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ABSTRACT
Rachel K. Gittman: The Living Shoreline Approach as an Alternative to Shoreline
Hardening: Implications for the Ecology and Ecosystem Service Delivery of Salt Marshes
(Under the direction of John F. Bruno and Charles H. Peterson)

Foundation species, such as marsh plants, mangroves, seagrasses, corals, and oysters,
form some of the most valuable and threatened habitats in the world. The loss of these coastal
habitat-forming species often results in significant changes in community structure and
ecosystem-service delivery. Therefore, understanding how both biotic (e.g., herbivory) and
abiotic (e.g., drought) factors can alter foundation species’ structure is critical for promoting
resilience to anthropogenic stressors. My dissertation focused on how physical and biological
processes regulate salt marshes, and how coastal development, specifically shoreline hardening,
affects two marsh ecosystem services: erosion protection and habitat provision for marine fauna.
Marsh cordgrass (Spartina alterniflora) is a highly productive foundation species that can inhibit
coastal erosion. However, anoxic stress can allow marsh periwinkles to overgraze marshes,
resulting in marsh die-off. Burrowing crabs can alleviate anoxic stress (via sediment
bioturbation) and thus can potentially sustain marsh productivity. From field experiments (Ch.1),
I found that crab bioturbation allowed Spartina to compensate for biomass losses from
periwinkle grazing. Unfortunately, shoreline hardening (construction of bulkhead or riprap
structures) can reduce marsh access for burrowing crabs and thus increase sediment anoxia,
preventing marshes from keeping pace with overgrazing. In Ch. 2, I quantified the prevalence of

shoreline hardening in the United States and found that 14% of the shoreline is hardened.
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Housing density is positively correlated with hardening along the Atlantic, Pacific, and Gulf
sheltered coasts. With projected accelerated population growth along U.S. coasts, marshes may
be lost to future shoreline hardening. Heightened awareness of adverse effects of shoreline
hardening has increased demand for “living shorelines”. Living shorelines include marsh
plantings with or without offshore sills. My field surveys of different shoreline types show that
living shorelines provide superior erosion protection to bulkheads during a Category 1 hurricane
(Ch. 3). Further, by sampling marine fauna in hardened and living shoreline habitats, I show that
living shorelines provide better habitat for fish and crustaceans than hardened shorelines lacking
marsh (Ch. 4). Therefore, although shoreline hardening is still commonly used for erosion
protection, marshes may prevent erosion better than bulkheads during storm events, while also

serving as valuable habitat.
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ANOVA Analysis of variance

BACI Before-after-control-impact
CI Control-impact

GPS Global positioning system
MSL Mean sea level

NAVDS&S North American Vertical Datum of 1988
OHWM Observed high water mark

SOM Sediment organic matter

XX



CHAPTER 1: FIDDLER CRABS FACILITATE SPARTINA ALTERNIFLORA
GROWTH, MITIGATING PERIWINKLE OVERGRAZING OF MARSH HABITAT'
Abstract
Ecologists have long been interested in identifying and testing factors that drive top-down
or bottom-up regulation of communities. Most studies have focused on factors that directly exert
top-down (e.g., grazing) or bottom-up (e.g., nutrient availability) control on primary production.
For example, recent studies in salt marshes have demonstrated that fronts of Littoraria irrorata
periwinkles can overgraze Spartina alterniflora and convert marsh to mudflat. The importance of
indirect, bottom-up effects, particularly facilitation, in enhancing primary production has also
recently been explored. Previous field studies separately revealed that fiddler crabs, which
burrow to depths of more than 30 cm, can oxygenate marsh sediments and redistribute nutrients,
thereby relieving the stress of anoxia and enhancing S. alterniflora growth. However, to our
knowledge, no studies to date have explored how non-trophic facilitators can mediate top-down
effects (i.e., grazing) on primary producer biomass. We conducted a field study testing whether
fiddler crabs can facilitate S. alterniflora growth sufficiently to mitigate overgrazing by
periwinkles and thus sustain S. alterniflora marsh. As inferred from contrasts to experimental
plots lacking periwinkles and fiddlers crabs, periwinkles alone exerted top-down control of total
above-ground biomass and net growth of S. alterniflora. When fiddler crabs were included, they

counteracted the effects of periwinkles on net S. alterniflora growth. Sediment oxygen levels

IThis chapter was previously published as an article in Ecology. The original citation is as follows: Gittman, R.K.
and Keller, D.A. 2013. Fiddler crabs facilitate Spartina alterniflora growth, counteracting periwinkle overgrazing of
marsh habitat. Ecology 94(12): 2709-2718. DOI:10.1890/13-0152.1



were greater and S. alterniflora below-ground biomass was lower where fiddler crabs were
present, implying that fiddler crab burrowing enhanced S. alterniflora growth. Consequently, in
the stressful interior S. alterniflora marsh, where subsurface soil anoxia is widespread, fiddler
crab facilitation can mitigate top-down control by periwinkles and can limit and possibly prevent

loss of biogenically-structured marsh habitat and its ecosystem services.

Introduction

Community structure and function are regulated by both the availability of resources
(bottom-up) and by consumption (top-down) (e.g., Hairston et al. 1960, White 1978). For
decades, ecologists have debated the relative importance of top-down versus bottom-up forces
(Fretwell 1977, Power 1992, Strong 1992). Recent reviews indicate that the debate has expanded
beyond whether communities are top-down or bottom-up controlled to incorporate additional
factors, such as differences between terrestrial and aquatic ecosystems, variation in producer
traits, and the effects of environmental heterogeneity (Worm et al. 2002, Shurin et al. 2006,
Burkepile and Hay 2006, Gruner et al. 2008, Poore et al. 2012).

