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Abstract Submerged aquatic vegetation (SAV) is an ecologi-
cally and economically valuable component of coastal estuar-
ies that acts as an early indicator of both degrading and im-
proving water quality. This study aimed to determine if shore-
line hardening, which is associated with increased population
pressure and climate change, acts to degrade SAV habitat qual-
ity at the local scale. In situ comparisons of SAV beds adjacent
to both natural and hardened shorelines in 24 subestuaries
throughout the Chesapeake and Mid-Atlantic Coastal Bays
indicated that shoreline hardening does impact adjacent SAV
beds. Species diversity, evenness, and percent cover were sig-
nificantly reduced in the presence of riprap revetment. A post
hoc analysis also confirmed that SAV is locally affected by
watershed land use associated with increased population pres-
sure, though to a lesser degree than impacts observed from
shoreline armoring. When observed over time, SAV recovery
at the local level took approximately 3 to 4 years following
storm impacts, and SAVadjacent to natural shorelines showed
more resilience to storms than SAVadjacent to armored shore-
lines. The negative impacts of shoreline hardening and water-
shed development on SAV shown here will inform coastal
zone management decisions as increasing coastal populations
and sea level rise drive these practices.
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Introduction

Marine, estuarine, and freshwater vascular macrophytes, col-
lectively referred to as submerged aquatic vegetation (SAV),
are a globally significant, but highly threatened, coastal re-
source (Costanza et al. 1997; Orth et al. 2006; Fourqurean
et al. 2012). For decades, these underwater grass meadows
and fringing beds have been recognized for their contribution
to coastal ecosystem dynamics. They provide food and habi-
tat, as well as nursery grounds, for commercially and
recreationally important finfish and shellfish (Heck et al.
2003; Beck et al. 2001; Wyda et al. 2002), and resident and
migrating waterfowl depend on SAV for sustenance (Perry
et al. 1981, 2007; Straub et al. 2012). SAV absorbs excess
nutrients (Kenworthy et al. 1982; McGlathery et al. 2007),
reducing the prevalence of algae blooms, and reduces wave
and current energy (Koch 2001; Koch and Gust 1999; Gurbisz
et al. 2016), thereby reducing the potential for erosion as well
as promoting settlement of suspended solids and increasing
water clarity. More recently, its contribution to global carbon
sequestration has been highlighted (Duarte et al. 2005, 2010;
Fourqurean et al. 2012), with Bblue carbon^ now recognized
as an important tool for mitigating climate change (Laffoley
and Grimsditch 2009; Crooks et al. 2011; Mcleod et al. 2011).

Approximately 17 species of SAV (Table 1), both native
and non-native, are commonly found in the Chesapeake and
Mid-Atlantic Coastal Bays, USA (subsequently collectively
referred to as the bay unless otherwise specified) and historical
records indicate that these plants once covered vast areas of
the Chesapeake (Orth and Moore 1984). According to
biostrategraphic records, SAV has fluctuated in abundance,
spatially and temporally, throughout the bay, but generally de-
clined following European colonization and then catastrophi-
cally decreased in the 1970s (Brush and Hilgartner 2000;
Batiuk et al. 1992; Orth et al. 2010). Although SAV has since
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recovered in some areas of the bay and its tributaries, SAV
acreage is still low compared to historical levels. This trend is
not unique to this ecosystem or to SAV—coastal human pop-
ulation pressure is negatively affecting coastal habitats globally
(Lotze et al. 2006; Orth et al. 2006; Waycott et al. 2009).

The Chesapeake Bay is a 4480 mile2 estuary with a
64,000 mile2 watershed. This represents an approximately
14:1 land-to-water ratio, which is the largest of any coastal water
body in the world (from http://www.chesapeakebay.net/
discover/bay101/facts). Li et al. (2007) found that the land-to-
water ratio of a given watershed and estuary is an important
determinant of SAVabundance: the larger the land-to-water ra-
tio, the larger the relative impact of the watershed on the
estuary’s SAV. So, while coastal population pressure is negative-
ly affecting estuaries globally, it follows that the relative degree
of potential influence from the watershed may be greater in the
Chesapeake Bay than it is for other estuaries around the world.

As the land-to-water ratio determines the relative degree of
the impact, the watershed land use determines the trajectory.
Watershed land use has been identified as a driver of SAV
abundance in the bay, with increased development and urban-
ization related to decreased average abundance and mainte-
nance of forested land related to increased abundance (Li et al.
2007; Patrick et al. 2014, 2016). Although direct physical
disturbances related to watershed land use impact SAV, the
dominant mechanism in question here is water clarity. Water
clarity is the primary limiting factor for SAV growth in the bay
(Kemp et al. 2004) and watershed land use directly affects
water clarity through deforestation, agricultural expansion,
and urban development. All pathways contribute sediment
and nutrient (phosphorus and nitrogen) pollution to the bay’s
waters. Suspended sediments block light, while nutrients feed

phytoplankton blooms in the water column and epiphytic al-
gae growth on SAV leaf blades (Kemp et al. 2004, 2005). Both
directly reduce the incident light available for photosynthesis,
and with light limitation, SAV is reduced and eventually lost if
the cause of the limitation is not alleviated (Kenworthy and
Fonseca 1996; Czerny and Dunton 1995; Livingston et al.
1998; Kemp et al. 2004). SAV light requirements vary by
species, but due to persistent water quality degradation
throughout the bay (Kemp et al. 2005), SAV is generally lim-
ited to the nearshore shallow areas, less than 2 m deep. This
places SAVat the land-water interface and brings into question
the additional impacts of shoreline armoring on SAV.

