ABSTRACT
THE IMPACT OF COASTAL DREDGING ON AVIAN AND
INTERTIDAL MACROINVERTEBRATE BIODIVERSITY
OF MORRO BAY, CALIFORNIA
Sandy beaches support dynamic and diverse, but physically narrow intertidal
ecosystems that are vulnerable to the effects of anthropogenic disturbance, such as
coastal dredging and beach nourishment. Our study site in Morro Bay, California has
been a site of coastal dredging by the U.S. Army Corp of Engineers (USACE) since the
1960’s. In February of 2017, 240,000 cubic yards of sediment were dredged from the
harbor and deposited onto the beach as beach nourishment. We assessed the impacts of
this beach nourishment over two years on three aspects of beach ecosystems: 1) beach
width, 2) avian biodiversity, and 3) intertidal macroinvertebrate biodiversity. We
designated seven sampling sites and at each collected monthly measurements of beach
width, monthly avian point counts, and quarterly macroinvertebrate samples. We found
spatiotemporal variation present across months and sites, and beach width at the
deposition site was significantly higher than the six control sites pooled together. Avian
and macroinvertebrate biodiversity was not significantly different at the deposition site
compared to the pooled control sites. Our results suggest that the dredge deposition had
low or very short-term impacts to both avian and intertidal macroinvertebrate biodiversity
at the deposition site over our two years of sampling. Positive impacts include a wider
beach at the deposition site.
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INTRODUCTION
Coastal environments worldwide are important areas for conservation and
management considerations as these areas can support direct interactions between human
infrastructure and species inhabiting coastal ecosystems. The economic, ecological, and
aesthetic value of coastal areas have attracted humans throughout history, leading to
global coastlines currently supporting an average population density three times that of
the global average (Small and Nicholls, 2003). Coastlines are also spatially diverse and
comprised of a variety of landform types, one of which, sandy beaches, encompass
approximately one-third of ice-free shorelines worldwide (Luijendijk et al., 2018) and
support physically dynamic and biologically diverse, but also physically narrow intertidal
ecosystems (Schooler et al., 2017). Anthropogenic land-use change and sea-level rise
contribute to the erosion of sandy beaches (Bird, 1996, Luijendijk et al., 2018, Defeo et
al., 2009). In addition to being economically valuable, sandy beaches are critical habitats
for many species (Schlacher et al., 2008, Defeo et al., 2009), thus loss and fragmentation
of beach habitat threatens biodiversity on multiple scales (Schlacher et al., 2007, Hubbard
et al., 2014, Viola et al., 2014).
The intertidal zone provides habitat for a variety of macroinvertebrate species,
many of which are only found inhabiting beaches and are uniquely adapted to burrow and
survive in sandy ecosystems. Beaches also provide critical nesting and foraging areas for
resident and migratory birds (Schlacher et al., 2008). Sandy beaches have been studied in
California, especially with regards to how local scale processes, such as dredging, beach
grooming, coastal squeeze, and pollution, can affect these ecosystems (Schooler et al.,
2017, Hubbard et al., 2014, Schooler et al., 2014, Viola et al., 2014). Local scale
processes such as the aforementioned have been shown to impact beach ecosystems and
have a stronger influence on coastal biodiversity than regional processes such as sea-level
rise (Schooler et al., 2017). Our study site, Morro Bay, is a small bay and estuary on
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California’s central coast and includes a man-made causeway that connects Morro Rock,
a volcanic plug, to the mainland. Due to this causeway blocking the natural flow of
sediment out of the bay and estuary, sediment accumulates in the harbor’s navigational
channels and necessitates minor annual dredging and major dredging every 6 to 7 years.
Given the global ecological and economic importance of coastal areas and specifically,
the regional importance of Morro Bay as habitat for many species and economic value as
one of the few navigable harbors on California’s central coast, we assessed biodiversity
along the Morro Bay coastline.
Dredging has been conducted in Morro Bay regularly since the 1960s (US Army
Corps of Engineers, 2013). In February 2017, the U.S. Army Corps of Engineers pumped
240,000 cubic yards of dredged sediment from the Morro Bay harbor onto the surfzone of
the beach approximately two kilometers north of the harbor. This sand was deposited at a
single point as beach nourishment (Anonymous, 2017). Many of the studies examining
biodiversity responses to coastal modifications are broad-scale and focus on geographic
regions, such as the California coast; however regional variation is high in California and
generalizations applied to the entire coast could potentially miss fine-scale and localized
impacts on biodiversity. Effects observed one year post-modification may differ from
those observed after a second year post-modification (Brock et al., 2009), thus two years
of data at minimum are needed to adequately assess any trends occuring in Morro Bay.
We assessed three aspects of coastal diversity, (1) beach width, (2) avian and (3)
intertidal-macroinvertebrate biodiversity. If bird and macroinvertebrate biodiversity is
found to be significantly decreased at the site of deposition compared to the North and
South control sites, this could indicate that dredging and beach nourishment negatively
impact the coastal ecosystems in Morro Bay. While the causation of these impacts (e.g.
incompatible fill sediment or increased turbidity) would still be unknown, finding a
correlation helps focus the scope of new research questions. If beach width trends are

3
significantly different at the site of deposition compared to the control sites, this could
indicate that the sediment deposition has been successful at helping mitigate beach
erosion at the deposition site and can help direct new research questions examining beach
nourishment. Determining biodiversity and beach width trends will help formulation of
an ecologically-informed perspective on how dredging potentially acts as a local-scale
driver of ecosystem impacts in the coastal ecosystems of Morro Bay.