Environmental heterogeneity (i.e., variation in abiotic factors) is predicted to affect the
relative strength of top-down and bottom-up forces (Hunter and Price 1992), and studies within
the past decade have begun to experimentally test hypotheses resulting from this prediction
(Moon and Stiling 2000, Menge et al. 2002, Alberti et al. 2009, Shurin et al. 2012). For example,
Shurin et al. (2012) provided evidence for higher temperatures promoting stronger top-down
control of an aquatic food web via warming-induced reductions in producer biomass without
concomitant reductions in zooplankton, zoobenthos, and pelagic bacteria biomass. In addition,

Moon and Stiling (2002) showed that increased salinity resulted in stronger bottom-up control of



a salt marsh plant-parasite-parasitoid system because increases in salinity increased the number
of galls (containing larvae) on Borrichia fructescens stems, while simultaneously decreasing
parasitism of galls. In a thorn scrub community in north-central Chile, high rainfall events caused
by periodic El Nifio Southern Oscillation (ENSO) events shifted community regulation from top-
down to bottom-up through increases in primary production. Whether a community is top-down
or bottom-up regulated appears to depend on which trophic level (e.g., producer, herbivore) is
most affected by the changing abiotic factor (e.g., temperature, salinity). Both the internal stress
tolerances of affected organisms (e.g., Alberti et al. 2009) and external stress amelioration by co-
occurring organisms (Bruno et al. 2003) could thus determine the direction of control.
Non-trophic facilitation (i.e., facilitation by an organism that is not a predator or prey to
the organisms regulating primary producer biomass) has largely been ignored as a factor that
could affect the direction or magnitude of ecosystem or community regulation. The model
developed by Menge and Sutherland (1976) and modified by Bruno et al. (2003) predicts that
under moderate to high stress levels and with high basal species (e.g., primary producer)
recruitment, stress amelioration (bottom-up) may play a larger role in regulating basal species
abundance (or biomass) than consumptive (top-down) forces. If stress is alleviated, resultant
higher rates of production would likely outpace biomass losses to grazing. Although more recent
studies have shown that facilitation can have strong, bottom-up affects on community structure
(Altieri et al. 2007, 2010), no studies to our knowledge have experimentally tested the hypothesis
that stress amelioration by non-trophic facilitators allows a species to compensate for losses to
consumption. In this study, we propose to test the hypothesis that non-trophic facilitation can

change the magnitude and/or direction of regulation of a primary producer.



We selected the salt marsh as our study system for testing this hypothesis because
rigorous field experiments have provided experimental evidence for both bottom-up (Morris
1982, Moon and Stiling 2002) and top-down (Silliman and Zieman 2001, Silliman and Bertness
2002, Silliman et al. 2005) regulation of primary producer standing biomass and production. Salt
marshes are generally categorized as moderate-to-high-stress environments for vascular plants as
a result of high salinity and anoxia in the sediments (Bertness and Ellison 1987). S. alterniflora,
marsh cordgrass, is a foundation (habitat-forming) species (Dayton 1972) well adapted to this
environment; however, S. alterniflora production can be limited by both environmental stress
and nutrient availability (Emery et al. 2001). Silliman and Zieman (2001) showed that the marsh
periwinkle (Littoraria irrorata), a common marsh resident, can exert strong top-down control on
S. alterniflora when in sufficient densities. Additionally, scarring and fungal-farming by high
densities of marsh periwinkles can increase the rate of a drought-induced marsh die-off (Silliman
and Newell 2003, Silliman et al. 2005). In contrast, the fiddler crabs, Uca pugnax and Uca
pugilator, are bioturbators that oxygenate sediments and actively transport nutrients (e.g.,
nitrogen) and organic matter through the marsh sediment layers, which subsequently facilitates
salt marsh (S. alterniflora) production (Bertness 1985, McCraith et al. 2003, Daleo et al. 2007,
Angelini and Silliman 2012). However, it is unclear whether facilitation of S. alterniflora
production by fiddler crabs could reduce the magnitude of top-down control by marsh
periwinkles. Therefore, we hypothesized that facilitation via fiddler crab bioturbation
(amelioration of low oxygen stress) and/or nutrient redistribution (enhancement of resource

availability) will mediate overgrazing on S. alterniflora.



Methods
Description of Study Site

We conducted our field experiment within a salt marsh at Hoop Pole Creek Clean Water
Reserve in Atlantic Beach, NC (34°42'25.12"N, 76°45'1.14"W) and our field surveys at Hoop
Pole Creek and the Theodore Roosevelt Natural Area in Pine Knoll Shores (PKS), NC
(34°42'1.12"N, 76°49'57.50"W). Hoop Pole Creek is characterized by a 70 m by 50 m peninsula
dominated by S. alterniflora in the low to intermediate marsh zones and by Juncus roemerianus
in the high marsh zone. Other common plant species found throughout the high marsh include
Spartina patens, Salicornia virginica, Distichlis spicata, Borrichia fructescens, and Limonium
carolinium. We conducted our study in the intermediate marsh zone, where short-form S.
alterniflora dominates because environmental stressors, such as sediment anoxia and salinity, are
typically highest within this zone of the marsh (Bertness and Ellison 1987). Marsh periwinkles
and fiddler crab burrows are both most abundant in this zone of the marsh (R.K. Gittman,
unpublished data). We expected marsh periwinkle grazing and fiddler crab bioturbation and
nutrient deposition to have the greatest effect on S. alterniflora standing biomass and production
in this zone because S. alterniflora growth is most limited by environmental stress here.
Field experimental design and setup

We experimentally manipulated the density of fiddler crabs and marsh periwinkles at
Hoop Pole Creek marsh in June 2011 to test the hypothesis that fiddler crab bioturbation can
facilitate S. alterniflora growth, thus mitigating the effects of marsh periwinkle grazing on S.
alterniflora. Within the short-form S. alterniflora zone (approximately 3,500 m?), we established
30, one m by one m plots, minimizing differences in elevation, sediment type, and S. alterniflora

density. Each plot was assigned one of the following treatments (n=6) in a stratified random



design: (1) fiddler crab removal and marsh periwinkle addition; (2) periwinkle removal and
fiddler crab addition; (3) fiddler crab and periwinkle removal; (4) fiddler crab and periwinkle
addition; and (5) open (unmanipulated, ambient fiddler crab and periwinkle densities).

