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The role that anthropogenic and natural habitats in estuaries play in long-term
population trends for Oregon’s nearshore marine fishes is poorly understood, in part
due to limited temporal sampling. One important nearshore marine group is
northeastern Pacific rockfishes (Sebastes spp.), which are highly diverse, with around
96 documented species, and are targeted both commercially and recreationally.
Previous work suggests that Oregon estuaries function as a nursery area and may play
an important role in settlement and recruitment of rockfishes. No research, however,
has been conducted simultaneously on their feeding ecology and growth in estuarine
habitats, which is necessary to evaluate habitat use and quality.
To begin understanding the role that Oregon estuaries play for nearshore
marine fishes, Chapter 2 examined the entire juvenile demersal fish community at
both anthropogenic (dock) and natural (eelgrass) habitats in a marine-dominated
estuary on the northeast Pacific coast for six years and measured how community
structure changed temporally and differed between the two habitat types. It was found
that community structure varied among years and between habitats, with greater

differences in community structure being found between habitat types than among
years. In general, greater juvenile fish abundances were observed at the eelgrass
habitat compared to the dock habitat and community structure was less variable over
time. Greater abundances and communities with reduced temporal variability at the
eelgrass habitat suggests that maintaining these habitats is potentially critical for
many estuary-rearing species, and continued monitoring is important.
In Chapter 3, I established which species of juvenile rockfish utilize eelgrass
and dock habitats from 2015-2017 within Alsea, Nehalem, and Yaquina Bay estuaries
which are moderately river dominated, highly river dominated, and highly tide
dominated estuaries, respectively. I also provided an in-depth discussion of the
juvenile rockfish community at Yaquina Bay to evaluate if species composition
differs from previous studies. Ten species of rockfish were found: Black, Bocaccio,
Brown, Canary, China, Copper, Gopher, Grass, Quillback, and Yellowtail. The
largest number of individuals was found at Yaquina (n = 801), with greater
abundances found at the eelgrass habitat, followed by Nehalem (n = 111) and Alsea
(n = 83). Species richness decreased as ocean influence decreased; all ten species
were caught in Yaquina, four species were collected in Alsea (Black, Brown, Copper,
Grass) and only two in Nehalem (Black, Copper). The overall catch was dominated
by Black (79%), Copper (9%), and Quillback (8%) Rockfishes. Juveniles utilized
Yaquina Bay during the entire year, as total length generally increased throughout
each year for multiple rockfish species.
To fill knowledge gaps on life history traits of juvenile rockfishes in Oregon’s
estuaries, Chapter 4 first examines the feeding ecology of juvenile Black Rockfish.

Stomach contents and carbon and nitrogen stable isotope ratios of muscle tissue were
examined for juveniles collected from May to September in 2016 and 2017 at both
dock and eelgrass habitats in Yaquina Bay. I found consumption of 94 different prey
items, the majority of which are estuary derived, and benthic prey were most
frequently consumed. In general, it appears that fish are feeding in the habitat in
which they are caught, with marine-fouling prey being consumed in greater numbers
at the dock habitat, whereas algae- or eelgrass-associated species were consumed
more at the eelgrass habitat. The increase in both δ15N and δ13C values of muscle
tissue over time and positive correlation with upwelling in 2016 suggests that
upwelled, oceanic waters were the primary source of nutrients to Yaquina Bay in
2016. Yaquina Bay appears to be an important foraging ground for juvenile Black
Rockfish during summer months, providing a diversity of prey items, with special
importance of benthic and eelgrass associated prey.
In Chapter 5, I use daily mean increment widths of otoliths to determine the
recent growth of juvenile Black Rockfish in Yaquina Bay. Recent growth was
determined for the last 30 days of each individual and was compared between years
and dock and eelgrass habitat types. Recent growth decreased throughout each year,
which correlates to an increase in fish size. Recent growth differed between habitats
in 2017 but not in 2016 and remained consistently high between years at the eelgrass
habitat. Conversely, recent growth significantly decreased at the dock habitat from
2016 to 2017. Similar growth rates between habitats in 2016 may have been due to
the consistency in prey resources and source of nutrients in this year.

This research is the first of its kind to analytically evaluate temporal and
habitat changes in the juvenile fish community and simultaneously examine feeding
ecology and growth of juvenile rockfish in an Oregon estuary. The results reveal that
community structure, feeding ecology, and growth exhibited similar interannual
variations. During high upwelling years, Yaquina Bay may simply be an extension of
nearshore waters, where a high diversity of prey resources and less variation in source
of nutrients leads to high juvenile Black Rockfish growth rates in multiple habitat
types. In years of variable ocean conditions, however, habitat type may become more
important for growth, where eelgrass may provide a higher quality and more
consistent habitat compared to anthropogenic structure, and therefore contribute to
consistent interannual growth rates. This work provides further evidence that habitat
quality should be considered in management strategies and a high priority should be
placed on conservation of eelgrass habitats in estuaries.
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CHAPTER 1: GENERAL INTRODUCTION
Identifying nursery and essential fish habitat (EFH) is a critical process for the
effective conservation and management of fish stocks (NMFS 2010). Most studies
classify an area as a nursery if higher abundances of juveniles or faster growth rates
are observed compared to other areas (Beck et al. 2001). This classification has been
improved as a habitat where juveniles of a species contribute more, on average, to
adult recruitment compared to other juvenile fish habitats of that species (Beck et al.
2001). This improved nursery definition moves beyond simple abundance estimates
and emphasizes the importance of settled juveniles to successfully reach reproductive
maturity to contribute to the stock. Under the Magnuson-Stevens Fishery
Conservation Management Act, EFH means “those waters and substrate necessary to
fish for spawning, breeding, feeding or growth to maturity” (NMFS 2010).
Estuaries are considered one of the most vital marine habitats: they provide
habitats for a diverse array of species due to their inherently high primary
productivity (Cowan et al. 2012); they are considered an important nursery ground for
juvenile fish (Beck et al. 2001); they export substantial amounts of nutrients and
energy to ocean habitats (Deegan 1993); and they provide a thermal buffer for the
many commercially important marine fish species that spend their juvenile stages in
estuarine nursery grounds (Attrill & Power 2002). Estuarine fish communities are
particularly important as they are estimated to support a disproportionate amount of
coastal fishery production (Houde & Rutherford 1993). Estuarine habitats, however,
are sensitive to anthropogenic impacts and degradation, making them one of the most
vulnerable marine habitats in the world (Edgar et al. 2000). Anthropogenic impacts
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affect the functions and processes of estuarine habitats (Kennish 2002, Huppert et al.
2003), and although estuaries are naturally variable and dynamic in terms of chemical
and physical properties, climate change is likely to further modify these environments
(Cowan et al. 2012, Rybczyk et al. 2012). With major anthropogenic and climatic
changes occurring in estuarine habitats, understanding the biological and
environmental interactions of species is an essential step to understanding the
functions of estuarine habitats and how functions may be altered (Elliot et al. 2002).
Northeast Pacific estuaries are fewer in number and smaller than estuaries in
the Gulf of Mexico or Atlantic coast (Emmett et al. 2000), and are more heavily
influenced by ocean characteristics (Hickey & Banas 2003). The California Current
System (CCS) dominates the northeast Pacific coast and exhibits strong interannual,
seasonal, and daily variations. Regional climatic variables that influence the CCS
include the Pacific Decadal Oscillation and El Niño Southern Oscillation (Checkley
& Barth 2009). Wind-driven upwelling, a local feature of the CCS influenced by
regional climatic variables, brings cool, saline, nutrient-rich water from the deep,
primarily in the spring and summer (Hickey & Banas 2003, Checkley & Barth 2009).
Upwelling is important to estuarine food webs as upwelled nutrients and organisms
are transported to nearshore waters during wind relaxation events, where they can
then be advected into estuaries during tidal exchanges (Roegner et al. 2002, Miller &
Shanks 2004b).
Northeast Pacific coast estuaries have been found to be important nursery
grounds for ecologically and economically important species of marine invertebrates
and fishes (Hughes et al. 2014) despite being smaller and fewer in number compared
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to those on the northwest Atlantic coast (Hickey & Banas 2003). Rapid habitat loss in
northeast Pacific estuaries has occurred and is occurring. It has been estimated that
about 85% of vegetative tidal wetlands have been lost from northeast Pacific estuaries
(Brophy et al. 2019). Other key threats to northeast Pacific estuaries include altered
tidal exchange, nutrient dynamics, water quality, freshwater inputs, and sediment
regime, and invasive species, direct habitat loss, and climate change (Gleason et al.
2011). Gaps that exist in knowledge of the nursery function of west coast estuaries
include limited data from smaller estuarine systems, including growths rates,
ontogenetic shifts, habitat use (Hughes et al. 2014), and condition of fish residing in
these habitats.
Natural habitats in estuaries, including eelgrass creates diverse, productive
systems with high fish biodiversity and species richness (Murphy et al. 2000, Ferraro
& Cole 2012), and are known to act as a nursery area for a host of juvenile fishes (De
Ben et al. 1990, Hughes et al. 2014). On the central west coast of North America,
Oregon’s three largest estuaries (Coos, Yaquina, and Columbia) have been
considerably altered by human developments, including dredging and construction of
jetties and marine docks (OCMP 2016). As coastal development continues to modify
Oregon estuaries, however, jetties and marine docks may become more common,
potentially supplanting existing natural habitats (Lewis & Henkel 2016)
The role that anthropogenic and natural estuarine habitats play in the juvenile
life history of nearshore marine fishes is poorly understood, and little work has been
done examining life history traits of juvenile fishes among habitat types in Oregon
estuaries (English sole Parophrys vetulus is one exception). Anthropogenic habitats
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have been found to have both positive and negative consequences on estuarine
communities. Dock habitats may provide an alternative to natural habitats such as
eelgrass beds or could be a “transition” habitat that allows species to move between
other habitats (Franco et al. 2006, Clynick et al. 2008). Dock pilings in estuaries,
however, have been shown to provide suboptimal habitats for both benthic and
pelagic fishes, with reduced feeding success and growth rates and have fish
communities with lower densities and richness of fish compared to those of nearby
natural habitats (Able et al. 1999, Duffy-Anderson & Able 2001).
Northeastern Pacific rockfishes (Sebastes spp.) provide an interesting case
study to examine the function of northeast Pacific estuaries. Rockfishes on the U.S.
west coast are highly diverse, with around 96 documented species (Love et al. 2002),
and have traditionally made up a large percentage of the west coast groundfish
fishery. Declines in west coast rockfish populations have been documented over the
past 30 years, with 26 species currently showing high vulnerability to overfishing
(PFMC 2014). Recent management strategies, however, have been successful, with
populations of six species being declared rebuilt since 2011 (Widow, Canary,
Bocaccio, Darkblotched, Pacific Ocean Perch, Cowcod; NMFS 2019).
Due to the diversity of rockfish species, there is no one typical life history of
Sebastes spp. Rockfishes are attracted to structure and as such tend to inhabit areas
composed of hard, complex substrata (e.g., rock ledges, cobble fields, shell debris)
and other vertical structure such as kelp beds (Love et al. 2002). Although rockfish
distribution can vary temporally and spatially, rockfish exhibit depth preferences, and
adult communities can generally be divided into five categories based on depth (1)
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intertidal, (2) nearshore (subtidal to ~30 m), (3) shallow shelf (30-100 m, (4) deep
shelf (100-200 m), and (5) slope (200+ m) (Love et al. 2002). Rockfishes give birth to
live young, known as viviparity, and maternal effects have been found where bigger,
fatter, and older females may contribute more to population productivity (Wyllie
Echeverria 1987, Hixon et al. 2014). All rockfishes have a pelagic larval stage, but
like adults, juvenile rockfishes also exhibit depth preferences where juveniles of some
species are found higher in the water column (e.g., Widow, Copper, Kelp), and others
are more associated with the benthos (e.g., Bocaccio, Black, Blue) (Lenarz et al.
1991, Larson et al. 1994, Love et al. 2002). Adult rockfishes frequently forage in
demersal and benthic habitats and commonly consume fishes, shrimps, crabs, and
euphausiids (Bizzarro et al. 2017). Juvenile rockfish are generally zooplanktivorous
with some species being generalists while others have a more restricted diet (Brodeur
& Pearcy 1984, Singer 1985). Juvenile rockfish diets have been shown to vary
between species, habitats, ontogenetically, and spatially and temporally (Carlson &
Haight 1976, Brodeur & Pearcy 1984, Singer 1985, Boldt & Rooper 2009, Bosley et
al. 2014).
Of particular importance to Oregon’s recreational fisheries is Black Rockfish
(S. melanops). Although Black Rockfish generally settle in nearshore benthic
habitats, the presence of juveniles has been documented in multiple habitat types in
Oregon estuaries (Pearcy & Myers 1974, Bottom & Forsberg 1978, Appy & Collson
2000, Miller & Shanks 2005, Gallagher & Heppell 2010, Dauble et al. 2012, Lindsley
2016), with Oregon estuaries found to be essential fish habitat for juvenile Black
Rockfish (Gallagher & Heppell 2010). This utilization and designation suggests that
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these estuaries function as a nursery area and may play an important role in settlement
and recruitment of Black Rockfish (Dauble et al. 2012, Lindsley 2016). As a whole,
there is little detailed information on the feeding, species interactions, growth, and
habitat use of juvenile marine species in Oregon estuaries (Borgerson et al. 1991, but
see Gallagher and Heppell 2010) or northeast Pacific estuaries in general (English
sole Parophrys vetulus is one exception, e.g., Rosenberg (1982), Rooper et al. (2003),
Stowell et al. (2019)).
The primary objectives of my dissertation were to (1) evaluate how juvenile
fish, with an emphasis on rockfish, use estuarine habitats and (2) examine the quality
of different habitats within estuaries to early life stages. I address these objectives in
four chapters using trapping data on the juvenile fish community at anthropogenic
(dock) and natural (eelgrass) habitats in Yaquina Bay, Oregon during 2016 and 2017.
In Chapter 2, I combined data from two previous studies to examine how the entire
juvenile fish community varied temporally over six years and between the two habitat
types. In Chapter 3, I used only my own data to focus on juvenile rockfishes and
provide a description of species richness and abundances of the juvenile rockfish
community and determined if these metrics differed from previous studies or between
habitat types. In Chapter 4, I focused on juvenile Black Rockfish, which were the
most abundant species, and examined stomach contents to determine their prey
resources and stable isotope values of muscle tissue to examine the source of
nutrients at both habitat types. In Chapter 5, I used daily otolith increment widths to
examine recent growth (last 30 days) of individuals and evaluated the role of specific
estuarine habitats and year on growth. My research demonstrates that species and
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habitat specific data of feeding and growth are powerful tools to evaluate the role that
Oregon estuaries play in the early life history of juvenile rockfishes.
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Abstract
The role that west coast estuarine habitats play in the early life history of
many nearshore marine fishes is poorly understood, in part due to the limited
temporal sampling of estuarine habitats. To begin to understand this role, we
compared the juvenile demersal fish community between two habitat types at a
marine-dominated estuary on the northeast Pacific coast and examined how
community structure changed temporally. Sampling occurred in Yaquina Bay,
Oregon during 2008-2009, 2012-2013, and 2016-2017 at eleven sites, comprised of
anthropogenic (dock) and natural (eelgrass) habitats. The juvenile fish assemblage
was dominated by a few highly abundant species, including saddleback gunnel
(Pholis ornata), Pacific staghorn sculpin (Leptocottus armatus), and rockfishes
(Sebastes spp.), with the majority of species being marine associated. Community
structure varied among years and between habitat types, with greater differences seen
between habitat types than years. Docks appear to be a specialized habitat, supporting
some species but with greater change in community structure over time and lower
overall abundances than eelgrass. Use of docks by commercially and recreationallyexploited species, though, indicates potential importance. Community structure
differences were best described by a combination of regional (Pacific Decadal
Oscillation) and local (upwelling, temperature, salinity) climate variables, but
correlation values are considered weak. Greater abundances and reduced change in
communities over time at eelgrass sites suggests that maintaining these habitats is
potentially critical for many estuary-rearing species, and temporal changes in these
communities highlight the importance of long-term monitoring.
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Introduction
Community structure helps define the biotic component of an ecosystem, and
changes in fish communities can have wide and long-lasting impacts to an ecosystem.
Changes in fish communities can alter trophic structure (Collie et al. 2008), size and
availability of prey resources (Kimmerer 2002), habitat structure (Brönmark &
Weisner 1992), and predator population size (DeMaster et al. 2001). Estuarine fish
communities are particularly important as they are estimated to support a
disproportionate amount of coastal fishery production (Houde & Rutherford 1993).
Estuaries, however, are sensitive to anthropogenic impacts and degradation, making
them one of the most vulnerable marine environments in the world (Edgar et al.
2000). Anthropogenic impacts affect the functions and processes of estuarine habitats
(Kennish 2002, Huppert et al. 2003), and although estuaries are naturally highly
variable, climate change is likely to further modify these environments (Cowan et al.
2012, Rybczyk et al. 2012).
Estuary resident fishes may generally be less susceptible to climate change as
they are adapted to living in a highly variable environment (Gillanders et al. 2011,
Cowan et al. 2012), but many estuary users are marine estuarine-opportunists; species
who enter and use estuaries in large numbers, particularly during the juvenile life
stage (Potter et al. 2015). Marine estuarine-opportunists may be more impacted by
climate change as they are adapted to life in a more stable environment, and further
negative consequences could occur if less estuarine nursery habitat is available for
use by these opportunistic species (Gillanders et al. 2011). With numerous potential
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impacts and threats, knowing how estuarine fish communities change spatially and
temporally is necessary to evaluate future changes in these ecosystems.
Northeast Pacific estuaries are fewer in number and smaller than estuaries in
the Gulf of Mexico or Atlantic coast (Emmett et al. 2000), and are more heavily
influenced by ocean climatic variables (Hickey & Banas 2003). The California
Current System (CCS) dominates the northeast Pacific coast and exhibits strong
interannual, seasonal, and daily variation. Regional climatic variables that influence
the CCS include the Pacific Decadal Oscillation and El Niño Southern Oscillation
(Checkley & Barth 2009). Wind-driven upwelling, a local feature of the CCS
influenced by regional climatic variables, brings cool, saline, nutrient-rich water from
the deep, primarily in the spring and summer (Hickey & Banas 2003, Checkley &
Barth 2009). Upwelling is important to estuarine food webs as upwelled nutrients
(e.g., nitrogen) and organisms (e.g., larval and juvenile fishes, phytoplankton,
zooplankton) are transported to nearshore waters during wind relaxation events,
where they can then be advected into estuaries during tidal exchanges (Roegner et al.
2002, Miller & Shanks 2004b, Brown & Ozretich 2009).
Fish community structure and species presence has been synthesized across
northeast Pacific estuaries, although data cohesion is lacking (Emmett et al. 1991,
Monaco et al. 1992, Toft et al. 2015). Specifically, the various studies have utilized a
variety of different gear types and metrics of abundance, and sampling rates have
varied across months, seasons, and years. This lack of cohesiveness does not allow
for a broad analysis of specific habitats within estuaries or long-term temporal
comparisons, which are essential for effective management of estuaries (Toft et al.
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2015). Standardized gear types and broader spatial coverage of sampling locations,
along with sampling of specific habitat types, would allow for more precise analyses
(Toft et al. 2015).
Natural habitats in estuaries, including eelgrass beds, creates diverse,
productive systems with high fish biodiversity and species richness (Murphy et al.
2000, Ferraro & Cole 2012), and are known to act as a nursery area for a host of
juvenile fishes (De Ben et al. 1990, Hughes et al. 2014). On the central west coast of
North America, Oregon’s three largest estuaries (Coos, Yaquina, and Columbia) have
been considerably altered by human developments, including dredging and
construction of jetties and marine docks (OCMP 2016). As coastal development
continues to modify Oregon estuaries, jetties and marine docks may become more
common, potentially supplanting existing natural habitats (Lewis & Henkel 2016)
The role that anthropogenic and natural estuarine habitats play in the juvenile
life history of nearshore marine fishes is poorly understood, and little work has been
done comparing juvenile fish communities among habitat types in northeast Pacific
estuaries. The introduction of anthropogenic habitats has been found to have both
positive and negative consequences on estuarine communities. Dock habitats may
provide an alternative to natural habitats or could be a “transition” habitat that allows
species to move between other habitats (Franco et al. 2006, Clynick et al. 2008).
Dock pilings in estuaries, however, have been shown to provide suboptimal habitats
for both benthic and pelagic fishes with reduced feeding success and growth rates and
have fish communities with lower densities and less diversity of fish compared to
those of nearby natural habitats (Able et al. 1999, Duffy-Anderson & Able 2001).
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On a temporal scale, no published study exists evaluating juvenile fish
community structure in Oregon estuaries exceeding two years. Only three studies
have examined juvenile demersal fish assemblages in Oregon coastal and estuarine
waters, with depth and season contributing to both coastal and estuarine assemblage
structure (Bayer 1981, De Ben et al. 1990, Sobocinski et al. 2018). Appy and Collson
(2000) documented a high diversity of juvenile fishes that utilize Oregon nearshore
and estuarine waters, but conducted no formal community analyses. To examine
long-term temporal and habitat differences in juvenile demersal fish communities, we
examined community structure across a decade of sampling and compared that
structure between eelgrass and dock habitats at a marine dominated estuary on the
Oregon coast.

