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ARTICLE INFO ABSTRACT

Along the North American Mid-Atlantic coast, soft-sediment shorelines are armored with hard substrata, such as
riprap (rock revetments), for erosion protection. These structures are valuable for determining anthropogenic
effects on marine ecosystems, and riprap potentially represents a habitat similar to an “emerging ecosystem”
with productive species assemblages. The goals of this project were to (i) quantify species diversity, secondary
production, and vertical distribution associated with armored (i.e., riprap) habitats in various locations in
Chesapeake Bay and (ii) compare benthic epifaunal production on riprap with infaunal production on natural
soft-sediment habitats in a system where natural rocky intertidal habitats are absent. Density, diversity, and
secondary production of benthic epifauna on riprap and benthic infauna were compared in adjacent habitats in
lower (Lynnhaven River) and upper (Patuxent River) Chesapeake Bay. To compare riprap habitat between tri-
butaries that differed in physical characteristics and with natural rocky intertidal habitats from other systems,
oyster, mussel, and barnacle vertical distribution on riprap in southern (Lynnhaven River) and northern
(Piankatank River) locations was quantified. The hypothesis was that riprap assemblages and secondary pro-
duction would differ between rivers and among regions due to differences in physical variables such as tem-
perature (thermal stress in northern locations), or osmotic stress (greater upriver), and patterns would be
comparable to natural rocky habitats. We predicted that productivity would be relatively high and relate po-
sitively with diversity on riprap, suggesting that it is a habitat within an “emerging ecosystem” where new
combinations of species and habitat appear. Benthic epifaunal production on riprap was sevenfold greater than
natural infaunal production, and both tended to be highest in the Lynnhaven. Vertical distribution on riprap was
similar to that on natural rocky intertidal habitats: oyster and mussel densities tended to be highest in the mid-
and low-intertidal zones, whereas barnacle density was greatest in the high intertidal at the southern location
and the low intertidal in the northern location. Secondary productivity on riprap was high relative to the natural,
infaunal, soft-bottom habitat in this area. Species richness and epifaunal non-oyster production were positively
related to oyster production. We demonstrate that intertidal riprap-armored shorelines are a productive novel
habitat in an emerging ecosystem, and they enhance species diversity, abundance, and production. Thus, riprap
shorelines mimic the ecological characteristics of natural hard-bottom habitats, and they may contribute sub-
stantially to ecosystem function throughout the Atlantic and Gulf of Mexico coasts due to riprap's widespread use
and distribution.
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1. Introduction previously occurred within a given biome (Milton, 2003). This defini-

tion was originally used in terrestrial ecosystems where land was

As coastal development increases, anthropogenic effects on coastal
habitats may change the relative abundance and diversity of species in
those habitats. In some cases, coastal ecosystems are altered into
“emerging ecosystems” or “novel ecosystems,” where new combina-
tions of species and habitat appear in abundances that have not
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cleared for commercial or industrial use and effects on ecological
functions were unknown (Milton, 2003). In marine systems, ecological
effects of coastal development are little known and are gaining im-
portance in the scientific community (Bulleri and Chapman, 2010;
Chapman and Underwood, 2011; Dugan et al., 2011; Gittman et al.,
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20164a,b). The study of emerging ecosystems, systems that emerge from
anthropogenic use, is relatively new; therefore, little is known about the
influences, trends, or ecological costs and benefits of these habitats.
However, a cost for one species may be a benefit to another. One theory
is that disturbed, man-made habitats are suboptimal to natural en-
vironments, especially when invasive species become well established
on artificial structures (Bulleri and Chapman, 2010; Chapman and
Underwood, 2011). However, “the assumptions that EEs [emerging
ecosystems] are species-poor, dysfunctional, dominated by alien spe-
cies, and a liability to humanity may need to be tested” (Milton, 2003).
In some cases, emerging ecosystems characterized by altered species
assemblages (Hobbs et al., 2006, 2009) may provide habitats with
higher natural capital than those previously present, particularly in
heavily impacted ecosystems (Milton, 2003). Moreover, increased di-
versity associated with novel ecosystems may enhance the resilience of
an ecosystem due to functional redundancy (McCann, 2000).

Along the Mid-Atlantic U.S. and southeastern coasts of North
America, the geology of a trailing-edge margin has led to a pre-
ponderance of natural soft-sediment systems along the shoreline, such
as salt marshes, sandy beaches, and mudflats, which provide a gently
sloping shoreline (Kennish, 2001) with few natural rocky intertidal
habitats. There are no natural rocky intertidal habitats in the mid-
Atlantic. These estuarine and coastal habitats are important nurseries
and contribute >25% of coastal ecosystem services worldwide
(Costanza et al., 1997; Scyphers et al., 2011), but are severely threa-
tened by anthropogenic and natural disturbances (Vitousek et al.,
1997). Due to proximity to the shoreline and recent increases in sea
level (IPCC, 2014), coastal properties face shoreline erosion, particu-
larly from wave action or storm events. This has resulted in the
armoring of natural shorelines to protect the upland from erosion.
Artificial structures form the dominant intertidal and shallow
subtidal habitat in some urbanized coastal areas, and they are rapidly
becoming ubiquitous along many coastlines (Bulleri and Chapman,
2010). One estimate is that 14% of the total US coastline (Atlantic and
Pacific) is armored (Gittman et al., 2015). Armoring of shorelines can
result in “coastal squeeze,” whereby “the coastal margin is squeezed
between the fixed landward boundary (artificial or natural) and the
rising sea level” (Schleupner, 2008). Studies on the effects of hardened
shorelines have focused on coastal habitats in Australia, Europe, and
the Caribbean (Glasby and Connell, 1999; Bulleri et al., 2006; Glasby
et al., 2007; Schleupner, 2008; Strain et al., 2018b), and some studies
have focused on fouling communities (Tyrell and Byers, 2007; Geraldi
et al., 2014), yet few studies have examined communities developing
on riprap shorelines in the mid-Atlantic coast of the US where there are
few natural hard substrates. Further study on communities developing
on hardened shorelines is warranted, and this is especially relevant for
the Western US Atlantic coastline where coastal armoring is expanding.
For example, a recent meta-analysis of ecological effects of shoreline
hardening demonstrated reduced ecosystem services in hardened versus
natural shorelines (Gittman et al., 2016a) and concluded “the type and
location of shoreline hardening could greatly affect habitat value.”

