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Bar-built coastal lagoons are dynamic ecosystems at the land-sea interface that are
important habitats for a variety of species. This study examined the habitat ecology
of two lagoon species, the endangered Tidewater Goby (Eucyclogobius newberryi)
and the Prickly Sculpin (Cottus asper) by reconstructing individual life histories from
patterns in the concentration of the element Sr (as ratioed to Ca; Sr:Ca) in otoliths.
Specific objectives were to (1) elucidate any movements of individual fishes among three
primary habitat components of typical bar-built lagoon systems: coastal ocean, brackish
lagoon, and freshwater watershed streams, and (2) determine if either species exhibited
a consistent life history as defined by a stereotypical otolith Sr:Ca chronology, which
could be indicative of a consistent range of salinity or temperature occupied through
ontogeny. Results suggested that Tidewater Goby was a lagoon resident and that
Prickly Sculpin exhibited migrations between lagoon and watershed stream habitats.
There was no strong evidence in either species of ocean occupancy or of a stereotypical
Sr:Ca chronology, the latter suggesting the full range of available lagoon habitat in
terms of salinity and temperature was likely utilized at all life stages. These findings
add to the body of evidence that bar-built lagoons are not isolated habitats, and holistic
management of these habitats with adjoining watershed and marine environments could
increase habitat connectivity across the landscape, with potential benefits to fishes.

Keywords: otolith, strontium, synchrotron, Tidewater Goby (Eucyclogobius newberryi), Prickly Sculpin (Cottus
asper), amphidromy, bar-built estuary, Rodeo Lagoon

INTRODUCTION

Coastal lagoons are dynamic ecosystems at the land-sea interface that are important habitats for
a variety of species (Barnes, 1980; Yáñez-Arancibia, 1985; Pérez-Ruzafa et al., 2019). They can be
generally characterized as relatively small, shallow habitats typically connected to the ocean by a
small inlet and exhibit a broad range of physical habitat and water quality conditions (Kjerfve,
1994). Bar-built lagoons represent a special form of the habitat in which the inlet is open to the
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ocean only episodically in response to a combination of factors
driven primarily by wave energy from the ocean and flow
dynamics from the watershed (Fong and Kennison, 2010;
Behrens et al., 2013; Mcsweeney et al., 2014). Bar-built lagoons are
common features along coastlines worldwide, including North
and South America, Australia, New Zealand, and South Africa
(e.g., Bell et al., 2001; Smakhtin, 2004; Mouillot et al., 2005; Haines
et al., 2006; Hume et al., 2016).

The spatio-temporal dynamism of bar-built lagoons provides
a variety of habitat functions for fishes, which can be broadly
characterized as either temporary habitat for transient species or
permanent habitat for resident species (Yáñez-Arancibia et al.,
1994). In many cases, especially in CA, United States, where
bar-built estuaries represent ∼50% of the region’s inland-coastal
confluences (Heady et al., 2015; Clark and O’Connor, 2019),
lagoon fish faunas are dominated by small-bodied demersal
species (Monaco et al., 1990; Allen et al., 2006). Quantifying the
habitat and movements of small, demersal fishes is a challenge
in marine science and presents obstacles to fully understanding
the ecology of coastal lagoons and their biota. An increasingly
popular tool to address the challenge of tracking fish among
aquatic ecosystems and elucidating coastal dispersal/migration
is the application of otolith chemistry as a natural marker of
fish life history (Elsdon et al., 2008; Walther and Limburg, 2012;
Shao et al., 2018).

Otolith chemistry markers are an effective tool for
reconstructing fish life histories, in part, because otolith elemental
strontium (Sr) is positively correlated with Sr concentration in
water and its salinity (Campana, 1999; Bath et al., 2000). While it
is recognized that temperature and physiology can play a role in
controlling otolith chemistry (Elsdon and Gillanders, 2004, 2002;
Sturrock et al., 2015), it has been shown that approximately 80%
of otolith Sr content is derived from the surrounding water for
both freshwater and marine species (Farrell and Campana, 1996;
Walther and Thorrold, 2009).