To prevent fiddler crabs and periwinkles from entering or exiting plots after establishing
and recording initial densities, we installed five mm hardware cloth enclosures 15 cm into the
ground around each plot and lined the top of the enclosure with aluminum flashing (Silliman and
Zieman 2001, Holdredge et al. 2010). Open plots with no enclosures or faunal manipulations
were established to represent ambient conditions. We walked the perimeter of open plots to
mimic the disturbance associated with the installation of the cages and also took light
measurements (photosynthetically active radiation (PAR)) inside and outside of the enclosures to
ensure that there were no shading effects (Appendix 1.A). Prior to the start of the experiment, we
removed all marsh periwinkles and fiddler crabs from the surface and collapsed visible burrows
in the plots daily for ten days for all treatments except the open, ambient density treatment. We
then added 300 individually labeled marsh periwinkles with a wet weight of 1.58+0.14 g and
shell length of 18.65+0.59 mm per individual to each periwinkle addition plot, and added 75
labeled fiddler crabs (50 U. pugilator and 25 U. pugnax to match field density ratios found
within the marsh) with a wet weight of 1.22+0.08 g and carapace width of 14.48+0.19 mm per
individual, to each fiddler crab addition plot. We verified the presence of labeled fiddler crabs
and periwinkles in addition plots and removed periwinkles and fiddler crabs from the surface of
the sediment in removal plots weekly throughout the experiment (Appendix 1.A). The
experiment was concluded at the landfall of Hurricane Irene on 27 August 2011 because damage
to enclosures necessarily ended the experiment (Figure 1.A1). At the conclusion of the

experiment, we counted fiddler crab burrows in treatment plots and we collected, measured and



weighed (dry tissue and shell mass, grams) all labeled periwinkles from each plot (Appendix
1.A). To determine periwinkle-grazing intensity, we measured the length of each leaf and of
periwinkle radulation scars per S. alterniflora stem clipped at the base from the center 0.0625-m?
section of the plot.
S. alterniflora standing biomass and production

We quantified the stem density and measured the height of the tallest live leaf of each S.
alterniflora plant within 0.0625-m” areas at the center of each one-m” plot at the beginning, mid-
point, and end of the experiment to minimize enclosure boundary effects on S. alterniflora. We
used the difference in summed live leaf heights of all live plants from the beginning to the end of
the experiment to estimate S. alterniflora net growth during the experiment. At the conclusion of
the experiment, we clipped, measured, and dried (at 60°C for two weeks) all S. alterniflora stems
(live and dead) at their base within the center 0.0625-m” area within each plot to determine the
standing crop (g dry mass/m”). We then took two, 7.5-cm diameter, 30-cm deep cores within the
0.0625-m” center of each plot to determine below-ground biomass. S. alterniflora roots and
rhizomes are typically concentrated within the top 25 cm of sediment (Howes et al. 1981).
Therefore, samples are representative of total below-ground biomass. Cores were divided into 5-
cm thick sections, sieved (2-mm mesh), then sorted into roots and rhizomes or other plant
material, dried at 60°C for two weeks, and weighed following the methods of Bertness (1985).
S. alterniflora tissue nitrogen concentration

Because fiddler crabs can increase the supply of nitrogen available to marsh plants
through bioturbation and biodeposition, and because marsh periwinkle grazing requires S.
alterniflora plants to allocate resources to replace leaf tissue, we measured the carbon content (%

C), nitrogen content (% N), and carbon to nitrogen ratio (C:N) by clipping, drying, grinding, and



acidifying (to remove inorganic nitrogen), and analyzing a section of the youngest shoot of each
of ten harvested S. alterniflora using a Perkin Elmer Series I 2400 CHNS/O Analyzer.
Sediment redox potential

To determine effects of fiddler crab bioturbation on the marsh sediment oxygen
availability, we measured sediment redox potential (mV) within each plot. /n situ redox
measurements were made using a bare platinum electrode probe and a Fisher Scientific Accumet
double junction Ag/AgCl electrode (+200 mV correction added to the measured value),
connected through a Fisher Scientific Accumet pH/mV/ °C meter, model AP71. Electrodes were
placed 10 cm into the sediment and left over one tidal cycle before readings were taken to allow
the sediment around the probe to stabilize. We measured redox potential immediately after cage
installation on June 14™ (prior to removals or additions), June 24" July 26" and August 30",
Field surveys

To determine the density and distribution of S. alterniflora within continuous short-form
S. alterniflora region and within nearby short-form S. alterniflora die-off front (covering
approximately 1,000-1,500 m?) at our study site, we sampled S. alterniflora stem density per
0.25-m” within ten randomly placed quadrats. We defined the short-form S. alterniflora region as
being greater than 20 m from the marsh edge, dominated by short-form S. alternifiora (95 to
100% cover), and at least 20 m from any visible die-off front. Die-off fronts were defined as
short-form S. alterniflora regions directly adjacent to unvegetated areas in the upper to
intermediate marsh zone. We sampled the density of fiddler crab burrows and marsh periwinkles
and took sediment redox (mV) measurements. To determine if patterns observed were unique to

our study site, we repeated this sampling protocol at a salt marsh with a die-off front of similar



size and with similar shoreline orientation and tidal patterns within the Theodore Roosevelt
Natural Area in PKS, NC, located 100 m southwest of the PKS Aquarium pier.
Statistical Analysis

