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Chapter 1
INTRODUCTION

Shoreline erosion is a worldwide problem with 70% of the world’s beaches
retreating over the past century, and with less than 10% prograding (Bird, 1993).
Although sea-level rise (SLR) plays a major role in shoreline erosion, increased
urbanization and human actions, such as offshore dredging, dam construction, and the
destruction of submerged aquatic vegetation (SAV), marshes and dunes, have
compounded the problem (Living Shorelines Summit, 2006). Erosion rates vary globally
and are site specific. For example, along the coast of Oregon, USA, sea bluffs
experiencing uplift show low erosion rates, but bluffs experiencing little uplift have

greater rates of erosion (Komar and Shih, 1993).

In the USA, the areas experiencing highest relative SLR, extensive shoreline
erosion, and accelerated shoreline hardening are the marshes along the Mississippi River
delta as well as the Chesapeake Bay (Titus and Richman, 2001). From 1940 to 1980,
relative SLR in Chesapeake Bay has been 2.5-3.6 mm/year (Hicks et al., 1983; Davis,
1987), a rate that is projected to increase 2-5 times by 2100 (Titus and Narayanan, 1995).
There are areas within the Chesapeake Bay experiencing rises twice the global rate (1.8
mm/y; Kearney et al., 2002; Church and White, 2006) due to local land subsidence of

0.6-2.6 mm/y (Holdahl and Morrison, 1974; Davis, 1987).

Currently, approximately one-third of Chesapeake Bay’s 18,800 km of shoreline
is classified as eroding, with rates up to 20-40 cm/year (Chesapeake Bay Program, 2005),

depending on local wave characteristics, fetch, and sediment composition (Wray et al.,



1995). Chesapeake Bay islands experience some of the highest rates of erosion. The
upland islands Barren, James and Poplar Islands, have lost 76%, 89%, and 88% of their
area, respectively: low-lying marsh islands such as Bloodsworth, Smith, and South Marsh
Islands have been reduced by 16%-28%, in the last 140 years (Wray et al., 1995). In
some instances, entire islands within the Bay have disappeared; in some locations steps
are being taken to prevent this disappearance (e.g., Tangier Island; Kearney and
Stevenson, 1991; Mills et al., 2005 and Poplar Island; Dalal et al., 1999). Although
coastal protection (rip rap) has reduced erosion at Hoopers Island; it has still diminished

by 25% in the last 140 years (Wray et al., 1995).

Shoreline erosion has led to an increase in shoreline hardening-structures
worldwide. In some areas, these structures cover a large portion of the shoreline. For
example, over 50% of the Italian coast is hardened (Bacchiocchi and Airoldi, 2003), and
more than 70% is hardened in Barnegat Bay, NJ and San Diego, CA (Lathrop, et al.,
1997; Davis et al., 2002). Most of the land (85%) along Chesapeake Bay shorelines is
privately owned (Chesapeake Bay Program, 2005), and property owners generally seek to
protect their shoreline. Approximately 25% of the Chesapeake Bay shoreline (mainstem
and tributaries) is hardened, and some sub-watersheds are >50% armored (Berman et al.,

2000).

Shoreline-protection techniques can be non-structural, structural, or a combination
of the two (Bulleri and Chapman, 2010). Structural methods use materials like rocks,
wood, and cement to reduce erosion and include seawalls/bulkheads, revetments,
breakwaters, groins, and sills/perched beaches. According to the US Army Corps of

Engineers (USACE) Coastal Engineering Manual (2008), seawalls or bulkheads are



vertical retaining walls that hold back land from falling into the water. Rip rap is a
common type of revetment, which is a material minimally affected by erosion (e.g.,
boulders) and is placed on a sloping bank to stabilize it. Breakwaters are constructed
parallel to the shoreline and reduce erosion by reducing wave energy. Groins work in a
similar fashion but are constructed perpendicular to the shoreline. Low-lying sills can be
built to trap sand behind them, creating a beach that is elevated above its original level,

also known as a perched beach.

The effects of shoreline hardening structures on physical processes are relatively
well known. For example, scour is increased around pilings, and bulkheads increase wave
energy seaward of the structure, increasing erosion of the seabed (Neelamani and
Sandhya, 2004). Bulkheads also retain terrestrial sediments, starving the landward area
(Nordstrom et al., 2009). In contrast, the ecological consequences of hardening shorelines
have only received attention relatively recently (French, 1997; Loreau et al., 2002;
Airoldi et al., 2005; Martin et al., 2005; Moschella et al., 2005; Birben et al., 2007;
Gislason et al., 2009; Martins et al., 2009). In general, the introduction of rocky substrate,
such as the material used in many coastal structures, alters the benthic habitat and
fragments the coast (Moschella et al., 2005). Species diversity shifts as rocky substrate
replaces the soft bottom habitat (Loreau et al., 2002). Mud is typically characterized by
burrowing, deposit-feeding organisms, while sandy sediments tend to have mobile,
suspension-feeding organisms (Martins et al., 2009) and rocky areas are dominated more

by algae and marine animals (Moschella et al., 2005).

The intended effect of breakwaters is to reduce wave energy, by intercepting

incident waves and causing them to break or reflect (Stamos and Hajj, 2001). This



reduction of energy reduces shoreline erosion and facilitates sediment deposition
landward of the structure, resulting in higher sedimentation rates (Chasten et al., 1994).
The specific ecosystem response to the substrate alteration when breakwaters are built
however, is dependent on many factors (Birben et al., 2007) and is typically site specific
(Airoldi et al., 2005). The presence of breakwaters may lead to changes in sediment
characteristics (Martins et al., 2009), as they tend to cause decreasing sediment grain size,
increasing sediment organic content, and changing redox conditions landward of the
structure (Martin et al., 2005; Zhang and Feng, 2010). The exchange of sediment and
biota between shore and deeper water is disrupted (Martins et al., 2009) as is the
sediment supply to natural coastal defenses such as dunes, beaches and marshes (French,
1997). Breakwaters also tend to trap sediment landward of the structure, increasing
sediment accumulation rates (SARs). SARs tend to be highest when breakwater segments

are shorter and closer to shore (Birben et al., 2007).

Non-structural methods of protecting shorelines involving vegetative planting to
stabilize the substrate (Living Shorelines Summit, 2006) have gained appreciation in
recent years. As of October 1, 2008, “The Living Shoreline Protection Act” requires
property owners in the Chesapeake Bay area to use nonstructural shoreline stabilization
where feasible, which should characterize ~90% of Chesapeake Bay shorelines

(Annotated Code of Maryland’s Environmental Article Section 16-201, 2008).

Protecting shorelines is important however, protection techniques should be
executed in a way to minimize impacts to the surrounding ecosystems, especially those
that are already suffering great losses, such as SAV (Orth and Moore, 1983; Orth and

Moore, 1984). SAV beds are one of the most important ecosystems in the Chesapeake



Bay, as they serve as habitat for fish, crabs, waterfowl, and many other organisms
(Corona et al., 2000; Lazzari and Stone, 2006; Rybicki and Landwehr, 2007; Ma et al.,
2010). SAV beds can also attenuate waves (Fonseca and Cahalan, 1992) and reduce
current velocity (Fonseca et al., 1981; Gambi et al., 1990; Peterson et al., 2004), leading
to a reduction of sediment resuspension and erosion (Fonseca and Fisher, 1986; Koch,
1999; Gacia and Duarte, 2001; Widdows et al., 2008). However, SAV populations have
suffered major declines globally, (Waycott et al., 2009; Short et al., 2011), including the

Chesapeake Bay (Orth and Moore, 1983; Orth and Moore, 1984; Orth et al., 2008).

Restoration efforts in Chesapeake Bay are attempting to bring SAV back to
historical levels but have been met with mixed results (Orth et al., 2002; Shafer and
Bergstrom, 2010). Recent improvements in restoration techniques have been made
(Ailstock et al., 2010; Busch et al., 2010; Hengst et al., 2010; Koch et al., 2010; Leschen
et al., 2010; Moore et al., 2010; Pan et al., 2011). Even so, there is still room for

improvement in the site-selection process for large-scale restoration projects.

Light is the main parameter limiting SAV distribution (Kemp et al., 1984), yet
SAV do not always grow successfully in areas where this habitat requirement has been
met. Parameters other than light may also play a major role in SAV distribution (Koch,
2001). For example, in Florida’s Indian River Lagoon, only 50% of the variation in
seagrass distribution was attributed to light attenuation, with the rest being influenced by
wave action, sediment grain size and toxicity, substrate reflectance, epiphytic growth on
shoots, and competition with algae (Steward et al., 2005). Waves limit the upper

(shallow-water) distribution depth of the seagrass Posidonia oceanica (Infantes, 2009),



and sediment characteristics have been shown to play a major role in the restoration of

Zostera marina in Boston Harbor (Leschen et al., 2010).

Breakwaters are viewed as an alternative to direct hardening for the protection of
relatively exposed shorelines (Hardaway and Gunn, 2010), but not much is known about
their impacts on biota, especially SAV. An evaluation of the effect of 20 breakwaters on
SAV within the Chesapeake Bay, using aerial photography, determined that SAV
coverage in the area surrounding the breakwater (i.e., in the breakwater-protected and the
adjacent-exposed areas) was influenced by region-wide processes rather than the
existence of the breakwater (Karrh, 2000). Of the 20 breakwaters, 8 had small increases
in SAV coverage, which was attributed to reduced wave action by the breakwater. In 5
breakwater locations, a minor decrease of SAV was observed. The overall conclusion of
the study was that breakwaters have no effect on SAV presence; however, actual SAV
density, species composition, or biomass were not measured (Karrh, 2000). In a later
modeling study SAV growth potential was predicted to increase by 0.3% (2.5 shoots m™
d™) when breakwaters attenuate waves and reduce sediment resuspension, resulting in

less turbid water (Smith et al., 2009).

Increased sediment deposition due to a reduction in physical energy by
breakwaters leads to changes in the sediment characteristics (Martins et al., 2009). We
hypothesize that SAV distribution in breakwater-protected areas is affected by this
change in sediment characteristics. SAV also reduce water flow causing an increase in
sediment deposition (Kenworthy et al., 1982; Ward et al., 1984; Gacia et al., 1999; Bos et

al., 2007; Hendriks et al., 2008). This decrease in flow, when combined with the



reduction in wave energy from a breakwater, leads to a more rapid deposition of fine-

grained and organic material (Martin et al., 2005).

Sediment characteristics that may affect SAV growth and distribution include
grain size, organic content, and porewater geochemistry (Short, 1987; Silva et al., 2009).
In Boston Harbor, the seagrass Z. marina was successfully restored at sites with <35%
silt/clay but failed in areas with > 57% silt/clay (Leschen et al., 2010). However, Krause-
Jensen et al. (2011) determined 13% silt/clay to be a threshold value for Z. marina, in
Danish coastal waters. Thus, these sediment requirements are likely to be species- and
site-specific. For example, plants growing in quiescent waters may be more tolerant of
fine and organic sediments, as they are less likely to be uprooted (Wicks et al., 2009).
Additionally, sediments may become too coarse and hinder recolonization of the
substrate, as was observed after dredging caused an increase in tidal wave penetration in
Ria de Aveiro, Portugal, therefore increasing erosion of fine sediments (Silva et al, 2009).
The potential for regional differences in SAV response to sediment characteristic

thresholds is great, as are differences across the salinity gradient.

As the amount of fine particles in SAV beds increases, so does the sediment
organic content, since these two characteristics are closely correlated (Silva et al., 2009).
As with sediment grain size, sediment organic content is also considered limiting for
SAV growth and distribution. A threshold of >5% organic matter has been suggested for
SAV in general (Barko and Smart, 1983), but this value is also likely to be species- and
site-specific and may differ between field and laboratory observations. Approximately
20% organic content limited Myriophyllum spicatum L. and Hydrilla verticillata growth

in a greenhouse experiment (Barko and Smart, 1986). In another experiment, H.



verticillata grew better in sediments containing 2.3% organic matter than sediments
containing 0.3% organic matter when grown in mixed cultures with Vallisneria
americana (Ye et al., 2009). However, V. americana has been observed growing in
sediments ranging from 0.3 to 44.1% organic-matter content in the field (Kreiling et al.,
2007; Makkay et al., 2008; Moore et al., 2010). This broad range of values suggests that
SAV are rather plastic in their response to sediment characteristics and/or that plants have
site-specific responses to local sediments. Sediment habitat requirements for SAV in the

Chesapeake Bay have not yet been determined.

The purpose of this study is to assess the effect of breakwaters on SAV via
changes in sediment characteristics over time. The specific objectives are to: 1) determine
long-term (pre-construction) and short-term (post-construction) sedimentation rates in
breakwater-protected and adjacent exposed areas; 2) compare and contrast present SAV
distribution and sediment characteristics (i.e., organic matter and grain size) in the
rhizosphere at breakwaters with varying ages in the Chesapeake Bay; 3) assess the effect
of varying sediment grain size and organic content on growth of 4 species of SAV found
in the Chesapeake Bay (Ruppia maritima, Potamogeton perfoliatus, Vallisneria
americana, and Zannichellia palustris), 3 of which are commonly used for restoration.
These data will be used to make recommendations regarding the construction of
breakwaters that minimize negative effects on SAV or possibly even enhance SAV

growth.

The general hypothesis states that for a short period (few years) following
construction, breakwaters enhance SAV distribution, but hinder their growth at a later

time due to changes in sediment characteristics in the breakwater-protected area.



More specific hypotheses are:

Hypothesis 1: Sedimentation rates in breakwater-protected areas are greater than
in adjacent wave-exposed areas. This is thought to occur because breakwaters reduce
current and wave energy, allowing suspended fine particles to settle out of the water

(Smith et al., 2009).

Hypothesis 2: SAV biomass is highest in sediments with < 35% mud (silt and
clay). A previous study in Chincoteague Bay found that 90% of the seagrasses Zostera
marina and Ruppia maritima are found where sediments contain <35% mud at water

depths of <2 m (Koch et al., in prep).

Hypothesis 3: SAV biomass is highest in sediments with less than 5% organic
matter. A previous study has shown that >5% organic matter has a negative effect on
SAV (Barko and Smart, 1983; 6 species were studied, however; this threshold may not

apply to other species or in different salinity regimes).

Hypothesis 4: SAV biomass is greater in the breakwater-protected areas of
younger breakwaters (<5 y) than in the adjacent-exposed areas. Protected areas of older
breakwaters (>5 y) will have less SAV biomass than the adjacent-exposed area. Koch
postulates that breakwaters provide a relatively quiescent environment that initially
benefits SAV; however, over time, the deposition of fine sediments landward of the

breakwater eventually leads to plant death (Koch, personal communication).



Chapter 2

Determining the influence of breakwaters on nearshore sedimentation

in Chesapeake Bay: methods and observations

INTRODUCTION

Shoreline protection is becoming increasingly important, especially in response to
accelerated shoreline erosion due to sea-level rise. Increased urbanization and
anthropogenic activities, such as offshore dredging, dam construction, and the destruction
of submerged aquatic vegetation (SAV) beds, marshes and dunes, have compounded the
problem (Living Shorelines Summit, 2006), resulting in retreat of ~70% of the world’s
beaches over the past century (Bird, 1993). In the USA, the areas experiencing highest
relative sea-level rise, extensive shoreline erosion, and accelerated shoreline hardening
are the marshes along the Mississippi River delta and the Chesapeake Bay (Titus and
Richman, 2001). Relative sea-level rise in Chesapeake Bay from 1940 to 1980 was 2.5-
3.6 mm/y (Hicks et al., 1983; Davis 1987), a rate that is projected to increase 2-5 times
by 2100 (Titus and Narayanan, 1995) due to land subsidence of 0.6-2.6 mm/y (Holdahl
and Morrison, 1974; Davis, 1987). Currently, ~1/3 of Chesapeake Bay’s 18,800 km of
shoreline is classified as eroding, with rates up to 20-40 cm/y (Chesapeake Bay Program,
2005). These high rates of erosion have led to an increase in shoreline-hardening
structures, especially since most (85%) of the Chesapeake shoreline is privately owned.
Approximately 25% of the Chesapeake (mainstem and tributaries) shoreline is hardened,;

some sub-watersheds are >50% armored (Berman et al., 2000).
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Shoreline-protection techniques can vary (Bulleri and Chapman, 2010), and while
the effects of shoreline-hardening structures on physical processes are relatively well
known, the ecological consequences of hardening shorelines have only received attention
fairly recently (French, 1997; Loreau et al., 2002; Airoldi et al., 2005; Martin et al., 2005;
Moschella et al., 2005; Birben et al., 2007). The intended effect of breakwaters is to
reduce wave energy, by intercepting incident waves and causing them to break or reflect
(Stamos and Hajj, 2001). This reduction of energy reduces shoreline erosion and
facilitates sediment deposition landward of the structure, resulting in higher
sedimentation rates (Chasten et al., 1994). The presence of breakwaters may also lead to
changes in sediment characteristics (Martin et al., 2005), allowing finer-grained and more
organic material to settle (Martin et al., 2005; Zhang and Feng, 2011). This change in
sediment character may have implications for the benthic community, especially SAV,
which in addition to water column habitat requirements (i.e., sufficient light) likely also
has substrate requirements (Koch, 2001). While potential substrate requirements have
only recently been explored, previous work has suggested that these requirements include
the presence of a sufficiently thick sand layer (Wicks et al., 2009), relatively coarse
material (<35% silt and clay; Leschen et al., 2010), and sedimentation rates high enough
to bury seeds before germination (Palinkas and Koch, in review). Substrate requirements
may also differ across salinity gradients and among species.

The overall goal of this study is to better understand the potential changes to both
sediment character (grain size, organic content) and accumulation rates induced by
breakwater construction. To accomplish this goal, trends at nearshore sites adjacent to 24

segmented, offshore breakwaters throughout Chesapeake Bay are first examined to

11



establish regional trends. Then, the evolution of the sedimentary record in the

breakwater-protected areas is examined to assess possible changes.

MATERIALS AND METHODS
Field methods
Locations were selected for the study using aerial photography available at the
Virginia Institute of Marine Science (VIMS; Orth et al., 2009; annual reports 1989-
present). The photographs were examined for the presence of offshore, segmented
breakwaters in areas with SAV within the last 20 years. Based on these criteria, 24

locations were chosen for study, representing a range of salinities (0-25) and ages (1-19

y; Table 2.1; Figure 2.1). | Chesapeake Bay  susquehanna River 75y 7
0 15 30 60 6n P T
- — 5 Ol et

A3
; 4 Y
Kilometers gy Qﬁﬁ f d;*k
f »

Figure 2.1. Map of
breakwater study locations
in Chesapeake Bay.
Numbers correspond to
location names listed in
Table 2.1. At this scale,
some locations appear to
overlap (e.g., Mayo North

and South, #9 and 10).

Inset shows expanded view

of locations in Mobjack Bay.
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Table 2.1. Study locations and breakwater ages at the time of sampling. Most sediment cores
were collected in 2009, except EIk Neck, Brannock Bay, Hoopers Island, and Bishops Head,
which were sampled in 2008. Locations are divided by salinity region as defined by the
Chesapeake Bay Program (CBP, 2004) and characterized by the values in parentheses. Within
each salinity region, locations are listed by ascending age. (*A 36-cm sand layer is present at the
top of the core that likely deposited between 2005 and 2007 and is not included in the

sedimentation-rate calculation (Palinkas et al., 2010; Barth, 2011).

#(Fig. 1) | Location Age (y) Depth of Breakwater Influence
Tidal fresh/oligohaline (0-5)
1 Elk Neck 3 8
2 Mason Neckl 7 4
3 Mason Neck?2 8 16
4 Hart-Miller Island 10 9
5 Sue Creek 15
6 Red Eyed Yacht Club 15 16
Mesohaline (5-18)
7 Taylors Island 1
8 Tangier Island 1
9 Mayo North 9 8
10 Mayo South 11 6
11 Bishops Head 11 22
12 Hoopers Island 14 23
13 Eastern Neck 15 108*
14 Highland Beach 18 32
15 Gratitude 19 10
16 Brannock Bay 19 30
Polyhaline (18-25)
17 Cape Charles Bay Creek 3 2.5
18 Cape Charles Public Beach 7 10
19 Mobjack Bay 7 32
20 Mobjack Bay5 8 10
21 Mobjack Bay7 8 16
22 Yorktown 16 30
23 Mobjack Bay3 17 32
24 Schley 18 29
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Two vibracores (7-cm diameter, ~3-m length) were collected at each study site —
one in the protected area landward of the breakwater (referred to as “breakwater-
protected” throughout the paper) and one at the same water depth in the adjacent wave-
exposed area (referred to as “adjacent-exposed”). A companion push core (5-cm
diameter, ~20-cm long) was taken at the site of each vibracore to capture relatively
undisturbed surface sediment. The vibracores were returned to the laboratory and frozen
(-13°C) in a vertical position until further analysis. Push cores were sectioned into 1-cm
increments immediately upon returning to the lab. Prior to analysis, frozen vibracores
were thawed, cut in half lengthwise, and sectioned into 1- (upper 20 cm) and 2-cm (rest
of the core) increments. Sediments were then analyzed for grain size, organic matter, and

the presence of naturally occurring radioisotopes ('Be, 2*Th, 2%h, *3Cs).

Laboratory methods

Sediment grain size was analyzed by wet-sieving samples through a 64-pm mesh
to separate the sand and mud fractions. The mud fraction (<64 pum) was placed in a
0.05% sodium metaphosphate solution, placed in an ultrasonic bath, and then analyzed by
a SediGraph 5120. Particles >64 pum (i.e., sand and gravel) were placed in a pre-weighed
pan, dried for 24 h and then dry-sieved from 1-4 phi (500-64 pum) in ¥2-phi increments
(phi = -log; (particle diameter in mm)). The mud and sand data were then joined to
obtain the complete grain-size distribution for each sample, and the median diameter was
calculated using MatLab. Samples for organic-content analysis were initially dried at 60°
C until a constant weight was reached. Dried sediment was then combusted in a muffle

furnace at 450° C for 4 h to determine the organic content (Erftemeijer and Koch, 2001).
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Long-term (~100 y) sediment accumulation rates were determined by analyzing
vibracore sediment for 2°Pb (half-life 22.3 y). #°Pb is a decay product of ?*®U: sources
of 2P to nearshore sediments include precipitation, runoff, and decay of its effective
parent *°Ra (Bruland et al., 1974). *°Pb has previously been used in the Chesapeake
Bay and its tributaries, and observed sediment accumulation rates typically range 0.2-1.0
cm/y (Brush et al., 1982; Yarbro et al. 1983; Marcus and Kearney, 1991; Arnold et al.,
2000). #°Pb activities were determined following the methods of Palinkas and Nittrouer
(2006). Approximately 3 g of sediment were dried and spiked with a known amount of
2%pg_The samples were then digested in 15.8N HNO3 and 6N HCI. *®Po and *°Po were
electroplated onto silver planchets and then counted using alpha spectroscopy with a
Canberra Alpha Analyst. Because °Pb preferentially absorbs to fine particles
(Goodbred and Kuehl, 1998), activities in profiles at sites with significant grain-size
variations and/or strong fining-upwards trends (which would produce an apparent
increase in activity with depth) were normalized to the corresponding mud content.
Accumulation rates were calculated as in Jaeger et al. (1998), assuming steady-state
sedimentation and constant initial activity of ?°Ph. ?°Pb-derived sediment accumulation
rates were verified with **'Cs (half-life 30.7 y) via gamma spectroscopy of the 661.6 keV
photopeak. Dried, ground sediment samples were placed in sealed, 60-mL containers,
taking care to ensure consistent geometry. Each sample was then counted for 24 h using
a Canberra germanium detector calibrated following Larsen and Cutshall (1981);
activities were decay-corrected to the time of collection and normalized for salt content.
37Cs first appeared in 1954 with the onset of atmospheric weapons testing, and activities

peak in 1963 coincident with maximum fallout (Palinkas and Nittrouer, 2006).
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The ?°Pb-derived rates represent pre-construction conditions in the breakwater-
protected area, as they yield a ~100-y average accumulation rate. Short-term, post-
construction, deposition rates at the breakwater-protected sites were intended to be
calculated via the naturally occurring radionuclides 'Be (half-life 53.3 d) and ?*Th (half-
life 24.1 d; Sommerfield and Nittrouer, 1999; Sommerfield et al., 1999; Palinkas et al.,
2005). "Be is formed from cosmic ray spallation of nitrogen and oxygen in the
atmosphere and is deposited by precipitation and dry deposition onto terrestrial sediments
(Olsen et al., 1986); its presence in the nearshore requires that sediments had been on
land within the last ~250 d (4-5 half-lives). "Be has been used in Chesapeake Bay to
examine short-term sediment dynamics (Dibb and Rice, 1989a; Dibb and Rice, 1989b),
but its use is limited in sandy nearshore environments, because it attaches preferentially
to fine-grained particles. ***Th is produced continuously in seawater by the decay of **U
and attaches to particles as they settle through the water column (Aller and Cochran,
1976). "Be and %*Th activities were determined via gamma spectroscopy of the 477.7
and 63.3 keV photopeaks, following the methods described for **’Cs. Unfortunately,
measured activities were near or below the detection limit for many samples, limiting
their utility. Thus, for consistency, post-construction deposition rates were calculated by
interpreting the depth of breakwater influence from changes in sediment character,
observed in grain-size and organic-content profiles, and dividing by the corresponding

breakwater age.
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Data analysis

SAS 9.2 was used for statistical analysis of data (Table 2.2). Data were tested for
a normal distribution; if it was not normal, then a log transformation was performed.
Levene’s test was utilized to determine equality of variances (Sokal and Rolhf, 1995).
The majority of the data fit the assumptions of normality and homogeneity. A paired t-
test was conducted for grain size, organic matter, and accumulation rates between
adjacent-exposed and breakwater-protected sites, as well as pre- and post-construction
rates at the breakwater-protected sites (Sokal and Rolhf, 1995). A one-way ANOVA was
completed for each location to determine differences between the adjacent-exposed and
breakwater-protected site for grain size and organic matter (see Appendix). Linear
regressions were completed for breakwater age versus depth of influence, grain size, and
organic content. Linear regressions were also completed for fetch versus grain size and
organic content for both adjacent-exposed and breakwater-protected sites, as well as fetch

versus depth of influence at breakwater-protected sites (Sokal and Rolhf, 1995).

Table 2.2. Statistical results for sediment characteristics. P-value < 0.05 is significantly different.

R? value shows how closely the data conforms to a linear relationship.

Degrees of
Site Factors Freedom t-value p-value r’-value

Paired T-test

Adjacent-exposed

versus Grain Size 23 -1.21 0.24
Breakwater-protected
Adjacent-exposed Organic
versus Content 23 -1.25 0.22
Breakwater-protected
Adjacent-exposed Accumulation
versus Rates 20 0.79 0.44

Breakwater-protected
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Pre-/Post-

Breakwater-protected construction 21 -1.1 0.28
Sedimentation
Rates
Linear Regression
Depth of
Breakwater-protected Breakwater 1 4.76 <.0001 0.45
Influence
versus Age of
Breakwater
Depth of
Breakwater-protected Breakwater 1 0.78 0.48 0.09
Tidal Fresh/ Influence
Oligohaline versus Age of
Breakwater
Depth of
Breakwater-protected Breakwater 1 3.94 0.004 0.73
Mesohaline Influence
versus Age of
Breakwater
Depth of
Breakwater-protected Breakwater 1 2.85 0.03 0.59
Polyhaline Influence
versus Age of
Breakwater
Grain Size
Breakwater-protected | versus Age of 1 -2.57 0.02 0.23
Breakwater
Organic
Breakwater-protected | Content versus 1 -1.12 0.27 0.07
Age of
Breakwater
Fetch versus 1 1.09 0.29 0.05
Breakwater-protected Grain Size
Breakwater-protected Fetch versus 1 2.06 0.04 0.41
Tidal Fresh/ Grain Size
Oligohaline
Breakwater-protected Fetch versus 1 1.00 0.35 0.09
Mesohaline Grain Size
Breakwater-protected Fetch versus 1 -1.32 0.24 0.21
Polyhaline Grain Size
Fetch versus
Breakwater-protected Organic 1 0.77 0.45 0.03
Content
Fetch versus
Breakwater-protected Depth of 1 -1.34 0.19 0.08
Influence
Adjacent-exposed Fetch versus 1 0.90 0.38 0.04
Grain Size
Adjacent-exposed Fetch versus
Organic 1 -0.30 0.77 0.004
Content
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RESULTS

Observations at adjacent-exposed sites

Surficial (0-10 cm) sediments at the adjacent-exposed sites tend to be sandy and
low in organic content (Table 2.3). The median diameters of surficial sediment at
adjacent-exposed sites ranged from medium sand (1.1 phi, 466.6 pm) to fine silt (6.9 phi,
8.4 um) and have an average size of 3.0 phi (125.0 um). Organic content ranged from
0.5 to 20.1%, averaging 2.6%. The maximum value occurred at Sue Creek, in the tidal
fresh/oligohaline region of Chesapeake Bay, (20.1%) and is more than twice that of the
next highest value (7.9 % at Mason Neck 1, in the oligohaline region of the Potomac

River). Sedimentation rates ranged from 0.3 to 2.3 cm/y.

Table 2.3. Sediment characteristics at the adjacent-exposed (ADJ) and breakwater-protected
(BW) sites for each location. Average median diameter (grain size) and organic content
(meanzSE) refers to averages for surficial (0-10 cm) sediment. Grain-size trend for adjacent-
exposed sites refers to that observed in vibracore profiles (see Fig. 3). Grain-size trend for the
breakwater-protected sites refers to that observed in vibracore grain-size profiles below the depth
of breakwater influence, which reflects historical (i.e., pre-construction) conditions. For many
sites, only minimum accumulation rates can be calculated due to uniform-activity *°Pb profiles
or downward increases in activity. At the Red Eyed Yacht Club, the vibracore at the adjacent-
exposed site was not analyzed for “°Pb and so an accumulation rate was not calculated; the
vibracore at the breakwater-protected site was not able to penetrate landscaping fabric emplaced

during construction, so the pre-construction rate could not be determined.
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Sediment
Location Average median | Grain-size Average accumulation rate,
diameter, trend organic cmly, BW — pre-
phi (um) (upward) content, % /post- construction
Tidal fresh
Elk Neck- ADJ 2.620.02 (164.9) Fining 0.60.1 1.2
BW 2.8+0.1 (143.6) Fining 1.4+0.2 1.1/2.7
Mason Neck1-ADJ 3.0£0.5 (125.0) | Nochange 7.9+4.2 0.5
BW 4.0+0.4 (62.5) No change 3.4+05 0.6/0.6
Mason Neck2-ADJ 1.7+0.1 (307.8) | Nochange 0.8+0.1 >1.5
BW 2.9+0.1 (134.0) Fining 1.7+0.4 1.9/2.0
Hart-Miller Island-ADJ | 1.6+0.03 (329.9) | Nochange 0.60.1 >1.6
BW 2.3:0.03 (203.1) | Nochange | 0 4+0.02 3.1/0.9
Sue Creek-ADJ 2.3+0.4 (203.1) Fining 20.1+3.6 >15
BW 1.5+0.1(353.6) | NoChange 0.6+0.2 0.5/0.5
Red Eyed Yacht Club- No change
AD)J 2.7+0.1 (153.9) 1.740.3 NA
BW 1.7+0.1 (307.8) nfa 0.9+0.2 NA/L.1
Mesohaline
Taylors Island-ADJ 6.9+0.2 (8.4) No change 3.940.1 2.0
BW 55+1.1 (22.1) | Nochange 1.9+0.2 1.4/1.0
Tangier Island-ADJ 4.5+1.0 (44.2) Fining 7.2+1.9 1.4
BW 3.3+0.2 (101.5) | Nochange 3.9+15 2.1/05
Mayo North-ADJ 2.040.1 (250.0) | Coarsening | 0.7+0.04 0.4
BW 2.8+0.04 (143.6) | Coarsening | 1 1+0.04 0.7/0.7
Mayo South-ADJ 2.0£0.1 (250.0) | Nochange 0.8+0.1 0.9
BW 3.0+0.04 (125.0) | No change 1.1+0.1 >0.5/>0.5
Bishops Head-ADJ 6.8+0.7 (9.0) Fining 3.3+0.2 0.3
BW 4.5+0.3 (44.2) Fining 4.140.3 1.1/2.0
Hoopers Island-ADJ 4.7+0.3 (38.5) Fining 2.620.5 0.4
BW 3.0+0.03 (125.0) Fining 2.1+0.8 0.6/1.1
Eastern Neck-ADJ 6.4+0.6 (11.8) Fining 2.2+0.4 2.3
BW 2.5+0.03 (176.8) Fining 0.4+01 2.6/4.9
Highland Beach-ADJ 1.1+0.1 (466.5) | Nochange | (6+0.04 1.2
BW 2.4+0.03 (189.5) | Nochange | 16+0.03 1.7/2.1
Gratitude-ADJ 2.2+0.2 (217.6) | Nochange 1.00.1 1.1
BW 1.7+0.2 (307.8) | Coarsening 1.940.7 1.1/1.8
Brannock Bay-AD)J 2.7+0.2 (153.9) | Nochange 1.3+0.1 0.9
BW 2.6£0.1 (164.9) | Nochange 1.120.1 1.0/1.6
Polyhaline
Cape Charles Bay Creek-
ADJ 2.1+0.04 (233.3) Fining 1.3+0.3 Erosion
BW 1.9+0.04 (267.9) | Nochange | 0 6+0.08 Erosion/0.8
Cape Charles Public No change
Beach-ADJ 2.3+0.04 (203.1) 0.6+0.01 Erosion
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BW 2.140.1 (233.3) | Nochange 0.7+0.2 1.4/1.4
Mobjack Bay-ADJ 2.4+0.1 (189.5) | Nochange 0.620.1 >0.6
BW 2.9+0.1 (134.0) | Nochange 1.6+0.2 >0.6/4.4
Mobjack Bay5-ADJ 2.4+0.01 (189.5) | Nochange 0.5+0.3 >1.8
BW 2.5+0.02 (176.8) | Nochange | 121004 >1.5/1.2
Mobjack Bay7-ADJ 2.740.04 (153.9) | Nochange 0.9+0.1 >0.8
BW 2.1#0.1 (233.3) | Nochange 1.2+0.2 >0.8/2.0
Yorktown-ADJ 2.4+0.1 (189.5) | Nochange 0.7+0.1 >1.9
BW 2.8+0.1 (143.6) Fining 1.00.1 1.8/1.8
Mobjack Bay3-ADJ 2.1+0.02 (233.3) | Nochange 0.7+0.1 >2.0
BW 2.040.1 (250.0) | Nochange 1.8+0.5 1.9/1.9
Schley-ADJ 2.5+0.03 (176.8) | Nochange 1.3+0.3 >1.9
BW 2.1+0.03 (233.3) | Nochange | 0.7+0.04 >1.6/>1.6

Regional trends in sedimentation can be discerned by averaging the observed
average median diameters and organic-content values, as well as the accumulation rates,

by salinity region (Figure 2.2).

14.0 —
O Median Diameter (phi)

12.0 L L O Organic Content (%)

6.0 - 53 (2.3) B Accumulation Rate (cm/y)

24
4.0 A
T l = 0.8
2.0 A 1 =
Tidal Fresh/Oligohaline Mesohaline Polyhaline
n=6 n=10 n=8

Figure2. 2. Average median diameter (grain size), organic content, and accumulation rates at the
adjacent-exposed sites, averaged by salinity region. Error bars represent the standard deviation.
The organic content in the tidal fresh/oligohaline region is skewed by observations at Sue Creek,
which has an organic content more than twice that observed at any other location. When this

value is removed, the average organic content decreases to 2.3%, noted in the parentheses.
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The finest sediment is found in the mesohaline (salinity 5-18) region, which is somewhat
unexpected. The tidal fresh/oligohaline (salinity 0-5) regions are generally located above
the estuarine turbidity maximum (ETM) and thus should be more influenced by muddy
fluvial sediment (Hobbs et al., 1992). However, it is likely that waves and currents
remove or prevent deposition of finer grains in the nearshore, leaving coarse sand
deposits behind (Kerhin et al., 1988). Finer particles may not settle out until they reach
deeper water and/or flocculate in the ETM (Sanford et al., 2001). In the mesohaline
region, many sites are adjacent to eroding marshes (e.g., Hoopers Island) rather than the
more typical sandy shoreline (Hobbs et al., 1992) explaining the presence of finer, more
organic sediment in this region. The polyhaline (salinity 18-25) region has the least
organic sediment, because sediment supply in this region is dominated by input of ocean
sediment (Hobbs et al., 1992) and extensive sand deposits are found along the shorelines.
While the character of sediment may vary among the three regions, average accumulation
rates are similar — 1.3 cm/y, 1.1 cm/y, and 1.5 cm/y for the tidal fresh/oligohaline,
mesohaline, and polyhaline regions, respectively.

Down-core profiles of grain size (median diameter) and organic content typically
sort into 3 categories: coarsening upward with a decrease in organic content, fining
upward with an increase in organic content, and relatively uniform grain size and organic
content (Table 2.3). The first (coarsening upward) is exemplified by Mayo North (Figure
2.3a), where grain size coarsens from 8.7 phi (2.4 um) at the base of the core to 2.1 phi
(233.3 pum) at the top, and organic content decreases from 5.5% to 0.7%. The %°Pb
profile indicates steady-state sedimentation and an accumulation rate of 0.4 cm/y. Note

that, for these types of cores, the #*°Pb activities measured at each depth horizon have
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been normalized to the corresponding mud content (see Methods). The coarse-grained
material at the top of the core is likely supplied by the adjacent sandy shoreline, while the
more organic, finer sediment at the base is likely reflective of relict marsh material.
Cores with a fining upward trend are exemplified by Hoopers Island (Figure 2.3b), where
grain size fines from 3.5 phi (88.4 um) at the base of the core to 8.3 phi (3.2 um) at the
top, and organic content increases from 1.2% to 3.6%. The “*°Pb profile indicates steady-
state sedimentation, under a 15-cm-thick uniform-activity layer, and the accumulation
rate is 0.3 cm/y. Note that while there is a strong grain-size trend in this core, the median
diameter lies within the mud fraction for most of the core — except for the base, which is
below the penetration depth of excess *!°Pb. Thus, the decrease in “°Pb activity is likely
not due to grain-size changes but rather due to radioactive decay, and activities have not
been normalized. These types of cores tend to occur adjacent to eroding marshes, which
supply finer and more organic sediment to the nearshore. The third type of profiles are
those without obvious down-core changes in either the median diameter or organic
content, as shown for Mobjack Bay 5 (Figure 2.3c), suggesting that the source of
sediment has not changed significantly over the last ~100 y. Notably, all cores collected
in Mobjack Bay, as well as the core at Yorktown, show an increase in ?°Pb activity with
depth. As grain size and organic content vary little, it is likely that the initial activity of
219 has changed, violating the assumptions of the accumulation-rate calculations. Thus,
only a minimum accumulation rate can be calculated for these cores, by noting the
presence of excess 2'°Pb at the base of the core and assuming a detection limit of ~100 y
(4-5 half-lives). While most adjacent-exposed sites are net depositional, and thus have

depth-integrated excess 2°Pb inventories above the atmospheric inventory (~25
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dpm/cm?; Kim et al., 2000), the sites near Cape Charles (Bay Creek and Public Beach)
have inventories below this value, even when measured activities are normalized to the
mud content, indicating erosion. Normalizing the activities (and adjusting the
corresponding supported level of 22°Pb) before calculating the inventory removes the
potential effect of dilution by coarse particles that may not scavenge “*°Pb as effectively.
Inventories at all other sites are above the atmospheric inventory, supporting the
interpretation of net sediment accumulation.

