Newport River). These layers are likely terrestrial paleosols or Juncus roemerianus saltmarsh,
given their higher depletion of 13C, §13C values between -25 to -28 are representative of C3 plant
carbon fixation (Kohn 2010). Overall, ancient-reef thickness was 2.29 m (North River) and 1.05
m (Newport River), and these reefs were buried under 1.11 m and 2.22 m of riverine sediment,
respectively (Table 4.1).

Radiocarbon dates from all of the ancient reefs were placed in stratigraphic position
(Table 4.1, Figure 4.3 and Appendix 4.2), and dates from the base of the ancient reefs indicate
that they formed around the same time. The North River ancient reef formed at approximately -
5.145 m NAVDA88 around 4430 Cal yr BP. The Newport River ancient reef originated near -
4.585 m NAVD88 around 4265 Cal yr BP. The North River reef existed for nearly 2,500 years,
while the Newport River reef lasted 1,000 years. Sea level during this stretch of time (4430-
4265 Cal yr BP) was estimated to be -5.01 to -4.74 m NAVD88 (£ 0.6 m, Engelhart and Horton

2012). This would place the North River ancient reef just below sea level at the time of origin
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and the Newport River reef just above; however, the Newport River reef’s position is unlikely
given the growth ceiling exhibited by extant reefs (Ridge et al. 2015) and is probably an artifact
of our core elevation calculation at that site. Growth and accretion rates calculated for all
radiocarbon time steps in both ancient reef cores range from 0.47 mm yr™ to 1.6 mm yr* (Table
4.1).

The extant natural reefs ranged from 0.4 m to 1.05 m in thickness above a sand substrate
or eroded marsh sediment. Radiocarbon dates from the base of the extant natural reefs range
from 185 Cal yr BP to modern (later than 1950 CE; Table 4.1). Sea level during this time frame
rose from -0.47 to -0.19 m NAVDS88 (~1.5 mm yr), indicating reefs originated from -0.4 to -0.2
m below sea level at the time. Using the endpoint method from date of origin to core collection,
extant natural reefs had growth rates between 4-5 mm yr2,

Constructed reefs ranged from 0.15 m to 0.35 m in thickness above the cultch shell layer.
All of the constructed reefs were created on sandflats around mean low water with the base of
the reefs (above the cultch shell material) beginning at -0.35 to -0.4 m NAVD88. Mean sea level
from 1997 to 2011 increased from 0 to 0.06 m NAVDSS8, rising 3.9 mm yr!. From date of
construction to core collection, reef accretion spanned 1.25 cm yrt to 5 cm yr.

4.3.2. Reef composition

Shell weight within all reef strata increased from 50 g per 5-cm core sample at the base to
150-250 g throughout the rest of the core (Figure 4.3), composed mostly of oyster (C. virginica)
with less than 10% of other molluscan shells that included mud snails (llyanassa obsoleta), hard
clams (Mercenaria mercenaria), and scorched mussels (Brachidontes exustus). Greatest shell
masses were recorded within the constructed reefs. Silt or sand beds (5-10 cm thick) with little

to no shell (<50 g) were present within several of the ancient and extant-natural reefs and these
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beds are interpreted to represent periods when the reef was buried. The North River ancient reef
experienced three periods of burial and resurgence (Figure 4.3) while growth of the Newport
River ancient reef remained uninterrupted by periods of burial during its lifetime (Appendix 4.2).
The extant natural reefs MMBBL1, CI-1, and CI-6 each experienced one burial period (Appendix
4.2).

Ancient reefs have silt-dominated sediment within the reef matrix (Figure 4.3). The
living natural reefs all exhibited a fining upwards trend in grain size from the base, with less sand
accumulating over time and transitioning to silt-dominated sediment at the base of the TAZ.