Shoreline armoring is the placement of riprap revetments,
seawalls, bulkheads, groins, jetties, and breakwaters along a
shoreline in order to stabilize sediments and prevent erosion
and property loss (Living Shoreline Steering Committee
2006; Charlier et al. 2005; Griggs 2005; Stancheva et al.
2011). It is estimated that 14% of the US coastline is armored
(Hawaii and Alaska were not included in the analysis) and that
64% of sheltered shorelines, such as estuaries, lagoons, and
tidal rivers, are armored (Gittman et al. 2015). Although the
shoreline protective value of nearshore SAV meadows has
long been recognized as an important ecosystem service, this
trend toward engineered defenses and shoreline hardening is
pervasive in the Chesapeake Bay as well and anticipated to
accelerate in response to climate change and sea level rise.

Regardless of the rapid proliferation of coastal armoring
structures, the effects of shoreline armoring on SAV habitats
and other coastal ecosystem functions and communities have
only recently been addressed (NRC 2007; Patrick et al. 2014,
2016; Scyphers et al. 2015; Blake et al. 2014; Morley et al.
2012; O’Connor et al. 2010; Bulleri and Chapman 2010;
Gittman et al. 2015; Kittinger and Ayers 2010; Stancheva
et al. 2011). Through innovative techniques in spatial-
statistical modeling, Patrick et al. (2014, 2016) were able to
elucidate to what degree varying shoreline characteristics and
watershed land uses have on SAV in the Chesapeake and Mid-
Atlantic Coastal Bays. Of particular interest, Patrick et al. (2014)
compared riprap prevalence (percent of shoreline riprapped
within a defined subestuary) and watershed land use (deter-
mined by percent of subwatershed forested, in cropland, or de-
veloped) with SAVabundance. The results of this study demon-
strated that riprap has a significantly negative impact on SAV
acreage and that subestuaries with more or less than 5.4%
riprapped shoreline follow different trajectories in SAV abun-
dance over time. Subestuaries with less than 5.4% riprapped
shoreline showed a steady and significant increase over time,
whereas subestuaries with less than 5.4% riprapped shoreline
showed no significant trend. Likewise, in a follow-up analysis,
Patrick et al. (2016) used individual shoreline segments and
adjacent SAV beds as their study units, rather than subestuary
average values. This allowed for the separation of watershed
land use and shoreline effects, which were confounded in the

Table 1 Chesapeake Bay SAV species categorized by salinity
tolerance. Adapted from Moore et al. (2000) and Orth et al. (2010)

Tidal fresh and oligohaline Mesohaline Polyhaline

Ceratophyllum demersum Potamogeton perfoliatus Ruppia maritima

Elodea canadensis Ruppia maritima Zostera marina

Elodea nuttallii Stukenia pectinata

Heteranthera dubia Zannichellia palustris

Hydrilla verticillata Zostera marina

Myriophyllum spicatum

Najas flexillis

Najas guadalupensis

Najas minor

Potamogeton crispus

Potamogeton perfoliatus

Potamogeton pusillus

Stukenia pectinata

Vallisneria americana

Zannichellia palustris
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original study. Their results suggest that shoreline armoring does
in fact directly affect adjacent SAV habitat.

The intent of this study was to complement and supplement
the larger spatial-statistical analyses undertaken by Patrick et al.
(2014, 2016) that utilized maps of SAV distribution interpreted
from aerial imagery, with local in situ assessments of SAV hab-
itat quality and quantity throughout the Chesapeake and Mid-
Atlantic Coastal Bays. While compelling, spatial modeling can-
not replace field studies and in situ assessments of SAV habitat
characteristics, such as percent cover, species diversity, and
patchiness—all parameters that tell more about the quality and
potential resilience of the SAV habitat rather than the quantity.

It was our goal, therefore, to determine what SAV habitat
characteristics were affected in the presence of shoreline
armoring, specifically riprap revetment. To do so, we surveyed
SAV beds in 24 subestuaries that represent a range of salinity
regimes and watershed land use categories throughout the
Chesapeake and Mid-Atlantic Coastal Bays (Fig. 1, Table 2).
In each subestuary, we compared SAV beds adjacent to natural
shorelines with SAV beds adjacent to shorelines armored with
riprap to determine what effect, if any, shoreline modification
has on SAV habitats immediately offshore. Of these 24, 6 were
set as long-term monitoring sites and surveyed every summer
for 6 years during peak biomass. By establishing long-term
sites, it was our intent to discern if SAVabundance and habitat
quality adjacent to natural shorelines showed a different trajec-
tory than SAVabundance and habitat quality adjacent to shore-
lines with riprap, particularly with regard to recovery following
a disturbance. Additionally, to determine if the effects of wa-
tershed land use were discernible at the local scale, we con-
ducted a post hoc analysis to compare SAV cover and bed
characteristics in watersheds categorized as having forested,
agricultural, developed, or mixed-use land cover.

This study tested the hypotheses that riprap revetment neg-
atively impacts SAV habitat characteristics, as well as reduces
SAV recovery from disturbance. We also hypothesized that
SAV habitat is more negatively impacted in estuaries of de-
veloped watersheds compared to mixed-other, agricultural,
and forested watersheds. The direct response of SAV was
quantified by measuring total and individual SAV species per-
cent covers, bed size, start of bed distance from shore, water
depth at start and end of bed, and presence of epiphytes on
SAV leaf blades.