We compared periwinkle and fiddler crab addition and removal effects on the following
response variables using separate one-way analyses of variance (ANOVAs): S. alterniflora
above-ground and below-ground biomass, the mean proportion of scarred (via periwinkle
radulations) to total live leaf length (cm), the difference in stem density and in live summed stem
heights between the beginning and end of the experiment, S. alterniflora C (%), N (%), and C:N.
Differences between specific sets of treatments (e.g., periwinkle addition treatments to
periwinkle removal treatments, pooled across fiddler crab treatments) were assessed using a
priori planned comparisons. The mean proportion of scarred to live leaf length was arcsine
square root transformed prior to analysis to meet the assumptions of ANOVA. To verify the
effectiveness of fiddler crab and periwinkle density manipulations during the experiment, we
used one-way ANOVAs to compare the final marsh periwinkle counts, shell growth, weight
change, and body mass proportions, and fiddler crab burrow counts, across pooled removal and
addition treatments (Appendix 1.A). We compared sediment redox potential between treatments
and through time using repeated-measures ANOVA, and compared treatments at each time using
one-way ANOVAs and planned comparisons. We compared survey data (live and dead S.
alterniflora stem density, stem height, fiddler crab burrow density, marsh periwinkle density, and
sediment redox potential) across marsh type (intermediate marsh zone vs. die-off front) using
one-way ANOVAs for each site. Because we applied each statistical test to separate, pre-defined
hypotheses, we made no corrections to alpha values for this study (Hurlbert and Lombardi 2003,

Moran 2003). All analyses were performed using JMP software version 9.0 (SAS Institute 2010).



Results
Field Experiment

S. alterniflora response-The mean change in S. alterniflora stem density from the
beginning to the end of the experiment did not differ between periwinkle addition and periwinkle
removal treatments, nor did stem density differ between fiddler crab addition and removal
treatments (Fig. 1.1 A, P =0.36 and P = 0.76, respectively, Table 1.C1). S. alterniflora above-
ground biomass was significantly reduced in periwinkle addition treatments when compared to
periwinkle removal treatments, but did not differ between fiddler crab addition and fiddler crab
removal treatments (Fig. 1.1B, P =0.043 and P = 0.64, respectively, Table 1.C2). The proportion
of scarred to intact live leaf tissue was greater in periwinkle addition treatments than periwinkle
removal treatments (Fig. 1.1C, P <0.001, Table 1.C3). Fiddler crab presence or absence did not
affect the amount of scarred leaf tissue in periwinkle addition treatments (P = 0.89, Table 1.C3).
S. alterniflora summed live stem heights (cm), used as a proxy for net S. alterniflora growth,
increased in fiddler crab addition, fiddler crab and periwinkle addition, and fiddler crab and
periwinkle removal treatments, but decreased in the periwinkle addition and fiddler crab removal
treatment (Fig. 2, P =0.01, Table 1.C4). However, there was no difference in the change in live
stem height between the fiddler crab addition and periwinkle removal treatment and the fiddler
crab and periwinkle removal treatment (P = 0.54, Table 1.C4). N (%), C (%), and C:N in new S.
alterniflora shoots did not differ among treatments (Tables 1.B1-5, P > 0.05). Fiddler crab
addition plots had lower total below-ground biomass (0-25 cm depth) than fiddler crab removal

plots, regardless of the periwinkle treatment (Fig. 1.3A, P =0.026, Table 1.C5). Below-ground
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biomass decreased with depth for all treatments, with the largest difference between fiddler crab
addition and fiddler crab removal plots being at a depth of 10-15c¢m (Fig. 1.3B).

Sediment redox potential- Marsh sediment redox potential (mV) decreased from initial
values measured on June 14™ (pre-addition or removal) in fiddler crab removal plots to values
measured on June 24", and then returned to initial redox values in July and August (Fig. 1.3C,
see Tables 1.D1-5 for statistical analysis results). In contrast to the fiddler crab removal plots,
redox in fiddler crab addition and open plots did not decrease in June, however; all enclosure
treatments had lower redox than open plots immediately after enclosure installation (Fig. 1.3C,
Table 1.D1-5).

Field surveys

The density of live S. alterniflora stems did not differ between the continuous marsh
regions and along die-off fronts at either our experimental study site or at the PKS marsh (P =
0.726 and P = 0.121, respectively, Tables 1.1, 1.E1-2). The maximum live stem height was
greater in the continuous marsh than along the die-off fronts at both sites (P < 0.001 and P =
0.01, respectively, Tables 1.1, 1.E1-2). Standing dead stem density was greater in the die-off
fronts at both sites than in the continuous marsh (P = 0.047 and P < 0.001, respectively, Tables
1.1, 1.E1-2). Marsh periwinkle density did not differ between the continuous marsh and die-off
fronts (P = 0.246 and P = 0.898, respectively, Tables 1.1, 1.E1-2). Fiddler crab burrow density
was higher in the continuous marsh than in the die-off fronts at both sites (P < 0.0001 and P =
0.019, respectively, Tables 1.1, 1.E1-2). Sediment redox potential did not differ between
continuous marsh and the die-off fronts at either site (P = 0.833 and P = 0.160, respectively,