The objective of this study was to elucidate the habitat
ecology of two fish species common to bar-built lagoons in
CA, United States, using the chemical composition of their
otoliths: the small-bodied, demersal fishes Tidewater Goby
(Eucyclogobius newberryi) and Prickly Sculpin (Cottus asper).
Otolith chemistry was an appropriate tool for this study because
behavior and movement of Tidewater Gobies and Prickly
Sculpins cannot be directly observed efficiently via traditional
technologies. Tidewater gobies are generally considered lagoon
residents but are thought to disperse among coastal lagoons
via the Pacific Ocean (Lafferty et al., 1999a,b). Tidewater gobies
are broadly distributed in lagoons but there is no knowledge
of the movements of individuals across habitats or if the
species exhibits a consistent life history in terms of salinity
or temperature occupied through ontogeny (Swift et al., 1989;
Swenson, 1999; Chamberlain, 2006). Prickly sculpins are thought
to exhibit a range of life history strategies that could include
lagoon residency or migrations between coastal estuaries and
watershed streams. While amphidromy has been suggested in
some Cottus species (Goto and Arai, 2006; Dennenmoser et al.,
2014), similar movements have only been inferred in coastal
California populations of Prickly Sculpin indirectly based on

inferences from size distributions across space (Brown et al.,
1995; Moyle, 2002).

This study uses otolith chemistry to contribute new empirical
information on movement patterns and habitat use for both
species. Specifically, otolith chemistry was applied to (1) elucidate
movements of individual Tidewater Gobies or Prickly Sculpins
among three primary habitat components of typical bar-built
lagoon systems: coastal ocean, brackish lagoon, and freshwater
watershed streams, and (2) determine if either species exhibited
a consistent life history as defined by a stereotypical otolith
Sr chronology, which could be indicative of a consistent range
of salinities or temperatures occupied through ontogeny. This
information would be useful for conservation and management
as it would provide greater knowledge of the habitat needs and
life histories of coastal lagoon fishes, many of which, including
the Tidewater Goby, are imperiled.

MATERIALS AND METHODS

Study System
Rodeo Lagoon has similar characteristics to many of the bar-
built lagoons along the northeastern Pacific. It is located within
the Marin Headlands of the Golden Gate National Recreation
Area, CA, United States, and is a key component of the United
Nations Educational, Scientific, and Cultural Organization’s
(UNESCO) Golden Gate Biosphere Reserve1. There are four key
aquatic habitats comprising the system: Pacific Ocean, Rodeo
Lagoon, Rodeo Lake, and watershed streams (Figure 1). Rodeo
Lagoon is a relatively small (15.2 ha), shallow (1–2 m in depth)
brackish coastal lagoon that is intermittently (∼30 days per year)
connected to the Pacific Ocean when a sand bar at its seaward end
breaches in response to sand erosion from high water levels in
the lagoon and strong wave action from the Pacific Ocean. A weir
and associated vehicle bridge have isolated the landward, eastern
tip of Rodeo Lagoon to form Rodeo Lake. Connectivity between
Rodeo Lagoon and Rodeo Lake is primarily limited to wet seasons
when there is enough freshwater inflow from the watershed to
overtop the ∼1.5 m weir. Freshwater inflow originates primarily
from Gerbode and Rodeo Creeks, which drain the relatively small
(∼777 ha) Rodeo Valley watershed.