LITERATURE REVIEW
Global Coastlines
Coastal areas worldwide are hotspots of human and ecological activity. It is
estimated that global coastlines support an average population density three times that of
the average global population density (Small and Nicholls, 2003). In 2010, 39% of
Americans lived in coastal shoreline counties and 52% lived in coastal watershed
counties despite these counties only comprising <10% and <20%, respectively, of the
land area of the US (NOAA, 2013). It is projected that these coastal shoreline counties
will increase in population by 8% between 2010-2020, and coastal watershed counties
will increase by 9% in the same time frame (NOAA, 2013). Coastlines represent
important social and economic components of peoples’ lives, whether it be for recreation,
commerce, or residence. In addition to their economic importance, coastlines and beaches
are ecologically and geologically rich and represent crucial habitat for many organisms
(Schlacher et al., 2008, Defeo et al., 2009).
Sandy Beaches
Sandy beaches currently comprise approximately one-third of ice-free shorelines
worldwide (Luijendijk et al., 2018). In the US, sandy beaches comprise approximately
one-third of the coastlines and are concentrated along the West Coast and Gulf Coast
(Luijendijk et al., 2018). Research on sandy beaches has historically lagged behind that of
other coastal ecosystems due to challenges in observing highly mobile or cryptic
intertidal organisms, the lack of intertidal flora, and the highly dynamic environment
created by waves and changing tides (Brown and McLachlan, 2010). The emergence of
sandy beach ecology as a formal field is a relatively recent addition to the coastal
sciences, with most work prior to the 1980s being purely descriptive (Brown and
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McLachlan, 2010). Despite their highly dynamic nature, sandy beaches support diverse
intertidal communities within a spatially narrow habitat (Schooler et al., 2017).
Physical attributes of beaches are considered to be one of the most important
drivers of beach community structure (Brown and McLachlan, 2010). These physical
attributes include sediment characteristics, beach morphology, sediment transport, and
tidal regimes (Schlacher et al., 2008). The ecology and geology of the California
coastline were shaped over millions of years by geological interactions and climate,
resulting in a variety of ecosystem types that are critical habitat areas (Hubbard and
Dugan, 2003, Schlacher et al., 2008) and support a high degree of biodiversity (Schooler
et al., 2017). Sandy beaches, as one of these critical habitat areas, are an important coastal
ecosystem for California’s ecology and economy and are the focus of our study.
Anthropogenic Impacts on Coastlines
In addition to being economically valuable, sandy beaches are critical habitats for
many species (Schlacher et al., 2008, Defeo et al., 2009), thus loss and fragmentation of
beach habitat threatens biodiversity on multiple scales (Schlacher et al., 2007, Viola et
al., 2014, Hubbard et al., 2014). Anthropogenic activities have the potential to drastically
alter coastal ecosystems at both local and regional scales. A variety of anthropogenic
drivers have been shown to impact beach ecosystems at the local scale, such as beach
nourishment, vehicle use, fishing, and recreation (Defeo et al., 2009, Schlacher et al.,
2007). The greatest long-term threat to coastal zones and sandy beaches is coastal
squeeze, which traps beaches between encroaching human development and loss of beach
through erosion and sea-level rise (Defeo et al., 2009, Schlacher et al., 2007). Erosion of
beaches is a widespread phenomenon at multiple temporal (Stive et al., 2002) and spatial
scales (Bird, 1985, Nicholls et al., 2007) and can be attributed to natural drivers (e.g.
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storms/wave action patterns) as well as sea-level rise as a result of anthropogenic climate
change.
Dredging and Beach Nourishment
The construction of coastal defenses is one of the methods commonly used to
mitigate the effects of coastal erosion at sandy beaches. Hard coastal defenses (e.g. sea
walls) can exacerbate coastal erosion and destroy the ability of coastal ecosystems to
function normally (Defeo et al., 2009). Soft-sediment strategies, such as beach
nourishment, are generally considered a more ecologically sustainable way to mitigate
the effects of coastal erosion (Speybroeck et al., 2006), although some work suggests that
beach nourishment is not an entirely sustainable method to fully counteract the effects of
sea level rise as a result of climate change (Parkinson and Ogurcak, 2018). Without shore
and beach nourishment, however, it is estimated that in the 21 st century between 6,00017,000 square kilometers of land would be lost globally to sea level rise and possibly
over 5 million people would be displaced (Hinkel et al., 2013). Montague (2008) suggests
that beach nourishment will not only help coastal communities and other coastal users
defend against the effects of sea level rise, but also act to create and save critical habitat
for nesting sea turtles. Similarly, Hinkel et al. (2013) proposes nourishment as the most
effective way of mitigating the effects of sea level rise, however, other work suggests that
it may not be the most environmentally sustainable strategy (Schooler et al., 2019,
Peterson and Bishop, 2005, Parkinson and Ogurcak, 2018).
Beach nourishment involves sourcing sediments from a dredge location to deposit
onto a beach with the purpose of elevating or extending the beach, often to mitigate
erosion (Peterson and Bishop, 2005). Nourishment is often considered a short-term
“pulse disturbance” (Peterson and Bishop, 2005), however, nourishment projects have the
potential to alter beach ecosystem functioning negatively in the long term (van Egmond
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et al., 2018). Indeed in California, where as much as 86% of the coastline is actively
eroding (Moore et al., 1999) and many dredging and nourishment projects have been
conducted since the mid-1900s (Orme et al., 2005, Griggs, 1987), the potential impacts of
these projects posit a serious issue for California coastal ecosystems, where the scope of
disturbance may exceed their natural resilience.
Potential impacts to beach ecology resulting from nourishment are divided into
three main categories: 1) effects related to construction of the nourishment project, 2)
effects related to sediment quality, and 3) effects related to sediment quantity
(Speybroeck et al., 2006). Sediment characteristics are one of the most important factors
determining species presence and abundance (Leewis et al., 2012, Vanden Eede et al.,
2014). Studies have shown that too course or shelly materials can impact beach
ecosystem function (Speybroeck et al., 2006, Maurer et al., 1978) and similarly, too fine
sediments can also cause impacts (Essink, 1999). The seasonal timing of nourishment
projects and quantity of sediment also have the potential to negatively impact beach
ecosystem function (Manning et al., 2014), although there may be some positive impacts
in terms of habitat creation (van Egmond et al., 2018). Local scale processes (e.g.
dredging and beach nourishment) have equal or greater influence on the biodiversity of
beach ecosystems than regional processes (e.g. sea-level rise) (Schooler et al., 2017),
however, the impacts of dredging and beach nourishment in our study site, Morro Bay, is
largely unstudied.
Impacts on Coastal Birds
Sediment characteristics can also indirectly impact shorebird communities
through impacts to intertidal macroinvertebrate prey distribution and availability
(VanDusen et al., 2012, Viola et al., 2014). Mortality and loss of beach vegetation,
wrack, and macroinvertebrates through burial or grooming is correlated with beach
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nourishment events (Speybroeck et al., 2006), which can reduce the availability of prey
for shorebird predators (Dugan et al., 2003) as well as the ability of birds to actually
forage (Maurer et al., 1978). In addition to indirect impacts to bird communities,
shorebird habitat may be directly impacted. Tidal flats support the highest diversity and
density of shorebirds when exposed but are also the most susceptible to loss and
degradation of coastal habitat caused by anthropogenic activities (VanDusen et al., 2012).
Specifically in California, sandy beaches represent critical habitat for coastal bird species,
especially in areas where alternative foraging habitat is scarce or has been lost (Hubbard
and Dugan, 2003).
Impacts on Intertidal Macroinvertebrates
Deposited sediment during a nourishment event can bury and directly cause
mortality of beach flora and fauna (Speybroeck et al., 2006, VanDusen et al., 2012) and
also inhibit the burrowing ability of intertidal macroinvertebrates if the grain size of the
nourishment sediment is not compatible with the original beach sediment (Viola et al.,
2014). Nourishment activities can also constrain intertidal macroinvertebrate colonization
(Vanden Eede et al., 2014, Speybroeck et al., 2006) and their ability to disperse in the
larval form (Speybroeck et al., 2006, Grantham et al., 2003). In addition to these
constraints, intertidal macroinvertebrates may also be limited by developmental mode
(Grantham et al., 2003). These limitations can reduce the resilience of macroinvertebrates
to disturbance and are factors that should be considered when planning nourishment
projects.
Changes in ecological interactions, altered nutrient cycling, and increased
turbidity can also be caused by depositing sediment (Essink, 1999). Moreover, the
recovery time of intertidal macroinvertebrate communities following beach nourishment
may be longer than previously thought and can be impacted by seasonal timing of beach
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nourishment activities (Manning et al., 2014, Wooldridge et al., 2016). Nourishment
projects conducted in the winter months prior to invertebrate colonization had fewer
impacts than nourishment conducted after recruitment (Manning et al., 2014). Future
research would benefit from incorporating such factors as species life history traits
(Grantham et al., 2003, Leewis et al., 2012), beach morphodynamics (Leewis et al., 2012,
Barboza et al., 2012), biomass variables (Vanden Eede et al., 2014, Dugan et al., 2003),
and sediment characteristics (Leewis et al., 2012).
Morro Bay
History of Morro Bay
Morro Bay is a small bay and estuary on the Central Coast of California within
Estero Bay (Figure 1). The bay itself is a triangle-shaped lagoon, separated from the
Pacific Ocean by a sandspit comprised of both beach and dune complex (Orme et al.,
2005). Morro Bay is home to the eponymous Morro Rock, which is a California State
Historic Landmark and the last peak of the Nine Sisters. The Nine Sisters is a chain of 23
million-year-old, Oligocene volcanic plugs that stretch from San Louis Obispo to Morro
Bay (The City of Morro Bay, Orme et al., 2005). Historically, Morro Rock represented an
important navigational landmark for mariners as it stands 576 ft tall at the mouth of the
Morro Bay harbor. The bay receives water from a 76 square-mile watershed that includes
Chorro and Los Osos Creeks as the main tributaries (Figure 1). Historically, Morro Creek
also drained into the bay but was diverted to the north once the harbor was developed
(Gerdes et al., 1974).
The Chumash people held extensive settlements near Morro Creek during the
Millingstone Horizon (6500-3500 BC), Early Period (3500-1000 BC), and the later
Middle Period (1000 BC to 1000 AD). The most intense occupation was during the Early
Period, where settlements were occupied at Morro Creek and on the Morro Bay sandspit
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Figure 1. Morro Bay harbor and dredge project map (dredge sediment placement
locations from 2013 USACE Draft Environmental Assessment for Morro Bay)

