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Abstract

Mainland marshes in the Virginia Coast Reserve have been eroding d@haates
vary both spatially and temporally. Data frahesestudy sites showed statistically
significant upward trends in the rate of shoreline retreat over the cdurselast 52
years This increase in erosion ratesrespondto an increase in thieequency of
hurricanes and tropical storrmassing within 100 krof the study sitesThecorrelation
between hurricane frequency and erosion rates sutpgdshese higrenergy storms
could have been the main cause of rapid madkje erosionAverageerosion ratefrom
this studyweresimilar to those measured by McLoughlin et al. (2011) on other mainland
marshes in the Virginia Coast Reservewasthe spatialvariablity. Erosion at the study
sites wadess than the regionatosionrate calculated in Hog Island Bay to be 1.2 i:yr
Oyster reefsvere shown to haveuccessfully dissipatevind-waveenergy the primary
driver of erosion in th¥irginia Coast Reservend have the potentiéd work as an
erosioncontrolmethod For significantwaves, the mean dissipationwévepower was
49%. Attenuationof wave energyvasdeterminedy multiplefactors, primarily water
depth above the reef and significant wave heightideal range of depths at which reefs
weremost effectivavas identified above whichadditional increases wwvater depth
diminishedthe interactionThis occurred becausdthough waves continued to grow with
greater water deptlhe decay irorbital motion with depth was sufficient that the waves
were no longer strongly modified by the underlying reef surfatategianstallment of
reefsbased on prominent wind direction and feitrthelationship tanarshshorelinsis

likely key togreatererosionmitigation
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Introduction

Coastalerosion

Coastal Boreline erosion has been a growing issue for many decades because of
the human propensity taildd along the coast hirty- eight percenof the world
population lives within 100 km of a coast and 53% of the US population is within 80 km
(NOAA 2003,Cossett et aR008). Greater concern has arisen in recent years due to the
threat of coastal inuntlan from sedevel rise. In their fourth report released in 2007, the
Intergovernmental Panel on Climate Change (IPCC) projected that agesdgeel will
rise 0.180.59 m by 2092099 relative t01981999, baed on model data (IPCC 2007).
Wetland preseation, in particular, has garnered attention because of the significant
contribution to the environment and economy that these areas preerdeetlands, the
greatest concern related to increasedeed rise is a loss of land area due to erosion,
both vertically and horizontally.

The current practice to slow erosion in piitlantic marshlandsmthe US East
Coastis to build bulkheads or rock walWwhich prevent landward migration (Titus et al.
2009, Chesapeake Bay Foundation 200F)s can be detnental because land that
might otherwise keep pace with deael rise by vertically accreting and moyi
landward will be inundated due tioe stationary retention methotfstblock migration
(Titus et al. 2009)The concept oLiving Shorelines has bee popularized in recent
years, promadas a creative, lowmpact and sustainabkehoreline management
technique that incorporate natural plants and mateFersying oyster reefsa

recommended Living Shorelines structiase becoming a more commerosion



mitigation methodStudies conducted illabama, Louisianaylississippi, and North

Carolina have shown thdtesereefs help reduce the impact of waves on the $here

increase sediment size, and enhance the growth of seagrass (Stricklin €3;aPi206a

et al. 2005; Meyer et al. 1993cyphers et al. 20),1all of which are major variables in

stabilizing marsh shoreline§he majority of these studies suggelhat oyster reefare

most effective in low energy environments, such as lagoonstatidw bays, and have

little to no effect in higher energy are&siccessful results from these studies and the
popularizedmplementation of oyster reefs as shoreline protectieapite the minimal

information on thenechanisms of this proceggpmptedhis investigation into the

possibilityof oyster reef@asan alternative means of shoreline managemeMbprr gi ni ad s

Eastern Shore.

Marsh erosion

Salt marshes are found in the intertidal zone, acting as a bridge between land and
water.They are uniquerezironments in that there is a sediurnal cycling of flooding
and exposure that is crucial to the maintenance of the sySwtmarshes rely on tides
to bring in sediment and nutrients in order to build the marsh platform and nourish plants
that live here.Marsh ecosystems are home to numerous flora and fauna, including fish,
birds, invertebrates, insects, crustaceans, and a number of endemic dfasiess are
also breeding and hunting grounds that play an important role in the life cycle of some
fauna.In keeping with the idea of marshes as bridges, they also function as buffer zones
against storms (Pethick 1992), dampening the effect wind and water would otherwise

have on the land.
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In the 28" century alone, over 18,000 hectares of coastal lane éaded in the
Chesapeake Bay, likely with an increasing rate of loss with time (Wray et al. 1995).
Already at least thirteemarsh islands that were present in colonial times have vanished
completely (Downs et al. 1994). Maryland study showed that marsslands are eroding
at a faster rate than upland islands, and are prone to submergence because of a deficient
source of new sediment (Wray et al. 1995), placing marsh islands at even greater danger.
On the Eastern shore of Virginia, marsh sediment aclaiion rates are only 367% of
the local sedevel rise (Hobbs et al. in pres§n Bloodsworth Island, Maryland in the
Chesapeake Bay, erosion along the perimeter of the marsh accounted for an average 61%
of total land loss, indicating that the shorelisenore vulnerable to wave attack than the
interior is to subsidence, interignond formation, and channel enlargement (Downs et al.
1994).In the Nanticoke Estuary, another Chesapeake Bay location, marsh loss rates were
calculated to be near or greatean 1% per year of total land area, which is comparable
to rates seen along the Gulf Coast, and greater thanraties along the US Atlantic
Coast (Kearney et al. 198&tudies in Europe and the rest of the United States show that
lateral erosion ratesn the Virginia Eastern Shore fall in the middle of the observed range
of shoreline erosion (McLoughlin 2010ablel). As of 2009, the rate of sdavel rise in
the Virginia Coast Range (VCR) ranged betweerd8mm-yr™, one of the higher rates

seen along the East Coast (Mariotti et al. 2010).



Tablel: Marsh erosion rates in the United States and Europe. fieadsksated fronm McLoughlin 2010.

Yecation Erosion Rate Duration of T

(myr?) Study (yrs) :
Delaware Bay, NJ 321 38 Phillips (1986a)
Rehoboth Bay. DE 0.14-043 3 Schwimmer (2001)
Chesapeake Bay. MD 12 139 Wray et al (1995)
Hog Island Bay. VA ~1.2 41 Kastler and Wiberg (1996)
York River Estuary, VA 0.21 95 Byrne and Anderson (1978)
Pamlico Sound, NC 0.79-0.91 25-32 Phillips (1986a)
Mississippi Delta, LA ~1 67 Wilson and Allison (2008)
Dengie Peninsula. UK 11 9 van der Wal and Pye (2004)
Blackwater Estuary, UK 05-1 8 van der Wal and Pye (2004)
Foulness Point, UK 4-16 19 Stoodley (1998)
The Oosterschelde, Netherlands ~1 N/A van Eerdt (1985a)
Sado Estuary, Portugal 0.17 11 Moreira (1992)
Venice Lagoon, Italy 12-22 2 Day et al (1998)

Sealevel rise is a twdold variabk in that it is expected to increase wave heights
in shallow bays, accelerating lateral erosion along the fringing marshes (Mariotti et al.
2010), and increase inundation of kying areas (Phillips 1968, Finkelstein and
Hardaway 1988, Kearney and Stevamd991) Projected increases in the rate of-sea
level rise are predicted to resultintreasinglyunfavorable conditions for marsh
accretion (Phillips 19865erious alterations to the environment, likely by human
intervention, will be needed in ordernmaintain the health of marshes in the coming

years (Cox et al. 2003, Kearney et al. 1988).

Waves in shallow bays

Wind-generated wave attack is theedominanfaigentof marsh retreat through the
process of scarp erosion (Moéller et al. 1989Ind speedwind direction, fetch, and
water depth are the critical factors influencing wave formation (Fagherazzi and Wiberg
2009).Fetch (the distance over which wind can blow across the water surface without

obstruction) is restricted in many of these lagoons,tiase with greater fetch, waves
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are not as high as they would be in deeper water owing to effects of water depth on wave
height.Wind direction is an important factor because it dictates the direction in which
waves will travel, which affect the intengibf wave attack on any given shoreline
(Marani et al. 2011)Analysis of winds in the Virginia Coast Reserve shdthat winds
blew most frequently from 186210x and 33@-60x, which followedthe general
orientation of the coastlin€igure1A). Therefore, marshes facing nortbrtheast or
southsouthwest with large fetches testtto have greater wave power strikifpse

shores figurel1B).

rd
"~ NORTH " - . - './.'L;'b i
y .‘U : 'J\
T,
o° &5
S g “‘—::_. ( e"
WEST EAST 4 T; " L
y > v ,A"‘\ n -~
15% ; ¢ ‘/r‘,/ , &
{ o T £
- 8= .,
.{ f c 'b <50W/m
;i 50-100 W/m
g ¥ f o 100-200 W/m
Wind spaed A B, S °  200-300W/m
> s / S *  300-400W/
[C]125-175ms { (! '— ,lm
[ 75-125mss y ~ ®  400-500 W/m
Ml <75 he 5 ® 5500 W/m

Figurel: Wind and wave power in the VCRodeled by Mariotti et al. (2010Wind statistics on thecg@anside of the
Chesapeake Bay from 199099 (left). Wavepowers along marsh boundaries weighted with wind statistics (right).
Figures presented in Mariotti et al. (2010).



Marshedge characteristics

Work by McLoughlin (2010) explockerosional processes at four salt marsh
locations in the VCR, characterizingethods of erosion and physical properties of the
sites.The different processes and rates of erogiereattributed to physical attributes of
the marsh, wave patterns, bathymetry, and effects of plants and animals living there
(McLoughlin 2010, Feagin etl. 2009).The primary cause of erosion in this area is from
waves impacting the shoreline (Wray et al. 1995, Day et al. 1998, Schwimmer 2001,
Mariotti et al. 2010), but statistical analysis of erosion as a function of wave energy was
not able to explainlbof the variation (McLoughlin 2000Vegetation morphology and
density have been shown to be indicative of marsh edge stability (McLoughlin 2010, van
Eerdt 1985, Knutson et al. 1982yends on Bloodsworth Island showed that a decrease
in vegetation wasorrelated with an increased erosion rate, particularly along the
perimeter of the marsh island (Downs et al. 198&4pveground, grass canopies dissipate
wave energy, the extent of which is affected by both canopy height and stem density.
Belowground, thérussing capability of the vegetation roots stabilizes sediment, armoring
it against wave attack (van Eerdt 1985).

There are many factors that contribute to bank destabilization, among them is the
presence of crab burrowSalt marshes on the Virginia &arn Shore have three species
of fiddler crabsJca minax, U. pugilatgrandU. pugnaxTeal 1958)The fiddler crab is
a major reworker of sediment, whose burrows weaken the structure of the marsh
groundwork Previous work has suggested that higisitesof burrows formed by

Sesarma reticulaturandPanopeuserbstii, the purple marsh crab and the Atlantic mud
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crab, along the marsh edge are associated with higher erosion rates (McLoughlin 2010).
These burrows tend to be larger with multiple chambergesater complexity
compared tdJ. sppburrows, due to the communal habitation of these species (Allen and
Curran 1974)Despite this, it is likely that the fiddler crab burrows also contribute to
destabilization along the marsh edges, though possibliessar degree.

The sediment that comprises the marsh also influences its susceptibility to erosion
and can account for some of the variability at sites within the same region (R88gn 19
In the Virginia portion of the Chesapeake Bay, four levels ofedimar vulnerability have
been identified based on their sedimentary properties: permeable sand hegemes
erosion rate of 0.85 r"); beaches with a layer of sand on top of impermeable pre
Holocene sediment (1.14-yr™"); marsh barrier beaches of sanerlying peat (0.66
m-yrY); and marsh margins (0.54 yn') (Rosen 198D The Feagin et al. (2009) study
did not find a relationship between sediment size and erddidmoughlin (2010) found
that marshes with greater proportions of medium to coarskestemved lower rates of
erosion compared to locations with higher proportions of silts and clays in Hog Island

Bay.

Oyster reefs as erosion control
Oyster reefs are known to stabilize intertidal sediment and influence
hydrodynamic patterns within estuaisnvironments (Meyer et al. 1997, Piazza et al.
2005, Coen etl. 2007, Dame and Patten 198&gcause of their potential stabilizing
effects, building oyster reefs close to eroding intertidal marshes has been considered as a

means of slowing or reversistporeline erosio(Scyphers et ak011). Modeling of
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energy flows through oyster reefs shows that reefs chaatgrcurrent patterns (Dame
and Patten 1981) and can increase the coefficient of drag up to five tierélsad fora
bare mud bed (Whitmamd Reidenbach 201Zfour previous studiesummarized
below, have investigated the efficacy of oyster reefs as a form of erosion control. These
studies concludethat reefs are successful in this capaitibugh onlyin low energy
environments (Piazza at. 2005, Stricklin et al. 2009Each study approachegster

reeferosion control with differerabjectivesin variouslocations Figure2).

o

Meyer et al. 1997

_*— Scyphers et al. 2011

"' Stricklin et al. 2010
Piazza et al. 2005

Figure2: Site locatiors for studies of oyst reef erosion control.

At two locations inViobile Bay, AL,three 5 x 25 m rectangutmapezoid oyster
reefs were created from local oyster shell overtgatile fabric and covered by plastic
mesh which was anchored in place by rebar (Scyphers2€id). The reef height was
slightly below mean lowow water (MLLW) to maximize potential wave attenuation,
oyster settlement, and habitat for local fisloweverthe reef heigtgtdeclined over time
to as low as 0.3 rdue to reef footprinspreadingwhich tndermined the study

Vegetation line retreain adjacent marshe&gs measured periodically throughout the
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two-year study bylistance fronrebar stakes placed at 25 m intervals along each 100 m
shorelinglone control and one study at each of the two loogjié\t thefirst location,
where the reef footprint expanded by almost 3@ to wavedriven spreading
significance testing showed there was no difference in the retreat rate at the (@e55Site
m-yr) compared to the contr(®.7 myr™). Thereefat thesecondocationdecreased
shoreline retreat by5%6 over the course of the stydhaving eroded slightly more than 3
m compared te-4.5 m at the control sit&his study suggests that oyster sedd affect
erosion butequire more solid structurésr thismid-level energy environmei(Scyphers
et al.2011).

In Louisiana, small, created fringe reefs were useful in slowing shoreline erosion
and were found to have high rates of spat recruitment, which increase reef size and add
sustainability to the»asting structure (Piazza et al. 2005). The initial dimensions of the
reefs, created from shucked oyster shell, were 25 x 1 x 0.7 m, and were built as close to
the marsh as possible (< 5 m). This was deemed an ideal method to help control the Gulf
of Mexico shoreline in Louisiana because the material is native to the region, and
relatively inexpensive, assuming a constant source of oyster shell. Data from the twelve
month study showed that mean shoreline retreat was significantly lower-ahkrgy
sites wth created reefs. Highnergy locations did not exhibit differences in erosion
whether there was a reef present or not. It was suggested that this outcome was either
because the small, created reefs were insufficient protection in this particular study, o
that fringing shell reefs in general are not enough to fully protect shorelines. There were

two major storm event&xtremelyhigh energy) during the study period (September and
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October 2002), neither of which significantly changed the erosion rates sités with
their passage, regardless of the presence of oyster reefs. However, the month following
each storm did have greater loss rates at all sites, which were attributed to the storm
loosening sediment. Scour from the edges of the reefs affecteddtedines behind
them, suggesting that longer reefs may be more protective than shorter ones. The study
concluded that created fringing oyster reefs did slow shoreline retreat, but were effective
only in low-energy settings (Piazza et al. 2005).

