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A B S T R A C T   

Salt marshes provide valued services to coastal communities including nutrient cycling, erosion control, habitat 
provision for crustaceans and fish (including juvenile and forage fish), and energy transfer from the detrital based 
food web to the greater estuarine system. Living shorelines are erosion control structures that recreate natural 
shorelines, such as fringing marshes, while providing other beneficial ecosystem services. Living shorelines are 
expected to provide fish and crustacean (nekton) habitat, but few comprehensive studies have evaluated nekton 
habitat use across a range of living shoreline settings and ages. We sampled the intertidal marsh and subtidal 
shallow water nekton community at 13 paired living shoreline and reference marsh sites, with living shorelines 
ranging in age from 2 to 16 years from construction. We compared nekton diversity, nekton community abun-
dance, nekton community biomass, forage abundance, and juvenile abundance at reference marshes and living 
shorelines. Our results indicate that living shorelines are providing suitable marsh habitat for nekton commu-
nities, including juveniles and forage base species. The difference in living shoreline construction (rock sill, soil 
composition) did not appear to diminish habitat quality in the marsh or in nearshore waters, and rock sills may 
provide enhanced structural shoreline habitat. Living shorelines have the potential to combat marsh habitat loss 
and provide resilient nekton nursery habitat.   

1. Introduction 

Coastal communities and environments are increasingly threatened 
by climate change due to loss or hardening of shorelines that results in 
property damages for coastal residents and reduced habitat availability 
for aquatic and estuarine species (Gittman et al., 2015; Nicholls et al., 
1999). Sea level rise, more frequent storms, and increased erosion have 
and will continue to reduce societal sustainability and economic sta-
bility (Leonardi et al., 2016; Shepard et al., 2011). Coastal development 
and hard shoreline modifications for erosion control (e.g., bulkhead, 
riprap revetment) degrade coastal ecosystems and diminish the natural 
resilience and adaptive capacity of coastal environments (Gittman et al., 
2015; Sutton-Grier et al., 2015). 

Coastal wetlands, such as salt marshes, are particularly vulnerable to 
anthropogenic stressors, and their loss results in a corresponding 
reduction in ecosystem functioning and valued services (Gilby et al., 

2020). Salt marshes benefit society by attenuating waves, reducing 
erosion, and withstanding sea level rise along populated shorelines 
(Leonardi et al., 2016; Möller et al., 2014). Salt marshes benefit eco-
systems by providing nekton (fish and crustaceans) with food, predation 
refuge, and nursery habitat (Banikas and Thompson, 2012; Minello 
et al., 2003; Quan et al., 2007; Sheaves, 2009). Furthermore, salt 
marshes subsidize the estuarine food web through trophic transfer of the 
detrital-based food web (Deegan et al., 2002). Along the southeastern 
Atlantic and Gulf coasts of the United States, most economically valued 
fish inhabit or use the marshes as juveniles (Mitsch and Gosselink, 
2015). Nekton that forage in the marsh can also be prey for commer-
cially and recreationally valued fish species (Deegan et al., 2002; Kneib, 
1986; Laffaille et al., 1998). These sociocultural benefits underscore the 
key role of salt marshes in supporting estuarine ecosystems, societal 
resilience, and coastal economies. 

Natural and nature-based shoreline protection, henceforth living 
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shorelines, incorporate features of natural habitats (e.g., fringing salt 
marshes) to protect coastal property while providing other valuable 
benefits to society and ecosystems (Smith et al., 2020). Living shorelines 
are being implemented to reduce coastal erosion using restored or 
created habitats that exhibit natural capacity to adapt to changing en-
vironments, such as sea level rise and climate change (Bilkovic et al., 
2016). Designed to emulate nearby natural habitats and processes, living 
shorelines are expected to provide similar ecosystem services as their 
natural counterparts, such as water filtration, wave attenuation, and 
nutrient cycling (Currin et al., 2010). In the Chesapeake Bay, living 
shorelines often include fringing salt marshes and additional structural 
materials in front of the marsh, such as a rock sill or oyster reef, which 
enhance shoreline protection in higher energy environments. These 
additional structural features potentially diversify the habitat 
complexity and may increase the ability of vegetated shorelines to keep 
pace with sea level rise (Smith et al., 2020; Waltham et al., 2021). Living 
shorelines tend to resist and recover from hurricanes and storm surges 
better than shoreline armoring (Gittman et al., 2014; Smith et al., 2018), 
demonstrating their expected resiliency under future climate regimes. 

The structural similarity of living shoreline marshes to natural 
marshes often is assumed to equate to similar ecological functions, such 
as nursery habitat and foraging opportunities for fish and crustaceans. 
Because of variable construction practices and the installation of addi-
tional structures, living shoreline marshes may create habitats that differ 
from natural marshes. In higher wave energy settings, for example, 
living shorelines may require additional engineered wave-break features 
for enhanced marsh stability. In these hybrid designs, a sill structure 
often is placed seaward and parallel to the marsh and may be composed 
of granite rocks (Bilkovic and Mitchell, 2017). In the mid-Atlantic re-
gion, the area behind a sill can be filled with clean sand fill to replicate 
appropriate tidal elevations and a salt marsh can be created or supple-
mented with cordgrass (Spartina alterniflora) and salt hay (S. patens) 
plantings (Bilkovic and Mitchell, 2017). 

Although the practice of using living shorelines has increased over 
the years (Berman et al., 2018), few studies have comprehensively 
evaluated how well a living shoreline replicates suitable nekton habitat 
across multiple environmental settings. Studies in North Carolina, USA, 
have found that living shorelines that were constructed at least 3 years 
prior had similar or higher fish abundance and biodiversity than refer-
ence marshes (Currin et al., 2008; Gittman et al., 2016). In Maryland, 
small-bodied fishes, such as mummichog (Fundulus heteroclitus), were 
quick to establish at a newly created living shoreline marsh, but this 
study was not able to fully evaluate juvenile habitat use as the research 
was completed after living shoreline creation which occurred after 
summer recruitment (Davis et al., 2008). In Delaware, Balouskus and 
Targett (2016) showed that nekton habitat at a living shoreline was 
more similar to a nearby natural marsh than it was to a nearby riprap 
revetment. To more fully evaluate the ecological role and nekton habitat 
suitability of living shorelines within an estuary, there is a need to assess 
multiple living shorelines in a range of settings and with varying ages 
since construction. 