Methods

GIS Site Selection Methodology and Data Sources

Twenty-four subestuaries and their corresponding watersheds,
a small subset of those previously delineated and described by
Li et al. (2007) and Patrick et al. (2014), were selected to
represent a range of salinity regimes (as a proxy for SAV

community type) and watershed land uses (Fig. 1, Table 2).
Patrick et al. (2014) used the following watershed categories
in their analyses: forested (≥ 60 forest and forested wetland),
developed (≥ 50% developed land), agricultural (≥ 40% crop-
land), mixed-developed (15–50% developed land), mixed-
agricultural (20–40% cropland), and mixed-other (watersheds
that did not fit into any of the other categories). Classification
was based on dominant land cover data summarized from the
National Land Cover Dataset 2001 (Homer et al. 2007). To
increase the sample size for analytical purposes, we combined
mixed-developed with developed, and mixed-agricultural
with agricultural, yielding four land use categories for this
study: developed (≥ 15% developed), agricultural (≥ 20%
cropland), mixed other, and forested (≥ 60% forest and forest-
ed wetland).

For selection, subestuaries also had to adhere to the follow-
ing criteria: (1) must have at least 5% of the shallow water (<
2 m) area occupied by SAVat least 1 year from 2004 to 2008
and some SAV present in 2009, (2) must have at least 5% of
their shoreline armored with riprap, and (3) must have suffi-
cient shoreline and SAV treatment combinations as deter-
mined by the experimental design (natural shoreline + off-
shore SAV bed, armored shoreline + offshore SAV bed) dur-
ing the sampling year. SAV distribution was determined using
publicly available data from the Virginia Institute of Marine
Science (VIMS) SAV Aerial Survey Program (http://web.
vims.edu/bio/sav/). Shoreline data was obtained from
publicly available shoreline inventories conducted by VIMS
Center for Coastal Resources Management (http://www.vims.
edu/ccrml).

When determining sites to survey within each subestuary,
only treatment combinations located within 1 km of one an-
other, along the same shoreline, and with similar fetch were
selected.

Field Sampling Methodology

At each selected site, paired transects were haphazardly placed
at least 10 m apart to maintain independence and run perpen-
dicular to the shoreline for each treatment type. To mark the
beginning of each transect, a weighted dive buoy was placed
at the shoreward edge of the SAV bed. From the shoreward
edge of the bed, a survey tape was run to the offshore edge of
the SAV bed and set using a second weighted dive buoy.
Transect length was dependent on the distance the SAV bed
extended from the shoreward edge of bed; however, if the
SAV bed extended farther than 200 m from shore, transects
were terminated at 200 m. Termination at 200 m was based on
an assumption that shoreline influence was minimal beyond
200 m, as well as to ensure diver safety as beds often extended
up to navigation channels. The beginning and end of each
transect were georeferenced using handheld Garmin GPS
units.
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Fig. 1 Location of 24 study areas in Chesapeake and Atlantic Coastal Bays. Subwatersheds are outlined and subestuaries are shaded. Six long-term
monitoring sites are starred
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Eleven 0.25 m2 quadrats were sampled along the length of
each transect at even intervals, including the start and end of
the bed, for a total n = 11 quadrats for each transect and n = 22
quadrats for each treatment type at each site. At each quadrat,
the following visual estimates and measurements were taken:
total SAV percent cover, percent cover of each individual spe-
cies, epiphyte presence on SAV leaf blades, and water depth.
The distance from the shoreward edge of the SAV bed to the
mean low water line was also measured.

All subestuaries were sampled once between 2010 and
2012 during peak biomass of the dominant SAV community
(May–June for polyhaline, June–July–August for mesohaline,
and August–September for oligohaline and tidal fresh). Six of
the 24 subestuaries were selected as long-term monitoring
sites and surveyed every summer for 6 years (2010–2015).
These sites were selected based on travel distance and acces-
sibility of the site from shore. Because the authors planned to
designate these as long-term sentinel sites to monitor beyond
the scope of this project, they also needed to bewithin the state
of Maryland and represent areas that were not already moni-
tored by other institutions. These requirements resulted in the
selection of four mesohaline sites and two oligohaline sites

including the Elk, Port Tobacco, Severn, Honga, Choptank,
and St. Mary’s Rivers (Fig. 1, Table 2). Salinity regime and
land use were not considered in long-term monitoring site
selection.

Analytical Methodology

The effects of shoreline type (natural, riprap) and subestuary
land use (forested, agricultural, developed, or mixed other) on
adjacent SAV community and habitat response variables (SAV
% cover and frequency of occurrence, species richness,
Shannon diversity and Pielou’s evenness indices, bed width,
water depth at start and end of bed, slope, start of bed distance
to shore, and epiphyte occurrence) were assessed using sepa-
rate mixedmodel analyses (PROCMIXED) in SAS Enterprise
Guide. Shoreline type and subestuary land use were treated as
fixed factors, with Subestuary (nested in Land use), Transect
(nested in Shoreline Type), and Quadrat (nested in Transect)
treated as random effects. If significant interactions were ob-
served, post hoc comparisons were made using the least
squares method (with Tukey Kramer adjustment). Data were
tested for homogeneity of variances (Levene’s test).