Rodeo Lagoon is considered hypereutrophic and characterized
by extremely high productivity, spatio-temporal variability
in stratification, large fluctuations in dissolved oxygen
concentration, and limited water circulation (Cousins et al.,
2010; Drake et al., 2010). Salinity varies spatially and seasonally
in Rodeo Lagoon. Salinity in the seaward end of Rodeo Lagoon
can temporarily match local seawater [∼28 practical salinity units
(PSU)] during breaches. For the time period of approximately
1 year leading up to the collection of fishes in our study, there
were at least 5 instances of wave overwash from the Pacific Ocean
into the Rodeo Lagoon and 3 instances of a breach with full
connectivity (totaling 32 days). When the lagoon is isolated from
the ocean, salinity typically ranges from approximately 0–10 PSU

1http://www.unesco.org/mabdb/br/brdir/directory/biores.asp?mode=all&code=
USA+42
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FIGURE 1 | Map of the study area. A = Pacific Ocean. B = Rodeo Lagoon. C = Rodeo Lake. D = Rodeo Creek. E = Gerbode Creek. Imagery source: Esri:
DigitalGlobe, GeoEye, EarthStar Geographics, CNES/Airbus DS, USDS, USGS, AeroGRID, IGN, and the GIS User community.

spatially (horizontally and vertically) and temporally (seasonally)
in response to freshwater inflow from the watershed. Rodeo
Lake and the watershed streams are perennially freshwater with
a salinity of 0 PSU. Water temperature ranges seasonally from
approximately 8–20◦C in Rodeo Lagoon and Rodeo Lake.

Water Chemistry
Baseline Sr and Ca concentrations in the system were determined
from discrete water samples collected from the Pacific Ocean,
Rodeo Lake, and Rodeo Lagoon. Rodeo Lake was assumed to
be a surrogate for the watershed streams since it is directly fed
by them and all are freshwater. A total of 17 water samples
was collected in April, May, and August 2016. Samples were
collected with sterile containers and passed through 0.45 µm
filters into acid-washed polyethylene containers. Concentrations
of Sr and Ca were measured at the U.S. Geological Survey’s
National Water Quality Laboratory in Reston, VA, United States.
Ambient salinity and temperature conditions associated with
each water sample were measured at the time of collection
with a handheld YSI EXO2 sonde (Yellow Springs Instruments,
Yellow Springs, OH, United States). One-way analysis of
variance with Tukey’s pairwise comparisons was used to
test for differences in Sr:Ca among Pacific Ocean, Rodeo
Lagoon, and Rodeo Lake.

Study Species
Tidewater Goby and Prickly Sculpin are sympatric and relatively
abundant in Rodeo Lagoon. Prickly Sculpin also occupies
Rodeo Lake and the watershed streams. The two species, along
with Threespine Stickleback (Gasterosteus aculeatus), are the
dominant fishes of Rodeo Lagoon as determined from annual
fish surveys conducted by the National Park Service (Fong,
unpublished data). Tidewater Gobies and Prickly Sculpins are
readily collected in beach seine samples and can often be visually
observed in shallow water under suitable viewing conditions.
Despite its abundance in Rodeo Lagoon, Tidewater Goby is listed
as endangered under the U.S. Endangered Species Act. Primary
threats to the species across its range include the alteration and

loss of coastal lagoons, which are its sole habitat (U.S. Fish and
Wildlife Service [USFWS], 2005). In contrast, Prickly Sculpin
is a common species broadly distributed in streams, lakes, and
estuaries across ∼5,000 km of eastern Pacific coastline, including
inland California (Krejsa, 1967; Moyle, 2002). Tidewater Gobies
grow to approximately 5 cm and reach 1 year of age while Prickly
Sculpins grow to approximately 10 cm and reach 3 years of age.
Both species have pelagic larvae and are omnivorous as juvenile
and adults feeding primarily on a variety of micro- and macro-
crustaceans and insects (Swenson and McCray, 1996; Moyle,
2002; Feyrer et al., 2003; Spies et al., 2014).

Individual Tidewater Gobies and Prickly Sculpins examined
in this study were collected freshly dead from around the
perimeter of Rodeo Lagoon following a hypoxia-induced fish kill
that occurred on 08 August 2016. Additional Prickly Sculpins
were collected on 12 April 2016 from Rodeo Lagoon using a
beach seine and from Rodeo Creek using a minnow trap. In
total, 14 Tidewater Gobies (mean standard length = 40 mm,
standard deviation = 2) and 10 Prickly Sculpins (mean
standard length = 62 mm, standard deviation = 12) were
examined (Table 1).