This is supported by the regression analysis, where the percent of sand within a core sample had
a significant, negative linear relationship (Fq.s3 = 25.17, R? = 0.39, p < 0.001) with the distance
from the reef base (Figure 4.4A). Many of the constructed reefs also exhibited this fining-
upwards pattern, but several were dominated by sandy sediment throughout.

Percent organic carbon within reef sediments typically ranged from 1-6%. The carbon
stock (g Corg m2) of each reef was calculated and scaled with the reef ages (Table 4.1). For
better comparison, these values were converted into a carbon inventory for a given meter of core
for each reef (Figure 4.4B). Sediment organic carbon of the extant natural reefs exhibited a
significant, positive trend (F(.42) = 53.34, R? = 0.64, p < 0.0001) with height from the reef base
(Figure 4.4C).

Correlations displayed significant relationships between sediment organic carbon, percent
shell, and mean grain size (Table 4.2 and Figure 4.4D-F). Of the ancient and extant natural reef
datasets, all reefs showed a significant positive correlation between percent shell and percent
organic carbon in core samples. Percent organic carbon exhibited strong negative correlations

with mean grain size in all reefs. When percent shell and mean grain size were compared, reefs
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displayed weak but significant correlations, with the ancient reefs having the weakest
relationship.
4.4. Discussion
4.4.1. Reef growth and sea level

Growth on reefs, when using the endpoint method from the radiocarbon chronology, is
generally much higher on extant natural reefs (4-5 mm yr?) than the ancient reefs (<2 mm yr ).
This difference is likely due to the greater rate of relative SLR (RSLR) over the past century (2.1
mm yrt, Kemp et al. 2011) compared to SLR when the ancient reefs were growing (0.9-1.7 mm
yr, Engelhart and Horton 2012, Kopp et al. 2014). Several factors support that the ancient reefs
initially occupied an intertidal setting, including the consistent narrow shell morphology, similar
to the shell morphology of current intertidal oysters (Bahr and Lanier 1981), as well as the fact
that the ancient reefs are in direct contact with underlying terrestrial or high marsh sediment.
Additionally, when all radiocarbon dates from ancient and extant natural reefs are plotted with
their respective elevations, we find a linear trend (R? = 0.96) of 0.95 mm yr* that matches the
sea level curve until its acceleration in the last millennium (Figure 4.5A). According to
Engelhart and Horton (2012), RSLR slowed from 1.7 mm yr  to 0.9 mm yr " around 4000 yr BP
in southern North Carolina. This is mirrored in growth rates of both ancient reefs that formed
during the higher SLR rate, with slower accretion occurring after the SLR deceleration (Table
4.1, Figure 4.2). This means the ancient reefs were accreting at the same rate as RSLR,
paralleling the growth pattern exhibited by coral reefs tracking sea level, termed keep-up phase
by Neumann and Macintyre (1985). Based on the reef chronology, it appears that the North
River ancient reef could have entered a catch-up phase (Neumann and Macintyre 1985), growth

rate exceeded SLR, when its vertical accretion accelerated to 1.3 mm yr ** while RSLR was
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estimated to be 0.9 mm yr1. This greater accretion period is marked by the presence of the
major sand layer and likely underestimates the growth rate of the reef because of the lag time
before the substrate could be recolonized by oysters (source of radiocarbon dating material).
Alternating periods of increased and reduced accretion could indicate hiatuses where the bottom
surface, either reef or sand, was not accreting with rising sea level, possibly the result of an
erosional event or non-deposition following a sediment pulse. The most recent date from the
ancient reefs was well below sea level (Figure 4.5A), potentially signifying the transition of these
reefs into a give-up phase (Neumann and Macintyre 1985), where growth is below the rate of
RSLR. Both of the ancient reefs either transitioned into give-up phases or encountered a
significant change to the estuary that resulted in their demise and burial.