Table 2 Chesapeake and Coastal
Bay study subestuaries Segment Subestuary Salinity Land use Watershed to

estuary ratio
Percent
riprap

NOR01 Northeast TF Mixed Other 12.63 18.64

ELK01 Elka O Mixed Other 37.91 6.08

ELK02 Bohemia O Agricultural 11.59 5.28

SAS01 Sassafras O Forested 8.32 4.35

GUN01 Gunpowder O Mixed Other 24.83 6.02

MID01 Middle O Developed 3.45 10.87

POC02 Port Tobaccoa O Mixed Other 14.68 2.78

POT10 Aquia O Forested 24.06 4.39

SEV01 Severna M Developed 6.74 8.13

CHO02 Choptanka M Agricultural 2.32 35.80

HNG01 Hongaa M Mixed Other 2.47 5.66

POT02 St. Mary’sa M Mixed Other 5.97 8.49

POT04 St. Clements M Mixed Other 9.37 4.56

RPP01 Corrotoman P Forested 8.36 16.71

MOB01 East (Mobjack Bay) P Forested 6.79 6.95

MOB02 North (Mobjack Bay) P Forested 5.66 5.32

MOB03 Ware (Mobjack Bay) P Forested 9.18 4.40

CB602 Poquoson P Developed 3.81 9.91

CB603 Back P Developed 6.65 0.95

CB701 Onancock P Agricultural 6.33 3.24

CB705 Occohannock P Agricultural 9.03 2.78

CB04 Assawoman P Agricultural 2.74 4.28

CB06 Isle of Wight P Developed 3.26 9.55

CB08 Sinepuxent P Mixed Other 2.12 9.68

TF tidal fresh, O oligohaline, M mesohaline, P polyhaline
a Indicates long-term monitoring site
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Long-term monitoring sites were tested for the impacts of
Shoreline Type over time on SAV community and habitat var-
iables (SAV % cover and frequency of occurrence, species
richness, Shannon diversity and Pielou’s evenness indices,
bed width, water depth at start and end of bed, slope, start of
bed distance to shore, and epiphyte occurrence) using a mixed
model analysis (PROC MIXED) in SAS Enterprise Guide.
Shoreline Type and Year were treated as fixed factors;
Subestuary, Transect (nested in Shoreline Type), and Quadrat
(nested in Transect) were random factors. If significant inter-
actions were observed, post hoc comparisons were made using
the least squares method (with Tukey Kramer adjustment).

Species richness was defined as the total number of species
observed at each treatment. The Shannon Weiner Index and
Pielou’s evenness, which account for both species richness
and relative abundance of each species to determine how well
a species is represented within a community, were calculated
from the total SAV percent cover and individual species per-
cent cover for each transect. Frequency of occurrence (number
of quadrats where observed/total number of quadrats) for each
species or genera at each site was also calculated.

SAV bed widths (meters) were determined from transect
lengths, which ranged from 15 to 200 m depending on the
site, and the slope (cm/m) at each transect was calculated as
the maximum water depth minus the minimum water depth/
total transect length.

Results

The 24 subestuaries selected for this study represented all four
salinity regimes (1 tidal fresh (< 0.5 ppt), 7 oligohaline (0.5–
5 ppt), 5 mesohaline (5–18 ppt), and 11 polyhaline (> 18 ppt)),
as well as four land use categories: forested (6), agricultural

(5), developed (5), and mixed other (8) (Table 2). Subestuaries
also ranged from being minimally armored with riprap (< 1%)
to heavily armored with riprap (35.8%) and represented a
wide range of watershed to subestuary size ratios (2.12 to
37.9%) (Table 2).

Effects of Shoreline Armoring

Results indicate that several SAV bed characteristics related to
habitat quality and resilience were significantly higher in SAV
beds adjacent to natural shorelines compared to armored
shorelines. Mean SAV percent cover in beds adjacent to nat-
ural shorelines was 38% compared to 33% in SAV beds adja-
cent to armored shorelines. This difference was significant at
p = 0.003. Diversity and evenness were also significantly
higher (p = 0.001 and 0.003, respectively) in SAV beds adja-
cent to natural shorelines compared to SAV beds adjacent to
armored shorelines (Table 3). Finally, SAV beds adjacent to
riprapped shoreline had significantly deeper water depths
(p = 0.047) at the shoreward edge of bed compared to SAV
beds adjacent to natural shorelines (Table 3).

Other response variables measured or calculated include
SAV frequency of occurrence, richness, bed width, water
depth at the end of bed, slope, start of bed distance to shore,
and epiphyte presence. No statistically significant differences
were observed for these parameters between the two shoreline
types, although average SAV bed widths were 1.3 times great-
er adjacent to natural shorelines (Table 3).

Effects of Watershed Land use

When natural and armored shoreline data were grouped and
analyzed by land use type rather than shoreline type, we found
that watersheds categorized as developed supported less SAV

Table 3 Comparison of SAV
habitat parameters between
natural (NAT) and riprap (RR)
shorelines

Variable Shoreline

trend

Mean ± SE

NAT

Mean ± SE

RR

F p

SAV % cover NAT > RR 38.2 ± 5.07 33.4 ± 5.07 8.85 0.003**

SAV frequency NAT > RR 0.945 ± 0.023 0.908 ± 0.023 2.51 0.120

Bed width (m) NAT > RR 122.13 ± 12.02 92.09 ± 12.04 18.13 0.051*

Richness NAT > RR 2.1 ± 0.3 1.9 ± 0.3 1.53 0.228

Shannon diversity index NAT > RR 0.1114 ± 0.0233 0.0741 ± 0.0234 10.31 0.001***

Pielou’s evenness index NAT > RR 0.0498 ± 0.0099 0.0342 ± 0.0099 8.84 0.003**

Depth at start of bed (cm) NAT < RR 48.35 ± 4.67 63.85 ± 4.68 19.97 0.047*

Depth at end of bed (cm) NAT < RR 113.78 ± 7.24 116.97 ± 7.27 0.38 0.602

Slope (cm/m) NAT < RR 0.72 ± 0.11 0.87 ± 0.11 2.18 0.147

Start of bed distance to
shore (m)