Other stidies have examined whether different sorts of oyster reefs, such as
natural versus mamade, or cultched versus roultched, exhibit differing erosion rates.
In Jackson County, Mississippi, mamade reefs were built alongside lestgnding
natural reefsn a marsh area in order to determine whether one was more effective than
the other. These marshes are similar to those found on the Virginia coast, composed
mostly of sands and clays, and covered by meado®salferniflora(Stricklin et al.
2010) Thecreated reefs were built in front of the marsh, 30.5 m by 1.8 m, and set 92 m
or more laterally from the natural reef with which it was paired. These reefs were created
by placing shell bags filled with 0.08° of oyster cultch and trays containing shelgb
of cultch on top of a mud flat such that they were roughly 15 cm above the flat. A
cultched reef is one that has had fossilized shell, coral, or other material of similar
properties that has been made by living aquatic organisms, placed on or meaf the
(Merriam-Webster). The purpose of cultch is to provide a hard substrate on which oyster
spat can settle, enhancing the growth rate of the reef (The Oyster Restoration Project

2012). In order to mimic the patchiness of natural reefs, shell bags gsaveee placed
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so they covered 3B85% of the designated reef area. DuringZfienonth study
(November2006June 2008)constructed reefs resulted in equivalent or bettesien
reductioncompared to natural reeds all sitesThere were significant déirences
between both energy at the site and reef treatments. At the high energy location, the
cultched site eroded 1.68 m (0.12ymt") and the pn-cultched site 1.96 m (0.14 gr™).

At the low energy location the ¢ahed site eroded 0.34 .02 myr™) and the non
cultched site eroded 1.40 m (0.10ym). Retreat periods differed between the three
bayousaswell as reef typesandsome sites initiallladvancedor 7 months before

retreating for the remainder of the stydy# months)A second site aceted for all but

the last month of the study, and the third had a steady rate of retreat for the duration of
the 21 monthsThere is no mention athange invave environment during these periods

of erosionandaccretion but theebayots arelow-energyby mature microtidal (-0.5m),

and can be windriven (Stricklin et al. 201Q)

Similar to the experiment in Mississippi, the aforementioned study in North
Carolina (Meyer et al. 1997) examined the difference in the effects of cultched and
noncultched reefs oarosive dampeningt three nearby locationslarshes in this study
were originally dredged material disposal sites, which were altered by the U.S. Army
Corps of Engineers and planted w&halternifloraandSpartina patenga high marsh
grass) in 1987 hie former of which dominated the lower intertidal zone by the time of the
study. The design involved twelve constructed reefs, each 5 m wide by 20 m long, built
perpendicular to the shoreline by depositing 1.5 m wide by 0.25 m deep bands of cultch

(crushedbyster shell, in this study) at the fringe of the marsh, leaving a 3 m buffer of



12
noncultched marsh between plots. The stability of each site was measured by the
sediment surface change along the midline of each@\@tall, there was no significant
difference in shoreline movement between the treatments, but a number of measurement
periods did vary significantligetween cultched and noncultched plots within the same
study site Two sitesdid show a natble difference irshoreline changeetween cultched
andnoncultched plotsver the course dhe whole study perio®Q months). Athe first
site, the cultched plot accreted.52 m (+0.31 nyr'Y) and the nosrcultched plot eroded
1.11 m(rate of-0.67 myrY) . The s e c o nplotasdreted@Zm w46t c h e d
m-yr?) and the norcultched site eroded..05 m (0.63 myr™) (Meyer et al. 1997).

Resultsfrom these studies shedthat oyster reefaiereuseful wavedampening
agents, which perforedbest in low energy environments, and in some casesioted
accretion. Based on the lesnergy lagoottype environments in three of these studies,
the similarities suggest that oyster reefs may work as erosion control in the Virginia
Coast Reserve.

As an alternativéo conventional shoreline management teghes the National
Oceanic and Atmospheric Administration (NOAA) recommends installing native reef
building oysters whose structures can perform a numberaf/stemserviceYNOAA
2013a) Figure3d). These naturaubmerged breakwaters absorb wave energy, protect the
shoreline, and enhance critical habitats, in addition trifiig impurities from the water
benefts seagrass, fish, and invertebrates (NOAA 201Glykter reefs are aaxample of
anideal breakwatesubstrateadvocated byhe Living Shoreline movemenwhich strives

to incorporate greater amounts of native substances ovemad@ materialln response
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to the Deepwater Horizon oil spill, Living Shorelipsojects, including the installation of
oysterreefs,have been started in Alabama, Florida, Louisiana, Mississippi, and Texas as

a remediation metho@NC 2011)
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Objectives
The purpose of this studyasto determine whether or noyster reefs are
effective at dissipating wave energy and reducing marsh edge retreat in the shallow bays
of the Mrginia Coast Reserven the Eastern Shore of Virginiaherewerethree primary
objectives that hegdaddress this question:
1 Are any of thee marshes predisposed to higher rates of erosion based on physical
characteristics and overall wave environment?
1 What are the rates of shoreline change over the past fifty years and how have they
varied in space and time? Are the rates different for medghs protected by
oyster reefs compared to nearby unprotected marshes?
1 Does wave energy dissipate as it passes over oyster reefs towards thdfmarsh?

so,how do the reefs change the waves and to what degree?

Study sites

This studywasconducted on satharshes found on the ocean side of the southern
end of the Delmarva Resula(Figure4), which encompasses the Virginia Coast
Reserve and serves as a Long Term Ecological Research (LTERhsiteelected study
sites are all protected by The Nature Conservancy (TNC) of Virginia, as are the oyster
reefs in the vicinityFour marsh sitewere selecteébr study due to partial blocking of
on-coming waves by oyster reefs, located in two different areas along thiamaa@uge

of the VCR Figure4). Current research shows that oyster reefsemost successful at
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diminishing erosion in low energy environments, which influenced the selection of these
particular sitesThe sitesvere also chosen so as to have two diffebasic
environmentsa closed shallow bay with small defined reessa more open lagoon with
larger,dispersed reeffwo siteswere selectedithin each region for comparison and
replication Tides in both reginsweresemtdiurnal, with mean tidal range @f2 m
(Fagherazzi and Wiberg 2009 both regions, twa@omparisorsites were identifiethat
were notassociated with angyster reef@andwere in close proximity to thetudysites

with reasonably similaapparenphysical and hydrologic attributes.
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Figure4: The Virginia Coast Resenaudy and comparison site locatiomish land types illustrated. There are two
study sites within each yellow bdxSEB3 and CRM4o the north, and BT5 and BT6 to the south. Oyster reefs as
measured by The Nature Conservancy are visible in pink.
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Box Treesites

The two southern sitagerefound near Ramshorn Bay, in an area known as Box
Tree Figured). Theywereboth marsh islands close to the mainlandweteremnants
of an old sand dune (Barry Truitt, personal communication, 2012, hereafter as Truitt
2012), which hd been taken over by the cordgraSpartina alterniflora and fiddler
crabs Ucaspp.) interspersed with the succulenBslicornia virginicaandSalicornia
bigelovii (Silberhorn1976 . Theyweresituated on top of a discontinuous sheet of sand
and pebbly sand ridges and swalezh in height and-2 km apart (Swift et al.@03).
Both islands had oyster reefs built off the seaward site by waterman, Jack Johnson, for
harvesting and transplanting oyster sedtich were created in the 19&0or 6@s (Truitt
2012).The oysters that settled on these reefs and others in thené&@Rmerican
eastern oyster§;rassostrea virginicawhichwereconsidered native transplants and are
found along the length of the Atlantic seaboard (USGS 200w) base of the reef near
Box Tree site 5 (BT5vasmade of crushed whelk shel&dthe BoxTree site 6 (BT6)
reefwascomprised of oyster castles the shoreward sided old oyster shells on the
seaward halfThe BT6 reefvasnearly perpendicular to the middle of the nhaisdand
andthe BT5 reefwasabout 30 degredsom perpendicularThe BT5 reef was a fairly
loose shape with gently sloping sides that gradually descended into the mud at the edge
of the reef Figure6). The BT6 reef had more topography than the BT5 reef because of
the combination of bageaterials. The section made of oyster castles had a relatively
uniform elevation and was approximately 0.5 m wide. dldeshell section resembled

the BT5 reef gently sloping sides and looser shape that gradually sunk to the mud as the
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reef expanded outvd (Figure?). Both marsh islandsad exposed mainland to either
sidethatwasopento Ramshorn Bagndbothwerescattered with large populations of
periwinkle snailsl(ittoraria irrorata), which are the most prominegrazers on coastal
Atlantic salt marshes (Silliman and Bertness 2002).

The comparisorsites for this region includthe mainland marsh afirun
betweerBT5 andBT6 (inter-islandi 1-1), as well as Elkins Marsflk), whichwasa
peninsula on the easteedge of Ramshorn Bdffigure5). The Elkins shorelindid
experience greater wave energy than any other site as predicted by the Mariotti et al.
2010 model Figurel), and wasmore typical of a barrier island environment than alow
energy lagoon like the study sites. The ingéeind hydrodynamics and other physical

propertiesnvereindistinguishable from those of the study islands.



Figure5: Left panel: southern study sites, Box Tree 5 and Box Tiemérsh islands fronted by small,
linear reefs. Right panel: comparison sites (hiééand and Elkins Island) in relation to study sites.
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Northern sites

TheNorthernsites Figure8), Southeast Bend 3 (SEB3) and tomvergencef
Castle Ridge Creek and the Machipongo R{&RM4),weremainland marsheSEB3
wasfronted by an old, natural reef (Truitt 2012) teatenedout in front ofCastle
Ridge Creek to shield the southwestern portion of the shoreline, with a smmater
seawardection open to the ocearhe reefwasmore widespreadand muddier than the
Box Tree reefswith small channels, and large patches with high piles of oy$tiensré
9). The CRM4 reefvasalso an old, natural reef (Truitt 2012), butizamore defined
shape tharthe SEB3reef though itwasalso large, muddy, and charm&den.This reef
frontedthe southwestern shoreline of the marsh, leaving the eastern, seaward section
open to the edge of Hog Island Bayhereweretwo comparisorsites for this regio’
northernFowling Point (nFP) and Upshur Neck (U(Bigure 4. TheNorthern
comparison sitewerepredicted to have similar wave powers at the shoreline as the study
sites. However, Upshur Neck highly developed arewaslikely influenced by the
structures built thersuch asouses and boardwalks, both of which affect

hydrodynamics.



Figure8: Left panel:Northern study sites, Southeast Bend 3 and Castle Ridge/Machipevitotdeir
respective oyster reefs. Right par@mparisorsites (Upshur Neck and northern Fowling Point) in relation to
theNorthernstudy sites.
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Methods
Digital shorelineanalysis

Geographical Information Syster(sIS) 10 software (ESRI, Redlands, CA) was
used to perform marsh shoreline analysis, both g¢bort and longerm (Fletcher et al.
2003). Shorterm analysis used repeat GPS surveys of the vegetation line of each marsh,
taken roughly six months apart,determine shoreline change rates. The raw survey data
were corrected using NOAAOGs Online Positio
Trimble Geomatics Office before being imported into ArcMap, a GIS interface. The GPS
points were digitized into a ggte shoreline and analyzed by Digital Shoreline Analysis
System (DSAS), a GIS extension specifically for calculating shoreline change (Thieler et
al. 2009, McLoughlin 2010). The surveyed shorelines were not analyzed in conjunction
with the shorelines extcted from aerial photography because they did not use the same
datum, thereby greatly increasing the probability of err@cicuratelypositioning the
shorelines in relation to each other. Distances between the PVC pole markers and the
shoreline as of Jun2012 were measured to obtain a rough gauge of how much the site
had changed in about a year. These measurements were compared to the GPS surveys
with the understanding that this data set was not as accurate as the GPS surveys because
some of the poles dabeen uprooted and washed away or were embedded in a slump
block that had detached from the marsh edge all together.

Long-term analysis used five aerial images of Northampton County, VA,

spanning a sixtyear period. Images were provided by the USDA F3arvices Agency
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(years 1957, 1966, and 1994) and the Virginia Base Mapping Program (VBMP) (2002,
2007). These images were selected based on time interval, image quality, and availability.
Images from 20022007 were previously orthorectified by VBMP, butlea images
were not. These images were given spatial context with the georectification tool in
ArcMap using stables structures such as buildings and roads as ground control points,
though some creek intersections were used when there were no otheopiairie
(Higginbotham et al. 2004, Kastler 2003). The images were rectified over the 2009
VBMP orthographs with polynomial transformations, using second or third order when
possible for greatest accuracy. Shorelines were digitized by creating a new &adsr
within ArcMap and digitally tracing the vegetation line-sereen for each image.

The DSAS program requires a compiled layer of digitized shorelines for each site,

a baseline off of which to cast transects, and the transect layerHigeifg10) to
calculate rates of change over time and associated statistics, such as the change between
the oldest and youngest shorelines, and linear regression rate. Shoreline change analysis
was performed for the entit2-year period as well as at qualkcadal intervals to
determine any change in erosion rate over time. A standard method for comparing this
type of data is an ANOVA (ANalysis Of VAriance), however all four of the data sets
were nonnormal and had unequariances, which violated assumptions for an
ANOVA. Because the data did not deviate too much from normal but did have high
variance, a KruskalVallis (McDonald 2009) test was usethe nonparametric analog
of ANOVA. The main concern with neparametridests is the potential for loss of

power in analysis. However this was not an issue for this data set because there was such
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a large difference between sites. All of these comparisons were made using the
Bonferroni Correction withJ= 0.05/6 = 0.0083, necessarily increasing the confidence
level for each test because there were six total. With each test the probability of a Type |
error was 0.05 and each subsequent test increased this probability by 0.05, (i.e. the
second comparisamad a 0.075 chance of committing a Type 1 egbcetera
Therefore, by using/= 0.0083 for each individual comparison the overall confidence in

the six tests was 95%.
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Figure10Q: Digital Shoreline Analysis Software componectsisisting of a baseline (black line), transects (parallel

lines in inset), and digitized shorelines with the dates images were taken. Shorelines wenapizedion screen after
georectification with minimal associated error (RMS values less than 2sélais were drawn by the program at 5 m
intervals along the baseline, which was drawn in as a generalization of the shoreline for transect casting purposes.
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There were a number of potential sources of error in the digital assessment of
shoreline change beuning with error in the initial photographs due to distortion from the
angle of the camera, lens quality, image resolution, condition of print negatives, and
scanning the image (Moore 2000). The georectification process undoubtedly introduced
some errorPotential ground control points (GCPs) were limited because the majority of
each image depicted the lagoon and marsh which inherently had a restricted number of
stable features. In addition, the VCR is in a rural area that has few unchanging structures
like buildings and roads close to the shoreline. There was also possible warping of the
georectified images because qualities GCPs were not always available in the southeast
corner, mostly showing open water. However, RMS errors were all less,twarci
was below the acceptable limit of 5 for lateral shoreline analysis (Hughes et al. 2006),
and high order polynomial transformations were used, both of which decreased the
probability of error Table20). Error could &o have been introduced during the
shoreline digitization process, particularly if the image had low resolution or an indistinct
delineation between marsh and water. The vegetation line was the most distinguished
feature in the majority of images and wesd as the shoreline indicator for its visibility
and independence of tidal level which varied from image to image. Complex shorelines
with low-grade edges are more difficult to correctly identify and ultimately decrease
accuracy of the digitization prose (Cox et al. 2003). Additionally, historical maps of the
study area were located from the mid to lat8 déntury that were primarily used for
navigation and surveying. They were intriguing visual comparisons but had insufficient

resolution or coverag® be included in the analysis of the sites.
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Site characteristics

Each marshvascharacterized in order to determine if thesgesa particular set of
variables that influenckrates of marshccretionor erosionAll sites were surveyely
takingglobal paitioning system (GPS) surveysing the Trimble© R8 GNS$§ystem
(Trimble, Sunnyvale, CA), once during tetemmerand winter 02011,and thesummer
and fall in2012 These surveys followed the vegetation line as a referencefpothe
marsh edgeegardess of tide level, with resolution less than @3During the last
survey in the fall of 2012, measurements were tglegpendicular to the shoreline across
five transectsn order todetermine marsh elevatigrigure11). During the first survey in
the summer of 2012 cm diameter PVC pipesereinserted into the marsh at b
intervals along the shoreline as a visual key for any g¢bort changéFigure11) which
was neasured the following summedsoth types okurveys trackdthe vegetation line,
as itwasthe most consistent measure of the marsh ex&aipe files provided by TNC
from 2008wereused for the oyster rephysical analysisData in theshapefiles included

area, density, type, and location of each reef.
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Figure1l PVCmarkerpoles and survey transects 2€2012.Marker polegdots)were used to track shetierm
change and transedimes)wereusedfor marsh elevatioprofiles.