Work done by Berelson and Heron (1985) indicates that, since 4800 yr BP, an inlet
(perhaps Beaufort Inlet) was twice present through present-day Shackleford Banks across from
the mouth of the North River and is likely responsible for the deltaic formation of Middle Marsh
in Back Sound. The presence of this inlet probably changed the estuarine dynamics (salinity and
temperature) of the North River, possibly increasing the habitability of the area for intertidal
reefs and promoting the formation of the ancient reef. This is comparable to conclusions by
DeAlteris (1988) where migration of the James River estuary with SLR provided suitable salinity
conditions for the Wreck Shoal oyster reef to develop. Variations in inlet exchange may have
contributed to the burial periods present in the North River core, and the eventual burial of the
reef may be linked to the closing or migration of the inlet, which would also dramatically alter
the estuarine dynamics of the system. Alternatively, if changing conditions slowed reef growth
to become more subtidal, a period of increased salinity would allow marine predators,

competitors, and bioeroders to further reduce the reef to a breaking point. Similarly, a study
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examining the history of Bogue Banks has shown the oldest dune ridges date back 3330 Cal yr
BP (Timmons et al. 2010), signifying island development at this time could have impacted ocean
exchange with the estuaries and reduced the suitability of the Newport River. We may be able to
further elucidate changes to estuarine dynamics if we processed the shells through elemental
analysis. As oyster shell has been shown to maintain isotopic equilibrium with their
environments during calcification (Surge et al. 2001), it is possible the shell chemistry
maintained a record of these salinity fluctuations. Given that recent research has revealed how
robust oyster reefs can be to changes in sea level (Rodriguez et al. 2014, Ridge et al. 2015), their
capacity for growth may be overwhelmed by pronounced change to water quality (e.g., salinity,
eutrophication), which is likely a major contributor to the continued decline and failure of
subtidal reefs along the North Carolina and Virginia coasts (Kirby and Miller 2005, Powers et al.
2009).

Growth on the extant natural reefs is far outpaced by the constructed reefs, nearly a
magnitude greater (1-5 cm yr 1), which matches short-term (< 5 year) measurements of
constructed oyster-reef growth in this study area (Rodriguez et al. 2014, Ridge et al. 2015, Ridge
et al. 2016). In all likelihood, the extant natural reefs initially experienced accelerated growth
equivalent to the constructed reefs until they caught up to MSL (catch-up phase). As the height
of the reef approached the growth ceiling, rates of oyster-reef accretion subsequently slowed to
the rate of RSLR (Rodriguez et al. 2014, Ridge et al. 2015), entering a keep-up phase. During
the keep-up phase, maximum growth shifts to the reef flanks for lateral expansion (Rodriguez et
al. 2014), similar to highstand shedding in carbonate platforms (Schlager et al. 1994). The extant
natural reefs originated between 0.2 m to 0.4 m below MSL (Figure 4.5B). Mean low water

occurs between -0.4 m to -0.45 m for this area and represents the lower critical boundary for
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oyster growth in lower estuaries (Ridge et al. 2015), indicating that these reefs were intertidal at
formation. Endpoint calculations of extant natural reef accretions (4-5 mm yr*) are much higher
than the rate of RSLR, which would suggest they are in a state of catch-up. However, sustained
growth at this rate would actually place reefs above sea level for part of the last century (see
endpoint lines in Figure 4.5B), and it is much more likely that these reefs grew rapidly to sea
level (catch-up) and then tracked sea level (keep-up) for the past two centuries (Figure 4.5B). It
may be possible to better define this growth pattern by reconstructing reef chronologies using
excess 21%Pb profiles if the reef core keeps sediment relatively undisturbed. Regardless, we can
assume that these reefs did not just reach sea level prior to this study, and have been tracking
RSLR for a majority of the past two centuries. Likewise, growth in the constructed reefs (MF2-
97 and MF2-00) that have plateaued at sea level was calculated at 2.6-3.8 cm yr! (endpoint) and
is being skewed higher by the rapid growth these reefs experienced in their first decade, probably
mirroring the 5 cm yr growth of the youngest constructed reef. This is strong evidence that
extant reefs did in fact grow rapidly at inception, which would change the calculated rates of
shell production and sediment accretions based on modified reef chronologies using the catch-
up/keep-up model (Figure 4.5B).
4.4.2. Reef composition