NAT < RR 4.88 ± 0.92 5.48 ± 0.92 0.77 0.385

Epiphyte occurrence NAT < RR 0.5046 ± 0.0753 0.5688 ± 0.0758 0.92 0.336

*Indicates a significant statistical difference with p < 0.05; **indicates a significant statistical difference with p <
0.01; ***indicates a significant statistical difference with p < 0.001
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in their corresponding subestuaries than subestuaries in forest-
ed watersheds (Table 4). Total SAV percent cover was signif-
icantly higher (p = 0.041) in forested watersheds compared to
those categorized as developed, but not significantly different
from that in agricultural or mixed other (Table 4). Mean SAV
percent cover ranged from 55% in forested subestuaries to
18% in developed watersheds.

Water column depths at the offshore edge of SAV beds
were found to be significantly deeper (p = 0.044) in forested
watershed subestuaries compared to those in subestuaries of
mixed-other watersheds, but not statistically different from
those in developed or agricultural watersheds (Table 4).

Other SAV bed characteristics measured or calculated were
not found to be statistically different based on watershed land
use. These parameters include SAV frequency of occurrence,
species richness, diversity and evenness, bed width, water
depth at the shoreward edge of bed, start of bed distance to
shore, slope, and epiphyte prevalence (Table 4).

Effects of Shoreline Armoring and Annual Variability
at Long-Term Monitoring Sites

Six sites were surveyed each year from 2010 to 2015 during
their respective periods of peak SAV biomass (Table 2), with
the exception of Port Tobacco and St. Mary’s Rivers, which
were not surveyed in 2015. Two large-scale storms impacted
the Chesapeake Bay region in late August (Hurricane Irene)
and early September (Tropical Storm Lee), 2011, which
allowed for the assessment of SAV recovery at these sites
following a disturbance. Analyses over the 6-year monitoring
period suggest that shoreline modification as well as annual
variability significantly impacted SAV habitat quality, as
displayed in Fig. 2 and Table 5.

SAV beds adjacent to natural shorelines had significantly
higher (p < 0.0001) SAV percent cover, SAV species richness,
and Shannon diversity and Pielou’s evenness, relative to ar-
mored shorelines regardless of year. Likewise, annual

variability accounted for significant differences in SAV percent
cover and frequency of occurrence, species richness, Shannon
diversity and Pielou’s evenness, epiphyte presence, SAV bed
width, and depth at end of bed. There were significant interac-
tions between shoreline type and year for total SAV percent
cover and Pielou’s evenness (Fig. 2a and b, Table 5).

SAV frequency of occurrence was higher (p = 0.0002) in
2015, followed by 2010 and 2011, compared to that in previous
years (Fig. 2c). Species richness, diversity, and evenness were
the highest (p < 0.0001) in 2010 and 2015 compared to those in
other years (Fig. 2d, e, and b, Table 5). Epiphyte frequency of
occurrence was highest (p = 0.0027) in 2012 (Fig. 2f). SAV bed
width was significantly lower (p = 0.0162) in 2014 compared to
that in all other years (except 2010), while water depth at the
end of SAV bed was deepest in 2015 (Fig. 2g and h).

While there were no significant differences in percent cover
between shoreline types in the years prior to Hurricane Irene
and Tropical Storm Lee (2010 and 2011), SAV percent cover
was significantly higher at natural shorelines in the 2 years
following the storms (2012 and 2013). In 2014 and 2015,
percent cover was no longer significantly different between
shoreline types (Fig. 2a).

Similarly, evenness, or how equally species are distributed,
was significantly higher at natural shorelines in 2011 (prior to
the storms). In the years following the storms (2012–2014),
evenness was comparable between shoreline types. In 2015,
natural shorelines had significantly higher evenness than ar-
mored shorelines (Fig. 2b).

Discussion

Population growth and human-dominated watershed land use
are drivers of degradation in coastal habitats around the world
(Lotze et al. 2006; Orth et al. 2006; Bulleri and Chapman
2010; Gittman et al. 2015). With approximately 18 million
people currently residing in the Chesapeake Bay watershed

Table 4 Comparison of SAV
habitat parameters among four
land use categories: forest (For),
mixed other (Mix), agriculture
(Ag), and developed (Dev)

Variable Land use trend F p

SAV % cover For > Mix > Ag > Dev 3.11 0.032*

SAV frequency For > Mix > Ag > Dev 1.33 0.2916

Bed width (m) For > Mix > Ag > Dev 2.34 0.0850

Richness For > Mix > Ag > Dev 0.44 0.7274

Shannon diversity index For > Dev > Mix > Ag 0.22 0.8833

Pielou’s evenness index Dev > For > Mix > Ag 0.22 0.8835

Depth at start of bed (cm) Dev > Mix > For > Ag 0.49 0.6960

Depth at end of bed (cm) For > Dev > Ag > Mix 2.86 0.0437*

Slope (cm/m) Ag ~ Dev > For > Mix 2.92 0.0580

Start of bed distance to shore (m) Dev > Mix > For > Ag 1.12 0.3616

Epiphyte occurrence Mix > For > Ag > Dev 0.65 0.5946

*Indicates a significant statistical difference with p < 0.05
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and the population of the watershed projected to rise to 20
million by 2030 (www.chesapeakebay.net), Chesapeake Bay
is no exception (Kemp et al. 2005; Orth et al. 2006).
Fortunately, the Chesapeake is also one of the most studied
estuaries in the world, and with an understanding of the im-
pacts of our anthropogenic influences comes the capacity to
alleviate or even reverse the effects of those stressors. This
study aimed to provide unique and detailed information re-
garding local-scale impacts to SAV habitat quality to the
existing knowledge base that can be used to guide responsible
and sustainable management decisions and long-term plan-
ning at the local or watershed level.