Tables 1.1, 1.E1-2).
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Discussion
Facilitation mitigates top-down control of S. alterniflora

Our results suggest that periwinkle scarring and grazing can decrease total above-ground
biomass of S. alterniflora (Fig. 1.1B-C), which is consistent with, but less pronounced than the
results of previous research (Silliman and Zieman 2001, Silliman and Bertness 2002). However,
total above-ground biomass includes both live and dead leaf tissue from live S. alterniflora
plants. Therefore, we measured live stem height to determine whether fiddler crabs, through
bioturbation or biodeposition, could facilitate new, compensatory growth of grazed S.
alterniflora plants. Net S. alterniflora growth in plots with high densities of fiddler crabs and
marsh periwinkles was positive and equivalent to growth in plots where both organisms were
removed, but net growth was negative when just high densities of periwinkles were present (Fig.
1.2). Because there was no difference in scarring between periwinkle treatments with and
without fiddler crabs, we can conclude that fiddler crabs did not affect periwinkle grazing, but
instead facilitated compensatory growth of S. alterniflora in response to periwinkle grazing. We
acknowledge that initiating the experiment in June, two months after the start of the S.
alterniflora growing season, likely underestimates the effects of periwinkle grazing on S.
alterniflora. However, the effects of fiddler crab stress amelioration via bioturbation on S.
alterniflora is also likely to be underestimated because fiddler crabs become active in March in
North Carolina (Colby and Fonseca 1984). Therefore, the relative strength of the effects of
periwinkles and fiddler crabs are not likely to change with the timing of the experiment.

Net growth of S. alterniflora was not different between the fiddler crab addition and
periwinkle removal treatment and the fiddler crab and periwinkle removal treatment, leading us

to conclude that there are additional environmental stressors limiting the growth of S. alterniflora
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at our study site. Stressors such as high salinities or low nutrient availability can prevent S.
alterniflora from investing resources into new shoot production, particularly in the summer
months (Smart and Barko 1980, Naidoo et al. 1992). As with other plants occurring in stressful
environments, S. alterniflora may invest in live leaf tissue maintenance as opposed to new leaf
production, except when actively losing live leaf tissue (e.g., via grazing) (Smith and Smith
2001, Lotscher 2006, Bortolus et al. 2004). When live leaf tissue is lost to grazing, the plant is
forced to invest in more costly new leaf production rather than tissue maintenance (Smith and
Smith 2001, Bortolus et al. 2004). In our study system, investment in new shoot production as a
response to grazing losses appears to only be possible when fiddler crabs are present, as
supported by positive change in stem height when fiddler crabs are present in conjunction with
periwinkles, but negative change in stem height when only periwinkles are present (Fig. 2).
Previous studies have provided experimental evidence for two potential mechanisms by
which fiddler crabs could facilitate S. alterniflora growth: sediment oxygenation via
bioturbation, and nitrogen (N) biodeposition and redistribution within the sediment layers via
deposit feeding and burrowing (Bertness 1985, Daleo et al. 2007, Holdredge et al. 2010).
Bertness (1985) found that construction and maintenance of burrows by fiddler crabs oxygenated
sediments and increased S. alterniflora production. This increase in production was coupled with
a decrease in below-ground S. alterniflora debris (dead biomass) at a depth of 10-15 cm. At this
depth, fiddler crab bioturbation has also been shown to increase oxygenation of sediments.
Consistent with previous studies, we found that fiddler crab presence reduced total below-ground
biomass, with the greatest difference being at a depth of 10-15 cm, and also maintained higher
redox potentials at a depth of 10-15 cm in June, when compared to plots where fiddler crabs

were removed (Fig. 1.3B-C). These results provide support for the hypothesis that bioturbation
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allows plants to re-allocate resources to above-ground biomass production, and away from
below-ground production. Bioturbation increases oxygen availability at depth, reducing the need
for increased root and rhizome surface area for oxygen exchange (Howes et al. 1986). Increased
oxygen availability could also allow for increased colonization of arbuscular mycorrhizal fungi,
which can increase the availability of nitrogen to S. alterniflora, thus further reducing the need
for below-ground biomass (Daleo et al. 2007).

An alternative explanation for the reduction in below-ground biomass in fiddler crab
addition treatments could be that fiddler crab burrow construction may have disturbed and
displaced S. alterniflora roots and rhizomes, thus reducing their total below-ground biomass.
However, we did not observe an equivalent magnitude of reduction in below-ground biomass at
shallower depths, where the greatest level of disturbance from burrowing is likely, because crabs
spend much of their time close to the surface feeding and maintaining the entrance to their
burrows (Fig. 1.3B, Christy 1982, Hemmi 2003). Because redox levels within all treatment
(enclosed) plots were initially lower than the open (no enclosure) plots (Fig. 1.3C), it is possible
that enclosure installation may have decreased redox potential. This decrease may have been
caused by sediment compaction and severing of S. alterniflora clonal rhizomes along the plot
edges associated with enclosure installation. However, all enclosed treatments experienced this
initial drop in redox; therefore, differences would be due to treatment and not enclosure effects.