Methods
Study area
Yaquina Bay is the fifth largest estuary in Oregon in terms of estuarine
surface area (19.96km2) (Lee and Brown 2009). It is tidally dominated and has among
the lowest freshwater inflow rates for a drowned river mouth estuary in the Pacific
Northwest, allowing oceanic waters to be the dominant source of nutrients during the
dry season (Brown and Ozretich 2009, Lee and Brown 2009). Yaquina Bay is a deepdraft estuary used for shipping and commercial fishing activities and has been
considerably altered by human development, but current anthropogenic impacts are
likely reduced when compared to historical impacts from the 1960s to 1980s (Brown
& Power 2011). Alterations to Yaquina Bay include dredging, and construction of
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commercial boat basins, piers, aquaculture facilities, the Hatfield Marine Science
Center, and a jetty (Borgerson et al. 1991, OCMP 2016), where some facilities
replaced existing eelgrass beds (Lewis & Henkel 2016). Eelgrass (Zostera marina), a
native marine plant species, covers ~12% of the marine-influenced zone in Yaquina
Bay, the second highest of the seven Oregon estuaries examined for eelgrass coverage
(Lee and Brown 2009).
Sampling occurred in Yaquina Bay, Oregon from 2008-2009, 2012-2013, and
2016-2017 at six eelgrass (Z. marina) and five dock sites (Figure 2.1), although all
eleven sites were not sampled each year (Table 2.1). Juvenile fish were collected
using unbaited square minnow traps, which are approximately 61 X 61 cm on the
base and 46 cm tall, with a 1.27 cm wide vertical opening and 0.64 cm mesh size.
These traps are considered passive collecting devices and are size-selective (Rozas &
Minello 1997), with fish generally <200 mm total length vulnerable to the gear; some
species, however, like bay pipefish (Syngnathus leptorhynchus) are slender and could
fit through the opening at larger sizes and older life stages. It should be noted that a
small number of individuals captured were large enough to be adults, including bay
pipefish, Pacific staghorn sculpin (Leptocottus armatus), and saddleback gunnel
(Pholis ornata), which can be reproductively mature at 114 mm, 110 mm, and 117
mm, respectively (Love 2011). Research on the size at maturity for many of the
species encountered is lacking, especially for some sculpin species rarely
encountered. Hereafter, the term juvenile refers to small sized fish, the vast majority
of which are post-settlement juveniles.
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Two weighted traps were placed on the bottom at each site and were fished
through two tidal cycles (~24 hours) during each trapping event. Traps were
monitored to ensure that each trap was fully submerged for the entire sampling
period. Only months that were sampled in all years were included in the analysis
(May to August), yielding 223 trapping events (Table 2.1). The months of May to
August capture the time period when recruitment of juvenile fishes to Yaquina Bay is
highest (Bayer 1981, De Ben et al. 1990) and minimizes seasonal influences on
community assemblages. Captured fish were enumerated and identified to the lowest
taxonomic delineation possible. Species where definitive identification was uncertain
without genetic techniques, including the rockfishes and sculpins, were combined into
complexes of closely related species (Table 2.2).

Site characteristics
To examine how site characteristics influence the juvenile fish community
structure, depth, habitat type, and Coastal and Marine Ecological Classification
Standard (CMECS) components were determined for each site. Depth (bathymetry)
for each site was extracted in ArcGIS (ESRI, Redlands, CA) from the National
Centers for Environmental Information’s Central Oregon Coastal Digital Elevation
Model NAVD 88 raster layer
(https://www.ncei.noaa.gov/metadata/geoportal/rest/metadata/item/gov.noaa.ngdc.mg
g.dem:11500/html) using the Extract Values to Points tool. The bathymetry data are
referenced to a vertical tidal datum of Mean High Water (MHW), which is the
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“average of all the high water heights observed over the National Tidal Datum
Epoch” (NOAA 2019).
Geographical Information Systems (GIS) data for Oregon Department of Fish
and Wildlife’s habitat types and Oregon Coastal Management Program’s Coastal and
Marine Ecological Classification Standard (CMECS) Geoform, Substrate, and Biotic
components for Yaquina Bay were examined. Similar habitat and substrate types
were found for both the eelgrass and dock sites; therefore, substrate is not likely a
driver of community structure differences and was excluded from all analyses. A
complete description of habitat types and the CMECS components is available in
Appendix A.