Living shorelines are expected to increase marsh habitat connectivity 
along shorescapes (i.e., the tidal shoreline area that includes the ripar-
ian, intertidal, and nearshore zones) that are highly developed and 
habitats that are often fragmented (Waltham et al., 2021). Human- 
induced marsh fragmentation occurs either directly via replacement of 
marshes with hardened structures or indirectly where human features 
influence ecological processes beyond their physical location (Forman 
and Deblinger, 2000). Habitats in connected shorescapes may be sub-
sidized by surrounding habitats, while those in highly fragmented 
shorescapes may suffer the effects of isolation. Habitat fragmentation 
has been linked with shifts in biodiversity, loss of habitat-specific sen-
sitive or functionally important species, and isolation of populations 
when connectivity is diminished (Fahrig, 2003; Kareiva and Wennerg-
ren, 1995; Thrush et al., 2008), but estuarine systems have been far less 
studied than terrestrial systems even though estuaries and coasts have 

experienced substantial habitat loss and fragmentation (e.g., Lotze, 
2006). 

For the current study, we assessed the extent to which living shore-
line marshes reach functional equivalency with fringing marshes to 
support habitat provisioning. We evaluated nekton community assem-
blages and fish condition across a range of living shoreline ages and 
environmental settings. Our two objectives were to 1) examine nekton 
community structure along a chronosequence of living shorelines in 
relation to natural fringing marshes (henceforth reference marshes), and 
2) relate environmental and shoreline characteristics to the juvenile 
nekton community, forage base community, and forage base fish con-
dition. Because living shoreline construction practices alter shoreline 
habitat, we hypothesized that nekton community assemblages and the 
feeding conditions of older living shorelines would be more similar to 
reference marshes than younger living shorelines. We further hypothe-
sized that living shoreline and reference marshes farther away from 
other marshes (e.g., surrounded by more armored shorelines) would 
exhibit lower nekton habitat use. 

2. Methods 

2.1. Field sites 

Field sites consisted of 13 pairs of living shorelines and reference 
marshes at shoreline properties throughout southern Chesapeake Bay 
(Fig. 1). Living shoreline sites were selected from an initial candidate 
pool of more than 100 living shorelines extracted from the Virginia 
Shoreline Permit Database (CCRM, 2017). To minimize variation due to 
different living shoreline designs, all candidate living shorelines had a 
rock sill, clean sand fill used to create the correct tidal elevations, 
planted marsh grasses, and were constructed at least 2 years prior to the 
first sampling in 2018 to allow time for plant establishment. Final living 
shorelines sites were then selected through stratified random sampling 
to include sites categorized as having low, moderate, or high marsh 
connectivity, with 3, 5, and 5 sites, in each respective category. Marsh 
connectivity within the shorescape was determined based on the 
closeness to surrounding marshes and breaks in marsh connectivity due 
to shoreline armoring (Chambers et al., 2021). For each living shoreline, 
a nearby, natural fringing marsh (at least 30 linear m of marsh edge) was 
selected as a reference marsh based on similarities in ecological setting 
(fetch, land use). 

2.2. Site sampling: marsh characteristics and site setting 

Marsh characteristics (low marsh area, inundation duration, cord-
grass density, cordgrass height) were assessed per site. We determined 
the low marsh area (i.e., the area dominated by cordgrass) by walking 
the low marsh perimeter and marking the boundary with a handheld 
Trimble Geo 7×. The boundary was converted to an area in ArcGIS Pro. 
In the Chesapeake Bay, the upper extent of the low marsh is typically 
mean high water, therefore, the high marsh is only periodically inun-
dated, limiting its utility as nekton habitat. For this reason, we limited 
the spatial delineation of nekton usage to the vegetated low marsh. For 
each site, we determined the inundation duration by interpolating the 
NOAA tidal predictions for each site using marsh elevation data 
collected via a stadia rod and a handheld Trimble Geo 7× (Bilkovic 
et al., 2021). Inundation duration reflects the temporal extent that 
nekton would have access to the marsh, measured in hours of marsh 
inundation per month, and is an indication of living shoreline design due 
to the created elevations from the sand fill. To determine smooth 
cordgrass density and height for each site, we conducted six transects 
perpendicular to the shoreline, spaced at least 5 m apart. We placed 
0.25 m2 quadrats at the marsh (water) edge and 1 m inland, resulting in 
12 samples per site. For each quadrat, we counted the number of smooth 
cordgrass stems and measured the visual average height of the stems. 

Site setting characteristics (marsh distance, shoreline armoring, Bay 
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mouth distance) were assessed per site. Marsh distance was calculated as 
the mean distance to natural marshes along a 1000 m radius, centered 
on the site. This marsh distance measure reflects the proximity of sur-
rounding marsh habitat which may influence nekton movement along 
the shorescape. The measure accounts for marsh connections within and 
between marsh patches and was used as a relative metric to compare 
marsh connectivity across sites. Lower marsh distance values indicate 
there were marshes nearby, and nekton would travel a shorter distance 
to get to marsh habitat (i.e., higher marsh connectivity). Shoreline 
armoring is the percent of armoring within a 1000 m radius, centered on 
the site. Marsh distance was highly correlated with shoreline armoring, 
such that marshes with high distances to nearby marsh habitat also had 
high shoreline armoring percentages (Pearson correlation, 0.77), and 
marsh distance was used for additional analysis. The Bay mouth distance 
is the shortest distance by water to Chesapeake Bay mouth for each site, 
which reflects the extent that juvenile or transient species would need to 
travel from the Atlantic Ocean as a larval source or as part of migration 
patterns. 

