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ABSTRACT
As wetlands face continued fragmentation worldwide, an understanding of
habitat connectivity and how fishes that rely on these environments is imperative
to conduct effective marine management. Site fidelity and habitat connectivity are
vital measures of the interdependence of fish populations living in neighboring
marshes (or in regions of a single marsh).
Here, we examine the habitat connectivity, site fidelity, and movement of
California killifish (Fundulus parvipinnis) within and among three estuaries in
Southern California through otolith microelemental analysis. Assessing the site
fidelity of estuarine fishes is important to determine the level of connectivity
between spatially distinct populations within a bay and between adjacent bays.
Otolith microchemical analysis of F. parvipinnis successfully
distinguished capture locations from as close as 2.89 km apart to as far as 184 km
apart in San Diego Bay, Mission Bay, and Anaheim Bay. We found no
relationship between distance among sites and our ability to distinguish them. Our
results suggest populations of F. parvipinnis in Southern California have high site
fidelity with low levels of population connectivity on both small and large spatial
scales.
Specifically, Pairwise Permutational MANOVA (PERMANOVA) found
43/45 pairwise comparisons were statistically significant. Discriminant function
analysis of otolith trace metal concentrations correctly classified, on average,
63.5% of F. parvipinnis to their collection site (DFA range: 20−100%). When
comparing intra−bay sites separately, the DFA classification success rate
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improved to an average of 79.9%. DFA classification success rates were 77.9%,
85%, and 76.7% in Mission Bay, San Diego Bay and Anaheim Bay, respectively.
As such, F. parvipinnis do not appear to move between marshes, even those that
are only 5 km apart.
This study is the first to analyze the site fidelity of F. parvipinnis within
and among these three estuaries, the first to study the otolith microchemistry of F.
parvipinnis in Southern California, and one of the few to investigate the power of
otolith microchemistry on such a small spatial scale (less than tens of kilometers)
in Southern California.
Fundulus parvipinnis are an ecologically important species in Southern
California wetlands, thus quantifying their habitat connectivity has implications
for interactions with predators and prey, and expands the knowledge base for
mitigation and restoration projects of marshes worldwide. Low habitat
connectivity on both small and large spatial scales makes F. parvipinnis a
potentially sensitive indicator species to elucidate the impacts of wetland
fragmentation on species conservation.
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CHAPTER 1: INTRODUCTION
1.1 Introduction
1.1.1 Southern California Estuaries
Coastal wetlands are vital habitats for birds, fishes, invertebrates, insects,
and plants (Wolanski 2009). The wide variety of estuarine habitats include tidal
marshes, salt marshes, mudflats, oyster reefs, seagrass beds, and river deltas
(Lafferty 2005). Estuaries are among the most productive and dynamic habitats in
the world (Allen 2006).
Estuaries provide many important ecosystem functions, including: (1)
nutrient cycling and food chain support such as primary production,
decomposition, and transferring carbon; (2) improving water quality through
hydrological and biological functions including detoxification of toxic substances
and absorption of nutrients (3) shoreline protection through flood conveyance,
sediment control, ground water discharge and recharge, buffering wave and storm
energy; and, (4) habitat for fishes, invertebrates, birds, and mammals, most
notably as highly productive nursery grounds for fishes, habitat for threatened and
endangered species, and resting and feeding areas for migratory birds (Day 2013,
Lafferty 2005). Despite these important ecosystem functions, ~90 percent of the
original coastal wetland habitat in Southern California has been lost to filling and
dredging during the last century, and the remaining areas face increasing threats
of fragmentation, invasive plant and animals, agricultural development, and
anthropogenic disturbances (NOAA 1990).
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Southern California estuaries are mainly small and marine in composition,
due to their location in an arid region with a Mediterranean climate and extensive
damming and channelization upstream (Allen et al. 2006). Mediterranean climate
is characterized by warm, dry summers and cool, wet winters. Compared to
northern California, where estuaries are fed by large river systems and high levels
of rainfall, estuaries in Southern California are fragmented with limited
freshwater input from small rivers, (many of which are channelized and dammed),
and low rainfall. Southern California systems are home to many estuarine resident
and marine migrant fish species, and very few native freshwater (Thompson et al.
2010) and anadromous fish species (Lafferty 2005). Anaheim Bay, Newport Bay,
and San Diego Bay exhibit larger habitat diversity and larger environmental
gradients, with respect to temperature and salinity, especially during the few rainy
winter months (Allen et al. 2006).
Estuarine fishes spend a portion, or the entirety of their life history stages
in the protected marsh environment because despite extreme salinity gradients and
resource competition, the marsh habitat provides coverage and protection from
larger predators, and often increased food availability for larvae and juveniles
compared to the open ocean (Day 2013). Coastal fishes that spawn in protected
marshes and estuaries and travel back offshore to the open coast as adults are
known as transient or migrant species; while those fishes that spend their entire
life history in the marsh are known as resident species (Day 2013). Both migrant
and resident fish species are estuarine−dependent, or at least
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estuarine−facultative, and are distinct from marine species, such as tunas, that are
estuarine independent and spend their entire lifetime in the ocean.
Depending on their physiology and life history, individual fish species
exhibit habitat preferences within Southern California estuaries. For example, the
shallow tidal channels of salt marshes are dominated by California killifish
(Fundulus parvipinnis) and longjaw mudsucker (Gillichthys mirabilis). Topsmelt
(Atherinops affinis), striped mullet (Mugil cephalus), deepbody anchovy (Anchoa
compressa), and slough anchovy (Anchoa delicatissima) occupy the main tidal
channels, and the shallow benthic areas of mudflats are occupied primarily by five
species of goby: arrow goby (Clevelandia ios), shadow goby (Acentrogobius
nebulosus), cheekspot goby (Ilypnus gilberti), tidewater goby (Eucyclogobius
newberryi) and yellowfin goby (Acanthogobius flavimanus) (Allen et al. 2002).
Deeper estuarine channels are inhabited mainly by marine migrants, including
black perch (Embiotoca jacksoni), spotted sand bass (Paralabrax
maculatofasciatus), diamond turbot (Hypsopsetta guttulata), and juvenile
California halibut (Paralichthys californicus), and by marine species such as
round stingray (Urolophus halleri) and barred sand bass (Paralabrax nebulifer).
Estuaries with eelgrass beds provide valuable habitat for bay−estuarine fish
species such as bay pipefish (Syngnathus leptorhynchus), barred pipefish
(Syngnathus auliscus), shiner perch (Cymatogaster aggregata), and giant kelpfish
(Heterostichus rostratus) (Allen et al. 2002).
Southern California estuaries support abundant and unique fish
assemblages and can serve as nursery habitats for at least one commercially
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important fish, the California halibut (Paralichthys californicus) (Kramer 1991,
Fodrie and Mendoza 2006). Migrant fish species, such as the P. californicus,
spend their juvenile stage in the shallow, protected waters of an estuary as a
nursery where they do not need to compete with adults for food and then migrate
back offshore as adults (Fodrie and Mendoza 2006).

1.1.2 Habitat Connectivity of Estuarine Fishes
The survival of estuarine fishes relies on the ability of estuarine
environments to serve as an effective foraging, spawning, and nursery grounds for
juvenile and adult fishes (Gillanders et al. 2003). Wetland resident fishes
dominate Southern California estuaries, which serve as an important food source
for other economically important fish species and higher trophic level species
such as birds, thus making resident fishes vital to wetland food webs (McMahon
et al. 2005).
One of the most abundant mid−trophic level estuarine fish in Southern
California is the native California killifish (Fundulus parvipinnis). Fundulus
parvipinnis are often the numerically dominant species in Southern California and
Baja California wetland systems, accounting for 80% of the taxa in some systems
(Talley 2000). Fundulus parvipinnis complete their entire life history, including
the pelagic larvae stage, within the estuarine environment, and rarely venture to
the open coast as adults (Watson 1992). Wetland resident fishes, such as the F.
parvipinnis, are an integral part of wetland food webs (Madon et al. 2001), both
as predator (Madon et al. 2001, McMahon et al. 2005, Vince et al. 1976) and prey
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(Fritz 1976), and by aiding in the transfer of nutrients and production off the
marsh surface (Kneib 1997, Talley 2000).
Fundulus parvipinnis also serve in wetland food webs as an intermediate
host for the transmission of one of the most common parasitic trematodes in
Southern California and Baja California estuaries, Euhaplorchis californiensis
(Shaw et al. 2010). Parasites can represent a substantial biomass and productivity
in California and Baja California wetlands and can greatly affect wetland food
web dynamics by increasing chain length and connectivity (Kuris et al. 2008).
One method to measure the habitat connectivity, movement, and habitat
use of estuarine fishes is to study site fidelity. Site fidelity occurs when the
observed area used by an individual is much smaller than the area that would be
used if the individual’s movements were random (Danielson and Swihart 1987).
Here, site fidelity is defined as the tendency of an organism to stay in or
habitually return to a particular area. If an estuarine fish exhibits high site fidelity,
then it tends to remain in a certain marsh or certain section of a marsh and seldom
travels between other marshes or to different bays. Site fidelity and habitat
connectivity can be expressed as an inverse relationship; if a fish exhibits high
site fidelity then there is low habitat connectivity because the fish is seldom
traveling between and among different habitats (Green et al. 2012). However, if a
fish exhibits low site fidelity, then it does travel between marshes in the same bay
or to different bays, and thus exhibits higher habitat connectivity (Green et al.
2012).
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Quantifying the connectivity among habitats is vital because common
species, such as F. parvipinnis, are important conservation targets and potentially
sensitive indicator species of environmental perturbation. Due to extreme loss of
wetland habitat over the past decades, the connectivity of estuarine habitats is
potentially reduced in Southern California wetlands, thereby exacerbating the
need to understand the movement patterns of dominant taxa in these systems.
Worldwide, understanding the habitat connectivity of estuarine fishes has
significant implications for habitat conservation and the design of marine
protected areas. Stable isotope analysis of common European coastal fish species
found high levels of site fidelity and minimal inter-marsh connectivity, resulting
in individual salt marshes operating as discrete habitats for fish assemblages
(Green et al. 2012). Limited habitat connectivity has also been previously
identified in estuarine fish ecology studies along the coastlines of South Africa
(Childs et al. 2015), Australia (Waltham and Connolly 2006), California (i.e.
Tijuana Estuary and San Dieguito Lagoon) (Kwak and Zedler 1997), and Portugal
(Vinagre et al. 2011). A mark-recapture study of the mummichog (Fundulus
heteroclitus), the most abundant resident estuarine fish on the Atlantic coast of the
United States, also found high site fidelity and limited connectivity between
closely related marshes (Teo and Able 2003). As areas of salt marsh worldwide
are lost, whether juvenile and adult fishes display increased or decreased
connectivity within that marsh and between adjacent marshes, will have important
implications on the overall population and recovery after such habitat destruction
(Green et al. 2012).
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1.1.3 Otolith Microchemistry
To elucidate connectivity of fishes and their movements between and
among estuaries, we evaluated site fidelity of young adult F. parvipinnis.
Common methods to track fish movements include mark−recapture tagging,
passive integrated transponder tags, acoustic tags, archival tags, trawling and net
surveys, and visual surveys (Elsdon et al. 2008). While these methods provide
valuable insight on fine−scale movements, they can lack the ability to record
large−scale movements over the majority of the life of a fish, and can be cost
prohibitive and time consuming.
A more comprehensive method to study both fine and large−scale
movements and habitat use of teleost fishes is otolith microelemental analysis.
Otoliths, or ear stones, are paired calcified structures located in the inner ear of
fish that aid the fish in balance, orientation, and sound detection. Otoliths are
composed of calcium carbonate, typically in the form of aragonite (Campana
1999). Trace metals in the surrounding water deposit into the calcium carbonate
matrix of the otolith daily, creating daily layers (Ludsin 2006). These daily layers
are thus a permanent record of the water chemistry in which the fish inhabited
during corresponding periods of its life (Swearer 2003).