Effects of Shoreline Armoring

With this in situ assessment of SAV habitats throughout the
Chesapeake and Mid-Atlantic Coastal Bays, we have demon-
strated that riprap revetments negatively affect adjacent beds
of SAV. These results compliment those of Patrick et al. (2014,
2016), but provide additional information regarding the re-
sponse of SAV bed characteristics associated with habitat
quality and resilience. Habitat quality and resilience refer to
a system’s ecological functionality and ability to withstand or
recover from disturbance (Gurbisz et al. 2016). Species diver-
sity, for example, is a key component of both habitat quality
and resilience. A greater number of species and individuals of

a species dispersed throughout a population (diversity) create
a habitat that is not only beneficial to the organisms that find
food and refuge within, but are also important to the physical
stability of the habitat (Duffy 2006). While multiple levels of
trophic interactions are supported in habitats of higher com-
plexity, those individual species respond differently and more
or less effectively to physical stressors as well (Orth et al.
2010). Frequency of occurrence, likewise, is a measure of
patchiness in an SAV bed. Patchiness—when small or large
areas in an SAV bed are free of plants and have exposed
sediment—can make a bed more susceptible to sheer stress
associated with increased flow during storm events. Large,
dense SAV beds, on the other hand, have been shown to be
more resilient to this type of disturbance (Gurbisz et al. 2016).

In this study, SAV beds adjacent to natural shorelines had
significantly higher percent cover, species diversity, and species
evenness (Table 3), indicating that SAV beds adjacent to natural
shorelines maintain higher habitat quality and resilience to
disturbance than those adjacent to riprap. This finding
provides a possible explanation for the Patrick et al. (2014)
assertion that watersheds with more or less than 5.4% riprapped
shoreline follow different trajectories in SAV abundance over
time, in which subestuaries with less than 5.4% riprapped
shoreline showed a steady and significant increase over time,
and subestuaries with less than 5.4% riprapped shoreline
showed no significant trend. If riprap acts to degrade the habitat
quality and resilience of adjacent SAV beds as this study shows,
by reducing cover, diversity, and evenness, those beds will not
withstand disturbance or recover from disturbance over time as
efficiently as SAV beds adjacent to natural shorelines, gradually
reducing a subestuary’s overall SAVabundance.

Surprisingly, we did not observe a statistical difference in
frequency of occurrence, or patchiness, between shoreline
types, which would have been expected based on significant

Table 5 ANOVA results for the
effects of shoreline type, year, and
shoreline × year interactions on
SAV habitat characteristics

Variable Shoreline Annual Shoreline × annual

F p F p F p

SAV % cover 6.97 0.0084* 37.25 < 0.0001*** 3.67 0.0026**

SAV frequency 1.03 0.4175 5.28 0.0002** 0.03 0.9996

Bed width (m) 6.72 0.1221 4.95 0.0004** 0.09 0.9933

Richness 17.81 < 0.0001*** 37.83 < 0.0001*** 0.83 0.4300

Shannon diversity index 20.74 < 0.0001*** 7.95 < 0.0001*** 1.73 0.1238

Pielou’s evenness index 28.17 < 0.0001*** 9.85 < 0.0001*** 2.57 0.0253*

Depth at start of bed (cm) 1.65 0.3273 2.11 0.0707 0.79 0.5617

Depth at end of bed (cm) 0.90 0.4419 2.42 0.041* 0.14 0.9811

Slope (cm/m) 2.49 0.2551 0.67 0.6506 0.61 0.6915

Start of bed distance to shore (m) 3.35 0.2088 1.45 0.2131 1.03 0.4084

Epiphyte occurrence 0.25 0.6662 8.72 < 0.0001*** 1.63 0.1672

*Indicates a significant statistical difference with p < 0.05; **indicates a significant statistical difference with p <
0.01; ***indicates a significant statistical difference with p < 0.001

�Fig. 2 Mean SAV percent cover (a), Pielou’s evenness (b), SAV
frequency of occurrence (c), richness (d), Shannon diversity index (e),
epiphyte frequency (f), SAV bed width (g), and water depth at end of bed
(h) by shoreline type (NAT = natural, RR = riprap) and sampling year
(2010–2015). Error bars show standard error. Asterisks denote significant
(p < 0.05) interactions between shoreline type and sampling year. Letters
denote significant (p < 0.01) differences between sampling years
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reductions in cover and diversity at riprapped shorelines. This
may be attributed to frequency being a simple measure of
presence or absence of SAV in each quadrat—SAV cover
could be minimal but would still be considered present and
contribute to the calculated frequency of SAVat that transect.
It is also worth considering that SAV presence was a criterion
for assessment in this study, and as frequency is a measure of
presence, our inherent site selection bias may have precluded
our ability to measure differences in this parameter between
treatment types.