2.3. Nekton sampling 

To assess habitat use, we sampled the nekton community in the 
intertidal marsh and adjacent subtidal shallow waters during summer 
(June–August) in 2018 and 2019. At each site, two fyke nets were set at 
high tide at the marsh edge and retrieved at low tide when the marsh 
had drained. Fyke nets were placed at the sill gaps or ends of the living 
shoreline sites and randomly along the edge of the reference marsh sites. 
To standardize sampling effort, fyke net openings were set at the same 
distance from marsh edge (~1 m, depending on sill location relative to 
the marsh edge). The fyke nets consisted of a 0.9 × 0.9 × 3.0 m com-
partmentalized, 3.175- mm- mesh bag with 0.9 × 5.2 m wings that 
stretched out from the bag (set for a total mouth width of 8 m) into the 
marsh and staked to block a section of low marsh (i.e., wings extend to 

high marsh). Fyke nets fished for 4 h ± 40 min (SD) and were retrieved 
at low tide. Ten minnow traps (3 mm mesh size) were set at high tide in 
cordgrass-dominated low marsh, with five traps near the waterward 
marsh edge and 5 traps near the cordgrass – salt hay transition zone. 
Upper traps fished for 2 h 4 min ± 44 min (SD) and lower traps fished for 
3 h 7 min ± 58 min and were retrieved at mid to low tide. Three seines 
(7.6 m wide x 1.8 m tall, 1.8 m × 1.8 m × 1.2 m bag, 3.175- mm- mesh,) 
were pulled at mid-tide, from 15 m offshore towards the marsh edge at 
reference marshes or the rock sill at living shorelines, with 10-min 
waiting periods between seines. Physicochemical point measures were 
recorded at the time of sampling for each site using a handheld YSI® 
EXO™2. Paired sites were concurrently sampled to reduce temporal 
variation. 

We identified nekton to species, except silverside (Menidia spp), 
anchovy (Anchoa spp) and shrimp (Palaemonetes spp), which were 
identified to their respective genus. For each fyke, seine, and minnow 
trap replicate, we measured each finfish (total length, TL, cm) and we 
recorded the total weight (g) by species. For abundant species, we 
measured (TL, cm) a subsample of 25 fish and recorded the total weight 
(g) by species, by repliacte. For blue crabs (Callinectes sapidus), we 
recorded the length (cm; carapace width, CW), weight (g), sex, and 
sexual maturity (juvenile, adult) of all individuals. For shrimp, we 
counted all individuals and determined a total weight (g) per sample 
replicate. We determined species comprising the forage base (Appendix: 
Table S1), defined broadly as fish and crustacean species that are com-
mon along estuarine shorelines and regularly consumed by piscivorous 
fish (Ihde et al., 2015). We documented which nekton were young-of- 
year, henceforth juveniles, based on established literature values (Ap-
pendix: Table S1). We used TL literature values to correspond with our 
field measurements when available and fork length and standard length 
if TL was not reported. Standard length and fork length are shorter 
measurements than total length, which resulted in a more conservative 
assessment of juvenile abundance for nine species. If multiple TL 

Fig. 1. Field site map and images. 
Living shoreline and reference (natural) marsh pairs were sampled throughout the lower Chesapeake Bay, USA. Images of a natural marsh (A) and living shoreline (B) 
pair during sampling. The two fyke nets for each site are visible in the images, indicated by the black circles. 
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measurements were reported in the literature for summer months, we 
used the August measurement, which would result in some fish species 
captured earlier in the summer to be classified as juveniles when they 
might have been young adults. 

To assess the quality of feeding conditions for representative 
shoreline-associated and marsh-dependent species, the length and in-
dividual mass (g) of a subset of adult Atlantic silverside (here, identified 
to species, Menidia menidia, >5 cm TL) and adult mummichog (>4 cm 
TL) were used to calculate fish condition at each site. Up to 15 Atlantic 
silverside were collected using the aforementioned seines and 3 addi-
tional seine pulls if 15 adults were not captured. If adults were not 
present in any seines, we measured the lengths and weights of juvenile 
Atlantic silverside. Up to 30 mummichog were collected using eight 
additional minnow traps (6 mm mesh size), placed haphazardly in the 
lower marsh, and at least 1 m away from other traps. These traps were 
checked between 20- to 40-min after setting to ensure gut contents 
would be minimally digested. To assess mummichog gut fullness, a 
proxy for recent feeding opportunities, mummichog were euthanized 
with a lethal dose of buffered MS-222 and preserved in 10% buffered 
formalin. As mummichog lack a true stomach, their intestinal sections I 
and II (i.e., esophagus through the second bend of the intestines; Babkin 
and Bowie, 1928) were removed and transferred to 70% ethanol after 
fixation. Total gut weight (g) was recorded. 

2.4. Living shoreline age 

To assess if there were any nekton community trends with living 
shoreline age, we calculated the Pearson correlation coefficient for total 
nekton abundance, juvenile abundance, forage species abundance, 
mummichog condition, and silverside condition, with living shoreline 
age (R Core Team, 2020). 

2.5. Nekton community abundance and biomass 

We calculated site-specific nekton diversity based on species taxo-
nomic distinctness. Taxonomic distinctness incorporates phylogenetic 
relationships across species to assess differences due to functional 
groups rather than species-driven differences (Warwick and Clarke, 
2001). Taxonomic distinctness was analyzed using PERMANOVA 
(Permutational multivariate analysis of variance) models using Type III 
sum of squares and 9999 permutations. We modeled the functional di-
versity relative to shoreline type, pair number, sampling year, and all 
two-way interactions terms (PRIMER-E v7 with PERMANOVA exten-
sion, Anderson et al., 2008). 

To compare the nekton community, we used a square root trans-
formation to down-weight highly abundant species and ran species- 
species comparisons at the community level (Bray–Curtis similarity 
matrices) with PERMANOVA (PRIMER-E v7 with PERMANOVA exten-
sion, Anderson et al., 2008). We modeled community composition based 
on pair number, shoreline type, sampling year, and all two-way in-
teractions. Models were run separately using species abundance and 
species biomass. We conducted separate analyses for the nekton com-
munities found in nearshore, subtidal shallow waters (seines), intertidal 
marsh habitat (fyke nets and minnow traps), and at the site-level (all 
fishing methods combined). For nekton captured in the intertidal marsh 
habitat, we ran the aforementioned PERMANOVA models on the juve-
nile fish community and the forage base community using species 
abundance and species biomass. 