Local and regional climatic variables
To examine the environmental conditions of Yaquina Bay during sampled
years, both local and regional climatic variables were gathered. Local variables
included temperature (˚C) and salinity (ppt), which were discretely measured when
traps were set and retrieved for each sampling event using a handheld YSI-85 multimeter. Temperature and salinity values for June and July 2012 were gathered from a
YSI 6600 V2-4 datasonde deployed at the Oregon State University pump house dock
in Yaquina Bay, which is collected by the United States Environmental Protection
Agency in Newport, Oregon due to repair work being done on the handheld YSI-85.
Regional climatic variables include the PDO, the Oceanic Niño Index (ONI), the
Coastal Upwelling Transport Index (CUTI), and the Biologically Effective Upwelling
Transport Index (BEUTI). Monthly PDO values were gathered from the Joint
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Institute for the Study of the Atmosphere and Ocean at the University of Washington
(http://research.jisao.washington.edu/pdo/), and following Peterson et al. (2017),
values from May to September for each year were summed to provide a yearly value.
Average monthly ONI values were gathered from NOAA’s Earth System Research
Laboratory Physical Sciences Division
https://www.esrl.noaa.gov/psd/data/climateindices/, and values from January for June
of each year were averaged to provide a yearly value (Peterson et al. 2017). The
CUTI provides improved estimates of upwelling intensity compared to the traditional
Bakun Upwelling Index, whereas BEUTI provides estimates of the amount of nitrate
being upwelled (Jacox et al. 2018). Monthly means for CUTI (m2 · s-1) and BEUTI
(mmol · m-1 · s-1) for the months of April to July at 44N and 45N were gathered from
the NOAA’s Southwest Fisheries Science Center Environmental Research Division
(https://oceanview.pfeg.noaa.gov/products/upwelling/cutibeuti). Monthly means for
April to July were chosen as this time periods captures the beginning and peak of
both CUTI and BEUTI at 45N (Jacox et al. 2018). Yearly anomalies for both CUTI
and BEUTI were then calculated by subtracting the long-term average (1988 to
2019), from the yearly average.
To examine the temporal trends and differences in environmental conditions
among years, a principal components analysis (PCA) was conducted with
temperature, salinity, PDO, ONI, CUTI anomaly, and BEUTI anomaly using the
PRIMER v.7 statistical package (Clarke & Gorley 2015). All of the variables
appeared normally distributed, except salinity which was left skewed. Based on the
recommendation by Clarke and Gorley (2015), salinity was transformed using the
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function square-root(x-y), where x is a value larger than the maximum salinity value
observed. The data was normalized to put each variable on the same scale and used to
conduct a PCA.

Community structure analysis
All statistical analyses to examine community structure differences were run
with the PRIMER v.7 statistical package (Clarke & Gorley 2015). Twelve species
that occurred in less than 5% of the sample units were removed from the analysis
because rare species can inflate the stress of ordinations and result in unhelpful
displays of relationships (Clarke et al. 2014b). The removed species were bay goby
(Lepidogobius lepidus), clingfishes (Gobiesox spp.), crescent gunnel (Pholis laeta),
Irish lords (Hemilepidotus spp.), Northern anchovy (Engraulis mordax), other
sculpins (Artedius spp., Blepsias sp.), Pacific tomcod (Microgadus proximus), pile
perch (Rhacochilus vacca), sanddabs (Citharichthys spp.), striped surfperch
(Embiotoca lateralis), tubesnout (Aulorhynchus flavidus), and warty poacher
(Chesnonia verrucosa). The reduced data set for analysis contained 15 species or
species complexes.
To account for some species being spatially clustered among sites, dispersion
weighting was done for replicate site groups within each year (Clarke et al. 2006a).
Dispersion weighting places emphasis on species that are consistently found among
replicates by weighting each species by its index of dispersion (Clarke et al. 2006a).
Examination of a shade plot revealed a few highly abundant species and several rare
species. A square root transformation was therefore applied to the dispersion-
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weighted data to down weight the importance of highly abundant species. There was
acceptable coverage on the shade plot for the transformed data, which implies a good
balance was achieved between downweighing highly abundant species and letting
rarer species influence the analysis (Clarke et al. 2014c). A resemblance matrix was
created on the square root transformed data using zero-adjusted Bray-Curtis
coefficients. Zero-adjusted Bray-Curtis coefficients were chosen as some trapping
events contained zero individuals, which is ecologically interpretable, or low species
counts which can cause non-adjusted Bray-Curtis coefficients to behave erratically
(Clarke et al. 2006b).
Analysis of Similarities (ANOSIM) was performed on the zero-adjusted BrayCurtis resemblance matrix to compare community structure among years and between
habitats. An ANOSIM broadly parallels an analysis of variance (ANOVA), but
differs in that it (1) does not require data to be normally distributed, (2) applies a nonparametric permutation procedure on a similarity matrix based on corresponding
ranks, and (3) tests differences between samples by using the rank order similarities
to generate a global R test statistic (Clarke & Green 1988, Clarke et al. 2014b). The R
test statistic can be between -1 to 1, but it generally falls between 0 and 1, with an R =
0 indicating no differences among samples. Additionally, the global R values
generated for different factors are directly comparable as measures for the effect size,
where a larger R indicates a greater effect (Clarke et al. 2014a). A three-way
crossed/nested ANOSIM, where site was nested within both year (ordered) and
habitat [Site(Year X Habitat)] was chosen as the years contained the same two habitat
types, and within each combination of habitat and year a number of sites were
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randomly chosen with replicates taken at each site, and not all sites were sampled in
all years (Clarke et al. 2014b). Years were ordered to test whether the communities
exhibited an interannual trend. Average abundances of the transformed data for each
habitat and year combination were calculated and a nMDS was carried out using a
Bray-Curtis resemblance matrix to visualize species abundance relationships between
habitats across years. Similarity percentages (SIMPER) were run to examine which
species contributed to any differences found among factors, with a cut-off percentage
of 70% for contributing species. SIMPER breaks down separate contributions from
each species to dissimilarities from the average Bray-Curtis dissimilarity of samples
between groups (Clarke 1993).
To examine which combination of local and regional climatic variables best
correlated to the community structure patterns observed, the BIOENV routine was
conducted in PRIMER. The BIOENV routine uses different combinations of
environmental variables and determines the rank correlation between the community
structure matrix and environmental matrix using the magnitude of the Spearman’s
rank correlation coefficient (Clarke & Ainsworth 1993); a high rank order pattern
(i.e., high correlation) will have values close to +1 and values close to zero indicate
little correlation.
The BIOENV is sensitive to correlations among variables, so a Draftsman plot
was conducted on the environmental data to examine correlations. It was found that
PDO and ONI were positively correlated (r = 0.89) so ONI was dropped from the
model. A positive correlation was also found between CUTI and BEUTI (r = 0.68),
but because both of these indices are of interest, two BIOENV models were run, one
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with CUTI as the upwelling index, and one with BEUTI as the upwelling index. The
final models included the variables PDO, CUTI/BEUTI, temperature, and salinity.
Depth was originally in the BIOENV model, but depth was found to be highly
correlated to habitat type (see Results) and thus was not included as the primary
variable of interest was habitat type. The other site characteristics (CMECS Geoform,
Biotic, Substrate, and habitat type) were not included in the BIOENV model as these
variables were all similar among sites (see Table A1).

Results
Site characteristics
The dock sites were considered subtidal and subsequently located in deeper
waters (average: -3.83 m, range: -6.68 to -1.14 m), compared to the intertidal eelgrass
sites (average: -0.72, range: -2.89 to 0.75 m).

Local and regional climatic differences
Regional and local climatic shifts did occur over the duration of this study.
Temperature generally increased over time, and on average was lowest in 2009 and
greatest in 2017 (Figure 2.2a). Salinity was fairly constant among years except in
2013, where it was much lower on average than other years (Figure 2.2b). No
consistent patterns were observed for the CUTI, but above average upwelling was
observed in 2008, 2013, and 2016, with upwelling being the weakest in 2012 and
strongest in 2013 (Figure 2.2c). The BEUTI was greatest in 2008 and generally
decreased overtime, except in 2012 where the lowest amount of nitrate was estimated
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to be upwelled (Figure 2.2d). From 2008-2013 the PDO was in a “cool” phase
(negative PDO index) and La Niña conditions (negative ONI index) dominated
(Figure 2.2e,f), whereas in 2016-2017 the PDO was in a “warm” phase and El Niño
conditions dominated (Figure 2.2e,f), with the 2015-2016 El Niño being one of the
strongest on record (Jacox et al. 2016). The PCA revealed that each of the six years
was differentiated based on local and regional climatic variables (Figure 2.3). For the
PCA, the first three axes explained 87.3% of variance (axis 1 = 34.6%, axis 2 =
31.0%, axis 3 = 21.7%). Large positive loadings were found for PDO and ONI on the
first PCA axis, which incorporates the years 2016 and 2017, whereas large negative
loadings on axis 2 were found for CUTI anomaly and PDO for the years 2008 and
2013 (Table 2.3).

Community structure
A total of 4329 individuals, comprised of 47 species or complexes, were
collected, with 1691 from dock habitats and 2638 from eelgrass habitats (Table 2.2).
These include primarily juveniles of species that utilize both marine and estuarine
habitats as adults. The three most numerically abundant and frequently occurring
species were saddleback gunnel, rockfishes (Sebastes spp.), and Pacific staghorn
sculpin, comprising 29.9%, 22.6%, and 19.8% of the total catch and occurring in
78.8%, 66.8%, and 44.2% of trapping events, respectively (Table 2.2). Six of the 27
species were caught only in one habitat, with Northern anchovy only caught at the
dock habitat, whereas bay goby, crescent gunnel, Pacific tomcod, pile perch, and
sanddabs were only caught at the eelgrass habitat (Table 2.2).
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As all 11 sites were not visited each sampled year (Table 2.1), non-metric
multidimensional scaling (nMDS) ordination plots were constructed for each habitat
type to visually examine if there were any sites that behaved differently. There were
no “outlier” sites identified for the dock habitat, but the nMDS plot for the eelgrass
habitat revealed that the community structure at the eelgrass site closest to the estuary
mouth did not resemble the communities at the other eelgrass sites (Figure A1 & A2).
This eelgrass site was located near a jetty composed of rip-rap, so it is possible that
close presence of anthropogenic vertical structure may have driven differences.
Samples at this eelgrass site were subsequently excluded in the final analysis. The
final reduced data set contained 208 sample units and 15 species or species
complexes.
Juvenile fish community structure differed among ordered years across all
habitat groups (ANOSIM, R = 0.337, p = 0.005), where a large R for the ordered year
term indicates that there is a broadly consistent and sequential time pattern across
habitats, which is observed in the nMDS plot (Figure 2.4). Juvenile fish community
structure also differed between habitat groups across all years (ANOSIM, R = 0.527,
p = 0.005, Figure 2.4). The larger R for habitat groups compared to the year groups
indicates that habitat types drive differences in community structure more than interannual changes. It appears that community structure was most similar between close
year pairs (i.e., 2008 and 2009, 2012 and 2013, and 2016 and 2017) for both habitat
types, but there was less change over time within the eelgrass habitat (Figure 2.4).
Eleven species contributed to differences in community structure among years
and habitats according to SIMPER. These species are bay pipefish (Syngnathus
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leptorhynchus), buffalo sculpin (Enophrys bison), cockscombs (Anoplarchus spp.),
kelp greenling (Hexagrammos decagrammus), lingcod (Ophiodon elongatus), Pacific
staghorn sculpin, rockfishes, saddleback gunnel, shiner surfperch (Cymatogaster
aggregata), snake prickleback (Lumpenus sagitta), and soles (English sole
[Parophrys vetulus], Rock sole [Lepidopsetta bilineata]).
The number of buffalo sculpin, cabezon (Scorpaenichthys marmoratus), kelp
greenling, lingcod, saddleback gunnel, and snake prickleback per trap declined, on
average, from 2008 to 2017 (Figure 2.5). Pacific staghorn sculpin and shiner
surfperch increased over time, primarily in eelgrass (Figure 2.5). Pacific staghorn
sculpin, saddleback gunnel, shiner surfperch, snake prickleback, and soles were
consistently more abundant at eelgrass, with no species being consistently more
abundant at the dock habitat within each year (Figure 2.5). In general, greater
abundances were observed at the eelgrass habitat compared to the dock habitat (Table
2.2).
When local and regional environmental variables were compared to juvenile
fish community structure, differences were best described by a combination of PDO,
CUTI, temperature, and salinity when CUTI was the upwelling index included in the
model (BIOENV, r = 0.148), and by PDO, BEUTI, temperature, and salinity when
BEUTI was the upwelling index included in the model (BIOENV, r = 0.167). For the
model with CUTI, the best single variable with the highest correlation to the
community was PDO (r = 0.124), whereas the best single variable with the BEUTI
model was BEUTI (r = 0.144). The higher correlation value indicates that BEUTI
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better describes the juvenile fish community, but it should be noted that the
correlation values for both models are weak.