(Hogan, 2008). The first European exploration of Estero Bay occurred in 1542, when
Portuguese explorer Juan Rodriguez Cabrillo entered Estero Bay and formally named
Morro Rock or “El Morro”. Beginning in the 1890s and continuing until 1963, Morro
Rock was quarried extensively for use in constructing the breakwaters at the harbor
entrance. At first, a trestle bridge was built from the mainland shore to the rock in 1911;
this later decayed and in the 1930s the northern entrance channel was fully filled in and
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the northern breakwater was constructed by the Works Progress Administration (Bailey,
1982, Orme et al., 2005). The southern breakwater was constructed later in 1942 (Figure
1). Repairs to the northern breakwater began in 1956. The construction of the
breakwaters, causeway, and other engineering changes in the harbor disrupted the natural
flow of sediment, causing silt to begin accumulating in the harbor (Orme et al., 2005).
Federal funding was secured to dredge the federal harbor channels for the first time in the
1950s (Bailey, 1982). Natural sediment dynamics are an important component of Morro
Bay’s history, as littoral drift currents are one of the reasons why Morro Bay has
historically had issues with sedimentation in the bay (Orme et al., 2005). The northern
littoral current flows southward while the southern littoral current flows northward and
the two converge at the mouth of the Morro Bay harbor, essentially acting as a sink for
sediments flowing along the two currents (Orme et al., 2005). The natural sediment
dynamics of the bay combined with the harbor alterations in the 1900s only exacerbated
the sediment accumulation.
Morro Bay Dredging
Morro Bay is the only all-weather small craft harbor between Santa Barbara and
Monterey and allows access for both commercial and recreational boat traffic via the
federal channel (US Army Corps of Engineers, 2013). The federal channel of Morro Bay
is comprised of six sections (shown in Figure 1): 1) entrance channel, 2) transition area,
3) sand trap, 4) main channel, 5) Navy channel, and 6) Morro Channel (US Army Corps
of Engineers, 2013).
Between 1960 to 1990, routine maintenance dredging of the federal channel was
conducted twice per decade. From 1994 to present day, maintenance dredging has been
conducted on an annual basis. The dredging is conducted with the purpose of maintaining
the federal channel at authorized depths to maintain navigational safety for both
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commercial and recreational traffic (US Army Corps of Engineers, 2013). The economy
of Morro Bay also relies upon the maintenance of the harbor, as the town depends upon
fisheries and eco-tourism as its main sources of income (US Army Corps of Engineers,
2013).
Historically, two different sites have been used for deposition of the dredged
sediment (shown in Figure 1): 1) the near shore area off the Morro Bay State Park sand
spit or 2) the surfzone of Morro Strand State Beach. The near shore location has
historically been associated with use of a hopper dredge, which occurs during a onemonth period between March 1 and September 15 annually. The Morro Strand State
Beach surfzone location has historically been associated with use of a hydraulic suction
dredge, which occurs during a one-month period between September 16 and February 29
annually. The Morro Strand State Beach surfzone served as the deposition site for the
February 2017 dredge project, in which 240,000 cubic yards of sediment was dredged
using a hydraulic/cutterhead dredge platform from the federal channel and deposited
north of the harbor onto the beach (Anonymous, 2017). This project was contracted out
by the US Army Corps of Engineers (USACE) to Ahtna Design-Build Corp for $4.37
million and was completed in 2-3 months (Anonymous, 2017).
Morro Bay Ecology
The estuary in Morro Bay represents one of the most significant wetland habitats
on the central coast of California as it is an important habitat for both resident birds and
as a stopover for migratory birds along the Pacific Flyway (California Coastal
Commission, 2011). 800 acres of the wetland is designated as the Morro Estuary Natural
Preserve and supports intertidal mudflats, wetlands, and tidal marshes in the wetland area
as well as eelgrass and giant kelp beds within the coastal water habitat (US Army Corps
of Engineers, 2013). In addition to the protected estuary, terrestrial beach habitat is
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located along the Morro Bay Sandspit and Morro Strand State Beach (shown in Figure 1).
These habitats contain vegetated dunes that support both native and non-native species of
vegetation (US Army Corps of Engineers, 2013) and also important bird nesting and
foraging habitat.
Biodiversity is rich in Morro Bay. Over 275 species of birds have been identified
from the bay ecosystems as well as surrounding areas within the Morro Bay watershed.
Fall surveys between 1988 and 2015 indicate that an average of 21 species of shorebirds
regularly inhabit the bay and estuary habitat (Kitajima, 2016). Four large mammal
species (harbor seals, California sea lion, Steller’s sea lion, and sea otters) also inhabit the
bay (US Army Corps of Engineers, 2013). Many species of invertebrates and fish are also
present in the bay, several of which, such as oysters, are important for commercial fishery
operations within the bay (Gerdes et al., 1974). At least 250 species of invertebrates have
been identified from the benthic regions of the bay and estuary (US Army Corps of
Engineers, 2013) and previous work has also found that at least 44 different species of
intertidal macroinvertebrates inhabit the beaches at Morro Bay (Schooler et al., 2017).
Gaps in Knowledge
This project aims to provide an overall view of how beach nourishment impacts
biodiversity and beach width at Morro Bay, California in response to the dredge and
beach nourishment projects conducted in February 2017. It is well understood that
dredging, beach nourishment, and beach grooming can have serious impacts on a variety
of beach flora and fauna (Defeo et al., 2009, Hubbard and Dugan, 2003, Leewis et al.,
2012). There is, however, a lack of consensus in how biodiversity changes both spatially
and temporally in response to nourishment impacts at the deposition site. Our study aims
to examine both temporal and spatial variation of all intertidal macroinvertebrate and
avian taxa that we observe to help determine how local-scale impacts impact coastal
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biodiversity and beach width. Through our collaboration with the Earth and
Environmental Sciences Department at California State University, Fresno, we have
already examined sedimentological impacts to Morro Bay beaches related to the 2017
dredging project (Alfving et al., 2019) and continued collaboration will allow
examination of interactions between the sedimentology and ecology at Morro Bay.

METHODOLOGY
Designating Sampling Locations
We first plotted the location of the deposition site on a digital map of the Morro
Bay coastline using ESRI ArcMap 10.7.1 (Figure 2). We then used ESRI ArcMap to
measure in 2-kilometer intervals from the deposition site on the digital map and proposed
eight potential control sites (four north and three south of the deposition site). We
determined if our proposed sites were viable field survey locations based on the presence
of dunes on the beach. The presence of dunes at each site is required to accurately assess
beach width trends because they act as a baseline for measurements (Nordstrom and
Jackson, 1992). We eliminated one proposed location prior to beginning surveys as there
was little to no dune present. We finalized seven sampling sites along the beach at Morro
Bay, California (Figure 2). We tested the survey locations for spatial autocorrelation
using Moran’s Index in ESRI ArcMap. We designated the 2017 dredge deposition site as
“Site 0”. We then labeled our additional six survey sites with alphanumeric labels
denoting their cardinal orientation and location in proximity to the deposition site (i.e.
“1N” as the first site to the north of Site 0, “1S” as the first site south of Site 0, etc). We
designated three of these sites to the north of Site 0 along the mainland and the remaining
three sites to the south of Site 0 along the sandspit across the Morro Bay harbor.
We conducted monthly surveys at each of the seven sampling locations beginning
in August 2017 and ending in August 2019, for a total of two consecutive years. At least
a year long sampling scheme is required to capture seasonal changes in beach
macroinvertebrate communities (Brazeiro and Defeo, 1996), however, we decided to
conduct surveys for two years as effects observed one year post-modification may differ
from those observed after a second year post-modification (Brock et al., 2009). During
each monthly field survey, we measured beach width and conducted bird point counts at
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Figure 2. Our 2017-19 sampling locations in Morro Bay, California.
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each survey site. Additionally, we collected intertidal macroinvertebrate samples
quarterly at each survey site. During each monthly survey, we also collected four
sediment samples along a transect at each survey location. These sediment samples were
given to our collaborators in the Earth and Environmental Sciences Department at
California State University, Fresno for sedimentological analysis (Alfving et al., 2019).
Beach Width
Field Survey Methods
We collected beach width measurements monthly at each site using a Nikon
Aculon 6x20 6.0° rangefinder. Beach width is measured in meters and is the distance
between the foot of the dune and the high-tide mark in the sand. We also measured
intertidal width, which is the distance between the high-tide mark and the low-tide mark.
Field notes on conditions were taken for each sampling trip including the presence of
scarping on the beach, fog, wind, visibility and heavy surf.
Analyses
We tested our beach width dataset for normality and homogeneity of variance
with R 3.6.1 (R Core Team, 2019, Fox and Weisberg, 2019) and Microsoft Excel (2019)
to ensure that use of parametric statistics was appropriate. We used the “emmeans”
package in R (Lenth et al., 2020) to conduct a two-factor ANOVA to test for individual
and interactive effects of site and months since nourishment on beach width. We used the
base package of R 3.6.1 (R Core Team, 2019) to conduct post-hoc T-tests with a
Bonferroni correction to determine which sites were driving the significant ANOVA. We
then pooled beach width measurements for the control sites and compared to beach width
measurements for the deposition site using a two-tailed T-test assuming unequal
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variances to determine if beach width of the control sites is significantly different from
that of the deposition site.
Additionally, we also performed Kruskal-Wallis tests, Mann-Whitney U tests, and
post hoc comparisons on each of our beach width, bird biodiversity, and intertidalmacroinvertebrate biodiversity datasets. While we did not report these results here, use of
these alternative non-parametric tests did not qualitatively alter any of our inferences.
Coastal Bird Biodiversity
Field Survey Methods
We conducted coastal bird counts monthly at each sampling location. Each 5minute point count consisted of a 360-degree sweep using binoculars and entailed
tallying the number of individuals of each species present. We only tallied individual
birds that were present in the surf or on the beach as those flying could potentially be
counted twice by surveyors. We conducted surveys beginning at sunrise and as close to
low tide as possible to minimize the number of people present on the beach, which might
alter the natural behavior of birds.
Analyses
We analyzed our monthly bird tallies for each site using four biodiversity metrics:
1) mean species richness, 2) the Shannon-Weiner Index or Shannon’s Index (Shannon,
1948), 3) Shannon’s Evenness (Shannon, 1948), and 4) Simpson’s Index of Diversity
(Simpson, 1949). We chose to use these four metrics of diversity as they can be used to
determine α and β diversity and are useful for spatiotemporal comparisons. For each
survey site for any given month, we generated a single quantitative value for each of our
four diversity metrics. This resulted in seven values for each biodiversity metric for each
of our survey months. We tested our avian biodiversity datasets for normality and
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homogeneity of variance with R 3.6.1 (R Core Team, 2019, Fox and Weisberg, 2019) and
Microsoft Excel (2019) to ensure that use of parametric statistics was appropriate.
For each biodiversity metric, we used the “emmeans” package in R (Lenth et al.,
2020) to conduct a two-factor ANOVA to test for individual and interactive effects of site
and months since nourishment on biodiversity. We also used the base package of R (R
Core Team, 2019) to conduct post-hoc T-tests with a Bonferroni correction to determine
which sites were driving the significant ANOVA for site comparisons across months. For
each biodiversity metric we then pooled values for the control sites and compared to
values for the deposition site using a two-tailed T-test assuming unequal variances to
determine if biodiversity of the control sites is significantly different from that of the
deposition site.
Intertidal Macroinvertebrate Biodiversity
Field Survey Methods
We conducted quarterly macroinvertebrate collections at each site. Our survey
methods are adapted from survey protocols listed in (Schooler et al., 2014, Schooler et
al., 2017) that were implemented to assess the biodiversity of California beach
ecosystems. We chose to adapt protocols listed in (Schooler et al., 2017) and (Schlacher
et al., 2008) to collect a representative sample of each survey site.
We conducted surveys as close to low-tide as possible as macroinvertebrates are
buried at this time and structural features of the beach are evident (Schlacher et al., 2008).
Previous research has shown that cores should be taken to a minimum depth of 25cm
(approximately 9.8inches) to adequately sample for burrowing species (Schlacher et al.,
2008). At each site, we first chose a sample location by locating an area within the
intertidal range that exhibited signs of burrowed macroinvertebrates. We then took four
12-inch sediment cores at a haphazard location between high tide and low tide and insert
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into a five-gallon bucket filled with ocean water. We swirled the combined core samples
by hand to suspend the sediment and macroinvertebrates and extruded through a 5mm
mesh sieve to separate the macroinvertebrates from the sand. Previous studies suggest use
of a 1.5mm sieve for macrofauna (Schooler et al., 2014, Schooler et al., 2017), however,
we chose to use a 5mm sieve as smaller sieves quickly clogged when we attempted to
extrude the sediment. We then repeated the entire process for a second set of cores taken
at a different location between high tide and low tide at the same site. We combined both
sets of collected macroinvertebrates into a single sample bag filled with ocean water and
collected sediment.
Sample Processing Methods
Prior to identification, we replaced the ocean water in each sample bag with 10%phosphate buffered formalin to fix the macroinvertebrates. We also added 2-3 drops of
Rose-Bengal dye to stain organic tissue pink for species identification. After 3-5 days, we
replaced the formalin and dye solution with 70-75% ethanol for long-term storage of the
macroinvertebrates. We then keyed and tallied the preserved macroinvertebrates using
dichotomous keys from The Light and Smith manual: intertidal invertebrates from central
California to Oregon (Light, 2007). We keyed the invertebrates at least to family and to
genus if possible.
Analyses
We analyzed the intertidal macroinvertebrate tallies for each site using four
biodiversity metrics: 1) mean species richness, 2) the Shannon-Weiner Index or
Shannon’s Index (Shannon, 1948), 3) Shannon’s Evenness (Shannon, 1948), and 4)
Simpson’s Index of Diversity (Simpson, 1949). We statistically analyzed our intertidal
macroinvertebrate tallies using the same aforementioned methodologies that we used for
coastal avian biodiversity.