One particular form of armoring, riprap (granite or rock revetment
either placed against a sloping shoreline or stacked into the form of a
sill at heights varying from 30 to 200 cm or more), is an ideal emerging
ecosystem to study because its use has increased substantially in coastal
habitats (Douglass and Pickel, 1999) and it may have effects on com-
munity structure and ecological functioning near the shore (Seitz et al.,
2006, 2018; Airoldi and Beck, 2007; Bilkovic and Roggero, 2008; Seitz
and Lawless, 2008). Other forms of armoring, such as bulkheads (ver-
tical seawalls), have distinct detrimental ecosystem effects (Douglass
and Pickel, 1999; Seitz et al., 2006; Kennish, 2002) including wetland
loss when hardened shorelines prevent accumulation of sediments at a
rate adequate to keep up with sea-level rise (Scavia et al., 2002) and
increases in non-indigenous species (Bulleri and Airoldi, 2005). Con-
versely, riprap armoring may provide a novel anthropogenic habitat
that contributes to ecosystem diversity, structure, and functioning.
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In Chesapeake Bay, three types of artificial and natural shoreline
habitats are common: natural marsh, riprap, and vertical seawall (re-
ferred to as “bulkhead”) (Living Shoreline Summit Steering Committee,
2006). Subtidal soft-sediment benthic communities adjacent to natural
marsh shorelines generally have greater density and diversity than
those near bulkhead (vertical seawall) shorelines, whereas those near
riprap shorelines often have similar subtidal density and diversity as
those along natural marsh (Seitz et al., 2006; Bilkovic and Roggero,
2008; Seitz and Lawless, 2008). However, the density and productivity
of epifaunal assemblages associated with riprap have been rarely stu-
died (although see Bulleri and Chapman, 2010; Wong et al., 2011). In
addition, vertical distribution and diversity of species on this created
habitat have been investigated in European ecosystems (Airoldi et al.,
2005; Vaselli et al., 2008, Firth et al., 2009, 2014), in lakes (Brauns
et al., 2007), and in the Pacific (Pister, 2009), but not in the mid-
Atlantic U.S. region. This habitat warrants study in the mid-Atlantic
U.S. region to determine whether previous studies are generalizable to
this region.

Location-specific environmental variables, such as salinity (King
et al.,, 2005), sediment type (Diaz and Schaffner, 1990), dissolved
oxygen (Long and Seitz, 2009, Seitz et al., 2009), and temperature
(Bonsdorff and Blomqvist, 1993; Hummel et al., 1996) affect infaunal
benthic communities. Estuarine faunal composition can also change
with distance from the river mouth, attributed to changes in many
environmental variables (Boesch, 2002). Salinity decreases upstream in
estuaries, potentially reducing diversity of estuarine fauna (King et al.,
2005), while nutrients from allochthonous inputs typically increase
upstream in estuaries (Lenihan and Micheli, 2001). For example, in the
York River tributary of Chesapeake Bay, the concentration of phyto-
nutrients is highest upriver and decreases downriver, a pattern common
in riverine estuaries (Boesch, 2002; Ouboter et al., 1998). Hence, faunal
assemblages may differ by geographic location in Chesapeake Bay and
distance upstream due to several factors that vary along a salinity
gradient. Moreover, some benthic species (e.g., clams) are stressed by
environmental variables such as high or low water temperatures, which
can produce shifts in population abundance and distribution (Hummel
et al., 1996).

Secondary production (i.e., heterotrophic production of organic
matter) represents the amount of food available to higher trophic levels
and is indicative of habitat quality (Wilbur and Clarke, 1998). More-
over, secondary production is one commonly accepted currency in the
evaluation of habitat restoration benefits (French McCay and Rowe,
2003; Peterson et al., 2003) and has been used in the evaluation here.
Secondary production is a valuable metric because it is representative
of ecosystem functioning. Further, secondary production scales with
ecosystem services, integrates over time and space, synthesizes con-
tributions to food resources, and accounts for benefits of habitat
structure. Direct estimation of secondary production can be labor-in-
tensive and cost-prohibitive (Wilbur and Clarke, 1998); however, in-
direct estimates can be accurate and reliable (Edgar, 1990; Cusson and
Bourget, 2005; Sturdivant et al., 2014). Moreover, secondary produc-
tion can be an estimate of estuarine health (Diaz and Schaffner, 1990;
Dolbeth et al., 2005), as is diversity (Schaeffer et al., 1988; Costanza,
1992; Rapport et al., 1998). Both measures together can produce an
estimate of the amount of carbon and the diversity of organisms
available to higher trophic levels, which can help estimate ecosystem
services provided by habitat on epifaunal structures (Peterson et al.,
2003; Coen et al., 2007). Productivity integrates community respiration
and consumption, and is influenced by both biological and physical
(environmental conditions) variables (Edgar and Barrett, 2002; Cusson
and Bourget, 2005); diversity can also change in response to similar
variables (Pianka, 1966; Menge and Sutherland, 1976). Here, we use
production theory and empirical models (Edgar, 1990, Sturdivant et al.,
2014) to estimate benthic production and diversity associated with ri-
prap habitats to evaluate the potential ecosystem functioning in both
artificial and natural habitats. High epifaunal community secondary
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Fig. 1. Map of the Chesapeake Bay (left panel) with enlarged sampling rivers (right panels), the Patuxent River (with location of Regions Up [Up-River], Mid [Mid-
River], and Dn [Down-River]), Piankatank River (zonation study only), and Lynnhaven River (with location of Regions Up, Mid, and Dn).

production would indicate a large amount of animal tissue, and
therefore epifaunal structure present, but it is also important to ex-
amine how this production is divided among different species, or
whether it is related to the presence of only one dominant species (e.g.,
oysters). The Lynnhaven River is a relatively productive system in terms
of macrofaunal biomass (Seitz and Lawless, 2008), whereas the Pa-
tuxent River is highly developed and less productive (Lovall et al.,
2017). One would expect that increased epifaunal secondary produc-
tion due to oysters might provide increased structure for recruitment of
a variety of other organisms, thus allowing for increased abundance and
diversity (Peterson et al., 2003; Karp et al., 2018). It is unclear whether
community production on riprap, or whether production in the absence
of oyster production, would produce the same relationship with di-
versity, and therefore this relationship requires examination.

Vertical distribution of natural rocky intertidal epifaunal assem-
blages has been documented worldwide and is driven by a suite of
biological and physical factors (Paine, 1966; Connell, 1972; Menge and

Sutherland, 1987), though in some locations the distribution of or-
ganisms in the intertidal is patchy without distinct zones (Underwood
and Chapman, 1996). One unresolved ecological question is whether
riprap assemblages on the Mid-Atlantic coast of the US have vertical
distribution patterns similar to those of natural rocky habitats (e.g.,
Connell, 1972), and whether these patterns are consistent geo-
graphically.