Sediment sampling
Sediment grain size and organic content were quantified for each asagsain

size is an important factor in sediment resuspensising a modified plastic syringe, 30

mL sediment samples were taken adjacent to PVC poles thabbenglaced along the
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vegetation line of the marsh site at regular intervals (Figure 6). Two samples were taken
at each marker pole, one for grain size, and one for bulk density and loss on ignition.
There were 1413 sample sites on each of the four petetd marshes and a total of 10
each on the comparison sites (northern Fowling Point, Elkins Marsh, and thislaridr
marsh); no samples were taken at Upshur Neck due to private land ownership. This was
the only onsite analysis done for the control sit&or grain size analysis, samples were
wet sieved with a 2 mm sieve and placed in a glass jar with salt water to settle. Excess
water was siphoned off after all particles had settled ar#DBAML of bleach was added
to remove any organic material, regiteg the spent bleach once a week. Samples were
then flushed with salt water over a period of two or three days to remove the bleach, the
purpose of the salt water being to encourage faster particle settling. A number of samples
still exhibited bubbling dér bleach treatment for up to five months so another method of
organic content removal was employed. After rinsing the samples clean of bleach with
water, 50 mL of 30% hydrogen peroxide solution was added to the samples. This
procedure was continued, adgi50 mL once more, and then 25 mL, until the
effervescence ceased (Wheatcroft et al. 2012, Law 2012).

The organiefree sample was placed in a 50 mL centrifuge tube to settle again
before siphoning off excess water. If the sample was mostly clay or rb&a sadium
hexametaphosphate solution was added as a dispersant to keep particles from flocculating
and resulting in false values from the particle size analyzer (PSA). Threausydbes
were taken from the 50 mL centrifuge tube and placed in 15 mL tulbespmcessed by

the PSA, an LS 13 320 Laser Diffraction Particle Size Analyzer (Beckman Coulter, Brea,
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CA), to give percent of the sediment in each size class ranging from>h8#b2 mm.
The three replicates were averaged by the PSA software and the average was used for
further data analysis.

To obtain the percent organic matter, approximately 20 g of sediment were taken
from the second sample and dried at 8(or 48 hoursd remove all water, using the
difference between wet and dry weight to determine bulk density. The dried samples
were placed in a muffle furnace for six hours at®30@ burn off all organic material.
Organic content was determined as the weight ofdhgke lost on ignition. The
remainder of the sample was dried and finely ground for tinning in preparation for carbon
and nitrogen analysis. Five cores, 2.5 cm in diameter to a depthcof,4@ere taken for
1% dating to establish an estimated depasitigie within the last century at the study
sites. A single core was taken on each of the four protected marsh sites, as well as one
sample from an unprotected area between each of the Northern and Southern sites. The
cores were sliced in 1 cm incrementsnh 020 cm depth, and then in 2 cm increments to
the bottom of the core. Cindy Palinkas at UCMES processed and interpreted these
samples by the standard method described in Nittrouer et al. (1979). These results were
considered poor due to multiple faibsr of acid digestion which resulted in incomplete
profiles for all but one core. Because of the sparse and inconsistent results these data
were not considered further. Dried and ground sediments were analyzed for carbon and
nitrogen content which was ndtilized in this study but can be found tabulated in

Appendixll (Table28).
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Ecology
Marsh ecology plays a role in shaping the shoreline and influences erosion rate

(McLoughlin 2010). Crab burrows were counted gsin625 criiquadrat and measured
with calipers to determine surface density. Above and belowground biomass was sampled
in the high season of productivity (JuAegust 2011) at the marker poles along each
marsh edge (Figure 6) using a 15 cm diameter PVE timlsore 20 cm below the surface.
Shoots that fell within the tube were counted then trimmed at the marsh surface and
placed in paper bags for drying and weighing. The core was sliced into four sections of 5
cm each and processed as described by Caattidlb (2008) and Gross et al. (2001). All
dried material was summed for each site to determine total biomass above and
belowground. A linear regression was used to test all physical attributes against erosion

rates.

Hydrodynamic measurements

Hydrodynamiomeasurementscludedtides, waves, and water velocitythe
regionsurrounding the oyster reeds of the each study site&t each reef, an AquaDopp
Pro© (Nortek AS, Rud, Norwayyasplaced just belnid the interior tip of the reeind an
RBR Submersibl@ide and Wave Recorder TWEO50P (RBR Ltd., Ontario, Canada),
referred tchereas a wavgaugewas placeadoughly 10 m out on either side of thieef
(Figurel2). The wavegauge recordedide elevation and waweonditions every 30
minutes, with tides recorded at 1 Hz and averaged overritere period, and waves
sampled at 4 Hz and averaged over 5 mindtes.AquaDopPrdiler (ADP) recorded

tidal velocity and water leveVelocity wasrecorded every 30 mines at 1Hz, averaging
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over a period of 10 minuted 0.5 mincrementf elevaion within the water columrthe
minimum forthe ADP used in this studgnd ablanking distancef 0.2 mabove the
bottom The instrumentsvereleft at each site for a minimuof two weekqTable?2).

Meteorological data for the period of each deployment was obtainedHeom
NOAA buoy at Wachapreague, VAMAHV2) located20 km to the north of CRM4.
Following Mariotti et al. (20@), we asume that therevassufficient uniformity of
winds within the VCR to apply this data to our study locatidwshospheric pressure
recorded by WAHV2 was used to correct pressure measured by the ADP and TWR for
atmospheridorcing after which the pressuralues were converted to water depth. Water
levels from the TWR gauges, the ADP, and Wachapreague tide gauge were checked for
agreementWind conditions at WAHV2 were divided into eightdiins by direction (N:
337.5¢22.5¢, NE: 22.5¢67.5« etc.) and used to gather statissosh asaverage wind
speed and variange order to better understand wind patterns duttregsampling

period

Table2: Hydrodynamic samplig schedulef deploymerd at study sitesWater velocity was measured by a Nortek
AquaDopp Profiler and waves were sampled by RBR TROBOP wave gauges.

Location Measuring Start date End date
SEB3 water velocity 12/17/2011 1/7/2012

waves 12/17/2011 1/7/)2012
CRM4 water velocity  7/25/2011 8/8/2011
waves 12/17/2011 1/7/2012
BT5 water velocity 7/7/2011 7/21/2011
waves 2/15/2012 3/7/2012
BT6 water velocity  9/22/2011 9/24/2011

waves 2/15/2012 3/7/2012
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Figure12: Hydrodynanic instrument configuratioaround oyster reefs atudysites. RBR wave gauges were placed

approximately 10 no either side of the oyster regfd the ADP at the end of the reef nearest the marsh.
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bayside

o

Figure13: Diagram of waveyauge placement around BT5 reef (lower panel not to scale). Gauges were place roughly
10 m to either side of the middle of the ré¢B: sketch is not to scale.

Wave environment

Collected wave dataas used to @dracterize the wave environmemtd
determnedissipation invave energyver the oyster regfSignificant wave heightHs)
was initially graphed over the simultaneous wind speedvamdidirection data during
the course of the deployment as a qualitative visualization of wave height in regponse t
wind. During each deployment there were relatively brief wave events (laséng
hours) separated by periods of low wave hei@Hts< 0.03m). Becausédigh waves are

known to behe main driver of marsh edge erosion (e.g., Marani et al. 204R),
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recordswith Hs > 0.03 m for each pair ofvave gaugewereanalyzedHuang et al.
(2012) used a minimum significant wave height of 0.05 m in their study of wave
attenuation in a shallow coral reef lago@hich had significant wave heights
considerably largethan in this study (0-1.2 m).

Pairs of waveecords were identified based on the magnitude of difference in
significant wave height and were categorized as eitfigrilaro or fidifferen® wh er e
Adi fferentd meant .Aaminonomathrgbeld forchavgain e hei ght
significant wave heightop H) was applied in order to locate records that would be most
useful indeterminingnfluential factorsof dissipation Thethreshold waset t00.02 m
on the basis that was the averagaifference between theair of wave gauges whéih
> 0.03 m at the Box Tree sitdhe same thresholdas appliedo all sites for consistency
The focusof this analysisvas on these casesth notable changes in wave height
better understand when and why those differenceared Theserecords of interest
(ROI) were classified as to whetheaves were higher on the baysiddtwmarsisideof
the reefsWind direction data was compared to #de with the higher wavee
determine whether the larger waves were on thenggide of the reefTheqHsin the
ROl were analyzetbhased on many factqgrsicludingwind speed, wind direction, water
columndepth,andwater depttabovethereefin order to determine conditions
contributing to thegreatest wavleighs at each sitelinear regression models were run
in SAS (Statistical Analysis System, Cary, NC) to determine the variabigsatest

influence.
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The comparison of wave spectra is a standard mdtmatktermining energy
dissipation in coral reef studies and was appliex for oyster reefén order to quantify
change in energy, spectra for the same wave record were plotted together for visual
comparison. These spectra were further analyzed in MATLAB (MathWorks, Natick,
MA) to identify major contributing factors to threechanism of wave dissipation, such as
the impact of change in dominant frequency of the wave and energy associated with each
frequency.To simplify the analysis rectangldaving the same area as the integral of the
spectrum, a height equal to the maximpower spectral density, and a central frequency
eqgual to the median spectral frequemn@screatedo represent the salient aspecteath
wavespectrum The rectanglevas usedo determine attributes such as shift in frequency
(rectangle widthy, andcentral frequencysg), and peak energyectangle heighty).
Other variables were calculated for statistical testing of correlation with energy
dissipation such as bottom orbital velocippwer, and wave length. These factpias
measurements of waveight, wind, and water depth were tested for potential
relationshipswith wave attenuatiorDue to the consistent clarity of relationships between
variables at BT5, this datetwasthe focus of further analysisakh pair of variables
was plotted as a l@lot wherein the independent variable was divided into three
subgroups (low, medium, and high values) in order to observe general Fena&re
detailed methodsee Appendix 1.

Wave power i common metric focharacterizing waves in relation oersh

edgeerosion We calculated wave powédollowing the approaclset by Mariotti et al.

(2010)0  @'Owheregy is group velocity givety 0 —- p ,O —
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is wave energy andis water depth. The wave numblrjs calculatedrom an iterative
solutiongiven bySherwood and Wiberg (2008) and dregularfrequency;y js2 ’
divided bythe significant wave periods. We average@vave power time series at each
site over the whole wave record (similar to Marani et al, 2011) and for those cases when
Hs> 0.03 m. Thes estimates of wave power usedre compared to values from Mariotti
et al. (2010) for the VCR, Schwimmer (2001) in Rehoboth Bay, DE, and Marani et al.
(2011)with estimates for the Venice Lagadn the latter two studies the authors present
arguments for the predictive value of wave poimeegard to marsh edge retreBbeir
findings were compared to erosion measurements and wave power estimates from this
studyfor context

Wave baseés the depth at which water motion is less than 4% of the value at the
surface the equation for whicmideep water i® 6 - ¢ In this study, we were
interested in the depth at which the underlying oyster reef ceased to significantly affect

surface waves. This was characterizech &s = & Wherex wasdeterminedasedn

the wavemeasurements at BT5. The depth at wiilchnge irdissipation over the reef

began to declinevas considered the cutoff.

Results
Digital shoreline analysis

Analysis of erosion rates during the-$2ar period analyzed with aerial photos
indicated that alfour study sites were eroding at significantly different rates from each

other and that those rates varied through tifgufe 14, Figurel15). These rates were
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well within the range of rates determined for the comparison sites. Erosion at BT5 and
BT6 averaged 0.26 0.03 and 0.1@ 0.02 myr ™ respectively. The Northern sites had
average erosion rates of 0.15 + 0.0y at SEB3 and 0.27 + 0.03-yn* at CRM4.At
the twoextremes, Upshur Neck (UN) accreted at an average of 0.46and/Elkins
(EIk) eroded at 1.58 m-yr Northern Fowling Point (nFP) eroded at a rate similar to the
study sites while the inter island locatioA) had almost no change despite its close
proximity to the Box Tree study sites.

2.00

B study site
B comparisorsite

150 -

1.00 |

Average rate of erosion (m yr1)

0.50 |
T T
+ 1
0.00
-0.50
SEB3 CRM4 BT5 BT6 UN nFP I-l Elk
-1.00

Figure14: Average erosion rates between 1957 and 2009. Study site values fell within the range measured in other
oyster reef studies and were comparable to mainland marsh erosion retesM@R. These rates were significantly
different from each other (s@@ble3) due to variance. Comparison sites varied greatly but can be explained by
environmental conditions. UN was a highly developed areatenshtoreline was likely influenced by the inhabitants.

The environment at Elk was higher energy than the study sites and experienced greater wave power, similar to back
barrier marshes:llwas fairly protected by the increasingly shallow waters and ogstdis that had washed ashore,

and nFP rates were within the study site range.
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The average erosion rates at the four study sites from Q@7 differed in terms
of their means and variation (
Figurel5). An intercomparison of the four sites indicated that the sites all had
significantly different average rates. Because the SEB3 site had a much smaller variance
than the other sites, it was removed for an additional test which again resulted in
significance in thelifference of erosion rates between the Box Tree sites and CRM4. The
Northern and Box Tree pairs of sites also had significantly different erosion rates, as did
CRM4 compared to the Box Tree sites. The Box Tree sites did not differ significantly at

theU= 0.0083 level, which was the only test with-sgiue that exceeded the alpha.
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Figure15: Box plots of erosion rates from 192009 at each study site. Mean erosion rates were all significantly
different from each other at thé= 0.0083 level in a Kruskalallis test (norparametric analogue to ANOVA), which
was used due to the difference in variance between sites. After removing SEB3 which caused the most
heteroskedasticity, mean erosion rates were still significantly différem one another.
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Table3: KruskalWallis results testing for significant differences in average erosion rates fror20997
Significance at p = 0.0083 with the Bonferroni correction for multiple tests of the same vaRaseks showed that
all configurations of comparisons resulted in significantly different average rates.

df H p
SEB3 A CRM4 3 41.10 <0.0001
CRM4 A BT5 A 2 28.70 <0.0001
BT5 A BT6 1 6.52 0.0107
SEB3 A CRM4 1 24,92 <0.0001
Northern A B 1 15.27 <0.0001
CRM4 A Box T 1 19.95 <0.0001

Figurel6 andFigurel7 show the average erosion rate for each transect at 5 m

intervals, creating a visual comparison of how rates changed along the shorelines. SEB3

had exceptionally uniform retreat between 0 and 05 hior the entire extent of the

shoreline CRM4 had the greatest variation in rates ranging frori@Gnyr ™ of erosion

along most of the shoreline and a small section that slowly accreted at the southern end.