Effects of Watershed Land use

Our post hoc analysis of watershed land use showed that
human-dominated land use negatively influenced SAV habitat
at the site-specific scale regardless of shoreline type for some
bed characteristics. We found that watersheds categorized as
forested supported more SAV, measured as percent cover, in
their subestuaries than developed watershed subestuaries
(Table 4), which is consistent with the results from Patrick
et al. (2014, 2016). We also found significantly greater depth
at the offshore end of beds in forested watershed subestuaries.
Increased percent cover and depth suggest better water clarity
in forested watersheds—with clearer water, SAV are able to
grow to deeper depths.

SAV percent cover and water depth at the end of bed were
the only parameters significantly higher in forested water-
sheds, which suggests that impacts from shoreline alteration
may be more detrimental at the local scale than general wa-
tershed degradation. While this may certainly be the case, it
was expected that other significant differences would be de-
tected as well. We suggest two possible explanations here for
why they were not. First, in order to assess watershed land use
impacts, we grouped together data from both shoreline treat-
ments (natural and riprap), which could have had a Bcanceling
out^ effect from both treatment types. The second, and more
likely, possibility is that when assigning land use categories to
our selected watersheds, it was necessary to group categories
together in order to have large enough sample sizes for the
post hoc analysis. Specifically, watersheds categorized as
mixed developed by Patrick et al. (2014) were grouped with
those categorized as developed, and mixed-agricultural water-
sheds were grouped with agricultural watersheds. This means
that our developed category was a watershed with more than
15% developed land (compared to > 50%) and our agricultural
category was a watershed with more than 20% cropland (com-
pared to > 40%). Relative to our forested watersheds, which
required more than 60% forested land (there were no mixed-
forested categories), the negative impacts from these more
broadly categorized agricultural and developed watersheds
would be more difficult to detect than the benefits of a water-
shed with more than 60% forested land cover. This also ex-
plains why our results were not evident in favor of forested

watersheds when compared to analyses conducted by Patrick
et al. (2014). Unfortunately, our sample sizes would have been
too small to run analyses without these broader groupings.
Obtaining in situ data from an increased number of subestuaries
would greatly increase our understanding of watershed land use
at the local scale.

Effects of Shoreline Armoring over Time and on SAV
Recovery

When tracked over time, shoreline armoring as well as annual
variability affected SAV habitat characteristics. Similar to the
larger shoreline analysis, natural shorelines had higher SAV
percent cover, species richness, diversity, and evenness rela-
tive to armored shorelines regardless of year, but annual var-
iability also accounted for differences in SAV percent cover,
frequency, diversity, and SAV bed width. Significant interac-
tions were found between shoreline type and year for total
percent cover and evenness (Fig. 2, Table 5).

Two storms allowed us to track recovery at our long-term
monitoring sites. Hurricane Irene and Tropical Storm Lee
swept through the Chesapeake Bay region in late August
and early September, 2011 and reduced SAV in areas of the
bay in the following year (http://web.vims.edu/bio/sav/).
Eastern shore tributaries were particularly affected by
Hurricane Irene while the upper bay and tributaries were
more heavily affected by Tropical Storm Lee (https://md.
water.usgs.gov/waterdata/chesinflow/). SAV was impacted
by turbidity blooms and siltation, as well as scour from
increased water flow associatedwith the back-to-backweather
events. Species richness and Shannon diversity were signifi-
cantly higher in 2015 and 2010 at our long-term sites, com-
pared to those in other years. Similarly, SAV frequency of
occurrence was observed to be significantly highest in 2015,
2010, and 2011, indicating a reduction in diversity and an
increase in patchiness following the storms (Fig. 2, Table 5).

While there were no significant differences in total SAV
percent cover between natural shorelines or hardened shore-
lines in the years preceding the storms (2010 and 2011), per-
cent cover was significantly higher at natural sites for 2 years
after the storms (2012 and 2103). In 2014 and 2015, there
were no longer differences in percent cover between the two
shoreline types. This suggests that SAV adjacent to natural
shorelines was not as affected by the storms, or that SAV
recovered more quickly at natural sites. Site evenness was also
significantly greater at natural shorelines in 2011 and 2015
(Fig. 2, Table 5), suggesting SAV species composition was
more equally distributed these years. Together, these results
suggest that SAV at the local level took approximately 3 to
4 years to recover to pre-storm conditions, and that the pres-
ence of riprap inhibited SAVrecovery after a disturbance com-
pared to natural shorelines.
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The site-specific recovery in SAVobserved in this study co-
incided with and may have been accelerated by bay-wide in-
creases in water quality and clarity (http://www.chesapeakebay.
net/data/downloads/cbp_water_quality_database_1984_
present) and was not isolated to our study sites. 2015 was a
record year for SAV throughout the Chesapeake Bay (http://
web.vims.edu/bio/sav/sav15/index.html), suggesting that the
bay’s SAV are responding to the U.S. Environmental
Protection Agency’s Chesapeake Bay Total Maximum Daily
Load (TMDL, https://www.epa.gov/chesapeake-bay-tmdl),
which is a comprehensive Bpollution diet^ to restore water
quality and clarity in the Chesapeake Bay and the region’s
streams, creeks, and rivers. The impact of recent water quality
improvements may have been stronger than the localized
impacts of shoreline armoring and watershed land use.