The internal composition of oyster reefs appeared quite similar among different
generations but dependent upon maturity and possibly estuarine setting. In terms of grain size,
ancient reefs had uniformly silt-dominated sediment within the reef pore space, but extant reefs
show a transition from sandy sediment to silt-dominated as the reef grew, with some constructed
reefs still undergoing this transition. This appears to be a consequence of the reefs connectivity

to adjacent environments (e.g., sandflat) that eventually disconnects at a certain maturity (i.e.,
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reef height), which was also seen in Ridge et al. (2016). Variability in the regression of distance
from reef base and % sand that occurs at lower reef heights would indicate there are more factors
determining sand content within the reef pore space that become less important as the reef grows
vertically (Figure 4.4A). Once disconnected, the reef is almost exclusively sourcing pore
sediment from ambient and biofiltered deposition out of the water column. While there was a
weak correlation between shell content and mean grain size, regression analysis (Fig 4A)
indicated that we should expect this grain size transition to be complete when the reef exceeds
0.5 m in height within our study area. Thus, grain size differences seem less associated with reef
productivity and more linked to overall reef height. As this trend appears across all of our
natural reefs and the mature constructed reefs, it is consistent through time and has not been
impacted by environmental changes over the last two centuries. This height is equivalent to half
the local tidal range, and therefore this expected transition height may differ in areas with
different tidal ranges. This switch in sediment composition makes it easy to define distinct sand
layers (seen most prominently in the CI-1, CI-6, and MMBBL1 cores, Appendix 4.2) that are
likely related to large storm events, where the reef was temporarily reconnected to the adjacent
environment and then recovered. The uniformity of the two ancient reefs being silt-dominated
may imply that these reefs originated in the middle or upper estuary, being heavily influenced by
finer riverine sediment compared to the sandier sediments of the lower estuary. Placing these
reefs farther up estuary would also support that changes to inlet dynamics at the estuary mouth
would be more impactful to water quality, potentially dropping salinity to less ideal conditions
and increasing suspended sediment load as the turbidity maximum migrates down river.

Both organic carbon content and shell content within oyster reefs display similar trends

across all reefs sampled (Figure 4.3). Generally, as soon as the reef begins to grow there is an
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immediate increase in organic-carbon content of the sediments. When reefs mature, the pore
sediment becomes finer as it disconnects from coarser adjacent environments and switches to
water-column sourced deposition. Sediment-organic carbon correlates well with increases in
shell content, assumed to be a proxy for reef productivity, likely due to the combination of higher
filtration capacity and subsequent biodeposition through feces and pseudofeces (Figure 4.4).
Sediment-organic carbon increases as grain size decreases, which is due to the reef becoming
disconnected from adjacent environments and increasing retention of fine-grained sediment due
to flow reduction from greater oyster density and structural complexity (Figure 4.4). Because we
already see equivalent carbon values in the constructed reefs, the time for a reef to begin
efficiently trapping carbonaceous sediments within the pore space requires less than a decade.

Some variability in the overall organic-carbon content of the reefs becomes noticeable
when examining the carbon inventories (Figure 4.4B). Correlations between shell content, mean
grain size, and carbon indicate that this variability seems tied to location (Figure 4.2). As these
reefs occur in disparate areas of the estuary, the sediment trends could be impacted by distance
from the head of the estuaries. The ancient reefs occur closest to river outlets, where sandflats in
wave-dominated estuaries typically do not exist (Dalrymple et al. 2012). As a result of this
setting, those reefs have an overall finer sediment, and a sharper relationship in grain size and
carbon than the extant natural reefs. In contrast both sets of reefs show a similar, direct
relationship between percent shell and carbon. Thus, while shell content and grain size may be
decent proxies for how carbon-rich a reef may be, the estuarine location must be considered to
gauge where they fall on the spectrum.