The two Box Tree sites eroded at significamtlifferent rates despite similar physical and

ecological conditions. BT5 had less consistent erosion rates, particularly in the

midsection where the island dramatically shifted shape between 1957 and 1994. BT6

mostly eroded at-0.5 myr™ except for two watches where it accreted slightly.
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Figure16: SEB3 (upper panel) and CRM4 (lower panel) shorelines and average erosion rat28d®37arker colors
indicated more recent shorelines (left) and on the red to yellow dotwpegtght), red dots show erosion and yellow
dots show accretion. SEB3 uniformly eroded between 0 and 0.5 m per year with no variation along the length of the
shoreline. By contrast, CRM4 had great spatial variability in shoreline change rates with ahaaeretion at the
southern end and consistent fluctuation from 0 to greater than 1 m per year of erosion through the center section.
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Figurel7: BT5 (upper panel) and BT6 (lower panel) shorelines and average erosiatO&#@909. Darker colors

indicated more recent shorelines (left) and on the red to yellow dot spectrum (right), red dots show erosion and yellow
dots show accretion. Both Box Tree marshes exhibited erosion rates between 0 and 0.5 m per year foryraf majorit
the shoreline with a few areas of slight accretion due to the shift in marsh shape over the 50 year period.
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With one exception (BT5 from 195IP66), all four study sites were eroding
during all time intervals with variation in those rategy(re18 andFigurel9). The
comparison sites were more variable in their shoreline change, both accreting (UN) and
eroding (}); Elk and nFP had limited records but all were afseésn. Comparison of
differences between time intervals within each site indicated that the rates of erosion at
all sites were significantly different during all periods. CRM4 and BT5 had the greatest
differences between time intervals which were due rhtpehigh varianceTable4),
however the differences at SEB3 and BT6 were also signifis&B3 was the only site
with sufficient homoscedasticity (consistent variance in data) to use an ANOVA test,
therefore BT5, B6, and CRM4 were tested using a Welch ANOVA because they did not

deviate too far from a normal distribution but did have unequal variances.

Table4: Statistics for interval erosion radéferenceswithin a site 2indicates stamard ANOVA," indicates Welch
ANOVA. Significance at p = 0.05. Test results were significant for all four sites.

df F p

SEB3 3 6.30 0.0004
CRM4 3 18.53 <0.0001
3
3

BT5 8.58 <0.0001
BT6 6.05 0.0009
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Figurel18: Average erasn rates at quasiecadal intervals based on image availability. With the exception of BT5

from 19661994, all study site shorelines eroded during each time interval with a general upward trend. Greater
variation in comparison sites was likely due toitifience of anthropogenic shoreline maintenance (UN) and a higher
wave energy environment that was representative of the other sites (EIk). Study sites eroded at significantly different
rates from each other, as well as between time intervals withirsgach

Table5: Average erosion rates in meters per year for all time intervals with standard error and sample size below.
Records for UN, nFP, and Elk are incomplete due to availability and quality of images.

All years 19571966 19661994 19942002 20022009
SEB3  0.15+0.01 0.24+0.04 0.07+001 021+0.04 0.25+0.03
(52) (51) (48) (48) (51)
CRM4  0.27+0.03 0.10+0.05 0.07+0.01 041+0.03 05=0.07
(81) (80) (49) (80) (83)
BT5  0.26+0.05 -0.05+0.13 0.10+0.06 0.41+0.12 0.76 +0.14
(33) (34) (31) (31) (33)
BT6  0.10+0.02 0.07+0.02 0.04+0.03 0.42+0.09 0.44 +0.09
(49) (47) (41) (38) (38)
UN -0.46 + 0.05 - 0.70+0.06 -0.16+0.13 -0.74+0.06
(775) (151) (151) (774)
nFP 0.15 +0.05 - - - -0.37 £ 0.05
(418) (414)
I -0.004+0.007  -0.02+0.03 -0.06+0.01 0.20+0.03 0.08+0.02
(118) (117) (117) (117) (118)
Elk 1.58 + 0.04 - - 2.08+0.06 1.45%+0.04
(323) (87) (323)
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Figure19: Time interval erosion rate statistics. NB: CRM4 and BT5 data were truncated for comparison to scale with
other sites. Average erosion rates for the whole time period were significantly different between sites, as were the
individual interval rates within thsame site. An upward trend in erosion rate was also noted at CRM4, BT5, and BT6.

There was also a notable upward trend in the rates of erosion through time for

CRM4, BT5, and BT6 with the lowest rates typically during the 198®4 period and

the highesfrom 20022009. This trend was strong and significant at CRM4 and BT5

present at BT6 {r= 0.79,Table6), but neexistent at SEB3. This trend was also
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significant for rates averaged over all four study sifegure20). Fit plots for each site

can be seen in Appendix Figure59 andFigure60).

Fit Plot for StudySites
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Figure20: Fit plot of study sites average erosion rates for time intervals. There was a significant trend of increase in the
erosion rate averaged over all study sites through time.

Table6: Linear regressioresults of erosion rate increasih time. Significance is p = 0.10. Test results were
significant for CRM4 and BT5. The relationship was present at BT6 though not significant, and nonexistent at SEB3.

r? p n
SEB3 0.07 0.737 4
CRM4 0.83 0.088 4
BT5 0.97 0.014 4
BT6 0.79 0.114 4
Studysites 0.87 0.069 4

Physical properties
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Table7: Physical characteristics of study and comparison. $iteghern sites tended to have similar characteristics to eachsoitteas greatesmaller grain sizes with
more organianatter,greater fetch and biomass, and larger ré@fx Tree sites were more similar to each other twanparedo theNorthernsites, typically with
greater percentages of saadd smaller fetches, oyster reefs, and biomass counts.

SEB3 CRMA4 BT5 BT6 UN nFP I-l Elk
Shoreline length (m) 150 415 170 245 4,560 3,970 610 1,900
Percent sand 66.9% 20.7% 93.4% 86.8% - 86.9% 71.9% 18.6%
Mean organic content 2.0% 4.6% 1.0% 1.7% - 0.7% 23% 53%
Mean tidal range (m) 1.28 1.04 1.14 1.01 - - - -
Estimated total fetch (kfh 54.5 50.0 22.0 23.0 56.0 49.0 14.0 20.0
Reef area () 29,203 8,833 1,148 1,670 - - - -
Oyster density (per H 1,254 1,313 1,342 1,342 - - - -
Population estimate 36,620,562 11,597,729 1,540,616 2,241,140 - - - -
Reef basenaterial natural natural  whelk shell O%i/tsetre(r:iitglel, - - -
Distance from shore (m) 110 110 80 50 - - - -
(to nearest edge of reef)
Reef length (m) 600 800 120 230 - - - -
Biomass (gm™) - - - -
Aboveground 45 64 62 41 - - - -
Belowground 1,491 1,013 644 671 - - - -
Total 1,536 1,077 706 712 - - - -
Burrow percent area 0.50% 0.85% 0.95% 1.30% - - - -
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Sediment

The Box Tree sitesxhibitedsimilar median grain sizes and organic content
(Tablel9, Figure21) with dses (median grain sizes)ear500em and organic content
between 11.7% SEB3hadon average 2% organic material andsg@wst under 20@m,
while CRM4 had the highest percent organic material (4.6%) and the lowg&22iem)
of all the study sites. The distribution of grain siz@squite similar between BT5 and
BT6, with 85-90% sand. SEB3 lkislightly less sand (~70%8ndCRM4 was
predominantly clay and silt (20% sand@he comparison siteslfevithin the range bthe
study sitesn terms of both ghand organic contentherewas a clearrelationship
betweergrain size and organic matter such that locations with smaller grairhsides
greate amounts of organic materiaf = 0.97, Appendix I+ Figure22). Statistical
comparisons of grain saising an ANOVA tesshowed that all sites we significantly
different from each other except for BT5 and BApendix Il- Table18). ANOVA
results from percent organic matter slkeothe same, that all sites mesignificantly

different from each other except the two at Box Tree.
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Figure21: Upper panel: man grain size vssglof sediment samplekower panel: Grain size distributions for study
sites.Box Tree sites were highkimilar in grain size mean, mediamnd distribution, with the highest numbers overall.
CRM4 had significantly different sediment properties from all other sites except EIk. There was no UN data due to
property ownership and access.
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Figure22: Upper panel: percent organic matter as a functionofRM4 had both the lowest percent organic material
and grain size. SEB3, BT5, and BT6 fell within a similar rahgege circles are averages for study sites. Lower panel:
relationship between grain size and organic conférdre was a strong negative correlation between grain size and
organic matter.
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Ecology

Total, aboveground, and belowground biomaasnot significantly different
betweeranyof thesites Table18). SEB3 hal the greatestal biomass of 1,536 gv2,
about3% of which wa aboegroundTable7, Figure23). The depth profile of the
bdowground biomasw/as the only profile that slowly declidevith depth Figure23) as
oppo®d to the other sitashose profils had a sharp decline betweers0cm and 510
cm. The total biomass at CRM4 was just tthards of the SEB3 biomass. The depth
profile for CRM4 decreased rapidly between the first and second sections from the top
unlike SEB3Both BoxTree sites hadnly half thetotal biomas®f SEB3, but a slightly
larger portion was found abovegrou(@9%). The greatest change in their depth profiles

was between thp two sections with little change below that.
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Figure23: Upper panel: total dry weight of biomass collected above and belowground at each site. Lower panel:
belowground biomass dépprofiles. Dots represent mean biomésk SE) at 65 cm, 510 cm, 1615 cm, 1520 cm. ¥
axis indicates centimeters below surfeé8ex Tree sites were very similar to each other, as was CRM4, though SEB3
stood out because of muctgher biomass countnd gentler depth profile

Crab burrows comprised a miniscule portioritt@fmarsh surfaces and were not

significantly different between sites. The majority of burrow areafmas large burrows
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(Figure24), likely attributable tdSesarma reticulaturandPanopeus herbstbased on
diametey though most of the crabs seen during the study Wespp.The area covered
by crab burrows was very small at each site and less than what was megsured b
McLoughlin (2010) at other mainland marshes in the vicinity. Statistical analyses showed
no correlation between burrow area and erosion rate. The lack of correlation could be
attributed to the shape of the marsh shorelines which were mainly sloping feith
interspersed scarpslcLoughlin (2010) found thadestabilization caused by crab
burrowswas associated witlocations where slumping, block detachment, and
undercutting were the dominagrosion mechanisms, whicdquiredscarpsDue to the
lack ofscarp faces at these study sitbs, presence of crdiurrows likely did not have

an effect on erosion
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Figure24: Mean percent areaf study site shorelineovered by crab burrow3hese valuesere very small and much
lower than those measured by McLoughlin (2010) on other mainland marshes in thevateas were both small and
insignificant.
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Tides and currents

The mean tidal rangeecordedat the study sitely RBRwavegaugesvere
between 1.01 and 1.28 (Table8), similarthe NOAA buoy in Wachapreague, WAHV2
(2.2m) (NOAA www.tidesandcurrents.noaa.goWater levels at SEB3 submerged the
oyster reefs about 60% of the time and the vegetation line nearF3@a6e25). Unlike
SEB3, the reef at CRM4 was under water during less than half of the average tidal cycle
(40%). At Box Tree, the reefs were below sea Ibetlveen 70% and 75% the time
which indicated lowetying reefs tharat CRM4, hough comparable to the reef at SEB3
(Figure26). The vegetation line on BT5 was flooded an average of @¥%e time,
which was longer than both BT6 and SEBRere the time was split evenly between
above and belw water.Although the Box Tree sites were in close proximity and had
similar physical characteristics, BT@d a greater difference in elevation between reef
top and vegetation line than BT5 such that the BT6 reef was lower and the vegetation line

on the narsh was higher
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Figure25: Sampling period water depths relative to MSISBEB3 (upper) an€@RM4 (lower); blue line indicates
average reef height. Navailabledata forCRM4 vegetation lineThe tide at CRM4 in relatiorotthe reef elevation was
shallowerat CRM4 than SEB3o0 that the CRM4 reef was exposed over 50% of the tidal cycle. The SEB3 reef was
above the water level only 35% of an average tidal cycle.
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Figure26: Sampling period watatepths relative to MSL &T5 (upper) andBT6 (lower); blue line indicates average
reef height, green line indicates average vegetation line h@€ghtulative water depth (right) shows reefs were below
sea level about 70% of the time at both sites whichuch greater than CRM4. The vegetation line was submerged
only 35% at BT5 compared to 50% at BT6. Though BT5 and BT6 have similar physical and hydrodynamic
characteristics, the shorelines are of different elevations relative to MSL.
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A Nortek AquaDopp Pfiler was deployed at each site for a period of two weeks,
recording the water velocity at the end of the oyster reef closest to the MaloddB(
Figure4). Root mearsquare (RMS) was calculated for velocity components in the east,
north, and vertical directions at each site. The dominant floweas&NE/SW whichwas
parallel to the orientation of the shoreline in the VCR. With the shoreline to the W/NW
and the oystereef generally to the SE relative to the placement of the AquaDopp, this
flow pattern was consistent with the configuration of the skegufel2). Water at SEB3
flowed significantly faster than at the other sitethvein average speed of 0.31-sM
compared to 0.1D.17 cm" at CRM4, BT5, and BT6Table8, Table16). SEB3 and the
Box Tree sites had higher RMS values in the E/W directiohaué was no bias in

water flow directiorat CRMA4.

Table8: Mean tidal range, and average water speed, velocity, and direction of flow for studylattefrom RBR

wave gauges and AguaDopp Profil€idal ranges measured at spugites were comparable to the NOAA buoy datum
in Wachapreague which was used for atmospheric information. The dominant flow axis was NE/SWaghich
parallel to the dentation of the VCR shoreline and consistent with the orientation of the reef andtondrstADP
placement. Overall water moved more quickly at SEB3 than any other site.

SEB3 CRM4 BT5 BT6
MTR (m) 1.28 1.04 1.14 1.01
RMS (ms?
East 0.33 0.12 0.13 0.12
North 0.20 0.12 0.09 0.06
Average speed (rs?) 0.31 0.14 0.13 0.12

Dominant flow direction WSW, ENE N, SW ENE, WSW ENE, W
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Wind conditions

Winds in the VCR tenedto originate from the southwest as shown by the wind
rose below from station WAHV2 (Wachapreague) for therghth period from
September 2022012 Figure27). Winds occured most frequently from the southwies
but the highest wind speedsnealisproportionately from the rtbeast. The average
wind speed was just under 3sand some winds reaeti 12 ms™* which wee

generally associated with storm eveatsl only accounted f&% of all wind speeds

One year winds N
(9/2011-9/2012) — e e

Wind speed (m/s)
0-10
1.0-2.0
20-40
40-6.0
>6.0

Figure27: WAHV2 wind roseSeptember 2011September 2012Vinds blew predominantly from the SW but the

greatest percentage of high windsyarated in the NEThis wind patterrwasparalkl to the shoreline orientation in the
VCR.