Discussion
This is the first study to directly compare juvenile demersal fish communities
between dock and eelgrass habitats in a northeast Pacific estuary in order to examine
long-term temporal and habitat differences. Overall species composition in the
present study was similar to that found for other Oregon marine-dominated estuaries
(Bottom & Forsberg 1978, Bayer 1981, Bottom et al. 1988, De Ben et al. 1990). The
juvenile fish assemblage at anthropogenic (dock) and natural (eelgrass) habitats in
Yaquina bay is dominated by a few highly abundant species (i.e., saddleback gunnel,
rockfishes, and Pacific staghorn sculpin), with the majority of species being marine
associated, a pattern also observed in other estuarine fish communities locally and
globally (Bayer 1981, Yoklavich et al. 1991, Miller & Shanks 2005, Franco & dos
Santos 2018, James et al. 2018). It should be noted that even though rockfish species
were grouped into a complex, two species (black and copper rockfish) dominated the
catch in the sampled years, with very small abundances of other rockfish species
(Dauble et al. 2012, Lindsley 2016, Schwartzkopf 2020).
Artificial structures, like dock pilings, provide additional habitat complexity
to seascapes, which in turn may create different foraging opportunities or offer
protection from predation (Bohnsack 1991). The underwater environment at artificial
structures is highly dynamic due to constant exposure to both natural and
anthropogenic activities, and have fish assemblages that are often characterized by
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marine or freshwater estuarine-opportunist species (Able et al. 1998, Airoldi &
Bulleri 2011). As in the present study, juvenile marine estuarine-opportunist fishes
have been found in large abundances in Yaquina Bay during the summer months
(Pearcy & Myers 1974, De Ben et al. 1990). Cabezon, kelp greenling, lingcod, and
Northern anchovy, which are considered marine estuarine-opportunists, were found to
be more abundant overall at the dock habitat, with large abundances of rockfishes as
well; these species are subject to state and federal fishery management by the Pacific
Fishery Management Council and the Oregon Department of Fish and Wildlife. The
higher abundances of managed species sheds light on the potential importance of
dock habitats to these commercially and recreationally-exploited species. The dock
sites are easily accessed and sampled, so this may be an avenue to gain additional
knowledge from fishery independent indices of settlement for managed species that
are currently lacking.
Higher abundances and less change in community structure over time at
eelgrass habitats suggests that maintaining these habitats is potentially critical for
many estuary-rearing species, and continued monitoring is important. Stable eelgrass
fish communities have been found in other marine dominated northeast Pacific coast
estuaries (Bottom & Forsberg 1978, Bottom et al. 1988, Murphy et al. 2000) and
nearshore environments (Robinson & Yakimishyn 2013), including Yaquina Bay
(Bayer 1981, De Ben et al. 1990, Ferraro & Cole 2011, Hayduk et al. 2019). On the
west coast, fishery managers are faced with how to respond to rapid changes in the
environment for managed species, thus habitats that contribute stability to
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populations, such as eelgrass habitats, become increasingly important to protect and
to have mitigation policies in place as necessary.
The finding that different fish communities were found between dock and
eelgrass habitats is not surprising as different species exhibit both depth and habitat
preferences (Hyndes et al. 1999, França et al. 2009). For example, shiner surfperch
are more abundant in eelgrass beds compared to other intertidal sites (Bayer 1985),
and saddleback gunnel and Pacific staghorn sculpin, two of the dominant species in
this study, have been found to be more abundant in shallow than deep estuarine
waters (Forsberg et al. 1977). Depth has been found to structure juvenile fish
communities in Oregon’s nearshore waters (Sobocinski et al. 2018), but sampling
occurred over only soft-bottom habitat so the influence of both depth and habitat were
not determined.
The majority of dock sites in Yaquina Bay are located in deeper waters than
eelgrass sites and disentangling the effect of habitat and depth is difficult as these two
variables can co-vary. Lower limits of eelgrass distribution is based on light
availability as light is necessary for growth (Thayer et al. 1975), hence being able to
sample deep eelgrass beds is unrealistic. When both depth and habitat have been
examined in other environments, habitat characteristics appear to explain community
assemblages more so than depth. On coral reefs, abundances of fish assemblages were
best explained by variables describing habitat complexity, and not depth, but when
looking at specific guild types, i.e. transient and resident fish, both depth and habitat
were important predictors of abundances (Friedlander & Parrish 1998), indicating
species-specific responses to both variables. When looking at community structure at
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natural and artificial reefs in the Gulf of Mexico, Garner et al. (2019) found an
interactive effect of habitat characteristics and depth, with relief and complexity
playing a strong role, with depth also contributing but to a lesser degree. When
examining fish community structure in five Portuguese estuaries, França et al. (2009)
considered esutarine sites with a mean depth range of 1 – 6 m as shallow. The depth
range observed in the present study was 0.75 – 6.68 m, therefore, although the the
dock sites were in deeper waters than the eelgrass sites, the difference between depths
may not actually be large enough to create delineation in the fish communities
present. It is probable that an interactive effect of habitat type and depth occurs, with
species-specific responses, and while depth is a known driver of community structure,
habitat type is likely the more important determinant of community structure in the
present study.
Large-scale oceanographic processes are thought to be a driver of fish
assemblages in northeast Pacific coast estuaries (Obaza et al. 2015). Changes in fish
assemblages in California estuaries were observed as a result of the 1997-98 El Niño
and a change in phase of the PDO (Williams et al. 2001, Cloern et al. 2010).
Temporal shifts in community structure have also been correlated to an increase in
sea surface temperature (Choi et al. 2004, Genner et al. 2004, Oviatt 2004, Perry et al.
2005, Collie et al. 2008). Additionally, a large warm anomaly in sea surface
temperature occurred from 2014 to 2016 off the Oregon coast, coined “the Blob”
(Bond et al. 2015). It is unknown how the warm water anomaly impacted estuarine
fish communities as there is no data from previous warm PDO phase years, but many
changes to marine fish species resulted (Cavole et al. 2016), including shifts in the
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spawning phenology and distribution of several Oregon coastal ichthyoplankton
species (Auth et al. 2018). The switch to a warm PDO phase with increased
temperatures and El Niño conditions for 2016 and 2017 likely contributed to distinct
fish assemblages in these years for the present study.
Although large-scale processes are a driver of fish communities, local scale
processes, such as upwelling in the California Current, are also important in certain
areas (Attrill & Power 2002, Miller & Shanks 2005, Cloern et al. 2010, Obaza et al.
2015). Indeed, when included in separate analyses, both CUTI and BEUTI were one
of the climatic variables that best explained the community differences found in the
present study. Although a mechanistic discussion on CUTI and BEUTI and individual
species abundances is beyond the scope of this work, a few interesting patterns are
observed. Peaks in abundances at the eelgrass habitat were observed in 2013 for
seven species (buffalo sculpin, cabezon, lingcod, penpoint gunnel, snake prickleback,
soles, and TFS sculpin), which was also the year of greatest upwelling intensity
(CUTI). Additionally, a decrease overtime was observed for the amount of upwelled
nitrate (BEUTI), where abundances of six species (buffalo sculpin, cabezon, kelp
greenling, saddleback gunnel, snake prickleback) also declined, on average, over
time. Abundances of a number of larval and juvenile fishes in Oregon coastal and
estuarine waters have also been found to be related to upwelling/downwelling periods
(Miller & Shanks 2005, Ottmann et al. 2018). Annual downwelling/upwelling cycles
likely contribute to variation in estuarine abundances of marine-estuarine opportunist
due to advection during tidal exchanges.
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This is the longest study to date of the juvenile fish community in Yaquina
Bay. It has been suggested, however, that more than 20 years of data are needed to
observe true changes in fish communities (James et al. 2018). The present study
cannot definitively untangle which specific factors are driving the juvenile fish
community in Yaquina Bay due to the timeframe and lack of data during the
transition years between major oceanographic changes (i.e., 2010-2011, 2014-2015).
Even with a shorter time scale and lack of some data, this work acts as a baseline that
contributes valuable data on temporal and habitat changes in community structure.
Sampling in other habitat types such as mud or sand flats would allow for an
evaluation of the importance of estuarine habitats as a whole to these species.
There are distinct and diverse juvenile fish communities between habitats
within Yaquina Bay. Temporal changes in these communities highlight the
importance of long-term monitoring, as changes in community structure due to either
direct anthropogenic impacts or a changing climate are unknown without baseline
data (Robinson & Yakimishyn 2013). The true nursery value of specific habitats
within Yaquina Bay cannot yet be determined as measures of abundance alone are not
sufficient (Beck et al. 2001). How habitat properties influence growth, survival, and
future reproductive potential of individuals would be vital to examine. The marine
zone of estuaries can be important transitional zones, which may have positive effects
on local biodiversity as species are shared among nearshore and estuarine areas
(Franco & dos Santos 2018). Quantifying habitat-specific marine fish recruitment
within an estuary relative to the nearshore would be a crucial next step that might
influence the prioritization of these habitats for conservation efforts and contribute to

31

sustainable management of important commercial and recreational fish populations.
As climate continues to change, these transitional estuarine habitats may become
more important to nearshore fish populations.
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Table 2.1. The number of trapping events at the 11 sites sampled during each year
and the total number per habitat per year (n = 223). *E1 was excluded from analyses,
leading to a total of 208 trapping events.

Site
Dock
D1
D2
D3
D4
D5
Eelgrass
E1*
E2
E3
E4
E5
E6
TOTAL
Dock
Eelgrass

2008

2009

8

7

9
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Year
2012
2013

14
7
3

8
8
8

2016

2017

7
7

8
8
7

7
3
3

8

8
8
8

7

17
7

7

36
7

3

8

7

8

24
9

24
24

14
14

23
24
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Table 2.2. Total number of individual juvenile species or species complexes caught at
each habitat type and percent frequency of occurrence (%FO) collected in Yaquina
Bay from 2008-2009, 2012-2013, and 2016-2017. The number in parentheses for the
eelgrass habitat represent the number of species with site E1, the site removed for
analysis, included. Species and groups in bold represent groupings used in analysis.
Asterisks indicate a commercially and/or recreationally important species in Oregon
that is managed by the Pacific Fishery Management Council under the Pacific Coast
Groundfish Fishery Management Plan (FMP), except for Northern anchovy
(Engraulis mordax), which is managed under the Coastal Pelagic Species FMP.
Species
Dock
Bay goby Lepidogobius lepidus
0
Bay pipefish Syngnathus leptorhynchus
6
Buffalo sculpin Enophrys bison
78
Cabezon Scorpaenichthys marmoratus*
18
Clingfish Gobiesox spp.
2
Cockscombs
10
High cockscomb Anoplarchus purpurescens
Slender cockscomb Anoplarchus insignis
Crescent gunnel Pholis laeta
0
Irish lords
3
Brown Irish lord Hemilepidotus spinosus
Red Irish lord Hemilepidotus hemilepidotus
Kelp greenling Hexagrammos decagrammus*
153
Lingcod Ophiodon elongatus*
43
Monkeyface prickleback Cebidichthys violaceus
19
Northern anchovy Engraulis mordax*
1
Other sculpins
8
Padded sculpin Artedius fenestralis
Rosylip sculpin Ascelichthys rhodorus
Scalyhead sculpin Artedius harringtoni
Silverspotted sculpin Blepsias cirrhosus
Smoothhead sculpin Artedius lateralis
Pacific staghorn sculpin Leptocottus armatus
57
Pacific tomcod Microgadus proximus
0
Penpoint gunnel Apodichthys flavidus
6
Pile perch Rhacochilus vacca
0
Rockfishes*
572
Black rockfish Sebastes melanops

Eelgrass
2
56
26
8 (10)
0 (2)
8

%FO
1
14.9
18.3
9.6
1
7.2

2
1

0.5
1.9

36 (39)
19
1
0
0 (12)

32.7
13
6.3
0.5
3.8

801
1
6 (7)
1
405 (579)

44.2
0.5
5.3
0.5
66.8
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Bocaccio rockfish S. paucispinis
Brown rockfish S. auriculatus
Canary rockfish S. pinniger
China rockfish S. nebulosus
Copper rockfish S. caurinus
Gopher rockfish S. carnatus
Grass rockfish S. rastrelliger
Quillback rockfish S. maliger
Yellowtail rockfish S. flavidus
Saddleback gunnel Pholis ornata
Sanddabs
Pacific sanddab Citharichthys sordidus*
Speckled sanddab Citharichthys stigmaeus
Shiner surfperch Cymatogaster aggregata
Snake prickleback Lumpenus sagitta
Soles*
English sole Parophrys vetulus
Rock sole Lepidopsetta bilineata
Striped surfperch Embiotoca lateralis
TFS sculpins
Fluffy sculpin Oligocottus snyderi
Sharpnose sculpin Clinocottus acuticeps
Tidepool sculpin Oligocottus maculosus
Tubesnout Aulorhynchus flavidus
Warty poacher Chesnonia verrucosa
TOTAL

540
0

754
1 (3)

78.8
0.5

7
29
131

126
123
167 (173)

18.3
19.7
39.4

0
5

0 (1)
92 (93)

0
10.6

3
0
1691

2
0 (1)
2638 (2843)