Otolith Preparation and Analysis
Sagittae otoliths were extracted from Tidewater Gobies and
Prickly Sculpins. A single otolith from each individual was
cleaned and embedded in West Systems 105 epoxy resin and
sectioned in the transverse plane for Tidewater Goby and the
frontal plane for Prickly Sculpin using a low speed diamond
saw. Otoliths were polished to reveal the growth plane and a
smooth surface from core to edge using 1500 grit sandpaper
and 3 µm lapping film. Finished preparations were cleaned by
sonicating in deionized water and wiped with ethanol prior to
elemental measurements.

Chemical composition of otoliths was measured at Cornell
University’s High Energy Synchrotron Source (CHESS; Cornell
University, Ithaca, NY, United States) using scanning X-ray
fluorescence microscopy (SXFM) on the F3 beamline
per established techniques (Limburg et al., 2007). This
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TABLE 1 | Sources of otoliths examined in this study.

Species ID code Capture location Capture date Standard length (mm)

Tidewater Goby (Eucyclogobius newberryi) 6 Rodeo Lagoon 8/16/2016 38

Tidewater Goby (Eucyclogobius newberryi) 11 Rodeo Lagoon 8/16/2016 40

Tidewater Goby (Eucyclogobius newberryi) 12 Rodeo Lagoon 8/16/2016 39

Tidewater Goby (Eucyclogobius newberryi) 13 Rodeo Lagoon 8/16/2016 41

Tidewater Goby (Eucyclogobius newberryi) 14 Rodeo Lagoon 8/16/2016 42

Tidewater Goby (Eucyclogobius newberryi) 18 Rodeo Lagoon 8/16/2016 37

Tidewater Goby (Eucyclogobius newberryi) 22 Rodeo Lagoon 8/16/2016 40

Tidewater Goby (Eucyclogobius newberryi) 25 Rodeo Lagoon 8/16/2016 41

Tidewater Goby (Eucyclogobius newberryi) 27 Rodeo Lagoon 8/16/2016 42

Tidewater Goby (Eucyclogobius newberryi) 28 Rodeo Lagoon 8/16/2016 41

Tidewater Goby (Eucyclogobius newberryi) 37 Rodeo Lagoon 8/16/2016 40

Tidewater Goby (Eucyclogobius newberryi) 173 Rodeo Lagoon 8/16/2016 38

Tidewater Goby (Eucyclogobius newberryi) 175 Rodeo Lagoon 8/16/2016 38

Tidewater Goby (Eucyclogobius newberryi) 176 Rodeo Lagoon 8/16/2016 36

Prickly Sculpin (Cottus asper) 59 Rodeo Lagoon 8/15/2016 54

Prickly Sculpin (Cottus asper) 60 Rodeo Lagoon 8/15/2016 49

Prickly Sculpin (Cottus asper) 63 Rodeo Lagoon 8/15/2016 64

Prickly Sculpin (Cottus asper) 65 Rodeo Lagoon 8/15/2016 78

Prickly Sculpin (Cottus asper) 66 Rodeo Creek 4/12/2016 58

Prickly Sculpin (Cottus asper) 69 Rodeo Creek 4/12/2016 89

Prickly Sculpin (Cottus asper) 72 Rodeo Lagoon 4/12/2016 62

Prickly Sculpin (Cottus asper) 74 Rodeo Lagoon 4/12/2016 58

Prickly Sculpin (Cottus asper) 75 Rodeo Lagoon 4/12/2016 53

Prickly Sculpin (Cottus asper) 78 Rodeo Lagoon 4/12/2016 56

instrument allows for two-dimensional spatial mapping of
elemental concentrations across the full otolith surface using
a non-destructive technique with minimal interferences
among elements. Briefly, a multi-layer monochromater
(0.6% bandwidth) produced an X-ray with 16 KeV energy
focused on the otolith with a single glass capillary necessary to
achieve 5–20 µm spot resolution over the entire otolith. The
photon flux was about 0.5 × 1011 counts per second and a
florescence spectrum integrated for 1 s. Fluorescence spectra
were calibrated using an in-house otolith pellet previously
described (Limburg et al., 2007, 2011).