In this study, secondary production and diversity of intertidal po-
pulations on man-made riprap structures and adjacent subtidal popu-
lations in natural soft-sediment were quantified in two selected tribu-
taries of Chesapeake Bay, the Lynnhaven (lower Bay) and Patuxent
(upper Bay) Rivers. The aim was to contrast faunal patterns in two
rivers that differed in geographic location (i.e., physical characteristics)
and productivity, as well as to compare anthropogenic riprap structures
with natural soft-sediment habitats. The relatively productive
Lynnhaven River system is in the lower Chesapeake Bay (Seitz and
Lawless, 2008), whereas the highly developed, less-productive Patuxent
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River (Bradley, 2011; Lovall et al., 2017) is in the upper Bay (Hartzell
et al., 2010). Systems in the upper Bay also tend to be cooler and less
saline. We also examined the relationship between secondary produc-
tion and various physical and biotic variables (i.e., temperature, sali-
nity, dissolved oxygen [DO], grain size, sedimentary carbon, chlor-
ophyll a), which varied along the riverine gradient. In addition, we
examined the relationship between diversity and production. Finally,
the vertical distribution of organisms in intertidal zones on riprap in the
Lynnhaven and Piankatank Rivers was also sampled to examine how
these man-made habitats compare with natural rocky intertidal habitat
(absent in the mid-Atlantic) and to understand whether riprap epifaunal
communities are responding to environmental factors in similar ways as
their rocky intertidal counterparts (Connell, 1972). The hypotheses
were that: (1) diversity and secondary production of riprap assemblages
would be greater in the southern tributary and downriver in each tri-
butary because of differences in temperature (i.e., greater thermal stress
in northern locations), osmotic stress (greater upriver), and other
physical variables; (2) productivity on riprap would be high compared
to natural soft-sediment habitats (based on large-bodied epifauna on
riprap); (3) productivity would be positively related to diversity on ri-
prap given the presence of oysters, ecosystem engineers, and this ha-
bitat's similarity to natural rocky intertidal habitats; and (4) vertical
distribution of riprap epifauna would differ by intertidal zone in Che-
sapeake Bay. Thus, the data would support the argument that these
riprap habitats are components of “emerging ecosystems” by encom-
passing novel species and high productivity on these man-made struc-
tures as compared to natural habitats.

2. Materials and methods
2.1. Epifaunal and infaunal production and diversity

During June and July 2009, epifauna on riprap and infauna adjacent
to riprap shorelines were sampled and secondary production was esti-
mated at up-river, mid-river, and downriver regions (six replicates per
river) in both the Patuxent and Lynnhaven Rivers (Fig. 1). Only riprap
shoreline sites extending 50 m without intrusion by another shoreline
type were used to preclude local influence of alternative shoreline
types. Riprap was comprised of granite rocks 0.15-0.7 m in diameter.
Shoreline maps from 2003 (http://www.vims.edu/ccrm/research/
inventory/index.php) were used for site selection to ensure that each
site had riprap established for at least six years, which is a sufficient
amount of time for a man-made shoreline to allow development of a
community similar to a natural system (Currin et al., 2010).

In a stratified-random sampling design to examine geographical
variation in assemblages, each river was divided into three regions with
Region Up (i.e., Up-River) farthest from the river mouth, Region Mid
(Mid-River), and Region Dn (Down-River) closest to the mouth, though
the morphology of each river resulted in a slightly different distribution
of Regions in each river (Fig. 1). Two replicate sites from each Region
were randomly selected for sampling. Water temperature, salinity, and
dissolved oxygen (DO) were measured using a YSI Pro-Plus Multi-
Parameter Water Quality meter, and sediment and faunal samples were
taken at each site (see below). All variables were compared between the
two tributaries, the Lynnhaven and Patuxent Rivers, and by Region (Up,
Mid, and Dn) using a 2-way Analysis of Variance (ANOVA) with River
and Region as fixed factors. Note that Region Dn in the Lynnhaven was
a different fork of the river but only tended to have higher salinity than
Regions Up and Mid. Significance was determined at a = 0.1. This level
was chosen based on the desire to examine differences that are biolo-
gically meaningful given a system with high variability, and this is a
more relaxed threshold that can act as an early warning signal to show
the impact of different levels of the factor (Nuzzo, 2014). When sig-
nificant interactions occurred, means of one factor were compared se-
parately for each level of the other factor with Tukey tests (Underwood,
1997). The assumption of homoscedasticity was examined using
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Bartlett's and Levene's tests; data were square-root transformed to meet
assumptions of normality and homogeneity of variance when necessary.
Sediment grain size and faunal density were compared using linear
regression.

Epifauna were sampled in the intertidal zone at each site by placing
a 0.25-m> PVC quadrat randomly on the riprap rocks in the mid-in-
tertidal zone. Each quadrat was photographed, and the epifauna on the
surfaces of the riprap stones were scraped and collected; samples were
washed through a 500-um sieve. Organisms were identified to the
lowest taxonomic level (usually species); diversity was determined
using species richness (number of species), as well as the Shannon index
(H’ log.)(Krebs, 1989), and Simpson's index (1-dominance) to use as a
comparison (Magurran, 2004). Species richness is a basic measure of
diversity, and the Shannon index incorporates both species richness and
the number of individuals belonging to each species and is also a robust
diversity measure (Krebs, 1989; Spellerberg and Fedor, 2003). Quadrat
photos were analyzed for number of taxa (usually phylum or class) with
the NOVA Southeastern University computer program Coral Point
Count extension (CPCe) using 100 random points on each photo (Kohler
and Gill, 2006). This allowed a comparison between the two methods of
(1) using a visual estimate of diversity with (2) using a destructive,
collection-based method of estimating diversity. Both methods are
presented in diversity results with an explanation of which method was
used for which figures. Mobile organisms on the rocks were not quan-
tified.

The relationship between the physical variables and epifaunal sec-
ondary production across both rivers was examined using multiple re-
gression. Community relationships were also examined with ANOSIM
non-parametric tests (one outlier from the Lynnhaven with only one
species was removed from ANOSIM analysis) and nMDS plots using
PRIMER v6 (Clarke and Gorley, 2006).

Subtidal infauna were sampled at each site approximately 5m from
shore using a suction apparatus with a 3-mm-mesh collecting bag, and a
cylinder of 0.11-m? cross-sectional area. The cylinder was inserted
30 cm into the sediment and cylinder contents excavated to the bottom
of the cylinder using a suction dredge (Seitz et al., 2006). At each
subtidal site, a 30-mL syringe core of 2.5 cm diameter was used to ex-
tract the top 2-3 cm of sediment for grain size and carbon-hydrogen-
nitrogen (CHN) analysis. The percentage composition of sand, gravel,
silt, and clay were calculated following standard wet sieve and pipette
procedures (Folk, 1980; Plumb, 1981). In addition, a 10-mL syringe of
1 cm diameter was used to collect the top 1 cm of sediment for chlor-
ophyll a analysis.

Ash-free dry weight was determined for each taxonomic group and
used to calculate biomass. Daily secondary production was calculated
for each taxon using an empirical model (P = 0.0049B°8° T%%9), where
B = AFDW biomass and T = temperature at the site (Edgar, 1990). In
this model, daily secondary production (P ug d ~ ') for each invertebrate
is related to body mass (B ug AFDW/AFDM) and temperature (T, °C).
The production values in pug were converted to mg when they were
>1000 ug AFDW m~2 d ', for easier viewing. This method has been
validated to estimate secondary production for organisms in Chesa-
peake Bay (Hagy, 2002; Sturdivant et al., 2014). It requires very limited
sampling and is relevant for estuarine species in water temperatures of
5-30°C (Edgar, 1990). One change we made from Edgar's method,
which used the mean AFDW from organisms retained on a series of
sieves, was to combine individuals within each taxonomic group (sensu
Sturdivant et al., 2014). In addition, mainly to use as a comparison with
other studies that used the production-to-biomass-ratio (P:B) method of
annual production estimation, P:B ratios for different taxa (Diaz and
Schaffner, 1990) were used to estimate annual production from the
biomass values. Secondary production was estimated as: Annual pro-
duction (g AFDW m ™2 yr~') = Biomass (g m~2) x P:B ratio (yr ). The
P:B ratios were 2.9 for molluscs, 5.7 for crustaceans, 4.9 for poly-
chaetes, and 2.3 for chordates (Diaz and Schaffner, 1990). Samples
from infauna and epifauna were standardized per m?. One limitation is
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that seasonal biomass was not available, so secondary production was
only estimated from summer biomass and temperature, yet P:B ratios
are based on annual rates.