Mayo North is the only site where coarsening upward throughout the core is
observed. More typical trends are fining upward (7 sites) and no change (16 sites; see
Table 2.3). In the tidal fresh/oligohaline, fining upward is observed at ElIk Neck and Sue
Creek. In the mesohaline, fining upward is observed at 4 sites (Tangier Island, Bishops
Head, Hoopers Island, and Easter Neck) adjacent to eroding marsh shorelines. In the
polyhaline, Cape Charles Bay Creek is the only site with a fining upward trend. No
change is observed at the other sites, indicating that the source of sediments has remained

relatively constant over time.
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Figure 2.3. Vibracore profiles of grain size (median diameter), organic content, and *°Pb activity
at the adjacent-exposed sites at Mayo North (A), Hoopers Island (B), and Mobjack Bay5 (C).
Note that scales differ among plots; in particular, the x-axis of the median-diameter plot for

Mobjack Bay5 is at a much finer scale than the others due to the uniformity of measurements.
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Observations in the breakwater-protected areas

Determining the depth of breakwater influence

Discerning trends in the breakwater-protected areas is more complicated, because
historical trends must be separated from those potentially induced by breakwater
installation. In order to do this, the depth of breakwater influence (Table 2.1) is
interpreted for each site from its grain-size, organic-content, and °Pb-activity profiles.
The procedure for determining this depth at representative sites follows. Further details,
as well as the associated down-core profiles, for every site are available in the Appendix.
For older (>15 y) breakwaters, post-construction sedimentation rates usually can be
determined via #°Pb, if the down-core activity profile shows a change in slope, indicating
a change in the sedimentation rate. For example, at Highland Beach (18-y old), a change
in slope occurs at ~32 cm (Figure 2.4a) and is interpreted to be caused by breakwater
installation. The sedimentation rate calculated for the lower portion of the profile is 2.1
cml/y, corresponding to pre-construction sedimentation. The rate for the upper portion is
1.7 cmly, corresponding to post-construction sedimentation. This latter rate, multiplied
by the breakwater age, yields a depth a 31 cm, supporting the conclusion that the change
in slope is related to breakwater installation. There is little obvious change in either the
grain size or organic content of post-construction material at this site (i.e., sediment
above 32 cm), suggesting that the sediment source (most likely the sandy shoreline) is
unchanged. The decrease in sedimentation rate may be due to reduced shoreline erosion,

decreasing sediment supply.
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219pp s not as useful for calculating post-construction rates for younger
breakwaters, due to its relatively long half-life. In these cases, the post-construction
sedimentation rate must be inferred by interpreting the depth of breakwater influence, by
assuming that changes in sediment character observed near the top of cores are associated
with construction. This depth can then be divided by the breakwater age. There may be
some biases due to event layers (e.g. hurricanes) and/or time-scale issues, as short-term
sedimentation rates can be much larger than longer-term rates due to inclusion of
episodic periods of erosion and/or no deposition (McKee et al., 1983). As an example,
profiles of grain size (median diameter), organic content, and water content for the
breakwater-protected area at Bishops Head are shown in Figure 2.4b. The grain-size
profile displays upward fining that abruptly transitions to coarser sediment between 12
and 23 cm in the vibracore profile, likely reflecting the breakwater influence. While this
change does not correspond to an obvious change in the organic-content profile, it is co-
located with an abrupt increase in water content. The push-core water-content profile can
then be used to obtain a higher-resolution estimate — 22 cm. Dividing this thickness by
the breakwater age (11 y) yields the post-construction sedimentation rate of 2.0 cm/y.
Note that samples were collected in August 2008; some of this fine, high water-content
material may be eroded during winter storms, so the net post-construction layer may be
thinner. The post-construction rate can then be compared to the pre-construction rate
calculated from the #°Pb profile (1.1 cm/y) to see that, at Bishops Head, the effect of
breakwater construction appears to be an increase in sedimentation rate, grain size, and

water content of sediments. Note that post-construction changes are not necessarily only
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due to natural processes — at Bishops Head, sandy sediment may have been placed to
create a pocket beach during construction (see Appendix).

At some locations, the grain-size and organic-content profiles appear nearly
uniform or follow historic trends, and the potential impact of the breakwater is unclear.
In the case of Schley (Figure 2.4c), there is a slight upward fining that is unlikely to be
influenced by breakwater construction as it begins deep in the core. The °Pb profile has
a low-activity layer 25-100-cm deep, in between layers with higher activity. The low-
activity layer likely represents an event layer, with lower initial >!°Pb activity than the
surrounding sediment. It is possible that the low-activity layer is associated with the
breakwater installation, and is overlain by post-construction sediment. If this were the
case, the post-construction rate would be ~1.4 cm/y, similar to the minimum
accumulation rate of 1.6 cm/y calculated from the presence of excess **°Pb at the base of
the core. Since both the pre- and post-construction sedimentation rates are difficult to
calculate with certainty, for consistency, the minimum rate is used for the pre-
construction rate and assumed to be unaltered by breakwater construction. The

corresponding depth of breakwater influence would be 29 cm.
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Excess 2'°Pb
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Figure 2.4. Vibracore profiles of grain size (median diameter), organic content, and *°Pb activity
at the breakwater-protected sites at Highland Beach (A), Bishops Head (B), and Schley (C). Note
that scales differ among plots for visual clarity. The dashed line indicates the interpreted depth of
breakwater appearance, which is noted above the line. Note that due to scaling issues (e.g., size
of symbols), the line may not appear to correspond with the given depth. The line is intended to

show which data points are considered to represent pre- and post-construction conditions.
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In summary, pre-construction rates range 0.5-3.1 cm/y; post-construction rates
can decrease (e.g., Highland Beach), increase (e.g., Bishops Head), or remain unchanged
(e.g., Schley), depending on the local physical setting (Table 2.3). As at the adjacent-
exposed site, the breakwater-protected site at Cape Charles Bay Creek has a depth-
integrated excess **°Pb inventory below the atmospheric value, indicating net erosion.
All other excess inventories at the breakwater-protected sites were above the

atmospherically supported inventory.

Spatial and historical trends in sediment character

Once the depth of breakwater influence has been established for each site,
historical (down-core) and spatial (surficial sediment) trends can be examined at the
breakwater-protected sites and compared to those observed at the adjacent-exposed sites.
Historical grain-size trends (Table 2.3) are defined as those occurring below the depth of
breakwater influence (i.e., pre-construction sediment), so that observed trends are not
confused with those potentially induced by breakwater construction. Historical trends
can be grouped in the same manner as for the adjacent-exposed sites — coarsening
upward, fining upward, or no change. Overall, the regional trends are similar, with fining
upward trends at 2 sites (Elk Neck, Mason Neck?) in the tidal fresh/oligohaline, 3 sites in
the mesohaline (Bishops Head, Hoopers Island, Eastern Neck), and 1 site in the
polyhaline (Yorktown). Although most adjacent-exposed and breakwater-protected sites
at individual locations have similar sediment character and historical trends (e.g., Elk
Neck; Figure 2.5a), some may differ. For example, Mason Neck 1 (Figure 2.5b), where

the down-core trend of no obvious change is similar, but the adjacent-exposed site has
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highly organic and fine sediments in comparison to the coarse, low-organic sediment in

the breakwater-protected area (see Appendix). Both the sediment character and historical

trends differ at Mason Neck 2 (Figure 2.5c¢), where the adjacent-exposed site has sandy

sediment that is relatively uniform throughout the core in comparison to the breakwater-

protected site, which has muddy sediment that fines upward. These differences indicate

that observations at the breakwater-protected sites are not necessarily directly comparable

to those at the adjacent-exposed sites. Observations at Mason Neck 1 and 2 also

highlight the small-scale spatial variability present among study locations. These sites

are ~1 km apart and exposed to similar fetch (2.2-2.4 km; see Appendix), but they differ

in shoreline sediment source, accounting for the observed differences.
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Figure 2.5. Comparison of grain-size profiles observed at the breakwater-protected (closed

triangles) versus adjacent-exposed (open circle) sites at (A) Elk Neck, (B) Mason Neck 1, and (C)

Mason Neck 2. The dashed line indicates the depth of breakwater influence, which is noted near

the line — the historical grain-size trend at the breakwater-protected site is interpreted below this

line.
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As for the adjacent-exposed sites, surficial-sediment (0-10 cm) characteristics can
be examined to determine regional trends (Table 2.3). At most locations, this represents
post-construction conditions, except where the depth of breakwater influence is <10 cm.
The average median diameters of these sediments ranged from medium sand (1.5 phi,
353.6 um) to medium silt (5.5 phi, 22.1 um), averaging 2.7 phi (155.7 pm), and the
organic content ranged from 0.4 to 4.1%, averaging 1.5%. Overall regional trends are
similar to those observed for the adjacent-exposed sites: sediment in the breakwater-
protected areas is coarser and less organic in the tidal fresh/oligohaline and polyhaline

regions, and finer and more organic in the mesohaline region (Figure 2.6).
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Figure 2.6. Median diameter, organic content, and accumulation rates at the breakwater-protected
sites, averaged by salinity region. Error bars represent the standard deviation. As in Figure 2.2,
the large standard deviation of observations reflects the site-specific nature of sediment character

that is averaged to discern broad regional trends.
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Regionally averaged grain size, organic content, or accumulation rates for the adjacent-
exposed and breakwater-protected sites are not significant (p=0.24, 0.21, and 0.44,
respectively; see Table 2.2) due to the large range of observations. However, in
comparison to observations at the adjacent-exposed sites, sediment in the mesohaline
region tends to be coarser and less organic in the breakwater-protected areas, on average,
probably because breakwaters tend to be constructed adjacent to sandy shorelines for
beach protection and/or because sand layers are applied during construction. Regionally
averaged post-construction sedimentation rates are either the same as (tidal
fresh/oligohaline) or higher than (mesohaline, polyhaline) those observed at the adjacent-
exposed sites. Regionally averaged pre-construction sedimentation rates are lower than
the post-construction rates. While the differences are not statistically significant
(p=0.28), they do suggest that one impact of breakwaters, on a broad spatial scale, is to

increase the sedimentation rate in the breakwater-protected area.

DISCUSSION

Breakwater impacts on sedimentation

While the specific sedimentary response to breakwater installation is unique at
each site, sampling locations can be categorized according to observed changes in grain
size and sedimentation rate. To reduce the number of possible combinations, organic
content is not included in this categorization, as organic content is generally directly
proportional to grain size — i.e., finer sediments tend to be more organic (p < .0001, r* =
0.54 for surficial-sediment observations; see Table 2.3). There are three categories of

grain-size changes attributed to breakwater installation — increase in size (coarsening),
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decrease in size (fining), or no change. Similarly, there are three categories of
sedimentation-rate changes — increase, decrease, or no change. Thus, there are nine
possible combinations (Table 2.4). Note that these categories are defined based on
changes observed in push- and/or vibracore profiles at the breakwater-protected site,
since observations at the adjacent-exposed and breakwater-protected sites are not

necessarily directly comparable, as previously noted.

Table 2.4. Trends in sediment grain size, organic content, and sedimentation rate following
breakwater construction at each location, based on changes observed in the push- and/or
vibracore at the breakwater-protected site. Locations are categorized into 9 types by grain-size

= increase, 2 = decrease, 3 = no change) and sedimentation-rate (a = increase, b = decrease, ¢ =

(1

no change) changes. Note that a vibracore was not collected at the Red Eye Yacht Club, so pre-

construction sediments were not sampled and thus changes could not be discerned.

Organic Sedimentation
Site Grain size content rate Type

Tidal fresh

Elk Neck decrease Increase increase 2a
Mason Neckl increase no change | no change 1c
Mason Neck?2 increase no change | no change 1c
Hart-Miller Island decrease no change | increase 2a
Sue Creek no change | nochange | nochange 3c
Red Eyed Yacht Club NA NA NA NA
Mesohaline

Taylors Island decrease no change | decrease 2b
Tangier Island no change | Increase decrease 3b
Mayo North no change | nochange | decrease 3b
Mayo South no change | nochange | nochange 3c
Bishops Head increase no change | increase la
Hoopers Island increase Decrease increase la
Eastern Neck increase Decrease increase la
Highland Beach no change | no change | decrease 3b

34




Gratitude no change | nochange | decrease 3b
Brannock Bay no change | nochange | increase 3a
Polyhaline

Cape Charles Bay Creek increase no change | increase la
Cape Charles Public Beach | increase no change | no change 1c
Mobjack Bay decrease decrease increase 2a
Mobjack Bay5 no change | Increase decrease 3b
Mobjack Bay7 increase no change | increase la
Yorktown decrease no change | no change 2cC
Mobjack Bay3 increase no change | no change 1c
Schley no change | nochange | nochange 3c

There is an increase in grain size (coarsening) at 8 of the 24 sampling locations.
At 3 of these 8 sites, there is no change in the sedimentation rate; however, the
sedimentation rate increases at the other 5. Type 1a cores (increase in grain size, increase
in sedimentation rate) are exemplified by Eastern Neck (Appendix; Palinkas et al., 2010),
and type 1c cores (increase in grain size, no change in the sedimentation rate) are
exemplified by Mason Neck 2 (Figure 2.7a). Interestingly, there are no type 1b cores
(increase in grain size, decrease in sedimentation rate). This suggests that post-
construction sedimentation at the locations is influenced by trapping of sandy sediment,
from shoreline and/or longshore-transport sources, and/or construction technique. Many
of these sites (e.g., Hoopers Island, Eastern Neck) likely had a sand layer applied at the
time of installation (see Appendix), which would cause an apparent increase in
sedimentation rates. Type 2 cores have a decrease in grain size associated with
breakwater construction. There are 5 locations with these characteristics — 3 have an
increase in sedimentation rate (e.g., EIk Neck; Appendix; Palinkas et al., 2010), 1 has a
decrease in sedimentation rate (Taylors Island; Figure 2.7b), and 1 shows no apparent

change in sedimentation rate (Yorktown; see Appendix). However, note that Taylors
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Island is only 1-y old, so the preservation potential of this fine sediment is unclear, as
well potential variability in its thickness. These locations are typically near a source of
fine sediment — e.g., EIk Neck, which is located adjacent to the Susquehanna River
outflow. The observed fining probably reflects the decrease in hydrodynamic energy
typically associated with breakwater construction, which facilitates settling of fine
material that would otherwise remain suspended. The third category of cores (type 3) has
no obvious change in their grain-size profiles. This is the most prevalent category, with
10 locations. Four of these 10 locations also have no obvious change in their
sedimentation rate (e.g., Schley; see Figure 2.4c), another 4 have a decrease in
sedimentation rate (e.g., Highland Beach; see Figure 2.4a), and 2 have an increase (e.g.,
Brannock Bay; Figure 2.7c). The disparity in sedimentation-rate alterations probably
reflects variations in changes to the sediment supply induced by breakwaters — some trap
sediment from shoreline and/or longshore-transport sources (increasing rate), some
reduce shoreline erosion (decreasing rate), some do not alter the sedimentary
environment (no change). They latter may result from unchanged sediment source and/or
sediment transport patterns, particularly behind breakwaters that are submerged at high

tide, that are similar to those that existed before construction.
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Figure 2.7. Profiles of median diameter and *°Pb activity at the breakwater-protected sites at
Mason Neck2 (A), Taylors Island (B), and Brannock Bay (C). Grain-size data at the adjacent-
exposed site (open circles) are included for Brannock Bay; comparison of grain-size profiles at
both sites reveals distinct layering that is offset. Layers are deeper in the breakwater-protected
core due to a thicker surficial layer, reflecting increased sedimentation influenced by breakwater
construction. For all locations, the middle panel shows push-core observations, which are less
affected by disturbance during sampling and are at a higher resolution than vibracore
observations. Also, the dashed line indicates the depth of breakwater influence, which is noted
above the line. For Brannock Bay, the depths by which layers are offset are also noted to

highlight the observed distinct layers.
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It might be tempting to conclude that, because type 3 was the most prevalent,
breakwaters have little effect on the sedimentary environment. However, there are two
important points to consider. The first is that, as discussed above, breakwaters do induce
changes in the sedimentary environment at individual locations. The second is that the
locations included in this study are biased toward those with SAV in the vicinity. Thus,
because SAV require sufficient light (Kemp et al., 2004), areas with high turbidity are
generally excluded from the study. And since high turbidity is typically associated with
fine sediment (e.g., Langland and Cronin, 2003), this means that locations likely to be

categorized as type 2 cores are under-represented.

Factors that affect sediment properties in the breakwater-protected area

Several factors interact to control sediment properties in the breakwater-protected
areas. Two of these can be quantified: breakwater age and fetch, which is an indicator of
wave energy. The strongest correlations are observed with breakwater age. As expected,
the depth of breakwater influence increases with breakwater age (p<0.0001; r* = 0.45;
Figure 2.8a), since sediments have more time to deposit landward of older breakwaters.
This is also true when sites are divided by salinity region (p = 0.004, > =0.73 and p =
0.03, r>=0.59 for the mesohaline and polyhaline regions), except for the tidal
fresh/oligohaline region (p = 0.48, r* = 0.09). A weaker correlation is observed between
breakwater age and surficial-sediment grain size (p = 0.02, r* = 0.23), with coarser
sediment landward of older breakwaters. However, this correlation is driven by
observations at Taylors Island, which is young (1 y) and muddy (average median

diameter 5.5 phi, 22.1 um). When removed from the regression, the r? value decreases to
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0.11. Similarly, breakwater age is not correlated with organic content (p = 0.27, r* =
0.07). Thus, while more sediments have deposited landward of older breakwaters, the
character of this material depends on local sediment supply and is not related to
breakwater age.

Fetch has been measured for both the adjacent-exposed and breakwater-protected
sites and is one way to describe the physical energy of study locations, with a higher
fetch implying higher wave energy. The only parameter that is correlated with fetch for
the breakwater-protected sites is grain size in the tidal fresh/oligohaline (p = 0.04, r* =

0.41; Figure 2.8b) — grain size decreases (fines) as the fetch increases.
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Figure 2.8. Plots of (A) depth of breakwater influence versus breakwater age, and (B) average
median diameter versus fetch for the breakwater-protected sites. The lines represent best-fit
regressions to the data — using all data points in (A) and only those in the tidal fresh
(TF)/oligohaline in (B). R? values and equations are given. In both plots, data points are coded

by salinity region, as noted in the legend.

These locations are generally near a source of fine sediment —the Susquehanna River for
the locations in northern Chesapeake Bay or the Potomac River for Mason Neck 1 and 2.

So, the correlation with fetch suggests that this fine sediment is usually kept in
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suspension by high wave energy but can deposit when the fetch is reduced by breakwater
installation. Also note that the fetch is relatively low (<5 km) at the tidal
fresh/oligohaline sites, in contrast to higher fetch values measured in other regions. So, it
may be that the relationship with grain size is valid for all low-fetch environments, not
just those in the tidal fresh/oligohaline. Indeed, the low-fetch locations in the polyhaline
region appear to have the same relationship as for the tidal fresh/oligohaline. In any case,
fetch is not correlated with grain size in the mesohaline region (p = 0.35, r* = 0.09) and
only weakly so in the polyhaline region (p = 0.24, r> = 0.21). It is also not correlated with
organic content (p = 0.45) nor the depth of breakwater influence (p = 0.19) in any salinity
region. Fetch is also not correlated with sediment properties (median diameter, p = 0.38;
organic content, p = 0.77) at the adjacent-exposed sites, indicating that sedimentation is
not limited by fetch at these locations, whether or not a breakwater is present. Note that
fetch is only one of many processes that affect sediment erosion/deposition. For
example, currents are neglected, as is the erodibility of sediments. This discussion
presumes that finer (and thus more organic) sediments are easier to erode; however, this
is not always the case, especially since several locations are characterized by compacted
peat deposits.

Other factors also affect sediment properties in the breakwater-protected area that
are difficult to quantify, such as construction technique and shoreline type. As has been
discussed previously, there are several sites with thick sand layers (e.g., Eastern Neck,
Hoopers Island) that were likely applied at the time of breakwater installation. The
sediment properties at these locations would be difficult to predict by considering only

natural processes. Also, the type of adjacent shoreline plays a role in supplying sediment
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to the breakwater-protected area. An eroding marsh would supply finer and more organic
sediment than would a sandy shoreline. All of these factors interact to determine the

specific sedimentary response at individual locations.

SUMMARY

Breakwater effects on Chesapeake Bay sedimentation are largely site-specific,
varying with physical setting (e.g., sediment supply) and construction technique (e.g.,
sand-layer application), and overprinted on regional and historical trends. However,
some generalizations can be made. If fine sediment from fluvial input or marsh erosion is
readily available, the breakwater can facilitate fine-sediment deposition. This fine
sediment is generally higher in organic and water content than sandy sediment.
However, in places where erosional sand deposits along the shoreline are the dominant
source of sediment, breakwaters may trap coarse shoreline sediment, causing an increase
in grain size and sedimentation rate. In some locations, this is accentuated by sand-layer
application at the time of installation. Some locations show no obvious changes related
to breakwater construction, and down-core profiles appear relatively uniform or follow
historic trends, indicating that breakwater installation may not always alter the
sedimentary environment. However, changes at individual locations may be significant,
potentially affecting the long-term suitability of sediments for the original local fauna and

flora.
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Chapter 3

SAV habitat requirements: sediment grain size and organic content

INTRODUCTION

Submerged aquatic vegetation (SAV) beds are one of the most important
ecosystems in the Chesapeake Bay, as they serve as habitat for fish, crabs, waterfowl, and
many other organisms (Corona et al., 2000; Lazzari and Stone, 2006; Rybicki and
Landwehr, 2007; Ma et al., 2010). SAV beds can also attenuate waves (Fonseca and
Cahalan, 1992) and reduce current velocity (Fonseca et al., 1981; Gambi et al., 1990;
Peterson et al., 2004), leading to a reduction of sediment resuspension and erosion
(Fonseca and Fisher, 1986; Koch, 1999; Gacia and Duarte, 2001; Widdows et al., 2008).
However, SAV populations have suffered major declines globally (Waycott et al., 2009;
Short et al., 2011), including the Chesapeake Bay (Orth and Moore, 1983; Orth and

Moore, 1984; Orth et al., 2008).

Restoration efforts in Chesapeake Bay are attempting to bring SAV back to
historical levels but have been met with mixed results (Orth et al., 2002; Shafer and
Bergstrom, 2010). Recent improvements in restoration techniques have been made
(Ailstock et al., 2010; Busch et al., 2010; Hengst et al., 2010; Koch et al., 2010; Leschen
etal., 2010; Moore et al., 2010; Pan et al., 2011). Even so, there is still room for

improvement in the site-selection process for large-scale restoration projects.
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Light is the main parameter limiting SAV distribution (Kemp et al., 1984), yet
SAV do not always grow successfully in areas where this habitat requirement has been
met. Parameters other than light may also play a major role in SAV distribution (Koch,
2001). For example, in Florida’s Indian River Lagoon, only 50% of the variation in
seagrass distribution was attributed to light attenuation, with the rest being influenced by
wave action, sediment grain size and toxicity, substrate reflectance, epiphytic growth on
shoots, and competition with algae (Steward et al., 2005). Waves limit the upper
(shallow-water) distribution depth of the seagrass Posidonia oceanica (Infantes, 2009),
and sediment characteristics have been shown to play a major role in the restoration of

Zostera marina in Boston Harbor (Leschen et al., 2010).

Sediment characteristics that may affect SAV growth and distribution include
grain size, organic content, and porewater geochemistry (Short, 1987 and Silva et al.,
2009). In Boston Harbor, the seagrass Z. marina was successfully restored at sites with
<35% silt/clay but failed in areas with >57% silt/clay (Leschen et al., 2010). However,
Krause-Jensen et al. (2011) determined 13% silt/clay to be a threshold value for Z.
marina in Danish coastal waters. Thus, these sediment requirements are likely to be
species- and site-specific. For example, plants growing in quiescent waters may be more
tolerant of fine and organic sediments, as they are not likely to be uprooted (Wicks et al.,
2009). Additionally, sediments may become too coarse and hinder recolonization of the
substrate, as was observed after dredging caused an increase in tidal wave penetration,
and an associated increase in fine-sediment erosion, in Ria de Aveiro, Portugal (Silva et

al, 2009).
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SAV beds tend to reduce currents and waves and therefore accumulate fine
particles (Kleeberg, et al., 2010). As the amount of fine particles in SAV beds increase so
does the sediment organic content, since these two characteristics are closely correlated.
As with sediment grain size, sediment organic content is also considered limiting for
SAV growth and distribution. A threshold of <5% organic content has been suggested for
SAV (Barko and Smart, 1983), but this value is likely to be species- and site-specific and
may differ between field and laboratory observations. Approximately 20% organic
content limited Myriophyllum spicatum L. and Hydrilla verticillata growth in a
greenhouse experiment (Barko and Smart, 1986). In another experiment in mixed
cultures with Vallisneria americana, H. verticillata grew dominantly more in sediments
containing 2.3% organic content than sediments containing 0.3% organic content (Ye et
al., 2009). However, V. americana has been observed growing in sediments ranging from
0.3-44.1% organic content in situ (Kreiling et al., 2007; Makkay et al., 2008; Moore et
al., 2010). This broad range of values suggests that SAV are rather plastic in their
response to sediment characteristics and/or that plants have site-specific responses to
local sediments. Sediment habitat requirements for SAV in the Chesapeake Bay have not
yet been determined, but healthy SAV beds in this region typically are composed of 6-

10% fine (mud) material and have 1.0-5.3% organic content (Batiuk et al., 1992).

The objective of this study was to define the sediment habitat requirements for
SAV commonly found in Chesapeake Bay (Ruppia maritima, Potamogeton perfoliatus,
Vallisneria americana, and Zannichellia palustris). To address this objective, sediment
characteristics (i.e., organic content and grain size) and SAV distribution were compared

at 48 sites in 24 locations in Chesapeake Bay. Additionally, a controlled experiment
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specifically evaluated the effect of sediment organic content on growth of these four

species.

MATERIALS AND METHODS

Study sites

Breakwaters in the Chesapeake Bay tend to modify the sediments in the
breakwater-protected area. In some of these areas the sediments become finer over time
in others they become coarser, and in other places they do not change at all (Chapter 2).
This provides a unique opportunity to study SAV in a broad range of sedimentary
environments in relative close proximity, such that paired study sites have similar light,

salinity, and temperature conditions but have different underlying sediment

characteristics. Therefore, aerial photography available at the Virginia Institute of Marine

Science (Orth et al., 2009; annual reports 1989-present) was used to identify 24 study

locations with breakwaters (Figure 3.1).
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Figure 3.1. Map of study locations

in Chesapeake Bay. Numbers

correspond to location names in

Table 3.1. At this scale, some

locations appear to overlap (e.g.,

Mayo North and South, #9 and 10).

Inset shows expanded view of

locations in Mobjack Bay. The

arrow marks Assateague Island

where low organic sediments were

collected for the mesocosm study

and location #16 is Brannock Bay

Chesapeake Bay
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where highly organic sediments were collected.

Photos were analyzed to determine presence/absence of SAV in the area, as

defined by Bay segments (sub-regions in Chesapeake Bay) on the VIMS interactive map

(http://web.vims.edu/bio/sav/maps.html), in the last 20 years. If SAV was absent during

that timeframe, the location was excluded from the study. Study locations were chosen so
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that breakwaters in 4 age groups (<5y, 6-10y, 11-15y, and 16-20 y) were represented in
each salinity region of the Chesapeake Bay (tidal fresh/oligohaline (0-5), mesohaline (5-
18), and polyhaline (18-25; Table 3.1). Fetch was quantified by measuring the distance to
land along 40 vectors radiating from each site using the measuring tool on GoogleEarth

and then averaging all distances, including zeros (Koch et al., 2006; Table 3.1).

Table 3.1. Names of study sites and breakwater ages at the time of sampling (ADJ=adjacent-
exposed site, BW=breakwater-protected site). Most sediment cores were collected in 2009,
except Elk Neck, Brannock Bay, Hoopers Island, and Bishops Head, which were sampled in
2008. Locations are divided by salinity region as defined by the Chesapeake Bay Program (CBP,
2004) and characterized by the values in parentheses. Within each salinity region, locations are
listed by ascending age. Top 10 cm sediment averages of organic content (%), median diameter
(phi, pm); silt/clay (%), water content (%) and fetch (km) are also given for each site. Values are

represented as mean + SE.

Org 0
0 0 0 Age 0 D 0
Tidal fresh/oligohaline (0-5)
0.6+ 2.6£0.02 12.8+ 4.9+
1 Elk Neck — ADJ 0.1 (164.9) 4.5+0.3 1.2 1.5
1.4+ 2.840.1 22.7+ 4.5+
Elk Neck — BW 3 0.2 (143.6) 17.6£1.1 2.5 1.0
7.9+ 3.0£0.5 33.8+ 2.4+
2 Mason Neckl - ADJ 4.2 (125.0) 16.5+2.5 6.3 0.5
3.4+ 4.0+0.4 34.9+ 2.4+
Mason Neckl BW 7 0.5 (62.5) 42.0£2.1 3.1 0.5
0.8+ 1.7£0.1 16.7+ 2.3+
3 Mason Neck2 - ADJ 0.1 (307.8) 5.5+0.2 0.8 0.6
1.7+ 2.9+0.1 25.6+ 2.2+
Mason Neck? - BW 8 0.4 (134.0) 22.2+0.9 2.3 0.6
0.6+ 1.6+0.03 17.7+ 3.0+
4 Hart-Miller Island - ADJ 0.1 (329.9) 6.4+0.2 0.3 1.0
0.4+ 2.3+0.03 19.8+ 2.2+
Hart-Miller Island - BW 10 0.02 (203.1) 3.9+0.2 0.5 0.5
20.1+ 2.310.4 55.7+ 0.1+
5 Sue Creek - ADJ 3.6 (203.1) 22.8+2.9 4.6 0.01
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0.6 1.5+0.1 18.5+ 0.1+

Sue Creek - BW 15 0.2 (353.6) 7.0£0.5 14 0.1

1.7+ 2.7%0.1 26.6% 0.2+

6 Red Eyed Yacht Club — ADJ 0.3 (153.9) 12.9+1.3 2.3 0.1
0.9+ 1.7+0.1 18.6+ 0.2+

Red Eyed Yacht Club—BW | 15 0.2 (307.8) 9.2+0.9 0.7 0.1

Mesohaline (5-18)

3.9+ 6.9+0.2 32.3 7.4+

7 Taylors Island - ADJ 0.1 (8.4) 62.3+2.3 0.5 1.9
1.9+ 55+1.1 26.0x 11.6x

Taylors Island - BW 1 0.2 (22.1) 95.6+0.3 1.3 4.5

7.2+ 45+1.0 35.3+ 7.8+

8 Tangier Island — ADJ 1.9 (44.2) 55.6+4.8 5.0 2.0
3.9+ 3.3£0.2 27.1+ 12.0+

Tangier Island - BW 2 1.5 (101.5) 34.7£1.4 3.1 3.2

0.7 2.0£0.1 18.9+ 8.4+

9 Mayo North - ADJ 0.04 (250.0) 6.0£0.4 0.7 2.0
1.1+ 2.84£0.04 24.5+ 7.9+

Mayo North - BW 9 0.04 (143.6) 9.9+1.2 0.4 2.0

0.8+ 2.0£0.1 19.3+ 5.9+

10 Mayo South - ADJ 0.1 (250.0) 8.5+0.5 0.6 15
1.1+ 3.0£0.04 28.2+ 6.5+

Mayo South - BW 11 0.1 (125.0) 12.6+0.4 4.3 1.6

3.3+ 6.8+0.7 10.8+ 4.3+

11 Bishops Head - ADJ 0.2 (9.0 83.1£3.6 0.2 1.4
4.1+ 4.5+0.3 25.1% 6.4+

Bishops Head - BW 11 0.3 (44.2) 51.3+0.8 0.5 2.0
2.6 4.7+0.3 17.0+ 16.2+

12 Hoopers Island - ADJ 0.5 (38.5) 60.0+1.4 6.2 4.8
2.1+ 3.0£0.03 8.6+ 16.2+

Hoopers Island - BW 14 0.8 (125.0) 17.4+0.9 3.3 4.8

2.2+ 6.4+0.6 11.0+ 6.6+

13 Eastern Neck - ADJ 0.4 (11.8) 70.4+3.8 2.1 1.5
0.4+ 2.5£0.03 15.1% 7.2+

Eastern Neck - BW 15 0.1 (176.8) 2.9+0.1 2.2 1.5

0.6+ 1.1+0.1 15.1% 57+

14 Highland Beach - ADJ 0.04 (466.5) 4.4+0.2 0.3 1.6
1.6+ 2.4+0.03 23.8+ 7.5+

Highland Beach - BW 18 0.03 (189.5) 8.1+0.1 0.3 2.9

1.0+ 2.240.2 14.8+ 6.7+

15 Gratitude - ADJ 0.1 (217.6) 8.7£0.8 15 1.8
1.9+ 1.7£0.2 15.0¢ 6.7+

Gratitude - BW 19 0.7 (307.8) 5.2+0.2 0.5 1.8

1.3+ 2.5+0.2 20.9+ 5.1+

16 Brannock Bay - ADJ 0.1 (153.9) 4.340.2 0.8 1.6
1.1+ 2.6+0.1 20.5+ 5.3+

Brannock Bay - BW 19 0.1 (164.9) 5.7+0.2 0.7 1.6

Polyhaline (18-25)

Cape Charles 1.3+ 2.1+0.04 20.2+ 8.8+

17 Bay Creek - ADJ 0.3 (233.3) 8.8+£0.9 1.2 2.3
Cape Charles 0.6+ 1.940.04 18.1+ 11.9+

Bay Creek - BW 3 0.08 (267.9) 4.240.1 0.2 2.9
Cape Charles 0.6+ 2.3+0.04 18.7+ 21.0+

18 Public Beach - ADJ 0.01 (203.1) 3.1+0.1 0.3 45

48



Cape Charles 0.7 2.1+0.1 17.5+ 18.2+

Public Beach - BW 7 0.2 (233.3) 6.5+1.2 0.5 3.9

0.6 2.4+0.1 19.3+ 1.6

19 Mobjack Bay - ADJ 0.1 (189.5) 7.8£1.2 0.2 0.6
1.6+ 2.9+0.1 24.3+ 2.1+

Mobjack Bay - BW 7 0.2 (134.0) 14.0+1.4 0.8 0.9

0.5+ 2.4+0.01 19.9+ 0.9+

20 Mobjack Bay5 — ADJ 0.3 (189.5) 3.0+0.1 0.3 0.2
1.2+ 2.5+0.02 22.8+ 0.9+

Mobjack Bay5 - BW 8 0.04 (176.8) 7.5+0.3 0.3 0.2

0.9+ 2.7+0.04 21.5+ 1.1+

21 Mobjack Bay7 - ADJ 0.1 (153.9) 5.7+0.1 0.2 0.2
1.2+ 2.1+0.1 19.4+ 1.0+

Mobjack Bay7 - BW 8 0.2 (233.3) 9.3x0.4 1.0 0.2

0.7+ 2.4+0.1 19.0+ 4.8+

22 Yorktown - ADJ 0.1 (189.5) 6.1+0.2 0.2 1.8
1.0+ 2.840.1 217+ 3.6+

Yorktown - BW 16 0.1 (143.6) 10.1+0.3 0.5 1.6

0.7+ 2.1+0.02 19.3+ 1.4+

23 Mobjack Bay3 - ADJ 0.1 (233.3) 3.9+0.2 0.7 0.4
1.8+ 2.0£0.1 25.7+ 7.7+

Mobjack Bay3 - BW 17 0.5 (250.0) 7.7£0.6 2.2 5.2

1.3+ 2.5+0.03 25.1% 0.7

24 Schley - ADJ 0.3 (176.8) 7.0£0.5 1.6 0.2
0.7+ 2.1+0.03 19.2+ 0.9+

Schley - BW 18 0.04 (233.3) 4.340.1 0.2 0.2

Sediment collection and analysis

Two push cores (~30-cm long, 5-cm diameter) were collected manually at each

study site to capture relatively undisturbed surface sediment. One push core was collected

in the protected area landward of the breakwater and one at the same water depth in the

adjacent wave-exposed area. Push cores were sectioned into 1-cm increments, except the

top 3 cm which were sectioned into 0.5-cm increments, immediately upon returning to

the lab for further analysis. For this study, only data for the top 10 cm were used

(reported as the mean + standard error), to determine sediment characteristics of the SAV

rhizosphere. Sediments were analyzed for grain size and organic content.
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Grain-size distribution was analyzed by wet-sieving samples through a 64-um
mesh to separate the sand and mud fractions. The mud fraction (<64 pum) was placed in a
0.05% sodium metaphosphate solution, placed in an ultrasonic bath, and then analyzed by
a SediGraph 5120. Particles >64 um (i.e., sand and gravel) were placed in a pre-weighed
pan, dried for 24 hours and then dry-sieved from 1-4 phi (500-64 pum) in ¥%-phi
increments (phi = -log, (diameter, mm)). The mud and sand data were joined to obtain the
complete grain-size distribution for each sample, and the median diameter was calculated

using MatLab.

Samples for organic-content analysis were initially dried at 60° C until constant
weight was reached (initial weight). Dried sediment was then combusted in a muffle
furnace at 450° C for 4 hours cooled and weighed (final weight). The percentage of

organic matter was then determined according to Erftemeijer and Koch (2001).