For any community differences detected in the PERMANOVAs be-
tween shoreline types (p < 0.05), we ran a SIMPER analysis (Similarity 
percentages) to identify which species were driving the differences 
(PRIMER-E v7 with PERMANOVA extension, Anderson et al., 2008). 
These identifications were made based on the Diss/SD ratio, which is the 
average contribution of a species divided by the standard deviation of its 
contributions. Larger values indicate the species more often contributed 
to differences detected. Species with a Diss/SD value over 1.1 were 

considered to be predominately driving the differences between shore-
line types. For these key species, we compared their size distributions at 
living shorelines and at reference marshes in R statistical software 
environment (henceforth, R) using Kolmogorov-Smirnov tests (R Core 
Team, 2020). 

2.6. Juvenile and forage species abundance and site factors 

We evaluated the extent that site factors (marsh characteristics, site 
setting) influence the abundance of juveniles and the forage base. We 
developed separate models for juvenile abundance and forage base 
abundance based on marsh characteristics (Eq. (1)) and site setting (Eq. 
(2)). All generalized linear mixed-effects models were conducted using 
the lme4 package in R 4.0.3 (Bates et al., 2015; R Core Team, 2020). 

abundancei,j = β1 areai + β2 inundationi + α0,j + εi,j (1) 

The marsh characteristics model (Eq. (1)) included two fixed effects: 
1) areai which is the low marsh area for site i, and 2) inundationi, which is 
the hours of low marsh inundation per month for site i. Pair number j 
was included as a random factor, α0,j. 

abundancei,j = β1 marsh disti + β2 mouth disti + α0,j + εi,j (2) 

The site setting model (Eq. (2)) included two fixed variables: 1) 
marsh disti, which is marsh connectivity measure of the mean distance to 
surrounding natural marshes along a 1000-m shorescape, centered on 
site i, (i.e., a lower marsh distance value indicates higher connectivity to 
marsh habitat), and 2) mouth disti, which is the distance by water from 
site i to Chesapeake Bay mouth. Pair number j was included as a random 
factor, α0,j. 

For both models, we averaged the site-specific abundances across 
years because the marsh characteristics and site setting were consistent 
across years. We modeled juvenile abundance as a negative binomial 
distribution (which drops the error term) and the forage base abundance 
as a normal distribution using glmer and lmer functions, respectively. Bay 
mouth distance was log-transformed to meet assumptions of normality. 
To permit comparisons of variable effect sizes (i.e., compare β co-
efficients), all variables were standardized and centered. Models were 
compared to each other and to the null model using Akaike information 
criterion (AIC), which incorporates model goodness of fit and penalties 
for models with more variables (Aho et al., 2014). We calculated ΔAIC, 
which is the difference of the model AIC compared to the null model 
AIC, with larger values indicating better model fit. 

We used mummichog to evaluate the quality of feeding conditions in 
intertidal marsh habitat, and Atlantic silverside to compare nearshore 
subtidal conditions. Mummichog are a marsh-resident species, and are 
one of the most abundant shoreline species with a highly localized home 
range and high site fidelity (Currin et al., 2003; Lotrich, 1975). Atlantic 
silverside prefer nearshore habitat during the growing season and are a 
highly abundant forage fish (Balouskus and Targett, 2012). Mummichog 
and Atlantic silverside are common prey items for recreationally and 
commercially important fishes, such as Morone saxatilis (striped bass) 
and Pomatomus saltatrix (bluefish; Balouskus and Targett, 2012; Tupper 
and Able, 2000). 

We calculated mummichog and Atlantic silverside fish condition 
with Fulton’s condition factor, K (Eq. (3); Blackwell et al., 2000; Bolger 
and Connolly, 1989). 

K =
(
Weight

/
Length3) x 100, 000 (3) 

Under isometric growth, fish weight (Weight) is expected to be pro-
portional to fish length cubed (Length3), and thus the ratio of measured 
weight over expected weight provides an indication of the relative 
plumpness of the fish. 

We modeled how Atlantic silverside and mummichog fish condition 
related to marsh characteristics, site setting, and shoreline type. The 
former two models include the same model structure as described above 
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for abundance (Eqs. (1), (2)). The shoreline type model (Eq. (4)) 
included shoreline type (typei) and year (yeari) as fixed effects for site i 
and pair j was included as a random effect (α0,j). 

Conditioni,j = β1 typei + β2 yeari + α0,j + εi,j (4) 

Mummichog condition and Atlantic silverside condition were nor-
mally distributed. Mummichog and Atlantic silverside condition linear 
models were conducted using the lme4 package in R (Bates et al., 2015; 
R Core Team, 2020), and compared using ΔAIC, as described above. 

To assess feeding conditions within the marsh, we calculated 
mummichog gut fullness (GF, Eq (5)). Gut fullness assesses the imme-
diate environmental feeding conditions before sampling, using gut 
weight (gut content mass) normalized to total body weight (total body 
mass) for comparisons among individuals (Hyslop, 1980). 

GF = gut content mass/total body mass (5) 

We modeled mummichog GF using the same model structures 
described previously for marsh characteristics, site setting, and shore-
line type (Eqs. (1), (2), and (4), respectively), and models were 
compared based on their ΔAIC. Gut fullness was fit using a normal 
distribution, and models were conducted using the lme4 package in R 
4.0.3 (Bates et al., 2015; R Core Team, 2020). 

3. Results 

3.1. Nekton and site sampling 

In 2018 and 2019, respectively, we collected: 22,680 and 20,525 
fish; 792 and 1262 blue crabs; 3487 and 5545 shrimp; with a total 
nekton biomass of 65,084 g and 56,087 g. We captured 37 species in 
2018 and 36 species in 2019 resulting in 43 different species across both 
years. In total, 19 species were considered forage species (Appendix: 
Table S1), and 33 species were comprised of more than 50% juveniles 
over both years. At each site, we captured 15 adult Atlantic silverside for 
additional body condition analysis, except at four living shoreline sites 
and one reference marsh site in 2018 and at two living shoreline sites 
and four reference marshes in 2019, where Atlantic silverside avail-
ability was limited. One reference marsh site in 2019 had no Atlantic 
silverside, either adults or juveniles. Similarly, at each site we captured 
30 adult mummichog for body condition and gut fullness assessments, 
except for one living shoreline site in 2019, where we were only able to 
capture 25 adult mummichog. 