9

Image 1. California killifish (Fundulus parvipinnis) sagittae otolith at 40x

Elemental signatures reflect those of the surrounding water, along with a
minimal amount reflecting diet, making otoliths natural, integrative tags of growth
and environmental history (Campana 2000). To study the chemistry of fish
otoliths, we can use otolith microelemental analysis to quantify the concentration
of trace metals in the calcium carbonate structure of the otoliths of F. parvipinnis
(Campana 1999).

Image 2. California killifish (Fundulus parvipinnis) otoliths at 10x.
Lapilli, Asteriscii, and Sagittae (pictured left to right).
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Otolith microelemental analysis uses an analytical chemistry technique
known as Inductively Coupled Plasma Mass Spectrometry (ICP−MS) to analyze
the concentration of alkali earth metals and other trace metals in otoliths. It can
also be used to determine elemental concentrations in sediment, soil, rock
samples, biological or organic samples (Wolf 2005). ICP−MS combines a
high−temperature ICP (Inductively Coupled Plasma) source with a mass
spectrometer. The ICP source converts the atoms of the elements in the sample to
ions. These ions are then separated and detected by the mass spectrometer (Wolf
2005). ICP-MS can identify sub−populations of fish species (Forrester and
Swearer 2002).
Bulk or solution−based inductively coupled plasma mass spectrometry
(Bulk ICP−MS) digests the sample into a solution and analyzes the trace
elemental composition as a whole (Campana 1999). Previous work found that
concentrations of Sr and Ba vary with the temperature and salinity of water
throughout an estuary or bay, and those elemental gradients are captured in otolith
concentrations of teleost fish (Elsdon and Gillanders 2003). Thus, Sr and Ba, in
particular, are the most useful elements for determining estuarine origin within
fishes (Fodrie and Herzka 2008) and distinguishing different fishes (Swearer et al.
2003).
Laser Ablation ICP−MS (LA ICP−MS) examines otolith microchemistry
on a finer temporal scale than bulk ICP-MS. LA ICP−MS take advantage of the

chronological, annual growth rings recorded in an otolith and target a particular

age or date range in an otolith ablated (sectioned) by a laser (Campana 1999). The
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advantage of LA ICP-MS, as compared to the bulk ICP-MS, is that LA ICP-MS
can detect subtler migration and movement patterns on the scale of weeks,
months, or years due to better sensitivity to non-physiologically regulated trace
elements (Campana et al. 1997). Disadvantages of LA ICP-MS include the timeconsuming requirement that the otolith be sectioned by a laser to expose the
growth sequence, the potential for contamination during the sectioning and
polishing procedure, increased costs of analysis, and challenges in interpretation
of subtler migration histories (Campana et al. 1997). In comparison, bulk ICP-MS
digests the sample into a solution and analyzes the trace elemental composition as
a whole, integrated signature over the entire lifetime of a fish.
Otolith microchemistry has been used in fisheries management for the past
two decades to identify natal nursery grounds (Thorrold 1998, Bradbury et al.
2011), distinguish stocks (Campana 2000), study migration (Sturrock 2015,
Walther and Limburg 2012), elucidate large-scale patterns of habitat connectivity
(Gillanders 2005), utilize fish as environmental recorders (Arai 2007), study the
life history of fish (Elsdon 2008), and protect endangered fish species (Sturrock
2015). However, this methodology has limitations and assumptions, and studies
have typically assessed differences in otolith chemistry from locations separated
by hundreds to thousands of kilometers. While past studies found otolith
microchemistry to be an extremely valuable method to study habitat connectivity
and site fidelity of estuarine fish on large spatial scales, the ability of this
methodology to identify sub−populations on small spatial scales, specifically less
than 10 kilometers apart, is largely unknown.
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We examine otolith microchemistry on a much smaller spatial scale than
previous studies by comparing locations separated by from ones to tens of
kilometers. The objective of this study is to distinguish sub−populations of F.
parvipinnis within and among Mission Bay, San Diego Bay, and Anaheim Bay in
Southern California.
We quantified the concentration of 12 trace elements in 106 F. parvipinnis
sagittae otoliths: Li, Na, Mg, Ca, Mn, Cu, Zn, Sr, Cd, Sn, Ba, Pb. These elements
were chosen based on their known incorporation into otoliths (Swearer et al.
2003, Forrester and Swearer 2002), due to these metals tending to exhibit the
greatest variability in concentration between estuaries. We characterized the
movement, habitat connectivity, and site fidelity of wetland fishes through otolith
microchemistry analysis.
This project is the first to analyze the site fidelity of F. parvipinnis within
and among these three estuaries, study the otolith microchemistry of the F.
parvipinnis in Southern California, and one of the few to investigate the power of
otolith microchemistry on such a small spatial scale (less than tens of kilometers)
in Southern California. As Southern California continues wetland restoration
efforts, effective restoration requires an understanding of how subpopulations of
F. parvipinnis depend on these habitats are connected.

Elemental deposition in otoliths
Estuaries receive inputs of trace elements from a number of sources, and
these habitats exhibit large variation in chemical composition. Distribution of
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elements in water is determined by a complex set of factors, including salinity,
precipitation, evaporation, temperature, proximity to terrestrial sources,
upwelling, tides, and the chemical composition of the underlying bedrock (Elsdon
and Gillanders 2003, Elsdon et al. 2008).
Otolith Sr, Ba, and Pb to Ca ratios are deposited in proportion to their
respective ratios in ambient waters (Bath et al. 2000, Milton and Chenery 2001,
Swearer et al. 2003). As Sr and Ba appear to reflect environmental parameters,
specifically temperature and salinity, either linearly or non-linearly, they are ideal
tracers for tracking fish movement (Bath et al. 2000, Elsdon et al. 2008, Elsdon
and Gillanders 2004). Water temperature and salinity have the largest impact on
elemental variability for certain metals such as Sr and Ba (Elsdon and Gillanders
2003). The effect of temperature on otolith chemistry is likely due to both fish
physiology and kinetic processes such as temperature impacting crystallography
(Elsdon et al. 2008). Higher concentrations of Sr are associated with seawater and
lower concentrations of Sr are associated with freshwater (Campana 1999, Elsdon
et al. 2008, Doubleday et al. 2014). Higher concentrations of Sr are also
associated with warmer water (Elsdon et al. 2008). Temperature has a varied
effect on Ba, with studies showing both positive and neutral effects (Elsdon and
Gillanders 2002).
In contrast to Sr and Ba, the factors affecting concentration of other metals
such as Mn, Mg, Cu, Zn, and Li, is more complex because concentrations of these
metals are increasingly controlled by fish physiology (Milton and Chenery 2001)
and reduction−oxidation reactions in the sediments (Fodrie and Herzka 2008). Cu,
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Mg, and Zn in otoliths are not thought to reflect water concentrations (Campana
1999, Milton and Chenery 2001), and thus these elements are less likely to reflect
environmental parameters (Elsdon et al. 2008). Cu and Pb display a qualitatively
similar concentration gradient to that observed in sediments: high levels in bays
and lower levels on the open coast (Forrester and Swearer 2002).
The chemical fingerprint of an estuary is best described as a gradient,
rather than a step change between multiple hydrological conditions and habitat
types. Mn availability is dominated by reduction−oxidation reactions in the
sediments and overlying water column (Fodrie and Herzka 2008). At the inner
regions of embayments, more Mn is bioavailable for incorporation into otoliths
because the net transport of dissolved Mn is to the water column (Hanson et al.
1993). At the outer regions of embayments, less Mn is bioavailable because tidal
flow increases oxygenation in the water from constant mixing of sandy sediments
(Fodrie and Herzka 2008).

1.1.4 Life History of Fundulus parvipinnis
Fundulus parvipinnis is a mid−trophic level species that is abundant in
Southern California estuaries, and is thus a good model to help better understand
the site fidelity of resident estuarine fishes. Fundulus parvipinnis live in eastern
Pacific wetlands, ranging from Morro Bay, California, USA to Bahía Magdalena,
Baja California, Mexico. The peak spawning season for F. parvipinnis is April to
June during spring high tides at night, although the entire spawning season lasts
until September (Fritz 1976).
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Fundulus parvipinnis have a very short pelagic larval duration of one to
two weeks (Watson 1992), and do not appear to disperse during this short larval
stage (Nordby 1982). The few available studies of F. parvipinnis larvae suggest
they are retained in intertidal pools, small depressions, and shallow estuary creek
habitats (Talley 2000) instead of subtidal or nearshore habitats (Nordby 1982). A
study that sampled ichthyofauna of tidal creeks, subtidal channels, and nearshore
habitats in Tijuana Estuary, CA over the course of one year captured over 21,000
larvae, only 2 of which were found to be F. parvipinnis (Nordby 1982).
Furthermore, these two F. parvipinnis larvae were found in the estuary creek, not
in nearshore habitats nor open coast; strengthening the evidence that they do not
disperse as larvae, because there are no observations of F. parvipinnis larvae in
coastal waters. In addition, the same study collected over 50,000 fish eggs, none
of which belonged to F. parvipinnis (Nordby 1982, Talley 2000). Therefore, F.
parvipinnis larvae appear to remain on the intertidal marsh habitat, which their
counterparts on the Atlantic coast of the United States, Fundulus heteroclitus,
have also been found to do (Kneib 1993).
Fundulus parvipinnis typically live 12−18 months, reaching full adult size
and reproductive age at 6−7 months old. Some adults have been found to live 2−3
years but that is very rare (pers. Obs. Talley 2000). Fritz 1976 found that
spawning adults from Anaheim Bay that spawned in spring and caught in July
were 48 to 78 millimeters in length, and those caught in August were 52 to 90
millimeters in length. There are 39 species in the genus Fundulus, and many
species are extremely hardy and salt−tolerant (Froese and Pauly 2012). The high
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marsh habitats that Fundulus inhabit, specifically small intertidal pools and
creeks, can experience salinity levels greater than 60 psu, which is 1.7 times more
than the average salinity of seawater at 35 psu, and temperatures as high as 40°C
(Rao 1975).

Image 3. California killifish (Fundulus parvipinnis) collected from San
Diego Bay

Life history and habitat fidelity studies of wetland fishes are vital for
informing wetland restoration projects and wetland food web ecology. For
example, F. parvipinnis also undergo tidal migrations, where during high tides
they are able to move from subtidal channels to vegetated marsh to forage on
insects and amphipods that would be unavailable during lower tides (Fritz 1976).
Fundulus parvipinnis that conduct these tidal migrations to feed on the vegetated
marsh were found to consume six times as much food as individuals restricted to
foraging in creek habitats (West and Zedler 2000). Because salt marshes are
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important foraging grounds for fishes, wetland restoration projects were
recommended to include protecting salt marsh habitats that are connected to tidal
creeks and allow for adequate flooding (Madon et al. 2001).
Fundulus parvipinnis has been found to be the numerically dominant
species in many Southern and Baja California wetland systems, accounting for
80% of the taxa in some systems (Talley 2000, Allen 2006). Fundulus parvipinnis
complete its entire life history within the estuarine environment, and rarely
venture to the open coast as adults (Watson 1992) or larvae (Nordby 1982). Adult
F. parvipinnis exhibit high site fidelity on small spatial scales, as revealed through
mark−recapture−release and stable isotope studies in Mission Bay (Talley 2000).
Remarkably, F. parvipinnis were found to have low movement even between two
sections of the Kendall Frost Marsh Reserve: a created and natural marsh,
connected by a tidal creek, and otherwise separated by only ~10m at high tide
(Talley 2000).
A study of the population genetics between six populations of F.
parvipinnis ranging from Santa Barbara to Baja California found high genetic
divergence between populations that are separated by hundreds of kilometers and
inferred that F. parvipinnis do not move between marshes on this large spatial
scale (Bernardi and Talley 2000). A mark−recapture study found as many as 35%
of the F. parvipinnis tagged in the Kendall Frost marsh in Mission Bay were
recovered one day later in the same marsh (Talley 2000). Therefore, F.
parvipinnis seem to exhibit very high levels of site fidelity on both small (less
than 10 kilometers apart) and large spatial scales (hundreds of kilometers apart).
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High site fidelity on both small and large spatial scales makes F.
parvipinnis an important indicator species to study in Southern California that
represents the potential effect of wetland fragmentation and wetland restoration
on resident wetland fishes. Fundulus parvipinnis are an ecologically important
species in Southern California wetlands, and their habitat connectivity has
implications for their predators and prey species, and for mitigation and
restoration projects in Southern California.
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1.2 Research Objectives
The objective of this study is to improve understanding of F. parvipinnis site
fidelity and life history by examining the spatial variability of trace metals in F.
parvipinnis otoliths.