SAV collection and analysis

Maximum SAV biomass in the breakwater-protected and adjacent-exposed area
was determined by collecting 10 push cores (15-cm diameter and >10-cm long, so as not
to damage the rhizosphere) at each study site during the peak of the growing season
(May-July 2009). Cores were placed within the 5 densest patches of SAV in both the
breakwater-protected and the adjacent wave-exposed areas. Each core was then sieved (1-
mm mesh) in the field, and the plant material retained on the sieve was frozen (-17°C)
until processed. Once thawed, epiphytes were removed by scraping the plants using a

paint brush and/or razor blade. All intact (i.e. not broken or grazed) shoots and roots
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(reported as mean = standard error) were measured to the nearest mm with a ruler.
“Shoot” length instead of “leaf” length was chosen as SAV morphology differs between
species in Chesapeake Bay. SAV with strap-like leaves such as R. maritima and V.
americana clearly have shoots (clusters of leaves). In this case, the longest leaf was
measured, as the “shoot length”. Other species such as P. perfoliatus and Z. palustris
have a vertical stem with many (often small) leaves. In this case, the entire stem was
measured for “shoot length”. Above- and below-ground biomass (reported as mean +
standard error) was determined by separating shoots (above-ground) from the
roots/rhizomes (below-ground) and drying the plant material from each core at 60° C

until constant weight was reached.

Mesocosm experiment

In order to determine the tolerance of Ruppia maritima, Potamogeton perfoliatus,
Vallisneria americana, and Zannichellia palustris to differing levels of sediment organic
content, a “common garden” experiment was conducted. These four species were
selected as representative species of different salinity regions (R. maritima—
mesohaline/polyhaline, P. perfoliatus- oligohaline/mesohaline, V. americana- tidal
fresh/oligohaline, and Z. palustris-oligohaline/mesohaline) in the Chesapeake Bay, and
because they are commonly used in restoration (except Z. palustris, as little is known

about this species).

Sediment with a broad range of organic content was obtained by collecting sand

(0.6% organic content) from the dunes at Assateague Island and mud (13% organic
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content) from a marsh creek near Brannock Bay (Figure 3.1). The sand and marsh
sediment were mixed to obtain the 4 different levels of organic content (0.6+0.4%,
5.1+0.8%, 8.5+1.1%, and 13.1+2.5%; Table 3.2) used in the experiment. Mixed sediment
was placed into 35 cm x 30 cm trays to a depth of 10 cm and trays were placed in
mesocosms (192 cm x 100 cm x 61 cm) in a water-cooled greenhouse (7 m x 22 m). Each
mesocosm contained 12 trays, 3 of each organic-content composition, so that total
organic content was equal in all mesocosms. The 3 trays of each organic content were
randomly assigned a position within each mesocosm. Mesocosms were filled with filtered
Choptank River water (salinity 11), except the V. americana tank, which was filled with
well water (salinity 0). The water depth in each tank was 45 cm. Mesocosms were
allowed to “rest” for 3 d in order for suspended sediment to settle and geochemical
profiles in the sediment to restore. Temperature sensors (StowAway Tidbit Temperature
Loggers by Onsett Computers) were placed in each tank at a depth of 32 cm from the

water surface. Average temperature of the water in the tanks was 25.6+2.7°C.

52



Table 3.2. Mesocosm sediment characteristics. A representative median diameter for each
treatment was calculated using the best-fit line from field data (Figure 3.3a) in phi units, then
converted to microns. Representative water content was also calculated using the best-fit line

from field data (Figure 3.3b). Values are reported as mean * SE.

Sediment 0.6% organic- 5% organic- 8.5% organic- 13% organic-
Characteristic content content content content
treatment treatment treatment treatment
Initial organic
content 0.6+0.1 5+0.2 8.5+0.3 13+0.7
Final organic
content 0.5+0.03 5.4+0.8 9.3+0.6 10.1+0.8
Representative
median diameter 2.1+0.1 6.7£0.3 10.2+0.3 14.8+0.7
(phi, pm) (233.3) (9.6) (0.9) (0.04)
Representative
water content 19.0+0.2 27.6£0.5 34.0+0.6 42.7£1.3

Trays were randomly assigned a species of SAV (Figure 3.2). Seeds (obtained
from Dr. Steve Ailstock) were germinated in the lab in freshwater (salinity = 0) at 20°C
and allowed to grow for 20 days. Six seedlings of each species were planted in each tray
at a depth of 0.5-1 cm, using an unsharpened pencil that had been marked in 0.5 cm
increments. For the next 3 d, trays were observed for any seedlings loss due to death or
dislodgement; these seedlings, were replaced with new ones. SAV was allowed to grow
from 5 June to 20 August 2009. Water was partially exchanged every 2 weeks by

draining the tank to 20 cm and then refilling to 45 cm.
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Tank 1

0.6% OC

5% OC

8.5% OC

13% OC

Tank 4

n%
O

Tank 3

Ruppia maritima

Vallisneria americana

Zannichellia palustris

Potamogeton perfoliatus — not used

Figure 3.2. Greenhouse mesocosm experiment layout. Mesocosm 1 contained a freshwater

species (Vallisneria americana) and had salinity 0. Mesocosms 2, 3, and 4 were maintained at a

salinity of 11. Distribution of species and organic treatments were random (except V.

americana), maintaining an equal overall organic concentration within each mesocosm. The

patterns and shading refer to the organic content and SAV species in individual trays.

Light was measured daily at the sediment surface and 1 m above water (i.e., the

air above the tank) using a photometer (LI-COR Model LI1-1400, with spherical quantum

sensor LI1-193) to determine the percentage of light reaching the plants. During the course

of the experiment, algae growing in the mesocosms were removed from the surface of the

water and sides of tanks using a net and hand picked off SAV shoots if needed.
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At the end of the experiment, SAV was harvested by sieving each tray with a 1-
mm mesh sieve, as in the field study. Plant material was placed in bags and processed
immediately. As in the field study, root and shoot length were measured on all intact
roots and shoots, as well as above- and below-ground biomass. A small sediment sample
(~20 g) was also taken from each tray to verify that sediment organic content remained

constant during the experiment.

Data analyses

Data analysis was performed using SAS 9.2. Data was tested for normal
distribution and Levene’s Test was used to determine if variances were equal (Sokal and
Rohlf, 1995). If these assumptions were not met then a log transformation was

completed.

Field data were analyzed using an analysis of Covariance (ANCOVA) testing the
effects of site (adjacent-exposed versus breakwater-protected) and organic content on
SAV shoot- and root-length, as well as total biomass. Linear regressions were also
conducted for SAV species V. americana shoot- and root-length, and total biomass versus
sediment organic content. Linear regressions were also done for organic content versus

grain size, water content, and fetch distance (Table 3.3).

Mesocosm data were analyzed with a 2-way ANOVA with tank and organic
content as fixed effects. When significant differences existed within the ANOVA, a
Tukey test was performed to determine pair-wise differences between organic treatments
Table 3.5.
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RESULTS
Field results

As expected, the 48 sites (adjacent-exposed and breakwater-protected sites at each
of the 24 study locations) within the Chesapeake Bay were variable in grain size (median
diameter), organic content, and water content. Overall, the mean sediment grain size was
fine sand, and the top 10 cm had an average median diameter of 2.9+0.2 phi (143.6 pm;
mean * SE), average organic content of 2.0+0.4% and average water content of
21.8+1.4%. The variability of observations at individual sites is reflected by the large
standard errors of these values. The average median diameter, organic content, and water
content for individual sites ranged from 6.9 to 1.1 phi (8.4-466.5 pm), 0.4 to 20.1%, and
8.6 to 55.7%, respectively (Table 3.1). Median diameter and organic content was
inversely correlated (r?=0.54, p<0.0001; Figure 3.3a) with some variation due to large
pieces of organic debris (organic content >5% was removed from correlation to account
for this) that cause the median diameter to be greater than expected. Organic and water
content were also significantly correlated (r=0.57, p<0.0001; Figure 3.3b). Since
sediment median diameter, organic content, and water content co-vary, and the
mesocosm experiment used organic content as the main variable, only organic content
will be discussed for the in situ SAV results. Relationships between organic content
(OC), sediment median diameter (MD) and water content (WC) can be calculated via the

following equations:
MD =1.020C + 1.46, and (Eq. 1)
WC =1.890C + 17.89, respectively. (Eq. 2)
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Organic Content (%)
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Figure 3.3. Sediment characteristics (grain size, water content) related to sediment organic
content at 24 paired sampling sites in Chesapeake Bay, breakwater-protected and adjacent-
exposed. Sediment organic content co-varies with grain size (A) and water content (B). Gray

circles are not included in best-fit line.

Fetch measured at each site was greatly varied and ranged from 0.1+0.01 to
21.0+£4.5 (km; Table 3.1). High fetch sites were characterized by lower organic content
whereas low fetch sites had higher organic content (Figure 3.4). However, they were not
significantly correlated at either adjacent-exposed (p = 0.77) or breakwater-protected (p =

0.45) sites.
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Figure 3.4. Organic content associated with fetch (km), these factors are not correlated. Organic
content is based on the average of sediment top 10 cm from a push core. Fetch measured using

measuring tool on Google Earth according to Koch et al. (2006).

Ruppia maritima

In situ, R. maritima was observed to grow at both breakwater-protected and
adjacent-exposed sites at 10 of the 24 study locations, except for the adjacent-exposed
site at Hoopers Island, Bishops Head, and Tangier Island. It was present in sediments
varying in organic content from 0.6 to 4.1%, but was absent in sediment with an organic
content of 2.6+0.5% (Hoopers Island adjacent-exposed), 3.3+£0.2% (Bishops Head
adjacent-exposed), and 7.2+£1.9% (Tangier Island adjacent-exposed). Note that these 3
sites are characterized by compacted peat — old marsh sediment exposed as a result of
marsh erosion and retreat. Shoot and root length for this species were not a function of
organic content in situ (Figure 3.5a, b), but above-ground, below-ground, and total
biomass all increased with organic content (Table 3.4, Figure 3.5¢). Average R. maritima

shoot lengths ranged from 3.8+0.1 cm to 22.8+0.7 cm and were longer at the breakwater-
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protected sites than at the adjacent-exposed sites (p = 0.92). Average root lengths ranged

from 4.5+£0.2 cm to 9.1+0.3 cm and were not significantly different between adjacent-

exposed and breakwater-protected sites (p = 0.81).

Above-ground and total biomass (Figure 3.5c) for R. maritima varied with
organic content, but were not significantly different between adjacent-exposed and
breakwater-protected sites (above-ground biomass, p = 0.97; below-ground biomass p =

0.80; and total biomass p = 0.91).

Field Data: Ruppia maritima
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Figure 3.5. A) Average in situ R. maritima shoot length. B) Average in situ R. maritima root
length. C) Average dry weight of total biomass of in situ R. maritima. Organic content is based

the average of sediment top 10 cm from a push core. Error bars are standard error.

on
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Vallisneria americana

V. americana was present at both adjacent-exposed and breakwater-protected sites
at 5 of the 6 tidal fresh/ oligohaline field locations, with average organic content ranging
from 0.4 to 20.1%. It was not observed at the Red Eyed Yacht Club location, which had
organic content of 1.7+0.3% at the adjacent-exposed site and 0.9+£0.2% at the breakwater-
protected site and a monoculture of Myriophyllum spicatum at both sites. EIk Neck V.
americana data are included in the shoot- and root-length data but not the biomass data,
as other species of SAV were not separated in the biomass dry-weight measurements.
Average shoot lengths ranged from 5.8+0.0 to 44.2+2.7 cm. Shoots were longer at the
breakwater-protected sites than the adjacent-exposed sites, although not significantly (p =
0.39). Shoot lengths at the adjacent-exposed sites increased in length with increasing
organic content (r* = 0.85; p = 0.03), while shoot lengths decreased with increasing
organic content at the breakwater-protected sites (r> = 0.65; p = 0.20; Figure 3.6a).
Average root lengths were not significantly different between adjacent-exposed and
breakwater-protected sites (p = 0.33), ranging from 3.3+0.3 to 6.9+0.1 cm, but root
lengths increased with increasing organic content, but were not significantly correlated (r?
=0.29, p = 0.14; Figure 3.6b). However, note that this trend is driven by two sites: the
adjacent-exposed sites at - Mason Neck 1 and Sue Creek (length and biomass data can be

found in Table 3.4).

V. americana above-ground and total biomass was significantly higher (p = 0.03,
0.01, respectively) at the adjacent-exposed versus the breakwater-protected sites. Below-
ground biomass was not significantly different (p = 0.64) between sites. Total biomass

decreased with organic content at the breakwater-protected sites (r* = 0.86; p = 0.30), but
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increased at the adjacent-exposed sites (r* = 0.47; p = 0.25; Figure 3.6¢). Again, this trend
was driven by two the two adjacent-exposed sites at Mason Neck 1 and Sue Creek.
Below-ground biomass also increased with organic content at the adjacent-exposed sites,
however; unlike above-ground biomass it decreased at the highest organic content value
(Figure 3.6d). Due to the large amount of above-ground biomass at Sue Creek, the total
biomass at Sue Creek was not different from Mason Neck 1, even though Mason Neck 1
had more below-ground biomass. Mason Neck 2 and Hart-Miller Island had significantly

less total biomass than Mason Neck 1.

Field Data: Vallisneria americana
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Figure 3.6. (A) Average in situ V. americana shoot length. (B) Average dry weight of total
biomass of in situ V. americana. (C) Average in situ V. americana root length. (D) Average dry
weight of below-ground biomass of in situ V. americana. Organic content is based on the

average of sediment top 10 cm from a push core. Error bars are standard error.
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Zannichellia palustris

Z. palustris was found at 3 study sites (Eastern Neck breakwater-protected and
Hart-Miller Island adjacent-exposed and breakwater-protected). Sediment organic content
at these sites ranged from 0.4+0.1 to 0.6£0.1%. Unfortunately, all shoots collected at
Hart-Miller Island (either site) were broken and not able to be measured. However intact
shoots were collected at the Eastern Neck breakwater-protected site and averaged 6.4+0.1
cm, with the majority (99.4%) being <10 cm long. Average root length at this site was
2.2+0.2 cm (Table 3.4). The small number of samples for biomass data did not allow for

statistical analysis.

Table 3.3. (A) In situ SAV ANCOVA results. *Log transformation was completed so that data fit
assumptions of normal distribution and equal variances. (B) Linear regression results for V.

americana. ** indicates a significant p-value of < 0.05.

SAV Effects Degree of
response Freedom F-value P-value

A Ruppia maritima

Shoot Length* Organic*Location 1 1.65 0.22
Organic* 1 0.01 0.91
Location 1 0.01 0.92

Root Length* Organic*Location 1 0 0.96
Organic* 1 2.37 0.15
Location 1 0.06 0.81

Above-ground

Biomass* Organic*Location 1 2.64 0.13
Organic* 1 0.97 0.34
Location 1 0 0.97

Below-ground

Biomass* Organic*Location 1 1.34 0.27
Organic* 1 1.2 0.29
Location 1 0.07 0.8

Total Biomass* Organic*Location 1 25 0.14
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Organic* 1 1.12 0.31
Location 1 0.01 0.91
Vallisneria americana
Shoot Length Organic*Location 1 5.46 0.07
Organic* 1 0.49 0.51
Location 1 0.85 0.39
Root Length Organic*Location 1 0.96 0.37
Organic* 1 1.33 0.29
Location 1 1.13 0.33
Above-ground
Biomass Organic*Location 1 10.18 0.03**
Organic* 1
Location 1
Below-ground Biomass | Organic*Location 1 0.28 0.63
Organic* 1 1.06 0.36
Location 1 0.25 0.64
Total Biomass* Organic*Location 1 21.87 0.01**
Organic* 1
Location 1

V. americana response
B

Factor

Degree of
Freedom

T-value

P-value

Breakwater-protected

Shoot Length Organic 1 -1.93 0.2
Adjacent-exposed

Shoot Length Organic 4.07 0.03
Root Length Organic 1.68 0.14
Breakwater-protected

Total Biomass Organic 1 -1.40 0.30
Adjacent-exposed

Total Biomass Organic 1 1.63 0.25
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Table 3.4. In situ SAV data. Data are organized according to species and increasing organic
content within that species. Organic contents are grouped in 1% increments. BW = Breakwater-

protected site. ADJ = Adjacent-exposed site. VValues are reported in mean + SE.

Ratio of
Organic Above- Below- Total Above-/ Shoot Root
Content Ground Ground Biomass Below- Length  Length
(%) Biomass Biomass (gm? Ground () (cm)
(gm?) (gm?) Biomass
Ruppia maritima
Cape Charles
Bay Creek - BW | 0.6+0.08 | 19.4+9.7 13.7+7.6 33.1+17.1 1.7£0.5 9.9+0.2 8.4+0.3
Cape Charles
Public Beach -
ADJ 0.6+0.01 [ 15.9+9.1 17.348.7 33.2+17.5 1.4+0.9 7.5+0.1 8.840.3
Mobjack Bay -
ADJ 0.6+0.1 | 151.6+18.7 12.742.3 164.3+20.3 13.1+4.9 22.8+0.7 7.7+0.3
Cape Charles
Public Beach -
BW 0.7£0.2 | 38.1£1.1 34.0+7.8 72.1+8.9 1.2+0.2 7.8+0.2 7.840.2
Schley — BW 0.7+0.04 | 43.3+11.7 11.242.3 54.5+13.3 4.1+1.1 15.440.4 9.1+0.3
Mobjack Bay7-
ADJ 0.9+0.1 [ 17.149.1 3.841.3 20.9+10.3 4.8+1.5 11.240.5 4.9+0.3
Brannock Bay —
BW 1.1+0.1 3.410.6 2.440.5 5.840.9 1.6+0.4 41+0.1 4.7+0.3
Mobjack Bay7 —
BW 1.240.2 | 10.9+1.7 4.4+0.8 15.3+2.3 2.7£0.5 9.240.4 5.5+0.3
Cape Charles
Bay Creek - ADJ | 1.340.3 | 12.645.6 10.0+3.3 22.6+8.7 1.1+0.2 6.1+0.1 7.6£0.3
Brannock Bay -
ADJ 1.3+0.1 7.3£3.3 11.9+4.9 19.348.2 0.6£0.1 3.8£0.1 4.5+0.2
Schley - ADJ 1.3+0.3 | 86.6+8.6 9.54+0.9 96.249.1 9.240.9 21.2+0.6 8.4+0.3
Mobjack Bay —
BW 1.6£0.2 | 67.2+13.9 9.442.3 76.6+16.2 7.50.8 17.440.6 5.3+0.3
Mobjack Bay3 —
BW 2+0.5 86.2+14.8 20.7+2.0 106.9+16.4 4.1+0.9 15.040.6 5.7+0.1
Hoopers Island —
BW 2.1+0.8 | 126.2433.6  42.4+4.6 168.6+38.1 2.9+0.5 12.0+0.2 4.9+0.3
Mobjack Bay3 —
ADJ 2.1+0.1 | 71.0+10.6 20.0+1.1 91.0+10.6 3.6£0.5 12.5+0.4 5.3+0.1
Hoopers Island —
ADJ 2.6£0.5 0£0 0+0 0+0 0+0 0+0 0+0
Bishops Head —
ADJ 3.3+0.2 0+0 0+0 0+0 0+0 0+0 0+0
Tangier Island —
BW 3.9+1.5 | 36.5+10.7 21.1+0 57.6+20.3 3.842.2 11.5+0.2 7.4+0.3
Bishops Head —
BW 41+0.3 | 181.2491.8 52.6+12.4 233.8+103.0 2.8+1.7 11.940.3 5.3+0.2
Tangier Island — | 7.2+1.9 0+0 0+0 0+0 0+0 0+0 0+0

64



ADJ

Vallisneria americana
Hart-Miller
Island —
BW 0.4+0.0 | 15.6%£13.9 3.9+0.7 18.2+14.9 5.0+4.6 29.3+3.8 5.3+0.3
Hart-Miller
Island —
ADJ 0.6+0.1 10.3+3.6 3.8+1.1 14.1+4.1 3.1+1.0 16.7+2.1 5.6%0.2
Elk Neck — ADJ | 0.6+0.1 n/a n/a n/a n/a 16.9+1.0 5.5+0.2
Sue Creek — BW | 0.6+0.2 45.7+0.0 1.0+£0.0 46.7+0.0 45.7+0.0 442427 4.2+1.2
Mason Neck2 —
ADJ 0.8+0.1 4.6+2.7 1.8+1.2 6.4+3.8 2.8+0.3 7.6+1.1 4.4+0.5
Elk Neck — BW 1.4+0.2 n/a n/a n/a n/a 24.8+1.8 5.9+0.2
Mason Neck2 —
BW 1.7+0.4 1.4+0.7 14411 2.7+1.8 1.6+0.7 5.840.0 3.3+0.3
Mason Neckl —
BW 3.4+0.5 0.9+0.6 0.0£0.0 0.9+0.6 0.0+0.0 n/a n/a
Mason Neckl —
ADJ 7.944.2 | 64.0+22.7 20.7+2.5 84.7+£22.8 3.2+1.2 18.3+1.1 6.9+0.1
Sue Creek — ADJ | 20.1+3.6 | 65.7+7.2 5.9+2.4 71.6+4.8 13.8+6.7 37.5+2.6 6.4+0.3
Zannichellia Palustris
Eastern Neck —
BW 0.4+0.1 4.8+1.3 2.1+0.5 6.9+1.8 2.240.1 6.4+0.1 2.2+0.2
Hart-Miller
Island —
BW 0.4+0.0 2.2+1.3 0.0£0.0 2.2+1.3 n/a n/a n/a
Hart-Miller
Island —
ADJ 0.6+0.1 0.240.0 0.3+0.0 0.5+0.0 0.7+0.0 n/a n/a

Mesocosm results

Ruppia maritima and Vallisneria americana did rather well in the mesocosm,

with all but one of the treatments surviving until collection. Zannichellia palustris had 8

of 12 trays surviving for analysis. More than half of the Potamogeton perfoliatus

replicates did not survive: therefore this species was not analyzed further. All mesocosms

received >50% of surface light. SAV grown in the mesocosms showed a bell-shaped

curve of biomass as a function of organic content, suggesting that they have an optimum

organic content (Figure 3.7). For R. maritima and V. americana, this optimum appears to
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be ~5%, while for Z. palustris it is ~8%. The higher value for Z. palustris is due to more
resource allocation to root biomass. It is also interesting to note that at higher organic
content (>8%), V. americana biomass was significantly reduced but R. maritima

continued to produce biomass.

Above-ground

Below-ground
Biomass (g/m?)

110
100

(9/m?)

BENWDAUONNWO
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Total Biomass

Organic Content (%)
=@ \.americana =fil==R.maritima == A== Z. palustris

Figure 3.7. Mean dry weight of above-ground (A), below-ground (B), and total biomass (C) for 3

species grown in 4 organic-content treatments in a controlled mesocosm study.
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Ruppia maritima

R. maritima shoots were longest, 25.4+1.0 cm (mean + SE, p < 0.0001, Figure
3.8a, 3.9a) in the 5% organic-content treatment. Shoots for this species were shortest
(11.7+0.7 cm) in the lowest organic-content treatment (0.6%), and had intermediate
lengths in the higher organic-content treatments: 18.7+1.1 cm at 8.5% organic content
and 21.3+0.9 cm at 13% organic content. Organic content also influenced reproductive
abilities of this species as only 4.9% of the shoots were reproductive at the 0.6% organic
content level, but reproductive shoots in the other organic-content treatments ranged from

10.9 to 15.9%.

R. maritima roots (Figure 3.8b, 3.9b) by the different levels of organic content,
with mean root lengths ranging from 5.8+0.2 cm, in the 13% organic-content treatment,
to 7.2£0.3 cm, in the 8.5% treatment. Shoot- and root-length response was linear (Figure
3.9) for R. maritima in the mesocosms, but biomass response was not (Figure 3.7). Total
biomass was significantly higher (p = 0.03) in the 5% organic treatment, as was above-
ground (p = 0.04) and below-ground biomass (p = 0.01). The 5% treatment had ~3 times
greater biomass than the 13% organic-content treatment, which had the second highest
value (ANOVA results can be found in Table 3.5 and length and biomass data can be

found in Table 3.6).
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Mesocosm Data: Ruppia maritima
50 -

40

30

20

Frequency (%)

10

0 20 40 60 80 100

Frequency (%)
o

o N B O

Root Length (cm)

O 06% O 5% A 85% @ 13%
— +=06% ——5% = ==85% ‘-reeee 13%

Figure 3.8. Percent frequency of R. maritima shoot lengths (A) and root lengths (B) in 4 organic-

content treatments in a controlled mesocosm study.
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Figure 3.9. Average shoot (A) and root (B) length of R. maritima, V. americana, and Z. palustris

in 4 organic-content treatments in a controlled mesocosm experiment.
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Vallisneria americana

V. americana shoots were the longest (42.7+3.9 cm, p <0.0001) in the 5%
organic-content treatment and significantly shorter (p < 0.0001) in the 0.6% (3.0£0.2 cm,
Figure 3.9a, 3.10a). Significant differences of shoot length was not observed between the

8.5% and 13% organic content treatments (Figure 3.9a, Table 3.5).

Roots for this species were significantly shorter (3.0+0.4 cm, p < 0.0001) in the
0.6% organic-content treatment and ranged from 4.4+0.4 cm (13% organic content) to
9.0+0.3 cm (5% organic content) in the other treatments (Figure 3.9b, 3.10b). Significant

differences were observed between all treatments, except 0.6% and 13% organic content.

V. americana had significantly more above-ground biomass in the 5% organic-
content treatment (51.2+3.4 gm™, p < 0.0001) than at the other treatments. This was ~6
times greater than the next highest observed above-ground biomass, (11.1+14.1 gm™) in
the 8.5% organic-content treatment. Below-ground biomass in the 5% organic-content
treatment (16.8+5.8 gm™, p = 0.002) was >5 times higher than in the other organic-
content treatments. Total biomass in the 5% treatment (67.945.1 gm™; p < 0.0001) was
>6 times higher than the other treatments (length and biomass data can be found in Table

3.4).
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Mesocosm Data: Vallisneria americana
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Figure 3.10. Percent frequency of V. americana shoot lengths (A) and root lengths (B) in 4

organic-content treatments in a controlled mesocosm study.
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Zannichellia palustris

Z. palustris had significantly longer shoots (p < 0.0001; 26.1+1.3 cm) in the 5%
organic-content treatment, which was the only treatment that was different from the
others. Average shoot lengths ranged from 9.0+1.0 cm (0.6% organic content treatment)
to 15.7+0.8 cm (8.5% organic content treatment; Figure 3.9a, 3.11a). Roots of this
species were longest in the 8.5% organic-content treatment (6.0+0.4 cm; p = 0.001)
different from other treatments. Root lengths ranged from 4.1+0.4 (0.6% organic content)

to 5.2+0.3 cm (5% organic content; Figure 3.9b, 3.11b).

Above-ground biomass of Z. palustris was highest, (p = 0.01) in the 5% organic-
content treatment (11.0+13.6 gm™). Below-ground biomass was highest in the 8.5%
treatment (13.6+0 gm™, p = 0.0004). Below-ground biomass in this treatment was the
only one with a significant difference from the others and was at least ~13 times greater
than the below-ground biomass measured in the other treatments. Total biomass at 5%
organic content consisted of dominantly above-ground biomass, whereas total biomass at
8.5% organic content was dominated by below-ground biomass. Total biomass at the
8.5% organic content treatment was significantly greater than the 0.6% and 13%
treatments and the 5% organic content treatment was significantly greater than the 0.6%
(p = 0.004). Reproductive growth did not seem to be influenced by organic content as all
treatments contained plants with seeds (length and biomass data can be found in Table

3.4).
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Mesocosm Data: Zannichellia Palustris
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Figure 3.11. Percent frequency of Z. palustris shoot lengths (A) and root lengths (B) in 4 organic-

content treatments in a controlled mesocosm study.
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Table 3.5. Mesocosm SAV 2-Way ANOVA results for R. maritima and Z. palustris, 1-Way

ANOVA results for V. americana. *Log transformation was completed so that data fit

assumptions of normal distribution and equal variances.

SAV Effects Degree of
response Freedom F-value P-value
Ruppia maritima

Shoot Length Tank 2 36.17 <0.0001
Organic 3 17.65 <0.0001
Tank*Organic 3 5.39 0.001

Root Length* Tank 2 15.53 <0.0001
Organic 3 14.75 <0.0001
Tank*Organic 3 2.09 0.10

Above-ground

Biomass* Tank 2 1.56 0.39
Organic 3 24.25 0.04
Tank*Organic 3 4.15 0.20

Below-ground

Biomass* Tank 2 5.53 0.15
Organic 3 131.60 0.01
Tank*Organic 3 33.35 0.03

Total Biomass* Organic*Location 2 1.78 0.36
Organic* 3 31.03 0.03
Location 3 5.76 0.15

Vallisneria americana

Shoot Length Organic 3 38.9 <0.0001

Root Length Organic 3 31.18 < 0.0001

Above-ground

Biomass Organic 3 91.53 < 0.0001

Below-ground Biomass | Organic 3 15.38 0.002

Total Biomass Organic 3 80.65 < 0.0001
Zannichellia palustris

Shoot Length Tank 1 7.63 0.01
Organic 3 27.59 <0.0001
Tank*Organic 1 0.04 0.83

Root Length Tank 1 10.15 0.002
Organic 3 5.44 0.001
Tank*Organic 1 0.16 0.69

Above-ground

Biomass Tank 1 12.83 0.04
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Organic 3 46.17 0.01
Tank*Organic 1 69.72 0.004
Below-ground Biomass | Tank 1 177.01 0.001
Organic 3 267.66 0.0004
Tank*Organic 1 4.30 0.13
Total Biomass Tank 1 0.27 0.64
Organic 3 58.87 0.004
Tank*Organic 1 46.60 0.06

Table 3.6. Mesocosm SAV data. Note optimal growth at 5% organic content for R. maritima and

V. americana and 8% for Z. palustris. Data is grouped by species with increasing organic content

for each. Values are reported as mean + SE.

Treatment Above- Below- Ratio
(% Organic Ground Ground Total Above- / Root
Matter and Biomass = Biomass  Biomass Below- Length
Species) (gm-2) (gm-2) (gm-2) Ground (cm)
Biomass
0.6% Ruppia 3.2£15 1.2+0.7 4.3+2.3 3.0£0.6 11.7£0.7 | 6.910.2
(n=3) (n=183) (181)
5% Ruppia 88.5+15.3 | 17.2+4.4 | 105.7£19.7 5.2£0.4 25.4£1.0 7.0£0.2
(n=2) (n=554) (578)
8.5% Ruppia 25.0427.2 | 4.8+4.3 | 29.7+315 4.6+1.7 18.7+1.1 | 7.240.3
(n=2) (n=321) (314)
13.1% Ruppia 31.1+09 | 5.3+11 36.4+1.6 6.1+1.3 21309 | 5.8+0.2
(n=3) (n=419) (458)
0.6% Vallisneria | 0.24+0.12 | 0.05+0.1 | 0.29+0.11 5.7+4.5 3.0£0.2 3.0£04
(n=3) (n=54) (35)
5% Vallisneria | 51.2+3.4 | 16.8+5.8 | 67.9+5.1 3.3t1.1 42.7+39 | 9.0+0.3
(n=3) (n=52) (508)
8.5% Vallisneria | 8.1+10.1 3.0£4.0 11.1+£14.1 3.3x0.9 27.4+£24.1 | 7.5x£1.0
(n=2) (n=14) (111)
13.1% 1.6+1.9 0.6+0.8 2.1+2.7 3.6£1.0 17.0+2.6 | 4.4+0.4
Vallisneria (n=24) (209
(n=3)
0.6% Zanichellia ] 0.2+0.1 | 0.03+0.03 | 0.2+0.1 10.3+£9.9 9.0£1.0 4.1+0.4
(n=3) (n=14) (28)
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5% Zanichellia | 11.0£13.6 | 0.9+1.1 | 11.9+14.7 13.1+1.1 26.1+1.3 | 5.2+0.3
(n=2) (n=91) (91)
8.5% Zanichellia 5.7 13.6 19.2 0.4 15.7+0.8 | 6.0+0.4
(n=1) (n=105) (122)
13.1% 4.2+1.8 1.0+£0.06 5.2+2.4 4.3+0.7 14.9+0.8 | 4.3+0.2
Zanichellia (n=98) (159)
(n=2)

Mesocosm initial and final organic content did show some fluctuation as see in
Table 3.2. Increases in treatments are likely due to suspension of sediment from the
higher organic treatments that settled onto other trays or algal growth on sediment

surface. Grain size and water content were calculated from best-fit lines from Figure 3.3.

DISCUSSION

SAV in the Chesapeake Bay is exposed to a broad range of sediment
characteristics that are highly variable. Some species may be more suitable to some
sediment than to others. Mesocosm and field results in this study did not always agree but
in doing so provided insight into other possible important parameters that also need to be
considered when evaluating SAV habitat requirements. SAV grown in the mesocosms
appeared to have well defined sediment organic content requirements where growth was
optimal: 5% organic content for R. maritima and V. americana and 8.5% for Z. palustris.
In the field, however, other environmental factors, such as currents, waves, sediment
compaction, grazing and interspecific competition are likely to also influence SAV

development and growth (Koch, 2001).
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Ruppia maritima

R. maritima shoot lengths showed no significant differences between the organic-
content treatments in the mesocosm experiment but shoot lengths were highly variable
between sites of the same organic content in situ. For example, at the Mobjack Bay
adjacent-exposed site (0.6+0.1% organic content) mean shoot length was 22.8+0.7 cm,
however at the Cape Charles Public Beach adjacent-exposed site which also had
0.6+0.01% organic content, mean shoot length was only 7.5+0.1 cm. It appears that shoot
length for this species is not only a function of sediment organic content but also wave
exposure. The fetch at Mobjack Bay adjacent-exposed site was much smaller (1.6+0.6
km) than at the Cape Charles Public Beach adjacent-exposed site (21.0£4.5 km) thereby
allowing shoots to grow longer where wave action was lowest. R. maritima shoots were
also longer at the breakwater-protected sites (i.e., fetch near zero) than at the adjacent-
exposed sites, supporting the idea that shoot length is closely related to wave energy (See
Table 3.1 for fetch values.)

High sediment compaction (Wicks et al., 2009) and silt/clay content (Leschen et
al., 2010) have been previously suggested as limiting to the seagrass Z. marina. The same
appears to be true for R. maritima. Although this species grew in sediments with organic
content up to 13% in the mesocosms and 4.1% in situ, it was absent at 3 sites with 2.6%
(Hoopers Island adjacent-exposed), 3.3% (Bishops Head adjacent-exposed) and 7.2%
(Tangier Island adjacent-exposed) organic content. Water content at the Bishops Head
adjacent-exposed site was low (10.8+0.2%), suggesting that this sediment is compacted,
whereas the Tangier Island adjacent-exposed site had higher water content (35.3+5.0%)

suggesting that it is rather “fluffy”. Both of these sediment types have been shown to be
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limiting to the growth of Z. marina (Wicks et al., 2009). Additionally, all 3 sites had
sediments containing >55% silt/clay, much higher than the 35% silt/clay threshold
suggested by Leschen et al. (2010). Within the present study, 8 of the 48 sites had
sediment with >35% silt/clay, and only 2 (Bishops Head breakwater-protected and Mason
Neck 1 breakwater-protected) of these 8 supported SAV growth (R. maritima, V.

americana, H. verticillata, N. gracillima, and M. spicatum).

As with shoots in the mesocosm, rhizomes and roots of R. maritima also showed a
clear preference for sediments with 5% organic content as shown by the bell-shaped
biomass curve in Figure 3.6b. In the mesocosm, root length decreased linearly with
organic content, so the higher root biomass at 5% was probably not due to root length but
rather an increase in the number of roots or their thickness (Ye et al., 2009). The longer
(but not statistically significant) root length (10-20 cm) at the lowest organic content is a
nutrient acquisition strategy commonly observed in other plants (Sagova-Mareckova,
2009). Average in situ roots were <10 cm at all sites colonized by R. maritima suggesting

sufficient nutrient availability.

R. maritima growing in the low organic-content treatment (0.6%) produced very
few reproductive shoots in the mesocosm (4.9%). This was supported in the field data as
R. maritima growing at sites with <1% organic content had a small percentage of
reproductive shoots (<2.3%; usually 0%), with the exception of the Mobjack Bay
adjacent-exposed site where sediment was 0.6% but 26.3% of the shoots were
reproductive. The low number of reproductive shoots in sediments with low organic
content is somewhat surprising as R. maritima is considered a primary colonizer

(Rosenzweig, 1994). If seeds germinate in sediments with low organic content as
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commonly found in unvegetated areas colonized by primary species, the plants will
produce few or no seeds unless they immediately start accumulating fine and organic

particles.

Vallisneria americana

Sediments may be particularly important for V. americana, since this species is
capable of using sediment CO, for photosynthesis, especially when CO, concentrations in
the water column are low (Winkel and Borum, 2009). Low concentrations of CO; in the
water column occurs when dense canopies develop, slowing water movement and
removing CO; from the water. As a result, the flux of CO, to the leaf surface is reduced.
This may explain the stunted growth of V. americana in 0.6% organic content in the
mesocosm: water was stagnant, limiting CO; acquisition from the water column, and the
low organic content did not supply sufficient CO, in the sediment. In the field, plants
growing in sediments with <1% organic content were not stunted, probably because

water flow allowed for sufficient resource acquisition through the shoots.

It is well known that water motion by currents and/or waves is important for V.
americana (Nishihara and Ackerman, 2006), as maximum biomass tends to occur when
fetch >2 km (Kreiling et al., 2007). The low to medium fetch (<4.9 km) V. americana
experienced at adjacent-exposed sites in Chesapeake Bay apparently provided ideal
conditions for growth but the breakwaters reduced the fetch to near zero. As a result,
biomass in breakwater-protected areas was lower than in the adjacent-exposed areas. The

additional organic content at breakwater-protected sites seemed to induce an additional
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stress (negative trends in Figure 3.5a and 3.5c). Microbial breakdown of organic content
in freshwater sediments produces methane Capone and Kiene, 1988) which can infiltrate
into SAV roots and the lacunar network causing stress or damage to the plant (Heilman
and Carlton, 2001). SAV respond by oxidizing the methane into usable CO, (Heilman
and Carlton, 2001) but this process seems to need actively photosynthesizing leaves and
not diffusion-limited leaves (Sand-Jensen et al., 1982; Smith et al., 1984; Caffrey and
Kemp, 1991) as found in the mesocosms and breakwater-protected areas. This stress was
also observed when organic content exceeded 5% under stagnant conditions in the
mesocosm. In contrast, when V. americana was exposed to some wave action at the
adjacent-exposed sites, the fetch limitation was removed and the plants were able to take
advantage of the extra nutrients and CO, provided by the organic content in the

sediments, up to 20%.