In addition to oxygenating the sediment through burrow construction and maintenance,
fiddler crabs may also increase N availability to S. alterniflora through biodeposition and
redistribution of N through the sediment layers. Salt marshes are often N-limited, therefore
increases in N availability would likely enhance S. alterniflora production (van Wijnen and

Bakker 1999, Silliman and Bortolus 2003). Holdredge et al. (2010) showed that biodeposition
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and N redistribution by fiddler crabs may enhance S. alterniflora production in sandy, nutrient-
poor salt marshes. Because net S. alterniflora growth was equivalent in fiddler crab addition
plots and plots where both periwinkle and fiddler crabs were removed (Fig. 1.2), we
hypothesized that there may be an additional constraint on S. alterniflora growth beyond lack of
oxygen, such as N availability. To determine if the S. alterniflora growth could be N-limited at
our study site, we measured new shoot N, C, and C:N (Table 1.B1). The observed lack of
difference in N, C, and C:N in new S. alterniflora leaf tissue supports stress amelioration as the
mechanism over increased nutrient availability via biodeposition. However, a reduction in
below-ground biomass is also indicative of increased nutrient availability and leaf N
concentration only provides an estimate of how much N is deposited into the leaves, rather than
how much N is taken up by the plants (Smart and Barko 1980), therefore, we cannot rule out the
possibility that both an increase in oxygen availability and nitrogen availability via fiddler crab
bioturbation and biodeposition may have facilitated S. alterniflora growth. We acknowledge that
the shorter duration of our experiment (two months as a result of Hurricane Irene) when
compared to previous experiments testing the effects of different factors on S. alterniflora leaf N
concentration (four-five months) may have affected our ability to detect differences in leaf N
concentration between our treatments. However, increases in N availability (nitrate additions)
have been shown to increase leaf N concentration by 2% or more within the first month of
growth (Morris 1982), while the maximum difference in N concentration across our plots was
less than 0.37% (Table 1.B1).

Field surveys revealed that although there was no difference in periwinkle densities
between die-off fronts and continuous marsh, fiddler crab densities were lower along die-off

fronts than in continuous marsh (Table 1.1). This could indicate that the effects of bioturbation
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and biodeposition by fiddler crabs may be reduced along marsh die-off fronts and the higher
density of dead S. alterniflora stems and shorter live stem heights along die-off fronts further
supports this interpretation (Table 1.1). A reduction in S. alterniflora canopy cover (predation
refuge) may reduce fiddler crab densities along die-off fronts (Hemmi 2003). Die-off fronts with
high sediment anoxia, reduced standing live biomass, and high periwinkle densities may be
susceptible to permanent marsh loss as a result of climate change (Kirwan and Murray 2007).
The role of facilitation in regulating top-down and bottom-up control of primary producers

Our study provides empirical evidence that non-trophic facilitation can mitigate top-down
control of S. alterniflora, thus potentially preventing the ultimate loss of the community
dependent on this foundation species. Because top-down and bottom-up studies often focus
solely on the organisms thought to be directly regulating standing biomass or production, the role
of other co-existing species is often ignored. Understanding how both trophic (e.g., herbivory,
predation) and non-trophic (e.g., stress amelioration, resource reallocation) interactions between
organisms can alter community structure and function is critical to our understanding of
ecosystem resilience to anthropogenic stressors such as habitat fragmentation, pollution, and
global climate change (Bruno et al. 2003, Halpern et al. 2007, Kiers et al. 2010). Studies are
needed to determine the prevalence and importance of facilitation effects on top-down and
bottom-up regulation of primary producers, particularly for ecosystems where the primary
producer also serves as a foundation species for numerous interconnected species (Stachowicz
2001), such as eastern hemlock (7suga canadensis) (Ellison et al. 2005), kelp (Egregia
mencziesii) (Hughes 2010), eelgrass (Zostera marina) (Hughes et al. 2009) and marsh cordgrass
(S. alterniflora) (Bruno and Bertness 2001). Successful restoration and conservation of

foundation species may be contingent upon facilitators, therefore monitoring of their abundance
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and distribution should be incorporated into restoration and conservation efforts (Halpern et al.
2007). Salt marshes are highly productive ecosystems that are also susceptible to effects of
climate change, particularly sea level rise and increased frequency of intense storm events
(Mendelsohn et al. 2012, Morris et al. 2002). Non-trophic facilitation may increase salt marsh

resilience to periwinkle grazing, which may be key to marsh survival in a changing climate.
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TABLES

Table 1.1. Surveys of S. alterniflora die-off fronts and the continuous short-form S. alterniflora
regions of marshes within the Hoop Pole Creek Clean Water Reserve (HPC CWR) in Atlantic
Beach, NC, and the Theodore Roosevelt Natural Area (TRNA) in Pine Knoll Shores, NC. Error
bars present + 1 SE (n=10).

HPC CWR Marsh TRNA Marsh
Variable Die-off Continuous Die-off Continuous
Stem density (live stems/m?) 252 £ 22 242 + 18 184 + 11 212+ 13
Stem density (dead stems/m?) 29%+3 18° + 4 68°+8 21°+6
Stem height (cm) 357%+1.6 654°+35 572%+27 702°+33
Fiddler crab burrows (m?) 50°+5 137° 10 16°+6 98° + 31
Marsh periwinkles (m?) 276 + 28 220+ 38 87+8 85+ 13