Research questions:
1. Do adult F. parvipinnis display site fidelity within and among three estuaries in
Southern California: Mission Bay, San Diego Bay, and Anaheim Bay?

2. If so, at what spatial scale? Can otolith microchemistry distinguish adult F.
parvipinnis site fidelity at small spatial scales (intra−marsh, <10 kilometers) or
only at larger spatial scales (inter−marsh, >10 kilometers)?

If our research concludes that, based on otolith microchemistry, F.
parvipinnis exhibit high site fidelity in an estuary, then wetland restoration efforts
would likely only be locally beneficial. High site fidelity would suggest F.
parvipinnis are not traveling throughout the entire estuary equally, and therefore,
would be less impacted by wetland restoration to the head of the estuary if they
only reside at the mouth of the estuary, for instance. However, if our research
shows that F. parvipinnis exhibit lower site fidelity in Mission Bay, San Diego
Bay, and/or Anaheim Bay, then wetland restoration efforts in one section (for
example: head, mouth, or body of the bay) would indeed affect F. parvipinnis
throughout an entire estuary.
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1.3 Statement of Hypotheses

1. How do the trace metals in the otolith of adult F. parvipinnis differ at sites
within each estuary (head, mouth, and body) and between different estuaries
(Mission Bay versus San Diego Bay versus Anaheim Bay)?

H0: There is no difference in otolith trace elemental analysis results within
each estuary or between different estuaries.

HA: The otolith trace elemental analysis results differ between intra− and
inter− estuary locations significantly enough to be able to distinguish site
fidelity of adult F. parvipinnis.
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CHAPTER 2:
Otolith microchemistry reveals low habitat connectivity of California killifish
(Fundulus parvipinnis) across a range of spatial scales
2.1 Introduction
Conservation and management of estuarine fishes hinges on an accurate
assessment of fish location during different life history stages and their movement
within and between estuaries. The ability to track movement patterns of fish with
complex life cycles is required to determine the habitat value of certain bays and
wetlands for larvae, juvenile, and adult fish (Forrester and Swearer 2002). Site
fidelity is a useful metric for identifying and evaluating fish habitat requirements
(e.g., Garwood et al. 2019), and measuring habitat connectivity and movement.
Greater site fidelity could indicate better wetland habitat quality for fishes that
remain in a particular section of the marsh, and temporal changes in the strength
of site fidelity could denote decreases or increases in that habitat quality
(Garwood et al. 2019).
Site fidelity and habitat connectivity have important implications for
predicting the effect of local anthropogenic disturbances in Southern California
estuaries. On the one hand, increased site fidelity and limited movement could
mean these populations are particularly vulnerable to anthropogenic disturbances
and slow to recover due to their reliance on local replenishment. On the other
hand, high levels of dispersal could facilitate recovery to habitat perturbation.
Common methods to track and measure fish site fidelity and habitat
connectivity include mark−recapture tagging, passive integrated transponder tags,
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acoustic tags, archival tags, trawling and net surveys, and visual surveys (Elsdon
et al. 2008). While these methods provide valuable fine−scale movements, they
can lack the ability to record large−scale movements over the majority of the life
of a fish, and can be cost prohibitive and time consuming. A more comprehensive
method to study both fine and large−scale movements and habitat use of teleost
fishes is otolith microelemental analysis. All vertebrates have three, small calcium
carbonate structures in each ear that aid in sensing gravity and movement called
otoliths. Otoliths in fishes allow them to keep their balance and detect sound and
water depth. Otoliths grow continuously during a fishes’ life, a few microns each
day from hatch until death (Campana 1999). Because otoliths continuously
accrete new calcium carbonate onto the external surface, daily concentric rings
accumulate to form annual growth layers that we can use to age the fish and
determine how long they spent in certain habitats. Thus, otoliths provide a
high−resolution history of individual fish movements.
At least 90% of the chemical signatures recorded in the otoliths of teleost
fishes is estimated to reflect the ambient water composition of these elements at
the time of deposition, with the remaining 10% or less reflecting food uptake in
diet (Walther and Thorrold 2006, Campana 1999). Therefore, otolith
microchemistry creates “elemental fingerprints” by exploiting the variation in the
chemical compositions of otoliths caused by environmental gradients in the water
the fish inhabits throughout its life (Campana 1999, Swearer et al. 2003). Otolith
microelemental analysis uses a powerful analytical chemistry technique known as
Inductively Coupled Plasma Mass Spectrometry (ICP−MS) to analyze the
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concentration of alkali earth metals and other trace metals in otoliths and has been
used to identify sub−populations of the fish species (Forrester and Swearer 2002).
Otolith microchemistry has been used in fisheries management for the past
two decades to identify natal nursery grounds (Thorrold 1998, Bradbury et al.
2011), distinguish stocks (Campana 2000), study migration (Sturrock 2015,
Walther and Limburg 2012), elucidate large scale patterns of habitat connectivity
(Gillanders 2005), utilize fish as environmental recorders (Arai 2007), study the
life history of fish (Elsdon 2008), and protect endangered fish species (Sturrock
2015). However, this methodology has limitations and assumptions, and studies
have typically assessed differences in otolith chemistry from locations separated
by hundreds to thousands of kilometers. While past studies found otolith
microchemistry to be an extremely valuable technique to study habitat
connectivity and site fidelity of estuarine fish on large spatial scales, the efficacy
of this methodology to identify sub−populations on small spatial scales,
specifically less than 10 kilometers apart, is unknown.
Commercially important species and rarer species all depend on common
species to maintain aspects of their populations (Connolly et al. 2014). One of the
most common, mid−trophic level estuarine fish species in Southern California is
the native California killifish (Fundulus parvipinnis). Fundulus parvipinnis is
often the numerically dominant species in Southern and Baja California wetland
systems, accounting for 80% of the fish taxa in some systems (Talley 2000).
Fundulus parvipinnis complete their entire life history within estuarine
environments, and rarely venture to the open coast as adults (Watson 1992).
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Fundulus parvipinnis have a very short pelagic larval duration of one to two
weeks (Watson 1992), and do not appear to disperse during this short larval stage
(Nordby 1982). Wetland resident fishes, such as F. parvipinnis, are an integral
part of wetland food webs (Madon et al. 2001), both as predator (Madon et al.
2001, McMahon et al. 2005, Vince et al. 1976) and prey (Fritz 1976), and by
aiding in the transfer of nutrients and production off the marsh surface (Kneib
1997, Talley 2000).
Potential high site fidelity on both small and large spatial scales makes F.
parvipinnis an important indicator species to study in Southern California that
represents the potential effect of wetland fragmentation and wetland restoration
on resident wetland fishes. Fundulus parvipinnis are an ecologically important
species in Southern California wetlands, and their habitat connectivity has
implications for their predators and prey species, and for mitigation and
restoration projects in Southern California.
We examine otolith microchemistry on a smaller spatial scale than
previously studied for F. parvipinnis, and the majority of all other fishes, by
comparing locations only two to ten kilometers apart. The primary objective of
this study is to elucidate the degree of F. parvipinnis site fidelity within and
among Mission Bay, San Diego Bay, and Anaheim Bay in Southern California.
This project is the first to study the otolith microchemistry of F. parvipinnis in
Southern California, one of the few to investigate the power of otolith
microchemistry on such a small spatial scale (less than ten of kilometers) in

25

Southern California, and the first to analyze the site fidelity of F. parvipinnis
within and among these three estuaries.

2.2 Materials and Methods
2.2.1. Study System
This study was conducted in three bays in Southern California: Mission
Bay (MB) (32.791276, -117.229831), San Diego Bay (SDB) (32.618664, 117.102571), and Anaheim Bay (AB) (33.742374, -118.080144) (Figure 2.1).

Sampling locations within bays were chosen to provide both small-scale (intrabay) and large-scale (inter-bay) comparisons. AB lies in Orange County, CA, 132
kilometers from MB, and 147 kilometers from SDB (the latter two in San Diego
County, CA). MB and SDB are separated by around 30 km. These locations
provided us with a range of spatial scales at which to study site−specific
signatures.
SDB covers the largest total area (545 km2), MB the second largest (8.87
km2), and AB the smallest total area (4.450 km2) (U.S. Fish and Wildlife 2018).
SDB has the largest estuarine and marine wetland area (9.63 km2 or 2% of its total
area), AB the second most (2.61 km2 or 58% of its total area), and MB has the
least (0.62 km2 or 7% of its total area) (U.S. Fish and Wildlife 2018). SDB is a
natural and highly urbanized deepwater bay and harbor, with two river sources
(Otay River and Sweetwater River). It exhibits seasonal hypersalinity (Largier et
al. 1997) and consists of the broadest range of habitats among the studied bays
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and includes deep to shallow channels, mudflats, eelgrass beds, and salt marshes
(Allen et al. 2006).
MB is a natural wetland that was heavily modified by dredging in the
1940s to create an urbanized bay for recreation and is now the largest
manufactured aquatic park on the west coast of the U.S. (Dexter and Crooks
2000). MB has relatively high water exchange near the mouth, but the back bay
has limited flushing and receives urban runoff from two creeks that serve as
extremely limited freshwater input into MB (Rose Creek and Tecolote Creek)
(Dexter and Crooks 2000). MB exhibits seasonal hypersalinity due to its complex
topography, shallow basins, and Mediterranean climate with long dry summers;
the head of MB at Tecolote Creek can become hypersaline as quickly as over a 2
month period (Largier et al. 1997).
AB samples were taken from Seal Beach National Wildlife Refuge, which
is predominantly salt marsh connected by subtidal channels. Seal Beach National
Wildlife Refuge is relatively undisturbed due to its location within the U.S. Naval
Weapons Station and serves as a productive habitat for resident fishes and is an
important stopover for many migratory birds (Allen et al. 2006).
To capture the range of environmental habitats within these estuaries, we
attempted to collect fish from the front, middle, and back regions of each of the
bays. However, despite repeated sampling attempts at six locations situated at the
front of Mission Bay and San Diego Bay, we were unable to collect any F.
parvipinnis from these locations, likely due to a lack of salt marsh habitat. In
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Anaheim Bay, we successfully sampled from the front, middle, and back regions
of the bay (Figure 2.4).
Fish were collected from three locations within MB, three locations within
AB, and four locations within SDB, for 10 collection sites across three bays
(Figure 2.1 and Table 2.1). MB3, Smiley Lagoon, is located at the mouth of the
San Diego River, in Ocean Beach, as opposed to inside Mission Bay (Figure 2.2
and Table 2.1). However, for the sake of this study, we classified Smiley Lagoon
as MB3 because this site was the closest to the front of Mission Bay as we found
F. parvipinnis. The unique location of Smiley Lagoon, separated from MB by a
jetty break at the mouth of the San Diego River, allows for the potential
movement of fishes between San Diego River and MB, without having to cross
the open ocean to enter MB.