RESULTS
Moran’s Index as calculated using ESRI ArcMap was determined to be
nonsignificant (p = 0.27), thus our sampling locations were not spatially autocorrelated.
Beach Width
We recorded 25 measurements of intertidal beach width in total throughout 25
months of beach surveys (Appendix A). Beach width varied between a minimum of 0
meters and a maximum of 122 meters (Figure 3). The maximum width across all surveys
was recorded at the deposition site (Site 0). Average beach width varied between 23.8
meters and 62.4 meters with a total average across all sites of 42.5 meters (Figure 3).

Figure 3. Boxplot showing beach width for each of the seven survey sites across all 25
months. Beach width at the deposition site (Site 0) was significantly greater than beach
width of the 6 control sites pooled.
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Statistics
We tested for the individual and interactive effects of site and months since
nourishment on beach width with a two-factor ANOVA. Beach width varied significantly
across the different sites (F(6, 174) = 6.36, p < 0.001). A post-hoc Tukey’s HSD test with
a Bonferroni correction revealed that the significant spatial variation was driven by
significant pairwise differences between Sites 0 and 1S (p < 0.001) and Sites 0 and 2S (p
< 0.002). Beach width was also significantly variable across time (F(1, 174) = 8.93, p =
0.003), however, we did not perform a post-hoc test for months since nourishment as we
were only interested in the overall presence or absence of temporal variation. The
interaction between site and month was not significant (F(6, 174) = 0.259, p = 0.955).
We used a T-test to compare the beach width at the deposition site (Site 0) across all 25
months to the beach width of the remaining 6 survey sites pooled together across all 25
months. The beach width of the deposition site (M = 62.36, SD = 35.12) was significantly
higher than the beach width of the pooled survey sites (M = 39.23, SD = 19.004) (t(37) =
2.89, p < 0.004).
Coastal Bird Biodiversity
Percent Mean Abundance
We recorded a total of 48 unique species of birds throughout 25 months of beach
surveys (Appendix B). We calculated the percent mean abundance by order (Figure 4) to
determine which taxonomic groups were dominant across all sites. The order
Charadriiformes comprised the most represented taxonomic group throughout all 25
months of surveys. The families Scolopacidae (sandpipers and shorebirds) and Laridae
(gulls) were the two most represented taxonomic families within Charadriiformes and
also the two most represented families across all sites with mean abundances of 64% and
18%, respectively.
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Figure 4. Percent mean abundance of coastal birds sorted by order. Percent mean
abundance for each survey site represents the percent abundance averaged across all
months (August 2017-August 2019) of data. Charadriiformes (includes shorebirds and
gulls) represented the largest category on average with a mean percent abundance of
83.3%.
Biodiversity Metrics
Boxplots for each of the four measures of coastal avian biodiversity (mean species
richness, Shannon’s Index, Shannon’s Evenness, and Simpson’s Index) are shown in
Figure 5. Total species richness at each of the seven sites varied between a minimum of 1
species recorded and a maximum of 12 species recorded for any given month. Average
species richness at each of the seven sites varied between 5.48 species and 7.64 species
with a total average across all sites of 6.56 species. Shannon’s Index values at each of the
seven sites varied between a minimum of 0 and a maximum of 2.19 for any given month.
Average Shannon’s Index values varied between 1.06 and 1.55 with an overall average
across all sites of 1.30. Shannon’s Evenness values at each of the seven sites varied
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between a minimum of 0 and a maximum of 1 for any given month. Average Evenness
values varied between 0.57 and 0.80 with an overall average across all sites of 0.71.
Simpson’s Index values at each of the seven sites varied between a minimum of 0 and a
maximum of 1 for any given month. Average Simpson’s Index values varied between
0.52 and 0.73 with an overall average across all sites of 0.64.

Figure 5. Boxplots for each of the four measures of coastal avian biodiversity that we
measured: A) Species Richness, B) Shannon’s Index, C) Shannon’s Evenness, and D)
Simpson’s Index.
Statistics
We tested for the individual and interactive effects of site and months since
nourishment on each of the four metrics of coastal avian biodiversity (mean avian species
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richness, Shannon’s Index, Shannon’s Evenness, and Simpson’s Index) with two-factor
ANOVAs.
Mean avian species richness varied significantly across the different sites (F(6,
174) = 4.77, p < 0.001). A post-hoc Tukey’s HSD test with a Bonferroni correction
revealed that while the ANOVA was significant, no pairwise comparisons between sites
were significant after Bonferroni correction. Mean richness was also significantly
variable across time (F(1, 174) = 8.88, p = 0.003), however, we did not perform a posthoc test for months since nourishment as we were only interested in the overall presence
or absence of temporal variation. The interaction between site and month was also
significant (F(6, 174) = 2.82, p = 0.012).
Shannon’s Index values varied significantly across the different sites (F(6, 174) =
6.55, p < 0.001). A post-hoc Tukey’s HSD test with a Bonferroni correction revealed that
the significant spatial variation was driven by significant pairwise differences between
Sites 3N and 1S (p < 0.0005) and Sites 3N and 3S (p < 0.003). Shannon’s Index values
were also significantly variable across time (F(1, 174) = 5.59, p = 0.019), however, we
did not perform a post-hoc test for months since nourishment as we were only interested
in the overall presence or absence of temporal variation. The interaction between site and
month was not significant (F(6, 174) = 1.44, p = 0.202).
Shannon’s Evenness values varied significantly across the different sites (F(6,
174) = 4.37, p < 0.001). A post-hoc Tukey’s HSD test with a Bonferroni correction
revealed that the significant spatial variation was driven by a significant difference
between Sites 3N and 1S (p < 0.0001). Shannon’s Evenness values were not significantly
variable across time (F(1, 174) = 0.045, p = 0.832). The interaction between site and
month was not significant (F(6, 174) = 0.471, p = 0.829).
Simpson’s Index values varied significantly across the different sites (F(6, 174) =
5.08, p < 0.001). A post-hoc Tukey’s HSD test with a Bonferroni correction revealed that
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the significant spatial variation was driven by a significant difference between Sites 3N
and 1S (p < 0.0004). Simpson’s Index values were not significantly variable across time
(F(1, 174) = 3.04, p = 0.083). The interaction between site and month was not significant
(F(6, 174) = 0.935, p = 0.472).
We used T-tests to compare the avian biodiversity at the deposition site (Site 0)
across all 25 months to the avian biodiversity of the remaining 6 survey sites pooled
together across all 25 months. We conducted T-tests for each of the four measures of
biodiversity. We found that none of the four measures of biodiversity were significantly
different when we compared the deposition site to the control sites pooled (Table 1) with
two-tailed T-tests. Only avian species richness was significant when the deposition site
was compared to the pooled control sites with a one-tailed T-test (p = 0.028) (Table 1).
Table 1. Table of P-Values for T-tests Conducted on Four Measures of Coastal Avian
Biodiversity. The Significance Threshold Was Set At 0.05. Values In Bold Are
Statistically Significant.
Biodiversity
Metric

Site 0
Mean

Site 0
SD

Pooled
Sites Mean

Pooled
Sites SD

t-statistic

p-value
(one-tailed)

p-value
(two-tailed)

Species
Richness
Shannon's
Index
Shannon's
Evenness
Simpson's
Index

7.280

1.621

6.440

1.413

1.953

0.028

0.057

1.397

0.322

1.279

0.242

1.460

0.076

0.151

0.714

0.151

0.705

0.072

0.259

0.399

0.797

0.673

0.130

0.636

0.078

1.230

0.113

0.226

Intertidal Macroinvertebrate Biodiversity
Percent Mean Abundance
We identified 11 classes of intertidal macroinvertebrates from our sediment
samples (Figure 6). Out of the 11 classes, we identified 26 orders and 45 families
(Appendix C). We also identified five types of invertebrate larvae: cyphonautes larvae
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(class Bryozoa), megalopa larvae (order Brachyura), cyprid larvae (likely superorder
Rhizocephala), spionid larvae (family Spionidae), and beetle larvae (family
Staphylinidae). We did not include these in the average abundance calculations and the
species richness, Shannon’s Index, Simpson’s Index, and Shannon’s Evenness
calculations because we were not able to confidently identify them past family.
We also calculated the percent mean abundance by class (Figure 6) to determine
which taxonomic groups were dominant across all sites. Class Malacostraca (includes, for
example, orders Isopoda, Amphipoda, and Decapoda) and class Polychaeta (includes, for
example, orders Opheliida and Spionida) were, on average, the dominant taxonomic
classes across all sites at mean abundances of 66% and 13%, respectively. Within class
Malcostraca, orders Isopoda and Amphipoda were the most represented, with percent
mean abundances of 42.1% and 20.3%, respectively.