These findings suggest that the habitat requirement for organic content for V.
americana is strongly tied to local hydrodynamics, Although V. americana reached its
maximum biomass at 5% organic content in the mesocosm, this may not be the ideal
organic content for this species in situ. If sufficient water flow exists, V. americana can
grow in sediments with rather high organic content, as high as 20% or possibly even
more. If strong currents and/or waves are required for successful colonization of
sediments with high organic content, and leaf length increases with organic content, how
do the plants remain anchored? Longer leaves imply higher leaf area as V. americana leaf
width does not change as much as leaf length and higher leaf area leads to increasing drag
exerted on the plants (Schanz and Asmus, 2003). The question that remains is “how does

V. americana stay anchored in the sediment when its leaves become longer with
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increasing organic content?”” Perhaps the answer lies in the constant above- to below-
ground biomass ratios at medium to high organic contents. As leaves become longer and
dislodgement potential increases, roots also become longer increasing the anchoring
capacity. It appears the V. americana has better adapted to grow in sediments with high
organic content than Z. marina. In Z. marina, leaves become longer as organic content
increases but roots increase at a lower rate leading to their dislodgement in high wave

environments (Wicks et al., 2009).

The need for water flow for V. americana may be related to the amount of fine
material (silt + clay) in the sediment. It appears that V. americana can grow in sediments
of higher organic content as long as the percent of fine material does not get too high (in
situ data suggests <42.0% silt/clay); conditions found when fetch is medium. Sue Creek
adjacent-exposed site (22.8% silt/clay; 0.1+0.01 km fetch) shoreline was forested,
providing leaves and twigs that had entered the water providing organic material that was
not associated with fine particles. In this instance organic content was high, providing

plentiful nutrients while sediment grain size stayed within a desirable level (<42%).

Zannichellia palustris

Z. palustris produced prolific seeds even at the lowest organic content tested.
Therefore, this species may be a better primary colonizer and may lead to higher success
rates in restoration of SAV habitats with low organic content sediments. Although its
growing season is rather short (February through June), it may trap sufficient organic

matter to promote the rapid growth of other species such as R. maritima.
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Small sample sizes of Z. palustris from the field make comparisons between
laboratory and field response difficult. The lack of field samples could be due to the
natural seasonal early die-off and not related to sediment characteristics. Z. palustris
grown in the mesocosm had an ideal organic content of 5% for shoot and 8% for root
growth. Z. palustris can therefore potentially colonize sediment habitats with >5%
organic content and have very quiescent waters that are not colonized by other species
with lower sediment organic content and/or water flow requirements.

Determining site suitability is a crucial part of restoration. Previously it was
thought that organic content >5% was detrimental to SAV success (Barko and Smart,
1983). This value seems to be too conservative as mesocosm and field data show that
SAV can indeed survive in sediments greater than this. Our study shows that: 1) sediment
organic content optima for SAV is species-specific; 2) sediment organic content
requirements depend on other parameters such as water flow/fetch and silt+clay amounts;
and 3) sediment organic content affects not only SAV morphology but also its ability to
reproduce. Even though the environmental factors that influence SAV are numerous, this
study has defined more specific sediment requirements for 3 species in the Chesapeake

Bay aiding in improvements of site selection and increased success in restoration efforts.

82



SUMMARY

Determining sediment requirements for species of SAV in the Chesapeake Bay is
of utmost importance for the successful restoration of populations. This study
successfully outlined some of these requirements for R. maritima, V. americana, and Z.
palustris according to sediment organic content. R. maritima requires sediment organic
content >1%, sheltered conditions and non-compacted sediments. V. americana has no
organic content requirements but grows best in sediment with high organic content
(~20%), as long as fetch and sediment silt/clay percent are not limiting. Water flow is of
the essence for this species and should be one of its habitat requirements. Z. palustris
appears to have no water flow or organic content requirement although growth was best
in sediments with ~8% organic content, producing seeds at all organic-content levels.
When making decisions for suitable habitat for restoration attempts of these 3 species
these parameters will be important to take into account for increased success of

restoration projects.
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Chapter 4

The growth of submersed aquatic vegetation (SAV) in breakwater-

protected areas of Chesapeake Bay, USA.

INTRODUCTION

The acceleration of sea-level rise (SLR) has increased coastal erosion (Titus et al.,
1991), leading to the retreat of 70% of the world’s beaches (Bird, 1993). In the USA, the
areas experiencing highest relative SLR and extensive shoreline erosion are the marshes
along the Mississippi River delta as well as the Chesapeake Bay (Titus and Richman,
2001). In the last 40 years, relative SLR in Chesapeake Bay has been 2.5-3.6 mm/y
(Hicks et al., 1983; Kearney et al., 2002). Approximately one-third of Chesapeake Bay’s
18,800 km of shoreline is classified as eroding, with rates up to 20-40 cm/y depending on
local wave characteristics, fetch, and sediment composition (Wray et al., 1995). As a
result, shorelines are being hardened at an alarming rate in the Chesapeake Bay and
worldwide. For example, over 24% of the Chesapeake Bay shoreline, 50% of the Italian
coast and more than 70% of Barnegat Bay, NJ and San Diego, CA shorelines are already
hardened (Lathrop, et al., 1997; Berman et al., 2000; Davis et al., 2002; Bacchiocchi and

Airoldi, 2003).

The impact of shoreline hardening structures like rip-rap, groins, and breakwaters
on physical and geological processes is relatively well known (Neelamani and Sandhya,

2004; Nordstrom et al., 2009). Unfortunately, the impact of shoreline hardening
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structures on plants and animals is much less clear (French, 1997; Loreau et al., 2002,;
Airoldi et al., 2005; Martin et al., 2005; Moschella et al., 2005; Birben et al., 2007,
Gislason et al., 2009; Martins et al., 2009). In general, the introduction of rocky substrate,
such as the material used in many coastal structures, alters the benthic habitat and
fragments the coast (Moschella et al., 2005). Species diversity also shifts as rocky
substrate replaces the soft bottom habitat (Loreau et al., 2002). Structures that trap fine
particles lead to the creation of a muddy habitat typically characterized by burrowing,
deposit-feeding organisms, while sandy sediments tend to have mobile, suspension-

feeding organisms (Martins et al., 2009).

The effects of breakwaters on the ecosystem depend on many factors (Birben et
al., 2007) and are typically site-specific (Airoldi et al., 2005). Breakwaters tend to cause
decreasing sediment grain size, increasing sediment organic content, and changing redox
conditions landward of the structure (Martins et al., 2009). The exchange of sediment and
biota between nearshore and deeper water is disrupted (Martins et al., 2009), as is the
sediment supply to natural coastal defenses such as dunes, beaches and marshes (French,
1997). Breakwaters also tend to trap sediment landward of the structure, increasing
sediment accumulation rates (Birben et al., 2007). Even so, breakwaters are viewed as an
alternative to direct hardening of the shoreline (rip rap, bulkhead) for the protection of
relatively exposed shorelines (Hardaway and Gunn, 2010). Just as for other coastal
structures, not much is known about the impact of breakwaters on the biota. An
evaluation of the effect of 20 breakwaters on SAV within the Chesapeake Bay, using
aerial photography, determined that SAV coverage in the area surrounding the

breakwater (i.e., in the breakwater-protected and as well as the adjacent-exposed areas)
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was influenced by regional processes rather than the existence of the breakwater (Karrh,
2000). Of the 20 breakwaters, 8 had small increases in SAV coverage, which was
attributed to reduced wave action by the breakwater. In 5 breakwater locations, a minor
decrease in SAV was observed. The overall conclusion of the study was that breakwaters
have no effect on SAV presence; however, actual SAV density, species composition, or
biomass were not measured (Karrh, 2000). In a modeling study, SAV growth potential
was predicted to increase by 0.3% (2.5 shoots m™ d™*) when breakwaters attenuate waves
and reduce sediment resuspension, resulting in less turbid water (Smith et al., 2009)

suggesting that breakwaters can be used for SAV habitat enhancement or creation.

SAV, one of the most important ecosystems in estuaries worldwide for their
provision of many ecosystem services, can only colonize areas where certain habitat
requirements have been met. For example, sufficient light has to reach the plants,
therefore SAV growth is limited to shallow waters (Dennison et al., 1993). Excessively
shallow waters where plants are exposed to the air during low tide are also detrimental
(Duarte, 1991; Koch and Beer, 1996). SAV also needs carbon and nutrients to grow and,
therefore, needs water flow that allows sufficiently high fluxes to the leaf surface (Koch,
1994; Jones et al., 2000). However, excessive water flow or wave exposure may lead to
plants being uprooted (James et al., 2008; Wicks et al. 2009). Sediments were also
suggested to limit SAV growth (Barko and Smart, 1983; Wicks et al., 2009) but Barth et
al. (Chapter 3) have shown that SAV can grow in a wide range of sediments (organic
content from 0 to 20%). Since breakwaters modify sediment characteristics (Martins et
al., 2009) and water flow (Stamos and Hajj, 2001), it is likely that breakwaters will affect

SAV. In this study, we test the general hypothesis that breakwaters initially enhance
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SAV distribution but later hinder their growth due to changes in sediment characteristics

in the breakwater-protected area.

MATERIALS AND METHODS

Study sites

Aerial photos taken annually since 1989 to monitor SAV distribution in the Chesapeake
Bay were used to select the study sites. The criteria for site selection were the presence of
a breakwater as well as the presence of SAV in the general area of the breakwater (i.e. in
the Bay segment containing the breakwater) in the last 20 yrs. The selected breakwaters

are segmented, emergent rock mounds in shallow areas (1 to 2 m water depth). Of the 24

selected sites, 17 had SAV in Chesapeake Bay Susquehanna Riveyg\,a:isz .

0 15 30 60 L W Ty
T 5 6;%;;5_\{&77‘_. et
the breakwater-protected area Kilometers L A =

(Table 4.1; Figure 4.1). These
sites were used to evaluate the
effect of breakwaters on SAV

distribution over time.

Figure 4.1. Map of the Chesapeake Bay with breakwater study sites, site numbers correspond to

site names in Table 4.1.
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Table 4.1. Study locations and breakwater ages at the time of sediment sampling. Most sediment

cores were collected in 2009, except EIk Neck, Brannock Bay, Hoopers Island, and Bishops

Head, which were sampled in 2008. SAV samples were collected from May-July 2009.

Locations are divided by salinity region as defined by the Chesapeake Bay Program (CBP, 2004)

and characterized by the values in parentheses. Within each salinity region, locations are listed by

ascending age.

Site # Location Age (y)
(Fig. 4.1)
Tidal fresh/oligohaline (0-5)
1 Elk Neck 3
2 Mason Neckl 7
3 Mason Neck?2 8
4 Hart-Miller Island 10
5 Sue Creek 15
6 Red Eyed Yacht Club 15
Mesohaline (5-18)
7 Tangier Island 2
8 Bishops Head 11
9 Hoopers Island 14
10 Eastern Neck 15
11 Brannock Bay 19
Polyhaline (18-25)
12 Cape Charles Bay Creek 3
13 Cape Charles Public Beach 7
14 Mobjack Bay 7
15 Mobjack Bay7 8
16 Mobjack Bay3 17
17 Schley 18

Past SAV distribution

In order to quantify changes in SAV distribution in the breakwater-protected area

over time, aerial photos for each of the 17 sites were selected for at least 3 years pre-

construction until present (2010). Aerial photos were georeferenced using ArcMap 9.3
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(ESRI) and the area protected by the breakwater was quantified. For simplicity, this area
was defined as the area between the rock mounds and the shoreline and between the
edges of the outer most rock segments (Figure 4.2). Subsequently, a rectangle of similar
area was created adjacent to the structure in order to compare SAV distribution in the
breakwater-protected and a nearby unprotected area. The width of the rectangle was
equal to the distance of the breakwaters to the shore, and the length of the rectangle was
the distance along the shore needed to obtain the same area as the breakwater-protected
area (Figure 4.2). The areas covered by SAV in the breakwater-protected and in the
adjacent-exposed rectangle were determined for each photograph (3 years prior to
breakwater construction to 2010) for each study site. In order to separate breakwater
effects on SAV distribution from inter-annual fluctuations in regional SAV distribution,
the breakwater-specific time series of SAV distribution were then compared with the
SAV time series for the segment of the Chesapeake Bay in which the breakwater was

located.

A sub-sample of 5 sites was selected to describe temporal patterns in SAV
distribution. Three of the selected sites are located in two tidal fresh/oligohaline (0 to 5
salinity) segments of the Bay: Elk Neck in the northern portion of the Bay and Mason
Neck 1 and 2 in the upstream portion of the Potomac River (Figure 4.1). The remaining
two sites were located in the mesohaline (5 to 18 salinity) area of Chesapeake Bay:
Bishops Head and Hoopers Island on the eastern shore of the Bay (Figure 4.1). The Elk
Neck (ELK) breakwater (Table 4.2) was constructed in 2005 in order to protect a summer
camp in a low-lying area surrounded by bluffs up to 30 m tall (Figure 4.2). It is located in

the upper portion of Chesapeake Bay, near the mouth of the Susquehanna River, which
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drains 71,188 km? in 3 states. It is the major source of fine sediment and fresh water in
the Bay (Hobbs et al., 1992). The two breakwaters at Mason Neck (MN; Table 4.2) were
constructed in 2002 to protect a small, ~ 1 m tall (MN1) and a large, ~ 6 m tall (MN2)
eroding bluff (Figure 4.2) in the upper portion of the Potomac River, which drains 38,000
km? The Bishops Head (BH) breakwater (Table 4.2) was built in 1997 to protect a
building on this low-lying point colonized mainly by salt marshes (Figure 4.2). And the
Hoopers Island (HI) breakwater (Table 4.2) was constructed in 1991 to protect the road
from Upper Hoopers to Lower Hoopers Island (Figure 4.2). These islands are mostly
colonized by marshes with some pine forests. The HI breakwater is the oldest and most

exposed breakwater in this study.
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. il Figure 4.2. Aerial photos of study sites with
emergent, rock mound breakwaters in SAV
habitats (1 to 2 m water depth) in Chesapeake

v Bay: EIk Neck (A), Mason Neck 1 (B) and 2

adjacent exposed areas used to compare SAV

distribution under the influence of breakwaters and exposed to waves. Note that waves in SAV

habitats in Chesapeake Bay usually have a 3s period and significant wave heights between 0.1

and 0.4 m (Chen et al. 2007).
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Table 4.2. Characteristics of the breakwaters studied. All breakwaters were segmented, emergent

rubble mounds in shallow areas (1 to 2 m water depth) characterized by 3 second waves with

significant wave heights between 0.1 and 0.4 cm. SE indicated standard error of the mean.

Elk Mason Mason Bishops Head Hoopers
Neck Neck 1 Neck 2 Island
Latitude 39°29°46.5”N | 38°37°17.4”N | 38°37°45.6”N | 38°13°14.7°N 38°17°29.8”N
Longitude 75°59°20.2”W | 77°12°18.8”W | 77°12°38.7"W 76°2°19.2”W 76°12°9.7"W
Year built 2005 2002 2002 1997 1991
Type Detached, Detached, Detached, Attached, Attached,
semi-circular straight straight curved end straight
segments
Distance from 100£21 36+2 42+10 50+14 46+13
shore (m), + SE
Total length 253.9 233.8 264.1 188.1 363.5
(m)
Segment 3111 4942 41+1 34+9 49+2
length, width of 10+3 20£1 22+1 16+6 25+1
openings (m), =
SE
Fetch (km), £ 45+1.0 24+05 22106 6.4+20 16.2+4.8
SE
Shoreline Sandy Beach Small bluff High bluff Marsh, Marsh
characteristics pocket beach
Average
median grain 28+0.1 4004 29+0.1 45+£03 3001
size (phi) in top fine sand very fine sand fine sand very fine sand fine sand
10 cm,
breakwater-
protected + SE
Silt+Clay (%), 176+1.1 420+2.1 22.2+09 51.3+0.8 17.4+0.9
Breakwater-
protected + SE
Average
organic content 1.4+0.2 34+05 1.7+04 41+03 21+£20

(%) intop 10
cm,
breakwater-
protected, + SE

Trends since
construction of

| grain size
1 org. content

1 grain size
= org. content

1 grain size
= org. content

1 grain size
= org. content

1 grain size
| org. content

breakwater 1 sedim. rate = sedim. rate = sedim. rate 1 sedim. Rate | 7 sedim. Rate
SAV species Myriophyllum | Myriophyllum | Myriophyllum Ruppia Ruppia
present spicatum, spicatum, spicatum, maritima maritima

Vallisneria Vallisneria Vallisneria

americana, americana americana

Hydrilla

verticillata

Sampling Date 21 May 2009 16 June 2009 16 June 2009 29 May 2009 20 May 2009
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Present SAV characteristics

SAV in the breakwater-protected and adjacent-exposed area was assessed by
collecting 10 push cores (15-cm diameter and 20-cm long, enough to capture the entire
root length) at each study site during the growing season (May-July 2009). Cores were
placed within the 5 densest patches of SAV in both the breakwater-protected and the
adjacent wave-exposed areas. Each core was then sieved (1-mm mesh) in the field, and
the plant material retained on the sieve was frozen (-17 °C) until processed. Once thawed,
epiphytes were removed by scraping the plants with a paint brush and/or razor blade.
Above- and below-ground biomass were determined by separating shoots (above-ground)
from the roots/rhizomes (below-ground) and drying the plant material from each core at

60 °C until constant weight was reached.

Sediment collection

Two vibracores (7-cm diameter, 3 m long) were collected at each study site using
a backpack vibrator (cement mixer-backpack model 402BP) with a6 cm x 6 cm x 19 cm
head weighing 80 kg. One vibracore was collected in the protected area landward of the
breakwater and one at the same water depth in the adjacent wave-exposed area. A
companion push core (~30-cm long, 5-cm diameter) was taken manually at the site of
each vibracore to capture relatively undisturbed surface sediment. The vibracores were
returned to the laboratory and frozen (-13°C) in a vertical position until further analysis.
Push cores were sectioned immediately upon returning to the lab. Frozen vibracores were
cut in half lengthwise and sectioned into 1- and 2-cm increments. Sediments were

analyzed for grain size and organic content.
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Grain size was analyzed by wet-sieving samples through a 64-um mesh to
separate the sand and mud fractions. The mud fraction was placed in a 0.05% sodium
metaphosphate solution, placed in an ultrasonic bath, and then analyzed by a SediGraph
5120. Particles >64 um (i.e., sand and gravel) were placed in a pre-weighed pan, dried for
24 hours and then dry-sieved from 1-4 phi (500-64 um) in Y4-phi increments (phi = -log,
(diameter, mm)). The mud and sand data were joined to obtain the complete grain-size

distribution for each sample, and the median diameter was calculated using MatLab.

Samples for organic-content analysis were initially dried at 60 °C until constant
weight was reached (initial weight). Dried sediment was then combusted in a muffle
furnace at 450° C for 4 hrs cooled and weighed (final weight). The percentage of organic

content was then determined according to Erftemeijer and Koch (2001):

% organic content = initial weight — final weight x 100 Eqg. 1

initial weight

Fetch

Fetch distance was quantified by measuring the distance to land along 40 vectors
radiating from each study site using the measuring tool on GoogleEarth and then

averaging all distances, including zeros (Koch et al., 2006).

Data Analysis

SAS 9.2 was used for statistical analysis of data (Table 4.3). Data were tested for
a normal distribution; if it was not normal, then a log transformation was performed.
Levene’s test was utilized to determine equality of variances (Sokal and Rolhf, 1995).

The majority of the data fit the assumptions of normality and homogeneity. A paired t-
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test was conducted for SAV above- and below-ground biomass between adjacent-
exposed and breakwater-protected sites (Sokal and Rolhf, 1995). A one-way ANOVA
was completed for Type | and Type Il breakwaters to determine differences between the
adjacent-exposed and breakwater-protected site for sediment grain size and organic

matter, as well as SAV above- and below-ground biomass (Sokal and Rolhf, 1995).
RESULTS
SAYV Percent Cover

SAV colonization in the breakwater-protected areas fell into two categories: Type
I) Initial SAV expansion followed by a decline (Elk Neck, Mason Neck 1 and 2,) and
Type I1) slow initial colonization followed by persistent SAV over time (Bishops Head,
Hoopers Island). The three Type | breakwaters that best represent the type of SAV
colonization were relatively new (< 10 years) and were located in the oligohaline area of
either Chesapeake Bay (Elk Neck) or the Potomac River (Mason Neck 1 and 2). SAV
distribution in the EIk Neck region was relatively stable at the time of breakwater
construction, although no SAV had been present for at least 3 years at the construction
site. In the first year following construction, SAV distribution in the breakwater-protected
area increased from non-existent to more than 90% cover. It also appeared in the
adjacent-exposed area at lower (not significantly different; p = 0.28) quantities (Figure
4.3a). In the breakwater-protected area, SAV cover remained high for 2 years, declining
in the 3" year to ~30% cover and slightly recovering (~60% cover) in the following year.

This drastic decline was a breakwater effect as the regional trend continued upward
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during that time (Figure 4.3). SAV in the adjacent control area followed the regional

trend, expanding to ~60% cover and remaining at that level (Figure 4.3a).

The general Mason Neck region also had a relatively stable SAV distribution at
the time of breakwater construction although, as with EIk Neck, the construction site was
unvegetated. Two to three years following construction, regional conditions must have
been favorable as SAV distribution in the general area increased. It was during this time
that SAV also colonized the breakwater-protected areas of Mason Neck 1 and 2 (Figure
4.3b and 4.3c). The adjacent-exposed area remained unvegetated for an additional 2 to 3
years when SAV also appeared. Once SAV became established at a site, it rapidly
achieved 80 to 90% cover in the breakwater-protected area and 60 to 70% cover in the
adjacent area in a matter of 3 years. As observed at Elk Neck, this rapid expansion was
followed by a decline of SAV distribution in the breakwater-protected area at Mason
Neck 1 and 2 but not in the adjacent-exposed area (Figure 4.3b, 4.3c). This decline was

more severe in Mason Neck 2 (<10% cover) than in Mason Neck 1 (~50% cover).

The two Type Il breakwaters where SAV persisted over time were the oldest
breakwaters in this study and were located in the polyhaline area of Chesapeake Bay.
Construction of the breakwater at Bishops Head occurred during a time when SAV
distribution in the area was declining. Two years after construction this trend was
reversed and, for the next 4 years, SAV expanded in the general area, as well as in the
breakwater-protected and adjacent-exposed sites (Figure 4.3d). While the adjacent-
exposed site was 100% covered with SAV (mainly Ruppia maritima), the breakwater-
protected site only had 70 to 90% cover of the same species. Six years after construction,

SAV distribution in the region as well as in the breakwater-protected area declined.
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Although the regional trend continued downward, SAV in the breakwater-protected and
adjacent-exposed areas rebounded after 2 years. While the SAV distribution in the
adjacent area remained high (100% cover), the SAV in the breakwater-protected area
followed the regional trend and declined, followed by a slight recovery. Currently, SAV
distribution in the breakwater-protected area is not as high (~50%) as in the past (up to
90%), but 14 years after the breakwater was constructed, SAV is still present (Figure

4.3d).

Construction of the breakwater at Hoopers Island occurred at a time when SAV
(mainly Ruppia maritima) distribution in the area had declined and was absent from the
breakwater-protected site. Four years after construction, SAV in the general area began to
recover but SAV was still absent from the breakwater-protected and adjacent-exposed
areas. It took an additional 2 years for SAV to become established behind the breakwater,
but the adjacent area remained unvegetated (Figure 4.3e). The breakwater-protected area
has followed regional fluctuations in SAV distribution but remained vegetated at

relatively sparse levels (<50%) over the last 9 years (Figure 4.3¢e).

Table 4.3. Statistical analysis results using SAS 9.2. P-value > 0.05 is significant. BW =

breakwater-protected site, ADJ = Adjacent-exposed site.

Statistical Factors Degree of | T-value or P-Value
Test Freedom F-value

Paired T-test Above-ground biomass BW versus ADJ 11 -0.78 0.45

Paired T-test Below-ground biomass BW versus ADJ 9 -1.01 0.34
ANOVA Above-ground biomass Type | versus Type Il 1 8.51 0.01
ANOVA Below-ground biomass Type | versus Type Il 1 36.88 < 0.0001
ANOVA Type | BW versus ADJ Grain Size 1 26.18 < 0.0001
ANOVA Type | BW versus ADJ Organic Content 1 8.96 0.004
ANOVA Type Il BW versus ADJ Grain Size 1 25.87 <0.0001
ANOVA Type | BW versus ADJ Organic Content 1 0.60 0.44
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In summary, in Type | and Type Il SAV colonization patterns, the initial

establishment of SAV differs but once established, SAV persists over time although at a

lover percent cover (<60%) than possible in nature (100%). Additionally, the SAV cover

in the breakwater-protected areas did not show a clear pattern with age of the structure,
but SAV biomass in the breakwater-protected area fell into one of three categories:

increase over time, decrease over time and remain the same.

SAV biomass and sediment characteristics

In general, above-ground biomass in the breakwater-protected areas was not
significantly different from adjacent-exposed sites when all 17 sites are combined (p =
0.45), neither was below-ground biomass (p = 0.34). However, differences can be seen
between breakwater-protected sites and adjacent-exposed at individual locations (see
Appendix). In the case of Type | and Il breakwaters, breakwaters with SAV that
persistent over time (Type Il; colonized by R. maritima in the mesohaline area) had
higher above-ground biomass (p = 0.01; Figure 4.4a) and higher (p < 0.0001) below-

ground biomass than Type | breakwaters.
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Figure 4.4. (A) SAV above-ground and (B) below-ground biomass in breakwater-protected areas
and adjacent-exposed areas. Breakwaters are listed in ascending age order: EIk Neck (ELK), 4 yrs
old; Mason Neck 1 (MN1), 7 yrs old; Mason neck 2 (MN2), 8 yrs old; Bishops Head (BH), 11 yrs

old and Hoopers Island (HI), 14 yrs old. Vertical bars represent SE.

Differences between SAV biomass at the breakwater-protected and adjacent-
exposed area is an indication of the breakwater effect. When plotting this difference
against the age of the breakwaters (Figure 4.5), three clear categories emerge: 1) no
breakwater effect; 2) a positive effect of the breakwater on SAV biomass and 3) a
negative effect of the breakwater on SAV biomass. Note that this pattern is unique for

biomass and did not show when SAV cover (%) was plotted against breakwater age.
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Figure 4.5. The difference in SAV biomass between breakwater-protected and adjacent-exposed
areas (i.e. breakwater effect on SAV biomass) as a function of breakwater age clearly shows three
patterns: 1) increase in SAV biomass over time (open circles), 2) no change in SAV biomass (0 =

50 g m?; grey squares) and 3) decline of SAV biomass over time (black circles).

The sites that benefited from the breakwater were those exposed to high fetch (>
10 km; Cape Charles Public Beach, Hoopers Island, Tangier; Figure 4.6) or had sand
being deposited as part of the construction process (Bishops Head and Sue Creek). In
contrast, sites that showed breakwaters to be detrimental to SAV were all located in areas
with small fetch (< 3 km), had a decrease in grain size and an increase in sedimentation

rate (chapter 2; Hart-Miller Island; Mobjack Bay and Red Eye Yacht Club).
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Figure 4.6. Fetch of the study sites colonized by SAV. Horizontal lines show limits of small fetch
(< 3 km), medium fetch (3 to 10 km) and high fetch (> 10 km). Grey bars represent sites where
SAV biomass tended to increase in breakwater-protected areas over time; white bars where SAV
biomass was unaltered by the presence of the breakwater and black bars represent sites where
SAV biomass tended to decrease in breakwater-protected areas over time. Note that at Hoopers
Island (HI), Bishops Head (BH) and Sue Creek (SUE; grey bar) a layer of sand was added at time

of construction.

At the five sites that best describe the initial pattern of colonization of SAV in
breakwater-protected area, sediments in the top 10 cm (where most of the roots are
found) of Type I breakwaters (SAV expanding and then declining over time) were

significantly finer (p<0.0001) and contained significantly more organic matter (p=0.004)
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in the breakwater-protected than in the adjacent-exposed areas (Figure 4.7a, 4.7b). In
contrast, sediment in the top 10 cm of Type Il breakwaters (persistent SAV over time)
was significantly coarser (p < 0.0001) in the breakwater-protected than in the adjacent-
exposed site (Figure 4.7a) and sediment organic content showed no clear pattern (p =
0.44; Figure 4.7b), although it reached relatively high levels (4.1 + 0.8%) at the Bishops

Head breakwater-protected site.
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Figure 4.7. Sediment grain size (top) and organic content (bottom) in the top 10 cm (*top 4 cm
for MN1) in breakwater-protected areas and adjacent exposed areas. Breakwaters are listed in
ascending order of age: ElIk Neck (ELK), built in 2005; Mason Neck 1 (MN1), built in 2002;
Mason neck 2 (MN2), built in 2001; Bishops Head (BH), built in 1997 and Hoopers Island (HI),

built in 1991. Vertical bars represent SE.
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DISCUSSION

SAV are rooted aquatic plants that require both water-column and sediment
characteristics to be suitable for their growth (Koch 2001). If light criteria are not met,
SAV will be absent or sparse in the region, including breakwater-protected areas. As
suggested by Karrh (2000), light availability in the breakwater-protected area seems to be
a function of regional, rather than local, processes and events, as seen by the similar
trends in SAV distribution in breakwater-protected areas and the segment/region where
the breakwater is located during periods of SAV expansion and maintenance. In contrast,
sediment characteristics in breakwater-protected areas are affected by regional and local
sediment sources as well as breakwater particle trapping effects. At all studied
breakwaters in two oligohaline areas of the Bay (upper Chesapeake Bay and Potomac
River), sediments in the breakwater-protected area have become finer and at Elk Neck,
also more organic (not always at a statistically significant level) than the sediment in the
adjacent-exposed area (Chapter 2). In contrast, at the studied mesohaline sites, sediments
in the breakwater-protected area became coarser, not as a result of natural processes, but
as a result of the construction method (sand deposition prior to the construction of the
breakwater at Hoopers Island) and the creation of a pocket beach (sand deposition on top
of the eroding marsh shoreline to create a beach at Bishops Head). Independent of how
the sediments reached their present composition, they may be contributing to the current

pattern of SAV distribution observed in the breakwater-protected area.

Initial colonization of SAV in breakwater-protected areas appears to be related to
sediment characteristics. Sediments in the Type | breakwaters which showed an initial

SAV expansion followed by a decline (EIk Neck, Mason Neck 1 and 2) have become
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finer and more organic in the recent past. It appears that the construction of a breakwater
in an area with no or sparse SAV (A in Figure 4.8) led to the trapping of SAV propagules
and/or seeds present in the region (one of the site selection criteria) which were able to
become established in the quiescent waters and benefitted from the sediment organic
matter also trapped by the breakwater. This led to the rapid growth of SAV (B in Figure
4.8) creating dense SAV beds (100% cover) with high biomass (C in Figure 4.8). These
dense beds become stressed leading to their decline (D in Figure 4.8). This decline took

between 3 and 8 years at our study sites.

The causes of stress leading to the abrupt loss of SAV in breakwater-protected
areas after 3 to 8 years may be 1) high sediment organic content, 2) lack of water flow in
the vegetation and/or 3) shallow water depth in the breakwater-protected area. The
shortest time for the decline to take place was 3 years since construction of the
breakwater at EIk Neck, a period during which sediment organic content increased from
~0.5 to ~2.5% (see Appendix). Although Barko and Smart (1983) suggested that 5% is
the maximum threshold for SAV distribution, Barth et al. (Chapter 3) demonstrated that
although SAV may have optimal organic contents for growth under stagnant conditions,
V. americana can grow over a broad range of sediment organic contents (0 to 20%) as
long as sufficient water flows through the vegetation. Therefore, even the highest
sediment organic content in Type | breakwaters (4% at Mason Neck 1) is unlikely to be
the cause for the decline in SAV distribution in oligohaline and mesohaline areas of
Chesapeake Bay. Instead, water flow may be an important requirement for SAV
distribution, especially when extremely dense beds develop shoreward of the

breakwaters. Breakwaters trap organic particles which fertilize the sediment and lead to
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higher SAV biomass in breakwater-protected than adjacent-exposed areas. But
breakwaters attenuate waves and the vegetation reduces currents and waves even further,
leading to leaf boundary layer limitations (Koch, 1994; Chapter 3) and the loss of SAV.
This is evident at the Mason Neck breakwaters where the decline recently occurred. At
these sites, V. americana above-ground biomass is less abundant than in the adjacent
exposed areas. Once the canopy has become less dense and water can flow once again,
the SAV may become re-established at a lower density which fluctuates inter-annually
with regional water quality conditions (E in Figure 4.8). It appears that an oligohaline
SAV bed with 50 to 60% cover in the breakwater-protected area can be quite productive
as seen in the higher above-ground biomass than in the adjacent-exposed sites. This
pattern is likely the result of higher sediment organic content and shelter from waves in
breakwater-protected areas. In polyhaline areas, this pattern may not hold as the dominant
species, Zostera marina, is less tolerant to fine and organic sediments (Wicks et al.,

2009).

Both initial colonization processes (Type | and Il) appear to lead to steady state
levels of SAV distribution that is lower (< 60%) than what can be found in nature as well
as in the initial colonization of Type | breakwaters (100% cover). This suggests that some
stress may still be limiting SAV expansion. This could be a result of warmer
temperatures in the breakwater-protected area (personal observation), reduced water
flow, or perhaps herbivory of plants and seeds by organisms that use the breakwaters as
habitat. SAV distribution/density also fluctuates annually with regional trends suggesting
that this parameter may also depend on light availability. In contrast, SAV biomass

appears to be a better indicator of local conditions. For example, the decline in biomass
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difference between breakwater-protected and adjacent-exposed areas over time (i.e.
breakwater effect) seems to be associated to small fetch sites where fine sediments tend
to settle in the breakwater-protected area at a high sedimentation rate. The opposite trend
is observed when breakwaters are in high fetch areas (> 10 km) which are usually
characterized by sandy sediments or if sand is added to the site as part of the construction
process. In high fetch areas, breakwaters allow SAV to grow longer leaves/shoots which
then lead to the higher SAV biomass in breakwater protected than adjacent exposed

areas.

Breakwater-protected areas can only support SAV if the water column is deep
enough to avoid regular desiccation during low tides. Therefore, if sediment
accumulation in breakwater-protected areas is high, the area may become too shallow to
support SAV growth. In that case, the breakwater-protected area will become intertidal
and colonized by marsh vegetation. This seems to be the cause of loss of SAV at Mason
Neck 2 as evident by the appearance of marsh plants in the shallowest areas. The
breakwater at this site protects a high sand bluff but it continues to erode at high tide
and/or due to drainage of the bluff. The sediment eroded is accumulating in the
breakwater-protected area as the structure likely interrupts longshore transport and/or
limits offshore transport. Therefore, over time, this site is likely to become a marsh and

could even be colonized by terrestrial vegetation, unless bluff erosion ceases.

The mesohaline breakwaters at Bishops Head and Hoopers Island are relatively
old (> 10 years) and, once vegetated, remained vegetated at approximately the same
levels as the oligohaline “initial increase followed by subsequent decline” breakwaters.

Inter-annual variability in SAV distribution in the polyhaline breakwater-protected areas
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is driven by regional water quality trends as seen by the similar trends in variability in the
region/segment and at the breakwater site and previously suggested by Karrh (2000).
Sediment composition is also quite important in this area as when marshes erode and
retreat, compacted marsh peat is exposed in the subtidal and becomes the substrate for
SAV in breakwater-protected areas. Unfortunately this sediment is unsuitable for the
colonization of SAV such as R. maritima and Z. marina (Wicks et al., 2009) as seen in
the adjacent-exposed area at Hoopers Island. The addition of sand as the base for the
breakwater at Hoopers Island and for the creation of a beach at Bishops Head has lead to
suitable conditions for the colonization of R. maritima. The initial growth of the
population at Bishops Head may have been faster as a layer of non-compacted highly
organic sediment overlays the compacted peat (see Appendix). The mixture of this
sediment with the sand created ideal growth conditions. At Hoopers Island, initial growth
was slower, possibly a result of the lack of R. maritima seed production at very low
organic content (<1%; Chapter 3). If few or no seeds were produced locally, the area
depended on trapping of seeds for re-establishment of SAV on an annual basis. This may
no longer be the case as sediment organic content is now 2.1% and the SAV population

has sustained ~50% cover for at least 2 years in the row.
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SAV Biomass

Years Since Breakwater Construction

Figure 4.8. Timelines of SAV biomass in breakwater-protected areas: grow and crash type (solid
line) and persist over time type (dashed line). An area with little or no SAV (A) may experience
rapid SAV colonization (B) following breakwater construction, a result of organic matter
enrichment of the sediment. The population then reaches its maximum biomass (C) but collapses
(D) due to water flow, sediment characteristics and/or particle trapping. The SAV population may
remain in the area but at a lower biomass (E) than the initial peak. Alternatively, an unvegetated
area (F) may be slowly colonized by SAV (G) and reach a peak that is sustainable over time (H).
In both cases (E and H), SAV fluctuates with regional water quality trends over time (see

Discussion for details).
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SUMMARY

Breakwater-protected sites can be slowly colonized by SAV over time or initially
support dense SAV canopies for only a limited amount of time (2 to 3 years) after which
somewhat sparse (~50% cover) SAV canopies can be sustained as long as regional and
local habitat requirements are met: 1) water quality needs to be such that sufficient light
reaches the plants in the region; 2) water depth also needs to be appropriate for the
growth of submersed vegetation, i.e. the plants need to remain submersed even during
low tide; 3) sufficient water flow exists in the canopy of oligohaline species to minimize
carbon limitation and the exclusion of water flow loving species such as V. americana;
and 4) the sediment needs to meet SAV habitat requirements, especially in the
mesohaline region where compacted marsh peat limits the distribution of R. maritima and
Z. marina. Even if the SAV populations in breakwater-protected areas are relatively
sparse, their biomass can be higher than in adjacent-exposed sites especially when fetch
is high and the sediment is naturally sandy or a layer of sand is deposited at the site
during the construction process. Actually, given the right conditions (reduced fetch and
sand), SAV biomass tends to increase with the age of the breakwater suggesting that
positive feedback loops develop in breakwater-protected areas just as in other natural
environments. Some of the above described SAV requirements can be achieved as part of
the engineering project. For example, the deposition of a sand layer in the breakwater-
protected area benefited breakwaters in areas where marsh erosion exposed compacted
peat in the sub-tidal or where fetch was small. This sand layer should be at least 2 cm in
depth (Wicks et al. 2009) to allow for seasonal sediment erosion (Palinkas et al., 2010).