2.2.2 Fish Collection and Otolith Dissection
i. Fish Collection
We collected adult F. parvipinnis from July 10 to August 10, 2018 (Table
2.1). Fundulus parvipinnis were collected at low tide using a beach seine, at all
ten sites except SDB1. At SDB1, fish were collected using a minnow trap baited
with cat food.
Fish collection was conducted in accordance with the following U.S. Fish
and Wildlife permits: SDBNWR Research and Monitoring Special Use Permit
#SDB-18011 (Permit Holder = Lisa Robison), SBNWR Research and Monitoring
Special Use Permit #81683-18006SB (Permit Holder = Lisa Robison), CDFW
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2018 Scientific Collecting Permit (Permit Holder = Dr. Theresa Talley and Dr.
Drew Talley). All samples were brought back to the University of San Diego for
processing; we measured standard length (SL), total length (TL), and wet weight.
All F. parvipinnis were stored frozen at −4°C before otolith dissection and
preparation for chemical analyses.
Image 4. Seine fishing for Fundulus parvipinnis at Emory Channel in San
Diego Bay.

ii. Size Class Analysis
Fish collection was scheduled during the summer of 2018 to coincide with

F. parvipinnis spawning season in April (Fritz 1975). Fish samples were collected
within a one-month time frame in order to study fish of the same age and increase
the probability of these samples being adults that hatched in the spring of 2018.
Because Solution ICP-MS analyzes the composition of the otolith as an integrated
record over a fish’s entire lifetime, any temporal differences between sampling
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dates during this one-month period were largely integrated into the total, bulk
signature (Campana 1999, Elsdon and Gillanders 2003). Due to the Mediterranean
climate in Southern California, the environmental conditions were relatively
stable during the sampling period, and there was no rainfall.
We collected a total of 406 F. parvipinnis ranging in standard length (SL)
size from 25−60mm (AB mean SL = 29.3mm, MB mean SL = 48.78mm, SDB
mean SL = 44.7mm). Fundulus parvipinnis individuals ranging from 28−42mm in
July and 30−50mm in August are considered early spawned young, hatched in the
spring of the year they were caught (Fritz 1975). Fundulus parvipinnis spawning
adults are fish of SL >42mm in July and SL >50mm in August (Fritz 1975). Our
objective was to study adult F. parvipinnis that hatched in spring 2018, so we
performed size class analysis to select 106 individuals that were 35−55mm SL for
otolith microchemistry analysis (Table 2.1). On average, fish collected from AB
were slightly smaller than from MB and SDB, with samples selected for ICP-MS
from AB at 35−40mm, while MB and SDB fish were 40−55mm.

iii. Otolith Dissection
All six otoliths (two sagittal, two lapilli, and two asteriscii) from each fish
were dissected and removed and stored dry in glass vials at room temperature at
University of San Diego. Only the sagittal otoliths, commonly used for trace
metal analysis and ageing (Campana 1999, Campana 2000), were used for this
microchemistry study. One sagittae otolith was saved for future otolith ageing
analyses, and the other sagittae was used in this study for trace elemental analysis.
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2.2.3 Bulk Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
The concentrations of trace elements in the otolith samples were
determined using solution (bulk) inductively coupled plasma mass spectrometry
(ICP-MS). Solution ICP-MS sample analysis was conducted in two rounds at the
Scripps Isotope Geochemistry Laboratory at Scripps Institution of Oceanography
in La Jolla, CA. Round 1 was conducted on March 22, 2019 (n = 50 otoliths) and
Round 2 was conducted on November 1, 2019 (n = 56 otoliths), for a total of 106
otoliths analyzed in this study. The following sample preparation, sample
analysis, and data standardization were identical during both round of ICP-MS at
Scripps Institution of Oceanography. The same instrument (ThermoFisher iCAP
SQ ICP-MS instrument), stock solutions for sample preparation (nitric acid),
internal reference standard (Indium), external standards (Crab Shell standard,
FEBS-1 standard), glassware, pipets, and consumables were used for both rounds
of ICP-MS.

2.2.3.1 Sample Preparation
To make the stock solution, first the otoliths and standards were weighed
to within 0.00001 grams and transferred into individual clean and labelled 5mL
Teflon vessels. The lid and body of the Teflon vessels were labeled and then 0.5
mL of 15.7M TD HNO3 was added to each vessel to digest the sample. The
Teflon vessels were then tightly capped and put on a hotplate at 140 – 150 °C for
>72 hours. After >72 hours, the Teflon vessels were removed from hotplate and
let cool to room temperature. Once cooled, they were tapped lightly on bench to
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get droplets form lid in to bottom, carefully uncapped, and placed back on to a
hotplate in the evaporation chamber at 85°C to dry overnight.
Once the samples were dried, 0.5 mL of TD HNO3, 0.5 mL of the internal
standard (1 ppm Indium (In) solution), and 1 mL of MQ H2O were added to the
Teflon vessels. The vessels were re-capped and placed back on to a hotplate in an
evaporation chamber set at 90 °C to equilibrate overnight. Next, the vessels were
removed from hotplate and let cool to room temperature.
To prepare the stock solution for analysis, 0.5 mL aliquot of each stock
solution was pipette transferred into a clean, labelled 15 mL centrifuge tube. Both
the body and cap of the centrifuge tube were labeled. Next, 4.5 mL of 2% HNO3
was added to each 15 mL centrifuge tube containing the 0.5 mL stock solution,
the lids of the centrifuge tubes were sealed, and the tube was inverted several
times to ensure complete mixing of samples.

2.2.3.2 Sample Analysis
Otolith samples were run on a ThermoFisher iCAP QC ICP-MS equipped
with a quartz concentric nebulizer with~0.4 mL·min-1 sample consumption. The
ICP-MS workflow method was established using Thermo Scientific™ Qtegra™
Intelligent Scientific Data Solution (ISDS) Software. Elements analyzed were:
7

Li, 23Na, 25Mg, 26Mg, 39K, 43Ca, 48Ca, 47Ti, 55Mn, 65Cu, 66Zn, 86Sr, 111Cd,
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Sn, 137Ba, 204Pb, 206Pb, 207Pb, and 208Pb. All trace element concentrations were

obtained in counts per second and converted to units of ppm relative to calibration
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curves. Data are also expressed relative to the concentration of calcium (shown as
a ratio of X:43Ca).
To run ICP-MS sample analysis, the 15 mL centrifuge tubes containing
the samples were placed in a 5x12 sample rack for the autosampler for the
ThermoFisher iCAP QC ICP-MS. The samples in Round 1 of ICP-MS (n=50
otoliths) included: 50 otolith samples, 8 FEBS-1 external standards, 6 crab shell
standards, 2 total analytical blanks, and 18 diluent blanks (2% HNO3). The
samples in the Round 2 of ICP-MS (n=56 otoliths) included: 56 otolith samples, 4
FEBS-1 external standards, 4 crab shell standards, 2 total analytical blanks, and
18 diluent blanks (2% HNO3).
In Round 1 of ICP-MS, samples were run in blocks of 3-6 samples at a
time, with 2% HNO3, a diluent blank, run in-between each block of samples. In
Round 2 of ICP-MS, samples were run in blocks of 6-10 samples at a time, with
2% HNO3 run in-between each block. For both Round 1 and Round 2, otolith
samples from each collection site were placed randomly in each rack, in order to
avoid possible bias and instrument drift.
For both rounds of ICP-MS, a 50 mL centrifuge tube containing 40 mL of
the 2% HNO3, used for dilution of the stock solution, was put in the left most
standard position in the autosampler for the duration of the analysis. Repeated
analysis of the same 2% HNO3 solution (n=18 in Round 1 ICP-MS, and n=9 in
Round 2) indicated good analytical reproducibility among sample blocks (see 2%
HNO3 RSD in Table 2.2).
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2.2.3.3 Data Standardization
After sample analysis was completed, the data were downloaded to an
Excel spreadsheet for standardization. The concentrations of elements in the
sample were calculated using calibrations derived from one internal standard and
two external standards that were analyzed at random along with the otoliths in the
block of samples. The internal reference standard, Indium (In) was spiked into the
stock solution during earlier sample preparation, as described above. Two types of
external standards run through the ICP-MS along with the otoliths, and optimized
to represent the low, medium, and high concentrations of elements expected in the
otoliths. The two external standards were 1) Crab Shell standard and 2) FEBS-1
standard.
A Scripps Isotope Geochemistry Laboratory in-house crab shell (CS)
standard (Cancer productus) was used as an external standard in this study for all
14 elements: Li, Na, Mg, K, Ca, Ti, Mn, Cu, Zn, Sr, Cd, Sn, Ba, Pb (Table 2.2),
and which have been assessed for concentration using calibration curves.
FEBS-1 is an otolith Certified Reference Material (CRM) for trace elemental
analysis produced by the National Research Council Canada. FEBS-1 is a saggital
otolith reference material procured from red snapper (Lutjanus campechanus).
Certified reference values are based on unweighted mean results from data
submitted by collaborating laboratories (Sturgeon et al. 2005). For ICP-MS
analysis, Sturgeon et al. 2005 reported FEBS-1 certified reference values for
seven elements (Ba, Ca, Li, Mg, Mn, Na and Sr). Sturgeon et al. (2005) also
reported FEBS-1 reference values for ICP-MS of three elements (Cd, Cu, Pb),
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referred to by the National Research Council Canada as “information values”1.
This study used the average of the range of information values that National
Research Council Canada provided for each metal: Cd (1.4 − 3.2 μg/kg), Cu (4.2
− 6.8 mg/kg), and Pb (0.40 − 0.77 mg/kg). FEBS-1 was used as an external
standard in this study for the following 10 elements: Li, Na, Mg, Ca, Mn, Cu, Sr,
Cd, Ba, Pb (Table 2.2).
The raw elemental concentrations from the ThermoFisher iCAP SQ ICPMS were standardized by first correcting by the diluent blank solution, 2% HNO3.
The average of the 2% HNO3 diluent blank samples (n=18 in Round 1 ICP-MS,
and n=9 in Round 2) was subtracted from the concentration of each metal.
Second, we corrected the data by the internal standard, Indium, by dividing the
elemental concentration by the product of the average elemental concentration of
Indium (Round 1= 7617928 CPS) and Round 2= 12056467 CPS) and the
elemental concentration. Third, we corrected the data by the otolith weigh (g). We
multiplied the weight of each otolith by dividing the elemental concentration by
the product of the weight of the otolith (g) and the weight correction value (Round
1 weight correction value = 0.0001; Round 2 weight correction value = 0.0005).
We repeated these data correction steps for all metals in both rounds of ICP-MS,
to calculate the concentrations of each metal in ppm. For data correction, we took
the average concentration of all four isotope of Pb (204Pb, 206Pb, 207Pb, 208Pb) and
calculated one “Total_Pb” value.