Figure 6. Percent mean abundance of intertidal macroinvertebrates sorted by class.
Percent mean abundance for each survey site represents the percent abundance averaged
across all months (August 2017-August 2019) of data. Class Malacostraca and class
Polychaeta represented the largest categories on average with mean percent abundances
of 66% and 13%, respectively.
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Biodiversity Metrics
Boxplots for each of the four measures of intertidal macroinvertebrate
biodiversity (mean species richness, Shannon’s Index, Simpson’s Index, and Shannon’s
Evenness) are shown in Figure 7. Total species richness at each of the seven sites varied
between a minimum of 1 species recorded and a maximum of 15 species recorded for any
given month. Average species richness at each of the seven sites varied between 3.8
species and 5.8 species with a total average across all sites of 4.7 species. Shannon’s
Index values at each of the seven sites varied between a minimum of 0 and a maximum
of 2.76 for any given month. Average Shannon’s Index values varied between 0.53 and
1.14 with an overall average across all sites of 0.85. Shannon’s Evenness values at each
of the seven sites varied between a minimum of 0 and a maximum of 1 for any given
month. Average Evenness values varied between 0.38 and 0.68 with an overall average
across all sites of 0.57. Simpson’s Index values at each of the 7 sites varied between a
minimum of 0 and a maximum of 1 for any given month. Average Simpson’s Index
values varied between 0.28 and 0.59 with an overall average across all sites of 0.46.
Statistics
We tested for the individual and interactive effects of site and months since
nourishment on each of the four metrics of intertidal macroinvertebrate biodiversity
(mean intertidal macroinvertebrate species richness, Shannon’s Index, Shannon’s
Evenness, and Simpson’s Index) with two-factor ANOVAs.
Mean intertidal macroinvertebrate species richness did not vary significantly
across the different sites (F(6, 76) = 0.884, p = 0.512). Mean richness was significantly
variable across time (F(1, 76) = 44.05, p < 0.0001), however, we did not perform a posthoc test for months since nourishment as we were only interested in the overall presence
or absence of temporal variation. The interaction between site and month was not
significant (F(6, 76) = 1.09, p = 0.379).
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Figure 7. Boxplots for each of the four measures of intertidal macroinvertebrate
biodiversity that we measured: A) Species Richness, B) Shannon’s Index, C) Shannon’s
Evenness, and D) Simpson’s Index.
Shannon’s Index values did not vary significantly across the different sites (F(6,
76) = 1.46, p = 0.208). Shannon’s Index values were significantly variable across time
(F(1, 76) = 22.31, p < 0.001), however, we did not perform a post-hoc test for months
since nourishment as we were only interested in the overall presence or absence of
temporal variation. The interaction between site and month was not significant (F(6, 76)
= 1.29, p = 0.274).
Shannon’s Evenness values did not vary significantly across the different sites
(F(6, 76) = 1.46, p = 0.206). Shannon’s Evenness values were not significantly variable
across time (F(1, 76) = 2.73, p = 0.104). The interaction between site and month was not
significant (F(6, 76) = 1.19, p = 0.319).
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Simpson’s Index values did not vary significantly across the different sites (F(6,
76) = 2.21, p = 0.053). Simpson’s Index values were significantly variable across time
(F(1, 76) = 11.99, p < 0.001), however, we did not perform a post-hoc test for months
since nourishment as we were only interested in the overall presence or absence of
temporal variation.. The interaction between site and month was not significant (F(6, 76)
= 1.72, p = 0.129).
We then used T-tests to compare the intertidal macroinvertebrate biodiversity at
the deposition site (Site 0) across all 11 survey months to the intertidal macroinvertebrate
biodiversity of the remaining 6 survey sites pooled together across all 11 survey months.
We conducted T-tests for each of the four measures of biodiversity. We found that none
of the four measures of biodiversity were significantly different when we compared the
deposition site to the control sites pooled (Table 2).
Table 2. Table of P-Values for T-tests Conducted on Four Measures of Intertidal
Macroinvertebrate Biodiversity. The Significance Threshold Was Set At 0.05. Values In
Bold Are Statistically Significant.
Biodiversity
Metric

Site 0
Mean

Site 0
SD

Pooled
Sites Mean

Pooled
Sites SD

t-statistic

p-value
(one-tailed)

p-value
(two-tailed)