Engineering could also address the excessive sediment input into the breakwater-
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protected area when this structure is protecting high bluffs. It would allow the
breakwater-protected area to remain a SAV habitat and not turn into a marsh. We
conclude that breakwaters can sustain patchy SAV populations with high biomass if basic
conditions are met. Engineers, biologists and oceanographers are encouraged to work
together to design breakwaters that best meet these requirements and create conditions

that can support dense SAV beds in the long term.
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Chapter 5

Summary

Rising sea level within the Chesapeake Bay has led to an increase in shoreline
erosion and a subsequent rise in construction of coastal protection structures (Titus and
Richman, 2001) such as breakwaters. This study examined the impact of breakwaters of
various ages (1-19 y) in 3 salinity regions of the Chesapeake Bay on sediment
characteristics and submerged aquatic vegetation (SAV). Grain size, organic content, and
sedimentation rates were quantified, SAV shoot and root length were measured, and
above- and below-ground biomass, as well as total biomass, were quantified at adjacent-
exposed and breakwater-protected sites in 24 locations in the Chesapeake Bay. A
controlled mesocosm experiment was also conducted to evaluate SAV response
(biomass, shoot and root length) to 4 levels of sediment organic content for 3 SAV
species found in the Chesapeake Bay (Ruppia maritima, Vallisneria americana and

Zannichellia palustris), 2 of which are commonly used for restoration.

The results of this study were used to make coastal management
recommendations as well as to define habitat requirements of SAV species within the
Chesapeake Bay. The general hypothesis of this study stated that for a short period (few
years) following construction, breakwaters enhance SAV distribution, but hinder their
growth at a later time due to changes in sediment characteristics in the breakwater-
protected area. This hypothesis was only partially supported as SAV distribution was not
always initially enhanced. Instead, in some cases, SAV slowly appeared years after
construction or the breakwater-protected area remained barren over time. Therefore, the
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effect of breakwaters on SAV is site- and species-specific. Sediment requirements are
species-specific and breakwater impacts on local environments are site-specific; however,
thorough investigation of sediments at these sites allows for better evaluation on impacts
of breakwater construction, and whether it will be detrimental or beneficial to

surrounding SAV.

MANAGEMENT RECOMMENDATIONS

In general, it seems that SAV populations can be sustained over time in the
breakwater-protected area, if certain habitat requirements are met: 1) water quality in the
region needs to be such that sufficient light reaches the plants; 2) water depth must be
appropriate for the growth of SAV, so plants can remain submersed even during low tide;
3) sufficient water flow exists in the SAV canopies to minimize carbon limitations; 4) the
sediment needs to meet SAV habitat requirements. Here, we present guidance on how to
achieve secondary ecological benefits (e.g. SAV habitat) in conjunctions with the
primary breakwater purpose of protecting the shoreline from erosion, in a variety of

shoreline sedimentary environments (Figure 5.1).
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Figure 5.1 Recommendations for achieving secondary SAV habitat benefits in connection with
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If a shoreline characterized by marsh or a fine-sediment supply (e.qg. river, eroding
marsh) is nearby, the breakwater will facilitate fine-sediment deposition. Fine sediment is
generally higher in organic and water content than sandy sediment. This increase in fine
sediment can violate the SAV light or sediment requirements. In this case a sand-layer
application in conjunctions with breakwater construction would be necessary to meet
SAV sediment requirements, such as was seen at Hoopers Island. Fetch distance should
also be measured (see Appendix) for the site of breakwater construction. If the fetch
distance is < 3 km construction of the breakwater should not take place. If the fetch
distance is from 3 to 10 km then a low-lying segmented rubble-mound breakwater that is
submerged at high tide is recommended. This will facilitate greater exchange of water
and sediments landward of the structure and will prevent water from becoming stagnant.
If fetch distance is > 10 km then an emergent, segmented rubble-mound breakwater is

recommended.

In contrast, if the shoreline is a sandy beach or when sand is the dominant
sediment source, breakwaters can trap these coarser particles. In this case, breakwaters
are beneficial for SAV establishment, especially if wave energy is high (fetch distance >
10 km) as plants will be sheltered landward of the structure. If the desired breakwater site
has a fetch distance of > 10 km then an emergent, segmented rubble-mound breakwater is
recommended. If fetch is < 10 km the breakwater can be emergent or a submerged
segmented rubble-mound breakwater, as to keep water from becoming stagnant but
flushing sediment from behind the structure is not crucial to SAV success when the
dominant sediment source is sand as any fine, organic particles that the breakwater can

trap will provide nutrients to the plants.
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If a breakwater must be constructed along shorelines characterized by cliffs or
elevated banks a low-lying segmented rubble-mound breakwater that is submerged at
high tide is recommended. However, with breakwater construction rip rap must also be
installed at the base of cliff/bank and emergent macrophytes must be planted to trap
eroding terrestrial sediments. Otherwise, as the cliff erodes, sediment is trapped landward
of the structure, filling in the breakwater-protected area and allowing beach or marsh

establishment, which violates the water-depth requirement for SAV.

Once the breakwater is constructed sediment characteristics need to be evaluated
to improve the success of SAV restoration in the area (Figure 5.2). In this study, habitat
requirements were defined for 3 species of SAV in the Chesapeake Bay, and observations

recorded for 5 others (2 of which are invasive; Table 5.1).
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Table 5.1: Habitat characteristics of the 8 SAV species observed at study locations in the

Chesapeake Bay, as well as characteristics of locations where SAV were absent.

Species # of Region Sediment Sediment Sediment  Water
sites Median Silt/clay Organic  Content
present Diameter (%) Content (%)
(total (phi) (%)
48) (Lm)
R. Mesohaline/ 1.9-45 0.6-4.1 0.7-
maritima 17 Polyhaline (267.9- 3.1-51.3 0.6-13in | 8.6-27.1 | 21.0
44.2) mesocosm
Z Oligohaline/ 1.6-2.5 0.4-0.6 15.1- 2.2-
palustris 3 Mesohaline (329.9- 2.9-6.4 0.6-13in 19.8 7.2
176.8) mesocosm
V. Tidal Fresh/ 1.5-4.0 12.8- 0.1-
americana 10 Oligohaline (353.6- 3.9-42.0 0.4-20.1 55.7 4.9
62.5)
P. 1.6-2.3 17.7- 2.2-
perfoliatus 2 Oligohaline/ | (329.9- 3.9-6.4 0.4-0.6 19.8 3.0
Mesohaline 203.1)
H. Tidal Fresh/ 1.7-4.0 12.8- 2.2-
verticillata 6 Oligohaline (307.8- 4.5-42.0 0.6-7.9 34.9 4.9
62.5)
M. Tidal Fresh/ 1.5-2.9 12.8- 0.1-
spicatum 8 Oligohaline (353.6- 4.5-22.8 0.6-20.1 55.7 4.9
134.0)
N. 1.7-4.0 16.7- 2.2-
gracillima 3 Tidal Fresh (307.8- 5.5-42.0 0.8-7.9 34.9 24
62.5)
Z. marina Mesohaline/ 1.9-3.3 8.6-27.1 | 1.4-
8 Polyhaline (267.9- 3.1-34.7 0.6-3.9 21.0
101.5)
No SAV Mesohaline/ 1.1-6.9 14.8- 0.9-
14 Polyhaline (466.5- 3.0-95.6 0.5-3.9 32.3 11.6
8.4)
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Salinity Zone
Based on this study

Tidal Fresh/
Oligohaline

Oligohaline/
Mesohaline

Sediment
characteristics

Grain size: 354-63 um
Mud: 4-42%
Organic content: 0-20%
Water content: 13-56%

Sediment
characteristics

Mesohaline/
Polyhaline

Sediment
characteristics

Grain size: 330-177 um
Mud: 3-6%
Organic content: 0-13%
Water content: 15-20%

Grain size: 268-102 um
Mud: 3-35%
Organic content: 0-4%
Water content: 9-27%

Grain size: 330-203 um
Mud: 4-6%
Organic content: <1%
Water content: 18-20%

Grain size: 268-44 um
Mud: 3-51%
Organic content: 1-13%
Water content: 9-27%

Potamogeton
perfoliatus

Ruppia maritima

Vallisneria americana

Zannichellia palustris

Zostera marina

Figure 5.2. Sediment requirements for SAV species located within different salinity regions of the

Chesapeake Bay.

118




Sediments >1% organic content that are sheltered and non-compacted would be
more successfully colonized by R. maritima. V. americana, which has no organic content
requirement, can be planted in the oligohaline region in sediments with high organic
content (~20%), as long as water is not stagnant and the sediment silt/clay composition is
< 42%. Z. palustris appeared to have no organic content requirement, although growth
was best in ~8% organic content, and it produced seeds at all organic-content levels.
Even though the growing season for this species is short (Feb-June), it may be
successfully used as a colonizing species, as it produced seeds even at low organic levels

and may trap sufficient organic matter to promote the growth of other species.

Other species such as Z. marina, P. perfoliatus, H. verticillata, M. spicatum, and
N. gracillima were collected in situ. Data collected for habitat requirements can be found
in Table 5.1. Due to small sample sizes conclusions are difficult to make on some
species. M. spicatum and H. verticillata are invasive and therefore are not used in
restoration efforts. They can however colonize sediments of higher organic content. They
are canopy-forming, which reduces light penetration into the water column and traps
large amounts of fine particles within beds (Newbolt et al., 2008). This makes competing
with these species difficult, as Chesapeake Bay SAV is mainly limited by light and fine-

grained sediments (Kemp et al., 1984; Koch, 2001).
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CONCLUSIONS

Ecological engineering projects are receiving increased attention worldwide,
particularly in the Netherlands, where they have embraced the concept of adapting and
working with nature (Inman 2010). Here in the U.S., the U.S. Army Corps of Engineers
has also begun to place more emphasis on ecological engineering projects, using the term
“building with nature.” The data presented here have shown that it should be possible to
design and build coastal protection structures that not only reduce shoreline erosion but
have secondary ecological benefits. We have shown that consideration of sources and
types of sediment supply are key to successful establishment of SAV in breakwater-
protected areas of Chesapeake Bay. Engineers and scientists are encouraged to continue
to work together to design breakwaters that meet these habitat requirements and create
conditions that can support dense SAV beds in the long term, thus furthering success in
establishing SAV to historical levels and ultimately restoring the Chesapeake Bay to a

healthier state.
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APPENDIX

Information about each of the 24 study locations are presented in this appendix.
Locations are divided by salinity region as defined by the Chesapeake Bay Program (CBP, 2004),

within each salinity region, locations are listed by ascending age.

Tidal Fresh/ Oligohaline

EIK NECK (ELK) . ouuiitiii e e e e e e 126
Mason Neck 1 (IMINL) .ot 134
Mason NECK 2 (IMIN2) ...uuiiiiiit et ettt eeenaas 143
Hart-Miller Island (HMI) ..o e e 151
SUE Creek (SUE) ..onniii i e 159
Red Eyed Yacht CIub (REYC) ..o 167
Mesohaline
Taylors IS1and (TAY ) .o e 173
Tangier Island (TAN) ..o e 177
Mayo North (MayN) ... e 185
Mayo South (MayS) ... e 189
Bishops Head (BH) ......oiniiii e 193
Hoopers Island (HI) ..o e 202
Eastern Neck (EN) ..ot e e e 209
Highland Beach (HB) .......oooiuiiii e 216
(€32 18101 s [ (€ ) I PP 220
Brannock Bay (BB) ..o 226



Polyhaline

Cape Charles Bay Creek (CCBC) ..uviuiiiiii e 233
Cape Charles Public Beach (CCPB) ......oooiiiiiiiiii e 241
MObJaCK Bay (MB) ...t 249
Mobjack Bay 5 (MOBS) ..o.uiii i e 255
Mobjack Bay 7 (MOB7) ....uiiii i 259
Y OTKEOWI (Y T ) et e 265
Mobjack Bay 3 (MOB3) ...uiiiiii e 270
SChIEY (SCH) .o e 278
Data analysis

SAS 9.2 was used for statistical analysis of data (Table Appendix1). Data were
tested for a normal distribution; if it was not normal, then a log transformation was
performed. Levene’s test was utilized to determine equality of variances (Sokal and
Rolhf, 1995). The majority of the data fit the assumptions of normality and homogeneity.
A paired t-test was conducted for sediment characteristics and SAV characteristics
between adjacent-exposed and breakwater-protected sites (Sokal and Rolhf, 1995). A
one-way ANOVA was then completed for individual sites, comparing sediment grain size
and organic matter, as well as SAV shoot- and root- length and total biomass between

adjacent-exposed and breakwater-protected sites (Sokal and Rolhf, 1995).

122



is significant. (‘*’ = log transformation was needed)

Degrees of
Site Factors Freedom t-value p-value
Paired T-test
Adjacent-exposed
Versus Grain Size 23 -1.21 0.24
Breakwater-protected
Adjacent-exposed Organic Content
Versus 23 -1.25 0.22
Breakwater-protected
Adjacent-exposed
versus Shoot Length 18 1.37 0.19
Breakwater-protected
Adjacent-exposed
Versus Root Length 18 -1.17 0.26
Breakwater-protected
Adjacent-exposed
versus Total Biomass 17 0.87 0.39
Breakwater-protected
Degrees of
Site Factors Freedom f-value p-value
1-Way ANOVA
ELK Grain Size 1 24.47 0.0003
Organic Content 1 9.27 0.01
Shoot Length 1 14.33 0.001
(V. americana)
Root Length 1 1.49 0.22
(V. americana)
Total Biomass* 1 1.37 0.28
MN1 Grain Size* 1 4.27 0.06
Organic Content* 1 0.14 0.72
Total Biomass 1 963 0.03
MN2 Grain Size 1 82.93 < 0.0001
Organic Content 1 5.73 0.03
Root Length* 1 0.32 0.57
(V. americana)
Total Biomass 1 2.38 0.16
HMI Grain Size 1 250.86 < 0.0001
Organic Content 1 8.45 0.01
Shoot Length 1 2.31 0.13
(P. perfoliatus)
Root Length* 1 1.61 0.20
(P. perfoliatus)
Total Biomass* 1 0.06 0.81
SUE Grain Size 1 1.77 0.02
Organic Content* 1 127.13 < 0.0001
Shoot Length 1 5.51 0.02
(M. spicatum)
Root Length 1 0.99 0.32

(M. spicatum)

Table Appendix1. Results of sediment and SAV data statistical analysis. P-value > 0.05
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Shoot Length* 1 2.99 0.10
(V. americana)
Root Length* 1 5.59 0.02
(V. americana)
Total Biomass 1 0.61 0.46
REYC Grain Size 1 96.79 < 0.0001
Organic Content 1 6.47 0.03
Shoot Length* 1 7.67 0.01
(M. spicatum)
Root Length 1 3.08 0.08
(M. spicatum)
Total Biomass 1 6.35 0.04
TAY Grain Size* 1 3.85 0.07
Organic Content 1 80.71 <0.0001
TAN Grain Size 1 1.46 0.25
Organic Content 1 1.95 0.19
No SAV in
adjacent-exposed
MayN Grain Size 1 141.24  <0.0001
Organic Content 1 68.27 <0.0001
MayS Grain Size 1 44.54 < 0.0001
Organic Content 1 8.58 0.01
BH Grain Size 1 9.66 0.01
Organic Content 1 5.01 0.04
Shoot Length* 1 11.50 0.001
Root Length* 1 3.31 0.07
Total Biomass* 1 2.17 0.17
HI Grain Size 1 29.44 0.0002
Organic Content* 1 157 0.24
No SAV in
adjacent-exposed
EN Grain Size 1 34.14 0.0001
Organic Content 1 36.59 <0.0001
No SAV in
adjacent-exposed
HB Grain Size 1 927.02 <0.0001
Organic Content 1 388.8 <0.0001
G Grain Size 1 4.36 0.06
Organic Content* 1 1.11 0.31
BB Grain Size 1 0.73 0.41
Organic Content 1 1.23 0.29
Shoot Length 1 3.01 0.08
Root Length 1 0.28 0.59
Total Biomass* 1 5.27 0.05
CCBC Grain Size 1 18.70 0.001
Organic Content 1 5.38 0.04
Shoot Length* 1 41176  <0.0001
(R. maritima)
Root Length 1 3.72 0.05
(R. maritima)
Shoot Length* 1 53.76 <0.0001
(Z. marina)
Root Length 1 7.23 0.01
(Z. marina)
Total Biomass 1 9.00 0.01
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CCPB Grain Size 1 5.99 0.03
Organic Content 1 1.43 0.26
Shoot Length* 1 0.86 0.36
(R. maritima)
Root Length 1 7.97 0.01
(R. maritima)
Shoot Length* 1 1.28 0.26
(Z. marina)
Root Length* 1 24.89 <0.0001
(Z. marina)
Total Biomass 1 0.00 1.00
MB Grain Size 1 46.44 <0.0001
Organic Content* 1 30.75 0.0001
Shoot Length* 1 44.36 <0.0001
Root Length 1 39.42 <0.0001
Total Biomass* 1 10.85 0.01
MOB5 Grain Size 1 20.71 0.001
Organic Content 1 145.20 < 0.0001
MOB7 Grain Size 1 25.47 0.0003
Organic Content* 1 3.19 0.10
Shoot Length* 1 10.11 0.002
Root Length* 1 0.33 0.57
Total Biomass* 1 0.00 0.99
YT Grain Size 1 21.89 0.001
Organic Content 1 14.69 0.002
MOB3 Grain Size 1 3.60 0.08
Organic Content 1 5.88 0.03
Shoot Length* 1 13.34 0.0003
Root Length 1 531 0.02
Total Biomass 1 0.66 0.44
SCH Grain Size 1 92.31 <0.0001
Organic Content* 1 7.04 0.02
Shoot Length* 1 62.43 <0.0001
Root Length* 1 62.43 < 0.0001
Total Biomass 1 6.69 0.03
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Elk Neck

Description: This semi-circular, segmented, rock-mound breakwater has 7 segments.
The total breakwater length is 253.9 m, with segment lengths 31+11 m (mean + SD) and
gap lengths 10+3 m. Average distance from shore is 10021 m. This breakwater protects
a boat pier and swimming area/ sandy beach for a summer camp. The adjacent-exposed
area shoreline is a sandy beach.
Year of Construction: 2005 Age at Sampling: 3 years
Salinity Regime: Tidal fresh

Fetch: Adjacent: 4.9£1.5 km

Breakwater: 4.5+1.0 km

Sampling Coordinates:

Elk A vbc 39929'40.3"N | 75°5922.5"W
Elk A pc 39°29'40.3"N | 75°59'22.5"W
Elk B vbc 39929'45.1"N | 75°59'20.4"W
Elk B pc 39°29'45.1"N | 75°59'20.4"W
SAV Al 39°29'42.5"N | 75°59'22.2"W
SAV A2 39929'41.8"N | 75°59'22.6"W
SAV A3 39°29'40.8"N | 75°59'23.4"W
SAV A4 39929'38.9"N | 75°59'25.3"W
SAV A5 39°29'37.5"N | 75°59'26.5"W
SAV Bl 39°29'46.5"N | 75°59'20.2"W
SAV B2 39929'47.4"N | 75°59'22.3"W
SAV B3 39°29'46.0"N | 75°59'22.3"W
SAV B4 39°29'44.7"N | 75°59'22.4"W
SAV B5 39929'42.8"N | 75°59'22.0"W

Table ELK1. Latitude and longitude of vibracores

(vbc), pushcores (pc), and SAV cores taken at

the adjacent-exposed (“A”) and breakwater-

protected (“B”) sites at Elk Neck.

Figure ELK1. Aerial photo of

the breakwater at Elk Neck, MD



Sediment Data:

Push core o _ Organic Content (%)
Median Diameter (phi)
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Figure ELK2. Sediment grain size (median diameter) collected with a push core (A) or
vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed
triangles) sites. The dashed line represents the interpreted depth of breakwater
appearance. Sediment organic content collected with a push core (C) or vibracore (D) at

the adjacent-exposed and breakwater-protected sites.
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Figure ELK3. #°Pb profiles at the adjacent-exposed (A) and breakwater-protected (B)

sites. The calculated sediment accumulation rate at both sites is 1.1 cm/y.

Summary of sediment data:

The average median diameter of surficial (0-10 cm) sediments at the adjacent-
exposed site is 2.6+0.02 (164.9 um), and the average organic content is 0.6+£0.1%. At the
breakwater-protected site, the average median diameter is 2.8+0.1 (143.6 um) and
average organic content is 1.4+0.2%. The adjacent-exposed site was statistically coarser
(p = 0.0003) and less organic (p = 0.01).

Both cores at EIk Neck display steady-state sedimentation and an accumulation
rate of ~1 cm/y. This is expected, because this breakwater was constructed only 3 years
prior to sampling — a short time relative to the half-life of ?*°Pb (22.3y). Clues as to how

much and what type of sediment deposited post-construction can be found in the grain-
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size data. Median diameter decreases (increasing phi units) from 1.5 to 3.0 phi (363.5 to
129.4 um) at ~80 cm behind the breakwater, and from 1.5 to 3.1 phi (361.0 to 120.7 pm)
at ~60 cm adjacent to it. Also, sediment fines upward behind the breakwater at ~20 cm,
which is the expected trend in response to reduced physical energy; this trend is absent
adjacent to the breakwater. A higher-resolution of the depth of breakwater influence can
be obtained by examining the push-core grain-size profiles. In these profiles, median
diameters observed in cores in the adjacent-exposed and breakwater-protected areas
deviate at 8 cm, yielding a post-construction sedimentation rate of 2.7 cm/y. Thus,
sediment is finer and more organic in the breakwater-protected area, and the
sedimentation rate has increased. These changes may ultimately prove detrimental to
SAV, outweighing the apparent initial benefit of the breakwater in alleviating potential

wave limitation.
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SAV Data:

Table ELK2. Characteristics of SAV species Vallisneria americana, Hydrilla verticillata,

and both species combined growing at the adjacent-exposed and breakwater-protected

sites, values are reported as mean £SE.

Ratio
Shoot Root Above- Below- Total Above-/
Location Species Length | Length ground ground Biomass Below-
(cm) (cm) Biomass | Biomass (gm? ground
(g m?) (g m?) Biomass
Adjacent- Vallisneria
exposed americnana
Breakwater- Vallisneria
protected americnana
Adjacent- Hydrilla
exposed verticillata
Breakwater- Hydrilla
protected verticillata
Adjacent- All Species
exposed
Breakwater- | All Species
protected
100 ~ 7000
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g | 2005 6000
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Figure ELK4. SAV % cover plotted against the total SAV in the bay segment as

determined by VIMS aerial photography from 5 years prior to breakwater installation to

present day.
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Figure ELK5. (A) Shoot- and (C) root-length frequency plots for Vallisneria americana

and (B) shoot- and (D) root-length frequency plots for Hydrilla verticillata at the

adjacent-exposed (open circles) and breakwater-protected (closed triangle) sites.
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Figure ELK6. Biomass of the all species of SAV at the adjacent-exposed (open bars) and

breakwater-protected (closed bars) sites.

Summary of SAV data:

SAV abundance in the segment containing the EIk Neck site generally increased
from 2000 to 2009. At the EIk Neck site SAV also increased both in the adjacent site and
the breakwater site until the breakwater was built. There was a sharp drop in SAV in the
year following, potentially due to the environmental impacts of construction. Then the
area behind the breakwater appears to decrease in the years following, while the area
adjacent sees an increase in SAV coverage, mirroring the segment totals (Figure ELK4).
Myriophyllum spicatum and Hydrilla verticillata are invasive species that are able to

tolerate high organic sediments as well as stagnant water (Newbolt et al., 2008).
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Sediments of high organic content (~20%) are also able to support growth of Vallisneria
americana as long as water is not stagnant (Chapter 3). After SAV had 100% coverage
populations declined in the breakwater-protected area allowing for stagnant conditions to
be alleviated. Even though percent cover of the area was reduced biomass remained
greater (p = 0.28) in the breakwater-protected site than the adjacent-exposed site (Figure
ELK®). V. americana shoot lengths were longer (p =0.001) in the breakwater-protected
site than the adjacent-exposed, however roots were of similar length (p = 0.22; Figure
ELKS5; Table ELK?2). H. verticillata sample sizes were too small for statistical analysis;
however, collected shoots were longer in the breakwater-protected site and roots showed

no difference.
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Mason Neck 1

Description: This linear, segmented, rock-mound breakwater has 4 segments parallel to

the shoreline. The total breakwater length is 233.8 m, with segment lengths 49+2 m

(mean = SD) and gap lengths 20+1 m. Average distance from shore is 3622 m. This

breakwater protects an eroding sand cliff. The adjacent-exposed shoreline was marsh that

had been hardened with rip rap.

Year of Construction: 2002

Salinity Regime: Tidal Fresh

Fetch: Adjacent: 2.4+£0.5 km

Breakwater: 2.4+0.5 km

Sampling Coordinates:

Age at Sampling: 7 years

MN1 Avbc | 38°37'52.5"N | 77°12'44.2"W
MN1 A pc 38937'52.5"N | 77°12'44.2"W
MN1 B vbc | 38°37'47.2"N | 77°12'40.0"W
MN1 B pc 38°37'47.2"N | 77°12'40.0"W
SAV Al 38937'52.5"N | 77°12'44.3"W
SAV A2 38°37'52.7"N | 77°12'44.2"W
SAV A3 38°37'53.8"N | 77°12'45.0"W
SAV A4 38°37'54.1"N | 77°12'44.9"W
SAV A5 38°37'54.2"N | 77°12'45.0"W
SAV B1 38°37'45.6"N | 77°12'38.7"W
SAV B2 38°37'46.5"N | 77°12'39.6"W
SAV B3 38°37'47.5"N | 77°12'40.3"W
SAV B4 38°37'49.1"N | 77°12'41.7"W
SAV B5 38°37'50.7"N | 77°12'43.2"W

Table MN1.1. Latitude and longitude of

vibracores (vbc), pushcores (pc), and SAV

cores taken in the adjacent-exposed (“A”)

and breakwater-protected (“B”) sites

at Mason Neck 1.

Figure MN1.1. Aerial photograph

of the breakwater at Mason Neck

north, VA.
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Sediment Data:

Push Core Organic Content (%)
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Figure MN1.2. Sediment grain size (median diameter) collected with a push core (A) or

vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed

triangles) sites. The dashed line represents the interpreted depth of breakwater

appearance (4 cm). Sediment organic content collected with a push core (C) or vibracore

(D) at the adjacent-exposed and breakwater-protected sites.
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Figure MN1.3. **°Pb profiles at the adjacent-exposed (A) and breakwater-protected (B)
sites. The calculated sediment accumulation rate is 0.5 cm/y at the adjacent-exposed site
and 0.6 cm/y at the breakwater-protected site, representing the pre-construction

sedimentation rate. The x-axis scale differs between plots for visual clarity.

Summary of sediment data:

Surficial (upper 10 cm) sediment at the adjacent-exposed site has an average
diameter of 3.0£0.5 phi (125.0 um) and average organic content of 7.9+4.2%. Push-core
profiles at this site have a ~5-cm thick layer with relatively coarse, low organic sediment
overlying finer and more organic sediment that dominates the rest of the profile. The
breakwater-protected site has finer sediments (p = 0.06), with an average median
diameter of 4.0+0.4 phi (62.5 um), that are more organic (p = 0.72; average organic
content 3.4+0.5%). Sediment at this site is coarser in the upper 4 cm than in the rest of

the profile, likely due to the influence of the breakwater.
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At the adjacent-exposed site, the °Pb profile has variable activity for most of the
profile. It appears that activities begin to logarithmically decrease at the base of the core,
but data points are few. So, while a best-fit regression line can be fit to the profile,
resulting in a calculated sediment accumulation rate of 0.5 cm/y, it should be used with
caution. At the breakwater-protected site, sedimentation is more steady-state and the
calculated (pre-construction) accumulation rate is 0.6 cm/y. The close correspondence of
the sediment accumulation rate at the adjacent-exposed and breakwater-protected sites
indicates that the rate for the adjacent-exposed site is likely at least of the correct order of
magnitude. The post-construction sedimentation rate is 0.6 cm/y, calculating by dividing

the depth of breakwater influence (4 cm) by the breakwater age (7 y).
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SAV Data:

Table MN1.2. Characteristics of SAV species Najas gracillima, Hydrilla verticillata,
Vallisneria americana, and Myriophyllum spicatum growing at the adjacent-exposed and

breakwater-protected sites, values are reported as mean +SE.

Ratio
Shoot Root Above- Below- Total Above-/
Location Species Length | Length | ground ground Biomass Below-
(cm) (cm) Biomass | Biomass (gm? ground
(g m?) (g m? Biomass
Adjacent- Najas n/a n/a 0 0 0 0
exposed gracillima
Breakwater- Najas 19.4+ 5.0 14.1+ 0.8+ 14.9+ 32.2+
protected gracillima 1.3 0.5 3.4 0.4 3.6 19.7
Adjacent- Hydrilla 11.9+ 7.0 3.2 3.9 7.1 0.8
exposed verticillata 5.3 1.2
Breakwater- Hydrilla 20.9+ 7.5+ 145.9+ 9.2+ 155.1+ 17.3%
protected verticillata 1.2 0.2 31.5 1.8 31.8 3.4
Adjacent- Vallisneria 18.3+ 6.9+ 64.0x 20.7x 84.7+ 3.2+
exposed americana 1.1 0.1 22.7 2.5 22.8 1.2
Breakwater- Vallisneria n/a n/a 0.9+ 0 0.9+ n/a
protected americana 0.6 0.6
Adjacent- Myriophyllum 83.8 11.2+ 43.61 24.4 49.7+ 6.4
exposed spicatum 0.6 37.6 43.7
Breakwater- | Myriophyllum 56.3 n/a 34.1+ 0 34.1% n/a
protected spicatum 17.4 17.4
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Figure MN1.4. SAV % cover plotted against the total SAV in the bay segment as
determined by VIMS aerial photography from 5 years prior to breakwater installation to

present day.
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Figure MN2.5. (A) Shoot- and (E) root-length frequency plots for Najas gracillima, (B)
shoot- and (F) root-length frequency plots for Myriophyllum spicatum, (C) shoot- and (G)
root-length frequency plots for Vallisneria americana, and (D) shoot- and (H) root-length
frequency plots for Hydrilla verticillata at the adjacent-exposed (open circles) and

breakwater-protected (closed triangle) sites.
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Figure MN1.6. Biomass of the SAV (A) Najas gracillima, (B) Hydrilla verticillata, (C)

Vallisneria americana, (D) Myriophyllum spicatum, and (E) all species of SAV at the

adjacent-exposed (open bars) and breakwater-protected (closed bars) sites.
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Summary of SAV data:

SAV abundance in the segment containing the Mason Neck 1 site generally
increased over the observation period. At Mason Neck 1 SAV also increased both in the
adjacent site and the breakwater site starting 2 years after the breakwater was built. This
effect was initially greater in the breakwater site than the adjacent site, though by 2010

the breakwater and adjacent sites are roughly equal.

Total biomass was greater at the breakwater-protected site (p = 0.98) than at the
adjacent-exposed site. This however was the opposite for the species Vallisneria
americana which had higher total biomass at the adjacent-exposed (p = 0.03) than the
breakwater-protected site. It is hypothesized that these plants need water flow to reduce
diffusion limitations of the leaves. It is only with reduced % cover in the area influenced
by the breakwater that this problem of stagnant water can be alleviated. Sample sizes did

not allow for statistical analysis of shoot- and root-length.
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Mason Neck 2

Description: This linear, segmented, rock-mound breakwater has 4 segments parallel to
the shoreline. The total breakwater length is 264.1 m, with segment lengths 41+1 m
(mean = SD) and gap lengths 22+1 m. Average distance from shore is 4210 m. This
breakwater protects an eroding sand cliff. The adjacent-exposed shoreline was hardened
with rip rap.

Year of Construction: 2001 Age at Sampling: 8 years
Salinity Regime: Tidal Fresh

Fetch: Adjacent: 2.3£0.6 km

Breakwater: 2.2+0.6 km

Sampling Coordinates:

MN2 Avbc | 38°3724.2"N  77°12'18.7"W
MN2 A pc 38°37'24.2"N  77°12'18.7"W
MN2 B vbc | 38°37'19.5"N  77°12'18.9"W
MN2 B pc 38°37'19.5"N  77°12'18.9"W
SAV Al 38°937'23.1"N  77°12'17.7"W
SAV A2 38°37'23.5"N  77°12'18.4"W
SAV A3 38°37'23.8"N  77°12'18.4"W
SAV A4 38°37'24.1"N  77°12'18.0"W
SAV A5 38°37'25.3"N  77°12'18.0"W
SAV B1 38°37'17.4"N  77°12'18.8"W
SAV B2 38°37'16.1"N  77°12'18.9"W
SAV B3 38°37'16.7"N  77°12'19.2"W
SAV B4 38°37'19.9"N  77°12'19.1"W
SAV B5 38°37'21.0"N  77°12'18.6"W

Table MN2.1. Latitude and longitude of

vibracores (vbc), pushcores (pc), and SAV

cores taken in the adjacent-exposed (“A”)

and breakwater-protected (“B”) sites

at Mason Neck 2.

Figure MN2.1. Aerial photo of the

breakwater at Mason Neck, VA.



Sediment Data:

Push Core  Median Diameter (phi) Organic Content (%)
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Figure MN2.2. Sediment grain size (median diameter) collected with a push core (A) or
vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed
triangles) sites. The dashed line represents the interpreted depth of breakwater
appearance (16 cm). Sediment organic content collected with a push core (C) or

vibracore (D) at the adjacent-exposed and breakwater-protected sites.
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Figure MN2.3. 2P profiles at the adjacent-exposed (A) and breakwater-protected (B)

sites. At the adjacent-exposed site, down-core activities are variable and only a minimum

accumulation rate of >1.2 cm/y can be calculated. #°Pb activities at the breakwater-

protected site decrease logarithmically with depth, after normalization to the mud

content. The accumulation rate is 1.9 cm/y, representing pre-construction sedimentation.

Summary of sediment data

Surficial (top 10 cm) sediment at the adjacent-exposed site was sandy (average

median diameter of surficial sediment 1.7+0.1 phi, 307.8 um) and low in organic content

(0.84£0.1%). Surficial sediment in the breakwater-protected area was also sandy (average

median diameter 2.9£0.1 phi, 134.0 um) but finer (p < 0.0001) than that at the adjacent-

exposed site, and more organic (1.7£0.4%; p = 0.03).
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219 activities at the adjacent-exposed site are variable with depth, and only a
minimum accumulation rate (>1.2 cm/y) can be calculated for this site. Activities at the
breakwater-protected site decrease logarithmically with depth, after normalization to the
mud content. The pre-construction accumulation rate calculated from the slope of the
best-fit regression line is 1.9 cmly.

In the push-core grain-size profile, there is an abrupt shift toward coarser and less
organic sediment above 16 cm, which is the interpreted depth of breakwater influence.
Dividing this depth by the breakwater age (8 y) results in a post-construction
sedimentation rate of 2.0 cm/y. Thus, the effect of the breakwater at this location appears
to be an increase in grain size, decrease in organic content, and no change in

sedimentation rate.
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SAV Data:

Table MN2.2. Characteristics of SAV species Najas gracillima, Hydrilla verticillata, and
Vallisneria americana and growing at the adjacent-exposed and breakwater-protected

sites, values are reported as mean £SE.

Ratio
Shoot Root | Above- | Below- Total Above-/
Location Species Length | Length | ground | ground | Biomass | Below-
(cm) (cm) | Biomass | Biomass | (gm?) | ground
(gm? | (gm? Biomass
Adjacent- Najas n/a n/a 0.8 0.3 1.1 n/a
exposed gracillima
Breakwater Najas 7.5+ 5.2+ 17.2+ 3.2+ 20.4+ 4.8+
-protected | gracillima 0.6 0.3 9.1 1.1 10.2 1.0
Adjacent- Hydrilla 19.3+ 4.0 18.9+ 2.0+ 20.9+ 29.4+
exposed verticillata 3.3 0.3 7.6 1.6 8.7 22.8
Breakwater | Hydrilla n/a n/a 19.4+ 3.6+ 23.0+ 4.8+
-protected | verticillata 8.6 1.1 9.4 1.5
Adjacent- | Vallisneria | 7.6+ 4.4+ 4.6+ 1.8+ 6.4+ 2.8+
exposed americana 1.1 0.5 2.7 1.2 3.8 0.3
Breakwater | Vallisneria 5.8 3.3t 14+ 14+ 2.7 1.6+
-protected | americana 0.3 0.7 1.1 1.8 0.7
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Figure MN2.4. SAV % cover plotted against the total SAV in the bay segment as
determined by VIMS aerial photography from 5 years prior to breakwater installation to

present day. Aerial photos were not taken in 2008.
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Figure MN2.5. (A) Shoot- and (D) root-length frequency plots for Najas gracillima and
(B) shoot- and (E) root-length frequency plots for Hydrilla verticillata and (C) Shoot-
and (F) root-length frequency plots for Vallisneria americana at the adjacent-exposed

(open circles) and breakwater-protected (closed triangle) sites.
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Figure MN2.6. Biomass of the SAV (A) Najas gracillima, (B) Hydrilla verticillata, (C)
Vallisneria americana, and (D) all species of SAV at the adjacent-exposed (open bars)

and breakwater-protected (closed bars) sites.
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Summary of SAV data:

SAV abundance in the segment containing the Mason Neck 2 site generally
increased over the observation period. At Mason Neck 2 SAV also increased both in the
adjacent site and the breakwater site starting 3 years after the breakwater was built. Both
the breakwater and adjacent sites mirror the segment totals until 2009 when the protected
area sees a sharp drop in SAV coverage, while the adjacent unprotected area continues to

increase.

Even though % cover decreases in 2009, the SAV at the breakwater-protected site
was still productive as total biomass was greater, although not significantly (p = 0.16), at
the breakwater-protected site than at the adjacent-exposed site. However according to
Figure MNZ2.6¢ this appears to be the opposite for the species Vallisneria americana
which had higher total biomass at the adjacent-exposed than the breakwater-protected
site. It is hypothesized that these plants need water flow to reduce diffusion limitations of
the leaves. It is only with reduced % cover in the area influenced by the breakwater that
this problem of stagnant water can be alleviated. Sample sizes did not allow for statistical
analysis of shoot length, however root lengths were not statistically different between

adjacent-exposed and breakwater-protected sites (p = 0.57).
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Hart-Miller Island

Description: This linear, segmented, rock-mound breakwater has 15 segments parallel
to the shoreline. The total breakwater length is 902.7 m, with segment lengths 301 m
(mean = SD) and gap lengths 29+1 m. Average distance from shore is 378 m. This
breakwater protects a sandy beach on an engineered island constructed of dredge
material. The adjacent-exposed shoreline was forested.