1

Sturgeon et al. 2005 was unable to certify these CRM information values for these elements
because of the large component of uncertainty contributed by homogeneity, but these information
values are still extremely valuable as a CRM for ICP-MS studies.
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The limits of detection (LOD, mean concentration of total analytical blank
+ 3 x SD) of this method were (in ppm): 7Li = 0.006, 23Na = 4.2, Mg = 9.9, 39K =
0.4, Ca = 300, 47Ti = 24.5, 55Mn = 0.00004, 65Cu = 0.07, 66Zn = 3.6, 86Sr = 5.1,
111

Cd = 0.1, 118Sn = 1.1, 137Ba = 0.1, 204Pb = 0.0003). The limits of quantification

(LOQ) of this method were (in ppm): 7Li = 0.01, 23Na = 10, Mg = 20, 39K = 1, Ca
= 500, 47Ti = 50, 55Mn = 0.0001, 65Cu = 0.2, 66Zn = 9, 86Sr = 12, 111Cd = 0.3,
118

Sn = 2.5, 137Ba = 0.3, 204Pb = 0.0009).
All elemental concentrations were above the detection limit. However,

negative values for elemental concentrations signify that the elemental
concentration was lower than the diluent blank (2% HNO3), which is the
maximum possible blank. Negative values are thus below the level of
quantification and were removed from the data. 47Ti concentration was found to
be below the diluent value and therefore below the level of quantification, so 47Ti
was removed from the dataset. 39K was also removed from the statistical analysis.
FEBS−1 RSD was quite high in Round 2 of ICP-MS, but we attribute this
higher RSD to a function of weighing error at these low masses (Table 2.2).
During ICP−MS sample preparation, we recognize the possibility of weighing
errors when weighing otoliths of such small size (Round 1 mean otolith weight
from = 0.76 mg, Round 2 mean otolith weight = 0.53 mg, MB mean otolith
weight = 0.86 mg, SDB mean otolith weight = 0.69 mg, AB mean otolith weight
= 0.30 mg). For example, the 30 Anaheim Bay fish that were run during Round 2
ICP−MS were 35−40 mm in SL and had a mean otolith weight of 0.30 mg. Thus,
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assuming a 10% weighing error on 0.30 mg would lead to major improvement in
RSD.
Notwithstanding, in real terms, these RSDs, estimated from FEBS-1 lead
to the following uncertainties on the 53 otoliths ran in Round 2 ICP−MS (in
ppm): Li = 0.29 +/-0.09, Na = 2110 +/-680, Mg = 24 +/-6, K = 730 +/- 140, Ca =
300,000 +/- 40,000, Mn = 1.9 +/-0.2, Cu = 0.52 +/- 0.12, Zn = 15.7 +/- 0.9, Sr =
3500 +/-390, Cd = 0.93 +/-0.09, Sn = 3.00 +/- 0.35, Ba = 6.6 +/-1.1, Pb = 0.051
+/- 0.008. However, the variations observed in the otolith samples exceed these
uncertainties.

2.2.4 Statistical Analyses
All statistical tests were performed using R v 4.0.1 (R Core Team, 2020).
All plots of statistical analysis and Figure 2.1 were produced using R package
‘ggplot2’ (v 4.0.1.; Wickham 2016). All trace element concentrations were
reported in units of ppm and expressed relative to the concentration of calcium
(shown as a ratio of X:43Ca). We reported the ICP-MS trace elemental analysis
results for 12 metals: Li, Na, Mg, Ca, Mn, Cu, Zn, Sr, Cd, Sn, Ba, Pb. We
combined 25Mg and 26Mg into “Total_Mg” and combined 204Pb, 206Pb, 207Pb, and
208

Pb into “Total_Pb”.
We first examined the distribution of the 12 elements to check for

normality, before using these data in four multivariate statistical tests: 1)
Discriminant Function Analysis, 2) Permutational Multivariate ANOVA, 3)
Pairwise Permutational MANOVA, 4) Mantel test. Plotting the distribution of all
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12 trace metal concentrations across all 10 sites (Figure 2.5), and the distribution
of metal concentrations for each bay individually (Appendix A), we found the
distribution of all metals to be normal except for Pb and Cd. Pd and Cd were
zero−inflated and thus unfit for the following four multivariate statistical tests, so
these two metals were removed from the dataset.
To assess the ability of otolith microchemistry to distinguish between
capture locations on both small and large spatial scales, we first performed linear
Discriminant Function Analysis (DFA) using R package ‘MASS’ (v 4.0.1.;
Venables and Ripley 2002) to determine if the otolith trace elemental signatures
could accurately predict which fish came from which site. Linear DFA is a
supervised, multivariate classification technique (Quinn and Keough 2002). DFA
maximally separates collection sites using a weighted linear combination of the
12 element concentrations in otoliths (canonical factors) and then assigns fish to a
collection site based on their proximity to the centroid of each site within an
estuary (the intersection of the means of n canonical factors, in this case n = 2)
(Swearer et al. 2003). We generated models that used all 12 predictor variables
(elemental concentrations) to assign 106 F. parvipinnis samples to the 10
collection sites.
Next, we ran a Permutation Multivariate ANOVA (PERMANOVA), using
the function ‘Adonis’ within the R package ‘vegan’ (v 4.0.1.; Oksanen et al.
2019), to compare the difference in mean concentration of each metal among all
10 sites. To determine which specific group means were driving the differences in
the PERMANOVA’s significant results, we ran a multi−level pairwise
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comparison, using R package ‘RVAideMemoire’ (v 4.0.1.; Hervé and Hervé
2020) (analogous to the univariate Post-hoc Tukey’s Test). Our objective was to
find which of the pairwise comparisons were statistically significant. We repeated
the DFA, PERMANOVA, and Pairwise PERMANOVA tests for each bay
individually, and for all 10 sites combined. Because our goal was to evaluate the
overall degree of connectivity rather than the connectivity of any particular pair of
sites, we did not implement a Bonferroni correction to p-values.
To test if the distance between our collection sites influenced the ability of
the Pairwise PERMANOVA to tell the sites apart based on differences in otolith
microchemistry, we ran a Mantel test (Legendre and Fortin 2010). The Mantel test
examined the correlation between two matrices – in this case geographic distance
between pairs of sites and F-values from the PERMANOVA (Quinn and Keough
2002).
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2.3 Results
2.3.1 ICP−MS Trace Elemental Analysis
Otolith microchemical analysis of F. parvipinnis significantly
distinguished capture locations at both small (<10km) and large (>10km) spatial
scales in San Diego Bay, Mission Bay, and Anaheim Bay. When comparing the
10 study sites, pairwise permutational MANOVA found 43/45 pairwise
comparisons were statistically significant (p < 0.05) (Table 2.6).
Discriminant function analysis of otolith trace metal concentrations
correctly classified, on average, 63.5% of F. parvipinnis to the collection site
(DFA range: 20−100%; Table 2.3). When comparing intra−bay sites separately,
the DFA classification success rate improved to an average of 79.9%. Mission
Bay−only had a DFA classification success of 77.9% (Table 2.7), San Diego
Bay−only had 85% success (Table 2.10), and Anaheim Bay−only had 76.7%
success (Table 2.13). The ten collection sites exhibited a range of trace metal
concentrations in F. parvipinnis otoliths (Figure 2.6).

2.3.2 Inter−Bay Analysis
2.3.2.1 Discriminant Function Analysis (DFA) Results
To evaluate the success of each discriminant model in assigning fish to
their site of origin, we compared the number of fish we caught from each site to
the number of fish that the DFA model correctly predicted to have originated
from that site (Swearer et al. 2003). DFA, on average, accurately classified 63.5%
of fish to their collection site (Table 2.4). We plotted the inter−bay DFA results
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graphically by site (Figure 2.9), by element (Figure 2.10), and by both site and
element (Figure 2.11). Otolith signatures from SDB3, SDB4, AB1, and AB2
could be distinguished from all other sites with a higher accuracy than the average
(Table 2.4, Figure 2.4).
DFA models found Sr, Mg, and Li to be the most useful elements in
distinguishing among sub−populations in this study (Figure 2.10). We found the
three Anaheim Bay sites to be distinguishable from the three Mission Bay sites
and the four San Diego Bay sites (Figure 2.9). In particular, SDB3 exhibited a
significantly different signature than the other three sites in San Diego Bay
(Figure 2.9).

2.3.2.2 Permutational Multivariate ANOVA (PERMANOVA)
The PERMANOVA analyses revealed that there were strong differences
in otolith chemistry among sites (p = 0.001, α = 0.05) (Table 2.5).
The Pairwise Permutational MANOVA (PERMANOVA) found 43/45
pairwise comparisons were statistically significant with a p−value ≤ 0.05 (Table
2.6). Only two pairwise comparisons, AB1 vs AB2 (p = 0.166) and AB3 vs MB3
(the sites closest to the open ocean) (p = 0.0706) were not statistically significant.

2.3.2.3 Mantel Test
There was no indication that geographic distance affected the strength of
chemical difference between pairs of sites (Table 2.2; Mantel test r = 0.02759 p =
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0.568). This suggests that geographic distance, per se, did not induce significant
relationship between sampling locations.

2.3.3 Intra−Bay Analysis
To test the differences in otolith microchemistry within each bay
separately, we repeated the DFA, PERMANOVA, and Pairwise PERMANOVA
tests for each bay individually. When each bay was analyzed individually, the
pairwise PERMANOVA test discriminated between every site within a bay with
the exception of AB1 vs AB2.
At the smallest spatial scale this study explored (2.15− 4.19 km, Table
2.3.), six of the seven comparison of intra−bay sites were different from one
another (AB1/AB3: p = 0.0036*; AB2/AB3: p = 0.0077*; MB1/MB2: p =
0.0167*; SDB2/SDB3: p = 0.0012*; SDB2/SDB4: p = 0.0077*; SDB3/SDB4: p =
0.0012*). The smallest spatial scale that DFA could discern was between AB2
and AB3 that are separated by only 2.89 km.

2.3.3.1 Mission Bay
Considering Mission Bay−only, the DFA, on average, accurately
classified 77.9% of fish to their collection site (Table 2.7). DFA found Sr and Mg
to be the most useful elements in distinguishing Mission Bay sites (Figure 2.11).
PERMANOVA found a significant difference among Mission Bay sites (p =
0.001) (Table 2.8). Pairwise PERMANOVA could distinguish between all
pairwise site comparisons in Mission Bay (Table 2.9).
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2.4.3.2. San Diego Bay
Considering San Diego Bay−only, the DFA, on average, accurately
classified 85% of fish to their collection site (Table 2.10). DFA found Zn, Mn, Sr,
Sn, and Li to be the most useful elements in distinguishing between San Diego
Bay sites (Figure 2.14). PERMANOVA found a significant difference among San
Diego Bay sites (p = 0.001) (Table 2.11). Pairwise PERMANOVA could
distinguish between all pairwise site comparisons in San Diego Bay (Table 2.12).

2.4.3.3. Anaheim Bay
Considering Anaheim Bay−only, the DFA, on average, accurately
classified 76.7% of fish to their collection site (Table 2.13). DFA found Mg, Mn,
Sr, Sn, and Li to be the most useful elements in distinguishing Anaheim Bay sites
(Figure 17). PERMANOVA found a significant difference among Anaheim Bay
sites (p = 0.031) (Table 2.14). The only pairwise site comparison in Anaheim Bay
that the Pairwise PERMANOVA could not distinguish was between AB1 and
AB2. The pairwise PERMANOVA could distinguish all other pairwise
comparisons between Anaheim Bay sites (Table 2.15).
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2.4 Discussion
2.4.1 Otolith Microchemical Analysis
Otolith microchemistry distinguished collection sites even at small spatial scales
Otolith microchemistry successfully distinguished intra−bay capture
locations even on spatial scales of less than 5km, and the ability to discriminate
was not related to distance between sites. This suggests that few if any adult F.
parvipinnis move between these marshes, even those quite close to each other.
Our findings support previous research that large bays such as Mission
Bay and San Diego Bay impart discrete otolith signatures of fish inhabiting
different zones along the long−axes of the bays (Fodrie and Mendoza 2006). We
were unable to collect any F. parvipinnis at the front or middle of San Diego Bay,
and at the front of Mission Bay, so our samples were only from the back of San
Diego Bay and the middle and back of Mission Bay, and yet we were still able to
distinguish fish among locations within these two bays (Table 2.8, Table 2.11).
These fish were likely 4−5 months old at time of capture, meaning they had been
residents long enough to record local conditions in their otoliths (Fodrie and
Levin 2008, Elsdon and Gillanders 2003).
We conclude the majority of individuals from these intra−bay locations
did not mix, even within the back of San Diego Bay where there is the most
potential habitat to support increased movement between sites or within Anaheim
Bay where there is continuous marsh between sites. In Anaheim Bay, we were
able to collect F. parvipinnis from the front, middle, and back of Seal Beach
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National Wildlife Refuge, and found significant differences in otolith signatures
along the long−axes of this bay as well (Table 2.14).
Comparable otolith microchemistry studies have typically focused on
California halibut (Paralichthys californicus), a commercially important fish
species in the Southern California Bight (SCB). Paralichthys californicus use
bays and open coasts as juvenile nursery habitats and then migrate offshore in the
SCB as adults (Fodrie and Mendoza 2006). Juvenile halibut exhibited very
localized movement, generally migrating <10 km from nurseries in bays to
subadult populations in nearby coastal areas (Fodrie and Levin 2008). Therefore,
juvenile halibut from adjacent sites were likely to receive recruits from similar
sources, effectively limiting connectivity during this phase of their life history and
producing higher numbers of adults located near the large embayments where
they had originated (Fodrie and Levin 2008, López-Duarte et al. 2012).