Contemplation of Causal Mechanisms

Together, our results suggest that riprap, and to a lesser degree
watershed land use, acts to degrade the quality and resilience of
SAV habitat at the local scale by decreasing SAV percent
cover, diversity, and evenness. This study also suggests that
SAVrecovery from storm damage may be temporally inhibited
by shoreline armoring. While it was not our intent to determine
causal mechanisms, the effects of shoreline armoring on the
physical processes of nearshore coastal habitats have been
examined by others. Goforth and Carman (2005) observed that
sediment stability decreased adjacent to developed shorelines,
while Heerhartz et al. (2016) observed a decrease in sediment
exchange as a result of shoreline armoring. Site observations
made during the course of this study suggested increased near-
shore scour at sites with riprap (increasedwater depth at start of
bed, Table 3), which is caused by increased wave reflection by
riprap (Kraus and Pilkey 1988). Increased wave energy and
scour would resuspend sediments and decrease light availabil-
ity for SAV (Wright 1995), reducing SAVabundance.

Because SAV are rooted, vascular plants, we can infer that
SAV beds adjacent to riprap are negatively affected, at least in
part, as a result of changes in sediment stability and composi-
tion. Because sediment requirements differ by species (Kemp
et al. 2004), we can also infer that some species may be more
intensely affected than others. This is important with regard to
salinity regime as it relates to SAV community type. There are
several more species of SAV found in the tidal fresh and
oligohaline zones of the bay and its tributaries than in the
mesohaline, and still more than in the polyhaline (Table 1).
Therefore, the potential for high diversity in general is greater
in the tidal fresh and oligohaline portions of the bay, suggesting
that these areas may be, over time, naturally more resilient to
disturbance than the mesohaline or polyhaline, which is what
Gurbisz et al. (2016) observed in the upper bay following
Tropical Storm Lee. SAV beds in the Susquehanna Flats were
reduced, but not lost, and recovered steadily in the years

following the disturbance. Increased diversity may have
assisted this recovery because of the increased likelihood of
opportunistic and colonizer species exploiting areas where less
tolerant SAV species were reduced from storm impacts. This is
also consistent with Patrick et al. (2016), who found greater
impacts to SAV adjacent to riprap in polyhaline subestuaries
compared to oligohaline subestuaries. The polyhaline region of
the bay hosts only two species of SAV and the mesohaline
hosts five (Table 1). Comparatively, there are approximately
15 species of SAV commonly observed in the oligohaline and
tidal fresh portions of the bay (Table 1), most of which have
lower light and less restrictive sediment requirements than ei-
ther the polyhaline or mesohaline SAV species (Batiuk et al.
2000). Although this study was not designed to assess salinity
effects on SAV, we did attempt a post hoc shoreline type by
salinity analysis (same methods as shoreline by year analysis
described above) of our data. While all salinity regimes were
represented, they were unevenly distributed and we found no
significant effects, so did not include that analysis here.

Implications Regarding Climate Change and Future
Management

Coastal flooding and submergence of wetlands are projected
to increase in the Chesapeake Bay as a result of climate
change (Najjar et al. 2010). Compounded by a growing pop-
ulation, hardened shorelines have the potential to rapidly re-
place the bay’s remaining natural shorelines without adaptive
regulations. With much of the SAV in the bay characterized as
fringing beds that are light-limited to shallow water along
those shorelines, this puts the bay’s SAV in a precarious posi-
tion. As the results of this study and others confirm, the rapid
expansion of shoreline armoring throughout the bay threatens
SAV habitat quality and resilience, and ultimately, its overall
abundance. Any reduction in SAV will compromise the eco-
system services that those SAV beds provide (Blake et al.
2014), such as food and refuge for a diversity of commercially,
recreationally, and ecologically important organisms, shore-
line protection, and carbon sequestration, which is one of
our most important tools for mitigating climate change
(Fourqurean et al. 2012).

Improving water quality and clarity trends in 2015, how-
ever, resulted in increases in SAV throughout Chesapeake
Bay, along both natural and armored shorelines. This indicates
that some of the stress from armoring could be mitigated by
improved water quality and clarity. It should therefore be a
priority tomaintain and expand efforts such as the Chesapeake
Bay TMDL to offset future impacts from population growth
and climate change.

Additionally, it will be vitally important to maintain ex-
panses of natural shorelines and forested watersheds through-
out the region, and where possible, convert armored shore-
lines back to their natural state to allow for coastal retreat—
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or the migration of SAV into newly submerged areas as a
result of sea level rise. Riprap and other forms of shoreline
hardening prevent this inland migration (Saunders et al. 2013).

Conclusion

SAV is a valuable component of coastal estuaries that is glob-
ally threatened by degrading habitat conditions associated with
human population pressure. This study demonstrated that
shoreline armoring, a pervasive means of preventing shoreline
erosion and property loss, acts to degrade SAV habitat quality
and resilience at the local scale. Species percent cover, diversity,
and evenness were significantly reduced by the presence of
riprap revetment. A post hoc analysis also confirmed that
SAV is locally affected by watershed land use, although a broad
categorization of land use types prevented identification of ef-
fects on habitat quality parameters such as species diversity.
SAV surveys at long-term monitoring sites showed that SAV
recovery, at the local level, took approximately 3 to 4 years
following disturbance from large-scale storms and that SAV
adjacent to natural shorelines showed more resilience in the
years following disturbance. Coinciding increases in bay-wide
water quality demonstrated that improved water clarity may
hasten SAVrecovery andmitigate negative impacts from shore-
line armoring, suggesting that progressive and adaptive man-
agement of coastal watersheds and their shorelines could offset
impacts from anthropogenic stressors and climate change.
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