Year of Construction: 1999 Age at Sampling: 10 years
Salinity Regime: Oligohaline
Fetch: Adjacent: 3.0£1.0 km

Breakwater: 2.2+0.5 km

Sampling Coordinates:

HMI A vbc | 39°15'07.5"N  76°22'38.8"W
HMI Apc | 39°15'07.5"N 76°22'38.8"W
HMI Apc |[39°15'07.5"N 76°22'38.8"W
HMI B vbc | 39°15'13.7"N  76°22'17.1"W
HMI B pc | 39°15'13.7"N 76°22'17.1"W
SAV Al 39°15'08.5"N  76°22'30.8"W
SAV A2 39915'08.5"N  76°22'31.8"W
SAV A3 39°15'08.5"N  76°22'33.0"W
SAV A4 39915'08.5"N  76°22'35.2"W
SAV A5 39°15'07.8"N  76°22'37.6"W
SAV B1 39°1523.2"N  76°21'59.2"W
SAV B2 39915'21.6"N  76°22'04.0"W
SAV B3 39°1521.3"N  76°22'05.0"W
SAV B4 39915'13.5"N  76°22'17.4"W
SAV B5 39°15'10.0"N  76°2225.7"W

Table HMI1. Latitude and longitude of vibraca

Figure HMI1. Aerial photo of the

(vbc), pushcores (pc), and SAV cores taken in

the adjacent-exposed (“A”) and breakwater- breakwater at Hart-Miller Island,

protected (“B”) sites at Hart-Miller Island. MD.
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Sediment Data:
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Figure HMI2. Sediment grain size (median diameter) collected with a push core (A) or
vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed
triangles) sites. Sediment organic content collected with a push core (C) or vibracore (D)
at the adjacent-exposed and breakwater-protected sites. The dashed line represents the
interpreted depth of breakwater appearance; it is absent in the push-core profiles as the

entire profile represents post-construction sedimentation.
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Figure HMI3. #°Pb profiles at the adjacent-exposed (A) and breakwater-protected (B)
sites. The calculated sediment accumulation rate is >1.6 cm/y at the adjacent-exposed
site and 0.9 cm/y at the breakwater-protected site. The accumulation rate for the
adjacent-exposed site is a minimum estimate, due to variable activity with depth. Note
that the latter represents the pre-construction sedimentation rate. Also note that the x-axis

scale differs between plots for visual clarity.

Summary of sediment data:

Surficial (upper 10 cm) sediment at the adjacent-exposed site has an average
median diameter of 1.6£0.03 phi (329.9 um) and average organic content of 0.6+0.1%.
At the breakwater-protected site, surficial sediment is finer (p < 0.0001), with an average
median diameter of 2.3+£0.03 phi (203.1 pum), with similar average organic content
(0.4+0.02%; p = 0.01). The depth of breakwater influence is inferred from an apparent

decrease in vibracore sediments at 31 cm.
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Sediment accumulation at the adjacent-exposed site likely occurs in pulses,
evidenced by the non-steady-state nature of the ?*°Pb profile. The calculated
accumulation rate is a minimum estimate, determined by noting the presence of excess
29pp activity (sediment <100 y old) at the base of the core. In contrast, sedimentation at
the breakwater-protected site is more constant and activities decrease logarithmically
with depth. The pre-construction rate, calculated from the best-fit trendline, is 0.9 cm/y.
The post-construction rate is 3.1 cm/y, calculated by dividing the depth of influence (31

cm) by the breakwater age (10 y).

SAV Data:

Table HMI2. Characteristics of SAV Potamogeton perfoliatus, Vallisneria americana,
Myriophyllum spicatum, and Zannichellia palustris growing at the adjacent-exposed and

breakwater-protected sites, values are reported as mean +SE.

Ratio
Shoot Root Above- Below- Total Above-/
Location Species Length | Length ground ground Biomass Below-
(cm) (cm) Biomgss Biomfazss (gm? ground
(Gm) (Gm) Biomass
Adjacent- Potamogeton 77.2+ 6.4+ 1627.3+ 23.6x 1650.9+ 82.8+
exposed perfoliatus 1.7 0.2 173.3 4.2 172.0 23.3
Breakwater- | Potamogeton 67.3x 6.0 999.5+ 15.2+ 1014.7+ 77.5+
protected perfoliatus 29 0.1 36.5 3.3 35.5 13.9
Adjacent- Vallisneria 16.7+ 5.6+ 10.3+ 3.8+ 14.1+ 3.1+
exposed americana 2.1 0.2 3.6 11 4.1 1.0
Breakwater- Vallisneria 29.3+ 5.3t 15.6% 3.9+ 18.2+ 5.0+
protected americana 3.8 0.3 13.9 0.7 14.9 4.6
Adjacent- Myriophyllum n/a 3.3 1.3+ 0.03+ 1.3+ 15.0
exposed spicatum 0.7 0.4 0.03 0.4
Breakwater- | Myriophyllum 13.5 4.7+ 17.1+ 0.7 17.4+ 26.8
protected spicatum 0.4 0.8 1.2
Adjacent- Zannichellia n/a n/a 0.2+ 0.28 0.4+ 1.0
exposed palustris 0.1 0.2
Breakwater- | Zannichellia n/a n/a 2.2+ 0 2.2+ 0
protected palustris 1.3 1.3

154



100 -~
90 -
80 -
70 -
60 -
50 -
40 -
30 -
20 -

SAV Cover (%) ——

10 ~

0 -—_—l—-—l—ﬁ—l—H—l—E_ T

1994 1996 1998

—a— Breakwater

i 1999
: Breakwater
Built

2000 2002 2004

- © = Adjacent

2006 2008

Segment

600

500

400

300

200

100

Total SAV in Segment (hectares)

Figure HMI4. SAV % cover plotted against the total SAV in the bay segment as

determined by VIMS aerial photography from 5 years prior to breakwater installation to

present day.
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Figure HMIS5. (A) Shoot- and (C) root-length frequency plots for Vallisneria americana
and (B) shoot- and (D) root-length frequency plots for Potamogeton perfoliatus at the

adjacent-exposed (open circles) and breakwater-protected (closed triangle) sites.

156



Potamogeton perfoliatus A Vallisneria americana

B
2000 - 45 -
—~ 40 N
a
£ 1500 35 1
S 2 |
1 | i
2 1000 %
S so0 B
= 10 -
5
0 T T 0 A
Above-groundBelow-ground  Total Above-groundBelow-ground  Total
Myriophyllum spicatum Zannichellia palustris
C D
20 - a4 -
& 15 3 4
IS
= 10 A 2
[72)
@
= 5 4 1 4
2
m O - 0 7 T T
Above-ground Below-ground Total Above-ground Below-ground Total
All Species
2000 E
1800 ~ T
&~ 1600 4 T
S 1400 A
2 1200 -
» 1000 ~
o)
g 800 -
S 600 A
M 400 -
200 ~
O T T
Above-ground Below-ground Total

OAdjacent @ Breakwater

Figure HMI6. Biomass of the SAV (A) Potamogeton perfoliatus, (B) Vallisneria
americana, (C) Myriophyllum spicatum, (D) Zannichellia palustris, and (E) all species of

SAV at the adjacent-exposed (open bars) and breakwater-protected (closed bars) sites.
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Summary of SAV data:

SAV abundance in the segment containing the Hart-Miller Island site generally
increased over the observation period. At Hart-Miller, SAV also increased both in the
adjacent site and the breakwater site starting 2 years post breakwater construction. Both
the breakwater and adjacent sites mirror the segment totals fairly closely throughout the
observation period, and % cover is similar regardless of whether or not the site sampled

was protected (Figure HMI4).

Of the 4 SAV species observed at Hart-Miller Island Potamogeton perfoliatus is
the only species to have longer shoots (p= 0.13) and more biomass at the adjacent-
exposed site than the breakwater-protected (Table HMI2). This was the dominant species
growing in the area and so when all species are combined biomass data shows that there
is greater (p= 0.81) total biomass at the adjacent-exposed site (Figure HMI6). V.
americana had longer shoots (sample size is too small for statistical analysis) at the
breakwater-protected site than the adjacent-exposed (Figure HMI5). P. perfoliatus root
lengths are not significantly different (p = 0.20) between the adjacent-exposed and

breakwater sites, neither is V. americana roots (p = 0.60).

Breakwater influence on SAV is species-specific as is illustrated at Hart-Miller
Island. Careful evaluation of local SAV populations should be conducted before

construction of a breakwater, as to increase the success of SAV survival.
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Sue Creek

Description: This semi-circular, segmented, rock-mound breakwater has 5 segments, 2

of which are attached to land. The total breakwater length is 45.6 m, with segment

lengths 92 m (mean + SD) and gap lengths 7+0.5 m. Average distance from shore is

5+0.4 m. This breakwater protects a forested shoreline. The adjacent-exposed site is also

a forested shoreline.

Year of Construction: 1994

Salinity Regime: Oligohaline

Fetch: Adjacent: 0.1£0.01 km

Breakwater: 0.1+0.1 km

Sampling Coordinates:

SUE A vbc | 39°17'05.5" 76°24'59.5"
SUE Apc |39°17'05.5" 76°24'59.5"
SUE B vbc | 39°17'04.4" 76°24'59.6"
SUEBpc |39°17'04.4" 76°24'59.6"
SAV Al 39°17'05.4" 76°24'59.5"
SAV A2 39°17'05.9"  76°24'59.3"
SAV A3 39°17'05.2" 76°24'59.4"
SAV A4 39°17'05.5" 76°24'59.4"
SAV A5 39917'04.9" 76°24'59.2"
SAV B1 39°17'04.1" 76°24'59.9"
SAV B2 39°17'02.7"  76°24'59.9" ||
SAV B3 39°17'03.9" 76°24'59.1"
SAV B4 39°17'04.7"  76°24'59.4"
SAV B5 39°17'04.7" 76°24'59.3"

Table SUE1. Latitude and longitude of

vibracores (vbc), pushcores (pc), and

SAV cores taken in the adjacent-exposed

(“A”) and breakwater-protected (“B”)

Sites at Sue Creek.

Age at Sampling: 15 years

v

&

Figure SUE1L. Aerial photo of the

breakwater at Sue Creek, MD.
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Sediment Data:
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Figure SUE2. Sediment grain size (median diameter) collected with a push core (A) or

vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed

triangles) sites. Sediment organic content collected with a push core (C) or vibracore (D)

at the adjacent-exposed and breakwater-protected sites. The dashed line represents the

interpreted depth of breakwater appearance (8 cm).
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Figure SUE3. 2'%Pb profiles at the adjacent-exposed (A) and breakwater-protected (B)
sites. Activities at both sites have been normalized to the mud content to remove the
effect of grain-size variations. At the adjacent-exposed site, normalized activities
increase with depth to ~100 cm, and then are relatively uniform. A minimum rate of >1.5
cm/y can be calculated for this core. At the breakwater-protected site, normalized
activities decrease logarithmically with depth and an accumulation rate of 0.5 cm/y can

be calculated.

Summary of sediment data:

Surficial sediment (upper 10 cm) at the adjacent-exposed site is finer (p = 0.02)
and more organic (p < 0.0001) than at the breakwater-protected site. The adjacent-
exposed site has an average median diameter of 2.3+0.4 phi (203.1 um) and an average

organic content of 20.1+£3.6%. Surficial sediment at the breakwater-protected site has an
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average median diameter of 1.5+0.1 phi (353.6 um) and an average organic content of
0.6x0.2%.

219pp activities at both sites are normalized to the mud content to remove the
effect of grain-size variations. At the adjacent-exposed site, normalized activities
increase to ~100 cm then are fairly uniform. Only a minimum accumulation rate can be
calculated at this site and is >1.5 cm/y. At the breakwater-protected site, normalized
activities decrease logarithmically with depth and the calculated accumulation rate is 0.5
cmly, representing the pre-construction sedimentation rate.

At the breakwater-protected site, there is no obvious change in either the grain-
size or organic-content vibracore profile. It is assumed that there is also no significant
change in the sedimentation rate, and so the post-construction rate would be equal to the
pre-construction rate. If the post-construction rate (0.5 cm/y) is applied to the breakwater

age (15 y), then the depth of breakwater influence is 8 cm.
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SAV Data:

Table SUE2. Characteristics of the SAV Myriophyllum spicatum and Vallisneria
americana growing at the adjacent-exposed and breakwater-protected sites, values are

reported as mean £SE.

Ratio
Shoot Root | Above- | Below- Total Above-/
Location Species Length | Length | ground | ground | Biomass | Below-
(cm) (cm) | Biomass | Biomass | (gm?) | ground
(gm? | (gm?d Biomass
Adjacent- | Myriophyllum | 542+ | 121+ | 386.2+ 14.8+ 401.1+ 27.0
exposed spicatum 3.21 0.3 114.3 4.7 118.8 6.8
Breakwater | Myriophyllum | 68.9+ | 12.6+ | 569.8+ 10.3+ | 580.1+1 | 99.6+
-protected spicatum 5.4 0.4 182.7 3.2 82.0 61.8
Adjacent- Vallisneria 37.5% 6.4+ 65.7+ 5.9+ 71.6% 13.8+
exposed americana 2.6 0.3 7.2 2.4 4.8 6.7
Breakwater Vallisneria 442+ 4.2+ 45.7 1.0 46.7 45.7
-protected americana 2.7 1.2
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Figure SUES. (A) Shoot- and (C) root-length frequency plots for Vallisneria americana
and (B) shoot- and (D) root-length frequency plots for Myriophyllum spicatum at the

adjacent-exposed (open circles) and breakwater-protected (closed triangle) sites.
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Figure SUEG6. Biomass of the SAV (A) Vallisneria americana, (B) Myriophyllum

spicatum, and (C) all species of SAV at the adjacent-exposed (open bars) and breakwater-

protected (closed bars) sites.

Summary of SAV data:

SAV total biomass was similar (p= 0.46) at the adjacent-exposed and breakwater-

protected sites. M. spicatum shoots are longer (p = 0.02) at the breakwater-protected site
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than at the adjacent-exposed site, however root lengths of this species are not different (p
= 0.32) between sites. V. americana shoot lengths are similar (p = 0.10) at the adjacent-
exposed and breakwater-protected sites. Unlike M. spicatum, roots were significantly
longer (p = 0.02) at the adjacent-exposed site. This illustrates that SAV response to
sediments and the presence of a breakwater are species-specific and can differ between

them.
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Red Eyed Yacht Club

Description: This semi-circular, segmented, rock-mound breakwater has 6 segments
which are parallel to a curved shoreline. The total breakwater length is 85.2 m, with
segment lengths 13+1 m (mean + SD) and gap length 9£1 m. Average distance from
shore is 8£1 m. This breakwater protects a forested shoreline.

Year of Construction: 1994 Age at Sampling: 15 years
Salinity Regime: Oligohaline

Fetch: Adjacent: 0.2£0.1 km

Breakwater: 0.2+0.1 km

Sampling Coordinates:

REYC Avbc | 39°17'09.5"N 76°24'49.9"W
REYC A pc 39917'09.5"N  76°24'49.9"W
REYC B vbc |39°17'09.6"N 76°24'49.4"W
REYC B pc 39917'09.6"N  76°24'49.4"W
REYC B pc 39°17'09.6"N  76°24'49.4"W
SAV Al 39°17'09.1"N  76°24'49.4"W
SAV A2 39917'09.2"N  76°24'49.5"W
SAV A3 39°17'09.4"N  76°24'49.4"W
SAV A4 39°17'09.2"N  76°24'49.8"W
SAV A5 39°17'09.5"N  76°24'49.7"W
SAV B1 39°17'06.5"N  76°24'49.6"W
SAV B2 39°17'06.4"N  76°24'49.6"W
SAV B3 39°17'06.4"N  76°24'49.3"W
SAV B4 39°17'06.8"N  76°24'48.8"W
SAV B5 39°17'06.9"N  76°24'48.7"W

Table REYCL. Latitude and longitude of

vibracores (vbc), pushcores (pc), and SAV

cores taken in the adjacent-exposed (“A”)

and breakwater-protected (“B”) sites at

Red Eyed Yacht Club.

Figure REYCL. Aerial photo of the

breakwater at Red Eyed Yacht Club,



Sediment Data:
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Figure REYC2. Sediment grain size (median diameter) collected with a push core (A) or
vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed
triangles) sites. Sediment organic content collected with a push core (C) or vibracore (D)
at the adjacent-exposed and breakwater-protected sites. The dashed line represents the
interpreted depth of breakwater appearance (16 cm). A vibracore was not collected at the

breakwater-protected site
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Summary of sediment data

Surficial sediment (upper 10 cm) at the adjacent-exposed site are finer (p <
0.0001) and more organic (p = 0.03) than those at the breakwater-protected site. The
adjacent-exposed site has an average median diameter of 2.7+0.1 phi (153.9 um) and an
average organic content of 1.7+0.3%. Surficial sediment at the breakwater-protected site
has an average median diameter of 1.7+0.1 phi (307.8 um) and an average organic
content of 0.9£0.2%.

A vibracore was not collected at the breakwater-protected site, precluding **°Pb
analyses. *!°Pb was also not measured at the adjacent-exposed site.

The vibracore at the breakwater-protected site was prevented by the presence of
impenetrable landscaping fabric. This fabric was likely emplaced when the breakwater
was installed, thus providing a baseline from which to measure post-construction
sedimentation. The push core captured 16 cm of sediment on top of the fabric, providing
the depth of breakwater influence. The pre-construction accumulation rate can be
derived by dividing this depth by the breakwater age (15 y) and is 1.1 cm/y. Because a
vibracore was not collected at the breakwater-protected site, and so pre-construction
sediments were not sampled, potential changes in sediment character or accumulation

rate due to the breakwater cannot be determined.
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SAV Data:

Table REYC2. Characteristics of the SAV Myriophyllum spicatum growing at the

adjacent-exposed and breakwater-protected sites, values are reported as mean £SE.

Ratio
Shoot Root | Above- | Below- Total Above-/
Location Species Length | Length | ground | ground | Biomass | Below-
(cm) (cm) | Biomass | Biomass | (gm?) | ground
(gm? | (gm? Biomass
Adjacent- | Myriophyllum | 58.1+ | 122+ | 632.1+ 10.0+ 642.1+ | 153.3+
exposed spicatum 8.7 0.6 96.3 2.5 96.3 97.1
Breakwater | Myriophyllum | 335+ | 11.1+ | 257.1+ 15.7+ 272.8+ 15.3+
-protected spicatum 3.5 0.3 109.7 15 110.5 6.3
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Figure REYC4. SAV % cover plotted against the total SAV in the bay segment as
determined by VIMS aerial photography from 5 years prior to breakwater installation to

present day.

170



Myriophyllum spicatum
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Figure REYC5. (A) Shoot- and (B) root-length frequency plots for Myriophyllum
spicatum at the adjacent-exposed (open circles) and breakwater-protected (closed

triangle) sites.
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Figure REYCB6. Biomass of the SAV Myriophyllum spicatum at the adjacent-exposed

(open bars) and breakwater-protected (closed bars) sites.
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Summary of SAV data:

SAV abundance in the segment containing the Red Eyed Yacht Club site
generally increased over the observation period. At Red Eyed Yacht Club, SAV % cover
also increased both in the adjacent site and the breakwater site starting 7 years after the
breakwater was built. Both the breakwater and adjacent sites mirror the segment totals

and are fairly similar to each other throughout the observation period.

M. spicatum total biomass is greater (p = 0.04) at the adjacent-exposed site than at
the breakwater-protected. Shoot length was longer (p = 0.01) at the adjacent-exposed site

as well, although root lengths between sites did not differ (p = 0.08).
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Taylors Island

Description: The breakwater at Taylors Island is a linear, segmented, rock-mound
structure measuring 395.7 m in length. It consists of 6 segments, with an average segment
length of 361 m (mean + SD) and an average gap length of 40+26 m. The largest gap is
located in the middle with 3 segments on either side. The breakwater protects a marsh
and is 16157 m offshore. The adjacent-exposed shoreline is also a marsh.

Year of Construction: 2008 Age at Sampling: 1 year
Location: Mesohaline
Fetch: Adjacent: 7.4£1.9 km

Breakwater: 11.6+4.5 km

Sampling Coordinates:

TAY Avbc | 38°25'13.5"N | 76°17'08.2"W
TAY A pc 38925'13.5"N | 76°17'08.2"W
TAY B vbc | 38°25'24.8"N | 76°17'24.8"W
TAY B pc 38925'24.8"N | 76°17'24.8"W
No SAV

Table TAY1. Latitude and longitude of

vibracores (vbc), pushcores (pc), and SAV

cores taken in the adjacent-exposed (“A”)

and breakwater-protected (“B”) sites

at Taylors Island.

breakwater at Taylors Island, MD.

Figure TAY1. Aerial photograph of the
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Sediment data:

Push core
Median Diameter (phi) Organic Content (%)
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Figure TAY2. Sediment grain size (median diameter) collected with a push core (A) or

vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed

triangles) sites. Sediment organic content collected with a push core (C) or vibracore (D)

at the adjacent-exposed and breakwater-protected sites. The dashed line represents the

interpreted depth of breakwater appearance (1 cm).
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Figure TAY3. #°Pb profiles at the adjacent-exposed (A) and breakwater-protected (B)
sites. Excess activities at both sites decrease logarithmically with depth, indicating
steady-state sedimentation. The calculated sediment accumulation rate is 2.0 cm/y at the

adjacent-exposed site and 1.4 cm/y at the breakwater-protected site.

Summary of sediment data

There was no significant difference (p = 0.07) between the adjacent-exposed
average median diameter of surficial (upper 10 cm) sediment (6.9+0.2 phi, 8.4 pum) and
the breakwater-protected (5.5£1.1 phi, 22.1 um). Average organic content of surficial
sediment was significantly higher (p < 0.0001) at the adjacent-exposed site than at the

breakwater-protected site, 3.9+£0.1% and 1.9+0.2%, respectively.
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Excess !%Pb activities decrease logarithmically with depth and the calculated
accumulation rate is 2.0 cm/y at the adjacent-exposed site and 1.4 cm/y at the breakwater-
protected site. The latter represents the pre-construction sedimentation rate.

Sediment in the upper 1 cm of the breakwater-protected push-core grain-size
profile is much finer than the rest of the core, indicating sedimentation since breakwater
construction. With an interpreted depth of breakwater influence of 1 cm, the post-
construction sedimentation rate is 1 cm/y. However, because this breakwater is very

young, the post-construction rate should be used with caution.

SAV Data:

No SAV was present at the adjacent-exposed or breakwater-protected sites.
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Tangier Island

Description: This linear, segmented, rock-mound breakwater has 2 segments which are
parallel to the shoreline. The total breakwater length is 95.3 m, with segment lengths
31+1 m (mean = SD) and gap length 31 m (only 1 gap). Average distance from shore is
24+1 m. This breakwater protects a retreating marsh covered by a layer of sand. The
shoreline at the adjacent-exposed shoreline was also marsh covered with a layer of sand.
Year of Construction: 2007 Age at Sampling: 2 years
Salinity Regime: Mesohaline

Fetch: Adjacent: 7.8£2.0 km

Breakwater: 12.0+3.2 km

Sampling Coordinates:

TAN A vbc 37°50'04.0" 75°58'38.9"
TAN A pc 37°50'04.0" 75°58'38.9"
TAN B vbc 37°50'05.8" 75°958'43.2"
TAN B pc 37°50'05.8" 75°58'43.2"
SAV A None

SAV B1 37°50'05.6" 75°58'42.5"
SAV B2 37°50'05.0" 75°58'40.6"
SAV B3 37°50'05.9" 75°58'43.1"
SAV B4 37°50'05.5" 75°958'42.6"
SAV B5 37°50'05.4" 75°58'42.5"

Table TANL. Latitude and longitude of

vibracores (vbc), pushcores (pc), and SAV cores

Figure TAN1. Aerial photo of the

taken in the adjacent-exposed (“A”) and

breakwater at Tangier Island, VA.
breakwater-protected (“B”) sites at Tangier
Island. Note that SAV cores were not collected

at the adjacent-exposed site, as SAV was not present at this site in 20009.
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Sediment Data:

Push Core
Median Diameter (phi) Organic Content (%)
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Figure TAN2. Sediment grain size (median diameter) collected with a push core (A) or

vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed

triangles) sites. Sediment organic content collected with a push core (C) or vibracore (D)

at the adjacent-exposed and breakwater-protected sites. The dashed line represents the

interpreted depth of breakwater appearance (1 cm).
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Figure TAN3. #°Pb profiles at the adjacent-exposed (A) and breakwater-protected (B)
sites. Activities at both sites have been normalized to the mud content to remove the
effect of grain-size variations. Excess normalized activities at both sites decrease
logarithmically with depth, indicating steady-state sedimentation. The calculated
sediment accumulation rate is 1.4 cm/y at the adjacent-exposed site and 2.1 cm/y at the

breakwater-protected site.

Summary of sediment data:

Surficial sediment (upper 10 cm) at the adjacent-exposed site has an average
median diameter of 4.5£1.0 phi (44.2 um) and an average organic content of 7.2+1.9%.
Surficial sediment at the breakwater-protected site has an average median diameter of

3.3£0.2 phi (101.5 um) and an average organic content of 3.9+1.5%. The adjacent-
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exposed site is finer (p = 0.25) and more organic (p = 0.19) than the breakwater-
protected.

219pp activities at both sites are normalized to the mud content to remove the
effect of grain-size variations. Excess normalized activities decrease logarithmically with
depth and the calculated accumulation rate is 1.4 cm/y at the adjacent-exposed site and
2.1 cm/y at the breakwater-protected site. The latter represents the pre-construction
sedimentation rate.

At the breakwater-protected site, organic content in the upper 1 cm is much higher
than in the rest of the push-core profile. This likely reflects the influence of the
breakwater, and so 1 cm is the interpreted depth of breakwater appearance. The
corresponding post-construction sedimentation rate is 0.5 cm/y. However, the
breakwater at this site is very young, and so the post-construction sedimentation rate is

biased by recent sedimentary conditions.
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SAV Data:

Table TAN2. Characteristics of the SAV species Ruppia maritima and Zostera marina

growing at the adjacent-exposed and breakwater-protected sites, values are reported as

mean £SE.
Ratio
Shoot Root Above- Below- Total Above-/
Location Species Length | Length | ground ground Biomass Below-
(cm) (cm) Biomass | Biomass (g m? ground
(gm?) (gm? Biomass
Adjacent- None
exposed
Breakwater- Ruppia 11.5+ 7.4+ 36.5+ 21.1+ 57.6x 3.8t
protected maritima 0.2 0.3 10.7 10.0 20.3 2.2
Breakwater- | Zostera 16.5+ 5.2+ 63.0+ 25.2+ 88.2+ 2.5+
protected marina 0.6 0.2 13.4 6.5 19.9 0.1
100 - - 7000
2007
90 - :
Break\./\/aterE . 6000
80 - Built
70 - - 5000 @
| S
07 - 4000 3
50 - =
< i o
ST 3000 2
— (@)
[<B] (B}
3 30 - - 2000 &
@) =
> 20 >
< - 1000 <
(92 10 - (9]
I
O T T T T T T O lg
2002 2003 2004 2005 2006 2007 2008 2009 2010
—a— Breakwater - © = Adjacent Segment

Figure TAN4. SAV % cover plotted against the total SAV in the bay segment as

determined by VIMS aerial photography from 4 years prior to breakwater installation to

present day.
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Ruppia maritima
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Figure TANS. (A) Shoot- and (C) root-length frequency plots for Ruppia maritima and

(B) shoot- and (D) root-length frequency plots for Zostera marina at the adjacent-

exposed (open circles) and breakwater-protected (closed triangle) sites.
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Figure TANG. Biomass of the SAV (A) Ruppia maritima, (B) Zostera marina, and (C) all
species of SAV at the adjacent-exposed (open bars) and breakwater-protected (closed

bars) sites.
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Summary of SAV data:

SAV abundance in the segment containing the Tangier Island site was fairly
stable over the observation period. At Tangier, SAV % cover appeared to be increasing
until just after breakwater installation, then decreased, but may have been recovering in
2010. R. maritima and Z. marina were collected in the breakwater-protected area, but
were not present at the adjacent-exposed area, likely due to the fact that the sediments
were compacted peat. It has been shown that these SAV do not colonize compacted peat

(Wicks et al., 2009). At this location the breakwater is beneficial to SAV.
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Mayo North

Description: Mayo North has a linear, segmented, rock-mound breakwater oriented
parallel to the sandy shoreline. The northernmost segment of this 16 segment structure is
curved and attached to the shoreline. This was historically a groin field, but it was
converted into a segmented breakwater in 2000, with a total length of 696.4 m. Average
segment length is 21+2 m, and average gap length is 23+2 m. The average distance from
the shoreline is 49+8 m. Adjacent-exposed and breakwater-protected shorelines are sandy
beach.

Year of Construction: 2000 Age at Sampling: 9 years

Salinity Regime: Mesohaline

Fetch: Adjacent: 8.4+2.0 km
Breakwater: 7.9+2.0 km

Sampling Coordinates:

MayNA vbc [ 38°52'42.3"N | 76°29'53.6"W
MayNA pc | 38°52'42.3"N | 76°29'53.6"W
MayNB vbe | 38°52'52.7"N | 76°29'40.7"W
MayNB pc | 38°52'52.7"N | 76°29'40.7"W

No SAV

Table MayN1. Latitude and longitude of

Figure MayN1. Aerial photograph of the

vibracores (vbc), pushcores (pc), and SAV

breakwater at Mayo North, MD.
cores taken in the adjacent-exposed (“A”)
and breakwater-protected (“B”) sites

at Mayo North. Note that SAV cores were not

collected as SAV was absent in 2009.
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Sediment Data:

Push Core Median Diameter (phi) Organic Content (%)
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Figure MayN2. Sediment grain size (median diameter) collected with a push core (A) or
vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed
triangles) sites. The dashed line represents the interpreted depth of breakwater
appearance (6 cm). Sediment organic content collected with a push core (C) or vibracore

(D) at the adjacent-exposed and breakwater-protected sites.
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Figure MayN3. 2°Pb profiles at the adjacent-exposed (A) and breakwater-protected (B)
sites. The calculated sediment accumulation rate is 0.4 cm/y at the adjacent-exposed site,
and 0.7 cm/y at the breakwater-protected site. Activities at both sites have been
normalized to the mud content to remove the influence of grain-size due to the strong

coarsening upward trend in the vibracore grain-size profiles.

Summary of sediment data

Surficial sediment (upper 10 cm) at the adjacent-exposed site is coarser (p <
.0001) and less organic (p <.0001) than the breakwater-protected site. The adjacent-
exposed site has an average median diameter of 2.0+0.1 phi (250.0 um) and an average
organic content of 0.7+0.04%. Surficial sediment at the breakwater-protected site has an
average median diameter of 2.8+0.04 phi (143.6 um) and an average organic content of

1.1+0.04%.
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The #°Pb profiles at both sites have activities that decrease logarithmically with
depth, indicating steady-state sedimentation. Activities in both profiles have been
normalized to the mud content, which removes the influence of grain size. Both sites
have a strong coarsening upward trend in the vibracore grain-size profiles, which causes
an apparent decrease in ?°Pb activity upwards if activities are not normalized. The
accumulation rate at the adjacent-exposed site is 0.4 cm/y. The pre-construction rate at
the breakwater-protected site is derived from the %°Pb profile and is 0.7 cm/y.

There is no apparent change in sediment character (grain size, organic content) in
either the push- or vibracore profiles at the breakwater-protected site. Since there is no
obvious signature of breakwater influence, the sedimentation rate is assumed to also
remain unchanged by the presence of the breakwater. Thus, the post-construction
sedimentation rate is assumed to be equal to the pre-construction rate (0.7 cm/y) and the
depth of breakwater influence is calculated by multiplying this rate by the breakwater age

(9 y) to yield a depth of 6 cm.

SAV Data:

No SAV was present at the adjacent-exposed or breakwater-protected sites at

Mayo North.
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Mayo South

Description: The segmented, rock-mound breakwater at Mayo South is semi-circular at
the south end, linear at the north end, and is oriented parallel to the sandy shoreline. This
breakwater is 513.4 m long and consists of 12 segments. These segments have an average
length of 251 m (mean + SD), and gaps average 20+1 m long. The average distance
from shore is 497 m. This shoreline was protected by a groin field before breakwater
construction in 1998.

Year of Construction: 1998 Age at Sampling: 11 years

Salinity Regime: Mesohaline
Fetch: Adjacent: 5.9£1.5 km
Breakwater: 6.5+1.6 km

Sampling Coordinates:

MayS A vbc | 38°52'35.7"N | 76°30'7.0"W
MayS A pc | 38°2'35.7"N | 76°30'7.0"W
MayS B vbc | 38°52'25.9"N | 76°30'15.6"W
MayS B pc | 38°52'25.9"N | 76°30'15.6"W

No SAV

Table MayS1. Latitude and longitude of Figure MayS1. Aerial photograph of the
vibracores (vbc), pushcores (pc), and SAV breakwater at Mayo South, MD.

cores taken in the adjacent-exposed (“A”)

and breakwater-protected (“B”) sites

at Mayo South. Note that SAV cores were not

collected as SAV was absent in 2009.
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Sediment Data:

Push Core Median Diameter (phi) Organic Content (%)
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Figure MayS2. Sediment grain size (median diameter) collected with a push core (A) or
vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed
triangles) sites. The dashed line represents the interpreted depth of breakwater
appearance (6 cm). Sediment organic content collected with a push core (C) or vibracore

(D) at the adjacent-exposed and breakwater-protected sites.
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Figure MayS3. #°Pb profiles at the adjacent-exposed (A) and breakwater-protected (B)
sites. The calculated sediment accumulation rate is 0.9 cm/y at the adjacent-exposed site.
At the breakwater-protected site, activities are uniform through the profile, so only a
minimum accumulation rate of >0.5 cm/y can be calculated, by noting the presence of

excess 2°Pb at the base of the core (sediments <100 y old).

Summary of sediment data

Surficial sediment (upper 10 cm) at the adjacent-exposed site is coarser (p <
0.0001) and less organic (p = 0.01) than the breakwater-protected. The adjacent-exposed
site has an average median diameter of 2.0+£0.1 phi (250.0 um) and an average organic
content of 0.8+0.1%. Surficial sediment at the breakwater-protected site has an average
median diameter of 3.0+0.04 phi (125.0 um) and an average organic content of

1.1+0.1%.
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219 activities at the adjacent-exposed site decrease logarithmically with depth,
indicating steady-state sedimentation. Activities are relatively high at the base of the
core, corresponding to an increase in grain size. These activities are not included in the
best-fit regression line. The accumulation rate at the adjacent-exposed site is 0.9 cm/y.
Activities at the breakwater-protected site are uniform through the core, so only a
minimum accumulation rate of >0.5 cm/y can be calculated. The depth-integrated %°Pb
inventory at this site is 113.9 dpm/cm?, greater than the atmospherically supported
inventory of 25 dpm/cm? (Kim et al., 2000), supporting the interpretation of net sediment
accumulation.

There is no apparent change in sediment character (grain size, organic content) in
either the push- or vibracore profiles at the breakwater-protected site. Since there is no
obvious signature of breakwater influence, the sedimentation rate is assumed to also
remain unchanged by the presence of the breakwater. Thus, the post-construction
sedimentation rate is assumed to be equal to the pre-construction rate (0.5 cm/y) and the
depth of breakwater influence is calculated by multiplying this rate by the breakwater age
(11 y) to yield a depth of 6 cm. Since the accumulation rate is a minimum estimate, the

depth of breakwater influence should also be regarded as a minimum estimate.

SAV Data:

No SAV was present at the adjacent-exposed or breakwater-protected sites at

Mayo South.
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Bishops Head

Description: This semi-circular, segmented, rock-mound breakwater has 4 segments, 2
of which are attached to land. The total breakwater length is 188.1 m, with segment
lengths 34+9 m (mean £ SD) and gap lengths 16+6 m. Average distance from shore is
50+14 m. This breakwater protects an eroding marsh and a man-made, sandy pocket-
beach area. The adjacent-exposed shoreline is eroding marsh.

Year of Construction: 1997 Age at Sampling: 11 years

Salinity Regime: Mesohaline

Fetch: Adjacent: 4.3£1.4 km

Breakwater: 6.4+2.0 km

Sampling Coordinates:

BH A vbc 38°13'16.5"N | 76°02'23.5"W

BH A pc 38°13'16.5"N | 76°02'23.5"W

BH B vbc 38°13'15.1"N | 76°02'20.2"W

BH B pc 38°13'15.1"N | 76°02'20.2"W

SAV Al 38°13'15.6"N | 76°02'24.4"W

SAV A2 38°13'15.5"N | 76°02'24.1"W

SAV A3 38°13'15.2"N | 76°02'23.9"W

SAV A4 38°13'14.9"N | 76°02'23.8"W

SAV A5 38°13'14.9"N | 76°02'24.2"W

SAV BW1 38°13'14.7"N | 76°02'19.2"W

SAV BW2 38°13'14.9"N | 76°02'19.4"W

SAV BW3 38°13'14.8"N | 76°02'20.4"W

SAV BW4 38°13'13.7"N | 76°02'18.1"W . .
SAV BW5 38°13'13.3"N | 76°02'17.4"W Figure BHL1. Aerial photo of the
Extra BW bag ] 38°13'14.2"N | 76°02'20.0"W

breakwater at Bishops Head, MD.

Table BH1. Latitude and longitude of vibracores (vbc), pushcores (pc), and SAV cores

taken in the adjacent-exposed (“A”) and breakwater-protected (“B”) sites at Bishops

Head.



Sediment Data:

Push Core
Median Diameter (phi)
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Figure BH2. Sediment grain size (median diameter) collected with a push core (A) or

vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed

triangles) sites. The dashed line represents the interpreted depth of breakwater

appearance. Sediment organic content collected with a push core (C) or vibracore (D) at

the adjacent-exposed and breakwater-protected sites.
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Figure BH3. Vibracore (A) and push-core (B) sediment water content. Note that the
water-content profiles for the adjacent-exposed and breakwater-protected sites coincide
for most of the core but diverge at 22 cm — determined from the high-resolution push-

core profile.
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Figure BH4. 2°Pb profiles at the adjacent-exposed (A) and breakwater-protected (B)
sites. The calculated sediment accumulation rate is 0.4 cm/y at the adjacent-exposed site
and 1.1 cm/y at the breakwater-protected site. Note that the latter represents the pre-
construction sedimentation rate. Also note that the x-axis scale differs between plots for

visual clarity.