Otolith microchemistry accurately predicts fish residency
Otolith microchemistry successfully distinguished capture locations at
both small (<10km) and large (10−200km) spatial scales across three bays in
Southern California. The distance between the collection sites did not affect our
ability to tell the sites apart.
This study demonstrated similar DFA classification accuracy to other
otolith microchemistry studies, despite previous work comparing signatures of
sites further apart (Forrester and Swearer 2002, Fodrie and Herzka 2008). Our
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results are comparable to previous Laser Ablation ICP-MS (LA ICP−MS) studies,
which examines otolith microchemistry on an even finer temporal scale than the
bulk ICP-MS method performed here. For example, an investigation of the
contribution of juvenile P. californicus habitats to adult populations by comparing
nine protected, semi-enclosed bay nurseries (one of which was Anaheim Bay) to
shallow, open coast in Southern California, found 83% accuracy using Cu and Pb
(Forrester and Swearer 2002). Another study used LA ICP−MS to examine
smaller scale, intra-embayment variability to reconstruct movement of P.
californicus in Southern California (Fodrie and Herzka 2008). In that experiment,
LA ICP-MS analyzed Mn and Sr concentrations between two sites along the
exposed coast (La Jolla and Imperial Beach) and four embayments (inner and
outer Mission Bay, and inner and outer San Diego Bay), and achieved an average
of 63% accuracy (MB: 83%; SDB: 44%; Inner: 91%; Outer: 41%) (Fodrie and
Herzka 2008).
Here, we provide the first bulk otolith microchemistry data for this
important mid−trophic level, estuarine resident fish species. Our data supports and
expands on previous work using Bulk ICP−MS to compare otolith signatures of
five species from Carpinteria Marsh, Alamitos Bay, and Anaheim Bay: a midwater-dwelling smelt (Atherinops affinis), two benthic gobies (Clevelandia ios
and Ilypnus gilberti), and two flatfish (Paralichthys californicus and Hypsopsetta
guttulata) (Swearer et al. 2003). With 93.5% accuracy, Sr and Ba signatures
assigned fish to their site of origin (Swearer et al. 2003). However, testing for
temporal stability of otolith signatures between spring and autumn 1996 in one of
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the sites, Carpinteria Marsh, revealed elemental signatures were not consistent
between seasons within the same year. Also, when comparing the five fish
species, elemental fingerprints proved to be similar between closely related
species (two benthic gobies and the two flatfish) but dissimilar between distantly
(phylogenetically and ecologically) related species (Swearer et al. 2003). Such
studies suggest otolith elemental fingerprints may be temporally variable
(Gillanders 2005, Patterson et al. 2004, Forrester and Swearer 2002) and species
specific (Swearer et al. 2003, Gillanders and Kingsford 2003). Therefore, this
study demonstrates the success of otolith microchemistry to accurately predict
fish residency, even when only comparing sub-populations of one species at a
time, and from a single sampling event, instead of multiple sampling events over
the course of a year.

F. parvipinnis exhibit high site fidelity and low habitat connectivity among ten
sites in Southern California
Our findings expand on previous evidence that F. parvipinnis display high
site fidelity on both small (Talley 2000) and large (Bernardi and Talley 2000)
spatial and temporal scales. For example, otolith microchemical analysis of F.
parvipinnis collected from separate arms of San Quintin Bay in Baja California,
Mexico in 2002 found fish at this bay also exhibited distinct chemical fingerprints
and concluded high site fidelity (C. DiBacco and D. Talley pers. comm.).
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Furthermore, high site fidelity and low habitat connectivity fit the life
history strategy of F. parvipinnis. Shallow, intertidal creeks are used extensively
by F. parvipinnis, especially by juveniles, where these first−order creeks provide
them a nursey habitat (Desmond et al. 2000). These first−order creeks serve as
conduits for fishes moving onto the marsh surface at high tide (Desmond et al.
2000). Their life history strategy is to remain on the salt marsh, in the shallow
creeks, rather than risk predation by birds or larger fish in the seagrass beds, or
deeper channels, known as higher order creeks (Talley 2000). Fundulus
parvipinnis exhibit a strong negative relationship with both depth and creek order,
with higher numbers of small individuals occurring in low order creeks (Desmond
et al. 2000).
By remaining on the marsh surface, F. parvipinnis avoid getting pulled out
to sea by tidal flushing following large rain events. In addition, predation risk
increases as water depth increases and fish size decreases (Talley 2000), which
promotes use of shallow habitat by these small resident fish. Mission Bay and San
Diego Bay house small, fragmented marsh habitats that are separated by very
large, deep water sections of bay (Figure 2.2, Figure 3). Therefore, low habitat
connectivity of F. parvipinnis is not surprising, and is in fact supported by their
life history strategy, because moving between these study sites would require
traveling across very deep channels or between fragmented marsh, thus increasing
their predation risk. Additionally, F. parvipinnis appear well adapted
physiologically to handle these extreme intertidal creek conditions (salinity levels
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greater than 60 psu and temperatures as high as 40°C), which we conclude has
likely given them a competitive advantage in this environment.
The F. parvipinnis we studied ranged in standard length from 25−60mm
(AB mean SL = 29.3mm, MB mean SL = 48.78mm, SDB mean SL = 44.7mm),
most likely making them early spawned young, hatched in the spring of the year
they were caught, but they may have been spawning adults from the previous year
(Fritz 1975).

We found Sr, Mg, Mn, and Li to be the most useful metals in distinguishing interbay and intra-bay collection sites
Currently, there is a limited understanding of the mechanisms regulating
trace metal deposition in fish otoliths. Water has been determined to be the major
source of trace metals incorporated into fish otoliths (Milton and Chenery 2001,
Walther and Thorrold 2006, Bath et al. 2000). Other factors such diet, physiology,
growth rates, and ontogenetic effects can also contribute to elemental deposition
in otoliths but play a much smaller role compared to water (Walther and Thorrold
2006). Previous work suggests Sr, Ba, and Pb incorporation in otoliths is
primarily a function of the ambient water chemistry of the environment the fish
inhabits (Bath et al. 2000, Walther and Thorrold 2006, Campana 1999). Water
sources contributed 83% of Sr and 98% of Ba in otoliths formed in spiked
seawater (Walther and Thorrold 2006). Our results support the consensus that
water chemistry is the dominant factor controlling the uptake of Sr and Ba in F.
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parvipinnis otoliths because the fish we analyzed were of a similar age and thus
otolith elemental differences are unlikely to be a result of ontogenetic effects.
Within San Diego Bay, there is a nearly linear gradient in Mn seawater
concentration from the mouth (<1 ppb) to the head (>30 ppb) (Fodrie and Herzka
2008). Mission Bay had similar Mn otolith concentrations as Anaheim Bay, but
San Diego Bay displayed an increase in Mn otolith signature at SDB1 (Figure 6).
Our four sampling locations in San Diego Bay were all located in the middle and
back region (Figure 2.3), so we were unable to test Mn levels at the mouth of the
bay.
Cu and Pb display a qualitatively similar concentration gradient to that
observed in sediments: high levels in bays and lower levels on the open coast
(Forrester and Swearer 2002). We found elevated levels of Cu and Pb at MB3
compared to the other nine sites in our study (Figure 6). We did not sample any
site on the open coast but MB3 receives the most tidal influence and is the most
marine in composition, so the fact that MB3 had higher Cu and Pb than the other
nine sites was initially surprising. We hypothesize that higher Cu and Pb at MB3
is due to the input from the San Diego River drainage basin and anthropogenic
runoff.
Understanding the mechanisms responsible for elemental deposition in
otoliths is not required to utilize otoliths as natural tracers of fish movement and
connectivity. Nevertheless, our data contributes to the growing literature
concluding that several metals are most responsible for differences in signatures
among sites. When comparing all ten study sites, DFA models found Sr, Mg, and
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Li to be the most useful elements in distinguishing among sub−populations,
supporting previous work in estuarine ICP−MS studies (Swearer et al. 2003,
Fodrie and Herzka 2008, Gillanders and Kingsford 2000) (Figure 2.10).

Implications for wetland restoration, conservation, and management
Fundulus parvipinnis is an important component of wetland food webs,
making the results of this study useful for informing wetland restoration and
management in Southern California. Most habitat connectivity studies using
otolith microchemistry focus on transient fish species (Elsdon et al. 2008), but
here we demonstrated that for a resident fish species that spends its entire lifetime
within estuaries, otolith microchemistry is a useful tool for assessing habitat
connectivity.
High site fidelity and low habitat connectivity have important implications
for predicting the effect of local anthropogenic disturbances in Southern
California estuaries. Increased site fidelity and limited movement could mean
these populations are particularly vulnerable to anthropogenic disturbances and
slow to recover due to their reliance on local replenishment. Broadly, fish species
that display high site fidelity can be susceptible to regional overfishing and local
stressors, such as anoxia, chemical spills, or habitat destruction (McGrath and
Austin 2009).
Fundulus parvipinnis are a common, abundant species in Southern
California estuaries that are given little attention in most estuarine ecology
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studies. Aside from a few physiological studies of F. parvipinnis that explored
their unique ability to withstand extremely salty habitats, studies of estuarine fish
ecology tend to focus on commercially important species like the California
halibut, or rare fish species for conservation efforts. We value the importance of
investigating the habitat connectivity of common fish species because the nature
of their commonness makes them essential in wetland food webs. Commercially
important species and rarer species all often depend on abundant species to
maintain aspects of their diversity (Connolly et al. 2014).
The fact that these common species remain common over time, means
their traits are successful in that environment (Connolly et al. 2014). The tidal
migrations of F. parvipinnis makes them a vital vector for transferring energy and
nutrients off the marsh surface, which directly affects their predators and prey
(Kneib 1997, Talley 2000). Truly understanding the habitat connectivity of F.
parvipinnis necessitates understanding not only how individual F. parvipinnis
relate to each other and identifying which traits have made them so successful in
certain habitats, but how this resident fish is connected to the rest of the wetland
food web.
Many rare species rely on positive interactions with common species
(Frimpong 2018). By focusing on individual species conservation and defaulting
to protecting physical habitats of rare or declining species, we miss the
opportunity to study species interactions and better understand the importance of
positive interdependence among species (Frimpong 2018). By investigating the
habitat connectivity of a common wetland resident fish in this study, our findings
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contribute to ecological studies that protect rare species by protecting the common
species that serve as their hosts.