Wind conditions during the Box Tree sampling period (2/15/2032/2012)
(Figure28) hadthe samaverage wind speed @m-s) and similadistribution of wind
direction from the September 200 Beptember 2012 recordgblel17, Figure27).
However, the wind record during the sampling péfor the Northernsites (12/17/2011

1/7/2012) wa significantlydifferent from the yealong recordFigure28). The year
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long winds blew most often from the S/SW quadrant {23&) and the W/NW quadrant
(337-66°), 37% and 30% of the year, respectivdlge least frequent winds were from
the E/SE (15246°) and comprised only 11% of all annual windewever, the record
during theNorthernsites sampling showdwinds blowing from the W/NW blowing 47%
of the time and only 3%rom and E/SE, which vgnot representative of the annuals
trends.In addition, theNorthernsampling period average wind speed was significantly
less than the annual average (@.5"and 2.9 s, respectively)Because waves in the
VCR ate formed in response to local wind conditions, the relatively low frequencies of
windsoriginating betweethe northandthe southeast during the sampling peribdse
directions with greatest fetehresultedn smaller wave conditions during the study

period than might be expected during a full year.
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Figure28: Wind roses during sampling periods. NB: Box Tree scale is tg &0%rs are scaled to 20%he wind

speed and dominant direction during the sampling at SEB3 and @Rk&significantly different from the annual

pattern and likely caused a lower energy environment than the average for the year. Box Tree sampling period winds
did not differ significantly from the annual pattern.
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100%
BN/NE (337-66%)
BE/SE (67-156%)
80% | OSISW (157-246%)
BW/NW (247-336%)
60% +
40% | Northermn Box Tree  Year
N/NE (337-66°) 9% 21% 22%
E/SE (67-156°) 3% 8% 11%
20% S/SW (157-246°) 41% 35% 37%
W/NW (247-336%) 47% 36% 30%
0% “—

Northern Box Tree Year

Figure29: Wind direction frequencies at each location during sampling pafiat patterns were significantly
different during theNorthernsite sampling perioffom the Box Tree samplingeriodandyearlong average, likely
creating an atypically lower energy émnment during that time.

Fetch

The estimated fetch areas reahwidely among the study and comparison sites
(Figure30, Table21). Both Northernsites ha fetch areasraund 5655 knt, most of
which wee from stretches that are6 km in length. e Northerncomparison sites lda
similar fetch area estimatés the study sitesThe Box Tree sites we estimated to have
less than 50% of thdorthernsitesfetch areg22-23km?), which wa a product of
shorterdistances (48 km) rather than a lack of space around the m&igins hal a
similar fetch to the Box Tree sites but the iritdand site hd only about 14 krhbecause
it was farther inland and slightly protected twe study sites. Woodhouse and Knutson

(1990) considered lovenergy environments to have fetch distances of less than 9 km in
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their study of successful marsh restoration along tlenfic and Gulf coasts, which wa

comparabléo the fetch range at eachtbese sites.

Fetch distance (km)
v
<2
2-4
W 4-6
B s-s N
. s- 10

W gawa o > _Ee
ayilfeadh A A

Figure30: Fetctesat study sitesBox Tree sites had roughly half the fetch area ofNbghernsites which was mostly
attributable to shorter fetch lengths.

¥ »”
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Wave environment
RBR gauges placed at each of ther study sites recorded wave conditions for a

period of two week¢Table 2) Mean significant wave heights were used to compare
wave conditiondetweersites which hdvarying reef shapes, sizes, and water depth
(Table7) along with the wind conditions at the time of sampliRy@re28). Figure31
shows a time series combining significant wave hdiiggtand wind speedt BTS BT5
experienced average significant wave heights o8 éntat the marshside gau(sig) and
0.04 m at the bayside gaugBsig). Thisdiffered fromBT6 which had wave heights of
0.03 m on both marshsidend baysideTable9). CRM4 had average significant wave
heights comparable to those at the Box Tree sites despite the difference in wind activity
(Figure28). Waves at SEB3 we notably smaller than at the other sites. Shallotewa
depth in relation to the reef and the predominanceimdsvirom the west where there
was little fetch may explain the relatively small wawet<$SEB3. This site also appeated
be more of a tidal creek environment than one dominated bywéwes Thewater level
that produced the greatest frequency of waves Mgth 0.03 m was roughly 1 m in
depth.Differences inHs between sites were difficult to see using the complete data sets
(Figure32 upper panel)Thelower panel oFigure32 showsonly those records wheky
> 0.03 mwhere it is apparent thah averagé¢he largest waves were recordgdthe

marshside gauge of CRM4 and the bayside gauge of BT5.
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Figure31 Example oHs and wind speed time series from BWBave heights were responsive to changes in wind speed, particularly from the E/SE.

Wind speed(m/s)
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Table9: Significant wave height statisticSEB3 waves were exceptially small but significant wave
heights at the other three sites were similar to one another (~ 0.83wajer level of about 1 m produced
the greatest number targer than averageaves(Hs > 0.03 m)

h with greatest frequendyls> 0.03m

Bdg Msig (m)

SEB3

Hs (m) 0.007 0.004

gHs (m) 0.003 14
CRM4

Hs (m) 0.031 0.028

gHs (m) 0.029 1
BT5

Hs (m) 0.036 0.027

g H(mM) 0.011 1
BT6

Hs (m) 0.028 0.028

o H(m) 0.028 0.9

All data
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Figure32 Significant wave height statistics for full datts (top panel) andist Records of Interegbottom
panel)Differences in wave characteristics between sites is difficult to determine from the full data set. Viewing just
records of greater than average waves, it is clear the marshside of CRM4 exgdfierlaegest waves on average,
followed by the bayside of BT5.
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Waves in the Virginia Coast Reserve are mainly produced by winds blowing
across the watesurfacetherefore the fetch at each swasinfluential on the formation
of waves recorded on eithside of the oyster reefhe Northernsiteshavefetches
almost exclusively to the east and southeast, which make westerly winds of any sort
fairly ineffective at generating waves across the water surface. It should be noted that the
fetch at CRM4 changavith high and low tile on the marshside becawsdéts proximity
to a mud flat. Combining the fetch and wind data at the Northern Biigsré€ 33, Figure
34), larger waeswerelikely to form due to easterly and southeasterly winds, tholgh
occurrencef winds from those directions wasrequent. Winds from the
west/southwesterethe most common biadlittle potential to create large waves
because of the liited fetchin that direction At Box Tree(Figure35 andFigure36),
thereis a small slice of open water in the southwest that coaled beemesponsible for
the creation of frequent was because the wiridew from that drection so often.
Southeasterlwindswereinfrequent buhadsufficient fetch to build ugizeablevaves.
From the significantvave height and wind data,igapparent that winds from ti&SE
(quadrant with an avege wind direction of 112 generallyproducel the largest waves
despitethe low frequency of occurrenddowever, lased on wind speed and frequency
alone southwesterly windeadthe greatest capacity for creating large waves

Datashowed that SEB3 waveilgats were unresponsive to increases in wind
speed and did not show a preferential wind direction. Convergalyes at CRM4ada
strong response to increased wind speed, particularly from the E/SE and S/SW. E/SE was

the quadrant with the greatest fetetd&/SW was the quadrant with the most frequent
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winds so this site appearedreactas predictedo changes in the environmeB(T5
waves increased with higher wind speeds from all doest thoughas at CRM4the
highest waves were created by windsyfrthe E/SEThe same occurred at BT6 but to a

lesser degree, possibly because waves from the E/SE would arrive at BT5 before reaching

BTG6.
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Figure33: Fetch, winds, and significant wave height by witigectionfor SEB3. Though tle fetch at this site was
more than sufficient to build up waves from the east, significant wave heights were miniscule potentially due to the
majority of winds coming from the west.
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Figure34: Fetch, winds, and significant watieight bywind directionfor CRM4. There were strong wave height

responses to increases in wind speed from E/SE and S/SW winds, the directions of greatest fetch and most frequent

winds, respectively.
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Figure35: Fetch, winds, andignificant wave height by windirectionfor BT5. Winds from all directions elicited

larger waves from increased wind speed with the most noticeable rise due to winds from the E/SE despite the low

frequency and fetch.
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Figure36: Fetch, winds, and significant wave height by witigtctionfor BT6. Wave heights reacted positively to
increased wind speeds from all directions, particularly E/SE.
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The upper and middle panels Bigure37 showthat water depths measured by all

four gaugs at the Box Tree sites tracks together, abeaignificant wave height$his
supports the idea that the environments at the two locations were highly slimdar.
lower panel shows the wind speed duringgame time period which reflects the trends
in significant wave height. IRigure38, water levels measured by the fgauges at
SEB3 and CRM4 folloveach other well, but SEB3 waves warachless responsive to
changes in wind speed than waves at CRM4. Both significant wave height on the bayside
(Bsig) and marshsideMsig) at SEB3 are barely visible in the middle panel, especially
towards the end of the sampling period because the values were so smallBGfuvid
Msig were not as tightly coupled as those at BTS or BT6, but were much higher than
values measured at SEB3idteadily apparent that the wave environments at the two

Northern sites were not similar.
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Figure37: Waterdeph (upper) significant wave heighimiddle), and wind(lower) time seriedor sites BT5 and BT6Green dots in bottom panel indicate wind direction (degree
divided by 100) and dashed red line is 300 degi&ase heights recorded by each gauge tracked eéth other and in response to wind speed. The greatest wind speeds
produced the highest waves as seen between 50 and 52 aloraxibe x
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Figure38: Water depth (upper), significant wave height (middle), and wind (lower)déries for sites SEB3 and CRM4. Green dots in bottom panel indicate wind direction
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Figure39: BT5 and BT6 significant wave heightgreen line is a 1:1 ratio. Bayside waves at BT5 were higher than

marshside wavegonsistent with the idea that waves wouldgagate towards the marsh and dissipate over the reef.
Bayside waves at BT5 were larger than bayside waves at BT6 because waves produced by SE winds that would place

bayside gauges upwind of the reef would encounter BT5 before making it toviglihal satter around the 1:1 lines
means the wave environments were essentially the same.

Though the wave emoanments at BT5 and BT6 appdarbe fairly similar,
Figure39 shows there was a trend of larger waves at BToh@ttgite bayside waves
were almost always larger than marshside waves (top left), consistent with the
expectation that waves would propagate from the bay towards the marsh and dissipate

over the reef. If the wave heights were the same on both sidesreéthpoints would
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fall directly on the green line that shows a 1:1 ratio. However, the greater density of
points to the left of the line indicates a bias towards larger waves on the bayssde.
biaswas not seen at BT@pper right) based on the evgresad of data points. Thesuld
have beeithe case becausends from the & that would have put the bayside gaage
BT6 upwind had already encountered the reef at,BIE&reasing the size of the waves
The highest waves at BTéere on the marshside diet reefwhich couldbe attributed to
winds from the NEhatwould haveputthat gaugeipwind Comparinghe twobaysice
gauges at Box Tree sitshowsBT5 wave heights werslightly larger than BT6,
particularly when wave heights wegeeatestWinds fromthe S would putthe BT5
bayside gaugapwind of all other gauges, sowvould be expecedthatthe highest waves
would berecordedby this gaugdlower left plot) Marshside gauges did noave the
same sort of lopsided relationship as the bayside gasgggesting that winds from the
S, SW, and Wplacing the marshside gauges upwaidected both similarlylower
right). The scatter between the marshside and baysidedutbi®t vary greatly,

indicating that the wave environmemasessentially the saenat BT5 and BT6.
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Figure40: SEB3 and CRM4 significant wave height correlation plots.

CRM4 and SEB3 wave environments were distinatiglikejudging by the

0.4
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marked differencem significant wave heightisetween theites (Figure32, Figure38,

Figure40). The two upper plots ifigure40 show that there were no SEB&ordswhen

significant wave height froraitherside of the reefeached 0.1 nilhe values recorded

wereso small that itvasdifficult to make out any sort of pattern betweba two gauges

though the largest wave in the SEB3 data set was recorded loaydide CRM4 waves

(upper right)lookedmuch more like the BT5 d@T6 records in terms of range and
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variance Smaller waves tended to be higher on the bayside gauge but the largest waves
were recorded on the marshsidiais could be accounted for by tfeet that some of the
highest wind speedsere fromthe S and S\\placingthe marshside gauggwind.

Clearly the wave environments were dissimilar at SEB3 and CRidKkingtemporal

comparisonsutile between the two sites.

Wave events

After removingwave recordsith low significant wave heightds < 0.03 m),
roughly10% of the original dateemained The characteristics of the remaining records
and the full data set are summarized able10. The SEB3 dataasof little use because
therewereonly 3 wave recordswith Hs> 0.03 m, so this site wamt considered in the
analysis of wave dissipatio@RM4 and BT6 hd a sufficient number afisable records
(81 and 9%4howeverBT5 waslikely the most valuable for th analysis witl91 records
and strong trends of waves from @ide Mostof the records of intere&ll in series that
combinglt o form fAiwave eventso or periods of
were broken down by their attributes (high/lowetidising/falling tide, wind direction,
etc.) to help compare teach other and between sites.

Within the ROI data setsidal motion(rising or falling) was inconsequential and
appeared to have no bearing on wave heljib wasthe only location where édata
set showda strong trend of waves originating in the {£/E/SE) BT6 hal slightly
morewave recordsriginating on the marshsidand CRM4 hdtwice as manyecords
of waves originaing on the marshside€f the91 ROI from BT5,84 came in fromte bay

towards the marsh, consistent with winds fromith&, and SEunderwhich conditions
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the bayside wave gaugesupwind. The othe¥ records correspordto winds from the
westwhenthe marshside gaugeasupwind. This agreement between wind di@ctand
wavepropagatiorheldfor the majority of records at other sif@&ble 9) The seriesvere
also internally consistent in that the wididection was the sanfer theentirewave

event.
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Table10: Statistics for wave da sets before and after selecting records of interest (all numbers in upper panel are aReages)from SEB3 were too few to
analyzedue to weak response to wihdt CRM4, BT5, and BT6 had a number of wave events. Clearest signals were recortied at B

SEB3 CRM4 BT5 BT6

Averages initial >0.03m initial >0.03m initial > 0.03m initial > 0.03m
Wind speed (m/s) 2.5 2.7 2.5 3.8 3.0 5.0 3.0 4.9
d(m) 0.81 1.18 0.72 1.23 0.99 1.10 111 1.37
Bsig(m) 0.01 0.04 0.03 0.08 0.04 0.12 0.03 0.10
Msig (m) <0.01 0.02 0.03 0.12 0.03 0.09 0.03 0.09
pH(mM) <0.01 0.02 0.02 0.05 0.01 0.11 0.02 0.04
Records 1014 3 1015 81 957 91 957 94
Tide

rising 2 46 34 41

falling 1 35 57 53

high 1 11 4 5

low 0 0 2 1
Direction

from bayside 371 3 604 16 781 84 512 56

from marshside 643 0 411 65 176

~

445 38
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At all locations Hs wassignificantly responsive to increases in wind spéegure4l,
Table25) particularly & BT5. BsigandMsig at BT5 had théighest correlations{= 0.43 each)
which werenearlytwice as large as those at BT6%r0.24, 0.2% (Figure42). Waves at CRM4
were also strongly related to winds speedrbuth more so on the marshside=10.39) than the
bayside (f = 0.15)(Figure43). Waves in the VCR are windriven so a correlation betweeh
and wind speed was expected. The weaker relationship between Bgsidd wind speed may
have beem result of the infrequency of winds from directions that would have put that gauge
upwindduring the sampling periodNE, E). Wave height islao afunction of water depth as
well as wind speedo the positive correlationgtween wave height and water depfiecied
the theoretical expectatioBoth gaugesat BT5had a significant’r= 0.25 inrelationship to
water depthabovethe reef @lce) as didthe bayside gauggt BT6 (F = 0.15).This relationship
wasweakbut stil significant marshside &8T6 and norexistent at CRM4Wind direction was
difficult to correlate because both high and low values weatieative of the same direction
(36C° and(° are from N) In place of statistical analysis, the direciof wave prgagation was
compared to wind direction during the recording peandwerefound to beconsistent with

each other for more thamb® of the recordfrom all sites.
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both gauges were responsive to changegnd speed andiater depttbut only the bayside gaugéot averages showexd
consistently positive reaction to increased wind spe&tasistical analysis indicated there wasignificant positive relationship
between wave height and wind speed on the marshside as well.