Species
Richness
Shannon's
Index
Shannon's
Evenness
Simpson's
Index

5.091

2.982

4.667

2.783

0.345

0.367

0.734

0.921

0.433

0.839

0.389

0.468

0.323

0.645

0.581

0.253

0.565

0.117

0.184

0.428

0.856

0.490

0.225

0.457

0.139

0.421

0.339

0.679

CONCLUSION
Discussion
Overall, we found that the dredge deposition had low or very short-term impacts
to both avian and intertidal macroinvertebrate biodiversity at the deposition site over our
two years of sampling. Positive impacts included a wider beach at the deposition site. We
also noted temporal variation for all three aspects (beach width, birds, and intertidal
macroinvertebrates) that we measured, which was to be expected due to seasonal
variation of beaches and highly dynamic systems (Bruun, 1954, Hubbard and Dugan,
2003).
Beach Width
A global-scale study conducted in 2018 found that the section of the coastline
north of Morro Rock (where the 2017 deposition occurred) has experienced accretion
between 1984-2016 (Luijendijk et al., 2018), which could potentially be related to the
dredging and sediment deposition that has occurred since the 1950s. At higher-energy
beach sites, dredge material is quickly redistributed before it is able to impact the
sedimentology of the beach environment in the long term (Du Four and Van Lancker,
2008). Our collaborators in the Earth and Environmental Sciences department at
California State University, Fresno found that the sediment at the northern sites was
finer-grained than the southern sites, indicating a weaker-energy environment than the
southern sites (Alfving et al., 2019). A permit report through the California Coastal
Commission notes that the disposal site is a high-energy site (California Coastal
Commission, 2011), which indicates that dredge materials would be redistributed
quickly. Additionally, shorelines tend to prograde (become wider) during summer and
retrograde (become narrower) during winter (Bruun, 1954), thus variation between our
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beach sites and surveys is also likely influenced by seasonality. The result of significant
temporal variation for beach width between months is to be expected.
The average grain size of the deposition site was also noted to be around 200
micron (Alfving et al., 2019), which falls within the optimal grain size of 200-300 micron
for fine-grained beaches (Vanden Eede et al., 2014). In addition, Alfving et al. (2019)
suggests that approximately one-third of the dredge material from the February 2017
project naturally deposited offshore while the remainder dispersed throughout the study
area or remained detectable at the deposition site for up to one year post-dredge. This
mirrors the conclusions of a 1991 study including Morro Bay, where it was noted that
dredge sediment from projects conducted in the 1980s flowed offshore and was lost
within two years (Clayton, 1991). Our results combined with those of Alfving et al.
(2019) suggest that redispersal of the sediment in the northern section of the Morro Bay
coastline coupled with periodic dredge sediment deposition likely has contributed to an
accretion of sediment over the years. Indeed, Orme et al. (2005) also suggests that the
relocation of Morro Creek to the north of Morro Rock coupled with the deposition of
dredge sediment over the years has favored accretion (beach width increased by nearly
500ft in 60 years), so it is no surprise that the deposition site is significantly wider than
our other survey sites.
Coastal Birds
Although most of the research on beach nourishment impacts seems to focus on
sandy beach invertebrates, these impacts may be long-reaching, as many other organisms,
such as foraging shorebirds or surf fishes, depend on invertebrates as a primary prey base
(Peterson et al., 2000, VanDusen et al., 2012). In addition to prey depression, surface
shell-armoring and coarsening of sediments resulting from nourishment projects using
coarser than natural sediments can impact shorebird use of a beach (Peterson et al.,
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2006). In addition to providing habitats for the prey base, sandy beaches also represent
important habitat for birds in general, especially in areas where alternative habitats may
become scarce (Hubbard and Dugan, 2003). In the United States, numerous USACE
projects have been conducted using dredged sediment to create artificial islands for
nesting bird habitat; these projects have the potential to help maintain sensitive bird
populations by creating essentially predator-free nesting habitat (Lott et al., 2007).
Arizaga et al. (2017) noted that dredging had a negative impact on bird abundance
in three out of the eight species of shorebirds they studied and null impacts in the
remaining species. They suggest that these impacts were the result of mudflats being
covered in sandy dredge sediment, which negatively impacted foraging for species
dependent on mudflats and seemed to have a neutral impact on species that could forage
elsewhere. While this study does not directly mirror the situation at Morro Bay, it does
highlight the impacts that mismatched sediment and habitat modifications can have on
coastal bird habitat in addition to their ability to forage effectively. We did not detect any
significant differences between the deposition site and the pooled control sites, indicating
that overall, the beach nourishment activities did not affect coastal bird biodiversity.
Coastal species richness seemed to remain stable over the 25 months that we surveyed
(Figure 9, Appendix B). We did note, however, that seasonal variation in monthly total
abundance (Figure 10, Appendix B) followed expected trends of elevated abundance
during fall and winter migration and decreased abundance in the summer (May-June).
These trends mirror abundance trends seen by (Hubbard and Dugan, 2003) during a study
on shorebird use of southern California sandy beaches. Our biodiversity metrics also
showed variation across months, which we expected as seasonal variation is high due to
migration and other seasonal changes. Morro Bay shorebird surveys have also been
conducted throughout the fall since 1988; between 1988 and 2015, surveyors noted
between 17 and 25 species of shorebirds and an average of 21 species of shorebirds
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across all years (Kitajima, 2016). In total, we observed 22 species of birds that are
considered shorebirds throughout our surveys.
Intertidal Macroinvertebrates
Studies examining impacts of dredge deposition on sandy beach biota mainly
focus on impacts to invertebrates at a variety of spatial and temporal scales. The main
impacts of dredge deposition are either direct mortality from burial (Speybroeck et al.,
2006), crushing from mechanical grooming (Dugan et al., 2003), or indirect impacts such
as burrowing inhibition (Viola et al., 2014) or constrained colonization (Vanden Eede et
al., 2014). Possible positive effects include enhanced habitat relief from deposition of the
dredge sediment (van Egmond et al., 2018). The majority of potential impacts to sandy
beach invertebrates depend on the sedimentology of the sediment to be deposited,
although factors such as seasonal timing of the deposition are also important. There is
also no clear consensus on the spatial extent of nourishment-related impacts, as sediment
transport depends on geographic location.
Additionally, there is no clear consensus on the recovery time for invertebrate
taxa. Studies focusing on beach nourishment suggest a range of recovery times, for
example anywhere as soon as 10 weeks for some crab species (Peterson et al., 2000) to
up to 1 year or more for amphipods (Leewis et al., 2012, Manning et al., 2014), although
(Wooldridge et al., 2016) suggests that these invertebrate recovery times are often
underestimated. In addition, the initial response of many intertidal taxa to beach
nourishment was either negative or neutral, with the exception of some positive impacts
to polychaetes (Leewis et al., 2012, Peterson et al., 2006, Manning et al., 2014). For sites
using much coarser than natural sediments and filling during the cold season, trophic
transfer was degraded for at least one warm season (Peterson et al., 2006). As our study
was conducted over a two-year period immediately following the February 2017 dredge
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project, it is likely that we were able to capture recovery of most of the taxa we observed,
or at least the start of recovery for taxa with recovery times longer than two years. We did
informally observe an overall increase in total species richness, average species richness,
total abundance, and average abundance throughout our intertidal macroinvertebrate
surveys (Figures 11 and 12, Appendix C), indicating that even though overall biodiversity
did not seem to be impacted spatially over the 11 surveys that we conducted, we may
have captured the invertebrate community recovering after initial responses to the beach
nourishment. We did observe that mean intertidal macroinvertebrate richness did vary
both spatially and temporally and both Shannon’s and Simpson’s Indices of diversity for
intertidal macroinvertebrates varied significantly over time; these results further suggest
that community recovery has potentially occurred or begun as time has passed since the
nourishment event in February 2017. Larval recruitment may have also been a factor. A
few studies suggest that the timing of deposition is an important consideration; when
deposition occurred prior to spring invertebrate recruitment, researchers saw fewer
negative impacts than when deposition occurred after recruitment (Manning et al., 2014,
Rosov et al., 2016).
Even though we do not have pre-dredge data, our biodiversity comparisons
(Figures 5 and 7) as well as temporal abundance and species richness trends for coastal
birds (Figures 9 and 10, Appendix B) and intertidal macroinvertebrates (Figures 11 and
12, Appendix C) tentatively indicate that although there may have been initial impacts to
avian and intertidal macroinvertebrate biodiversity at the sediment dumpsite, these
impacts were not long-term or severe and the ecosystem likely returned to pre-dredge
deposition conditions quickly, and possibly on a time frame of less than one year. Alfving
et al. (2019) suggests that sedimentological recovery of the Morro Bay deposition site
occurs on a timeframe of a few weeks to a few months due to the littoral system of Morro
Bay being able to quickly mitigate fluctuations in grainsize. Additionally, it is possible
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that the dredging was not correlated with lowered intertidal macroinvertebrate
biodiversity as the filling was conducted during February and thus likely before
invertebrate larval recruitment took place.
Previous Work on Dredging and Beach Nourishment
Coastal erosion is a serious concern for California, as it has been estimated that up
to 86% of the coastline is actively eroding (Moore et al., 1999). Beach nourishment is one
of the strategies that is increasingly being employed to mitigate the effects of coastal
erosion (Speybroeck et al., 2006), and has been in use in California since the early 1900s
(Clayton, 1991). It is well understood that local scale processes, such as beach
nourishment, have an equal or greater influence on sandy beach biodiversity than
regional processes (Schooler et al., 2017). Most well-understood are the impacts of
nourishment, through sediment characteristics, on invertebrate taxa and cascading effects
up to fish and birds. Similarly, the impacts of dredge sediment deposition on beach
geomorphology is well understood, and most deposition sites are able to return to predredge morphological states within two years (Du Four and Van Lancker, 2008).
Potential impacts to beach ecology resulting from nourishment can be divided
into three main categories: 1) effects related to construction of the nourishment project, 2)
effects related to sediment quality, and 3) effects related to sediment quantity
(Speybroeck et al., 2006). For example, deposition of very shelly and coarse sediment not
only impacts beach flora and fauna, but can also reduce natural sand transport
(Speybroeck et al., 2006). However, high proportions of “fines” (fine clay or silt-like
material) may cause higher than tolerable turbidity levels (Essink, 1999) but also may
have some positive impacts due to higher nutrient levels in the fine sediment (Speybroeck
et al., 2006). Manning et al. (2014) assessed dredge deposition on the south-eastern coast
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of the United States and found that beach grain size changed from medium to finegrained over the two year study period and elevated surf-zone turbidity.
Conservation and Management Implications
In terms of impacts to biodiversity, there are several conservation and
management concerns that should be factored into consideration for dredging and beach
nourishment projects. Dredging is often necessary for economic reasons; at Morro Bay
dredging is necessary to keep the harbor open for commercial and private boat traffic (US
Army Corps of Engineers, 2013). The subsequent deposition of the dredged sediment as
beach nourishment has the potential to seriously impact the beaches at Morro Bay.
Despite beach nourishment being regarded as a more economic and sustainable solution
for mitigating erosion than hard coastal protective strategies (Speybroeck et al., 2006),
nourishment can have serious impacts to sandy beach ecosystems (Peterson and Bishop,
2005, Speybroeck et al., 2006).
Sediment characteristics are one of the most important factors to take into account
when considering an ideal location to deposit nourishment sediment, as sandy beach
invertebrates can be easily impacted by incompatible sediment (Vanden Eede et al., 2014,
Barboza et al., 2012, Viola et al., 2014, Peterson et al., 2000) and changes in sediment
composition (Parkinson and Ogurcak, 2018). Studies also suggest that factors such as
recovery time (Wooldridge et al., 2016, Manning et al., 2014) and life history traits of
invertebrates (Grantham et al., 2003, Leewis et al., 2012, Barboza et al., 2012) should be
taken into account. Chemical composition or toxicity of the sediment is potentially an
additional factor that could impact invertebrates that are sensitive to chemicals, however
a permit application through the California Coastal Commission indicates that chemicals
have not been a problem for Morro Bay dredge and nourishment projects thus far
(California Coastal Commission, 2011).
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The protection of migratory shorebirds is also an important component of coastal
policy and the conservation of natural resources (Peterson et al., 2000). For example, the
Morro Bay Estuary represents the most significant wetland system on the south central
coast of California and is an important stopover point for the Pacific Flyway (California
Coastal Commission, 2011). An example of local conservation concerns include snowy
plovers, which are an endangered species that remain under monitoring and protection
during their nesting season along the beaches at Morro Bay. Sediment characteristics also
have the potential to seriously impact coastal bird communities. Coarse sediments and a
composition rich in shells can potentially positively impact coastal birds as this may
provide favorable nesting habitat (Speybroeck et al., 2006), although too-course sediment
may also impede the ability of wading birds to penetrate the sediment to forage (Maurer
et al., 1978, Lott et al., 2007). Overall, however, the consensus is that mismatched
sediment characteristics will likely have a detrimental effect on birds through such
impacts as degradation of their prey base (Peterson et al., 2000) or loss of suitable habitat
(Arizaga et al., 2017). Rosov et al. (2016), Defeo et al. (2009), and Speybroeck et al.
(2006) suggest a series of management recommendations for dredge and nourishment
operations to avoid detrimental effects of nourishment as much as possible and promote
quick recovery of infauna.
We had close collaboration with the Morro Bay Harbor Department, which
regulates and oversees dredging projects and coastal management in Morro Bay. Overall,
our findings indicate that the 2017 dredging and beach nourishment project had low or
short-term impacts to coastal bird and intertidal macroinvertebrate biodiversity, probably
affected sediment size in the short term, and positively impacted beach width at the
deposition site. The 2017 dredging project appears to have had little to no detrimental
impacts to the Morro Bay beach ecosystems, however continued monitoring should be
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conducted as coastal erosion, sea-level rise, and loss of beach habitat will likely continue
to be serious problems for the coast of California.
Limitations and Future Directions
Some studies suggest that only looking at overall biodiversity may mask
ecologically important changes to the beach environment (Schooler et al., 2017, Schooler
et al., 2019, Henseler et al., 2019) and suggest utilizing functional or trait-based analyses.
For example, Henseler et al. (2019) uses analyses such as Bray-Curtis dissimilarity and
permutational multivariate ANOVAs (PERMANOVA) to test for differences in
taxonomic and trait composition. Henseler et al. (2019) utilized these tests to find
differences between habitat types, however, we could potentially apply this to examine
differences between our sites. Schooler et al. (2017) examined changes in wrackassociated invertebrates in response to local-scale disturbances. While we did not
explicitly focus on wrack-associated invertebrates and our sampling was biased to collect
invertebrates inhabiting the sand, we could use our invertebrate tallies to perform
functional analyses. Additionally, several key sandy beach invertebrate taxa are good
indicators of environmental disturbance, such as cirolanid isopods and beachhoppers
(Veloso et al., 2011). Because isopods and amphipods represented the majority of our
collected invertebrate taxa (Figure 6), we could use our tallies of only these taxa to
determine how key taxa responded to the beach nourishment.
Additional consideration should also be given to the borrow site, in this case, the
Morro Bay harbor, as dredging can also impact the benthic invertebrates that live there
and the species that depend on them for food and habitat (Rosov et al., 2016). It is also
unclear how invertebrates from the borrowed sediment may have impacted biodiversity at
the deposition site, at least temporarily. Sedimentological data from our collaborators can
also be combined with our diversity data to determine how sedimentology and biology
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interact in Morro Bay. Analyses from Alfving et al. (2019) suggests that while bird
diversity for 2017-2018 was correlated with grain size, intertidal macroinvertebrate
diversity for 2017-2018 was not.
We were limited by funding and time to the scope we employed for this project,
so our invertebrate and bird surveys may have been too course to fully assess fine-scale
changes in biodiversity across the beach at Morro Bay. Future surveys might employ a
sampling design independent of intertidal width as suggested by Schlacher et al. (2008)
or a grid sampling method as employed by (Schooler et al., 2014). We might also
consider performing surveys at a shorter time interval, such as monthly or even biweekly
to assess fine-scale changes that might not be apparent from our quarterly sampling. We
also might consider surveying birds along a 1km stretch of coastline similar to Hubbard
and Dugan (2003) instead of at a single point as we did. Additionally, our spatial scale
may not have been adequate to assess changes in biodiversity resulting from the beach
nourishment. Peterson and Bishop (2005) mentions that the typical spatial scope of
nourishment projects are 1-10km; our study area spanned approximately 12km of the
Morro Bay coast so it is likely that we encompassed most of the range of beach that could
potentially be impacted by the sediment deposition. We were, however, limited in scope
by the northern edge of the sandy beaches in Morro Bay ending where we had our most
northern survey site. Additionally, (Alfving et al., 2019) notes that the longshore currents
along the northern section of the Morro Bay beaches are not conducive to moving
material north of the deposition site, thus it is unlikely that the dredge material moved
very far of the original deposition site. We might consider performing invertebrate
surveys at a finer spatial scale at the deposition site (i.e. in increments of 500m) and
along transects to determine how the deposition radius has an impact on invertebrate
biodiversity.
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No data are present before dredging began at Morro Bay, thus long-term changes
to the Morro Bay beaches may have already occurred as dredging and nourishment
projects have been conducted at Morro Bay for several decades prior to our study. Our
conclusions are limited to suggesting that the already altered ecosystems of Morro Bay
have not been further altered by the beach nourishment projects, however, novel
nourishment projects on unaltered beaches elsewhere may have large impacts. As dredge
projects are conducted on a yearly basis for maintenance of the entrance channel,
transition area, main channel and sand trap and once every six years for the inner
channels (US Army Corps of Engineers, 2013), future long-term monitoring of birds,
invertebrates, sedimentology, and beach morphology that spans multiple dredging
projects would serve to inform patterns of impact and recovery in these aspects of the
Morro Bay beach ecosystems and help to monitor for any further impacts.
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Table 3. Table of Beach Widths (Meters) Collected at Each Site.
Month-Year