Distributions of absolute concentrations (ppm) of Sr and Ca
were processed with PyMCA (Sole et al., 2007). Commercial
geographic information system software (ArcMap v10.5, ESRI,
Redlands, CA, United States) was used to process elemental
maps of the otolith surfaces and analyze spatial patterns
following established practices (Limburg et al., 2007). Sr and
Ca concentrations along linear transects across otolith surfaces
were extracted from the elemental maps using tools available in
ArcMap. Transects were made along the primary growth axis of
each otolith from core to edge (Figure 2). Discrete values of Sr
and Ca concentration were captured approximately every 1 µm
along the transects to generate a chronological time series of
data for each individual from approximately birth to death. Sr
was ratioed to Ca (Sr:Ca) for data analyses and interpretation.
Individual chronologies were visually inspected for patterns.
Additionally, hierarchical time series cluster analysis was used to
test for similarities in chronologies among individuals of each

species. Analyses were implemented in the “dtwclust” package
in the R statistical computing environment (Sardá-Espinosa,
2019a,b). Cluster validity indices were calculated to objectively
determine the appropriate number of clusters.

RESULTS

Water Chemistry
The 17 water samples examined in this study spanned
the full range of salinity that fish could have potentially

FIGURE 2 | Spatial distribution of Sr concentration (ppm) in example otoliths
from a Tidewater Goby (frontal section) and Prickly Sculpin (transverse
section). Lines on each otolith represent the growth plane where Sr:Ca
chronologies were obtained. Note that images are not on the same scale: line
lengths are 773 µm on the Tidewater Goby otolith and 2,683 µm on the
Prickly Sculpin otolith.
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TABLE 2 | Sources and details of water samples examined in this study.