2.4
0
-
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Table 2.3. The loadings (eigenvectors) from the first three axes of the principal
components analysis of local (temperature [°C] and salinity [ppt]) and regional
climatic variables (Pacific Decadal Oscillation [PDO], Oceanic Niño Index [ONI], the
Coastal Upwelling Transport Index anomaly [CUTI.anomaly], and the Biologically
Effective Upwelling Transport Index anomaly [BEUTI.anomaly]) from the years
2008, 2009, 2012, 2013, 2016, and 2017 in Yaquina Bay, Oregon.
Variable
PDO
ONI
CUTI.anomaly
BEUTI.anomaly
Temperature
Salinity

PC1
0.538
0.611
-0.267
-0.364
-0.018
-0.364

PC2
-0.417
-0.309
-0.596
-0.376
-0.378
-0.303

PC3
0.131
-0.018
0.238
0.528
-0.623
-0.509
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Figure 2.1. Map of the 11 trapping sites for juvenile fishes in Yaquina Bay from
2008-2009, 2012-2013, and 2016-2017 at dock and eelgrass habitats.
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Figure 2.2. Local climatic variables for Yaquina Bay and regional climatic variables
for the Pacific Ocean in 2008, 2009, 2012, 2013, 2016, and 2017. Local climatic
variables include (a) temperature (˚C), (b) salinity (ppt), (c) Coastal Upwelling
Transport Index anomaly (CUTI; m2 · s-1), and (d) Biologically Effective Upwelling
Transport Index anomaly (BEUTI; mmol · m-1 · s-1). Regional climatic variables
include (e) the Pacific Decadal Oscillation Index (PDO), and (f) Oceanic Niño Index
(ONI).
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Figure 2.3. Two-dimensional principal coordinates analysis of local and regional
climatic variables in 2008 (triangle), 2009 (upside down triangle), 2012 (square),
2013 (diamond), 2016 (circle), and 2017 (cross). Local variables include temperature
(˚C) and salinity (ppt), and regional variables include the Pacific Decadal Oscillation
Index (PDO), Oceanic Niño Index (ONI), Coastal Upwelling Transport Index (CUTI)
anomalies, and Biologically Effective Upwelling Transport Index (BEUTI)
anomalies. Points represent individual trapping events (n=208).
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Figure 2.4. Two-dimensional non-metric multidimension scaling (nMDS) plot of
juvenile fish community structure in Yaquina Bay from 2008-2009, 2012-2013, and
2016-2017 at dock (circle) and eelgrass (triangle) habitats. The solid grey and dashed
black lines indicate direction of change over time.
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Figure 2.5. Number of fish per trapping event for the 15 species or species complexes
that were used in the analysis to compare community structure among years and
between dock and eelgrass habitats. Note that the y-axis scales for each species or
complex are different.
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CHAPTER 3: SPECIES RICHNESS AND ABUNDANCE OF JUVENILE
ROCKFISHES (SEBASTES SPP.) IN THREE OREGON ESTUARIES OF
DIFFERING OCEANIC INFLUENCE
Abstract
Estuaries were once disregarded as important habitat for the commercially and
recreationally important rockfishes, but recent studies have found that some species
utilize seagrass and artificial habitats during their early life history, with some
individuals spending at least their first winter of life in the estuary As the diversity of
species observed in Oregon estuaries has increased in recent years, it is possible that
estuarine habitats are becoming more important to population sustainability. To
examine habitat use of estuaries and their importance, samples were collected at dock
and eelgrass habitats from 2015-2017 in three Oregon estuaries, Alsea Bay, Nehalem
Bay, and Yaquina Bay, which differ in their influence of tides. A total of 995 juvenile
rockfish were caught at dock and eelgrass habitats within these three bays. Ten
species were captured, including Black, Bocaccio, Brown, Canary, China, Copper,
Gopher, Grass, Quillback, and Yellowtail. The greatest number of individuals was
found at Yaquina (n = 801), with larger abundances found at the eelgrass habitat,
followed by Nehalem (n = 111) and Alsea (n = 83). Species richness decreased as
ocean influence decreased; all ten species were caught in Yaquina, four species in
Alsea (Black, Brown, Copper, Grass) and only two in Nehalem (Black, Copper)
(Table 3.1). The overall catch was dominated by Black (79%), Copper (9%), and
Quillback (8%) rockfishes. Overall, more individuals were caught at the eelgrass
habitat (60%) than the dock habitat (40%). Species richness in the present study (n =
10) is the highest documented for any estuarine system. The results indicate that not
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all estuaries are equal in importance to the early life history stage of rockfish, and
Yaquina Bay may be a critical estuary for juveniles, especially juvenile Black
Rockfish.

Introduction
Estuaries on the U.S. West coast are important nursery grounds for
ecologically and economically important species of marine invertebrates and fishes
(Hughes et al. 2014), despite west coast estuaries being fewer in number and smaller
than estuaries in the Gulf of Mexico or Atlantic coast (Emmett et al. 2000). Key
threats to west coast estuaries include altered tidal exchange, nutrient dynamics and
water quality, freshwater inputs, and sediment regime, as well as invasive species,
direct habitat loss, and climate change (Gleason et al. 2011). Gaps in our knowledge
base of the nursery function of west coast estuaries include limited fish performance
data from smaller estuary systems, including growths rates, ontogenetic shifts, habitat
use (Hughes et al. 2014), and condition of fish residing in these habitats.
Northeastern Pacific rockfishes (Sebastes spp.) provide an interesting case
study to examine the function of west coast estuaries. Rockfishes on the west coast
are highly diverse, with around 96 documented species (Love et al. 2002), and have
traditionally made up a large percentage of the west coast groundfish fishery.
Declines in west coast rockfish populations have been documented over the past 30
years, with 26 species currently showing high vulnerability to overfishing (PFMC
2014). Recent management strategies, however, have been successful, with
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populations of six species being declared rebuilt since 2011 (Widow, Canary,
Bocaccio, Darkblotched, Pacific Ocean Perch, Cowcod; NMFS 2019).
All rockfishes have a pelagic larval stage with eventual subsequent movement
from pelagic to benthic environments, a process known as settlement or recruitment
(Love et al. 2002). Rockfish recruitment has high inter-annual variability, and early
life history events strongly influence recruitment and subsequent year-class strength
(Ralston & Howard 1995). Year-class strength is largely set by the time the pelagic
juvenile stage is reached, but post-settlement processes and influences, such as
feeding, growth, habitat selection, and species interactions also contribute to this
variability (Ralston et al. 2013). Although juvenile rockfishes generally settle in
nearshore benthic habitats (Love et al. 2002), the presence of juveniles from some
species has been documented in Pacific northwest (PNW) estuaries (Pearcy & Myers
1974, Leaman 1976, Bottom & Forsberg 1978, Bayer 1981, Bottom et al. 1988, Appy
& Collson 2000, Miller & Shanks 2005, Gallagher & Heppell 2010, Dauble et al.
2012, Lindsley 2016). As juvenile rockfishes utilize both nearshore and estuarine
habitats, these species can be considered a marine estuarine opportunist, meaning this
species would likely survive with removal of estuarine habitat, though overall
population numbers could decline (Lenanton & Potter 1987, Elliott et al. 2007). This
lack of true estuarine dependence does not negate the potential importance of
estuarine habitats for rockfish populations, and more research is needed to assess
significance.
Oregon’s estuaries were once disregarded as important habitat for rockfishes,
but recent studies have found that some species utilize seagrass and artificial habitats
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during their early life history, with some individuals spending at least their first
winter of life in the estuary (Gallagher & Heppell 2010, Dauble et al. 2012, Lindsley
2016). Estuaries in central Oregon were identified as Essential Fish Habitat for Black
Rockfish (S. melanops) and an important habitat for other juvenile rockfish species
(Gallagher & Heppell 2010). Juvenile rockfish abundance and residence time was
found to be greater in larger, more developed estuaries in a comparison of settlement
patterns across six Oregon estuaries (Dauble et al. 2012). These discoveries have
given rise to the hypothesis that Oregon estuaries play an important role in rockfish
settlement and recruitment, and therefore population productivity. It is also possible
that interannual variability in estuarine juvenile rockfish abundance is an important
ecosystem indicator of adult rockfish populations, similar to that observed by Ralston
et al. (2013). As the diversity of species observed in Oregon estuaries has increased in
recent years (Lindsley 2016; S.A. Heppell, personal observation), it is possible that
estuarine habitats are becoming more important to population sustainability.
Examining how juvenile rockfishes use estuarine habitats will therefore provide vital
information in understanding the function of PNW estuaries to important commercial
and recreational marine species. The objectives of this work were to (1) establish
which species of rockfish utilize Oregon estuaries and habitat types within each and
compare composition to previous studies, (2) determine species-specific timing of
estuarine arrival using general abundances and length distributions, and (3) assess
annual variability in the timing of rockfish species arrival.
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Methods
Study sites
Samples were collected from three Oregon estuaries, Alsea Bay, Nehalem
Bay, and Yaquina Bay (Figure 3.1). These estuaries differ in their size, influence of
tides, chlorophyll-a concentration, turnover time of water, freshwater flow rate, and
presence of submerged aquatic vegetation (eelgrass) and biomass of macroalgae (Lee
& Brown 2009). Yaquina is the largest of the three with a total estuary area of
19.96km2, is the most tidally dominated and well mixed, has the slowest water
turnover time and freshwater flow rate, the highest chlorophyll-a concentration, and
largest abundance of eelgrass and biomass of macroalgae; Alsea is the second largest
(12.49km2), is moderately river-dominated and partially mixed, has moderate
freshwater flow rates, and a smaller abundance of eelgrass than Yaquina; Nehalem is
the smallest of the three (10.43km2), is highly river dominated, has the fastest
freshwater inflow rate, and has the smallest abundance of eelgrass and biomass of
macroalgae (Lee & Brown 2009). These three estuaries also differ in human
development levels. Yaquina is a highly developed ‘deep-draft’ estuary (OCMP
2016) and is used for shipping and commercial fishing activities; Nehalem is a
moderately developed ‘shallow-draft’ estuary, whereas Alsea is a minimally
developed ‘conservation’ estuary (OCMP 2016).

Sample Collection
Juvenile fish were sampled once per month at anthropogenic (dock) and
natural (eelgrass) habitats in the three estuaries from July 2015 to October 2017 using
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unbaited rectangular minnow traps, which are approximately 61 X 61 cm on the base
and 46 cm tall, with a 1.27 cm wide vertical opening and 0.64 cm mesh size (Figure
3.2). Within Yaquina weighted traps were placed on the bottom at three eelgrass sites
and three dock sites, and in Nehalem traps were placed at two dock and two eelgrass
sites (Figure 3.1). Due to the lack of accessible eelgrass sites, traps were placed at one
eelgrass site and two dock sites in Alsea. Sampling occurred during the low-low tide
during the full moon year-round, and during both the new and full moon from May to
September as summer is the peak season for juvenile fish abundances (De Ben et al.
1990). The spring tides during the winter were not low enough to access the eelgrass
sites, thus only the dock sites within each estuary were sampled from the months of
October to March. The dock sites at Nehalem could not be sampled during December
2015 due to flooding of roads and collapsed road surfaces. Traps were fished through
two tidal cycles – approximately 24 hours. Temperature (˚C) and salinity (ppt) were
discretely measured during trap setting and retrieval for each sampling event using a
YSI-85 multi-meter. Monthly averages of temperature and salinity were calculated
for 2015, 2016, and 2016 and plotted to examine trends.
All species caught were counted, and rockfishes were euthanized and taken
back to the laboratory for further processing. Each individual was measured for
length (mm TL) and weight (0.01 g) and the caudal fin was clipped for genetic
analysis before being frozen for storage. Genetic analysis was used for species
identification as juvenile rockfishes are generally difficult to visually identify to
species. Fin clips were sent to the Molecular Ecology and Genetic Analysis Lab at
NOAA’s Southwest Fisheries Science Center in Santa Cruz, CA for species
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identification. Species composition trends in abundance and lengths are described to
provide an account of which species of juvenile rockfish utilization of eelgrass and
dock habitats within Alsea, Nehalem, and Yaquina Bay estuaries.

Results
Environmental variables
Temperature ranged from 9.2 to 18.9˚C at Alsea, from 9.45 to 18.15˚C at
Nehalem, and from 8.80 to 17.35˚C at Yaquina. On average, temperature was higher
and more variable at Alsea and Nehalem compared to Yaquina, especially during the
upwelling season (May to September; Checkley & Barth 2009; Figure 3.3). Salinity
ranged from 5.4 to 34.15 ppt at Alsea, from 3.4 to 31.65 ppt at Nehalem, and from
12.6 to 34.60 ppt at Yaquina. On average, salinity was higher and less variable at
Yaquina compared to Alsea and Nehalem, especially during the upwelling season
(Figure 3.4).