To examine production versus diversity (i.e., species richness), we
conducted Major Axis regression (= Type II regression with errors in x
and y) using the ‘SMATR’ package in R (Warton et al., 2012). Analyses
employed data from both rivers and from the Lynnhaven River alone
due to the absence of oyster biomass in the Patuxent River. The func-
tions plotted in figures of biomass, secondary production, and species
richness were first validated by the statistical analyses in R, and then
fitted to all data by nonlinear least squares regression in SigmaPlot.
When necessary to meet assumptions of normality and homogeneity of
variance, variables were transformed as log;o(x+1).

2.2. Vertical distribution

Vertical distribution of epifauna on riprap was compared between
the Lynnhaven and Piankatank Rivers (but not Regions within rivers) to
examine differences in systems at different latitudes with varying
physical conditions (Lynnhaven River ~50 miles farther south), with
potential varying associated thermal stress on epifaunal organisms ex-
posed at low tide. In each river, eastern oyster (Crassostrea virginica),
hooked mussel (Ischadium recurvum), and barnacles (mainly Chthamalus
fragilis and Balanus eburneus) were sampled at four random sites. At
each site, the vertical intertidal-subtidal shoreline was divided into four
tidal zones of 50-cm vertical elevation measured from the spring low
tide mark: high (spring high to mean high tide), mid (mean high to
mean low tide), low (mean low to spring low tide), and subtidal (below
spring low tide). Within each tidal zone, rocks of similar size
(~15cm x 15cm) were haphazardly chosen for collection. One rock
from each tidal zone was collected at each of four replicate sites within
a river (16 rocks per river). The rocks were bagged, their orientation
(front/back) was noted, and they were placed on ice. All oysters,
mussels, and barnacles were counted. Oysters were measured, and
barnacles were removed for identification. Densities of oysters, mussels,
and barnacles were analyzed with 2-way ANOVA models using River
(Lynnhaven and Piankatank) and Tidal Zone (High-, Mid-, Low-, and
Sub-tidal) as fixed factors; significance was determined at o = 0.1.

3. Results
3.1. Physical variables

Salinity tended to be higher in the Lynnhaven River than the Patuxent
River, but there was a significant River by Region interaction (Table 1). In
the Patuxent River, salinity increased in regions closer to the river mouth
(Tukey HSD test, p = 0.003: Region Up < Mid < Dn), whereas in the
Lynnhaven River salinity did not differ by region (Table 2; Tukey HSD test,
p = 0.568). In the Up, Mid, Dn Regions separately, salinity was higher in
the Lynnhaven than the Patuxent (Tukey HSD test, p < 0.005, p = 0.002,
and p = 0.001, respectively). Dissolved oxygen (DO) was significantly
higher in the Lynnhaven than in the Patuxent River, the Region and in-
teraction effects were not significant (Tables 1 and 2), and all DO levels
were normoxic (>6.8mg L7Y. Temperature did not differ by River but
differed significantly by Region; it decreased closer to the river mouths
(Tables 1 and 2), and there was no significant interaction. Sedimentary
total nitrogen (TN), total organic carbon (TOC), and chlorophyll a did not
differ by River or Region and there were no interaction effects (Table 1).
Mean sedimentary nitrogen values were three times greater in the Lynn-
haven River than in the Patuxent River, but variability was high, especially
in the Lynnhaven (Table 2).

The Patuxent River had six times more gravel than the Lynnhaven
River (Table 3), and this difference was significant with no
River X Region interaction (Table 1). The Lynnhaven and Patuxent
Rivers had similar fractions of sand, silt, and clay, with no significant
differences (Table 3).
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Table 1

Statistical results for two-way crossed ANOVAs for fixed factors River
(Lynnhaven and Patuxent) and Region (Up, Mid, and Dn) for physical variables
and chlorophyll a in production study. Source = factor, DF = degrees of
freedom, Adj MS = adjusted mean squares. DO = dissolved oxygen,
Temp = temperature, Sed N = sedimentary nitrogen, Sed TOC = sedimentary
total organic carbon, Chl a = chlorophyll a, % Gravel = percent of gravel in
sediment grain-size analysis. Bold indicates significant differences at a < 0.10.

Variable Source DF Adj MS F-value P-value
Salinity River 1 181.90 3693.14 <0.0005
Region 2 1.20 24.00 0.001
River x Region 2 0.68 13.54 0.006
DO (mg/L) River 1 130.68 15.22 0.008
Region 2 11.51 1.34 0.330
River x Region 2 20.25 2.36 0.176
Temp (°C) River 1 0.14 0.37 0.565
Region 2 3.94 10.40 0.011
River x Region 2 0.09 0.25 0.789
Sed N River 1 0.005 2.02 0.205
Region 2 0.004 0.78 0.500
River x Region 2 0.001 0.47 0.644
Sed TOC River 1 0.36 1.53 0.262
Region 2 0.10 0.42 0.674
River x Region 2 0.08 0.33 0.731
Chl a River 1 161.9 0.26 0.626
Region 2 468.9 0.76 0.506
River x Region 2 42.3 0.07 0.934
% Gravel River 1 906.7 3.86 0.098
Region 2 11.8 0.05 0.952
River x Region 2 75.9 0.32 0.738

3.2. Epifaunal production and diversity

Mean epifaunal secondary production on riprap ranged from 20 to
400mg AFDW m~2 d~! (Table 4; Fig. 2), with the majority of the
production from oysters. There were no epifaunal oysters in the Pa-
tuxent. For epifaunal secondary production, there was a significant
River by Region interaction (Table 4). In the Lynnhaven, epifaunal
secondary production was highest in the upriver Region and lowest in
the downriver Region (Fig. 2a; Tukey HSD test, p = 0.094), but it did
not differ significantly by Region in the Patuxent River (Fig. 2b; Tukey
HSD, p = 0.601). Overall, epifaunal secondary production averaged
around 200 mg AFDW m~2 d~! in the Lynnhaven River, which was
eightfold greater than that in the Patuxent River (Fig. 2c; Table 4;
Tukey HSD p = 0.041). In the Up-River Region, epifaunal secondary
production was higher in the Lynnhaven than the Patuxent River
(Tukey HSD test, p = 0.066), and for Mid- and Down-River Regions, it
was not significantly different by River (Tukey HSD test, p = 0.221,
p = 0.503, respectively). Non-metric multi-dimensional scaling (nMDS)
analysis showed some separation between epifaunal communities in the
Lynnhaven and Patuxent rivers, with stress = 0.05 (Fig. 3). Epifaunal
species Richness from photo quadrats did not differ significantly by
River or Region (Fig. 4; Table 4). Epifaunal Shannon H’ diversity did
not differ by River (p = 0.555) or Region (p = 0.533) with no inter-
action (p = 0.713). One site with a single individual precluded a sta-
tistical analysis with Simpson's diversity (Table 5).