2.4.2 Mission Bay
In Mission Bay, there are two primary wetland habitats large enough to
sustain sub-populations of F. parvipinnis: Kendall Frost Marsh (MB1) and
Tecolote Creek marsh (MB2), the two sites we were able to collect samples from.
Significant differences in elemental signatures indicate F. parvipinnis are rarely
traveling between Kendall Frost Marsh and Tecolote Creek marsh (Table 2.9),
supporting observed high site fidelity at these marshes in Mission Bay (Talley
2000).
Smiley Lagoon (MB3) is not located in Mission Bay, but directly south of
Mission Bay, separated by a breakwater at Ocean Beach, where the San Diego
River mouth empties to the ocean (Figure 2.2). Due to Smiley Lagoon’s proximity
to the open coast and increased tidal flushing at this site, the fact that DFA found
Sr and Mg to be the most useful elements in distinguishing Mission Bay sites
(Figure 2.11) is to be expected because Sr strongly associates with water
temperature and salinity. As expected, F. parvipinnis does not appear to be
moving between the inner reaches of Mission Bay at Kendall Frost or Tecolote
Creek and Smiley Lagoon in Ocean Beach, which would require them to venture
into the deep channel in the inlet and then across the jetty to reach Smiley
Lagoon. Fundulus parvipinnis rarely venture to the open coast as adults (Watson
1992).
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2.4.3 San Diego Bay
San Diego Bay had the strongest site differences in otolith microchemistry
of the three intra−bay analyses. The DFA, on average, accurately classified 85%
of fish within San Diego Bay−only (Table 2.10). All four San Diego Bay sites are
located towards the back of the bay because despite numerous sampling attempts,
we were unable to collect F. parvipinnis from the mouth or middle region of San
Diego Bay (Figure 2.2). Therefore, we conclude that even within the back of San
Diego Bay, F. parvipinnis are not frequently moving between Vener Pond
(SDB1), J−Street Marsh (SDB2), Emory Channel (SDB3), and Former Salt Pond
10A (SDB4). Zn, Mn, Sr, Sn, and Li were the most useful elements in
distinguishing between San Diego Bay sites (Figure 2.14). Interestingly, Emory
Channel (SDB3) appears to exhibit elevated levels of Sn compared to the other
SDB sites.

2.4.4 Anaheim Bay
Within Seal Beach National Wildlife Refuge, site AB1 is an altered
(tidally restricted) pond, and sites AB2 and AB3 are natural marsh habitat. Only
two of the 45 pairwise comparisons did not differ significantly enough to
distinguish using the Pairwise PERMANOVA test (AB1/AB2: p = 0.1660;
AB3/MB3: p = 0.0706). One of these comparisons, AB1 vs AB2, suggests
increased habitat connectivity (lower site fidelity) between these adjacent sites in
Seal Beach National Wildlife Refuge. This inability to distinguish between these
sites may be due to their proximity to each other (AB1 and AB2 are the closest
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sites examined, only 2.15 km apart). Another explanation is that similar elemental
signatures between AB1 and AB2 are a result of similar ambient water chemistry
at these two sites. Another possibility is that the fish collected from AB were
slightly smaller than from MB and SDB, with samples selected for ICP-MS from
AB at 35−40mm, while MB and SDB fish were 40−55mm. Smaller AB fish had
slightly smaller otoliths than MB or SDB, so increased possibility of AB otolith
weighing errors during ICP-MS sample preparation at these smaller weights.
The other comparison that the Pairwise PERMANOVA did not
distinguish, AB3 vs MB3, is most likely due to similar environmental and
hydrological conditions between these two sites. AB3 and MB3 are the closest to
the bay mouth and receive the most tidal flushing, compared to the other eight
sites in our study system that rarely receive tidal flushing. Therefore, we believe
similarities in elemental deposition between fish caught in AB3 and MB3 are due
to similarities in their proximity to the ocean and increased marine influence.
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TABLES

Table 2.1 106 adult California killifish (Fundulus parvipinnis) collected from ten
sites across three estuaries in southern California (Mission Bay, San Diego Bay,
and Anaheim Bay). Round of ICP-MS analysis, fish standard length size range,
and number of fish per site utilized for bulk otolith microchemical analysis are
included.

Location

Mission
Bay (MB)

Site
Name

Description

GPS Location

Date of
Fish
Collection

MB1

Kendall Frost Marsh
Reserve

32.791276, 117.229831

July 28,
2018

MB2

Tecolote Creek

32.770661, 117.208473

July 18,
2018

MB3

Smiley Lagoon,
Ocean Beach

32.754939, 117.247745

August 10,
2018

Round
2

n =10

32.639085, 117.110066

August 6,
2018

Round 1

n =10

32.618664, 117.102571

August 1,
2018

Round 1

n =10

SDB1

San Diego
Bay (SDB)

SDB2

Round 1
(n=10),
Round 2
(n=3)
Round 1
(n=10),
Round 2
(n=3)

#Fish/Site

n =13

August 1,
2018

Round 2

n =10

32.591963, 117.122283

August 3,
2018

Round 1

n =10

33.748998, 118.076022

July 16,
2018

Round 2

n =10

AB2

2N, Seal Beach
National Wildlife
Refuge

33.742374, 118.080144

July 17,
2018

Round 2

n =10

AB3

4N, Seal Beach
National Wildlife
Refuge

33.730592, 118.071939

July 12,
2018

Round 2

n =10

AB1
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40−55mm

40−55mm

32.607391, 117.129968

SDB4

Fish
Standard
Length
(SL)

n =13

Emory Channel, San
Diego Bay National
Wildlife Refuge
Former Salt Pond
10A, San Diego Bay
National Wildlife
Refuge
2A, Seal Beach
National Wildlife
Refuge

SDB3

Anaheim
Bay (AB)

Vener Pond,
Sweetwater Marsh,
San Diego Bay
National Wildlife
Refuge
J Street Marsh, San
Diego Bay National
Wildlife Refuge

ICP-MS
Round
#

35−40mm

Table 2.2 Distance between the GPS locations of the ten fish collection sites (in
km), obtained from Google Earth Pro’s Ruler tool, Imagery Date = 17Nov2018.
When necessary, total distance was calculated by combining multiple line
segments to fit the shape of the estuary.

AB_1

AB_2

AB_3

MB_1

MB_2

MB_3

SDB_1

SDB_2

AB_2

2.15

AB_3

4.00

2.89

MB_1

152.89

150.74

148.89

MB_2

156.17

154.02

152.17

3.95

MB_3

150.31

148.16

146.31

9.15

12.19

SDB_1

180.66

178.51

176.66

38.97

32.92

36.20

SDB_2

181.59

179.44

177.59

44.21

38.16

37.53

5.24

SDB_3

182.25

180.10

178.25

44.91

38.86

38.67

5.94

3.21

SDB_4

184.19

182.04

180.19

51.03

44.98

40.49

12.06

4.19
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SDB_3

3.25

Table 2.3 Elemental Concentrations of External Standards (FEBS-1, CS, and
TAB) reported in units of ppm. FEBS-1 expected values include both certified
quantity values (C) and information values (I) from National Research Council
Canada (Sturgeon et al. 2005). After standardizing the otolith data by the crab
shell (CS) standard, this table reports how the FEBS-1 observed values from this
study compare to the FEBS-1 standard expected values from the National
Research Council Canada. Cells highlighted in blue show the expected values per
standard, per element. Cells highlighted in light gray (Round 1 ICP-MS) and dark
gray (Round 2 ICP-MS) show the observed values per standard, per element.
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Elemental Concentrations of External Standards (FEBS-1, CS, and TAB) reported in units of ppm
137Ba

Total_Pb

Standard
Type

N/A

5.09

0.585

FEBS-1
(C/I)

Expected
Values

106

0.722

8.159

0.224

Crab Shell
(CS)

Expected
Values

0.38

1.26

4.68

0.46

FEBS-1
Mean
(n=8)

0.32

0.09

0.52

0.04

FEBS-1
SD (n=8)

83%

7%

11%

9%

FEBS-1
RSD
(n=8)

106.0

0.72

8.16

0.22

CS Mean
(n=6)

9.89

1.01

1.83

0.03

CS SD
(n=6)

3%

9%

140%

22%

12%

CS
RSD
(n=6)

0.0001

0.0000

0.0003

0.0006

0.0000

TAB
Mean
(n=2)

2326.18

2.29

6.60

5.44

0.54

FEBS-1
Mean
(n=4)

255.08

0.59

0.79

0.91

0.13

FEBS-1
SD (n=4)

11%

26%

12%

17%

24%

FEBS-1
RSD
(n=4)

3860.00

106.00

0.72

8.16

0.22

CS Mean
(n=4)

329.57

9.54

0.36

0.79

0.03

CS SD
(n=4)

9%

9%

50%

10%

15%

CS
RSD
(n=4)

1.7115

0.0000

0.3580

0.0302

0.0000

TAB
Mean
(n=2)

Round 2 ICP-MS
(November 1, 2019)

118Sn
2.3

134.11

Round 1 ICP-MS
(March 22, 2019)

111Cd
3860.0

0.0263

3%

9%

0.0003

64.80

0.43

10%

108.0549

2226.53

4.80

0.58

8%

105.6071

3860

22%

5.60

18083.67

11%

4.2052

2055

1.15

11%

231858.0

25207.99

17%

3.2872

86Sr

5.26

0.08

15%

231858.0

1640.67

16%

1.3878

1.2001

0.0000

0.69

58111.91

20%

9863.0

1599.91

17%

0.0020

18%

33%

0.0001

398185.35

77783.28

25%

9863.0

1104.14

16%

1.16

1.57

7%

0.3936

394647.15

6.11

29%

6587.0

0.71

6.51

4.80

0.41

6%

0.0000

24.38

6.29

32%

4.36

113%

9%

5.60

12836.60

6%

0.0028

22.03

917.90

33%

6.78

0.29

14%

231858.0

13093.33

6%

0.0072

2843.52

0.14

6.00

3.19

0.12

7%

231858.0

552.69

6%

0.0505

0.43

0.0024

4.8

0.81

25454.63

8%

9863.0

572.58

6%

0.0000

20%

5.5

5.6

354106.76

26353.93

39%

9863.0

370.28

8%

1.30

65Cu
0.686

231858

344654.27

13.24

39%

6587.0

0.40

6.51

55Mn
383000

231858

33.71

12.93

8%

4.80

42%

48Ca
383000

9863

33.33

191.39

9%

1.48

43Ca
23.6

9863

2292.88

0.03

3.53

26Mg
23.6

6587

0.34

6.51

25Mg
2594

4.8

N/A

23Na

0.305

66Zn

7Li
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Table 2.4 Classification success matrix based on linear discriminant function
analysis of 106 otolith signatures (from all 10 collection sites) analyzed by bulk
ICP−MS.
Site

AB1

AB2

AB3

MB1 MB2

MB3 SDB1 SDB2 SDB3 SDB4 Average

%
Accuracy

80%

80%

20% 61.5% 53.9% 60%

60%

50% 100%

70%

63.5%

Table 2.5 Results of the PERMANOVA test comparing the difference in mean
concentration of each metal among all 10 collection sites. Significance codes: 0
‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1.
Df

SumOfSqs

R2

F

Pr (>F)

bay_site

9

428

0.407

7.33

0.001

Residual

96

622

0.593

Total

105

1050

1

***

Table 2.6 P-values from Pairwise PERMANOVA test. P−values of 96 pairwise
comparisons of the 10 sites based on otolith trace metal signature. 43/45 pairwise
comparisons were statistically significant with a p−value ≤ 0.05 (α = 0.05).
Significant pairwise comparisons are denoted by an asterisk*.
AB_1