The North River ancient reef has the greatest carbon inventory, being the oldest and

longest lived, but its carbon accumulation rate pales in comparison to the constructed reefs, as
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does the natural reefs, when using the endpoint method for reef chronology. However, when we
frame these reefs within the catch-up and keep-up model of reef growth (Figure 4.5B), we find
the rates of carbon accumulation become much more comparable. In fact, organic carbon
accumulation (g m yr 1) divides into two distinct groupings based on reef phase (Figure 4.6A).
We also capture how the natural reefs and some of the constructed reefs have transitioned or are
in the process of transitioning to the keep-up phase. Rates of oyster reef organic carbon
accumulation (115 + 37.2 g m? yr, Mean + SD) in the catch-up phase fall on the lower end of
the saltmarsh carbon accumulation spectrum (Distichlis marsh: 107.5 g m yr, Ouyang and Lee
2014), but are actually greater than some nearby saltmarsh carbon accumulation rates (10-15 g
m2 yrl Theuerkauf et al. 2015). However, carbon accumulation rates of extant natural reefs
within the keep-up phase (5.1 + 2.6 g m yr!) are far below what saltmarshes sustain but overlap
with carbon accumulation rates displayed by the ancient reefs (2.6 + 1.6 g m2 yr). The section
of the North River ancient reef that could be considered in a catch-up phase, mentioned
previously, displays some of the higher carbon accumulation rates of the ancient reefs, but is still
not as high as the extant natural keep-up reefs. Consequently, driven by greater rates of RSLR,
current living reefs appear to be accumulating carbon more rapidly than the ancient reefs and are
significant carbon burial spots during their initial stages, nonetheless this is minimized when they
reach MSL. It should be noted that the carbon content of the pore sediment is not a complete
representation of a reef’s full carbon budget, as it excludes the complex dynamic of inorganic
carbon exchange during shell formation.

Similar to carbon burial, shell production also forms distinct groupings using the catch-
up/keep-up growth model (Figure 4.6B). Shell production in extant reefs is an order of

magnitude greater during the catch-up phase (1.9 + 0.56 L m yr?) than the keep-up phase
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(0.072 £ 0.029 L m2 yr'1). Shell production in the natural reefs in the keep-up phase is still
greater than the ancient reefs (0.031 + 0.016 L m yr), but similar to some of the oldest
(deepest) sections of the ancient reefs. This is likely due to reef growth response to relative rates
of SLR for each of these reef sections, with the oldest portions of the ancient reefs having greater
growth during a SLR rate (1.7 mm yr, Engelhart and Horton 2012) that is closer to the rate of
RSLR over the past century (2.1 mm yrt, Kemp et al. 2011). Contrary to the carbon
accumulations and despite shell production being generally high in the catch-up phase of living
reefs, the potential catch-up phase of the North River ancient reef has relatively low shell
production. Shell preservation across generations appears to be high as there are not large
differences in calculated shell production from constructed to natural (immature, catch-up) and
from natural (mature, keep-up) to ancient that are not attributable to relative accretion rates.
Indeed, both carbon accumulation and shell production appear to be enhanced by the
anthropogenically modified SLR of the last century compared to prehistoric rates. Therefore,
SLR has continued to act as the dominant control over oyster reef growth and influenced
composition, while other changes to these estuaries in the last two centuries have not
significantly impacted intertidal reefs.
4.5. Conclusion