Marsh characteristics and site setting were similar at living shoreline 
and reference marsh sites (Appendix: Table S3). All values, below, are 
reported as means and standard errors. In 2018 and 2019, respectively, 
the water temperature was 29.2 ± 0.3 ◦C and 28.1 ± 0.5 ◦C, salinity was 
15.3 ± 0.4 and 15.9 ± 0.4, and dissolved oxygen was 7.3 ± 0.4 mg/L and 
5.7 ± 0.2 mg/L. The average low marsh area was 215 ± 34 m2, and 
inundation duration was 187 ± 15 h per month. From any given point 
within a 1 km radius of each site, the average distance to nearby marsh 
habitat was 13 ± 2 m, the distance to the Chesapeake Bay mouth was 51 
± 3 km, and percent natural land cover was 59 ± 4%. For living 
shorelines and natural marshes, respectively, mean cordgrass height was 
83 ± 6 cm and 81 ± 5 cm, and mean cordgrass density was 163 ± 23 
stems per m2 and 182 ± 28 stems per m2. 

3.2. Living shoreline age 

We did not find any significant correlations of living shoreline age 
with any nekton abundance metrics, or fish condition. All Pearson cor-
relation coefficients were within ±0.05 of zero, except juvenile abun-
dance which had a correlation coefficient of 0.11 (Table 1). 

3.3. Habitat suitability: nekton abundance and biomass 

Nekton species abundance was similar between living shorelines and 
reference marshes (PERMANOVA, p > 0.05, Appendix: Table S4), but 
biomass differed by shoreline type at the site-level, and in the intertidal 
marsh habitat (PERMANOVA, p < 0.05, Table 2). There were no dif-
ferences detected in community abundance or biomass for the subtidal 
community or in the intertidal community based on site type (PERMA-
NOVA, p > 0.05, Appendix: Tables S5, S6). Nekton functional diversity 
was similar at living shoreline and natural marsh sites (Appendix: 
Table S7). There were no differences in any results when we considered 
fish and crustaceans together or separately; therefore, all presented re-
sults include the entire nekton community. For all community com-
parisons, the multivariate dispersions at living shorelines and reference 
marshes were homogenous (PERMDISP, p > 0.05). 

Nekton biomass differences in marshes (i.e., fyke nets and minnow 
traps) were influenced by higher biomass of mummichog, blue crab, 
striped killifish (Fundulus majalis), shrimp, and silverside in living 
shoreline marshes relative to reference marshes (SIMPER, DISS/SD >
1.1, Table 2). At the site level (i.e., all fishing gear), differences were 
influenced by higher biomass of mummichog, blue crab, striped killifish, 
spot (Leiostomus xanthurus), and shrimp at living shorelines, and higher 
biomass of silverside and anchovy at reference sites than at living 
shoreline sites (SIMPER, DISS/SD > 1.1, Appendix: Table S4). In all 
comparisons, pair number was significantly related to the community 
composition abundance and biomass (Tables 1, S3, S4, S5, S6). 

Table 1 
Living shoreline age Pearson coefficient correlations.  

Nekton metric Correlation 

Nekton Abundance − 0.05 
Juvenile Abundance 0.11 
Forage Abundance − 0.03 
Mummichog Condition 0.04 
Silverside Condition 0.04 

Correlation with nekton metrics and living shoreline age since 
construction. Based on the sampling in 2018, living shoreline 
age ranged from 2 to 16 years, and no nekton metrics were 
correlated with living shoreline age. 

Table 2 
Marsh community biomass comparisons in marsh habitat.   

All Nekton 
Biomass 

Forage Biomass Juvenile 
Biomass 

Pair number 0.0001 0.0001 0.0191 
Shoreline Type 0.0233 0.0139 0.1057 
Species contributing to 

differences 
Mummichog* 
Striped killifish* 
Blue crab* 
Shrimp spp.* 
Silverside* 
Silver perch 
Spot 

Mummichog* 
Striped 
killifish* 
Blue crab* 
Shrimp spp.* 
Silver perch 

NS 

Year 0.1147 0.1127 0.1327 
Pair x Type 0.0003 0.004 0.2009 
Pair x Year 0.0005 0.0007 0.1349 
Type x Year 0.4141 0.3431 0.5808 

Comparisons of biomass for all nekton, forage nekton, and juvenile nekton 
captured in the intertidal marsh habitat (fyke nets, minnow traps). Table reports 
p-values, with an α level of 0.05. If there was a difference detected due to 
shoreline type, the species that were driving the difference were assessed with a 
SIMPER analysis. All species were determined to have higher biomass at living 
shoreline sites. The species dominating the difference (Diss/SD >1.1) are 
marked with *. 
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3.4. Habitat suitability: juvenile and forage species patterns 

The juvenile nekton marsh community captured on the intertidal 
marsh habitat was similar at living shorelines and reference marshes, for 
abundance (PERMANOVA, p > 0.05, Appendix: Table S5) and biomass 
(PERMANOVA, p > 0.05, Table 2). The forage community captured in 
intertidal marsh habitat had similar abundances across shoreline type 
(PERMANOVA, p > 0.05, Appendix: Table S5), but living shorelines had 
higher biomass, driven by striped killifish, blue crabs, mummichog, 
silverside, and shrimp (PERMANOVA, p < 0.05; SIMPER, DISS/SD >
1.1; Table 2). 