Epifaunal secondary production was significantly and positively
related to temperature, DO, and sedimentary carbon (Table 6). The
overall multiple regression additionally including salinity, chl a, and
percent gravel was significant, with a large amount of variation ex-
plained by the combination of variables (R? = 92%), though this high
R2 could be a result of the few data points used.

3.3. Infaunal production and diversity

Infaunal secondary production in natural soft-sediment habitats
ranged from 15 to 250 mg AFDW m ™2 d ! (Fig. 5), was substantially
lower (four- to 10-fold) than epifaunal production on riprap structures
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Average measures of physical variables in the infaunal secondary production study in two rivers (Lynnhaven: Lynn, and Patuxent: Pax) and three regions (Reg) per
river (Up: farthest from mouth, Mid: mid-river, Dn: closest to mouth), and mean (mn) from two sites per region. DO = dissolved oxygen; N = nitrogen;

Temp = temperature; Sal = salinity; Chl a = chlorophyll a.

River Reg Sal (psu) Temp (°C) DO (mg L™1) N (%) Chl a (ug cm™?)
+ SE + SE + SE + SE + SE

Lynn Up 17.46 + 0.04 27.90 + 0.10 18.65 = 1.65 0.039 + 0.024 28.13 +1.75
Mid 17.44 = 0.30 27.05 + 0.05 13.10 = 2.30 0.027 + 0.014 38.63 + 11.82
Dn 17.73 = 0.15 26.05 + 0.55 11.20 + 4.20 0.093 * 0.078 45.33 + 1.92
mn 17.54 = 0.10 27.00 + 0.37 14.00 = 1.93 0.053 + 0.025 37.36 + 5.00

Pax Up 8.81 = 0.00 28.05 + 0.15 7.05 = 0.25 0.018 + 0.003 19.32 + 1.06
Mid 9.73 = 0.16 27.60 + 0.40 7.30 = 0.20 0.013 =+ 0.000 25.64 + 0.02
Dn 10.72 = 0.11 26.00 % 0.80 8.80 = 0.10 0.020 + 0.007 45.09 + 0.06
mn 9.75 = 0.35 27.21 + 0.46 7.70 = 0.36 0.017 + 0.002 30.02 + 0.33

(compare to Fig. 2; note y-axis scale change), and there were no sub-
Table 4

tidal oyster populations in these habitats. The Lynnhaven River tended
to have greater infaunal secondary production than the Patuxent River
(Fig. 5; Table 4). When the epifaunal and infaunal secondary produc-
tion estimates were combined, the Lynnhaven River far surpassed the
Patuxent River, with more than seven times the combined secondary
production as the Patuxent River (Figs. 2c and 5c; Table 4), whether
calculated using the Edgar (1990) method or the P:B-ratio method
(Table 5), as the density of oysters and other invertebrates was higher in
the Lynnhaven.

Infaunal diversity was two-fold greater in the Lynnhaven River than
the Patuxent River, and the difference was significant (Fig. 6a and b;
Table 4; see Appendix for details of infaunal species assemblages,
densities, and production, Table A.1., Fig. A.1 and Fig. A.2). In both
rivers, infaunal diversity did not differ significantly by Region (Fig. 6a
and b), and infaunal diversity was not significantly related to average
infaunal production (Regression p = 0.353).

3.4. Relationship between species richness and secondary production

We analyzed the relationship between oyster secondary production,
non-oyster secondary production, and species richness using data from
both rivers, and separately using data from the Lynnhaven River due to
the absence of oyster biomass in the Patuxent River. Species richness
was a highly significant, asymptotic function of oyster secondary pro-
duction whether with only Lynnhaven River data (= 0.93,
p < 0.002, log;o-transformed data) or with data from both rivers
(Fig. 7a, ? =072, p < 0.004). In contrast, non-oyster secondary pro-
duction was not significantly related to species richness for the Lynn-
haven River (12 = 0.27, p = 0.286, untransformed data) nor for the
Patuxent River (r?> = 0.21, p = 0.365, untransformed data). Non-oyster
epifaunal secondary production was significantly related to oyster
secondary production (Fig. 7b). In addition, epifaunal species richness
was a significant asymptotic function of oyster biomass (Fig. 8), similar
to that for oyster secondary production.

Table 3

Statistical results for two-way crossed ANOVAs for fixed factors River
(Lynnhaven and Patuxent) and Region (Up, Mid, and Dn) for biological vari-
ables in production study (all calculated using Edgar method), and for Zone and
River (Lynnhaven and Piankatank) in vertical distribution study.
Source = factor, DF = degrees of freedom, Adj MS = adjusted mean squares. C.
virginica = Crassostrea virginica, L recurvum = Ischadium recurvum,
barnacles = Chthamalus fragilis and Balanus eburneus. Bold indicates significant
differences at a < 0.10.

Variable Source DF Adj MS F-value P-value

Epifaunal 2° production River 1 93148 15.65  0.007
Region 2 36937 6.20 0.035
River x 2 29920 5.03 0.052
Region

Epifuanal Photo quad River 1 6.750 2.19 0.189

Richness

Region 2 3.250 1.05 0.405
River x Region 2 3.250 1.05 0.405

Infaunal 2° production River 1 6318 1.08 0.338
Region 2 13788 2.36 0.175
River x Region 2 15022 2.58 0.156

Infaunal Diversity (H") River 1 0.5821 3.79 0.099
Region 2 0.0465 0.30 0.749
River x Region 2 0.0259 0.17 0.848

Epi- and infaunal 2° River 1 147990 10.17 0.019

production

Region 2 91750 6.31 0.033
River x 2 86232 5.93 0.038
Region

C. virginica density River 1 10047 8.31 0.008
Zone 2 2629 2.18 0.117
River x Zone 2 2566 2.12 0.124

I. recurvum density River 1 84.5 0.20 0.658
Zone 2 207.1 0.49 0.691
River x Zone 2 426.1 1.01 0.405

Barnacle density River 1 61075.1 4.09 0.054
Zone 2 28338.3 1.90 0.157
River x Zone 2 44852.5 3.01 0.050

Mean percent of sediment as different grain-size categories in the two rivers (Lynnhaven: Lynn, and Patuxent: Pax) and three regions (Reg) per river (Up: farthest
from mouth, Mid: mid-river, Dn: closest to mouth), and mean (mn) from two sites per region sampled for the infaunal secondary production study.