Habitat Date Lat. Lon. Temp. (◦C) Salinity (PSU) Sr (ppm) Ca (ppm) Sr:Ca

Pacific Ocean 4/12/2016 37.830 −122.537 13 27.9 7,568 369,000 0.0205

Pacific Ocean 8/16/2016 37.830 −122.537 18 29.3 7,542 381,300 0.0198

Rodeo Lagoon 4/11/2016 37.831 −122.528 18 2.3 520 32,500 0.0160

Rodeo Lagoon 4/11/2016 37.830 −122.534 16 2.5 508 31,270 0.0163

Rodeo Lagoon 4/11/2016 37.830 −122.534 17 16.8 4,466 218,000 0.0205

Rodeo Lagoon 5/17/2016 37.831 −122.528 – 0.9 1,005 64,560 0.0156

Rodeo Lagoon 5/17/2016 37.831 −122.528 – 4.4 992 60,570 0.0164

Rodeo Lagoon 5/17/2016 37.830 −122.534 – 4.4 1,019 63,330 0.0161

Rodeo Lagoon 5/17/2016 37.830 −122.534 20 4.5 1,022 60,750 0.0168

Rodeo Lagoon 8/15/2016 37.831 −122.528 14 6.8 1,535 84,030 0.0183

Rodeo Lagoon 8/15/2016 37.831 −122.528 17 6.8 1,471 83,910 0.0175

Rodeo Lagoon 8/15/2016 37.830 −122.534 16 6.8 1,463 83,880 0.0174

Rodeo Lagoon 8/15/2016 37.830 −122.534 19 6.8 1,526 83,610 0.0183

Rodeo Lagoon 8/16/2016 37.830 −122.534 18 6.8 1,492 83,830 0.0178

Rodeo Lake 4/12/2016 37.832 −122.525 14 0.1 56 8,346 0.0067

Rodeo Lake 5/17/2016 37.832 −122.525 19 0.1 70 10,400 0.0067

Rodeo Lake 8/15/2016 37.832 −122.525 13 0.1 92 12,160 0.0076

encountered (0–28 PSU) and a wide temperature range (12–
20◦C) (Table 2). Absolute Sr concentrations ranged from 56
to 7,568 ppm (mean = 1902, standard deviation = 2350).
Absolute Ca concentrations ranged from 8,346 to 381,300 ppm
(mean = 101,849, standard deviation = 113,407). Sr:Ca values
ranged from 0.0067 to 0.0205 (mean = 0.0157, standard
deviation = 0.0044). The relation between Sr:Ca and salinity was
exponentially asymptotic in that Sr:Ca values increased rapidly
with salinity up to about 8 PSU and then remained relatively
flat thereafter (Figure 3). Sr:Ca values were statistically unique
among habitat types (P < 0.001) with values highest in the
Pacific Ocean (mean = 0.0201, standard deviation = 0.0005),
intermediate in Rodeo Lagoon (mean = 0.01724, standard
deviation = 0.0013), and lowest in Rodeo Lake (mean = 0.0070,
standard deviation = 0.0005).

Otolith Chemistry
A Sr:Ca salinity and otolith relationship was developed using
salinity and Sr:Ca measured in water across habitats and Sr:Ca
values measured in otoliths associated with capture locations
for individuals. It was posited that 0.002 was a conservative
breakpoint value of otolith Sr:Ca that distinguished occupancy in
Rodeo Lagoon (>0.002) versus upstream habitats such as Rodeo
Lake and watershed streams (<0.002) for both species. This value
was based on a weight of evidence that included corresponding
salinity and Sr:Ca water measurements across the habitats and
Sr:Ca otolith values at capture locations for individuals. There
was further support for this freshwater-lagoon cut-off given
that none of the Tidewater Gobies had Sr:Ca values < 0.002
and that they have never been documented in upstream
habitats. The Sr:Ca values comprising Tidewater Goby otolith
chronologies ranged from 0.0024 to 0.0066 (mean = 0.0043,
standard deviation = 0.0009) while the Sr:Ca values comprising
Prickly Sculpin otolith chronologies ranged from 0.0008 to 0.0113
(mean = 0.0058, standard deviation = 0.0019) (Figure 4).

The range of Sr:Ca values exhibited in Tidewater Goby otoliths
were consistent with all individuals having solely inhabited
Rodeo Lagoon (Figure 4). In contrast, the range of Sr:Ca values
exhibited in Prickly Sculpin otoliths demonstrated movement
between Rodeo Lagoon and the watershed streams (Figure 4).
Specifically, the chronologies of two Prickly Sculpins that were
captured in Rodeo Creek suggested they had been born in Rodeo

FIGURE 3 | Upper: Relation between salinity and Sr:Ca in the Rodeo Lagoon
system. The line is an exponential curve fitted to the data. Water temperature
values were measured at the time of water sample collection; dark gray points
do not have corresponding temperature data. Lower: Boxplot representation
of the same Sr:Ca data aggregated according to samples collected in Pacific
Ocean, Rodeo Lagoon, and Rodeo Lake. Jitter was imposed on the data
points in the lower plot to avoid superimposition. Box plot shows the median,
25th and 75th percentile and upper and lower values of 1.5* (inter quartile
range).
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FIGURE 4 | Otolith Sr:Ca chronologies of Tidewater Gobies (upper panel) and Prickly Sculpins (lower panel). The horizontal dashed lines show the Sr:Ca value
distinguishing Rodeo Lagoon from upstream habitats. For illustrative purposes, otoliths of the noted individuals are shown in Figure 2. The two Prickly Sculpin with
ending Sr:Ca values at or below 0.002 were the individuals that were collected from Rodeo Creek upstream of Rodeo Lagoon.