Summary of sediment data

Surficial (top 10 cm) sediment at the adjacent-exposed site was muddy (average
median diameter of surficial sediment 6.8+0.7 phi, 9.0 um), organic (3.3£0.2%), and
relatively compacted (water content 10.8+£0.2%). The sediment accumulation rate at this
site was 0.4 cm/y, and a 5-cm thick layer of uniform #*°Pb activity (i.e., surface mixed

layer) was present at top of the core. **’Cs was observed ~40 cm deep in the core,
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resulting in an accumulation rate of 0.7 cm/y, suggesting a possible recent (last ~50 y)
increase in sedimentation at this site. Surficial sediment in the breakwater-protected area
was also muddy (average median diameter 4.5+0.3 phi, 44.2 um), but significantly (p =
0.01) coarser than that at the adjacent-exposed site, and significantly (p = 0.04) more
organic (4.1+0.3%), and relatively unconsolidated (water content 25.1+0.5%).

Changes likely induced by breakwater installation can be determined by
examining down-core profiles of grain size, organic content, and water content in the
breakwater-protected area. While there is an historic upward fining, as well as an
associated upward increase in organic content, in the vibracore grain-size profile,
sediment becomes coarser in the upper portion of the profile. This change is less obvious
in the organic-content profile, which appears to continue the historic trend of increasing
organic content. This is probably because post-construction sediment, while coarser-
grained, is still primarily muddy. There is also an increase in water content post-
construction at the breakwater-protected site; examining the high-resolution push-core
profile indicates that this change occurs at 22 cm. Thus, the depth of breakwater
appearance is interpreted to be 22 cm.

The sediment accumulation rate, determined from *!°Pb measurements, at the
adjacent-exposed site was 0.4 cm/y, and the pre-construction breakwater accumulation
rate was 1.1 cm/y. The depth of breakwater appearance can be divided by the breakwater
age at the time of sampling (11 y) to yield the post-construction rate of 2.0 cm/y.
However, since samples were taken at the end of summer (August 2008) and thus likely
after a relatively quiescent period, some of the 22-cm, some of this post-construction

layer could be eroded during energetic winter storms.
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Thus, the effect of breakwater installation on sediments at Bishops Head appears
to be an increase in grain size (decreasing phi units), no change in organic content,

increase in water content, and increase in sedimentation rate.

SAV data:

Table BH2. Characteristics of the SAV Ruppia maritima growing at the adjacent-exposed

and breakwater-protected sites, values are reported as mean +SE.

Ratio
Shoot Root Above- Below- Total Above-/
Location Species | Length | Length | ground ground Biomass | Below-
(cm) (cm) Biomass | Biomass (g m? ground
(gm?) (gm? Biomass
Adjacent- Ruppia 9.9+ 4.8+ 55.4+ 36.4+ 91.7+ 1.8+
exposed maritima 0.2 0.2 17.9 9.6 26.8 0.4
Breakwater- | Ruppia 11.9+ 5.3+ 181.2+ 52.6% 233.8+ 2.8+
protected | maritima 0.3 0.2 91.8 12.4 103.0 0.7
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Figure BH5. SAV % cover plotted against the total SAV in the bay segment as

determined by VIMS aerial photography from 6 years prior to breakwater installation to

present day

Ruppia maritima.
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Figure BH6. (A) Shoot- and (B) root-length frequency plots for Ruppia maritima at the

adjacent-exposed (open circles) and breakwater-protected (closed triangle) sites.
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Ruppia maritima
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Figure BH7. Biomass of the SAV Ruppia maritima at the adjacent-exposed (open bars)

and breakwater-protected (closed bars) sites.

Summary of SAV data

SAV coverage in the breakwater and adjacent sites at Bishops Head generally
mirrored the total SAV in the segment, but more extreme increases and decreases were
observed in the adjacent-exposed site (Figure BH5). Ruppia maritima growing at Bishops
Head had longer shoots (p = 0.001), roots (p = 0.07;Table BH2; Figure BH6), and greater
biomass (p = 0.17; Figure BH7) in the breakwater-protected area than the plants located
in the adjacent exposed site. This difference due to the presence of long reproductive
shoots in the breakwater-protected site but not at the adjacent-exposed site. The ratio of
above- to below-ground biomass was 1.8 in the adjacent-exposed site and 2.8 in the

breakwater-protected site (Table BH2). This may be a response to the greater organic-
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matter content and reduced wave energy at the breakwater-protected site that reduces the
likelihood of being uprooted. It also must be noted that the adjacent-exposed sediment
cores were taken in a different location than the SAV cores, as the area of the sediment
cores had no SAV present due to sediments consisting of compacted peat. SAV could be
seen growing farther offshore in aerial photos, so the adjacent-exposed SAV samples

were collected from this area.
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Hoopers Island

Description: This linear, segmented, rock-mound breakwater has 5 segments, 1 of
which is attached to land. The total breakwater length is 363.5 m, with segment lengths
49+2 m (mean = SD) and gap lengths 25+1 m. Average distance from shore is 46£13 m.
This breakwater protects an eroding marsh. The adjacent-exposed shoreline is also
eroding marsh.

Year of Construction: 1991 Age at Sampling: 14 years
Salinity Regime: Mesohaline

Fetch: Adjacent: 16.2+4.8 km

Breakwater: 16.2+4.8 km

Sampling Coordinates:

HI A vbc 38017'20.7" 76°12'05.7"
HI A pc 38°17'20.7" 76°12'05.7"
HI B vbc 38017'27.4" 76°12'09.0"
HI B pc 38°17'27.4" 76°12'09.0"
SAV A None

SAV B1 38°17'29.8" 76°12'09.7"
SAV B2 38017'28.4" 76°12'08.7"
SAV B3 38°17'27.3" 76°12'08.1"
SAV B4 38°17'26.4" 76°12'07.8"
SAV B5 38°17'24.9" 76°12'07.3"

Table HI1. Latitude and longitude of vibracoreg:

(vbc), pushcores (pc), and SAV cores taken in

the adjacent-exposed (“A”) and breakwater-

Figure HI1. Aerial photo of the

protected (“B”) sites at Hoopers Island. Note
breakwater at Hoopers Island,

that SAV cores were not taken in the adjacent-
MD.

exposed area, as no SAV was present in summer

20009.
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Sediment Data:

Push Core
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Figure HI2. Sediment grain size (median diameter) collected with a push core (A) or

vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed

triangles) sites. The dashed line represents the interpreted depth of breakwater

appearance (23 cm). Sediment organic content collected with a push core (C) or

vibracore (D) at the adjacent-exposed and breakwater-protected sites.
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Figure HI3. #*°Pb profiles at the adjacent-exposed (A) and breakwater-protected (B)
sites. The calculated sediment accumulation rate is 0.4 cm/y at the adjacent-exposed site.
The #°Pb profiles at the breakwater-protected site shows a change in slope at 23 cm — the
pre-construction accumulation rate is 0.6 cm/y (lower portion of profile), increasing to
1.1 cml/y post-construction (upper portion of profile). The x-axis scale differs between

plots for visual clarity.

Summary of sediment data:

Surficial (upper 10 cm) sediment at the adjacent-exposed site is finer (p = 0.0002)
but is similar in organic content (p = 0.24) in comparison to the breakwater-protected site.
The adjacent-exposed site has an average median diameter of 4.7+0.3 phi (38.5 pum) and

average organic content of 2.6+0.5%. The breakwater-protected site is coarser (average
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median diameter 3.0+0.03 phi, 125.0um) and less organic (average organic content
2.1+0.8%).

The sediment accumulation rate at the adjacent-exposed site is 0.4 cm/y. **'Cs is
present at a depth of 38 cm, resulting in a sediment accumulation rate of 0.7 cm/y. The
discrepancy may be due to a recent (last ~50 y) increase in accumulation rate and/or an
artifact of the relatively poor regression fit from which the #°Pb-derived rate is
calculated. The ?°Pb sediment accumulation rate at the base of the breakwater-protected
core is 0.6 cm/y, increasing to 1.1 cm/y (reflected by the change in slope at ~32 cm).
37Cs is present at a depth of 42 cm in this core. If sediment is assumed to accumulate at
1.1 cml/y for the post-construction period (14 y) and 0.6 cm/y from construction to 1954
(first appearance of *’Cs; 40 y), then the expected penetration depth would be 39.4 cm,
which is similar to the observed penetration depth. The change in slope is interpreted to
reflect the presence of the breakwater. Above this depth in the breakwater-protected
area, sediment becomes coarser and less organic, probably due to sand-layer application

during installation.

205



SAV Data:

Table HI2. Characteristics of the SAV Ruppia maritima and Zostera marina growing at

the adjacent-exposed and breakwater-protected sites, values are reported as mean +SE.

Ratio
Shoot Root | Above- | Below- Total Above-/
Location Species | Length | Length | ground | ground | Biomass | Below-
(cm) (cm) | Biomass | Biomass | (g m?) ground
(gm? | (gm?d Biomass
Adjacent- None

exposed

Breakwater | Ruppia 12.0+ 4.9+ 126.2+ 424+ 168.6+ 2.9+

-protected | maritima 0.2 0.3 33.6 4.6 38.1 0.5

Breakwater | Zostera n/a n/a 190.8+ 200.7+ 391.5+ 1.8+

-protected marina 99.5 168.1 267.6 1.0
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Figure H14. SAV % cover plotted against the total SAV in the bay segment as determined
by VIMS aerial photography from 3 years prior to breakwater installation to present day.
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Figure HI5. (A) Shoot- and (B) root-length frequency plots for Ruppia maritima at the

adjacent-exposed (open circles) and breakwater-protected (closed triangle) sites.
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Figure HI6. Biomass of the SAV species (A) Ruppia maritima, (B) Zostera marina, and

(C) all species at the adjacent-exposed (open bars) and breakwater-protected (closed bars)

sites.
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Summary of SAV data:

SAV abundance in the segment containing the Hoopers Island site is somewhat
variable over the observation period. At Hoopers Island, SAV coverage seems to mimic
the segment totals starting in 2000, with a greater response seen in the protected
breakwater site. The adjacent site remains mostly unvegetated throughout the observation

period (Figure HI4).

Prior to breakwater construction the sediment at Hoopers Island was compacted
peat, which is not suitable for colonization of SAV (Wicks et al., 2009). However, a
possible sand-layer application at time of breakwater construction facilitated a change in
substrate composition, thus creating viable SAV habitat. Ruppia maritima and Zostera
marina were observed growing in the breakwater-protected area and no SAV was present
in the adjacent-exposed (Figure HI6). Due to the possible addition of sand, the

breakwater at Hoopers Island is beneficial for SAV in the area.
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Eastern Neck

Description: This semi-circular, segmented, rock-mound breakwater has 19 segments, 2
of which are attached to land. The total breakwater length is 1161.3 m, with segment
lengths 25+2 m (this does not include the longest segment which is 360 m long; mean +
SD) and gap lengths 22+3 m. Average distance from shore is 57£11 m. The north end of
this breakwater protects a rip rapped shoreline and the south end is an eroding sand cliff.
The adjacent-exposed shoreline is rip rapped.

Year of Construction: 1993 Age at Sampling: 15 years
Salinity Regime: Mesohaline
Fetch: Adjacent: 6.6£1.5 km

Breakwater: 7.2+1.5 km

Sampling Coordinates:

EN Avbc | 39°02'03.7"N | 76°14'28.1"W
EN A pc 39°02'03.7"N | 76°14'28.1"W
EN B vbc |39°02'17.5"N | 76°14'27.8"W
EN B pc 39°02'17.5"N | 76°14'27.8"W
SAV B1 39°02'19.1"N | 76°14'27.4"W
SAV B2 39°02'18.6"N | 76°14'27.4"W
SAV B3 39°02'16.0"N | 76°14'27.9"W
SAV B4 39°02'15.0"N | 76°14'27.3"W
SAV B5 39°02'14.3"N | 76°14.27.3"W
SAV A None

Table EN1. Latitude and longitude of

Vibracores (vbc), pushcores (pc), and SAV

Figure EN1. Aerial photo of the

cores taken at the adjacent-exposed (“A”)

. breakwater at Eastern Neck Island,
and breakwater-protected (“B”) sites at

MD.
Eastern Neck.
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Sediment Data:

Push Core
Median Diameter (phi) Organic Content (%)
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Figure EN2. Sediment grain size (median diameter) collected with a push core (A) or
vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed
triangles) sites. The dashed line represents the interpreted depth of breakwater
appearance. This line is absent in the push-core profiles as these represent post-
construction sediment. Sediment organic content collected with a push core (C) or

vibracore (D) at the adjacent-exposed and breakwater-protected sites.
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Figure EN3. 2'°Pb profiles at the adjacent-exposed (A) and breakwater-protected (B)
sites. The calculated sediment accumulation rate is 2.3 cm/y at the adjacent-exposed site.
At the breakwater-protected site, there is an apparent increase in the accumulation rate,
likely due to breakwater construction. The pre-construction (lower portion of profile)
rate is 2.6 cm/y, similar to that observed at the adjacent-exposed, and the post-

construction rate (upper portion of profile) is 4.9 cm/y.

Summary of sediment data:

The average diameter of surficial (upper 10 cm) sediments at the adjacent-
exposed sites is 6.4+0.6 phi (11.8 um), and the average organic content is 2.2+0.4%.
Sediment at the breakwater-protected site is significantly (p = 0.0001) coarser, with an

average median diameter of 2.5+0.03 phi (176.8 um), and significantly (p < 0.0001) less
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organic, with an average organic content of 0.4+0.1%. In the vibracore profiles, grain
size is similar in the lower portion of both cores, with a relatively coarse base below 177
cm — average median diameter 3.1 phi (119.8 um) — overlain by sediment that fines
upward to an average median diameter of 7.1 phi (7.1 um) at 65 cm. Above this depth,
sediment behind the breakwater coarsens, whereas it remains relatively unchanged
adjacent to the breakwater.

Adjacent to the breakwater, steady-state sedimentation dominates at a rate of 2.8
cm/y. However, there is an apparent change in accumulation rate behind the breakwater
at 108 cm. The lower portion shows steady-state sedimentation and a rate of 2.6 cm/y,
similar to the adjacent core. The upper portion has more variable activities, indicating
episodic sedimentation, and an accumulation rate of 4.9 cm/y. At the surface of the core
is a low-activity ~36-cm sand layer that is not included in the accumulation rate-
calculations. This sand layer probably corresponds to that appearing between aerial
photos taken in 2005 and 2007. If this sand layer is assumed to be a recent event layer
with respect to ?!°Pb, and the change in accumulation rate at 108 cm is assumed to
coincide with breakwater construction, then 72 cm of sediment accumulated within the

last 15y, yielding a rate of 4.8 cml/y.
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SAV Data:

Table EN2. Characteristics of the SAV Zannichellia palustris growing at the adjacent-

exposed and breakwater-protected sites, values are reported as mean £SE.

Ratio
Shoot Root | Above- | Below- Total Above-/
Location Species Length | Length | ground | ground | Biomass | Below-
(cm) (cm) | Biomass | Biomass | (gm?) | ground
(gm? | (gm? Biomass
Adjacent- None
exposed
Breakwater | Zannichellia | 6.4+ 2.9+ 4.8+ 2.1+ 6.9+ 2.2+
-protected palustris 0.1 0.2 1.3 0.5 1.8 0.1
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Figure EN4. SAV % cover plotted against the total SAV in the bay segment as

determined by VIMS aerial photography from 7 years prior to breakwater installation to

present day.
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Zannichellia palustris
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Figure EN5. (A) Shoot- and (B) root-length frequency plots for Zannichellia palustris at

the adjacent-exposed (open circles) and breakwater-protected (closed triangle) sites.
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Figure EN6. Biomass of the SAV Zannichellia palustris at the adjacent-exposed (open

bars) and breakwater-protected (closed bars) sites.
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Summary of SAV data:

SAV abundance in the segment containing the Eastern Neck site was variable
over the observation period. At Eastern Neck, SAV % cover generally mirrored the
abundances seen in the section totals, but higher SAV % cover was usually seen in the

adjacent site (Figure EN4).

It was difficult to draw conclusions about Zannichellia palustris due to small
sample sizes, and no SAV present at the adjacent-exposed area. It is likely that the Z.
palustris collected at the breakwater-protected site was affected by a seasonal dieback

and not reduced due to the sediment characteristics. Z. palustris was only growing the

area landward of the breakwater that had the sand event layer, SAV was absent from the

portion of the breakwater that protected the rip rapped shoreline; this difference was

probably due to sediment suitability. The adjacent-exposed site however, had sediments

that were ~70% silt/clay, which has previously been demonstrated as unsuitable for SAV

growth (Leschen et al., 2010; Koch et al., in prep).
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Highland Beach

Description: The breakwater protecting Highland Beach is a linear, segmented, rock-
mound breakwater consisting of 14 segments, with a total length of 804.2 m. Average
segment length is 29+4 m (mean + SD) and average gap length is 31+8 m. The
breakwater is located 29+6 m from shore. The shoreline consists of a vegetated bank
with rip rap at the base. Bayward of the rip rap is a sandy beach. Drain pipes protrude
from the base of the bank and extend out to the breakwater segments. These drain pipes
are located at almost every other breakwater segment. Water moving through the pipes is
discharged bayward of the segments. The shoreline adjacent to the adjacent-exposed area
is a sandy beach absent of the bank, rip rap, or drain pipes that characterize the shoreline
adjacent to the breakwater-protected area. The bottom substrate in both areas had large

ray pits and a resident school of rays in summer 2009.

Year of Construction: 1991

Salinity Regime: Mesohaline

Fetch: Adjacent-exposed: 5.7+1.6 km
Breakwater-protected: 7.5+2.9 km

Sampling Coordinates:

HBA vbc 38°55'52.9"N 76°27'43.2"W
HBA pc 38°55'52.9"N 76°27'43.2"W
HBB vbc 38°56'02.6"N 76°27'34.1"W
HBB pc 38°56'02.6"N 76°27'34.1"W
No SAV

Table HB1. Latitude and longitude of

vibracores (vbc), pushcores (pc), and SAV

cores taken in the adjacent-exposed (“A”) and

breakwater-protected (“B”) sites at Highland Beach.

Figure HB1. Aerial photo of the breakwater

breakwater at Highland Beach, MD.



Sediment Data:
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Figure HB2. Sediment grain size (median diameter) collected with a push core (A) or

vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed

triangles) sites. Sediment organic content collected with a push core (C) or vibracore (D)

at the adjacent-exposed and breakwater-protected sites. In the vibracore profiles, the

dashed line represents the interpreted depth of breakwater appearance (32 cm). Note that

the adjacent-exposed site has a layer of highly organic, fine sediment from 40 to 96 cm in

the vibracore profiles.
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Figure HB3. #°Pb profiles at the adjacent-exposed (A) and breakwater-protected (B)
sites. The calculated sediment accumulation rate is 1.2 cm/y at the adjacent-exposed site.
The ?'°Pb profiles at the breakwater-protected site shows a change in slope at 32 cm — the
pre-construction accumulation rate is 2.1 cm/y (lower portion of profile), decreasing to

1.7 cmly post-construction (upper portion of profile). The x-axis scale differs between

plots for visual clarity.

Summary of sediment data:
Surficial (upper 10 cm) sediment at the adjacent-exposed site has an average
diameter of 1.1+0.1 phi (466.5 pum) and average organic content of 0.6£0.04%. The

breakwater-protected site has finer sediments (p < .0001), with an average median
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diameter of 2.4+0.03 phi (189.5 um), that are more organic (p <.0001; average organic
content 1.6+0.03%).

At the adjacent-exposed site, the 2°Pb profile has a thick (~100 cm) mixed layer
with uniform activity, below which activities decrease logarithmically with depth. The
accumulation rate calculated from this profile is 1.2 cm/y. In the breakwater-protected
2% profile, a change in slope occurs at ~32 cm (Figure 2.4a) and is interpreted to be
caused by breakwater installation. The sedimentation rate calculated for the lower
portion of the profile is 2.1 cm/y, corresponding to pre-construction sedimentation. The
rate for the upper portion is 1.7 cm/y, corresponding to post-construction sedimentation.
This latter rate, multiplied by the breakwater age, yields a depth a 31 cm, supporting the
conclusion that the change in slope is related to breakwater installation. There is little
obvious change in either the grain size or organic content of post-construction material at
this site (i.e., sediment above 32 cm), suggesting that the sediment source (most likely the
sandy shoreline) is unchanged. The decrease in sedimentation rate may be due to
reduced shoreline erosion, decreasing sediment supply. However, sediment grain size

and organic content do not appear to be affected by the presence of the breakwater.

SAV Data:

No SAV was present at the adjacent-exposed or breakwater-protected sites at Highland

Beach.
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Gratitude

Description: This rock-mound semi-circular segmented breakwater has 3 segments,
averaging 176 m (mean £ SD) in length with 19+1-m long gaps. The breakwater
protects a small public beach and is located 13+2 m offshore. During low tides, the water
directly behind the breakwater segments is very shallow. The shoreline adjacent to the
adjacent-exposed site is a marsh that is protected with rip-rap.
Year of Construction: 1990 Age at Sampling: 19 years
Salinity Regime: Mesohaline
Fetch: Adjacent: 6.7£1.8 km

Breakwater: 6.7£1.8 km

Sampling Coordinates:

G Avbc |39°08'12.2"N | 76°15'24.9"W
G Anpc 39°08'12.2"N | 76°1524.9"W
GBvbc | 39°08'13.7"N | 76°15'24.6"W
G B pc 39°08'13.7"N | 76°1524.6"W

Table G1. Latitude and longitude of vibracores
(vbc), and pushcores (pc) taken in the adjacent-
exposed (“A”) and breakwater-protected (“B”)

sites. There was no SAV observed at either

site in 2009.

Figure G1. Aerial photo of the

breakwater at Gratitude, MD.
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Sediment Data:
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Figure G2. Sediment grain size (median diameter) collected with a push core (A) or

vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed

triangles) sites. Sediment organic content collected with a push core (C) or vibracore (D)

at the adjacent-exposed and breakwater-protected sites. In the push-core profiles, the

dashed line represents the interpreted depth of breakwater appearance (10 cm).
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Figure G3. 2'°Pb activity profiles at the adjacent-exposed (A) and breakwater-protected
(B) sites. The calculated sediment accumulation rate is 1.9 cm/y for both the adjacent-
exposed and breakwater-protected sites. Note that the latter represents the pre-
construction sedimentation rate. Because activities increase with depth at both sites,
accumulation rates are calculated by noting the presence of excess °Pb activity at the
base of cores, corresponding to sediment <100y. Thus, the sedimentation rates should be
regarded as minimum estimates. Also note that the x-axis scale differs between plots for

visual clarity.

Summary of sediment data

Surface sediments (0-10 cm) did not differ significantly (p = 0.06) between the
adjacent-exposed and breakwater-protected sites in grain size. The average median
diameter at was 2.2+0.2 phi (217.6 um) at the adjacent-exposed site and 1.7+0.2 phi

(307.8 um) at the breakwater-protected site. Average organic content was 1.0+0.1% at
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the adjacent-exposed site and 1.9+0.7% at the breakwater-protected site (p = 0.31). At
both sites, sediments have become coarser over time but organic content has remained
similar, as shown in the vibracore profiles.

Decoding the sedimentary record at Gratitude is complicated. The ?°Pb activity
profiles at the adjacent-exposed and breakwater-protected sites are remarkably similar.
Both sites have a layer of increasing °Pb activity with depth. The highest ?°Pb activity
is observed at 128 cm in the profile at the adjacent-exposed site, but only at 114 cm at the
breakwater-protected site. For both sites, the increase in activity persists when activities
are normalized to the mud content (data not shown), indicating that grain size is not the
controlling factor but rather that changes in the initial activity of >!°Pb are likely
responsible. Below this layer, activities return to similar values as observed at the surface
of the core. Thus, the assumption of constant initial activity is violated at both sites, and
accumulation rates must be calculated from the penetration depth of excess #°Pb, which
is at the base of both cores and yields a minimum sedimentation rate of 1.9 cm/y for both
sites.

However, on the shorter time scale (~50 y) represented by **’Cs, depth horizons
are also offset between the adjacent-exposed and breakwater-protected sites, but in the
opposite way. The penetration depth of *¥'Cs is ~10 cm deeper at the breakwater-
protected site (102 cm) than at the adjacent-exposed site (92 cm). Reconciling the
penetration depths of both °Pb and **’Cs would require erosion/non-deposition at the
breakwater-protected site and/or increased deposition at the adjacent-exposed site
between 50 and 100 years ago. Regardless of the cause, it is not linked to the presence of

the breakwater, as it would have had to occur more than ~40 years before construction.
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Changes in the sedimentary record associated with the presence of the breakwater can be

seen in the push-core grain-size and organic-content profiles, which indicate a depth of

influence of 10 cm, corresponding to observed coarsening and decrease in organic

content, as well as the difference in *’Cs penetration depths.

SAV Data:
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Figure G4. SAV % cover plotted against the total SAV in the bay segment as determined

by VIMS aerial photography from 15 years prior to breakwater installation to present

day.
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Summary of SAV data:

SAV abundance in the segment containing the Gratitude site was extremely
variable over the observation period. At Gratitude, SAV % cover was 0% until a small
spike in 2001, mirroring a segment increase. It then dropped back to 0% in 2003. Both
the adjacent and breakwater sites are relatively similar throughout, with only a minor
deviation in 2009, where more SAV is seen behind the breakwater (Figure G4). SAV
seen in aerial photo in 2009 was present in September, however; no SAV was present

when sampling occurred in early June.
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Brannock Bay

Description: The Brannock Bay rock-mound breakwater has 6 linear segments parallel
to the shoreline, 3 which have filled in with marsh and are subaerially exposed. The
remaining unattached segments have very shallow, warm water landward of them. Total
length of the structure is 207.4 m. The mean segment length is 18+1 m (mean + SD) and
the average gap distance between segments is 132 m. The unattached portion of this

structure is 77 m from the shoreline and protects a marshy shoreline with an eroding

escarpment. The adjacent-exposed shoreline is hardened with a sea wall.

Year of Construction: 1989

Salinity Regime: Mesohaline

Fetch: Adjacent: 5.1£1.6 km

Breakwater: 5.3+1.6 km

Sampling Coordinates:

Age at Sampling: 19 years

BB A vbc 38°34'56.4"N | 76°16'14.9"W

BB A pc 38°34'56.5"N | 76°16'15.0"W

BB B vhc 38°34'55.9"N | 76°16'16.4"W

BB B pc 38°34'55.9"N | 76°16'16.3"W

SAV Al 38°34'55.7"N | 76°16'15.6"W

SAV A2 38°34'55.7"N | 76°16'15.6"W

SAV A3 38°34'58.1"N | 76°16'12.2"W

SAV A4 38°34'57.8"N | 76°16'12.0"W

SAV A5 38°34'56.2"N | 76°16'15.3"W

SAV B1 38°34'54.1"N | 76°16'19.3"W

SAV B2 38°34'54.7"N | 76°16'18.2"W Figure BB1. Aerial photo of the
SAV B3 38°34'54.7"N | 76°16'18.1"W

SAV B4 38°34'55.3"N | 76°16'17.3"W breakwater in Brannock Bay, MD.
SAV B5 38°34'55.5"N | 76°16'16.6"W

Table BB1. Latitude and longitude of vibracores (vbc), pushcores (pc), and SAV cores

taken in the adjacent-exposed (“A”) and breakwater-protected (“B”) sites

in Brannock Bay.
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Sediment Data:
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Figure BB2. Sediment grain size (median diameter) collected with a push core (A) or
vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed
triangles) sites. Sediment organic content collected with a push core (C) or vibracore (D)
at the adjacent-exposed and breakwater-protected sites. The dashed line represents the
interpreted depth of breakwater appearance. Note that because it is below the penetration

depth of the push cores, it is not shown in (A) or (C).
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Figure BB3. #°Pb profiles at the adjacent-exposed (A) and breakwater-protected (B)
sites. The calculated sediment accumulation rate is 0.9 cm/y at the adjacent-exposed site
and 1.0 cm/y at the breakwater-protected site. Because the mud content changes
throughout the core at the breakwater-protected site, and since %°Pb attaches
preferentially to fine-grained (mud) particles, %°Pb activities for each depth horizon in
this core were normalized to the corresponding mud content prior to the accumulation-

rate calculation.

Summary of sediment data
Push-core grain-size data showed a similar, fining-upward trend (p = 0.41) at both

the adjacent-exposed and breakwater-protected sites. Sediment fined from coarse sand at
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the base to fine sand at the top of the core. The average median diameter of surficial
sediment (0-10 cm) at both sites was classified by fine sand (adjacent-exposed, 2.5+0.2
phi (153.9 um); breakwater-protected, 2.6+0.1 phi (164.9 um). Surficial organic content
is also similar at both sites (p = 0.29) — 1.3+0.1% at the adjacent-exposed site, and
1.1+.1% at the breakwater-protected site.

Comparison of trends in the vibracore sediment-character (grain size, organic
content) data revealed that both sites have experienced the same sedimentological
changes over time; however, they are offset 30 cm, with layers displaced deeper in the
breakwater-protected core. While there are no obvious changes in sediment character
that can be attributed to breakwater construction, the distinct, but offset, layering present
in both the grain-size and organic-content profiles indicates that 30 cm of sediment has
likely deposited since breakwater construction.

The #°Pb profile at the adjacent-exposed site had a thick (116 cm), uniform-
activity layer overlying the region of logarithmic decay, and the sediment accumulation
rate at this site was 0.9 cm/y. This uniform-activity layer was not present at the
breakwater-protected site; the °Pb profile at this site indicates steady-state
sedimentation and an accumulation rate of 1.0 cm/y. This rate represents the pre-
construction sedimentation rate; the post-construction rate is 1.6 cm/y — derived by
attributing the 30-cm offset to deposition following breakwater installation 19-y ago.
137Cs activities were measured at this location; however, activities were near or below the
detection limit at both adjacent-exposed and breakwater-protected sites. For example,
137Cs was present at 83 cm but not at 79 cm. Thus, *’Cs was not used to calculate

accumulation rates for this location.
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Breakwater installation in Brannock Bay does not appear to have affected the

character (grain size, organic content) of post-construction sediment, but did increase the

rate of sedimentation in the breakwater-protected area.

SAV data:

Table BB2. Characteristics of the SAV Ruppia maritima growing at the adjacent-

exposed and breakwater-protected sites. VValues are reported as mean + SE.

Shoot Root | Above- | Below- Total Ratio
Length | Length | ground | Ground | Biomass | Above-/
Location Species (cm) (cm) | Biomass | Biomass | (gm? Below
(gm? | (gm? Ground
Biomass
Adjacent- Ruppia 3.8+ 4.5+ 7.3 11.9+ 19.3+8.2 0.6+
exposed maritima 0.1 0.2 3.3 4.9 0.1
Breakwater- | Ruppia 4.1+ 4.7+ 3.4+ 2.4+ 5.8£0.9 1.6+
protected | maritima 0.1 0.3 0.6 0.5 0.4
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Figure BB4. SAV % cover plotted against the total SAV in the bay segment as

determined by VIMS aerial photography from 4 years prior to breakwater installation to

present day.
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Figure BB5. (A) Shoot- and (B) root-length frequency plots for Ruppia maritima at the
adjacent-exposed (open circles) and breakwater-protected (closed triangle). Shoot
frequency data appears to have only 2 points for each site however, 131 shoots were
measured at the breakwater-protected site but lengths fell into only 2 ranges (0-5 and 5-
10 cm). The same was observed at the adjacent-exposed site where 382 shoots were
measured.
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Figure BB6. Biomass of the SAV Ruppia maritima at the adjacent-exposed (open bars)

and breakwater-protected (closed bars) sites.
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Summary of SAV data

SAV abundance in the segment containing the Brannock Bay site was variable
over the observation period. At Brannock Bay, SAV % cover mirrored the total SAV
abundance in the segment, with very little observable difference between adjacent and
breakwater sampling sites (Figure BB4).

Ruppia maritima average shoot- and root-lengths (Table BB2; Figure BB5) were
similar (shoots, p = 0.08; roots, p = 0.59) at the adjacent-exposed and breakwater-
protected sites. Total biomass, however; was greater (p = 0.05) in the adjacent-exposed
site versus the breakwater-protected (Figure BB6). This could have been due to the
shallowness of the water landward of the structure, some breakwater segments have
already had marsh become established connecting the breakwater segments to the
shoreline. At the time of sampling the water was also observed to be rather warm. This
breakwater created favorable conditions for marsh to establish itself behind the

breakwater — so in this case it was detrimental to SAV but beneficial to the marsh.
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Cape Charles Bay Creek

Description: The rock-mound breakwater located at Cape Charles Bay Creek has 7 linear

segments in a parallel orientation to the shoreline. The total breakwater length is 657.6 m,

with a mean segment length of 69+1 m (mean + SD) and gaps averaging 125+4 m. The

shoreline is characterized as a sandy beach, and the breakwater is located 38+20 m off

shore.

Year of Construction: 2006

Salinity Region: Polyhaline

Fetch: Adjacent: 8.8£2.3 km

Breakwater: 11.9+2.9 km

Sampling Coordinates:

Age at Sampling: 3 years

CCBC Avbc | 37°16'53.3"N | 76°00'44.1"W
CCBC Apc 37°16'53.3"N | 76°00'44.1"W
CCBC Bvbc | 37°16'41.1"N | 76°00'55.9"W
CCBC B pc 37°16'41.1"N | 76°00'55.9"W
SAV Al 37°16'46.6"N | 76°00'47.0"W
SAV A2 37°16'47.4"N | 76°00'47.8"W
SAV A3 37°16'48.7"N | 76°00'46.7"W
SAV A4 37°16'49.5"N | 76°00'45.8"W
SAV A5 37°16'20.8"N | 76°01'18.6"W
SAV B1 37°16'30.4"N | 76°01'07.1"W
SAV B2 37°16'31.1"N | 76°01'06.1"W
SAV B3 37°16'32.3"N | 76°01'04.5"W
SAV B4 37°16'36.5"N | 76°01'00.0"W
SAV B5 37°16'41.3"N | 76°00'54.3"W
SAV B6 37°16'43.9"N | 76°00'50.7"W

Figure CCBCL. Aerial photo of the
breakwater at Cape Charles Public

Beach, VA

Table CCBCL1. Latitude and longitude of vibracores (vbc), pushcores (pc), and SAV

cores taken in the adjacent-exposed (“A”) and breakwater-protected (“B”) sites at Cape

Charles Bay Creek.
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Sediment Data:
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Figure CCBC2. Sediment grain size (median diameter) collected with a push core (A) or

vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed

triangles) sites. The dashed line represents the interpreted depth of breakwater

appearance. Sediment organic content collected with a push core (C) or vibracore (D) at

the adjacent-exposed and breakwater-protected sites.
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Figure CCBC3. 2'%Ph profiles at the adjacent-exposed (A) and breakwater-protected (B)
sites. At the adjacent-exposed site, only 3 samples had detectable #*°Pb, and activities for
both sites are much lower than those measured at any other site. Excess activities are not

plotted, as activities are below the supported value.

Summary of sediment data

Surficial (top 10 cm) sediment at the adjacent-exposed site was sandy (average
median diameter of surficial sediment 2.1+0.04 phi, 233.3 um) and low in organic
content (1.3£0.3%). Surficial sediment in the breakwater-protected area was also sandy
(average median diameter 1.9+0.04 phi, 267.9 pum), coarser (p = 0.001) than that at the
adjacent-exposed site, and less organic (0.6£0.08%; p = 0.04).

Both sites are Cape Charles Bay Creek are net erosional, on a ~100-y time scale.
2% depth-integrated inventories are below the atmospherically supported inventory

(~25 dpm/cm?; Kim et al., 2000), indicating net erosion. The inventories at the adjacent-
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exposed and breakwater-protected sites are 0.42 dpm/cm? and 1.48 dpm/cm?,
respectively. When normalized to the mud content, which would remove the effect of
dilution by coarse sediment, inventories are 1.31 dpm/cm? and 8.56 dpm/cm?,
respectively. The adjacent-exposed core was taken at the entrance to an inlet, and the
breakwater-protected core was collected in between segments, likely explaining the
erosional nature of these cores.

While pre-construction (~100-y) sedimentation at this location was net erosional,
there is an increase in the median diameter of push-core sediments at the breakwater-
protected site ~2.5 cm deep. If this horizon represents the depth of breakwater influence,
then the post-construction rate would be 0.8 cm/y. Thus, the breakwater appears to be

trapping sandy sediment in the protected area, which had previously been net erosional.

SAV Data:

Table CCBC2. Characteristics of the SAV species Ruppia maritima and Zostera marina

growing at the adjacent-exposed and breakwater-protected sites, values are reported as

mean +SE.
Ratio
Shoot Root Above- Below- Total Above-/
Location Species | Length | Length | Ground ground Biomass | Below-
(cm) (cm) Biomass | Biomass (g m?) Ground
(gm? (gm? Biomass
Adjacent- Ruppia 6.1+ 7.6x 12.6+ 10.0+ 22.6x 1.1+
exposed maritima 0.1 0.3 5.8 3.5 9.0 0.2
Breakwater- | Ruppia 9.9+ 8.4+ 19.4+ 13.7+ 33.1% 1.7+
protected | maritima 0.2 0.3 9.7 7.6 17.1 0.5
Adjacent- | Zostera 9.6+ 7.7+ 7.2+ 9.6 12.0+ 14
exposed marina 0.7 0.8 6.6 114
Breakwater- | Zostera | 19.2+ 6.2+ 66.0+ 33.1+ 99.2+ 1.6+
protected marina 0.6 0.2 23.1 9.9 32.9 0.4
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Figure CCBC5. (A) Shoot- and (C) root-length frequency plots for Ruppia maritima and
(B) shoot- and (D) root-length frequency plots for Zostera marina at the adjacent-

exposed (open circles) and breakwater-protected (closed triangle) sites.
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Figure CCBC6. Biomass of the SAV (A) Ruppia maritima, (B) Zostera marina, and (C)
all species of SAV at the adjacent-exposed (open bars) and breakwater-protected (closed

bars) sites.
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Summary of SAV data:

SAV abundance in the segment containing the Cape Charles Bay Creek site
decreased prior to the date of breakwater installation and then appeared to be increasing.
At Bay Creek, SAV % cover decreased, in the years preceding the breakwater, similar to
the segment totals. After installation, % cover in the adjacent area continued to decrease,
but the area protected by the breakwater increased, again mirroring the overall segment

pattern (Figure CCBC4).

Both Ruppia maritima and Zostera marina had longer shoot lengths at the
breakwater-protected sites (p < 0.0001, for both species) than the adjacent-exposed. R.
maritima roots were also longer at the breakwater-protected site (p = 0.05) than the
adjacent-exposed, however Z. marina roots were longer (p = 0.01) at the adjacent-
exposed site (Table CCBC2; Figure CCBC5). Total biomass was greater (p = 0.02) at the
breakwater-protected site than the adjacent exposed. The breakwater at Cape Charles Bay

Creek appears to be beneficial to the SAV in the area.
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Description: This linear, segmented, rock-mound breakwater has 3 larger V-shaped

Cape Charles Public Beach

segments, and 2 smaller straight segments. The total breakwater length is 412.1 m, with

segment lengths 46£24 m (mean + SD) and gap lengths 5625 m. Average distance from

shore is 38+20 m. This breakwater protects an engineered sandy beach. The adjacent-

exposed site shoreline is also sandy beach.