Species richness and abundance
A total of 995 juvenile rockfish, comprised of ten species, were caught at dock
and eelgrass habitats within Alsea, Nehalem, and Yaquina from July 2015 to October
2017 (Table 3.1). The ten species found include Black (S. melanops), Bocaccio (S.
paucispinis), Brown (S. auriculatus), Canary (S. pinniger), China (S. nebulosus),
Copper (S. caurinus), Gopher (S. carnatus), Grass (S. rastrelliger), Quillback (S.
maliger), and Yellowtail (S. flavidus) (Figure 3.5). The greatest number of individuals
was found at Yaquina (n = 801), with larger abundances found at the eelgrass habitat,
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followed by Nehalem (n = 111) and Alsea (n = 83). Species richness decreased as
salinity (i.e. ocean influence) decreased; all ten species were caught in Yaquina, four
species were collected in Alsea (Black, Brown, Copper, Grass) and only two in
Nehalem (Black, Copper) (Table 3.1). The overall catch was dominated by Black
(79%), Copper (9%), and Quillback (8%) Rockfishes. Overall, more individuals were
caught at the eelgrass habitat (60%) than the dock habitat (40%).

Yaquina Bay
A month-by-month evaluation was conducted for rockfishes in Yaquina Bay,
as both dock and eelgrass habitats were consistently sampled and both species
abundance and richness were highest. Overall, total abundances in Yaquina Bay were
greater at eelgrass habitats in all months except September for 2016 and 2017 (Figure
3.6). Total abundances were greater for 2016 compared to 2017, and the greatest
abundances were found in July in 2016 and June in 2017 (Figure 3.6).
Peak abundances varied among years and by species (Figure 3.7). For Black
Rockfish, the most abundant species, peak settlement occurred in June in 2016 and in
July in 2017. For the closely related Copper and Quillback Rockfishes, the second
and third most abundant species, peak settlement occurred later in the year. For
Copper Rockfish, peak abundance occurred in September in 2016 and in June in
2017. For Quillback Rockfish, peak abundance occurred in September in 2015 and in
August in 2016; only one individual was collected in September in 2017.
In Yaquina Bay, total length increased over time within a given year (Figure
3.8). One exception to this was observed for Copper Rockfish in 2016, where two
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settlement periods may have occurred: one from April to September and then a
second from August to December. Large sized individuals were present in early
months for Black and Copper Rockfish. For Black Rockfish, a 78 mm individual was
caught in January and a 118 mm was caught in April 2017 (Figure 3.8). For Copper
Rockfish, a 74 mm individual was caught in February in 2016, and in 2017, 84 mm
and 74 mm individuals were collected in February and 75, 78, and 79 mm individuals
were collected in May.
Size distribution by habitat was variable among species. For Black Rockfish,
similar size distributions were observed between habitat types in May, June, and
August, and a larger size was observed for individuals at the dock habitat in July and
September (Figure 3.9). For Copper Rockfish, larger individuals were observed at the
dock habitat for all months collected in 2016; in 2017, similar sizes were observed
between habitats for June and August, but larger individuals were collected at docks
in July. For Quillback Rockfish, similar size distributions were observed between
habitat types when individuals were collected from both habitats, although sample
sizes at the dock habitat are lower than at the eelgrass habitat (Figure 3.9).

Discussion
This study provides one of the most detailed comparisons of species-specific
abundance and length distributions for juvenile rockfishes in Oregon estuaries, made
possible by the genetic identification of every individual collected. Species richness
in the present study (n = 10) is the highest documented for any estuarine system. The
results found support the hypothesis of Dauble et al. (2012) that not all estuaries are
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equal in importance to the early life history stage of rockfish, and Yaquina Bay may
be a critical estuary for juveniles, especially juvenile Black Rockfish. High
abundances of juvenile rockfishes in specific estuaries may be linked to increased
development (Dauble et al. 2012), but other factors may be the dominate force, like
marine influence.
Both the largest abundances and highest species richness were found at
Yaquina Bay, a marine-dominated estuary, whereas smaller catches and lower species
richness was found at Alsea and Nehalem, which are moderately and highly river
dominated estuaries, respectively. Salinity is an important predictor of recruitment for
Black Rockfish (Robinson et al. 2011, Markel et al. 2017), and the highest salinity
values from May to September were observed in Yaquina Bay. These results mimic
those of Dauble et al. (2012) for other marine versus freshwater influenced Oregon
estuaries.
Over time, species richness in Yaquina bay has increased; in 2000, two
species were collected (Appy & Collson 2000); from 2003 to 2005 three species were
collected, and Black Rockfish made up 75% of the catch (Schlosser & Bloeser 2006);
from 2004 to 2005, three species were collected, and Black Rockfish made up 96.8%
and 100% of the catch per year, respectively (Gallagher & Heppell 2010); from 2008
to 2009, 3 to 4 species were caught, with Black Rockfish making up 95.2% and 86%
per year, respectively (Dauble et al. 2012); and from 2012 to 2013, genetic analysis
confirmed the presence of 8 species, where Black Rockfish only made up 24% of the
catch and Copper and Quillback Rockfish made up 71% of the catch (Lindsley 2016).
One possible explanation for this increase in species richness is due to mis-
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identification of early life-stage fishes; avoided here due to application of advanced
genetic techniques for species identification of juvenile rockfishes (Baetscher et al.
2018). Some species of juvenile rockfish are difficult to visually identify, and meristic
counts for some closely related species can overlap (Kendall et al. 2007). This
difficulty leads to groupings of complexes (ex., QGBCC: Black & Yellow, China,
Copper, Gopher, and Quillback) or misidentification when genetic species
identification cannot be performed. Some juvenile rockfish species, however, can be
visually identified, including Canary, Bocaccio, and Brown, thus an actual increase
the number of species present also occurred.
Settlement in Yaquina Bay may reflect patterns occurring in the nearshore
environment as marine larvae are transported into Oregon estuaries through tidal
exchanges (Miller & Shanks 2004b, 2005). Abundances of juvenile rockfishes in
nearshore environments off Oregon were found to be highest in 2016 (Ottmann et al.
2018), matching the results from the present study. The two complexes of juvenile
rockfishes with large abundances in 2016 were OYTB (Olive S. serranoides,
Yellowtail, and Black) and QGBCC (Ottmann et al. 2018). These two complexes also
made up the majority of individuals in the present work, indicating that estuarine
sampling captures the settlement variability of juvenile rockfishes observed in
nearshore waters.
Similar size distributions of juvenile Black Rockfish were found compared to
previous studies in Yaquina Bay (Boehlert & Yoklavich 1983, Gallagher & Heppell
2010, Dauble et al. 2012, Lindsley 2016). Similar to Lindsley (2016) in 2013, two
separate size distributions were found for Copper Rockfish in 2017, which may
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indicate two separate cohorts were present within Yaquina Bay. Johansson et al.
(2008) found significant, albeit weak, evidence for genetic structure among Copper
Rockfish samples collected along the Oregon coast. Settlement behavior in rockfishes
can strongly impact genetic structure (Sivasundar & Palumbi 2010), thus the presence
of two separate Copper Rockfish cohorts with differing timing of settlement is
possible.
Based on the presence of large sizes early in the year, Black and Copper
Rockfish likely overwinter in the estuary, as was also reported by Dauble et al. (2012)
and Lindsley (2016). It is possible that overwintering individuals exited the estuary
and then returned, but many adult and juvenile rockfishes (including Black Rockfish)
exhibit high site fidelity and small home ranges (Miller & Shanks 2004a, Parker et al.
2007, Tolimieri et al. 2009, Hannah & Rankin 2011, Lindsley 2016), supporting the
idea of overwintering. Overwinter survival of Black Rockfish may be an important
determinant for year class strength (Haggarty et al. 2017), thus if overwintering
survival probability is increased in estuaries, population productivity may be
enhanced.
The largest abundances of juvenile rockfish were found in eelgrass habitats in
the present study, which contradicts the findings of Gallagher and Heppell (2010) and
Lindsley (2016). Both of those studies had higher overall catches in dock habitat
compared to eelgrass in Yaquina Bay, but it should also be noted that both studies
found greater summertime usage of eelgrass habitat by rockfishes. Artificial
structures are highly dynamic due to constant exposure from both natural and
anthropogenic activities, so we might expect greater interannual fluctuations in
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rockfish abundances at such a location. Additionally, in 2010, a large modification
occurred in Yaquina Bay when the Port of Newport constructed a new pier as part of
the relocation of the National Oceanic and Atmospheric Administration Marine
Operations Center-Pacific (MOC-P) (Lewis & Henkel 2016). The presence of a new
structure may have altered flow patterns in Yaquina Bay and could have created more
heterogeneous habitats. For example, increased currents and a higher presence of
macroalgae were observed at the dock sites over time during the 2016-2017 study
period (B.D. Schwartzkopf, personal observation), so it is possible that this
heterogeneity or interannual variations in environmental conditions contributed to
differing rockfish abundances at the dock habitat compared to previous studies.
The presence of spatial and temporal changes in juvenile rockfish populations
in Yaquina Bay highlights the importance of long term monitoring, as changes in
community structure due to anthropogenic impacts are unknown without baseline
data (Robinson & Yakimishyn 2013). High abundances and presence of individuals
throughout most of the year indicate that both anthropogenic and natural habitats in
Yaquina Bay are important for the early life stages of rockfishes, especially Black
Rockfish, and may serve as a nursery. Density and abundance measurements alone,
however, are not sufficient to determine absolute nursery function or prioritize
habitats relative to their quality (Beck et al. 2001). Knowledge on growth, survival,
and functional relationships between habitats and young fish is necessary to
understand habitat quality (Able 1999, Minello 1999), and is further discussed for
juvenile Black Rockfish in Chapters 4 and 5 to understand habitat quality.
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Table 3.1. The number of each species caught at both dock and eelgrass habitats
within Alsea, Nehalem, and Yaquina from July 2015 to October 2017. QGBCC
represents a complex of species, where identification could be composed of either
Quillback, Gopher, Black & Yellow, China, or Copper.
Alsea
Species

Size range
(TL; mm)

Black

38-118

Bocaccio

45-113

Brown

38-94

Canary

Nehalem

Yaquina

Dock Eelgrass Dock Eelgrass Dock Eelgrass
4

63

70

35

260

360

792

1

5

6

1

14

46-54

2

2

China

39-41

2

2

Copper

23-95

Gopher

33-46

Grass

54-78

QGBCC

21-49

Quillback

24-65

Yellowtail

50

Total
Species Richness

13

Total #
Caught

2

2

4

26

57

91

2

3

5

1

2

4

4

62

76

1

1

493

995

1
14
20

63
4

72

39
2

308
10
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Figure 3.1. Map of the three estuaries and locations of the dock and eelgrass sites
within each estuary where juvenile rockfishes were collected.
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Figure 3.2. The rectangular minnow trap used to trap juvenile fishes at dock and
eelgrass habitats in Yaquina Bay. The traps are approximately 61 X 61 cm on the
base and 46 cm tall, with a 1.27 cm wide vertical opening and 0.64 cm mesh size.
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Figure 3.3. Average monthly temperature values (˚C) at Alsea, Nehalem, and
Yaquina Bay estuaries from 2015 to 2017. Temperature was discretely measured
when traps were set and retrieved for each sampling event using a YSI-85 multimeter.
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Figure 3.4. Average monthly salinity values (ppt) at Alsea, Nehalem, and Yaquina
Bay estuaries from 2015 to 2017. Salinity was discretely measured when traps were
set and retrieved for each sampling event using a YSI-85 multi-meter.
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Black S. melanops

Bocaccio S. paucispinis

Brown S. auriculatus

Canary S. pinniger

China S. nebulosus

Copper S. caurinus

Gopher S. carnatus

Quillback S. maliger

Grass S. rastrelliger

Yellowtail S. flavidus

Figure 3.5. Photographs of actual individuals of the ten juvenile rockfish species
collected at eelgrass and dock habitats in Yaquina Bay during 2016 and 2017.
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Figure 3.6. Total abundances of all juvenile rockfish species collected at dock at
eelgrass habitats in Yaquina Bay from 2015 to 2017.
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Figure 3.7. The number of fish per trap for the ten rockfish species collected in
Yaquina Bay from 2015 to 2017.
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Figure 3.8. Total length (mm) distributions for the ten rockfish species collected in
Yaquina Bay from 2015 to 2017.
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Figure 3.9. Total length (mm) distributions at dock and eelgrass habitats for Black,
Copper, and Quillback rockfish, the three most abundant species, collected in
Yaquina Bay from 2015 to 2017.
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Abstract
Previous work suggests that Oregon estuaries function as nursery habitat and
may play an important role in settlement of Black Rockfish Sebastes melanops. No
research, however, has been conducted on juvenile Black Rockfish feeding ecology in
estuarine habitats, which is necessary to evaluate habitat use and quality. We
examined stomach contents and carbon and nitrogen stable isotope ratios for juvenile
Black Rockfish collected from May to September in 2016 and 2017 at both
anthropogenic (dock) and natural (eelgrass) habitats in Yaquina Bay, a marinedominated estuary on the central Oregon coast. We found consumption of 94
different prey items, the majority of which are estuary derived, and benthic prey were
most frequently consumed. In general, it appears that fish are feeding in the habitat in
which they are caught, with marine-fouling prey being consumed in greater
abundances at the dock habitat, whereas algae- or eelgrass-associated species were
consumed in greater abundances at the eelgrass habitat. The increase in both δ15N and
δ13C values of muscle tissue seasonally and positive correlation with upwelling in
2016 suggests that upwelled, oceanic waters were the primary source of nutrients to
Yaquina Bay in 2016. The high variability in δ15N and general increase in δ13C
seasonally in 2017 suggests that oceanic waters were still present but may not have
been the dominant nutrient source. Yaquina Bay appears to be an important foraging
ground for juvenile Black Rockfish during summer months, providing a diversity of
prey items, with special importance of benthic and eelgrass associated prey. Our
results support the hypothesis that estuaries can function as a nursery habitat for
Black Rockfish, although additional data is needed to provide an absolute
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designation. Changes in benthic communities or available habitat may have negative
effects on foraging ability, and thus nursery function, and should be considered
during management decisions.