This study has provided evidence that oyster reefs have consistent patterns in SLR-driven
growth, shell production, and sedimentary composition over the past four millennia. Reef
growth is strongly linked to sea level, exhibiting catch-up and keep-up phases with SLR. During
catch-up phase both organic carbon accumulation and shell production are enhanced but greatly
reduced when the reef shifts to a keep-up phase. The transition of ancient reefs to a give-up

phase suggests that significant loss of extant reefs could result from pronounced changes to the
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estuarine system (water quality), anthropogenic disturbance/modification and/or catastrophic
events (e.g., storms). These results highlight the fragility of reefs growing at the edge of this
balance; as we continue to develop along our coasts, special attention must be given to how we
are modifying estuarine dynamics through altered river flow and inlet maintenance, which could
change the suitability of large areas for oyster-reef growth. While SLR may actually enhance
growth in some locations as estuarine gradients shift, climatic changes (e.g., precipitation, storm-
driven alterations) may cause other areas to become more susceptible to transitioning to a give-

up phase, especially with the added stress of harvesting pressure.
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Table 4.1 Details of each oyster reef cored for growth and compositional analysis. Origin
year for each constructed reef is included in the reef name. Number associated with each reef is
for use with the study map (Figure 4.2). Core elevations for ancient reefs are estimations based
on depth of sediment-water interface compared to local water level data at time of collection.

Core Radiocarbon
Reef Elevation Reef Base Sample Depth  Calibrated Estimated
Thickness (m Elevation Carbon Interval 13C Age” accretion
Reef Type Location {cm) NAVD88) (m NAVD88) Analysis (cm from top) {yr BP + 10)  rate (cmyr?)

1 NR-12-01 Ancient North River 229 -1.5 -5.145 CHN 117-122 1819 +25 0.066
157-162 2663 + 27 0.047
222-227 3161 + 36.5 0.131
272-277 4057 + 20 0.056
312-317 4430 +10.5 0.107

2 NPR-14-01 Ancient Newport River 105 -1.7%* -4.585 CHN 288-293 3240+ 30.5 0.090)
323-328 3866 + 73 0.056
343-348 4057 +41.5 0.157
383-388 4265 + 114 0.144

3 SB-13-02 Natural Back Sound 70 0.07 -0.656 CHN 70-75 157+ 6.5 0.478

4 Cl-1 Natural Back Sound 73 0.01 -0.702 CHN 70-73 179+ 17 0.399

5 Cl-6 Natural Back Sound 60 0.00 -0.560 CHN 85-90 185+ 20 0.487

6 MM2 Natural Back Sound 40 -0.18 -0.871 CHN 35-40 Modern 0.577*

7 MMNATBB1  Natural Back Sound 105 0.03 -0.995 CHN, LOI

8  MF2-1997 Constructed  Back Sound 35 0.01 -0.365 CHN 2.68

9 MF2-2000 Constructed  Back Sound 35 0.03 -0.398 CHN 3.86

10 SMA4-1997 Constructed  Back Sound 15 -0.26 -0.436 CHN 1.25

11 $G3-2000 Constructed  Back Sound 20 -0.19 -0.362 CHN 1.59

12 256 (2011) Constructed  Back Sound 25 -0.12 -0.346 LOI 5.00

T yr Before Present is relative to Present being 1950 CE
T Growth rate of MM2 is a conservative estimate based on oldest possible origin within Modern
age (1950 CE). Growth rates of constructed reefs is based on year of construction.
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Table 4.2 Spearman rank correlation results comparing percent shell, mean grain size, and
percent carbon in ancient and natural reef core samples separated by age. Correlations are
displayed in Figure 4.3.