Year of Construction: 2002

Salinity Regime: Polyhaline

Fetch: Adjacent: 21.0+4.5 km

Age at Sampling: 7 years

Breakwater: 18.2+3.9 km

Sampling Coordinates:

CCPB A vbc | 37°16'09.5"N | 76°01'26.7"W
CCPB Apc | 37°16'09.5"N | 76°01'26.7"W
CCPB B vbc | 37°16'16.6"N | 76°01'23.0"W
CCPB Bpc | 37°16'16.6"N | 76°0123.0"W
SAV Al 37°16'08.4"N | 76°01'26.1"W
SAV A2 37°16'08.1"N | 76°01'26.1"W
SAV A3 37°16'07.3"N | 76°01'26.3"W
SAV A4 37°16'06.9"N | 76°01'26.4"W
SAV A5 37°16'07.0"N | 76°01'26.5"W
SAV B1 37°16'19.7"N | 76°01'19.9"W
SAV B2 37°16'19.0"N | 76°01'20.7"W
SAV B3 37°16'18.8"N | 76°01'20.9"W
SAV B4 37°16'17.0"N | 76°01'22.0"W
SAV B5 37°16'13.6"N | 76°01'23.4"W

Table CCPBL1. Latitude and longitude of

vibracores (vbc), pushcores (pc), and SAV

cores taken in the adjacent-exposed (“A”)

and breakwater-protected (“B”) sites at

Cape Charles Public Beach.

| S 3
Figure CCPBL1. Aerial photo

of the breakwater at Cape

Charles Public Beach, VA.
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Sediment Data:
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Figure CCPB2. Sediment grain size (median diameter) collected with a push core (A) or

vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed

triangles) sites. The dashed line represents the interpreted depth of breakwater

appearance. Sediment organic content collected with a push core (C) or vibracore (D) at

the adjacent-exposed and breakwater-protected sites.
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Figure CCPB3. ?1%b activity profiles at the adjacent-exposed (A) and breakwater-
protected (B) sites. The calculated sediment accumulation rate is 1.4 cm/y for the
breakwater-protected sites, representing the pre-construction sedimentation rate. The
adjacent-exposed site is erosional, indicated by its low depth-integrated inventory. Note

that the x-axis scale differs between plots.

Summary of sediment data:

Surficial (top 10 cm) sediment at the adjacent-exposed site was sandy (average
median diameter of surficial sediment 2.3+0.04 phi, 203.1 pum) and low in organic
content (0.6+0.01%). This site is erosional, indicated by its low depth-integrated *°Pb
activity of 13.9 dpm/cm?, which is below the atmospheric inventory of ~25 dpm/cm?
(Kim et al., 2000). The depth-integrated inventory at this site is below this value, even
when measured activities are normalized to the mud content (18.3 dpm/cm?, indicating

erosion. Normalizing the activities (and adjusting the corresponding supported level of
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219pp) hefore calculating the inventory removes the potential effect of dilution by coarse
particles that may not scavenge %'°Pb as effectively.

Surficial sediment in the breakwater-protected area was also sandy (average
median diameter 2.1+0.1 phi, 233.3 um), and significantly (p = 0.03) coarser than that at
the adjacent-exposed site, and had similar organic content (0.7+£0.2%; p = 0.26). The pre-
construction accumulation rate for this site is 1.4 cm/y, calculated from the °Pb profile.
The depth-integrated “°Pb inventory, when normalized for mud content, is 43.2
dpm/cm?, which is above the atmospheric inventory and supports the interpretation of net
sedimentation.

The depth of breakwater influence is most clearly indicated in the push-core
grain-size profile, where sediment coarsens above 10 cm. Dividing this depth by the
breakwater age at the time of sampling (7 y) yields a post-construction rate of 1.4 cml/y,
equal to the pre-construction rate. Thus, the effect of breakwater construction on
sediments at Cape Charles Public Beach appears to be an increase in grain size

(decreasing phi units), and no change in organic content or sedimentation rate.
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SAV Data:

Table CCPB2. Characteristics of the SAV Ruppia maritima and Zostera marina growing

at the adjacent-exposed and breakwater-protected sites, values are reported as mean +SE.

Ratio

Shoot Root Above- Below- Total Above-/

Location Species | Length | Length | ground ground | Biomass | Below-

(cm) (cm) Biomass | Biomass | (gm? | ground

(gm? | (gm?d Biomass

Adjacent- Ruppia 7.5+ 8.8+ 15.9+ 17.3+ 33.2¢ 1.4+
exposed maritima 0.1 0.3 9.1 8.7 17.5 0.5
Breakwater | Ruppia 7.8+ 7.8+ 38.1+ 34.0+ 72.1+ 1.2+
-protected | maritima 0.2 0.2 1.1 7.8 8.9 0.2
Adjacent- Zostera | 21.9% 6.5+ 125.6+ 105.3+ 230.9+ 1.2+
exposed marina 0.9 0.1 78.7 47.3 123.6 0.2
Breakwater | Zostera 21.4+ 7.1+ 221.9+ 152.9+ 374.8+ 2.6t
-protected marina 1.2 0.1 60.0 52.9 46.6 1.6
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Figure CCPB4. SAV % cover plotted against the total SAV in the bay segment as
determined by VIMS aerial photography. Two breakwaters were installed on different

dates at this site as indicated by the vertical dotted lines on the figure.
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Figure CCPBS5. (A) Shoot- and (C) root-length frequency plots for Ruppia maritima and
(B) shoot- and (D) root-length frequency plots for Zostera marina at the adjacent-

exposed (open circles) and breakwater-protected (closed triangle) sites.
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Figure CCPB6. Biomass of the SAV (A) Ruppia maritima (B) Zostera marina and (C) all
species of SAV at the adjacent-exposed (open bars) and breakwater-protected (closed

bars) sites.

Summary of SAV data:

SAV abundance in the segment containing the Cape Charles Public Beach site

was variable over the observation period, generally decreasing until 2006 then increasing
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from 2006 to 2010. Prior to the first breakwater installation in 2002 the adjacent and
breakwater sites were fairly similar. SAV % cover dropped in both sites after installation,
but was more pronounced in the breakwater site from 2002 to 2006. In 2006 a second
breakwater was installed and the pattern switches, with the adjacent area declining and

the breakwater area increasing, mirroring the segment totals (Figure CCPB4).

Ruppia maritima (p = 0.36) and Zostera marina (p = 0.26) shoot lengths did not
differ between the breakwater-protected and adjacent-exposed sites. R. maritima roots
however were longer (p = 0.01) at the adjacent-exposed site, while Z. marina roots were
longer (p < .0001) at the breakwater-protected site. Total biomass was similar at the
breakwater-protected area than at the adjacent-exposed (p = 1.00). Other than longer
shoot growth at the breakwater-protected site the breakwater at Cape Charles Public

Beach appeared to have no effect on SAV in the area.
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Mobjack Bay

Description: This linear, segmented, rock-mound breakwater has 6 segments that are
oriented parallel to the shoreline. The total breakwater length is 58.8 m, with average
segment length 7+2 m (mean £ SD) and average gap length 3£0.5 m. Average distance
from shore is 9+3 m. This breakwater protects a small marsh transitioning into a lawn.
The adjacent-exposed shoreline is also a marsh transitioning into a lawn.

Year of Construction: 2002 Age at Sampling: 7 years
Salinity Regime: Polyhaline

Fetch: Adjacent: 1.6+0.6 km

Breakwater: 2.1+0.9 km

Sampling Coordinates:

Table MBL1. Latitude and longitude of

vibracores (vbc), pushcores (pc), and SAV

cores taken in the adjacent-exposed (“A”)

and breakwater-protected (“B”) sites at

Mobjack Bay.

MB A vbc | 37°25'05.6"N | 76°24'21.4"W
MB A pc 37°25'05.6"N | 76°24'21.4"W
MB B vbc | 37°25'04.4"N | 76°24'23.4"W
MB B pc 37°25'04.4"N | 76°24'23.4"W
SAV Al 37°25'05.6"N | 76°24'22.1"W
SAV A2 37°25'05.7"N | 76°24'22.0"W
SAV A3 37°25'05.7"N | 76°24'22.0"W
SAV A4 37°25'05.7"N | 76°24'21.8"W
SAV A5 37°25'05.8"N | 76°24'21.7"W
SAV B1 37°25'05.9"N | 76°24'23.9"W
SAV B2 37°25'05.5"N | 76°24'23.6"W
SAV B3 37°25'05.5"N | 76°24'23.6"W
SAV B4 37925'05.4"N | 76°24'24.1"W Figure MB1. Aerial photograph of the
SAV B5 37°25'05.5"N | 76°24'24.1"W

breakwater at Mobjack Bay, VA
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Sediment Data:
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Figure MB2. Sediment grain size (median diameter) collected with a push core (A) or

vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed

triangles) sites. Sediment organic content collected with a push core (C) or vibracore (D)

at the adjacent-exposed and breakwater-protected sites. The dashed line represents the

interpreted depth of breakwater appearance (32 cm).
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Figure MB3. #°Pb profiles at the adjacent-exposed (A) and breakwater-protected (B)
sites. At both sites, activities increase with depth and only minimum accumulation rates
can be calculated. These rates are >0.6 cm/y for the adjacent-exposed site and >0.9 cm/y

for the breakwater-protected site.

Summary of sediment data:

Surficial sediment (upper 10 cm) at the adjacent-exposed site has an average
median diameter of 2.4+0.1 phi (189.5 pum) and an average organic content of 0.6+0.1%.
Surficial sediment at the breakwater-protected site has an average median diameter of
2.920.1 phi (134.0 um) and an average organic content of 1.6+0.2%. Statistically the
adjacent-exposed site was coarser (p < 0.0001) and less organic (p = 0.0001) than the
breakwater-protected site.

The #°Pb profiles at both sites increase with depth. At the adjacent-exposed site,

most of this increase occurs above ~20cm, and activities are fairly uniform below this
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depth. Grain size is relatively uniform throughout the core, suggesting that the initial
activity of 2°Pb has changed, and only a minimum accumulation rate of >0.6 cm/y can be
calculated. At the breakwater-protected site, activities decrease throughout the core.
Above 32 cm, the decrease may be related to changes in grain size; however, below this
depth, grain size is fairly uniform. This suggests that, like the adjacent-exposed site, the
initial activity of “°Pb has changed and only a minimum accumulation rate of >0.9 cm/y
can be calculated.

There is an abrupt change in the grain-size profile at the breakwater-protected site
at 32 cm. Sediment fines upward above this depth but is relatively uniform below it.
There is also a decrease in organic content above this depth that is more subtle. These
changes are likely due to the presence of the breakwater, and so the interpreted depth of
breakwater appearance is 32 cm. The corresponding post-construction sedimentation rate

can be calculated by dividing this depth by the breakwater age (7 y) and is 4.6 cm/y.

SAV data:

Table MB2. Characteristics of the SAV Ruppia maritima growing at the adjacent-

exposed and breakwater-protected sites, values are reported as mean £SE.

Ratio
Shoot Root | Above- | Below- Total | Above-/
Location Species | Length | Length | ground ground | Biomass | Below-
(cm) (cm) | Biomass | Biomass | (gm?®) | ground
(gm? | (gm?d Biomass
Adjacent- Ruppia 22.8+ 7.7 151.6+ 12.7+ 164.3 13.1%
exposed maritima 0.6 0.3 18.7 2.3 20.3 2.2
Breakwater | Ruppia 17.4+ 5.3+ 67.2+ 9.4+ 76.6% 7.5+
-protected | maritima 0.7 0.3 13.9 2.3 16.2 0.8
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Figure MB4. SAV % cover plotted against the total SAV in the bay segment as

determined by VIMS aerial photography from 8 years prior to breakwater installation to

2010.
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Figure MB5. (A) Shoot- and (B) root-length frequency plots for Ruppia maritima at the

adjacent-exposed (open circles) and breakwater-protected (closed triangle) sites.
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Figure MB6. Biomass of the all species of SAV at the adjacent-exposed (open bars) and

breakwater-protected (closed bars) sites.

Summary of SAV data:

SAV abundance in the segment containing the Mobjack Bay site declined fairly
consistently from 1984-2006 then it increased from 2007-2009. At Mobjack Bay, SAV
was absent in both the adjacent and breakwater sampling sites until 2007 when grass
appeared in the adjacent site. After breakwater installation SAV was only noted in the
breakwater site in 2009. When SAV was observed in the sampling areas, it was higher in

the adjacent section.

R. maritima biomass is greater (p = 0.01) at the adjacent-exposed site than at the
breakwater-protected. Shoot- and root- length are also longer (p <0.0001 and p < 0.0001,

respectively) at the adjacent-exposed site than at the breakwater-protected site.
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Mobjack Bay 5 (MOB5)
Description: The segmented, rock-mound breakwater at MOB5 has 4 segments and is
207.0 m long. Itis linear and oriented parallel to a curved, sandy shoreline. Average
segment length is 20£2 m (mean + SD) and average gap length is 43+30 m. The structure
is located 12+3 m from the shoreline. The segments are not evenly spaced, but rather are
in sets of 2 with a larger gap (containing a boat pier) in the middle. The shoreline at both
the breakwater-protected and adjacent-exposed sites is a manicured lawn transitioning
into rip rap and then marsh.
Year Constructed: 2001 Age at Sampling: 8 years
Salinity Regime: Polyhaline
Fetch: Adjacent: 0.9£0.2 km

Breakwater: 0.9+0.2 km

Sampling Coordinates:

MOBS5 A vbc
MOB5 A pc
MOBS5 B vbc
MOB5 B pc

37°24'55.1"N
37°24'55.1"N
37°24'55.6"N
37°24'55.6"N

76°26'36.1"W
76°26'36.1"W
76°26'38.6"W
76°26'38.6"W

NO SAV
Table MOBS5.1. Latitude and longitude of

vibracores (vbc), pushcores (pc), and SAV
Figure MOB5.1. Aerial photograph of
cores taken in the adjacent-exposed (“A”)
the breakwater at Mobjack Bay 5, VA.
and breakwater-protected (“B”) sites at

Mobjack Bay 5.
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Sediment Data:
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Figure MOB5.2. Sediment grain size (median diameter) collected with a push core (A) or

vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed

triangles) sites. Sediment organic content collected with a push core (C) or vibracore (D)

at the adjacent-exposed and breakwater-protected sites. The dashed line represents the

interpreted depth of breakwater appearance (10 cm).
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Figure MOB5.3. #°Pb profiles at the adjacent-exposed (A) and breakwater-protected (B)
sites. At both sites, activities increase with depth and only minimum accumulation rates
can be calculated. These rates are >1.8 cm/y for the adjacent-exposed site and >1.5 cm/y

for the breakwater-protected site.

Summary of sediment data:

Surficial sediment (upper 10 cm) at the adjacent-exposed site is similar in grain
size to the breakwater-protected, however is statistically different (p = 0.001) and is less
organic (p < 0.0001) than the breakwater-protected site. The adjacent-exposed site has an
average median diameter of 2.4+0.01 phi (189.5 um) and an average organic content of
0.5+£0.3%. Surficial sediment at the breakwater-protected site has an average median

diameter of 2.5+0.02 phi (176.8 um) and an average organic content of 1.2+0.04%.
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The #°Pb profiles at both sites increase with depth. However, grain size is
relatively uniform throughout both cores, suggesting that the initial activity of “°Pb has
changed. Thus, only minimum accumulation rates can be calculated and are >1.8 cm/y at
the adjacent-exposed site and >1.5 cm/y at the breakwater-protected site. At the
breakwater-protected site, this represents the pre-construction sedimentation rate.

The most obvious change in push-core profiles is a shift toward sediment with
higher organic content above 10 cm. This is likely due to the presence of the breakwater,
and so the interpreted depth of breakwater appearance is 10 cm. The corresponding post-
construction sedimentation rate can be calculated by dividing this depth by the
breakwater age (8 y) and is 1.3 cm/y. Thus, the effect of the breakwater at this location is

no change in grain size, increase in organic content, and decrease in sedimentation rate.

SAV Data:

No SAV was present at the adjacent-exposed or breakwater-protected sites at Mobjack

Bay 5.
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Mobjack Bay 7 (MOB?7)

Description: This linear, segmented, rock-mound breakwater has 2 segments which are
parallel to the shoreline. The total breakwater length is 69.2 m, with segment lengths
24+1 m (mean £ SD) and gap length 24 m. Average distance from shore is 14+4 m. This
breakwater protects a sandy beach. The adjacent-exposed site is also a sand beach at the
base of a sea wall.

Year of Construction: 2001 Age at Sampling: 8 years
Salinity Regime: Polyhaline

Fetch: Adjacent: 1.1+0.2 km

Breakwater: 1.0+0.2 km

Sampling Coordinates:

MOB7 Avbc | 37°21'49.4"N 76°27'39.6"W
MOB7 A pc 37°21'49.4"N  76°27'39.6"W
MOB7 B vbc | 37°21'50.5"N 76°27'40.5"W
MOBY7 B pc 37°21'50.5"N  76°27'40.5"W
SAV Al 37°21'49.4"N  76°27'39.0"W
SAV A2 37°21'49.2"N  76°27'39.0"W
SAV A3 37°21'49.1"N  76°27'38.7"W
SAV A4 37°21'49.0"N  76°27'38.6"W
SAV A5 37°21'48.9"N  76°27'38.7"W
SAV B1 37°21'50.7"N  76°27'40.7"W
SAV B2 37°21'50.8"N  76°27'40.6"W
SAV B3 37°21'50.8"N  76°27'40.7"W
SAV B4 37°21'51.0"N  76°27'40.9"W
SAV B5 37°21'51.6"N  76°27'41.7"W

Table MOB?7.1. Latitude and longitude of

vibracores (vbc), pushcores (pc), and SAV

cores taken in the adjacent-exposed (“A”) and

ey
lraid .

Figure MOB?7.1. Aerial photo of the
breakwater-protected (“B”) sites at Mobjack

breakwater at Mobjack Bay7, VA
Bay 7.
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Sediment Data:
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Figure MOB7.2. Sediment grain size (median diameter) collected with a push core (A) or
vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed
triangles) sites. Sediment organic content collected with a push core (C) or vibracore (D)
at the adjacent-exposed and breakwater-protected sites. The dashed line represents the

interpreted depth of breakwater appearance (16 cm).
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Figure MOB7.3. #°Pb profiles at the adjacent-exposed (A) and breakwater-protected (B)
sites. At both sites, activities increase with depth and only minimum accumulation rates
can be calculated. These rates are >0.8 cm/y for the adjacent-exposed site and also >0.8

cm/y for the breakwater-protected site.

Summary of sediment data

Surficial sediment (upper 10 cm) at the adjacent-exposed site has finer (p =
0.0003) but similar organic content (p = 0.10) than the breakwater-protected site. The
adjacent-exposed site has an average median diameter of 2.7+0.04 phi (153.9 yum) and an
average organic content of 0.9+0.1%. Surficial sediment at the breakwater-protected site
has an average median diameter of 2.1+0.1 phi (233.3 pum) and an average organic

content of 1.2+0.2%.
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The #°Pb profiles at both sites increase with depth. However, grain size is
relatively uniform throughout both cores, suggesting that the initial activity of >°Pb has
changed. Thus, only minimum accumulation rates can be calculated and are >0.8 cm/y at
both the adjacent-exposed and breakwater-protected sites. At the breakwater-protected
site, this represents the pre-construction sedimentation rate.

There is an increase in grain size in both the push- and vibracore profiles. This
occurs above 16 cm, which is the interpreted depth of breakwater influence. The
corresponding post-construction sedimentation rate can be calculated by dividing this
depth by the breakwater age (8 y) and is 2.0 cm/y. Thus, the effect of the breakwater at
this location is an increase in grain size, no change in organic content, and increase in

sedimentation rate. However, note that the post-construction rate is a minimum estimate.

SAV data:

Table MOB?7.2. Characteristics of the SAV Ruppia maritima growing at the adjacent-

exposed and breakwater-protected sites, values are reported as mean £SE.

Ratio
Shoot Root | Above- | Below- Total Above-/
Location Species | Length | Length | ground | ground | Biomass Below-
(cm) (cm) | Biomass | Biomass | (g m?) ground
(gm? | (gm?) Biomass
Adjacent- Ruppia 11.2+ 4.9+ 17.1+ 3.8+ 20.9+ 4.8+
exposed maritima 0.5 0.3 9.1 1.3 10.3 1.5
Breakwater- | Ruppia 9.2+ 5.5+ 10.9+ 4.4+ 15.3+ 2.7+
protected | maritima 0.4 0.3 1.7 0.8 2.3 0.5
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Figure MOB7.4. SAV % cover plotted against the total SAV in the bay segment as

determined by VIMS aerial photography from 4 years prior to breakwater installation to

2010.
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Figure MOB7.5. (A) Shoot- and (B) root-length frequency plots for Ruppia maritima at

the adjacent-exposed (open circles) and breakwater-protected (closed triangle) sites.
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Figure MOB?7.6. Biomass of the SAV Ruppia maritima at the adjacent-exposed (open

bars) and breakwater-protected (closed bars) sites.

Summary of SAV data:

SAV abundance in the segment containing the Mobjack Bay 7 declined fairly
consistently from 1987-2006 then it increased from 2007-2009. At Mobjack Bay 7, SAV
was absent in both the adjacent and breakwater sampling sites until 2004 when grass
appeared in the breakwater site. From 2006 to 2008 SAV % cover increased in both the
adjacent and breakwater sites, with more SAV being noted in the adjacent compared to

the breakwater site. In 2009 both areas declined and returned to 0%.

Biomass at the adjacent-exposed and breakwater-protected sites is similar (p =
0.99). Shoot lengths at the adjacent-exposed site are longer (p = 0.002) than at the
breakwater-protected site, however root lengths were similar (p = 0.57) between the two

sites.
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Yorktown

Description: This slightly semi-circular, segmented, rock-mound breakwater has 5
segments, with the southernmost segment attached to the shoreline. The total breakwater
length is 209.9 m, with average segment length 27+6 m and average gap length 24+5 m.
Average distance from shore is 35£10 m. This breakwater protects a sandy beach. The
adjacent-exposed site shoreline was a grassy bank that with rip rap at the base.
Year of Construction: 1993 Age at Sampling: 16 years
Salinity Regime: Polyhaline
Fetch: Adjacent: 4.8£1.8 km

Breakwater: 3.6£1.6 km

Sampling Coordinates:

YT Avbc [|37°12'58.8"N | 76°28'19.8"W
YTApc 37°12'58.8"N | 76°28'19.8"W
YTBvbc [37°12'56.7"N | 76°28'14.5"W
YT B pc 37°12'56.7"N | 76°28'14.5"W
No SAV
Table YT1. Latitude and longitude of

vibracores (vbc), pushcores (pc), and SAV

cores taken in the adjacent-exposed (“A”)

and breakwater-protected (“B”) sites at

Yorktown. Note that SAV cores were not Figure YT1. Aerial photo of the
collected, as SAV was not present in summer breakwater at Yorktown, VA.
20009.
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Sediment Data:
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Figure YT2. Sediment grain size (median diameter) collected with a push core (A) or

vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed

triangles) sites. Sediment organic content collected with a push core (C) or vibracore (D)

at the adjacent-exposed and breakwater-protected sites. The dashed line represents the

interpreted depth of breakwater appearance (29 cm).
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Figure YT3. #°Pb profiles at the adjacent-exposed (A) and breakwater-protected (B)
sites. Excess activities at the adjacent-exposed site increase with depth, and only a
minimum accumulation rate of >2.0 cm/y can be calculated. Excess activities at the
breakwater-protected site decrease logarithmically with depth, indicating steady-state

sedimentation. The calculated sediment accumulation rate is 1.8 cm/y.

Summary of sediment data:

Surficial (upper 10 cm) sediment at the adjacent-exposed site is coarser (p =
0.001) and less organic (p = 0.002) than the breakwater-protected site. The adjacent-
exposed site has an average median diameter of 2.4+0.1 phi (189.5 um) and an average

organic content of 0.7+0.1%. Surficial sediment at the breakwater-protected site has an
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average median diameter of 2.8+0.1 phi (143.6) and an average organic content of
1.0£0.1%.

Excess %°Pb activities increase with depth at the adjacent-exposed site, and only a
minimum accumulation rate of >2.0 cm/y can be calculated. Excess activities at the
breakwater-protected site decrease logarithmically with depth and the calculated
accumulation rate is 1.8 cm/y, representing the pre-construction sedimentation rate.

Sediment in the upper 29 cm of the breakwater-protected vibracore grain-size
profile is finer than the rest of the core, indicating sedimentation since breakwater
construction. With an interpreted depth of breakwater influence of 29 cm, the post-
construction sedimentation rate is 1.8 cm/y, which is unchanged from the pre-
construction rate. Thus, under the influence of the breakwater at this site, grain size

decreases, and organic content and sedimentation rate are not affected.
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SAV Data:
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determined by VIMS aerial photography from 4 years prior to breakwater installation to

2010.

Summary of SAV data:

SAV abundance in the segment containing the Yorktown site was fairly stable

over the observation period, though it did see a decrease between 2002 and 2007. At

Yorktown, SAV % cover was only noted during this interval where the overall segment

totals were decreasing, and only in the adjacent site. No SAV was present at time of

sampling.
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Mobjack Bay 3 (MOB3)

Description: This linear, segmented, gabion basket (wire mesh cage filled with rock)
breakwater has 8 segments, which are parallel to a curved shoreline. The total breakwater
length is 167.0 m, with segment lengths 8+0.5 m (mean + SD) and gap lengths 14+2 m.
Average distance from shore is 15+4 m. This breakwater protects a sandy beach. The
adjacent-exposed shoreline is also a sandy beach.

Year of Construction: 1992 Age at Sampling: 17 years
Salinity Regime: Polyhaline

Fetch: Adjacent: 1.4+0.4 km

Breakwater: 7.745.2 km

Sampling Coordinates:

MOB3 Avbc | 37°23'41.0"N 76°25'1.8"W

MOB3 A pc 37°23'41.0"N  76°25'1.8"W

MOB3 B vbc | 37°23'45.4"N 76°25'04.8"W
MOB3 B pc 37°23'45.4"N  76°25'04.8"W
SAV Al 37°23'41.2"N  76°25'04.9"W
SAV A2 37923'41.1"N  76°25'02.1"W
SAV A3 37°23'41.0"N  76°25'01.6"W
SAV A4 37923'40.8"N  76°25'01.7"W
SAV A5 37°23'40.5"N  76°25'01.0"W
SAV Bl 37°23'47.0"N  76°25'04.9"W
SAV B2 37923'46.5"N  76°25'04.6"W
SAV B3 37°23'45.9"N  76°25'04.8"W
SAV B4 37923'44.6"N  76°25'04.5"W
SAV B5 37°23'42.1"N  76°25'03.2"W

Table MOB3.1. Latitude and longitude of

vibracores (vbc), pushcores (pc), and SAV

cores taken in the adjacent-exposed (“A”)

and breakwater-protected (“B”) sites

at Mobjack Bay 3.

Figure MOB3.1. Aerial photo of the

breakwater at Mobjack Bay 3, VA.



Sediment Data:

Push Core _
Median Diameter (phi) Organic Content (%)
0 1 2 3 0 1 2 3 4
0 1 1 ] 1 1 1 1
@ o 9 a ‘A
E A A be) C
SRR AO O A
= A O @) A
> Je)
8 1] 10 Q
(5]
S A O O A
O 15 -+ A A O
D A O
20 4
Vibracore
0 1 'D ) A O L L )
________ OV e D e e e e e - -
_. 50
= B D
< (@
£ 100 - A
2 o
O 150 4 S A
o OA
3 20 4%
200 - "% N

250 -

QO Adjacent A\ Breakwater

Figure MOB3.2. Sediment grain size (median diameter) collected with a push core (A) or

vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed

triangles) sites. Sediment organic content collected with a push core (C) or vibracore (D)

at the adjacent-exposed and breakwater-protected sites. The dashed line represents the

interpreted depth of breakwater appearance (32 cm).
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Figure MOB3.3. #°Pb profiles at the adjacent-exposed (A) and breakwater-protected (B)
sites. At the adjacent-exposed site, activities increase with depth and only a minimum
accumulation rate of 2.0 cm/y can be calculated. Activities also increase with depth at
the breakwater-protected site; however, this trend reverses at ~100 cm and the calculated

sediment accumulation rate is 1.9 cm/y. Note that the x-axis varies between the plots.

Summary of sediment data:

Surficial sediment (upper 10 cm) at the adjacent-exposed site has similar grain
size as the breakwater-protected site (p = 0.08), but is less organic (p = 0.03). The
adjacent-exposed site has an average median diameter of 2.1+0.02 phi (233.3 um) and an

average organic content of 0.7+£0.1%. Surficial sediment at the breakwater-protected site
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has an average median diameter of 2.0+£0.1 phi (250.0 um) and an average organic
content of 1.8+0.5%.

At the adjacent-exposed site, “*°Pb activities increase with depth. This increase is
not due to grain-size changes, as the median diameter of vibracore sediments varies little,
but is likely due to changes in the initial activity of sediments. Thus, only a minimum
accumulation rate of 2.0 cm/y can be calculated for this site. At the breakwater-protected
site, activities also increase with depth to ~100 cm; however, under this layer, activities
decrease logarithmically with depth and an accumulation rate of 1.9 cm/y can be
calculated, which is the pre-construction sedimentation rate.

Sediment character (grain size, organic content) in either the push- or vibracore
profiles at the breakwater-protected site vary little, with the exception of some coarsening
toward the top of the vibracore. If the sedimentation rate is assumed to remain
unchanged by the presence of the breakwater, the post-construction sedimentation rate
would also be 1.9 cm/y, and the depth of breakwater influence (calculated by multiplying
this rate by the breakwater age of 17 y) would be 32 cm. The coarsening in the vibracore

profile occurs between 17 and 45 cm and is likely related to breakwater construction.
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SAV Data:

Table MOB3.2. Characteristics of SAV Ruppia maritima and Zostera marina growing at

the adjacent-exposed and breakwater-protected sites, values are reported as mean +SE.

Ratio
Shoot Root | Above- | Below- Total Above-/
Location Species | Length | Length | ground | ground | Biomass | Below-
(cm) (cm) | Biomass | Biomass | (gm?) | ground
(gm? | (gm? Biomass
Adjacent- Ruppia 12,5+ 5.3t 71.0+ 20.0+ 91.0+ 3.6+
exposed maritima 0.4 0.1 10.6 1.1 10.6 0.5
Breakwater | Ruppia 15.0+ 5.7+ 86.2+ 20.7+ 106.9+ 4.1+
-protected | maritima 0.6 0.1 14.8 2.0 16.4 0.4
Adjacent- Zostera n/a n/a 2.5+ 0 2.5+ n/a
exposed marina 1.6 1.6
Breakwater | Zostera 15.8+ 6.9+ 4.5+ 10.7 6.7t 0.7
-protected marina 0.6 0.5 1.2 3.1
100 - Q - 5000
. h
90 - X - 4500
: \
80 - i 1992 ® \ - 4000
EBreakwater B \ 3500 B
70 1 Built ) 1 r 3 o
' 60 - 3000 B
I 2
50 \ oL 2500 =
—_ [
SR - 2000 &
—_ (@]
S 30 - 1500 A
3 =
S 20 - 1000 S
< I <
0y 10 500 O
T
0 — &+ 0 E

1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 2009
—&— Breakwater - © - Adjacent Segment

Figure MOB3.4. SAV % cover plotted against the total SAV in the bay segment as
determined by VIMS aerial photography from 3 years prior to breakwater installation to

2010.
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Figure MOB3.5. (A) Shoot- and (C) root-length frequency plots for Ruppia americana
and (B) shoot- and (D) root-length frequency plots for Zostera marina at the adjacent-

exposed (open circles) and breakwater-protected (closed triangle) sites.
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Figure MOB3.6. Biomass of the SAV species (A) Ruppia maritima, (B) Zostera marina,
and (C) all species of SAV at the adjacent-exposed (open bars) and breakwater-protected

(closed bars) sites.
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Summary of SAV data:

SAV abundance in the segment containing the Mobjack 3 site declined fairly
consistently from 1984-2006 then it increased from 2007-2009. At Mobjack 3, SAV %
cover did not mirror the segment patterns. SAV % cover was higher in the breakwater
sampling site in the years following breakwater installation, but after 1997 there was little

observable difference between the adjacent and the breakwater sites.

SAV total biomass was greater at the breakwater-protected site than the adjacent-
exposed area however, not significantly (p = 0.44). Shoot- and root- lengths for R.
maritima were significantly longer at breakwater-protected site than at the adjacent-
exposed site (p = 0.003 and p = 0.02, respectively). Z. marina shoots and roots were

unable to be measured, as no intact shoots/roots were collected.
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Schley

Description: This linear, segmented, gabion basket (wire mesh cage filled with rock)
breakwater has 6 segments which are parallel to the shoreline; they are submerged at high
tide. The total breakwater length is 117.4 m, with segment lengths 72 m (mean + SD)
and gap length 151 m. Average distance from shore is 12+3 m. This breakwater protects
a marsh. The shoreline of the adjacent-exposed site is also marsh.

Year of Construction: 1991 Age at Sampling: 18 years
Salinity Regime: Polyhaline

Fetch: Adjacent: 0.7£0.2 km

Breakwater: 0.9+0.2 km

Sampling Coordinates:

SCH B vbc | 37°23'16.0" 76°27'16.1"
SCHBpc |37°23'16.0" 76°27'16.1"
SCH A vbc | 37°23'15.4" 76°27'11.0"
SCH Apc |37°23'15.4" 76°27'11.0"
SAV B1 37°23'16.4" 76°27'16.9"
SAV B2 37°23'17.3" 76°27'16.1"
SAV B3 37°23'16.2" 76°27'16.1"
SAV B4 37°23'15.6" 76°27'15.3"
SAV B5 37°23'15.5" 76°27'14.0"
SAV Al 37°23'15.9" 76°27'10.7"
SAV A2 37°23'15.6" 76°27'10.9"
SAV A3 37°23'15.7" 76°27'11.1"
SAV A4 37°23'15.7" 76°27'11.0"
SAV A5 37°23'15.3" 76°27'11.2"

Table SCHL1. Latitude and longitude of

vibracores (vbc), pushcores (pc), and SAV

cores taken in the adjacent-exposed (“A”)

and breakwater-protected (“B”) sites at

Figure SCHL1. Aerial photo of the

Schley. breakwater at Schley, VA.

278



Sediment Data:
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Figure SCH2. Sediment grain size (median diameter) collected with a push core (A) or
vibracore (B) at the adjacent-exposed (open circles) and breakwater-protected (closed
triangles) sites. Sediment organic content collected with a push core (C) or vibracore (D)
at the adjacent-exposed and breakwater-protected sites. The dashed line represents the

interpreted depth of breakwater appearance (29 cm).
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Figure SCH3. #°Pb profiles at the adjacent-exposed (A) and breakwater-protected (B)
sites. At both sites, activities are variable with depth and only minimum accumulation
rates can be calculated. These rates are >1.9 cm/y for the adjacent-exposed site and >1.6

cm/y for the breakwater-protected site.

Summary of sediment data

Surficial sediment (upper 10 cm) at the adjacent-exposed site has an average
median diameter of 2.5+£0.03 phi (176.8 um) and an average organic content of
1.3+0.3%. Surficial sediment at the breakwater-protected site has an average median
diameter of 2.1+0.03 phi (233.3 um) and an average organic content of 0.7+£0.04%. Grain
size is statistically finer (p < 0.0001) and more organic (p = 0.02) at the adjacent-exposed

site than the breakwater-protected site.
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The #°Pb profiles at both sites have variable activities with depth. However,
grain size is relatively uniform throughout both cores, except for a fine and organic layer
30-90-cm deep in the adjacent-exposed vibracore profile. However, %°Pb activities are
variable above and below this layer, suggesting that while this layer may be affected by
grain size, the rest of the profile is not. Thus, the initial activity of “°Pb has likely
changed, and only a minimum accumulation rate of >1.9 cm/y can be calculated for the
adjacent-exposed site. At the breakwater-protected site, %°Pb activities are also variable
and the minimum sediment accumulation rate if >1.6 cm/y, representing the pre-
construction sedimentation rate.

At the breakwater-protected site, there is no obvious change in either the grain-
size or organic-content vibracore profile. It is assumed that there is also no significant
change in the sedimentation rate, and so the post-construction rate would be equal to the
pre-construction rate. If the post-construction rate (>1.6 cm/y) is applied to the
breakwater age (18 y), then the depth of breakwater influence is >29 cm. Note that this is

a minimum estimate.
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SAV Data:

Table SCH2. Characteristics of the SAV Ruppia maritima growing at the adjacent-

exposed and breakwater-protected sites, values are reported as mean £SE.

—a— Breakwater

- © = Adjacent

Segment

Ratio
Shoot Root Above- | Below- Total Above-/
Location Species | Length | Length | ground ground | Biomass | Below-
(cm) (cm) Biomass | Biomass | (g m?) ground
(gm? | (gm?d Biomass
Adjacent- Ruppia 21.2+ 8.4+ 86.6+ 9.5+ 96.2+ 9.2+
exposed maritima 0.6 0.3 8.6 0.9 9.1 0.9
Breakwater | Ruppia 15.4+ 9.1+ 43.3+ 11.2+ 54.5+ 4.1+
-protected | maritima 0.4 0.3 11.7 2.3 13.3 1.1
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Figure SCH4. SAV % cover plotted against the total SAV in the bay segment as

determined by VIMS aerial photography from 4 years prior to breakwater installation to

2010.
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Figure SCH5. (A) Shoot- and (B) root-length frequency plots for Ruppia maritima at the

adjacent-exposed (open circles) and breakwater-protected (closed triangle) sites.
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Figure SCH6. Biomass of the all species of SAV at the adjacent-exposed (open bars) and

breakwater-protected (closed bars) sites.
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Summary of SAV data:

SAV abundance in the segment containing the Schley site declined fairly
consistently from 1987-2006 then it increased from 2007-2009. At Schley, SAV was
absent in both the adjacent and breakwater sampling sites until 2005 when grass appeared
in the breakwater site, 14 years after breakwater installation. This increase coincided with
the increase in overall segment totals. Though % cover is fairly similar, higher % cover is

noted in the adjacent site when compared with the breakwater site from 2005-2010.

R. maritima total biomass is greater (p = 0.03) at the adjacent-exposed site than at
the breakwater-protected. Shoot length is longer (p < 0.0001) at this site as is root length

(p = 0.02).
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