Sediment redox potential (mV) -58.1+24.3 -49.4 + 329 -54.0+£9.9 -3.9+327

> Means with different letters (a or b) are significantly different within each site (P < 0.05, see
Tables E1-2 for complete statistical analyses results).
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Figure 1.1. The effects of marsh periwinkle grazing on (a) S. alterniflora stem density, (b) S.
alterniflora above-ground biomass, and (c) the proportion of scarred to live S. alterniflora leaf
tissue. Treatments are as follows: open, fiddler crab and marsh periwinkle removal (- FC & —
MP), fiddler crab addition and marsh periwinkle removal (+ FC & — MP), marsh periwinkle
addition and fiddler crab removal (+ MP & — FC), and marsh periwinkle and fiddler crab
addition (+ MP & + FC). Lowercase letters (a or b) above bars indicate treatments separated by
planned comparisons (see Tables 1.C1-3). Error bars present + or + 1SE (n=6).
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Figure 1.2. The effects of marsh periwinkle grazing and fiddler crab bioturbation on the change
in S. alterniflora maximum live leaf height (net S. alterniflora growth) from the beginning to the
end of the experiment. Treatments are abbreviated as in Figure 1. Lowercase letters (a or b)
above bars indicate treatments separated by planned comparisons (see Table 1.C4). Error bars
present + 1 SE (n=6).
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Figure 1.3. The effects of fiddler crab bioturbation on a) total S. alterniflora below-ground
biomass (g/m?); b) S. alterniflora below-ground biomass (g/m?) at 0-5 cm, 5-10 cm, 10-15 cm,
15-20 cm, and 20-25 cm depths; and c) the effects of fiddler crab bioturbation on sediment
oxidation-reduction (redox, mV) potential at 10 cm depth. Fiddler crab addition (+ FC) and
removal (— FC) treatments are pooled across periwinkle treatments. Lowercase letters (a or b)
above bars in a) indicate treatments separated by planned comparisons (see Table 1.C5). An
asterisk “*” in ¢) indicates treatments separated by planned comparisons (see Tables 1.D1-5).
Error bars present = 1 SE (n=6 for open and n=12 for fiddler crab addition/removal treatments).
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CHAPTER 2: ENGINEERING AWAY OUR FIRST LINE OF DEFENSE: AN
ANALYSIS OF SHORELINE HARDENING IN THE UNITED STATES

Abstract

Rapidly expanding development associated with growing population centers along tidal
riverine, estuarine and ocean coastlines is a primary driver of coastal habitat degradation and
loss. Shoreline hardening in particular, often a byproduct of coastal development, results in the
loss of coastal habitats and subsequent forfeiture of supported ecosystem services; yet it is a
common practice along the coasts of industrialized countries. Here, we provide the first estimates
of the percentage of hardened shoreline along open and sheltered coasts across the continental
United States. Our analyses revealed that 22,842 km of U.S. shoreline (14% of total shoreline)
has already been hardened, two-thirds of which is along the south-Atlantic and Gulf coasts. We
also considered how environmental and socioeconomic factors such as housing density,
storminess, and mean wave height, relate to the pervasiveness of shoreline hardening within U.S.
coastal counties. Predictably, housing density was positively correlated with shoreline hardening
throughout all three U.S. coasts. Along open coasts, high storm frequency (Atlantic) and low
mean wave height (Pacific) were associated with increased hardened shoreline representation.
The south Atlantic and Gulf sheltered coasts are likely the most vulnerable to future hardening
based on projected coastal population growth rates and current coastal management policies.
Simultaneously, these regions contain habitats that are highly vulnerable to erosion and loss

associated with predicted relative sea-level rise and increased storminess. Federal and state
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agencies should use these findings to inform coastal management policies and promote coastal

ecosystem system resilience.

Introduction

Although coastal regions make up less than 4% of the Earth’s total land area, coastal
habitats, such as rocky shores, beaches, salt marshes, and mangroves (Figure 1A-D), are some of
the most economically and ecologically valuable resources globally (Barbier et al. 2008,
Millennium Ecosystem Assessment [MEA] 2005). Over one third of the human population lives
within 100 km of a coastline and coastal population densities are continuing to increase in most
regions of the world (MEA 2005, Woods Poole Economics, Inc. 2010). As coastal development
increases with growing human population, adverse anthropogenic impacts are concentrating and
intensifying within coastal ecosystems (Peterson et al. 2008a). Coastal development is
vulnerable to damage and loss from coastal erosion, flooding, and destructive damage caused by
rising sea levels, ambient wave energy, storms, and anthropogenic climate change (MEA 2005,
Intergovernmental Panel on Climate Change [IPCC] 2014).

In the past century, mean sea level has risen between 0.1 and 0.25 m and is predicted to
rise another 0.43 to 0.73 m by 2100 (IPCC 2014), while a 1.2 m rise in sea level is predicted for
an unmitigated warming scenario (Horton et al. 2014). Elevated sea levels, augmented by
increases in extremely high water levels from storm surge and localized winds during storms,
astronomically driven high tides, and increased intensity and frequency of storms in some ocean
basins (e.g., North Atlantic) are expected to dramatically modify shoreline sediment dynamics

and the resultant geomorphology (IPCC 2014).
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Historically, shoreline hardening has been a common societal response to coastal erosion,
storm risks, and sea-level rise, particularly in industrialized countries with large coastal
populations, such as the United States, the Netherlands, and Japan (Peterson et al. 2008b, Dugan
et al. 2011, Walker and Mossa 1986). Shoreline hardening is defined as the construction or
placement of vertical sea walls or bulkheads, sloped riprap (typically granite rocks, marl, or
concrete rubble) revetments, groins, jetties, or breakwaters along or directly adjacent to a
shoreline (Figure 2.1E-H). The extent and rate at which shorelines are being hardened has
increased dramatically in the last century, in conjunction with growing coastal populations and
increased development (Dugan et al. 2011). Although humans have been hardening the shoreline
for hundreds of years in some regions of the world, the effects of shoreline hardening on coastal
ecosystem function and supported services have only recently been considered by environmental
and coastal managers (Chapman and Bulleri 2003, Dugan et al. 2011, National Research Council
[NRC] 2007, Titus 1988).