Grain Size x Carbon

Shell % x Carbon % % Shell % x Grain Size
Reefs Spearman P-value Spearman P-value Spearman P-value
p p p
Ancient 0.72 < 0.0001 -0.81 <0.0001 -0.40 0.007
Extant natural 0.67 < 0.0001 -0.76 <0.0001 -0.47 < 0.0001
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T,-T,: Catch-Up Phase Vertical accretion > RSLR Give-Up Phase
T,-T,: Keep-Up Phase Vertical accretion = RSLR Vertical accretion < RSLR

Figure 4.1 Conceptual model of oyster reef growth with relative sea level rise. Figure is
modified from Rodriguez et al. (2014) considering catch-up, keep-up, and give-up phases
suggested for coral reefs by Neumann and Macintyre (1985).
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Figure 4.2 Map of the study area in the Cape Lookout area of North Carolina. Reef cores
were obtained from Back Sound, North River, and Newport River. Stars indicate the type of reef
samples: ancient (red), extant natural (black), constructed (yellow). Numbers refer to each reef
on Table 1. Green star denotes the location of the NOAA Tide Gauge (Station ID: 8656483,

Beaufort, NC).
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Figure 4.3 Core data from select sampled oyster reefs including grain size distribution
maps, descriptions (sedimentary units), organic carbon and shell mass profiles. Carbon
(black lines) and shell mass (gray lines) values are for distinct core sample volumes (405.37
cm?®). Dates obtained from radiocarbon analysis are presented in red as calibrated years before
present (yr BP), where the present is defined as 1950. Accretion rates (cm yr, endpoint method,
blue numbers) are placed in stratigraphic position between radiocarbon dates within the ancient
reef and for the entire cores of the extant natural and constructed reefs.
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Figure 4.4 Sedimentary comparisons across and among natural and constructed reefs. A)
Regression of percent sand in pore sediment compared to the distance of core sample from the
base of the natural reefs. B) Carbon inventory of each reef normalized to a meter of core.
Colors correspond to age or geographic location of reefs: red (ancient), black (extant natural
reefs), and yellow (constructed). C) Regression of percent organic carbon with distance from
reef base. D,E,F) Correlations among percent shell, mean grain size, and percent organic carbon
by reef age.
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Figure 4.5 Reef origin and sea level reconstructions. A) Regression of reef base elevations by
radiocarbon date. Local sea level curve is also plotted (blue line, data from Kemp et al. 2011;
light blue line, sea level extrapolation using Engelhart and Horton 2012). B) Oyster-reef growth
models considering the endpoint method and the catch-up/keep-up model applied to the extant
natural reefs.
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Figure 4.6 Carbon accumulation and shell production based on a catch-up and keep-up
reef growth model for different reef generations. VVolume of shell is calculated from the shell
mass of a 5-cm core sample (405.37 cm? sample volume) using the density of calcium carbonate.
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APPENDIX 1.1 EXAMPLE PROFILES FROM THREE STUDY REEFS
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Loose shell and sediment accumulation above Growth Ceiling
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Reefs form plateaus around 55% aerial exposure. The optimal-growth zone (OGZ), occurring
between 20-40% aerial exposure is highlighted. Profiles from MF3-1997 and MF1-2000 are
from reef scans taken in 2010 (lighter) and 2012 (darker). CINAT-1 is a natural fringing reef.
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APPENDIX 1.2 MAP OF STUDY AREA IN BACK SOUND, NORTH CAROLINA

Sampled reefs and locations of water-level loggers are indicated. Map created with Surfer® 11
(Golden Software) and Adobe® lllustrator (Adobe Systems) using aerial imagery from the
United States Department of Agriculture National Agriculture Imagery Program.
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APPENDIX 1.3 EXPANDED GROWTH-TIDAL HEIGHT MODEL
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Including a greater tidal range (2.25 m), model illustrates a larger OGZ (bounded by 20-40%
aerial exposure) but greater loss of suitable substrate elevations above the critical exposure
boundary with a SLR-rate acceleration from 0.3 to 1.0 cm yrt. Growth rates are approximate.
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APPENDIX 1.4 SAMPLE BREAKDOWN OF STUDY REEFS

Reef locations (UTM), type, and sampling conducted of all oyster reefs within the study.