0.2

0.15

Bsig (m)

0.05

03
0.25

=
|
|
| R B
i |
| |
|
J |
|
sle
X o
<2 5 =6
wspd (m/s)
g i
: +
e |
R —
+ |
|
|
<k
0
<2 =6

5
wspd (m/s)

Bsig (m)

Msig (m)

0.2

0.15

0.05

0.3
0.25
0.2

0.1

0.05

o
I
f- |
—_ I
|
|
|
I
T L
<01 05
d reet (m)
¥l
I
I
- I
|
|
L
2l
<01 05
d reef (m)

87

Figure43: CRM4 Bsig(upper) andVisig (lower) response to wind speed (left) and reef water depth (right). Waves measured by
both gaiges were responsive to changes in wind speet@mnbt as expected to water depth

Wave power

Wave powedensitywas calculated in order to compare conditianthesesites to data

from McLoughlin (2010), th& CR model byMariotti et al. (2010)Venice Lagoon, and

Delaware and Rehoboth Bayss with the significant wave height analysis, SEB3 was excluded
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from wave power calculation¥he average wave power density for the full set of wave records
at CRM4, BT5, and BT6 was& W-m™* which was significatly smaller tharvaluesfor the
records of interegfTable11). At BT5, the power generated on the bayside of the reef was 36
W-m™ on average and 26 W:hon the marshside for the RQHigure44) which wasconsistent
with higherHs values on the baysid€RM4 wave power distribution also matched the
difference in sigrficant wave height on either side of the reef v@ighw-m’on the bayside and
30 W-ni' on the marshsideBT6 was more evenly divided, 23 Wrbayside and 28 W-th
marshside, again reflective of the significant wave height statisteasurements from
McLoughlin (2010) reached maxima between 50 and 80 Wirereas during high wind
events, wave power at BT5 waalculated to be over 350 W' rwhich wasmore on the order of
estimates from Mariotti et al. (201®igurel showsthese estimates by Mariotti et al. (2010) of
wave power for shorelines in the VCR weighted biydastatistics. Their model predicted that
wave power athese locations/ould be less than 50 W:has an annual averagehich wasn
agreement witlour data.

Overall, the man reduction in wave pow&om the upwind to the downwind sides of the
reefs brthe ROI was 9% regardless of the direction of propagatidhis amoundiffered
depending on thdirectionof thewaves for CRM4 and BT5, but not BT@rable11). BT5 and
BT6 had very similar averageductiondn wave power 44% and 42% respectivelflowever

the mean reduction value at CRM4 was 61% wiels significantiyarger tharBT5 and BT6.
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Table11l: Wave power density averages for sites CRM4, BT5, and BT6 records of interefst réduced wave power by an
average of 8% regardless of the direction of propagatiBarcent reduction was influenced by the side on which the wave
originated. There was no significant difference between power reduction rates at the Box Tree SRdddbwuias significantly
higher.

All records CRM4 BT5 BT6
Bay Marsh Bay Marsh Bay Marsh
Pavg (W-m™)
by side 5 6 7 5 5 5
site 5.5 6 5
ROI CRM4 BT5 BT6
Bay Marsh Bay Marsh Bay Marsh
Pavg (W-m™)
by side 23 30 36 26 23 28
site 27 31 26

oY) ng (W'm-l)
by origin 10 25 10 13 11 22

site 18 12 16

%P Rug
by origin 67% 60% 46% 24% 42% 42%
site 61% 44% 42%

High values of wave peer were recoreldexclusively in conjunction with deep water
while low values were associateith all water depths. This trend was particularly strong on the
bayside of BT5Kigure45) but could be seen in the other locations as vak ratio ofPg to Py
was plotted as a function ofaterdepth for wavesriginating in the baynd in the marsh
separately (lower plots iRigure44-Figure46). At CRM4 and BT5 there was a visible
downwardtrend aghe two valuegrewcloser bgether as water depth increastis trend was
observed on the bayside of BT6 after a brief increase but was not apparent for waves propagating

from the marsh.
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Figure46: BT6 wave power density statistiddave power density as a function of water depth (upper) showed teetedp
positive relationship between high power and deep water. ThePatioP,, for waves originating in the bay (lower lef)ew
then declined with greater water depth. This trend was not apparent on the marshside.
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Reefdissipationof wave energ
Statistical analysis did not identify any variables that had a significant relationship to

o H However, wsual analysis obox plotsshowed thain generalgHs exhibited positive
relationships wittHs, wind speedand bottom orbital velocityuf,), anda more complex
relationship withdeer. In terms ofchange in the actual spectrumandg thadincreasingly
important rols asqHs increasedand well asa corresponding decrease in the importance. of
These variablealso tracked well witlthe medianrequencyfso, which exhibited similar

tendencies tv.
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There is a possible explanatitor thelack of statistically significantrends at BT5A
finer examination of this data using more divisiohsp Has a function of water depétbovethe
reefreveabd amaximum ing hat deer= 0.15 m fdlowed by decreasing values gfh This may
signal aprogressivalecoupling of the interaction between waves andfogefalues ofdeer>
0.15 msuch that wave orbital motiamhend.r> 0.50 mwasinsufficient to significantly modify
the passing wavd§igure49). This patterrwasnot apparent iplots usingonly three divisions

Wave base calculations were performed for BT5 where strong relationships in significant
wave height and wave power data were mosaspyp.Wavelengthgor ROl ranged from 2.4
7.3 m.The relationshig 6 - c for deep water wavesas inconsistent with results from
dissipation analysis. Usirdjeesas the effective wave base, the relationship at\Ba%analyzed
by locatingx, theratio of wavelength to depth above the r@diere wave dissipatiorelgan to

decline. This depth was between 0.15 and 0.3@mdresulted in the relationship
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Figure48 Wave base for BT5. Cut off point for decreased wave dissipation between 0.15 and 0.30 misvizeighly 15.
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Discussion

Rates and variability of erosion

Shoreline changen the mainlandnarshe®f the Virginia ®ast Reserveras
highly varialle, ranging from areas of high erosion rates like Elkins Island (3yB3rto
locationsof accretiorsuch as Upshur Neck (x4 myr™). McLoughlinet al. (2011 )sed
digital shoreline analysis over a-y8ar periodo determine erosion rates of 10 other
mainland marskocations within the VCRThose results showedatsiteserodedrom
0.021.62 myr*with an average of 2m-yr* on mainland marshe§able12). Both the
range and averagate of erosiomverecomparable toesultsfrom this studyAlthough
there was a general trend of erosion along the length of the VC&idhmait necessarily
indicate a net loss of marshlaasl the study did not include lagoonal marshes or marsh
gained by progradatigiust thattherewas greatelateralerosion than accreticat the

baymarsh edgéMcLoughlin et al. 2011).

Table12: Mean rates of change along marsh edges and corresponding standard error and delaatied from
McLoughlin et al. (221).

Mean change  Standard Standard

Marsh site 1 L
(m-yr™) error deviation

Gargathy Bay -0.35 0.02 0.28
Cedar Island Bay -0.70 0.02 0.41
Hummock Cove -0.07 0.01 0.20
Wachapreague -0.75 0.04 0.56
North Matulakin -0.71 0.03 0.41
Short and Long Prong -0.78 0.03 0.53
Crabbing -0.04 0.06 0.88
Oyster 0.17 0.03 0.39
Mockhorn 0.01 0.03 0.42

Marion Scott Cove -0.61 0.04 0.70
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Figure50: From McLoughlin et al. 2014 variation in mainland marsh erosion rates in the soatiiral VQR.

Day et al.(1998)conduced a study inheVenice Lagoonwhich is similar to the
VCR in many regardst is a shallow coastal lagoon separated from the open sea by
barrier islands, has a mean water depth of 1.1 m, mean tidal rangeld 7.5 km
mean fetch, andiave attackdominated erosiarkErosion rates were recorded between

0.6-2.2 myr™, which are higher than theyster reekites measured in this stubyt not
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dissimilar.In Rehoboth Bay, DE, Schwimmg001) found that marshes eroded betwee
0.140.43 myr* and an overall average @24 myr which is comparable ttherange
from our study sitesthough there were no reefs at that location

Oneobjectiveof this study was to determine erosion rates at study sites with
oyster reefs as wiehs how these rates ved through space and timiigh variability of
erosion ratebothspatially and temporally weseenbetween andvithin sitesin this
study(Figure14), similar to theMcLoughlin et al. (2Q1) measurements for other
mainlandlocationsin the VCR(Figure50). Like this study, they reported no significant
spatialtrend in erosion rates betweeoithern andSouthern sitesSchwmmer(2001)
notedgreat \ariability in erosion rates at the Rehoboth Bay sites during-gfeaBstudy
Erosion rateslecreasedharkedlybetween yea1 and 2, anihcreasedetweeryears2
and 3in that studyMost of our study sites shaa significant upward trends in shoreline
retreatthough there were some instanoésgecline between period¥able5, Figurel18).
The erosion ratefsom 19571966 had the greatest variability betwatndysites SEB3
was eroding nearly at its maximum rate and BT5was accrasipgurt of the major shift
of the island pointwhich waghe only record of any study site accretorgaverage
From 1966 onward, there wa trend of increasing erosion rates at all fous sitiéh the

greatest increase between the 13664 and 1992002 periods.

Marsh and reef attributes
Though wave attack may be the dominant factor in marsh erosvweasiot the
only one to have meaningfuleffect(McLoughlin 2010, Schwimme2001) Feagin et al.

(2009) statd that marshes with greater amounts of coarse sedinaritl have higher
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rates shoreline retreat. Thigsnot supported by results from this studsich showe
norelationship betwen grain size and erosion rgfeable22), nor in theMcLoughlin
(2010)results which showedstrong negative trend for other marshes in the VER (r
0.97).These resultsuggestdthat sediment sizeid not play a largeolein the erosin
rates at marshes this studyor if it did, it was complicated by other factors

In this study oganic mattewashighly negatively correlated with gragsize
Because grain size did not have much bearing on erosion ratasnid surprisehat
organic mattedid noteither. The relationship between erosion rate antunt ofS.
alterniflora was also insignificanteagin et al. (2009) statedgetationwasunlikely to
beaprimary controlin erosion rates, howevasot stabilizationcapacity hd been cited
in other studie (e.g. Rosen 1980an Eerdt 198%Allen 1989, Goodbred and Hine 1995).
Dense root matsoundsediment which increadenarsh platform stability and erosion
resistance (Pestrong 196€)ough it was not reflected in these statistical analyses.
Belowgroundbiomasswvasprobably more importanh this contexbecause athe
root/rhizome stabilization, thougiboveground vegetatiamasshown to significantly
reduce wave energy on marsh edges (Knutsoh £982) The first 2.5 m of the
shorelinewas reporteda havethe potential tattenuate over 50% of wave enexgyh
the presence @. alterniflora(Knutson et al. 1982).

Ecological factors did not appear to predispose any of the marstpesater
erosion.The percent area of marsh surface coveredddyburrowsalso did not have a
significant relationship with erosion rateough thee wereholes in the structunehich

redued cohesiveness and strength, making the mauie susceptible to slumping and
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block detachment (McLoughlin 2010)he area covereoly crab burrows wagery smal
at all sites and had littleffect on the soundness of the marsh infrastrucRopulation
was the onlyyster reef propeytthat showed a relationship erosion rategough itwas
not significant Population combined botieef area and density of oysters which lead us
to believe that larger and denser reefs might have had a greater capacity to attenuate
waves before they reached the shore.

These comparisons were also conducted with erosion rates from the most recent
period 20022009(Table22), becauseurrentphysical characteristics of the study sites
and reefs mahave changed since 194%Fsing only the most recent erosion ratés,
values increased andvalues decreasemdicating a stronger relationshiygtween
physical factors and erosigout noneof these relationshipsere statistically significant.
From this data, itlid not appear ther&asa strong direct relationship between oyster reef
properties and erosion rat@&ecause natural prexisting reefs were the ontypeused in
this study, it is possible that a planned reef may have greater impact on erosion control.
Results from the wave dissipation analysis showed that dekfiecrease wave energy as
they propagatedcross. There may not be a singigsical reefactor or two that
explairs wave dissipation, but a complex interaction of many reef asg@etsall, none
of the physical properties of the marsh itself predisposed the location to erosion.

Work by Whitmanand Reidenbach (2@} investigating th€. virginica
recruitment in the VCReportedthat the coefficient of dragas five times greatever
theoyster reefshan ovemud keds. We do not have an estimate for the drag coefficient

atour study reefsnadeof C. virginica but theywerelikely similarto or greater than
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those measured by Whitman and Reidenlmaded orarea, height, and densiby reefs
used in that studgA = 270 nf, h~ 0.75 m} ~ 706900 oysters per fii compare to

Table7).

VCR erosion rate comparison

The wave environment in the VCR appeared to be similar to those in previous
studies investigating oyster reef erosion control. The Meyer et al. (1997) study site in
North Carolina was also an Eaes Seaboard location with skavel rise of 2.57 mm-yr
and predominantly wind driven waves with some boating traffic. The Louisiana study by
Piazza et al. (2005) was set in an area with water depths betv@eer) regional erosion
ratesaround 1m-yr( Wi | son and Allison 2008), and fet
However, the sekevel rise was on the order of 9.5 mm‘yrhich was almost three times
as fast as the VCR. The Stricklin et al. (2010) site in Mississippi was a microtidal area
that coutl be wind influenced and was eroding at®.&-yr' with a rate of sedevel rise
near 3 mm-yf. Rehoboth Bay was the least similar location to the VCR because it was a
mid-level energy environment with deeper water but smaller tidal range (< 0.5 m).
Though there was no data in these papers specific to the wave environments, the tidal and
erosion metrics were similar to those for Virgintable13). However, it should be noted
that aside from Scyphersetal. (200, t hese ot her studies and
shorelines by placing the oyster reefs directly on the marsh whereas this study examined
reefs that were separated from the shoreline by a stretch of water. These reefs were
examined because there warelocations where reefs were situated directly on the

marsh edge in the VCR.
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Tablel13 contains a large range of erosion rates measured at various locations in
the USA in relation to fringing oyster reefs. The ragge rates of erosion for the last fifty
years in the VCR were akin to rates from the otherémergy environment studies (all
but Scyphers et al. 2011). The numbers from the Scyphers et al. (2011) study were much
larger than any of the others becausthefhigher energy and failed oyster reef structure.
Our 52year study was considerably longer than the others though the average rates were
similar. However, erosion rates over the shorter time intervals;2009 and 2011
2012, were markedly higher, mhsbutside the range seen in the other-lemergy oyster
reef studies. One explanation for this may be the different methods used to measuring
shoreline change. All other studies measured the distance between shoreline and marker
stakes placed at the omgil shoreline at the beginning of the study. This technique was
used for the 2022012 analysis in the VCR and resulted in much higher rates. There
were a number of possible sources of error associated with this method such as having
different people mease the change over the course of the study or the risk of poles
shifting around in the mud and coming loose which was noted by Stricklin et al. (2010).
When measuring the stake distance for the VCR study, one stake was in a marsh block
that had detached drsome stakes were missing altogether. Data from these other studies
would be in question if similar events happened during the course of the sampling
periods. Marker stake rates from our study from 28012 were much higher than rates
from 20072009 thatwere measured using DSAS. This jump in erosion rates may have
been influenced by the method (DSAS to marker stakes) or they could have been an

accurate reflection of the shoreline retreat. Five years passed from the beginning of the
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first sampling periodo the end of the second with a two year gap in between which was
sufficient time for the environment to change. The increased erosion rates from 2011
2012 could also have been the result of hurricane Irene (H2) which struck the coast in

August of 2011.
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Table13: Comparison of average erosion rates from oyster reef studiesjoservation methods, and relevant statistics. No data for BT6 2% because 2007
orthograph was taken at high tide and sk@vesults. Average eosion rates from this study of oyster reefs was in the range of rates reported in previous studies

excluding Scyphers et al. which was located in a higher energy environment.