River Reg Grain Size (*SE)
% Gravel % Sand % Silt % Clay

Lynn Up 1.75 = 1.62 94.11 * 2.07 0.07 + 0.05 4.09 + 0.37
Mid 7.65 +7.16 88.78 + 7.58 1.04 £ 0.01 4.61 = 0.43
Dn 0.80 + 0.42 50.57 + 29.51 30.34 * 20.52 18.29 + 9.41
mn 3.40 + 2.33 77.80 + 11.7 10.49 + 8.22 9.00 + 3.82

Pax Up 19.09 + 14.84 78.78 + 13.86 1.25 £ 0.16 6.71 = 1.47
Mid 16.35 + 14.13 72.95 + 13.21 0.49 + 0.32 5.21 = 0.04
Dn 26.91 * 15.37 67.23 + 18.00 1.00 = 0.74 5.11 = 1.62
mn 20.78 £ 6.91 73.04 £ 7.11 0.91 £ 0.26 5.68 = 0.65
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Fig. 2. Mean daily epifaunal secondary production (Edgar method) by Region in the A) Lynnhaven River and, B) Patuxent River, from two sites per river region, and
C) secondary production averaged among Regions to compare between Rivers (from six sites per river).

3.5. Vertical distribution

Densities of oysters, Crassostrea virginica, were significantly greater
(six-fold) in the Lynnhaven River than in the Piankatank River and
tended to be highest in the mid- and low-intertidal zones (Fig. 9a;
Table 4). The hooked mussel, Ischadium recurvum, had similar densities
in both rivers and was spread relatively evenly across tidal zones
(Fig. 9b; Table 4). Vertical distribution patterns of barnacles, mainly
Chthamalus fragilis and Balanus eburneus, showed a significant

Riprap epifauna

interaction (Table 4), partly because different species dominated the
different rivers. Patterns in the high intertidal zone differed by River at
o = 0.1 (Tukey HSD). In the Lynnhaven River, barnacles were pri-
marily (>95%) Chthamalus fragilis, density was greatest in the high
intertidal zone, and this was significant at o = 0.1 (Tukey p = 0.093),
whereas in the Piankatank River, barnacles were primarily (>95%)
Balanus eburneus, density tended to be greatest in the subtidal zone and
moderate in mid- and low-intertidal zones. This difference was not
significant (Fig. 9c; Tukey HSD: p = 0.116).

Fig. 3. Non-metric ~ multidimensional
scaling (nMDS) plot of Lynnhaven River
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epifaunal abundance (with site numbers
after the river designation). Global R of
0.227 (p <0.05) and stress are from
ANOSIM analysis. LR3 & 4 = Up-River, LR1
& 2 = Mid-River, LR5 & 6 = Down-River,
PR4 & 5 = Up-River, PR8 & 9 = Mid-River,
and PR13 & 15 = Down-River.
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Fig. 4. Mean epifaunal species richness by Region of the A) Lynnhaven River and B) Patuxent River from photo quadrats using NOVA Southeastern University

computer program Coral Point Count extension (CPCe) (N = 2 per Region).

4. Discussion

Secondary production on riprap habitats was high in comparison to
infaunal production in nearby natural habitats (this study) and in
comparison to secondary production in other Chesapeake Bay systems
(e.g., Sturdivant et al., 2014). Moreover, vertical distribution of epi-
faunal organisms on riprap in the Chesapeake Bay resembled that of
natural rocky intertidal habitats of the U.S. west and northeast coasts
(Connell, 1972), with Chthamalus densities greatest in the high inter-
tidal zone and Balanus lower in the intertidal. Epifaunal production was
much greater than infaunal production due to the high biomass of oy-
sters (Crassostrea virginica) on riprap, as in other studies (Wong et al.,
2011), which also led to a difference in epifaunal production between
the two river systems. These riprap habitats with abundant oysters as
ecosystem engineers acted similar to other intertidal hard-bottom ha-
bitats, and to subtidal hard substrates such as oyster castles and reef
balls (Soniat and Burton, 2005; Burke, 2010; Theuerkauf et al., 2015;
Lipcius and Burke, 2018). In both river systems, bivalves contributed
most to infaunal secondary production, and polychaetes contributed
secondarily to infaunal production (Table A.1, Fig. A.2), similar to other
natural, infaunal systems (Wilson, 1989; Edgar, 1990; Hagy, 2002).
However, the availability and areal coverage of infaunal habitat in the
mid-Atlantic U.S. coast is much greater than hard substrate, which has
ramifications for ecosystem processes.

Epifaunal species richness was strongly related as an asymptotic
function to oyster secondary production and biomass, but not to non-
oyster secondary production. Production of epifaunal organisms besides
oysters was also related to oyster production. This suggests that oysters
on riprap structures can act as ecosystem engineers (Gutiérrez et al.,

Table 5

2003; Jackson et al., 2008), corresponding with both increased di-
versity and increased production of the epifaunal community. Thus, the
biomass of oysters not only provides habitat for other species, but oy-
sters and other filter-feeding bivalves also provide important ecosystem
services such as filtration (Coen et al., 2007; Grizzle et al., 2008). Oy-
sters did not occur on the riprap structures in the Patuxent River, and
this lack of oyster biomass was associated with lower epifaunal pro-
duction in that system. It is possible that this resulted from differences
in dissolved oxygen between the rivers, although no DO levels were
hypoxic (i.e., all above 6.8 mg L.~ 2). The most likely explanation for the
difference in oysters between rivers is that extreme winter freezes killed
settled oyster larvae in the Patuxent River (though evidence of settle-
ment was not investigated herein), as the more northern location of the
Patuxent experiences harsher winters than the Lynnhaven. Hence, the
productivity of riprap structures will depend on environmental condi-
tions of the ecosystem (Wong et al., 2011).

In southern California, riprap habitats have similar diversity and
community composition as natural rocky habitats (Pister, 2009), but
this is not the case in other locations. In many places, hardened habi-
tats, including riprap, bulkhead (vertical seawall), or other man-made
structures, do not function similarly to natural rocky habitats because
man-made structures can cause fragmentation and modify natural dis-
persal patterns, thereby altering local and regional biodiversity (Fahrig,
2003; Goodsell et al., 2007; Bulleri and Chapman, 2010). Previous
studies suggest integrating natural habitat elements into urban struc-
tures to reduce negative impacts (Bulleri and Chapman, 2010; Strain
et al., 2018a; Liversage and Chapman, 2018), which can be accom-
plished in Chesapeake Bay and elsewhere with living shorelines that
incorporate natural features in man-made structures (Davis et al., 2006;

Comparison of secondary production (prod.) estimated by two methods, annual production using P:B ratios (Diaz and Schaffner, 1990) in g AFDW m~2 yr’l (P:B
prod.) and daily production using the Edgar method (Edgar, 1990) in mg AFDW m~2d ~! (Edgar prod.) in two rivers (Riv.), the Lynnhaven (LR) and Patuxent (PR), in
various Regions (Reg.); as well as infaunal (Inf.) or epifaunal (Epi.) Diversity using Richness (Rich.; number of species), Shannon H’ (Shan. H’) (nats individual 1),

and Simpson's Index (Simps.)(1 - dominance).