Aug-17
Sep-17
Oct-17
Nov-17
Dec-17
Jan-18
Feb-18
Mar-18
Apr-18
May-18
Jun-18
Jul-18
Aug-18
Sep-18
Oct-18
Nov-18
Dec-18
Jan-19
Feb-19
Mar-19
Apr-19
May-19
Jun-19
Jul-19
Aug-19

3N
73
66
71
70
0
17
34
35
48
57
50
68
77
83
48
46
14
12
17
12
22
28
47
58
50

2N
62
54
77
66
0
19
37
46
25
55
20
80
78
83
59
69
12
11
7
16
42
25
38
57
41

1N
92
70
71
74
0
22
43
67
42
63
61
84
64
95
96
59
22
10
1
11
19
34
51
49
49

0
92
78
91
78
0
41
38
64
94
61
67
88
96
111
122
78
4
0
0
50
28
46
77
73
82

1S
45
37
43
31
0
13
19
24
18
37
9
37
32
48
24
16
7
5
10
13
15
15
34
37
28

2S
68
48
54
41
0
15
37
21
40
57
29
40
38
61
43
37
18
16
16
36
13
37
36
41
33

3S
53
50
49
26
0
38
35
22
43
73
62
48
55
66
44
56
36
10
36
38
12
15
36
41
38
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Figure 8. Beach width at each site for each of the 25 months of surveys. The dashed line
represents average beach width across all sites for any given month. During December
2017, beach width at all sites was 0m due to very high tides reaching up to the foot of the
dunes.
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Table 4. Table of All Bird Species Observed During 25 Months of Surveys. A Total of 48
Species Was Observed.
Species
American crow
Black-crowned night heron
Barn swallow
Black oystercatcher
Black phoebe
Black turnstone
Black-bellied plover
Brant
Brown pelican
Brown-headed cowbird
Brewer's Blackbird
Bufflehead
CA gull
Caspian tern
Common grackle
Common Loon
Double-crested cormorant
European starling
Great blue heron
Great egret
Heermann's gull
Hooded merganser
Horned grebe
House sparrow
Killdeer
Least Sandpiper
Long-billed curlew
Mallard
Marbled godwit
Osprey
Red-necked phalarope
Red-tailed hawk
Ring-billed gull
Royal tern
Ruddy turnstone
Sanderling
Say's Phoebe
Snowy egret
Snowy plover
Spotted sandpiper

Scientific Name
Corvus brachyrhynchos
Nycticorax nycticorax
Hirundo rustica
Haematopus bachmani
Sayornis nigricans
Arenaria melanocephala
Pluvialis squatarola
Branta bernicla
Pelecanus occidentalis
Molothrus ater
Euphagus cyanocephalus
Bucephala albeola
Larus californicus
Hydroprogne caspia
Quiscalus quiscula
Gavia immer
Phalacrocorax auritus
Sturnus vulgaris
Ardea herodias
Ardea alba
Larus heermanni
Lophodytes cucullatus
Podiceps auritus
Passer domesticus
Charadrius vociferus
Calidris minutilla
Numenius americanus
Anas platyrhynchos
Limosa fedoa
Pandion haliaetus
Phalaropus lobatus
Buteo jamaicensis
Larus delawarensis
Thalasseus maximus
Arenaria interpres
Calidris alba
Sayornis saya
Egretta thula
Charadrius nivosus
Actitis macularius

Family
Corvidae
Ardeidae
Hirundinidae
Haematopodidae
Tyrannidae
Scolopacidae
Charadriidae
Anatidae
Pelecanidae
Icteridae
Icteridae
Anatidae
Laridae
Laridae
Icteridae
Gaviidae
Phalacrocoracidae
Sturnidae
Ardeidae
Ardeidae
Laridae
Anatidae
Podicipedidae
Passeridae
Charadriidae
Scolopacidae
Scolopacidae
Anatidae
Scolopacidae
Pandionidae
Scolopacidae
Accipitridae
Laridae
Laridae
Scolopacidae
Scolopacidae
Tyrannidae
Ardeidae
Charadriidae
Scolopacidae

Order
Passeriformes
Pelecaniformes
Passeriformes
Charadriiformes
Passeriformes
Charadriiformes
Charadriiformes
Anseriformes
Pelecaniformes
Passeriformes
Passeriformes
Anseriformes
Charadriiformes
Charadriiformes
Passeriformes
Gaviiformes
Suliformes
Passeriformes
Pelecaniformes
Pelecaniformes
Charadriiformes
Anseriformes
Podicipediformes
Passeriformes
Charadriiformes
Charadriiformes
Charadriiformes
Anseriformes
Charadriiformes
Accipitriformes
Charadriiformes
Accipitriformes
Charadriiformes
Charadriiformes
Charadriiformes
Charadriiformes
Passeriformes
Pelecaniformes
Charadriiformes
Charadriiformes
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Surf scoter
Thayer's gull
Turkey vulture
Western grebe
Western gull
Western sandpiper
Whimbrel
Willet

Melanitta perspicillata
Larus glaucoides
Cathartes aura
Aechmophorus occidentalis
Larus occidentalis
Calidris mauri
Numenius phaeopus
Tringa semipalmata

Anatidae
Laridae
Cathartidae
Podicipedidae
Laridae
Scolopacidae
Scolopacidae
Scolopacidae

Anseriformes
Charadriiformes
Cathartiformes
Podicipediformes
Charadriiformes
Charadriiformes
Charadriiformes
Charadriiformes

Figure 9. Coastal bird species richness for each of the 25 months that we surveyed. The
dashed line represents average species richness across all sites for any given month. The
solid line represents total species richness for any given month.
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Figure 10. Coastal bird abundance for each of the 25 months that we surveyed. The
dashed line represents the average number of individuals across all sites for any given
month. The solid line represents the total number of individuals seen during any given
month.