We compared the size-frequency distributions of the striped killifish, 
blue crab, mummichog, and silverside that influenced biomass differ-
ences between living shoreline and reference marshes. All four species 
had significantly different distributions (Kolmogorov–Smirnov, p <
0.05, Fig. 2). Shrimp contributed to biomass differences, but we did not 
record their lengths, so a size-frequency comparison across habitat types 
was not possible. Striped killifish were more abundant at living shore-
lines, and there were higher abundances of smaller (< 3 cm) and larger 
fish (> 7 cm) than at reference marshes. Mummichog tended to be larger 
at living shorelines within the same size classes as there is a clear 
distinction between juvenile and adult size classes, around 5–6 cm. 
Silverside were often smaller at living shorelines and were larger at 
reference marshes. Blue crabs in reference marshes and living shorelines 
had similar size distribution patterns, although significant differences 
were detected. Unlike the other size-frequency species comparisons, 
these detected differences in blue crab sizes do not present a clear 
pattern, and differences detected are likely due to the natural variation 
present in a large sample size (n = 1863). 

For juvenile abundance, the site setting model was a much better 
predictor than the null model and the marsh characteristic model was 
marginally better than the null model (ΔAIC, Table 3). For forage species 
abundance, the marsh characteristic model and site setting model were 
similar predictors of forage abundance and both models were better fits 
than the null model (ΔAIC, Table 3). More juveniles were found at sites 
that had more marsh habitat nearby, i.e., lower distance to marsh 

Fig. 2. Size-frequency comparisons. 
There were differences detected for the size-frequency of striped killifish (A), mummichog (B), blue crab (C), and silverside (D) at living shorelines and reference 
(natural) marshes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
Model fit and variance explained.   

Marsh characteristics Site setting Shoreline type 

Juvenile abundance 2.18 
(0.15, 0.70) 

10.39 
(0.58, 0.58) 

n/a 

Forage abundance 14.3 
(0.11, 0.62) 

13.1 
(0.30, 0.48) 

n/a 

Mummichog condition − 15.8 
(0.01, 0.8) 

− 20.6 
(0.04, 0.14) 

9.2 
(0.02, 0.8) 

Mummichog gut fullness 36.0 
(0.10, 0.26) 

13.7 
(0.05, 0.09) 

54.7 
(0.05, 0.9) 

Silverside condition − 20.6 
(0.00, 0.6) 

− 33.4 
(0.01, 0.6) 

20.4 
(0.05, 0.1) 

Two models, marsh characteristics and site setting, were run for juvenile 
abundance and forage base abundance. These models and an additional shore-
line type model were run for mummichog condition, mummichog gut fullness, 
and Atlantic silverside condition. The first value listed in the table is the ΔAIC, 
with higher ΔAIC values indicating a better model fit, and positive values 
indicating the model was a better fit than the null model. The first value in 
parenthesis is the r2 value for the fixed effects, which explains the variation 
accounted for by the fixed effects, and the second value in the parenthesis is the 
variation (r2) explained by the whole model. 
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habitat which indicates high marsh connectivity (Fig. 3). Juveniles were 
more abundant at sites with a greater low marsh area, and at sites with a 
shorter inundation duration. Forage species were more abundant at sites 
with greater low marsh area, marshes with a shorter inundation dura-
tion, and sites closer to the mouth of Chesapeake Bay (Fig. 3). 

The shoreline type model was the best predictor of mummichog 
condition (Table 3). The marsh characteristics model and the site setting 
model were poorer fits than the null model, and the fixed effects in these 
two models explained 1% and 4%, respectively, of the variation in 
condition. On average, mummichog had a lower condition at natural 
marshes in both years. Mummichog had higher condition in 2018 yet 
fuller guts in 2019 (Appendix: Fig. S1).The shoreline type model 
explained mummichog gut fullness the best, but the marsh character-
istics model explained the most variation, 26% (Table 3). 

Atlantic silverside condition was best predicted by the shoreline type 
model. The site setting and marsh characteristics models provided 
poorer fits than the null model (Table 3). In the shoreline type model, 
however, year was an important factor while shoreline type was not an 
important factor. Atlantic silverside had a lower mean condition in 2019 
than in 2018 (Appendix: Fig. S1). 

4. Discussion 

Overall, we found that living shorelines provide similar habitat as 
reference marshes based on nekton diversity, abundance, and biomass 

comparisons. After 2 years since living shoreline construction, we did 
not detect any trend of nekton habitat use associated with living 
shoreline age. Juvenile nekton are using living shorelines similarly to 
natural marshes, while some forage base species (e.g., mummichog) 
have higher biomass at living shorelines. Among marshes, we found that 
inundation duration, low marsh, and marsh distance explained some of 
the variation for juvenile species and that inundation duration, low 
marsh, and bay mouth distance explained some of the variation in forage 
base species abundance. Marsh distance was a poor predictor of forage 
species abundance but explained juvenile abundance as marshes in more 
connected regions (low marsh distance) had higher juvenile 
abundances. 

4.1. Younger and older living shorelines have similar nekton use 

We did not detect any relationship of nekton habitat use and living 
shoreline age, for living shorelines constructed at least 2 years prior to 
initial sampling. Similarly, Gittman et al. (2016) found that living 
shorelines may take up to three years for nekton establishment after 
living shoreline construction. They examined living shorelines con-
structed ≤1 and 3–8 years prior to sampling. The youngest living 
shoreline (≤ 1) was not yet equivalent to the reference marsh, but the 
three older living shorelines sampled (≥3 years) had equivalent or 
higher species diversity and abundance (Gittman et al., 2016). Our 
findings are similar as our sites were older than 2 years since 

Fig. 3. Model variable effect sizes, juvenile and forage base. 
Marsh characteristics and site setting models were run for juvenile abundance and forage base abundance. Independent variables were centered and standardized. 
The resulting coefficients reflect the effect size of each variable, plotted below with standard error bars. When the standard error bars do not include 0, that variable 
has a detectable effect on abundance. Coefficients below zero have an inverse relationship with abundance (e.g., sites with shorter inundation duration have higher 
juvenile abundance). 
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construction and we found that our living shoreline sites had similar 
abundance and diversity to reference marshes. Additional research at 
our study sites indicates that living shorelines reach ecological equiva-
lency with reference marshes for other habitat use assessments (e.g., 
periwinkle snails Littoraria irrorata, diamondback terrapin Malaclemys 
terrapin, herons) after 2 years, but there is a delay in soil composition 
equivalency with natural marshes (i.e., phosphorus, carbon, nitrogen, 
organic matter, Chambers et al., 2021; Isdell et al., 2021). The delay in 
soil composition equivalency, relative to reference marshes, is due to the 
clean sand fill used to create suitable tidal elevations. As there were no 
trends of nekton use associated with living shoreline age, living shore-
line ecosystem function, such as foraging opportunities and predator 
refuge, may be established early, similar to characteristics such as 
vegetation (Bilkovic et al., 2021; Isdell et al., 2021). 