AB_2

AB_3

MB_1

MB_2

MB_3

SDB_1

SDB_2

AB_2

0.1660

AB_3

0.0036*

0.0077*

MB_1

0.0012*

0.0012*

0.0012*

MB_2

0.0012*

0.0012*

0.0012*

0.0167*

MB_3

0.0012*

0.0058*

0.0706

0.0012*

0.0012*

SDB_1

0.0012*

0.0012*

0.0012*

0.0012*

0.0012*

0.0012*

SDB_2

0.0012*

0.0012*

0.0012*

0.0012*

0.0161*

0.0012*

0.0012*

SDB_3

0.0012*

0.0012*

0.0012*

0.0036*

0.0012*

0.0012*

0.0012*

0.0012*

SDB_4

0.0012*

0.0012*

0.0012*

0.0012*

0.0012*

0.0012*

0.0012*

0.0077*

60

SDB_3

0.0012*

Table 2.7 Classification success matrix based on linear discriminant function
analysis of 36 otolith signatures from three sites in Mission Bay, CA (MB1, MB2,
MB3).
Site
Percent
Accuracy

MB1

MB2

MB3

Average

76.9%

76.9%

80.0%

77.9%

Table 2.8 Results of the PERMANOVA test comparing the difference in mean
concentration of each metal among three sites in Mission Bay, CA (MB1, MB2,
MB3). Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1.
a = 0.05

Df

SumOfSqs MeanSqs

bay_site

2

87.9

43.9

Residual

33

262

7.94

Total

35

350

F.Model

R2

Pr(>F)

5.53

0.251

0.001

0.749
1.00

Table 2.9 P−values from Pairwise PERMANOVA test of mean metal
concentration among three sites in Mission Bay, CA (MB1, MB2, MB3).
Significant pairwise comparisons are denoted by an asterisk*.
MB_1
MB_2

0.0170*

MB_3

0.0015*

MB_2
0.0015*

61

***

Table 2.10 Classification success matrix based on linear discriminant function
analysis of 40 otolith signatures from four sites in San Diego Bay, CA (SDB1,
SDB2, SDB3, SDB4).
Site

SDB1

SDB2

SDB3

SDB4

Average

Percent
Accuracy

80%

80%

100%

80%

85%

Table 2.11 Results of the PERMANOVA test comparing the difference in mean
concentration of each metal among four sites in San Diego Bay, CA (SDB1,
SDB2, SDB3, SDB4). Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’
0.1 ‘ ’ 1.
a = 0.05

Df

SumOfSqs MeanSqs

bay_site

3

146

48.6

Residual

36

244

6.79

Total

39

390

F.Model

R2

Pr(>F)

7.160

0.374

0.001

0.626
1.00

Table 2.12 P-values from Pairwise PERMANOVA test of mean metal
concentration among four sites in San Diego Bay, CA (SDB1, SDB2, SDB3,
SDB4). Significant pairwise comparisons are denoted by an asterisk*.
SDB_1

SDB_2

SDB_2

0.0012*

SDB_3

0.0012*

0.0012*

SDB_1

0.0012*

0.0030*
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SDB_3

0.0012*

***

Table 2.13 Classification success matrix based on linear discriminant function
analysis of 30 otolith signatures from three sites in Anaheim Bay, CA (AB1, AB2,
AB3).
Site

AB1

AB2

AB3

Average

Percent
Accuracy

80%

70%

80%

76.7%

Table 2.14 Results of the PERMANOVA test comparing the difference in mean
concentration of each metal among three sites in Anaheim Bay, CA (AB1, AB2,
AB3).
a = 0.05

Df

SumOfSqs MeanSqs

bay_site

2

33.6

16.8

Residual

27

256

9.50

Total

29

290

F.Model

R2

Pr(>F)

1.77

0.116

0.031

0.884
1.00

Table 2.15 P-values from Pairwise PERMANOVA test of mean metal
concentration among three sites in Anaheim Bay, CA (AB1, AB2, AB3).
Significant pairwise comparisons are denoted by an asterisk*.
AB_1
AB_2

0.189

AB_3

0.015*

AB_2
0.019*

63

*

FIGURES
Figure 2.1 Map of the 10 collection sites in Southern California, USA, where
adult California killifish (Fundulus parvipinnis) were collected for otolith
microelemental analysis. Estuarine systems are numbered as follows: Anaheim
Bay = AB, Mission Bay = MB, San Diego Bay = SDB. Within each bay, sites are
numbered numerically from north to south (e.g., AB1, AB2, AB3). Fundulus
parvipinnis were collected from these sites using seine nets and baited minnow
traps from July 10−August 10, 2018.
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Figure 2.2 Map of the Mission Bay study site, characterized by wetland habitat
type, according to the U.S. Fish and Wildlife Service, National Wetlands
Inventory data accessed online in May 2018. Fish collection sites are numbered
numerically from north to south as follows: MB1 = Kendall Frost Marsh Reserve,
MB2 = Tecolote Creek, MB3 = Smiley Lagoon.
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Figure 2.3 Map of the San Diego Bay study site, characterized by wetland habitat
type, according to the U.S. Fish and Wildlife Service, National Wetlands
Inventory data accessed online in May 2018. Fish collection sites are numbered
numerically from north to south as follows: SDB1= Vener Pond, Sweetwater
Marsh, SDB2 = J Street Marsh, SDB3 = Emory Channel, SDB4 = Former Salt
Pond 10A.
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Figure 2.4 Map of the Anaheim Bay study site, characterized by wetland habitat
type, according to the U.S. Fish and Wildlife Service, National Wetlands
Inventory data accessed online in May 2018. Fish collection sites are numbered
numerically from north to south as follows: AB1= 2A, AB2 = 2N, AB3 = 4N.
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Figure 2.5 Histograms of the 12 trace metals to check for normality of distribution
across all 10 sites (MB1, MB2, MB3, SDB1, SDB2, SDB3, SDB4, AB1, AB2,
AB3). Signatures from all 106 otoliths were combined.
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Figure 2.6 Mean element concentrations (in ppm) in Fundulus parvipinnis otoliths
across all 10 sites. Note the differences in y-axis ranges between metals. On the xaxis, the fish collection sites are ordered from north to south (left to right) along
the Southern California coast. No data (ND) indicates non-detect of that metal.

ND
ND
ND
ND
ND
ND
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Figure 2.7 Linear discriminant function analysis scores of element:Ca ratios in
106 otoliths of adult Fundulus parvipinnis, by site, collected during summer 2018
at ten sites in Southern California. The axes of this plot are linear discriminants
(LD1 and LD2) that described, on average, 63.5% of the differences among
collection sites (Table 2.4).
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Figure 2.8 Linear discriminant function analysis scores of element:Ca ratios in
106 otoliths of adult Fundulus parvipinnis, by element. Signatures from all 10
collection sites. Elements in the top and right of the plot (Sr, Li, Mg) furthest from
the center of the plot are driving the differences in trace metal results between fish
capture sites.
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Figure 2.9 Linear discriminant function analysis scores of element:Ca ratios in
106 otoliths of adult Fundulus parvipinnis, by both element and collection site.
Signatures from all 10 collection sites.
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Figure 2.10 Linear discriminant function analysis scores of element:Ca ratios in
36 otoliths of adult Fundulus parvipinnis from Mission Bay sites (MB1, MB2,
MB3), by site.
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Figure 2.11 Linear discriminant function analysis scores of element:Ca ratios in
36 otoliths of adult Fundulus parvipinnis from Mission Bay sites (MB1, MB2,
MB3), by element.
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Figure 2.12 Linear discriminant function analysis scores of element:Ca ratios in
36 otoliths of adult Fundulus parvipinnis from Mission Bay sites (MB1, MB2,
MB3), by both site and element.
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Figure 2.13 Linear discriminant function analysis scores of element:Ca ratios in
36 otoliths of adult Fundulus parvipinnis from San Diego Bay sites (SDB1,
SDB2, SDB3, SDB4), by site.
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Figure 2.14 Linear discriminant function analysis scores of element:Ca ratios in
36 otoliths of adult Fundulus parvipinnis from San Diego Bay sites (SDB1,
SDB2, SDB3, SDB4), by element.
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Figure 2.15 Linear discriminant function analysis scores of element:Ca ratios in
36 otoliths of adult Fundulus parvipinnis from San Diego Bay sites (SDB1,
SDB2, SDB3, SDB4), by both site and element.
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Figure 2.16 Linear discriminant function analysis scores of element:Ca ratios in
36 otoliths of adult Fundulus parvipinnis from Anaheim Bay sites (AB1, AB2,
AB3), by site.
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Figure 2.17 Linear discriminant function analysis scores of element:Ca ratios in
36 otoliths of adult Fundulus parvipinnis from Anaheim Bay sites (AB1, AB2,
AB3), by element.
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Figure 2.18 Linear discriminant function analysis scores of element:Ca ratios in
36 otoliths of adult Fundulus parvipinnis from Anaheim Bay sites (AB1, AB2,
AB3), by both site and element.
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CHAPTER 3: Conclusion
Southern California wetlands, despite decades of habitat disturbance and
loss, remain productive and vital environments for fishes, birds, invertebrates,
insects, and plants. We found even small fragments of wetland were able to retain
small spatially distinct subpopulations of F. parvipinnis. This study was the first
ICP−MS analysis of F. parvipinnis in Southern California, one of the few to
investigate the power of otolith microchemistry on such a small spatial scale, and
the first to analyze the habitat connectivity of F. parvipinnis within and among
these three estuaries.
We conclude F. parvipinnis exhibits high site fidelity and low habitat
connectivity on a range of spatial scales in Southern California. Habitat
connectivity depends on more than just the distance between available sites, but
also on the availability of natural habitat between these nearby sites, which
provide fish the possibility of movement or relocation following marsh
degradation or destruction. Therefore, protection of the matrix between habitats
allows for increased movement. This study improves our understanding of how F.
parvipinnis and other important wetland fishes are connected so that we protect
their ability to move freely among available habitats.
We currently have a better understanding of the applications of otolith
microchemistry than the mechanisms responsible for this process. Future studies
should examine the causes of these site−specific differences in otolith chemistry
and how they relate to environmental variability in sediment and water. Future
work should also study habitat resilience by testing how long it would take for the
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fragment of wetland at one of these study sites to recover, if all resident fish
species were removed.
Lastly, we suggest future otolith studies incorporate genetic analyses when
studying habitat connectivity of estuarine fishes. Recent studies that have paired
the use of otolith microchemistry with genetic analyses indicate that these
techniques can provide unique and complementary information on the population
structure and life history of fishes (Feyrer et al. 2007, Miller et al. 2005, Patterson
et al. 2004). While otolith microchemistry provides shorter resolution of events
that have occurred within the time scale of an individual lifetime, genetic markers
such as microsatellite DNA provide a much longer time scale resolution of fish
life history of the population (Miller et al. 2005). When combined, genetic
analyses and otolith ICP-MS hold the potential to provide both short-term and
long-term resolution that one technique alone are unable to provide (Patterson et
al. 2004). However, like the current spatial scale shortcomings of otolith
microchemistry studies, combinations of these approaches have not been
adequately tested for fishes at smaller spatial scales (Feyrer et al. 2007).
We suggest combining these approaches in future studies to improve the
temporal resolution of habitat connectivity of estuarine fishes, better understand
how populations are connected, and sustain the role of fishes in wetland food
webs through appropriate management and conservation.
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APPENDIX
Appendix A.1 - Histograms of the 12 trace metals to check for normality of
distribution for Mission Bay sites (MB1, MB2, MB3). Signatures from the 36
otoliths were combined in the histograms.
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Appendix A.2 - Histograms of the 12 trace metals to check for normality of
distribution for San Diego Bay sites (SDB1, SDB2, SDB3, SDB4). Signatures
from the 40 otoliths were combined in the histograms.
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Appendix A.3 - Histograms of the 12 trace metals to check for normality of
distribution for Anaheim Bay sites (AB1, AB2, AB3). Signatures from the 30
otoliths were combined in the histograms.
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