APPENDIX C: INTERTIDAL MACROINVERTEBRATE SPECIES
LIST AND DATA
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Table 5. Table of All Intertidal Macroinvertebrate Species (Including Larvae) Observed
During 11 Months of Quarterly Surveys. A Total of 51 Different Groups And 5 Types of
Larvae Was Observed.
Species/Group Name
Acartia sp.
Acreophthiria sp.
Aegialites sp.
Aleochara sp.
Americhelidium sp.
Anisolabis maritima
Aphididae (aphids)
Archaeomysis grebnitzki
Bledius sp.
Calanus sp.
Caprella sp.
Cercyon sp.
Copidognathus sp.
Coullana sp.
Cryptopygus sp. (Collembola)
Cumella sp.
Cynipidae (wasps)
Desis sp.
Diosaccus sp.
Emerita analoga
Eohaustorius sp.
Euterpina sp.
Eviphididae (mites)
Excirolana sp.
Gastropoda (unidentified snail)
Glycera sp.
Harpacticus sp.
Herrmannella sp.
Lepidopa californica
Magelona pitelkai
Megalorchestia sp.
Microstella sp.
Nebalia sp.
Nematodes (unidentified to sp.)
Neopachylopus sp.
Nephtys sp.
Oenonidae (unidentified to sp.)
Paranais sp.
Paraonidae (unidentified to sp.)
Phyconomus sp.

Family
Acartiidae
Bombyliidae
Salpingidae
Staphylinidae
Oedicerotidae
Anisolabididae
Aphididae
Mysidae
Staphylinidae
Calanidae
Caprellidae
Hydrophilidae
Halacaridae
Canuellidae
Isotomidae
Nannastacidae
Cynipidae
Desidae
Miraciidae
Hippidae
Haustoriidae
Tachidiidae
Eviphididae
Cirolanidae
Glyceridae
Harpacticidae
Lichomolgidae
Albuneidae
Magelonidae
Taltridae
Ectinosomatidae
Nebaliidae
Histeridae
Nephtyidae
Oenonidae
Naididae
Paraonidae
Monotomidae

Order
Calanoida
Diptera
Coleoptera
Coleoptera
Amphipoda
Dermaptera
Hemiptera
Mysida
Coleoptera
Calanoida
Amphipoda
Coleoptera
Trombidiformes
Canuelloida
Collembola
Cumacea
Hymenoptera
Araneae
Harpacticoida
Decapoda
Amphipoda
Harpacticoida
Mesostigmata
Isopoda
Phyllodocida
Harpacticoida
Cyclopoida
Decapoda
Spionida
Amphipoda
Harpacticoida
Leptostraca
Coleoptera
Phyllodocida
Eunicida
Haplotaxida
Coleoptera

Class
Copepoda
Insecta
Insecta
Insecta
Malacostraca
Insecta
Insecta
Malacostraca
Insecta
Copepoda
Malacostraca
Insecta
Arachnida
Copepoda
Entognatha
Malacostraca
Insecta
Arachnida
Copepoda
Malacostraca
Malacostraca
Copepoda
Arachnida
Malacostraca
Gastropoda
Polychaeta
Copepoda
Copepoda
Malacostraca
Polychaeta
Malacostraca
Copepoda
Malacostraca
Chromadorea
Insecta
Polychaeta
Polychaeta
Clitellata
Polychaeta
Insecta
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Porcellidium sp.
Pseudocalanus sp.
Pygiospio sp.
Scoletoma sp.
Scutellidium sp.
Spirembolus mundus
Thinopinus pictus
Thoracophelia sp.

Porcellidiidae
Clausocalanidae
Spionidae
Spionidae
Tisbidae
Linyphiidae
Staphylinidae
Opheliidae

Thrips (family Thripidae)
Thripidae
Tivela sp. (Pacific clam)
Veneridae
Tubificidae (oligochaete worms) Larvae:
Crab megalopa larvae (class Brachyura)
Cyphonautes larvae (order Bryozoa)
Cyprid larvae (likely superorder Rhizocephala)
Spionid larvae (family Spionidae)
Beetle larvae (family Staphylinidae)

Harpacticoida
Calanoida
Spionida
Spionida
Harpacticoida
Araneae
Coleoptera
Opheliida

Copepoda
Copepoda
Polychaeta
Polychaeta
Copepoda
Arachnida
Insecta
Polychaeta

Thysanoptera
Venerida
-

Insecta
Bivalvia
Oligochaeta

Figure 11. Intertidal macroinvertebrate species richness for each of the 11 months that we
surveyed. The dashed line represents average species richness across all sites for any
given month. The solid line represents total species richness for any given month.
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Figure 12. Intertidal macroinvertebrate abundance for each of the 11 months that we
surveyed. The dashed line represents the average number of individuals across all sites
for any given month. The solid line represents the total number of individuals tallied
during any given month.

APPENDIX D: NORTH-SOUTH COMPARISONS
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We also compared the North and South sections of the Morro Bay coastline as our
beach width and biodiversity boxplots and ANOVA results both visually and statistically
suggested that the mainland beaches north of the Morro Bay harbor may be different
from the beaches along the sandspit to the south of the harbor in terms of biodiversity and
overall width. Our collaborators in the Earth and Environmental Sciences Department at
California State University, Fresno, did find that the north beaches differ from the south
beaches sedimentologically (Alfving et al., 2019). These sedimentological differences
may play a role in biological and morphodynamic differences between the northern and
southern beaches. While north-south comparisons do not directly address our objective of
assessing how beach width and biodiversity has potentially been impacted by the
February 2017 nourishment project, north-south trends would act as further evidence for
our conclusions that the Morro Bay beaches have a high degree of natural variation both
biologically and morphodynamically and that this variation has experienced little to no
impacts from beach nourishment.
For beach width and each biodiversity metric we pooled values for the four
northern sites (Sites 3N, 2N, 1N, and 0) and compared to pooled values for the southern
sites (Sites 1S, 2S, 3S) using a two-tailed T-test assuming unequal variances to determine
if beach width and biodiversity of the northern sites is significantly different from that of
the southern sites. Boxplots showing north-south comparisons for beach width, the four
biodiversity metrics for coastal birds, and the four biodiversity metrics for intertidal
macroinvertebrates are shown in Figure 13. T-tests on beach width, all four metrics of
coastal avian biodiversity, and intertidal macroinvertebrate evenness were all significant
when we compared the northern sites to the southern sites (Table 6).
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Figure 13. Boxplots showing north-south comparisons for beach width, four biodiversity
metrics for coastal birds, and four biodiversity metrics for intertidal macroinvertebrates.
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Table 6. Table of P-Values for T-tests Conducted on North-South Comparisons of Beach
Width, Four Measures of Coastal Avian Biodiversity, and Four Measures of Intertidal
Macroinvertebrate Biodiversity. The Significance Threshold Was Set At 0.05. Values In
Bold Are Statistically Significant.
Metric
Beach Width

North
Sites
Mean
49.900

North South
Sites
Sites
SD
Mean
26.779 32.720

South
Sites
SD
14.352

2.827

p-value
(onetailed)
0.0038

p-value
(twotailed)
0.0075

tstatistic

Coastal Avian Biodiversity
Species Richness

7.240

1.515

5.653

1.614

3.584

3.95E-04

7.90E-04

Shannon's Index

1.450

0.246

1.090

0.296

4.665

1.34E-05

2.68E-05

Shannon's Evenness

0.752

0.078

0.646

0.104

4.069

9.42E-05

1.88E-04

Simpson's Index

0.695

0.075

0.570

0.111

4.655

1.62E-05

3.23E-05

Intertidal Macroinvertebrate Biodiversity
Species Richness

5.250

3.300

4.030

2.273

1.010

0.163

0.326

Shannon's Index

0.964

0.437

0.700

0.341

1.581

0.065

0.130

Shannon's Evenness

0.624

0.152

0.493

0.137

2.126

0.023

0.046

Simpson's Index

0.462

0.133

0.375

0.144

1.475

0.078

0.156

These results suggest that, similar to the sedimentological trends found by
Alfving et al. (2019), beach width and coastal avian biodiversity is different at the
northern beaches compared to the southern beaches. Beach width was significantly higher
at the northern mainland beaches than the southern sandspit beaches, which was to be
expected given that the northern beaches have experienced long-term accretion between
1984-2016 (Luijendijk et al., 2018). Similarly, coastal avian biodiversity was
significantly higher at the northern sites for all four metrics, and while only intertidal
macroinvertebrate evenness was significantly higher at the northern, the remaining three
metrics were higher, just not significantly so. Our results of wider beaches and higher
biodiversity at the northern sites compared to the southern sites combined with the
sedimentological results of finer-grained sediments in the north from Alfving et al.
(2019) confirm that Morro Bay represents a sedimentologically, morphodynamically, and
biologically dynamic beach environment, that likely experienced few or at least short-
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term impacts from the February 2017 dredge project. Our results also suggest that there
are likely factors other than dredging and beach nourishment that play a more influential
role in where coastal birds and intertidal macroinvertebrates are found and why. Future
analyses involving additional beach morphodynamic and sedimentological factors could
help to further distinguish patterns of diversity and change in Morro Bay ecosystems.
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