4.2. Living shorelines provide suitable nekton habitat 

Living shorelines support similar diversity, similar abundance, and 
higher biomass of marsh nekton communities compared to reference 
fringing marshes after two years post-construction. Living shorelines 
and reference marshes have similar taxonomic diversity, indicating 
similar habitat use patterns by functional groups across these marsh 
types. The higher biomass at living shorelines is likely related to 
differing characteristics (rock sill, soil composition) between living 
shorelines and natural marshes. 

At these living shorelines, the rock sill provides an additional 
structural feature that, in the right setting, can attract fauna commonly 
associated with oyster reefs (Bilkovic and Mitchell, 2013). Restored or 
natural oyster reefs near an intertidal marsh can support a more diverse 
or functionally redundant nekton community (Waltham et al., 2021). 
Similarly, compared to natural shoreline habitats (intertidal mudflats 
and marshes), living shoreline marshes with rock sills tend to have 
higher macrobenthic invertebrate species abundance and biomass due 
to the addition of complex structure and interstitial niches (Bilkovic and 
Mitchell, 2017). The increased prevalence of macrobenthic in-
vertebrates detected on living shoreline rock sills, particularly 
suspension-feeding epifauna, such as eastern oyster (Crassostrea virgin-
ica), mussels (Ischadtum recurvum, Geukensia demissa), and barnacles 
(Balanus and Chthamalus spp), may contribute to increased prey avail-
ability for benthic feeders and nekton at living shorelines. Our living 
shorelines study sites were not adjacent to natural oyster reefs, and thus 
the living shoreline rock sill may be providing similar structural func-
tions as naturally occurring oyster reefs found in other coastal regions 
(Waltham et al., 2021). More work is necessary to assess ecosystem 
service similarities between living shoreline sills and natural biogenic 
reefs. 

A marsh sill maintains subtidal shallow water environments and 
supports marsh vegetation establishment, which is reflected in similarity 
of the nekton community structure at living shoreline and reference 
marsh sites. In contrast, shoreline hardening (riprap revetment, bulk-
head) causes deepening of nearshore waters and elimination of inter-
tidal and subtidal habitat, which reduces the value of shoreline habitats 
for refuge from predators and foraging (Balouskus and Targett, 2016; 
Bilkovic et al., 2006; Kornis et al., 2017). Hardened shorelines alter the 
shallow water nekton community from assemblages of diverse, small- 
bodied and juvenile species to larger, transient species (Kornis et al., 
2018, 2017). Similar to other studies of nekton use of living shorelines in 
the Mid-Atlantic region (Balouskus and Targett, 2016; Currin et al., 
2008), our study finds that the presence of a marsh sill does not sub-
stantially change the shallow water nekton community, which is pre-
dominately made up of small-bodied or juvenile individuals common in 
intertidal marsh habitats. The maintenance of shallow water habitat by 
the marsh sill suggests that nekton habitat usage of living shoreline 
marshes and nearby subtidal shallow habitats are related, but the exact 
nature of those patterns requires additional study. 

In addition to the marsh sill, habitat conditions in living shorelines 

may be altered by the clean sand fill used during construction, which 
results in intertidal sediment composition that is looser, more granular, 
and less nutrient rich (Becker et al., 2017; Bilkovic and Mitchell, 2017; 
Chambers et al., 2021). The sand fill may contribute to altered or 
reduced infauna availability, as nutrient and organic matter accumula-
tion are often delayed in created marshes (Bilkovic and Mitchell, 2013; 
Chambers et al., 2021), but this does not appear to affect the nekton 
community as there was no trend of nekton abundance associated with 
living shoreline age. Unexpectedly, the sandy sediment in living shore-
line marshes may create alternative habitats; striped killifish prefer 
sandy habitat (Harvey, 1998) and were more abundant at living 
shorelines. Either the delayed nutrient accumulation does not substan-
tially degrade foraging opportunities or alterations of the detrital food 
web may be counteracted by the presence of more fauna on the rock sill. 

4.3. Living shorelines provide nursery habitat comparable to reference 
marshes 

Living shorelines provide similar estuarine nursery habitat as natural 
marshes (Beck et al., 2001; Minello et al., 2003; Sheaves, 2009). We 
found similar juvenile abundance and biomass at living shorelines and 
paired reference marshes. All non-forage species captured were pre-
dominately (>90%) juveniles, which includes culturally and economi-
cally valued species, such as striped bass and spotted sea trout 
(Cynoscion nebulosus). Juvenile striped bass will forage in salt marshes, 
feeding on blue crabs, mummichog, and shrimp (Nemerson and Able, 
2003; Tupper and Able, 2000). Juvenile spotted sea trout preferentially 
settle in vegetated habitats, and will use salt marshes for refuge and 
forage – particularly when submerged aquatic vegetation is not nearby 
(Baltz et al., 1998; Neahr et al., 2010). We selected sites that did not 
have adjacent, submerged aquatic vegetation to reduce confounding 
effects of other surrounding habitat types. 

Juveniles find similar refuge at living shoreline and reference 
marshes. Sites with more marsh habitat nearby had higher abundances 
of juveniles, indicating living shorelines are likely contributing to 
shorescape connectivity and can be used to create suitable marsh 
habitat. Across both habitat types, more juveniles were found in sites 
with shorter inundation duration. Among our sites, marshes with shorter 
inundation times had shallower depths along the marsh edge. Shallow 
water limits larger piscivores from accessing the marsh, providing 
increased predator refuge for juvenile nekton along the intertidal marsh 
edge (Banikas and Thompson, 2012; Clark et al., 2003; McIvor and 
Odum, 1988; Ruiz et al., 1993). Juvenile nekton were more abundant at 
sites with larger low marsh area, indicating that more fringing edge 
habitat (i.e., low marsh) supports more juveniles, a pattern that has been 
observed in other marsh systems (Baker and Sheaves, 2005; Ruiz et al., 
1993). Juvenile silversides were more prevalent at living shorelines, 
which can be due to the increased habitat complexity as a source of 
refuge and/or an attraction to the sandy sediment. Often schools of 
Atlantic silverside are abundant near sandy sediments or vegetated 
habitats, and juveniles move in and out of the marsh until they are 6–8 
cm long TL (Able and Fahay, 1998). Juveniles were slightly more 
abundant towards the bay mouth in both living shorelines and reference 
marshes. 