Comparison of oyster reef studies

Scyphers et al. Meyer et al. Piazzaet al. Stricklin et al. Taube & Wiberg

Average erosion 2.1 breakwaterreef  -0.39* cultched 0.02 cultched 0.42 natural 0.15 0.25 0.45 SEB3

rates (m-y‘ll) 2.5 control 0.65 non-cultched 0.10 non-cultched 0.02 constructed 0.27 0.87 1.72 CRM4
0.26 0.76 1.05 BT5
0.10 - 0.70 BT6

Duration 24 months 20 months 13 months 21 months 52 years 24 months 15 months

Years 2007-2009 1992-1994 2002-2003 2006-2008 1957-2009 2007-2009 2011-2012

Method marker stakes marker stakes marker stakes marker stakes GIS GIS marker stakes

Regional erosion rate ~1 0.8-0.9 ~1 ~1 12

SLR (mm-y#*) 2.10 2.57 9.40 2.98 3.48

MTR (m) 0.36 ~0.9 1.90 0.42 1.2
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Erosion rates and storm events

Wave energy can be amplified by higher lsmalevel, storm surge, and extreme
wind conditions which are all aspects of hurricanes and tropical storms (Mariotti et al.
2010).In the VCR, winds blowing strongly from the northeast, along the same axis as the
shoreline, produakstatistically high ®orm surge (Fagherazzi et al. 2010). The resulting
waves affea@dthe marsh as they propagatbown the shoreline to the southwdstman
transport from Bng-shelf winds creatéstormsurgethatincreasd coastalwater depths
and wave energBecause wavenergy is the driving erosive force in the VCR large
storm events could havedan impact on shoreline stabilitgchwimmer (2001) found
thatmarsh shoreline erosion rates were related to storm events baogiginitumide and
frequency in a review of othstudies of shoreline retreat and storm events (Swisher
1982, French 1990, Maurmeyer 1978, Phillips 1985, Ramsey et al. 1998).

The number of hurricanes and tropical storms with paths within 100 km of the
study sites werdeterminedrom the NOAA HistoricaHurricane Tracks database
(Appendixll - Table23). Thefrequency of storm events during each qubsiadal
interval used in the digital shoreline analysis was calculated by dividing the number of
storm records bthe years covered in the intervalaple14). Mean storm intensity for
eachinterval was calculated by assigning a value to each class of storm (tropical storm =
0, categoryl hurricane (H1F 1, etc.) and averagirall events that took plackiring that
time (Tablel14). The impact valueepresentethean storm intensity weighted by
frequency which accoued for both aspects of storms that wigkely to have an impact

on ercsion ratesTable14).
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The compiled data revealed thiag tfrequency ofropical storms and hurricanes
(referred to as storm events hereaftecjeased with timeThe greatest change
frequency(0.430.63 everd per yegroccurredbetween the same perioasthe greatest
increase irerosion(0.07-0.37m-yr" between 1964994 and 1992002) Storm
intensity also increased after 1966 as did impact value, suggesting that humegnes
havedestabilizel the marshe sufficiently to increase the rate of erosion over tiomeear
regressions showed that stolmaquencywas highly correlated witaveragesrosion rate
as was storm impacFigure51, Table15). Data from the Meyeet al. (1997and Piazza
et al. 005 studiesshowedhat oyster reefarereineffective wave buffers in high
energy situationsshich would have made them unlikely to saeccessful erosion
deterrents during trogal storms and hurricaneSther studieslsofound that marsh
erosionwaspositively correlated with storm ever{tdcLoughlin 2010, Meyer et al.
1977). It has been suggested that intermediate grade stayniselikely to havehadthe
greatest impact oerosion becausef themid-sized waveshey createThese waves
potentiallydo the most damage because thapact the shorelineather tha over
topping the marsh surfacandpropagating towarthe interior (Wray et al. 1995urther
analysis using onl{i ma j harricanesaccording to the SaffisBimpson Hurricane Wind
Scale(H3 andgreatey resulted in even highef values which suggestimajor storms
were more important thaminor to midsizedstormsin influencing erosion rates,

particularly in terms bfrequency(AppendixIl - Table24).
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Figure51: Fit plots for average erosion rates at study sites and storm frequency (upper) and impacix{mxiser).

labels are actually time inteads; first point is 19571966 and so on. avgepr is the average erosion rate for all study sites
during time periodFrequency of storm events were strongly related to eroates as was storm impact value. Impact
value would inherently have a strong @ation because it is a product of frequency, however it should be noted that
the 7 value of storm impact was greater than that for frequency, indicating that storm intensitiagésba role,

though a slight one.
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Tablel14: Frequency of storm events within 100 km of study sites during each interval. Storm events were ranked such
that tropical storm (TS) = 0, class 1 hurricane (H1) = 1, etc. Impact value is intensity weighted by frequency.

Years Frequency . Mean irtensity  Impact value Mean eroilon rate
(events per year (m-yr)
19571966 0.33 2.0 0.67 0.09
19661994 0.43 15 0.65 0.07
19942002 0.63 1.8 1.13 0.37
20022009 0.71 2.2 1.57 0.49

Table15: Linear regression results testing the relationshipurricane frequency and intensityth erosion rates.

2

r p n
Frequency 0.93 0.039 4
Mean intensity 0.40 0.372 4
Impact value 0.97 0.015 4

Wave environment
The wave and water heights recorded during the sampling perepdbame been
smaller tha what wouldusuallyhave been observékroughout the year. There were
significant differences between wind records duthgsampling periods arnithe entire
year. A vast majority of the winds recorded during the sampling period were from the
southwestwhich would have createtmospheric forcingonditionsthat lowered the
regionalwater leves (Fagherazzi et al. 201LMlowever this was not reflecteadl the
difference between measured and predicted adescorded by NOAAuring
deploymentsThe Atlartic Coast experiences storm surges driven by high northeasterly
winds blowing parallel to the axis of the shorel{Rragherazzi et al. 201.0)yhe sampling

period was almost entirely devoid of winds from the northeast varelmore prevalent
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at other timesluring the yeaBecause of these wind patterns, the recorded wave
environments were likely lower in energy than average.

Despite the skewed wind representation, tke¥sea number ohotable
relationships betweenaveheights on either side of the reat the Box Tree sites.
Bayside waves &T5 wereconsistenththelargestrecordedor theentireBox Tree area
Trends in wave response to wind franparticular directiosuggestdthat BT5 bayside
waves were the highest becausé@otipwind positionduringE/SE windswhichtended
to create thsignificant wave heightd~igure35). BT6 bayside wavewere notaswell
correlaedwith wind speed awavesat BT5; BT5 would have been upwind of BT6
during winds fronthe E/SE dampening waves as they propagated towards Bi&
lack of biasin significant wave heightetween marshside gaugegsBT5 and BT6
indicates thatwinds affectedothgauges to a similar degree. Tieaction ofsignificant
wave heighto winds from the S/SW and W/NW, the directions that would put the

marshside gauges upwinglasnot aspronouncedsfor E/SE winds.

Wave power

Values of wave power calculated in this analysis were similar to values reported
by Marani et al. (2011) for the Veniced@on which has frequently been compared to the
VCR. Their wave power density value averages ran from approxima&ywe-ni*. The
binned time series average was on the order of 20 Y\similar to the low end of
averages measured in this study-8BW-m?).

Wave power density in the VCR modeled by Mariotti et al. (2010) and estimates

from Schwimmer (2001) of the Delaware and Rehoboth Bays are interesting comparisons
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because of their locality. Values from Mariotti et al. (2010) and Schwimmer (2001) were
two to three orders of magnitude larger than the averages in this Bhaoigh Mariotti
et al. (2010) alsoalculated wave power usitlg  ® 'O, wind speed was held constant
throughout a 48 hour simulation period at 10 frard 20 m-g which are on the high
end for the area. The maximum recorded wind speed during this study was“lhdh-s
the annual mean was 3 rit{Sept. 2011Sept 2012). It seems the sustained wind speeds
used in the model are unrealistic as a general representation of wave power for this area
but may be reflective of storm conditions. The upper model estimates of power density
using winds of 10 m-5are in lne with the highest values recorded in this study;8%D
W-m™, which occurred during times of maximum wind speedsl@én-s'). However,
these study sites were estimabgdMariotti et al. (2010)o have wave power densities
less than 75 W-thby the D m-s' wind model Figure1).

Schwimmer (2001) does not provide details of how he determined average wave
power for his sites. His range of values was-880,000 W-rifwhich overlaps with the
upper bounds of thilariotti et al. (2010) model but not at all with Marani et al. (2011) or
values from this study. Due to the demonstrated relationship between erosion and wave
power (Kamphius 1987, Gelinas and Quigley 1973), it stands to reason that regions with
very highshoreline retreat rates would experience very high wave power, thereby
explaining to some extent the departure of oyster reef study site values from those of the
Delaware and Rehoboth Bays, where retreat rates were as high as 7:3 m -yr

Schwimmer (2001)it an equation to the relationship between shoreline retreat

and wave power density to his data based on power law relationships generated by
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Kamphius (1987) and Gelinas and Quigley (1973) regarding erosion of glacial till bluffs
at Lake Erie. The Schwimen (2001) relationshipy 1@ 0 8, whereRis the linear
rate of shoreline retreat (m-randP is wave power density (kW-1), is quite similar to
those found by Kamphius (1987, 1@ © © , and Gelinas and Quigley (1973),
Y 1 0 8 (Figure52). Marani et al. (2011) suggest that differences in sediment
properties (glacial till versus Delaware marshes versus Virginia marshes) could account

for the various slopes of these trend lines.
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Figure 52: Upper panel:ihear and power law fits of wave power density to edge erosian Raproduced from

Marani et al. (2011). Dashed lines indicate power law fits and solid lines are linear fits. Trend lines from all three

studies are in fair agreemeit.o wer panel : data from this study plotted wi!
values are considerably smaller but not completely out of line.
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Plotting the erosion rates from 206Q009 and 2012 wave power values in VCR
wit h Schwi mmero6s (2001) data shows that the
than his but not out of line when plotted on linear axes. Marani et al. (2011) argued that
the relationship between wave power and marsh erosion should be linear. However, they
used volumetric erosion instead of linear retreat as a measure of marsh edge change
which cannot be compared erosion rates at the oyster reef sites owing to lack of marsh
elevation data. Marshes in the Venice Lagoon are primarily scarps and the erodes volum
can easily be calculated whereas the VCR study site marsh edges gently rise from the
water and have few vertical faces. Despite this, if it is assumed that the marsh edge height
stays constant, there is an implied linear relationship between poweydertsitnear

margin retreat as well.

Reef dissipation of wave energy

Wave attenuation oveocal ree§ has been studied to the point that the
mechanism is wellinderstood, particularly in regard to the reef rim. Lowe et al. (2005)
and Huang et al. (2018luccessfully calculated energy dissipation coefficients for coral
reefsthatstretched over an entire lagoon or significant length of space. Their methods
havenot beenapplied directly to our case because the oyster egefsauch narrower
than a fullscde reef. In addition, much of what is understood about coral reef wave
dissipation would not translate well to oyster reefs because the majority of work done
with coralwasatthereefrim where there is alarge and abrugtrop in water depth and

significantly larger waves than in the VCR near our rdefsure work in tfs area could
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include a modified method of calculating anergydissipation factor based @guations
for coral ree$ but adapted to suit the discrete natfrthe oyster reef structure

The measurements presented here suggestthatiation of wave enerdpy
oyster ree$ depends ooomplex interactiomamongvariableshat are often interrelated
From plots andtatisticsfor these data setst was apparernthatsignificantwaveheight
was the most prominent and consistent influence on wave dissipatoften the crux
that explained other relationshipis order to have large changes in significant wave
height, there must be large wavedlissipateMost waves in the VCR are winglaves
with Hs closely tied to wid speed and water deptany of the other correlations with
o Hwere a product of association whh. Becausel,, scales withHs it too has a positive
relationship withopp H, as do wind speed and water depthandfso had a negative
relationship because as water over the reef deepened, larger waves cudthined
(Hy) thatoftenhadlower frequencieglonger periods)

The manner in which spectra chadges they interaed with the reef varied
depending on significantave height angvater depth above the reef. In all instances the
change iimaximumspectral densitgxceedeeffectsdue to changes in frequenay
spectral widthWe can conclude that when an oyster reef is submerged, it decreases the
energyacrosshe entire spectrunof thewavefrequenciess opposed to acting as a filter
and removingenergyat certain frequencie$imes when the reef was above the water
line were not analyzed in this studgcause the presence of the istonneadthe

waveson eitrer side In this casethe reeflikely actedas a breakwater.
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As water depth over the regfew, there was a decouplitggtween the surface
waves and the reef structufiéhis idea is supported Byndingsby Fagherazzi and
Wiberg (2009)on theinfluences d wavegenerated shear streaasshallow intertidal
location which were modeled on the VCRhey identified four tidal states in which
increased water depth either hindered or prombtétbm shear stress. For tidal levels
above mean higher high water (MM, an increase in wave height wafésetby
increasedvaterdepth causingoottom shear stress decreaseThe third zone, between
MSL and MHHW,produced the greatest amount of sediment resuspension because
wavegenerated bottom shear stresses reachedmim values in this range ofater
deptls. Thisis analogous to whatas seenvith the oyster reefs, that themasarange of
water depths for maximum interaction between wavegeeis

Wavelengthgor ROI did not reach values such tRatwas lesshand;ees
indicating that the wave base ratio for this environment was less than for deep water
waves.Analysis of the waveatafor BT5, low-energy lagoomsetting,indicated that the
effectivewave basaevas equal t@pproximately’;s, shallowerthanthethreshold for
deep water waved,. This reducedeach of wavesto the water columnorrespondd
to thedepth range 0.18.03 m wheralecouplingof waves and reefs froaeep water
observedor both wave power and significant wave height

Because oysterare intertidal dwellers, water depth will fall in and out of this
ideal range with the tid®©ysterreef can only survive at certain zones within the
intertidalsuchthat the oysteraresubmerged and exposed for sufficient amounts of time.

This meanseefs will tend to be successful in locations where the water depth above the
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reef is limited particularly in environments witlow wave energandsmall to midsized

tidal ranges

d reef

Figure53: Conceptual diagram of decoupling ween waves and reef surface. This diagram illustrates that with

increasing water depth above the reef, waves grew and interacted with the reef, producing some amount of dissipation.
When water depths were at a aiével, the water column could support largvaves with wave bases that still

interacted with the reef surface. This resulted in greater wave dissipation (positive relationship blgamekep H).

Once water depths exceeded a certain level, waves continued to grow but their bases did not extend far enough into the
water column to interact with the reef surface, leading to decreased wave dissipation.

The reduction of wave power density by gtedy oyster reeffor significant
wave records was 49% averaged over the three sites. This value was significantly higher
at CRM4, 61%, than the Box Tree sites;4®6.A possible explanation for this
difference is the CRM4 reelevation relativeo MSL. The Box Tree reefareroughly
0.3 m below MSL but the crest of the CRM4 rsg$ approximately 0.2 nabove MSL

This reefis alsosignificantly larger in both length and width than the Box Tree reefs
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providing a larger surface over which to dissigheewave powefThere was a positive
but insignificant correlation between oyster reef population, which incorporated both area
and shell density, and erosion ratdich could be relateth the power reduction
exhibited here.