Shoreline hardening on sandy beach coastlines can lead to displacement of dunes that
naturally provide protection from storms, can steepen and reduce the width of the high beach
available for burrowing invertebrates, and steepen and shorten the intertidal swash zone, which
serves as habitat for benthic invertebrates, surf fishes, and shore birds (Dugan and Hubbard
2006, Dugan et al. 2008). Within sheltered coasts, sea walls and bulkheads lack the structural
complexity of natural habitats such as marshes or rocks (Figure 2.1A,C,E,G), and thus support a
reduced number of native benthic epibiota, fishes, and mobile invertebrates (Bilkovic and
Roggero 2008, Bulleri and Chapman 2010, Gittman et al. in review, Seitz et al. 2006). When

constructed landward of marshes and mangroves, shoreline hardening can also increase seaward
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scour and prevent upslope transgression of these habitats during storm events and as sea level
rises, thereby leading to their eventual loss (Dugan et al. 2011, Peterson et al. 2008a, Titus 1988).

Despite adverse effects of shoreline hardening on coastal ecosystem functions and
ecosystem services, efforts to quantify how much of the world’s coasts have been artificially
hardened have been limited (Dugan et al. 2011). Current evaluations of the potential drivers of
shoreline hardening have focused only on specific regions (e.g., Puget Sound, WA, Currin et al.
2009; Mobile Bay, AL, Scyphers et al. 2014) or hardening in response to a single event (e.g.,
1900 hurricane in Galveston, TX, Hansen 2007). Some factors, including increasing coastal
population densities and consequent development, have been proposed as drivers of shoreline
hardening (MEA 2005, Peterson et al. 2008b). Coastal processes such as wave surge and local
wind-driven waves during storms, tidal stage and lunar/solar positions, and sea level, as well as
physical characteristics of the shoreline, such as slope, erosion rate, and geomorphology may
also explain spatial patterns and temporal increases in shoreline hardening (NRC 2007, Ruggiero
et al. 2001, USACE 2004). Finally, state-level coastal management policies related to shoreline
hardening have been suggested to play a role in whether or not a shoreline is hardened (Titus et
al. 1991, 1998, 2009). However, a national scale analysis of how these factors can collectively
explain degree of shoreline hardening has not previously been conducted.

To date, no global estimate of the amount of shoreline that has been artificially hardened
exists and estimates that encompass more than a single stretch of coastline (e.g., North Adriatic
coast of Italy) are rare (Dugan et al. 2011). A national estimate of hardened shoreline is not
currently available for the United States, despite its extensive coastline, high coastal population
density (39% of the U.S. population lives in coastal counties), vulnerability to shoreline erosion,

flooding, and property damage, and a growing national concern with the need for coastal
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protection as climate changes (Arkema et al. 2013, MEA 2005, National Oceanographic and
Atmospheric Administration [NOAA] 2013, Peterson et al. 2008b).

The purpose of this study is to: 1) estimate of the percentages of tidal, open and sheltered
shorelines that have been artificially hardened in the continental U.S., 2) determine the
relationship between shoreline hardening and physical and socioeconomic characteristics on a
county-by-county scale using regression tree analyses; 3) identify regions of the U.S. likely to
experience continued shoreline hardening and subsequent coastal habitat loss; and 4) identify

future research directions and alternative management strategies for coastal protection.

Methods
Estimation of shoreline hardening along the U.S. coast

We used NOAA’s Office of Response and Restoration (OR&R) Environmental
Sensitivity Index (ESI) geodatabases to calculate the linear kilometers (km) of total shoreline and
the linear km of hardened shoreline for each coastal county within the continental U.S. (see
Appendix 2.A). NOAA ESI’s were developed for evaluating the environmental impacts of oil
spills on coastal habitats and species from multiple sources (e.g., aerial photographs, field
surveys) and have been updated on a state-by-state basis since 2005 (Table 2.A1, NOAA 2005).
The ESI dataset identifies 15 major shoreline types (e.g., Type 1: exposed rocky shore or sea
wall) that are further subdivided into more specific shoreline types (e.g., Type 1A: exposed
rocky shores 1B: exposed, solid man-made structures [sea walls], Figure 2.1A, E, Table 2.A2).
We grouped all ESI shoreline types identified as man-made structures (sea walls, bulkheads,
riprap structures [revetments, breakwaters, groins/jetties], and hybrid sea wall/bulkhead with

riprap) to compute cumulative lengths of hardened shorelines (Figure 2.1 E-H, Table 2.A2). We
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then divided each state ESI shoreline dataset by coastal county and for the Pacific and Atlantic
coast by whether the shoreline was “open” (i.e., directly exposed to the ocean) or “sheltered”
(i.e., located in a bay, sound, or tidally influenced river). We did not divide the Gulf coast into
open or sheltered coasts because much of the Gulf coastline consists of reticulated marsh and
mangrove shoreline that cannot be clearly classified as open or sheltered (e.g., Louisiana coast
and Big Bend region of Florida Gulf coast). Finally, we summarized the amount of hardened
shoreline and tidal shoreline found in each coastal county (separately for sheltered and open
Pacific and Atlantic coasts), and then calculated the percentage of hardened shoreline for each
coastal county.
Regression tree analyses

To evaluate the relationship between environmental and socioeconomic factors and the
percentage of hardened shoreline (sheltered or open or both) in each county along the Atlantic,
Gulf, and Pacific coasts, we considered the following factors in regression tree analyses: housing
density (units per km?), coastal slope (%), accretion/erosion rates (m/yr), gecomorphology, mean
tidal range (m), mean wave height (m), relative sea-level rise (mm/yr), storm frequency, relative
county shoreline orientation (north to south or west to east along the coast), and years since a ban
on shoreline hardening was passed. As a proxy for coastal population density, we used the 2010
density of individual housing units per km* for each coastal county, available from the U.S.
Census Bureau. Physical shoreline characteristics (coastal slope, accretion/erosion ra