Riv. Site No. Reg. P:B prod. Edgar prod. Inf., Epi. Rich. Inf. Shan. Epi. Inf. Simps. index Epi.
H’ Shan. Simps. index
H

LR 1 Mid 49.09 69.38 2,4 0.562 1.023 0.500 0.593
LR 2 Mid 202.07 181.26 9,7 1.927 1.102 0.863 0.595
LR 3 Up 702.8 506.77 3,8 0.898 0.709 0.603 0.295
LR 4 Up 358.24 308.09 6,5 1.627 1.269 0.859 0.703
LR 5 Dn 0.07 0.18 3,1 1.099 0 1

LR 6 Dn 148.11 131.3 3,5 0.956 1.140 0.667 0.622
PR 4 Up 13.79 15.44 3,3 0.756 0.704 0.440 0.497
PR 5 Up 74.1 51.29 1,4 0 0.687 0.000 0.464
PR 8 Mid 12.37 11.45 4,3 0.281 0.815 0.112 0.540
PR 9 Mid 48.48 37.32 4,4 1.209 0.829 0.659 0.514
PR 13 Dn 2.01 3.51 2,4 1.121 0.856 0.051 0.543
PR 15 Dn 23.8 20.72 3,3 0.779 0.531 0.4891 0.331




R.D. Seitz, et al.

Table 6

Estuarine, Coastal and Shelf Science 228 (2019) 106357

Multiple regression of physical factors and epifaunal secondary production (calculated using Edgar method) with Analysis of Variance across both rivers.
Coef = coefficient, SE coef = standard error of the coefficient. DF = degrees of freedom, SS = sum of squares, MS = mean squares. Bold indicates significant dif-
ferences at o < 0.10. Regression: R-Squared = 96.4%, R-Squared (adjusted) = 92.0%.

Predictor Coef SE Coef T-value P-value
Constant —1385.3 556.9 —-2.49 0.055
Salinity (psu) -17.55 11.75 -1.49 0.195
Temp.(C) 44.93 19.75 2.28 0.072
DO (mg 1Y 50.353 7.286 6.91 0.001
TOC % 178.13 55.49 3.21 0.024
total chl —1.861 1.483 -1.26 0.265
% Gravel 0.797 2.255 0.35 0.738
Analysis of Variance
Source DF SS MS F-value P-value
Regression 6 456552 76092 22.14 0.002
Residual Error 5 17185 3437
Total 11 473737
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Fig. 5. Mean daily infaunal secondary production (Edgar method) by Region in the A) Lynnhaven River, B) the Patuxent River, from two sites per river region, and C)
averaged daily production among Regions for each river for comparison between rivers (from six sites per river).

Currin et al., 2010; Scyphers et al., 2011; Davenport et al., 2018).
The complex structure of the riprap allowed a relatively diverse
epifaunal community to grow adjacent to a less-productive benthic

Fig. 6. Mean infaunal Shannon diversity (nats individual ™) by Region in the A) Lynnhaven River and B) Patuxent River.
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Fig. 8. Mean epifaunal species richness versus oyster biomass for the
Lynnhaven and Patuxent Rivers (data have been jittered across species richness
for the Patuxent).

were associated with high species diversity. The high productivity of
the epifauna likely contributes to ecosystem services, such as water
filtration with numerous filter-feeding organisms like oysters and
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Fig. 9. Density of A) oysters Crassostrea virginica, B) mussels Ischadium re-
curvum, and C) barnacles (including Chthamalus fragilis and Balanus eburneus) in
high intertidal (High), mid-intertidal (Mid), low-intertidal (Low) and subtidal
(Sub) zones, in two river systems, the Lynnhaven and Piankatank, VA.

mussels (Grizzle et al., 2008; Bilkovic and Mitchell, 2013), and food for
higher trophic levels, thus highlighting the importance of this emerging
assemblage of organisms.

Comparing secondary production between locations, both infaunal
and epifaunal production tended to be greater, and total secondary
production was more than three times greater, in the southern location,
the Lynnhaven River, as compared to the northern location, the
Patuxent River. The physical differences between the two rivers may
have contributed to differences in infaunal production, as higher dis-
solved oxygen, sedimentary total organic carbon, and temperature were
associated with greater production in the Lynnhaven River. In addition,
the productive infaunal species in this study were mainly deposit fee-
ders (Diaz and Schaffner, 1990), which thrive in silty habitats with high
organic content, emphasizing the importance of grain size to the overall
production. The Lynnhaven River, in the lower Chesapeake Bay, ex-
periences elevated salinities and less-severe winters than the Patuxent
River (D'Elia et al., 2003) in upper Chesapeake Bay. This may have
contributed to the ability of epifaunal bivalves to survive on intertidal
substrata (intermittently exposed to extreme temperatures) with



R.D. Seitz, et al.

reduced thermal stress in the Lynnhaven River compared to the Pa-
tuxent River. The tidal range of the Patuxent River is also lower than
that of the Lynnhaven River (Boynton et al., 2008; Sisson et al., 2010),
potentially contributing to differences in exposure of intertidal organ-
isms as well as areas available for organisms to occupy.

Compared to other Chesapeake Bay systems, infaunal production in
the Lynnhaven River was relatively high (Diaz and Fredette, 1982; Diaz
et al., 1982; Sturdivant et al., 2014), and epifaunal production was at
least double that of infaunal production. In comparison to other benthic
systems in Chesapeake Bay, daily infaunal production (calculated using
the Edgar method) in the Lynnhaven (~100 mg AFDW m~2d7!) was
more than double the mean production at normoxic sites over time
(1996-2004) throughout the Bay (39 mg AFDW m~2 d~!) and on par
with that observed in a year with maximum production (~97 mg AFDW
m~2 d~YH(Sturdivant et al.,, 2014). Compared to annual production
calculated using P:B values, the Lynnhaven River had an average of 30 g
AFDW m~2 yr~! for infauna and 243 g AFDW m ™2 yr ™ for epifauna
(Table 5), whereas comparable subtidal flats have infaunal secondary
production values of 18-20g AFDW m~2 y~! (Diaz and Fredette,
1982), or of 14.4gm™2 y~! in mid-Bay locations (Hagy, 2002), and
epifaunal production on riprap sills of 60-120 g AFDW m~ %y~ ! (Wong
et al.,, 2011). Notably, the patterns for production between Locations
and among Regions in this study were similar whether examined using
the Edgar method or the P:B-ratio method (Table 5), suggesting that
either method works well for a summertime snapshot of productivity.
The use of empirical methods (e.g., Edgar method) may be beneficial
for production studies when seasonal biomass over changing tempera-
tures is available.

In comparison to other benthic systems, the Patuxent River was
relatively low for both infaunal (5g AFDW m~2 y~') and epifaunal
(20 g AFDW m ™2 y ') annual production, but these were comparable
to annual production values in other systems (Wong et al., 2011). These
comparisons suggest that the Patuxent River is not highly productive,
but average (Bradley, 2011; Lovall et al., 2017). In addition, production
in Chesapeake Bay is highest in polyhaline regions compared to habitats
with lower salinity (Sturdivant et al., 2014), agreeing with the trend of
higher production in the high-salinity river (Lynnhaven). Moreover, the
vastly higher epifaunal production versus infaunal production in both
systems points out the role of riprap and oyster reefs to create habitat in
which other species can survive.