Patterns observed in the bplots of wave power and water depth show
similarities totrends in significant wave height dissipation. High valuesafepower
were recorded only when there was also deep water, which mirrqpeghiee
correlationbetween significant wave height awdter depthDifferences in percent
reduction based omave propagation directiacould also be likened to the relationship
betweerHs and LH.. In order to have large dissipation valubgre needed to begh
waveswith great potential for dissipation begin with.In terms of wave powethis
analogy would suggest thidte side of the reef with overall greater poweuld tend to
have higher percentages of reduction because there was initially more to be dissipated.
This observation holds for both CRMéhd BT5which had uneven reduction
percentagedyut not aBBT6 where thepercentage was independent of propagation
direction The lack ofrealbias at BT6 was also observed in significant wave height
patterns Bsig andMsig averagesvere 0.10m and0.09 m respectivelyand this site had
the smallest difference in wave povimtween the two sides (5 W

Reduction ofvave power \as observed to decline with increasing water depth.
Change wasguantifiedas a ratio based on the side with greater initalgr (i.e.Pg : Py
for waves propagating from the bayside to the marshsldeyater levels deepened, the

power ratio became closer and closer {pdwer values were more similar to each
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other) which could be interpreted as a decrease in dissip&ihis a strong example
of this (Figure4b5) particularly because waves propagated almost strictly from the bay

which reduced noise in the dafais trend is similar to what was seen wathls and

reinforces the thegrof waves decoupling from the reef surface with increased water
depth.

If oysterreefsareplaced in lowenergy environments witsuitabletidal ranges,
theyhave the potential tdecreasavave energy impaan marsh shorelingand thus
erosionin locatons where wave attack is the primary ag#inharshedge retreatOn
average, yster reefsn this studydissipatedvavepower density of significant wavéy
4%%. Both power law and linedit equations have showmave power density to lze
robust preditve indicatorof shoreline erosion rateBxtrapolating from these models,
oyster reefs could reduce erosiatesby almost half indeal settingsHowever, because
of the decoupling effedietween waves and reiétis triggeredby deepening water
oyder reefswill not profoundlydecreasevave energyluringperiodsof sizablestorm
surgebrought on by hurricanes and tropical storifisese higkenergy events appear to

trigger rapid marstedge erosionespite the presence @jsterreefs

Conclusion

Marshes aall of the primarystudy sites experienced gradual rates of shoreline
retreat between 1957 and 20@9eragerates ranged from 0.18-y™* to 0.27 m-y* at the
study sites and 0.46 m*yof accretion to 1.58 m=of erosion at the comparison site

Erosion rates differed significantly between sites as wdleagseeranalysis intervals
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within each site (1957966, 19661994, 19942002, 20022009).There was a
statistically significant upward trend in the average rate of erosion between the time
intervals. Tlis increase strongly correspondechigher frequency and intensity of
tropical storms and hurricanes passing within 100 km of the.\\&ave attack is the
primary mechanism aharshedgeerosion for this region andrgescale storm events
are known to amplifythis with greater wind speegwave heightsand water depths
through storm surgéo physical characteristics of the marshes were identified as
relating strongly to erosiol@yster reef size and density weihe only factos that had a
relationship with erosion rate though it was not a strong Dine erosion rates from the
sites with oyster reefs are comparable to measurements from other studies involving
oyster reef wave attenuation. However, teyealso very similar to the averageeaif
erosion for mainland marshes in the VCR regardless of if thereoyster reefs present
or not (McLoughlin et al. 2011).

The hydrodynamdiffered between thBlorthernsites and th8ox Tree sites,
butBT5 and BT6experienced a similanvironmentWinds during the sampling perisd
atthe Northernsitelikely created a loweenergy environment than average for the area.
At CRM4 and Box Tree sites, waves tended to be most responsive to winds from the
E/SE though that was the least frequent direadianing the sampling periodSEB3
experienced substantially lower significant wave heights than the other three sites and
was determing to be moreonsistent wittiidal creeksystens thanlagoonal marsésand

wasthereforeexcluded from further hydrodynacnanalyses.
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Oyster reef dissipation of wave enenggs correlated to significant wave height
and water depth above the reef. Theesan optimal range of water depths for
maximum wave attenuation whdfree water column waseep enough to support large
waves but not so deep as to separate the waves from the reef anddeeouple the
interaction. Analysis of power spectrum densitiadicatedthatwave interaction with
oyster reefsesult in an overall reduction imave spectileenergyrather than agelective
frequenciesOn average, the study site reefducedvave power osignificant wavedy
49%. The wave power density values for these sites wenmgparabldo values from the
McLoughlin (2010) study of the VCR and the Marani et al. (2011) stutlyeo¥enice
Lagoon in Italy.Compared to linear erosion rates and wave power densities from
Schwimmer (2001), VCR values fell on the lewdbut did not deviatérasticallyfrom
the proposed relationship between wave power and erosion when plotted ear axis.
Though oyster reefeducedvave energyanyimpactof these reefs omarsh

erosion ratesvastoo small to identify witin the high variabilityof the erosion rates for
mainland marshes in the VCRlore intentional placement of reefs in regavdoth tidal
levels and orientation to tlehoreline haghe potential to increase the efficacy of oyster
reefs as an erosion control method indemergy environments. Reefs are unlikely to be
beneficialif water becomes too deep or waves too ldikgethose seen in storm surges
from tropical storms and hurricandzarring these largscale weathegvents, oyster
reefs could have a positive impact on shoreline rebr@sed on our understanding of the

relationship between wave power reduction and erasi@s, particularly in lovenergy
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settingssuch aghose where Living Borelines are being implemented along the @otf
Atlantic Coass.

Despite all of the relationships covered in this stuldgre is 8l much we do not
understand about oyster reefaacts on salt marshes. The next stefis process would
be to apply the hydrodynamic sampling methods and wave spectra afralysikis
studyto trial reefs built in the/CR which TNC has already begufrial reefs should be
constructed at various entationgncludingparallel to the shoreline, perpendicular to the
dominant wind direction, and perpendicular to the direction with greatest wave response
to winds (in this case, E/SEY.hese reefs should also be created with different widths in
orderdetermine whether the effect of oyster reef widthemergy dissipation factor
equationss similar to that foundh coral reef studieBecause the current practice of
constructing Living Shorelines is to place oyster reefs directly against the shoreline,
erergy dissipation over these nesore reefs should be comparedi&da from this stdy
to determine the most effective distance between marsh and reef for mawiavem

attenuatiorand marsh protection
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Appendix | i additionalmethods

In studies of coral reef wave dissipation, wave spectra were used to quantify
changes in the energy from all wave frequencies. Ircdsgs, power spectral density
plots (PSD) were used to visualize the amount of energy contributed by each frequency.
Wave spectra for the records of interest were analyzed in MATLAB to determine
changes in the spectra associated with across the reefs hE spectra fell into a
number of categories in terms of their shape (peaks or plateaus, multiple or single peaks,
symmetrical or asymmetrical, etc.) and relationship to each other (same or different
shapes, vertical or horizontal shift, nested or stackegbgh other, etc.). The most
important of these aspects were the change in peak spectral density and shift in
frequency. In order to account for these as well as the change in shape, a rectangle was
calculated for each spectrum such that the area oéth@ngle was equal to the area
under the curve of the spectrum where the height was determined by the maximum
spectral densityHigure54). The width was equal to the integration of the spectral density
(area) diviled by the maximum spectral density (height) and was centered over the
median frequencyf{p) for the spectrum. This approximation captured change in area
under the curve (analogousdwls), vertical change (spectral density), and horizontal

change (frequeng between each pair of records.
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Figure54: Power spectral density plot with rectangles where height = maximum spectral density, area = integration
unde the spectral curve, and width is a floating variable centered over the spectrum’'s median frequency. These
rectangles were used to represent the key aspects of the wave spectra.
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Appendix Il T additional data

Table16: ANOVA results of tidal speeds (square root). Significance at p = 0.025.

Tidal speed§’
df F p
All sites 3 809.05 <0.0001

CRM4 BT5 BT6 2 2.56 0.078

Tablel7: Statistical results testing for differencesiimd speed and wind direction during the sampling periods and

year. Wind speed was tested with a Welch ANOVA for difference of means using the square root of the data, and wind
direction was run with a Bartlett test for homogeneity of distribution. Ségmi€e at p = 0.0125 from Bonferroni

correction factor. Wind speeds were significantly different during the Northern sampling, as was wind direction from
the annual average.

Wind speed’ df F p
All periods 2 3245 <0.0001
Year - Northern 1 38.40 <0.0001
Year - Box Tree 1 0.24 0.64
Northern - Box Tree 1 3955 <0.0001

Wind direction
All periods 2 256.0 <0.0001
Year - Northern 1 30.6 <0.0001
1
1

Year - Box Tree 4.6 0.03
Northern - Box Tree 1.3 0.26

Table18: Statistical results for ANOVA tests of physical properties. Significance at p = 0.05 for biomass and burrows,
p = 0.0125 for ¢y and percent organic material.

df F p

Biomass (study sites)

Aboveground 3 0.86 0.48

Belowground 3 1.99 0.15

Total 3 2.03 0.15
Crab burrows (study sites)

<2mm 2 2.17 0.14

2-8 mm 3 0.89 0.46

8-14 mm 3 0.57 0.64

Percent area 3 0.50 0.69

All sites 6 16.50 < 0.0001



Study sites 3 26.69 < 0.0001
Nvs. S 1 57.27 <0.0001
SEB3 CRM4 1 1478 0.0016
BT5 BT6 1 0.14 0.71
Percent organic material
All sites 6 11.29 < 0.0001
Study sites 3 1494 < 0.0001
SEB3 CRM4 1 13.57 0.0012
BT5 BT6 1 4.00 0.06
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Table19: Grain size and organic attributes of sedinsarhples. Box Tree sites were highly similar in sediment

properties, though SEB3 and CRM4 differed significantly. EIk was the only control site that exhibited characteristics

like those at CRM4 (small grain size and low organic content) while the othe¥siwee like Box Tree.

averages SEB3 CRM4 BT5 BT6 UN nFP -1 Elk
Mean grain sizeg(m) 229 38 622 577 - 358 380 38
Median grain sizegd (em) 200 22 503 499 - 327 277 21
Mean/median ratio 1.14 1.76 1.24 1.16 - 1.09 1.37 1.82
Standard deviatioren) 254 41 426 419 - 269 397 43
Percent sand 66.9% 20.7% 93.4% 86.8% - 86.9% 71.9% 18.6%
Percent organic matter 2.0% 4.6% 1.0% 1.7% - 0.7% 2.4% 5.3%

Table20: Aerial image georectification error and ground resolution. Images from 2002 were georectified by
VBMP. *RMS is high because of few ground control poegilable on eastern side of image.

Table21: Fetch area estines.

Year RMS Ground
Resolution (m)
1957 <0.1 0.25
1966
Northern* 1.97 0.25
Southern <0.1 0.25
1994 <0.1 0.99
2002 - 0.60
2007 - 0.34
2009 - 0.07-0.30

Fetch Area Estimates (K¥n



<2km 24km 46km 6-8km 8-10km >10km Total
SEB3 0% 0% 0% 37% 27% 37% 54.5
CRM4 0% 0% 8% 51% 18% 23% 50.0
BT5 9% 11% 14% 34% 32% 0% 22.0
BT6 4% 7% 52% 7% 30% 0% 23.0
nFP 0% 0% 0% 34% 36% 30% 56.0
UN 8% 0% 6% 24% 0% 61% 49.0
ii 14% 14% 29% 43% 0% 0% 14.0
Elk 0% 30% 15% 0% 0% 55% 20.0
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Figure55: Elkins Island shorelines and rate of erosion.
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Figure56: Interisland shorelines and rates of erosio
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Figure57: northern Fowling Point shorelines and rates of erosion.
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Figure58: Upshur Neck shorelines and rates of erosion.
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Figure59: SEB3 (upper) and CRMdower) fit plots for increasing erosion rates over time. SEB3 had no significant relationship

but the trend was significant at CRM4.
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Fit Plot for BTS
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Figure60: BT5 (upper) and BT6 (lower) fit plots for increasing erosion rates over time.sBethhad a significant upward trend
which was particularly strong at BT5.
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Table22: Linear regression results for erosion rates and physical properties. Significance at p = 0.05. No physical traits had a
significant relationshipo erosion rates which suggests that none of these sites were predisposed to erosion over the others.

19572009 r? p n
Percent sand 0.20 0.558 4
Mean organic content 0.16 0.600 4
Total biomass 0.01 0.897 4
Belowground biomass 0.02 0.867 4
Burrowarea 0.03 0.867 4
Reef length 0.06 0.761 4
Reef area 0.05 0.776 4
Reef density 0.03 0.828 4
Oyster population estimate 0.52 0.783 4
Mean tidal range 0.002 0.952 4
Fetch area estimate 0.02 0.875 4

20022009
Percent sand 0.08 0.725 4
Mean organic content 0.05 0.773 4
Total biomass 0.60 0.223 4
Belowground biomass 0.06 0.207 4
Burrow area 0.24 0.505 4
Reef length 0.31 0.447 4
Reef area 0.63 0.206 4
Reef density 0.61 0.217 4
Oyster population estimate 0.63 0.205 4
Mean tdal range 0.14 0.632 4
Fetch area estimate 0.46 0.321 4
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Table23: Hurricanes and tropical storms within 100 km of the VCR during erosion rate study pei3aatsd higher

st or ms

ar e

considered to be fimajoro events.
Period Year Duration Name Intensity
19571966
1959  7/57/12 Cindy H1
1960 8/299/14  Donna H5
1961 9/12-9/15 - TS
19661994
1967 9/89/21 Doria H1
1969 8/14-8/22 Camille H5
1970 5/17-5/27 Alma H1l
1971 8/20-8/29 Doria TS
1971 9/6-10/5 Ginger H2
1979  7/97/16 Bob H1
1981 6/297/1 Bret TS
1983 8/26:8/30 Dean TS
1985 8/128/20 Danny H1
1985 9/1610/2  Gloria H4
1986 8/138/30 Charley H1
1992 9/22-9/26 Danielle H2
19942002
1996  7/57/17 Bertha H3
1997 7/167/27  Danny H1
1999  9/7-9/19 Floyd H5
2000 9/159/25 Helene TS
2001 6/56/19  Allison TS
20022009
2004 8/3-8/14 Bonnie TS
2004 8/98/15  Charley H4
2004  8/279/1 Gaston H1
2004  9/2-9/24 Ivan H5
2008 9/7 Hanna H1
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Table24: Statstical analysis of major hurricane events with respect to average erosion rate. The correlation between
storm frequency and erosion rates, as well as impact value and erosion rates, increased from analysis using all storm
events. This suggests that majorrricanes were more influential than smabeale storms.

Frequency Mean Impact
Years (events per . ) P Mean erosion rate (m-Y)
intensity  value
year)
Study sites
19571966 0.11 5.0 0.56 0.09
19661994 0.11 4.5 0.50 0.07
19942002 0.25 4 1.00 0.37
2002-2009 0.29 4.5 1.29 0.49

r2 p n
Frequency 0.99 0.003 4
Mean intensity  0.30 0.451 4
Impact value 0.99 0.004 4
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Table25: Linear regression results for the relationship between significant wave height and hydhiodsetting variables. Square root of wind speed was used. Results
significant at p = 0.05/ave heights measured at all sites had a significant positive relationship to wind speed and water depth aboUédse teefids were the strongest at
BT5 andweakest at CRM4.

BT5 BT6 CRM4
Bsig r? p Bsig r? p Bsig r? p
Wind speed 0.430 <0.0001 wind speed 0.244 <0.0001 Wind speed 0.148 0.0004
Wind direction 0.122 0.0007 Wind direction  0.080 0.0083 Wind direction 0.091 0.0063
Depthtoreef 0.253 < 0.0001 Depth to reef  0.150 0.0003 Depth to reef 0.061 0.0257
Msig Msig Msig
Wind speed 0.430 <0.0001 Wind speed 0.255 <0.0001 Wind speed 0.390 <0.0001
Wind direction 0.112 0.0007 Wind direction 0.101 0.0029 Wind direction 0.216 < 0.0001
Depth to reef 0.253 < 0.0001 Depth to reef 0.068 0.0154 Depth to reef 0.046 0.0553

n=91 n=94 n=81
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Figure61: A series of box plots from BT5 used for analyeitherelationship of significant wave height to other measured variables
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