Introduction
Identifying nursery and essential fish habitat (EFH) is a critical process for the
effective conservation and management of fish stocks (NMFS 2010). Most studies
classify an area as a nursery if higher abundances of juveniles or faster growth rates
are observed compared to other areas (Beck et al. 2001). This classification has
recently been improved as a habitat where juveniles of a species contribute more, on
average, to adult recruitment compared to other juvenile fish habitats of that species
(Beck et al. 2001). This improved nursery definition moves beyond simple abundance
estimates and emphasizes the importance of settled juveniles to successfully reach
reproductive maturity to contribute to the stock. Under the Magnuson-Stevens
Fishery Conservation Management Act, EFH means “those waters and substrate
necessary to fish for spawning, breeding, feeding or growth to maturity” (NMFS
2010). Understanding how a fish uses a specific habitat contributes to the
identification of nursery and essential fish habitat.
Due to their inherently high primary productivity, estuaries provide habitat for
a diverse array of species (Beck et al. 2001). Although northeast (NE) Pacific coast
estuaries are smaller and fewer in number compared to those on the northwest
Atlantic coast (Hickey & Banas 2003), they have been found to be important nursery
grounds for ecologically and economically important species of marine invertebrates
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and fishes (Hughes et al. 2014). Northeast Pacific estuaries, however, have
experienced major habitat alterations due to human development, including dredging
and construction of jetties and marine docks (OCMP 2016), many of which have
replaced natural habitats such as eelgrass beds (Lewis & Henkel 2016). With major
anthropogenic changes occurring in estuarine habitats, understanding the biological
and environmental interactions of species is an essential step to understanding the
function of estuarine habitats (Elliot et al. 2002, Lotze et al. 2006), and can
subsequently help managers prioritize valuable habitats for protection.
A key biological interaction to assess estuarine function is feeding ecology,
which provides insight into the prey resources and source of nutrients provided by a
specific habitat. An important feature for estuarine food webs in the NE Pacific is
upwelling, as it brings cool, saline, nutrient rich water from the deep, which is then
transported to nearshore waters via advection during wind relaxation and then into
estuaries through tidal exchanges (Roegner et al. 2002, Miller & Shanks 2004b).
During years of strong upwelling off the Oregon coast, increased prey stability has
been observed for pelagic nekton compared to years of reduced upwelling (Brodeur
& Pearcy 1992). Additionally, river discharge is also an important feature for
estuarine food webs due to transport of dissolved nutrients and terrestrial sediments
into estuaries, but reductions in densities of pelagic zooplankton have been observed
in years of extreme high flow conditions in NE Pacific estuaries (Jones et al. 1990).
In spite of our current knowledge base, basic information is missing on the
feeding ecology for the sensitive juvenile life stage of many species, especially
habitat specific information (Abrantes et al. 2015). When food is abundant, fish can
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store excess energy in the form of fat, but when food supplies are restricted those
energy reserves must be utilized, thus decreasing condition and growth rate of the
individual (Busacker et al. 1990). High growth rates and a larger size at age have
been linked to food availability (Zenitani et al. 2007, Robert et al. 2009), consistent
feeding success (Dower et al. 2009, Pepin et al. 2015), and consumption of more food
(Pepin et al. 2015). Conversely, food limitation throughout the first year of life can
contribute significantly to recruitment variability (Cowan et al. 2000) and lead to
reduced growth rates and smaller sizes, resulting in increased overwintering mortality
(Miller & Kendall 2009). As estuarine zooplankton, invertebrate, and fish
communities vary with habitat and substrate type (Hosack et al. 2006, França et al.
2009, Dalley et al. 2017), some habitats may be more important in terms of prey
availability than others, and habitat-specific foraging should be considered when
characterizing estuarine food webs.
Common methods used to describe feeding ecology include examining
stomach contents directly and determining carbon and nitrogen stable isotope ratios
(12C/13C, 14N/15N) of fish muscle tissue (Bowen 1996, Layman et al. 2007). Stable
isotopes are found to occur naturally in the environment, and their distribution
reflects a history of physical and metabolic processes within the ecosystem, recording
information about the origin of samples (Peterson & Fry 1987). Stable isotopes are a
useful tool to complement and verify stomach contents analysis and are used to
reconstruct a longer-term perspective on diet as isotopic turnover rates for muscle
tissue can reflect feeding behavior from the past several months, thereby providing
insight into broader diet and feeding relationships of many organisms (Peterson & Fry
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1987, Wells et al. 2008). Stable isotopes have been used in estuaries to examine the
role of habitats as energy sources for fish (Vinagre et al. 2011, Stowell et al. 2019),
reliance on nutrients supplied from upwelling events (Carlier et al. 2015), the relative
importance of fisheries food web support from benthic and pelagic production (Malek
et al. 2016), and the effect of river flow in food web interactions (Vinagre et al.
2011). Stable isotopes have been successful in detecting changes in nutrient
concentrations from upwelling events as increased carbon and nitrogen isotope ratios
and values have been observed under upwelling conditions and periods of low river
flow (Lee and Brown 2009; Vinagre et al. 2011; Carlier et al. 2015; Dyer et al. 2019).
Northeastern Pacific rockfishes (Sebastes spp.) are highly diverse, with
around 96 documented species (Love et al. 2002), and have traditionally made up a
large percentage of the U.S. west coast groundfish fishery. Of particular importance
to Oregon’s recreational fisheries is Black Rockfish S. melanops. Although Black
Rockfish generally settle in nearshore benthic habitats, defined here as those water
outside the mouth of an estuary to 3 nautical miles, the presence of juveniles has been
documented in multiple habitat types in Oregon estuaries (Pearcy & Myers 1974,
Bottom & Forsberg 1978, Appy & Collson 2000, Miller & Shanks 2005, Gallagher &
Heppell 2010, Dauble et al. 2012, Lindsley 2016), with Oregon estuaries found to be
essential fish habitat for juvenile Black Rockfish (Gallagher & Heppell 2010). This
utilization and designation suggests that these estuaries function as a nursery area and
may play an important role in settlement and recruitment of Black Rockfish (Dauble
et al. 2012, Lindsley 2016).
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Although research has been conducted on juvenile benthic rockfish
abundances in multiple Oregon estuaries (Dauble et al. 2012), to our knowledge no
published studies have examined diet and stable isotopes of any juvenile rockfish
species in Oregon estuaries. The majority of work conducted on juvenile rockfish
feeding ecology has been in nearshore and offshore environments off the coast of
California or Alaska (Carlson & Haight 1976, Hallacher & Roberts 1985, Singer
1985, Reilly et al. 1992, Rau et al. 2001, Miller & Brodeur 2007, Studebaker &
Mulligan 2008, 2009, Boldt & Rooper 2009); the only studies performed in Oregon
waters were in more offshore environments and on the pelagic life stage (Brodeur &
Pearcy 1984, Bosley et al. 2014), although one agency report from 1977 examined the
diet of unidentified benthic juvenile rockfish in Tillamook Bay estuary, OR (Forsberg
et al. 1977). Juvenile rockfish are generally zooplanktivorous, with some species
being generalists while others have a more restricted diet (Brodeur & Pearcy 1984,
Singer 1985). Ontogenetic, habitat, spatial, temporal, and species-specific differences
in diets have been observed for both pelagic and benthic juvenile rockfishes (Carlson
& Haight 1976, Brodeur & Pearcy 1984, Singer 1985, Boldt & Rooper 2009, Bosley
et al. 2014). With large dietary variations, further investigation into feeding ecology
of juvenile benthic rockfishes at multiple habitat types in Oregon estuaries is
necessary to evaluate the role that these potential nursery areas play in foraging. To
evaluate the role of Oregon estuaries for juvenile Black Rockfish feeding ecology
during their benthic stage, we examined stomach contents and stable isotope values
for individuals collected at both anthropogenic and natural habitats over two years in
a marine-dominated estuary on the central Oregon coast.
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Methods
Sample collection and processing
Juvenile Black Rockfish were sampled monthly in 2016 and 2017 on the low
tide during the full and new moons in Yaquina Bay, Oregon. Sampling occurred once
per month from October to March and twice per month from April to September. Fish
were collected using a pair of unbaited, rectangular minnow traps, which are
approximately 61 X 61 cm on the base and 46 cm tall, with a 1.27 cm wide vertical
opening and 0.64 cm mesh size. Weighted traps were placed at three anthropogenic
(dock) and three natural (eelgrass) sites (Figure 4.1) and fished through two tidal
cycles for approximately 24 hours. Both dock and eelgrass habitats were sampled
from April to September in 2016 and 2017, but high winter tides only allowed
sampling at the dock habitat from October to March in 2016 and 2017. As the
eelgrass sites could not be accessed from October to March and only one juvenile
Black Rockfish was collected at a dock habitat in April 2017, only samples from May
to September for 2016 and 2017 were analyzed.
All species caught were counted, and rockfish species were euthanized and
taken back to the laboratory for further processing. Each individual was measured for
length (mm TL) and weight (0.01 g) and the caudal fin was clipped for genetic
analysis before being frozen for storage. Genetic analysis was used for species
identification as juvenile rockfishes are generally difficult to visually identify to
species. Fin clips were sent to the Molecular Ecology and Genetic Analysis Lab at
NOAA’s Southwest Fisheries Science Center in Santa Cruz, CA for species
identification.
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Environmental conditions
Temperature, salinity, freshwater discharge, and the Coastal Upwelling
Transport Index data were gathered to examine the environmental conditions of
Yaquina Bay during 2016 and 2017 and to determine if these impacted juvenile
rockfish feeding ecology. Temperature (˚C) and salinity (ppt) were discretely
measured when traps were set and retrieved for each sampling event using a YSI-85
multi-meter. Two tributaries, Yaquina River and Elk Creek, contribute freshwater
inflow almost equally into Yaquina Bay (State Water Resources Board 1965). The
US Geological Survey and the State of Oregon Water Resources Department only
gauges the Yaquina River at a station 51 km upstream from the mouth of the estuary
near Chitwood, Oregon (Station 1430600). Discharge data (mean daily flow – m3 · s1

) from Station 1430600 were gathered from the State of Oregon Water Resources

Department (https://www.oregon.gov/owrd) for 2016 and 2017.
The metric to evaluate upwelling intensity along the northeastern Pacific coast
is traditionally the Bakun Upwelling Index, but this index does not provide a
complete picture of coastal upwelling as it does not capture (1) wind stress curldriven upwelling associated with along wind gradients, (2) the contribution of the
cross-shore geostrophic flow, or (3) the quality of upwelled waters (Jacox et al.
2018). Two new upwelling indices have been developed with technological advances
to address the shortcomings of the Bakun Upwelling Index by relying on the Regional
Ocean Modeling System (ROMS) with 4-dimensional variational data assimilation
(Jacox et al. 2018). The Coastal Upwelling Transport Index (CUTI) provides
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improved estimates of upwelling intensity and accounts for cross-shore geostrophic
flow; The Biologically Effective Upwelling Transport Index (BEUTI) provides
estimates of the amount of nitrate being upwelled and can offer insight into the
quality of upwelled waters (Jacox et al. 2018). The Coastal Upwelling Transport
Index (CUTI) was the chosen metric to evaluate marine influence on Yaquina Bay.
Daily values of CUTI (m2 · s-1) at 45N were gathered from NOAA’s Southwest
Fisheries Science Center Environmental Research Division
(https://oceanview.pfeg.noaa.gov/products/upwelling/cutibeuti).