4.4. Living shorelines provide similar estuarine trophic support as 
reference marshes 

Living shorelines support similar or enhanced habitat for forage 
species, which ultimately can support the trophic relay of energy and 
nutrients out of marshes to the larger estuary (Deegan et al., 2002; Kneib 
and Wagner, 1994). Small-bodied littoral fish and benthivores had 
higher biomass at living shorelines than at reference marshes, indicating 
that the differences in living shoreline structure (sill, sediment compo-
sition) do not inhibit feeding opportunities for primary or secondary 
consumers that forage in intertidal marshes. The five species driving the 
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differences in biomass across shoreline type were all part of the forage 
base (mummichog, silverside, striped killifish, blue crab, shrimp). Two 
of these species, striped killifish and silverside, had different habitat use 
patterns based on fish age. Adult and juvenile striped killifish were more 
abundant at living shorelines, with few adult striped killifish at reference 
marshes, possibly because they prefer sandy habitat to the more organic 
sediment of natural marshes (Harvey, 1998). There were more juvenile 
than adult silverside at living shorelines, indicating that young silverside 
may be using living shorelines as a nursery habitat or refuge. 

Adult silverside were more prevalent at reference marshes, indi-
cating that adult silverside may be using natural marshes more often for 
reproduction when compared to living shoreline marshes (Balouskus 
and Targett, 2012; Conover and Ross, 1982). Similarly, Balouskus and 
Targett, 2012) found that Atlantic silverside deposit more eggs at nat-
ural shorelines than at living shorelines with a sill. On average, we found 
that Atlantic silverside had a slightly higher body condition in 2018, 
indicating that the estuarine conditions were more favorable in 2018 
than in 2019. Atlantic silverside condition did not vary due to shoreline 
type, site setting, or marsh characteristics, indicating that both living 
shorelines and reference marshes are providing similar feeding oppor-
tunities and refuge habitat. 

Modal size for both juvenile (<6 cm TL, (Able and Fahay, 1998) and 
adult mummichogs was larger at living shorelines than at reference 
marshes, suggesting that living shorelines provide suitable conditions 
for rapid growth of this marsh resident species. Mummichog are 
generalist benthivores that feed in intertidal marshes (Allen et al., 1994; 
Thompson, 2015), and adult mummichog had fuller guts and better 
condition at living shorelines. These differences indicate that there may 
be increased prey availability or prey quality at these sites. Larger 
mummichog (>7 cm) consume grass shrimp (Palaemonetes spp.; 
Thompson, 2015) which were often more abundant at living shorelines 
than at their paired reference marsh (180 ± 91 (SE) and 120 ± 39 for 
living shorelines and reference marshes in 2018). More grass shrimp 
may contribute to higher mummichog gut fullness, better condition, and 
presumed faster growth rates at living shorelines. The presence of the 
living shoreline sill may also diversify prey availability for mummi-
chogs. Crum et al. (2018) found higher mummichog growth rates along 
riprap revetment than along fringing marshes, and while that difference 
may be partially related to differences in mummichog density observed 
along those shoreline types, it also suggests that hardened structures, 
like rock sills, may provide feeding opportunities for mummichogs. 

We found higher abundances of forage nekton towards the Ches-
apeake Bay mouth, which is consistent with other studies that demon-
strate greater marine and estuarine fish abundances at higher salinities 
(Wagner and Austin, 1999). There is no relationship of nekton forage 
abundance with marsh distance, i.e., marshes in ecologically isolated 
and more connected marsh shorescapes (often, urban and rural settings) 
provide similar forage habitat and estuarine trophic support, per marsh. 
Thus, properly designed living shorelines have the potential to provide 
suitable nekton forage base habitat in modified, urbanized regions. 
Since living shorelines provide suitable habitat for forage species, living 
shorelines correspondingly provide support for the detrital and marsh- 
based food web that supports estuarine production for commercially 
and culturally valued fisheries. 

5. Conclusions 

Living shoreline marshes are comparable habitat for nekton and 

provide similar or improved habitat provisioning as nearby natural 
fringing marshes. The living shoreline nekton community is similar to 
the community found in reference marshes across the range of living 
shoreline ages in our study. The presence of small-bodied nekton and 
similar or higher condition for common species suggest that properly 
constructed living shorelines provide essential functions similar to nat-
ural marshes, including nursery habitat and foraging opportunities. Our 
work shows that living shoreline marsh creation and restoration efforts 
can supplement efforts to combat marsh habitat loss by providing 
essential habitat. Even in highly developed and urbanized systems, we 
show that small-scale living shorelines can support or enhance nekton 
habitat, which can help reduce the impacts of marsh habitat loss. 
Although the community composition abundances at living shorelines 
and reference marshes are similar, living shoreline marsh construction 
practices and differing habitat characteristics (rock sill, clean sand fill) 
can contribute to increased biomass for some marsh-dependent species. 
Compared to shoreline armoring, living shorelines are often more 
resilient during extreme storm events and can better protect shoreline 
properties as seas rise (Gittman et al., 2014; Smith et al., 2018). Living 
shorelines with rock sills may provide structural benefits similar to 
biogenic reefs, and have the potential to adapt better than natural 
marshes as they capture and retain sediment to accrete with sea level 
rise (Currin et al., 2008; Mitchell and Bilkovic, 2019; Waltham et al., 
2021). Similarities between living shorelines and reference marshes 
identified in this study demonstrate that living shorelines also support 
the forage base and juvenile nekton, which in turn contributes to support 
of recreational and commercial fisheries, and subsequently coastal 
economies and communities. 
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