Lagoon. While we cannot discount possible marine habitat use
given the limited resolution of Sr:Ca to resolve brackish from
fully marine habitats, we would have expected higher Sr:Ca values
in otoliths if individuals had occupied the Pacific Ocean given
the water values were statistically higher in the Pacific Ocean
compared to Rodeo Lagoon (Figure 3). We did not find any
strong evidence that any individuals of either species occupied
the Pacific Ocean.

Hierarchical time series cluster analysis and cluster
validation indices suggested little similarity in Sr:Ca
chronologies among individuals of each species, indicating
that there was no consistent life history in either species

(Supplementary Material). Specifically, eighty-six percent (12
of 14) of individual Tidewater Gobies and eighty percent (8 of
10) of individual Prickly Sculpins exhibited unique chronologies,
thereby providing no evidence of a stereotypical otolith Sr:Ca
chronology in either species.

DISCUSSION

This study demonstrated the utility of otolith chemistry as a
tool to generate habitat and life history information on fishes
that would have otherwise been costly and challenging to
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obtain. In this case, reconstructing habitat use of individual
fishes with otolith chemistry was possible because of sufficient
variation in aqueous Sr:Ca among key habitat components of the
Rodeo Lagoon system. This facilitated observations that sampled
Tidewater Gobies were resident to Rodeo Lagoon and that
some Prickly Sculpins exhibited migration from Rodeo Lagoon
upstream into watershed streams.

The relatively small number of individuals examined was
unavoidable given the endangered status of Tidewater Goby.
Nonetheless, this study took advantage of a rare opportunity
to examine an endangered species and generate missing and
direct empirical information on the habitat and movements of
coastal lagoon fishes. It is also important to note that while this
study provides information on the range of habitat and behaviors
possible, behaviors may vary in other systems in response to
unique hydrology and associated physico-chemical properties.

The absence of stereotypical Sr:Ca chronologies in Tidewater
Goby and Prickly Sculpin suggests individuals used a diversity
of microhabitats and exhibited variable movement patterns
and/or that individuals experienced a range of different physio-
chemical habitat conditions expressed by the dynamic nature
of the lagoon. The range of Sr:Ca values exhibited within and
between each species suggested that the full range of salinity and
temperature within Rodeo Lagoon was likely occupied across
all life stages. What remains unclear is if a specific range of
temperature or salinity provides fitness benefits to either species.
This could potentially be resolved with studies that integrate
health indicators with other otolith chemistry markers, such as
oxygen isotopes (δ18O) that could potentially provide a higher
level of resolution of salinities or temperatures occupied by
individuals (Walther and Limburg, 2012; Willmes et al., 2019).

The information generated by this study has important
implications for the conservation and management of bar-built
lagoons and their biota. Foremost, these findings add to the body
of evidence that bar-built lagoons are not isolated habitats, and
holistic management of these habitats with adjoining watershed
and marine environments could increase habitat connectivity
across the landscape, with potential benefits to fishes. Ecosystem-
level management of bar-built lagoon systems would benefit a
diverse suite of fishes. In addition to the species examined in
this study, bar-built lagoons are important habitats that provide
consequential fitness benefits for anadromous salmonids, many
of which are protected under the U.S. Endangered Species Act
(e.g., Shapovalov and Taft, 1954; Bond et al., 2008; Hayes et al.,
2008). Additionally, it has been demonstrated that artificial
manipulation of connectivity between bar-built lagoons and the
ocean can cause devastating fish kills (Swift et al., 2018). Specific
to the study system, modification or removal of the weir that
forms Rodeo Lake would potentially increase the amount of
habitat area available to support the endangered Tidewater Goby
and remove a passage barrier that would potentially benefit highly

mobile anadromous and amphidromous species if the reclaimed
habitat is suitable (Hale et al., 2016).
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