In previous studies (Wong et al., 2011), annual secondary produc-
tion of oyster reefs was greater than that of marshes, seagrass, and
subtidal flats. This pattern was corroborated by the results of this study,
as the greatest contributor to secondary production was by epifaunal
oysters in the Lynnhaven River. The increase in production and di-
versity due to the presence of riprap demonstrates the importance of
this habitat in contributing to new combinations of species and also its
similarity to an emerging, or novel, ecosystem (Milton, 2003). As nat-
ural oyster shell becomes less available for settlement (Piazza et al.,
2005; Powell et al., 2006), alternative substrata for oyster settlement
will become more important (Soniat and Burton, 2005; Burke, 2010;
Theuerkauf et al., 2015; Lipcius and Burke, 2018). In some subtidal
habitats, these man-made structures contribute to less-abundant and
less-diverse communities compared to adjacent natural subtidal habi-
tats, such as marshes (Peterson et al., 2003; Seitz et al., 2006; Wong
et al., 2011), and therefore their additions to the ecosystem must be
weighed carefully for each region.

Though natural rocky intertidal habitats do not exist in Chesapeake
Bay, the vertical distribution of epifauna on the riprap structures was
similar to that in typical rocky intertidal habitats of the Northeast or
West coasts of the US (Menge and Branch, 2001). Densities of oysters
and mussels were highest in the mid- and low-intertidal zones where
desiccation stress at low tide and predation at high tide are minimized.
Barnacle densities were highest in the high-intertidal zone in the
southern site, similar to that on other rocky intertidal coasts, as the
main species, Cthamalus fragilis, is more tolerant of heat or desiccation
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than other epifauna, yet they tend to succumb to competitors at lower
tidal ranges (Wethey, 1983, 2002). The slightly greater subtidal den-
sities of barnacles in the northern location are typical of the main
species there, Balanus eburneus, and may be partially explained by
competition with other epifaunal species in the high-intertidal zone, as
occurs north of Cape Cod, Massachusetts (Wethey, 2002).

Epifaunal oysters were not found at the northern location, poten-
tially because of extreme cold or freezing of intertidal habitats in the
winter (Biittger et al., 2011), the smaller tidal range, or reduced larval
influx (Shumway, 1996). In a field survey of oysters on riprap in the
Great Wicomico River (south of the Patuxent River) there was a mass
mortality of oysters in the mid-intertidal and high-intertidal following
an extremely cold winter (R. Lipcius, personal observation), suggesting
that cold winter temperatures similarly affect riprap assemblages in
other northern locations, such as the Patuxent River.

One estimate claimed that at least 35% of the world is an emerging
ecosystem, and this percentage is expected to rise (Marris, 2009). Ex-
amples include new forests growing on deteriorated lands in Puerto
Rico, tropical savannas in Brazil, re-inhabited kelp forests, and estuaries
such as San Francisco Bay (Hobbs et al., 2006). Oil and gas platforms in
the Gulf of Mexico allow dispersal of corals into new areas, thereby
enhancing populations (Sammarco et al., 2004), and potentially re-
present an emerging ecosystem. Some emerging ecosystems enhance
fish populations (Barwick et al., 2004; Guidetti et al., 2005). Many
ecologists fear negative impacts that emerging ecosystems may have on
balanced natural systems, but other scientists (Marris, 2009) suggest
that these systems may be as or more productive than the natural sys-
tems they have replaced. It is important to understand the potential
positive effects on secondary production of riprap habitats in Chesa-
peake Bay, given the trends in human development (Airoldi et al.,
2005) and expansion of developed shorelines (Bulleri and Chapman,
2010).

Two attributes are necessary for a system to be an emerging eco-
system: novelty and human agency (Hobbs et al., 2006). The riprap
habitat in this study is similar to an emerging ecosystem in that the
novelty is the new benthic community established upon the riprap
structure, and the human agency is the establishment of the man-made
riprap structure, which is usually constructed to reduce shoreline ero-
sion. Man-made habitats are increasing in prevalence and may be im-
portant for maintaining biodiversity in an urban landscape (Rebele,
1994; Savard et al., 2000; Sandstrom et al., 2006; Bulleri and Chapman,
2010). For sustainable development, an increased understanding of the
ecology of such man-made habitats will be useful to managers and is
warranted (Airoldi et al., 2005). As global warming continues to
threaten the environment, sea level is estimated to rise 0.2-0.7 m by
2100 (IPCC, 2014), increasing erosion and necessitating additional
erosion-protection structures. These structures can exist without com-
pletely compromising Chesapeake Bay's ecological health, and under-
standing these new habitats is important.

Riprap structures provide a compromise between preventing ero-
sion with severe loss of habitat (as with the use of bulkheads)(Scavia
et al.,, 2002) and maintaining biodiversity by serving as substrate for
benthic epifauna; thus, they are preferential to other erosion-control
measures such as bulkheads. They also may be used in concert with
natural living shorelines, for example, as sills shoreward of a marsh
(Gittman et al., 2016b), which would provide further benefits to the
ecosystem (Living Shoreline Summit Steering Committee, 2006;
Scyphers et al., 2011; Wong et al., 2011). Secondary productivity on
and adjacent to riprap is high and on par with oyster reefs (Wong et al.,
2011), though productivity may be lower than that of marsh or seagrass
habitats. The high oyster and mussel biomass and secondary production
on these structures also can contribute substantially to ecosystem ser-
vices such as filtration of phytoplankton and seston, habitat for other
epifaunal molluscs and mobile species, and benthic—pelagic coupling
(Coen et al., 2007). Hence, this novel, hard-substratum, riprap habitat
has promise as a productive component of an emerging ecosystem.



R.D. Seitz, et al.

Caution is needed against interpreting these results as evidence that
riprap is “good” for the environment, as there is likely a threshold of
shoreline development beyond which it would be difficult for the en-
vironment to respond (Seitz and Lawless, 2008). However, it is re-
cognized that human alteration of habitats will result in ecosystem
changes that must be understood to efficiently protect and restore these
habitats.
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Infaunal species' Latin name (or Group name), abbreviations (used in Fig. A.2), and taxonomic identification (in order of
combined abundance across both the Lynnhaven and Patuxent Rivers).

Latin name/Group name Abbreviation Taxon
Tagelus plebeius T. plebeius Bivalve
Limecola (formerly Macoma) balthica L. balthica Bivalve
Ensis (formerly directus) leei E. leei Bivalve
Gemma gemma G. gemma Bivalve
Mpya arenaria M. arenaria Bivalve
Mixed polychaetes Polys Polychaete
Ameritella (formerly Macoma) mitchelli A. mitchelli Bivalve
Mulinia lateralis M. lateralis Bivalve
Macoploma (formerly Macoma) tenta M. tenta Bivalve
Kelliopsis (formerly Aligena) elevata K. elevata Bivalve
Glycera dibranchiata G. dibranchiata Polychaete
Alitta (formerly Neanthes/Nereis) succinea A. succinea Polychaete
Drilonereis longa D. longa Polychaete
Leitoscoloplos sp. Leitoscoloplos Polychaete
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Fig. A.1. Mean infaunal density by Region in the A) Lynnhaven River and B) Patuxent River (note difference in y-axis scale).
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Supplementary data to this article can be found online at https://doi.org/10.1016/j.ecss.2019.106357.
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