Reef name Easting Northing Reef Type Scan GPS Grid Density
Decade-old Reefs
MF1-1997 351637 3840264 Patch X X
MF1-2000 351599 3840188 Patch X X
MF2-1997 351512 3840181 Patch X X
MF2-2000 351546 3840162 Patch X X
MF3-1997 352022 3839684 Patch X X
MF4-2000 352326 3839319 Patch X X
MF3-2000 352046 3839665 Patch X
MF4-1997 352291 3839290 Patch X
SG1-1997 351553 3839991 Fringing X
SG1-2000 351613 3839977 Fringing X
S$G2-1997 351378 3840181 Fringing X
SG2-2000 351314 3840013 Fringing X
SG3-1997 352037 3839777 Fringing X
SG3-2000 351865 3839752 Fringing X
SG4-2000 352721 3839702 Fringing X
SM1-1997 351640 3840310 Fringing X
SM3-1997 351892 3839682 Fringing X
SM4-1997 352400 3838992 Fringing X
SuB2 351538 3839937 Patch X
SUBSG 351324 3840112 Patch X
2011 Reefs
185 352134 3840717 Patch X
156 351919 3840832 Patch X
1875 352024 3840657 Patch X
189 351827 3840581 Patch X
285 351710 3839631 Patch X
286 351636 3839659 Patch X
2875 351555 3839678 Patch X
289 351430 3839751 Patch X
385 352116 3839216 Patch X
3S6 352126 3839167 Patch X
3875 352120 3839005 Patch X
389 352102 3839033 Patch X
485 352285 3839350 Patch X
456 352293 3839270 Patch X
4875 352364 3839202 Patch X
489 352290 3839211 Patch X
Natural Reefs
NRM_NAT2 353150 3842219 Fringing X
NRM_NAT1 352242 3843145 Fringing X
CINAT-1 349847 3841242 Fringing X
MMNAT1 351839 3839727 Fringing X
MMNAT2 351609 3840098 Fringing X
MMNAT3 352048 3839761 Fringing X
MMNAT4 351772 3840221 Fringing X
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APPENDIX 2.1 STEM DENSITY AND HEIGHT DATA FROM MARSH SITES WITH AND
WITHOUT OYSTER REEFS ADJACENT
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Lower panels examine differences just among sites with reefs.
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APPENDIX 2.2 CROSS SECTIONS FROM NORTH RIVER MARSH AND CARROT
ISLAND WITH CORES LABELED
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Radiocarbon dates are labeled in red from relative depths sampled.

123



APPENDIX 2.3 CORES AND SECTION SHELL PHOTOS FROM SIX CONSTRUCTED
REEFS LABELED BY DATE OF ORIGIN
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Cultch material placed during initial construction is morphologically distinct from new growth.
Cores illustrate the variable depths of the taphonomically active zone (zone of living oyster)
among reefs. Shell photos are labeled by depth section in the core, and the presence of cultch
material in the “0-5 cm” section indicates no growth on that reef.
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APPENDIX 3.1 STATISTICAL COMPARISONS OF WATER QUALITY DATA BETWEEN
SCAN TIME STEPS FOR EACH REEF GENERATION

Time Wilcoxon
Reef Type  Step Temperature (°C)* Rank Sums Salinity (ppt)* t-Tests (pr)
Decade-old 1 19.7+7.2 7 =068 31.8+22 tss = -2.5
2 18.6 +7.3 p=20.50 09 6 + 4.0 p =0.015
Young 1 19.7+6.6 7 =0.84 32.4+2.8 ts = -2.4
2 18.2+7.0 p=0.40 *29.7 + 3.0 p =0.025
Centennial 1 18.8+6.9 7 =-0.02 30.6+2.9 tp = -1.7
2 185+8.5 p=0.99 27.7+5.6 p=0.10

¥ Mean + Standard Deviation
“ Significant difference (P < 0.05) from previous timestep.
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APPENDIX 4.2 ADDITIONAL CORE DATA
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