Stable isotopes
A subset of juvenile Black Rockfish muscle tissues was subject to stable
isotope analysis (n = 264; Table 4.1). To determine the sample size needed for each
group, 38 samples from June 2016 and 60 samples from July 2016, comprised of both
dock and eelgrass habitats, were analyzed to determine at what sample size the
variance stabilized (leveled off). Fish from June and July of 2016 were chosen as
these were the two months with large enough sample sizes from both habitat types.
The variance began to stabilize around a sample size of 10 for both carbon (s = 0.22)
and nitrogen (s = 0.03), therefore a minimum of 10 samples per habitat per month in
each year were analyzed; the only time a minimum sample size could not be achieved
was at the eelgrass habitat in September 2017, as only three fish were collected
(Table 4.1).
Epaxial muscle tissue was taken from the left side of each juvenile Black
Rockfish selected for analysis. Tissues were dried at 60˚C for 24 hours in a drying
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oven and then homogenized using an agate mortar and pestle. Tissues were prepared
per the sample preparation guidelines supplied by the Oregon State University Stable
Isotope Laboratory, where samples were sent for analysis. Samples were analyzed for
carbon (δ13C) and nitrogen (δ15N) with an EA / DeltaPlus continuous flow isotope
ratio mass spectrometer. Carbon isotope data were calibrated using the international
standard USGS40 (glutamic acid 40, δ13C = -26.389 permil vs VPDB) and the
internal laboratory standard SUL Sucrose (δ13C = -11.85 permil vs VPDB). Carbon
(δ13C) was not corrected for lipid as lipid content was consistently low (C:N < 3.5;
Post et al. 2007). Nitrogen isotope data were calibrated daily using the international
standards USGS40 (δ15N = -4.52 permil vs air) and IAEA-N2 (ammonium sulfate,
δ15N = +20.3 permil vs air).
Final isotopic ratios are reported relative to the internal and international
standards, calculated as:

𝑅sample
δsample (‰) = '
− 1* × 1000
𝑅standard

where R represents the ratio of heavy to light isotope. Additionally, one juvenile
Black Rockfish sample was chosen as an inter-assay control and was run in every
batch to assess instrument precision. The standard error (SE) and coefficient of
variation (CV) of the personal standard for δ13C was 0.01 and 0.24%, respectively,
and the SE and CV for δ15N was 0.02 and 0.44% respectively, thus the machine was
considered stable over time.

77

Two separate ANOVAs were fit with Type III sum of squares, one for δ13C
and one for δ15N, to evaluate the influence of habitat, month, and year on isotopic
ratios. Linear regressions were first performed to see if fish length was correlated to
δ13C and δ15N. Size was not correlated to δ15N (P > 0.05, R2 = 0.01), but was
positively correlated to δ13C (P < 0.0001, R2 = 0.39). To correct for length of fish for
δ13C values, residuals from the linear regression (δ13C ~ TL) were used as the
dependent variable in the carbon ANOVA. Pairwise comparisons using Tukey’s
Honest Significant Difference were conducted using the estimated marginal means
(also called least-squares means), from the ‘emmeans’ v1.3.3 R package (Lenth
2020). Significance was set at P < 0.05. Diagnostic plots of models were examined
visually, and both met the assumptions of normality.
Additionally, Spearman’s rank correlation coefficients were calculated to test
for associations between δ13C and δ15N values and upwelling and discharge.
Temperature and salinity were not evaluated for associations as they co-varied with
upwelling and discharge and the interest was to look at broader environmental
drivers. Monthly averages of δ13C and δ15N were compared with the average value of
the upwelling index and discharge of the previous month. For example, the average
δ13C and δ15N value for the month of May was compared against the CUTI and
discharge values for the month of April. As δ13C and δ15N isotopic turnover times are
unknown for juvenile rockfish muscle tissue, a one-month lag was chosen to reflect
an average turnover time for muscle tissue of a juvenile fish, which can generally
express a change in environment or diet within days, weeks, or months (Vander
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Zanden & Hulshof 1998, Bosley et al. 2002, Sweeting et al. 2005, Buchheister &
Latour 2010).

Stomach contents
All juvenile Black Rockfish stomachs collected from May to September were
examined, except for June and July 2016 and June 2017 where a random subset was
chosen due to the large catch during these months (see Figure 4.2a), resulting in a
total of 331 stomachs used for analysis (Table 4.1). Stomachs were removed, placed
in 10% formalin for a minimum of 48 hours, and transferred to 70% ethanol solution
until examination. During examination, stomach contents were removed, identified
and sorted to the lowest taxonomic level, and counted. Juvenile Black Rockfish were
placed in five size classes based on total length; individuals between 30-49 mm, 5059 mm, 60-69 mm, 70-79 mm, and ≥80 mm. Only three juvenile Black Rockfish
collected were between 30-39 mm and thus were combined with those between 40-49
mm to form the 30-49 mm group, and only three juvenile Black Rockfish were ≥90
mm and thus were combined with those between 80-89 mm to form the ≥80 mm
group. Ten mm bins were chosen to achieve a balance between an even distribution
of sample sizes among size classes and having enough groups, but not too many, to
evaluate ontogenetic shifts in diet.
The quantification of stomach contents was accomplished by two methods: (1)
percent frequency of occurrence (%FO) and (2) percent composition by number
(%N). Percent by weight or volume were not chosen for analyses as many of the prey
items were too small to weigh and results would have been biased when only parts of
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an organism were present. For analyses, contents were first sorted into 12 major prey
categories (Amphipod, Polychaete, Barnacle, Bivalve, Copepod, Crab, Crustacean,
Cumacean, Fish, Mysid, Shrimp, Zooplankton) and then were further subdivided into
lower taxonomic levels among all major prey categories (Table 4.2). Many stomachs
contained unclassifiable material, defined as material that does not included any
bones, hard parts, or recognizable features for further classification into one of the
prey categories. Unclassifiable material was excluded from %N and %FO analyses
because an accurate count could not be obtained and thus numerical contribution
could not be determined; other excluded categories for analyses were prey items that
occurred in <5% of the sample units, which included cladocerans, Diptera pupae, and
nematodes, or items that were thought to be incidentally eaten, which included sand,
sticks, and wood pieces.
A habitat association (benthic or pelagic) was assigned to each prey item
found in the diets of juvenile Black Rockfish based upon Carlton (2007) and Hiebert
et al. (2016). Habitat associations could not be determined for unidentified copepods,
crustaceans, and fishes, but unidentified amphipods, cumaceans, and shrimps were
assumed to be benthic (Table B1). Percent composition by number (%N) was then
summed for each identifiable prey item to examine the contribution of benthic and
pelagic associated prey to the diet. Presence of each prey item in Yaquina Bay was
also noted from a literature search (Table B1).
Abundance data were log(x+1) transformed to account for zeros in prey
categories and to downweigh highly abundant prey species. Bray-Curtis coefficients
were used to construct a resemblance matrix to assess similarity between abundance
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proportions of prey items for individuals. A permutational analysis of variance
(PERMANOVA) was used to test for significant differences (P < 0.05) in prey
abundances between size classes, months, years, and habitats. Statistical analyses to
examine differences in diet were run with the PRIMER v.7 +PERMANOVA
statistical package (Anderson et al. 2008, Clarke & Gorley 2015).

Results
A total of 619 juvenile Black Rockfish were collected from Yaquina Bay in
2016 and 2017, with 359 from eelgrass habitat and 260 from dock habitat. Out of the
619 juveniles, 581 individuals were collected from months of May to September.
Juveniles (age 0) were present in the estuary from April until October or November
for both years, but there were a greater number of individuals collected in 2016,
especially in June and July (Figure 4.2a). Sizes ranged from 38 to 84 mm TL at the
eelgrass habitat and 48 to 118 mm TL at the dock habitat. The full-year size range
was captured at the dock habitat as sampling occurred in all months; however,
sampling at the eelgrass habitat did not occur from October to March, so the full-year
size range is unknown for the eelgrass habitat. Total length of individuals increased
during the year, and in general there were even size distributions between habitat
types (Figure 4.2b). The one individual caught in February 2017 (78.5 mm) and the
largest individual caught in April 2017 (118 mm) likely overwintered in the estuary;
settlement from the larval pelagic stage to the benthic juvenile stage for Black
Rockfish has previously been found to occur from May to July at 30-40 cm long
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(Love et al. 2002), therefore these fish likely settled in the estuary the previous year
based on their large size for the month in which collected.

Environmental conditions
Temperature during sampling was highly variable across months for 2016 and
2017 (Figure 4.3a). In general, temperature increased from January to July in both
2016 and 2017 and was on average greater in 2017 than 2016 from May to August
(Figure 4.3a). Salinity showed similar patterns for both 2016 and 2017, with low
values during winter and early spring months (January to April) and increasing values
during late spring and summer months (May to September; Figure 4.3b). Salinity
values were greater in 2016 compared to 2017 from the months of May to September
(Figure 4.3b).
Upwelling values generally increased from May to August and began to
decline in September during 2016, whereas values increased from May to July and
began to decline in August during 2017 (Figure 4.3c). Upwelling was greater from
April to June in 2016 compared to 2017 (Figure 4.3c), with the larger value in April
suggesting upwelling began sooner in 2016. Discharge generally decreased from
February to September for both 2016 and 2017 (Figure 4.3d). Higher average mean
daily flow rates were observed in 2017, especially from February through May
(Figure 4.3d), implying a greater freshwater influence which was also corroborated
by lower salinity values in in 2017 compared to 2016 (Figure 4.3b).
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Stable isotopes
Values for δ13C ranged from -20.83 to -15.98 ‰. The month by habitat, month
by year, and habitat by year interaction terms were significant contributors to the
variation in juvenile Black Rockfish δ13C values (ANOVA: P < 0.05; Table 4.3).
Overall, δ13C values increased from May to September in 2016 at both habitats and in
2017 at the eelgrass habitat, but values for each month were more negative in 2017
than 2016 (Figure 4.4a). In 2016, δ13C values differed between dock and eelgrass
habitats (ANOVA: P < 0.05), with a greater value observed at the eelgrass habitat
compared to the dock habitat. Results of δ13C pairwise comparisons for the month by
year, month by habitat, and habitat by year interaction terms can be found in Table
B2, B3, and B4, respectively. Carbon (δ13C) values were positively, but not
significantly, correlated to the previous months upwelling index value for both 2016
and 2017 (Spearman’s rank correlation: r = 0.7, P = 0.23 and r = 0.6, P = 0.35,
respectively; Figure B1a). Carbon (δ13C) values were negatively correlated to the
previous month’s discharge value for both 2016 and 2017 (r = -1, P = 0.01, and r = 0.9, P = 0.08, respectively; Figure B1b), with less variability observed in 2016.
Values for δ15N ranged from 10.99 to 14.27 ‰. Month and the month by year
interaction were significant contributors to the variation in juvenile Black Rockfish
δ15N values (ANOVA: P < 0.05; Table 4.3). In general, δ15N values in 2016 increased
from May to September at both habitats, while a decrease in δ15N values was
observed in 2017 from June to August at the dock habitat and June to September at
the eelgrass habitat (Figure 4.4b). Nitrogen (δ15N) values for 2016 were also less
variable in 2016 compared to δ15N values in 2017. Results of δ15N pairwise

83

comparisons for the month by year interaction term can be found in Table B5. A
positive, but not significant, correlation was found between δ15N values and the
previous months upwelling index value for 2016 (Spearman’s rank correlation: r =
0.6, P = 0.35) but were not correlated for 2017 (r = 0.1, P = 0.95; Figure B2a).
Similar to δ13C, δ15N values were negatively correlated to the previous month’s
discharge value for 2016 (r = -0.9, P = 0.08) but were not correlated for 2017 (r = 0.1, P = 0.95; Figure B2b).

Stomach contents
A total of 489 stomachs were analyzed for diet, with 451 of those being from
individuals collected from May to September in 2016 and 2017. Out of the 451
samples, 20 stomachs were truly empty (4.4%; eelgrass: n = 9; dock: n= 11), three
were damaged from extraction, and 77 contained only unidentifiable material. After
taking out prey categories that occurred in <5% of the sample units and those thought
to be eaten incidentally (see methods), 331 stomachs were used in analyses (Table
4.1).
A total of 94 prey items were found in the stomachs of juvenile Black
Rockfish (Table 4.2), the majority of which are identified inhabitants of Yaquina Bay
(Table B1). A complete inventory of the benthic and pelagic zooplankton present in
Yaquina Bay is difficult, so it is possible that all of the prey species consumed by
juvenile Black Rockfish inhabit Yaquina Bay. The most abundant identifiable species
within each large prey category were Anisogammarus pugettensis (Amphipod),
barnacle cyprid (Barnacle), harpacticoid copepod (Copepod), Tanaidacea
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(Crustacean), Porcellanidae zoea (Crab), Cumella vulgaris (Cumacean), and zoea and
juvenile shrimp (Shrimp). Overall, harpacticoid and calanoid copepods, mysid,
Porcellanidae zoea, and unidentified amphipods were the most abundantly consumed
prey and made up 60% of the total numerical abundance. Additionally, harpacticoid
and calanoid copepods, unidentified amphipods, the amphipod A. pugetensis, and
mysids were the most frequently consumed prey (Table 4.2). General diversity was
similar between habitats, with 73 and 76 prey items consumed at dock and eelgrass
habitats, respectively. Species-specific amphipod consumption, however, varied
between habitats; Superfamily Gammaroidea (i.e. A. pugettensis and Eogammarus
confervicolus), Grandidierella japonica, and Pontogeneia spp., were consumed in
greater abundances at the eelgrass habitat, whereas Atylus tridens, Family
Corophiidae, Superfamily Haustorioidea, and Hyperiid amphipods (which were
absent from eelgrass) were consumed in greater abundances at the dock habitat (Table
4.2).
Diet based on numerical abundances varied among size classes of juvenile
Black Rockfish, months within habitats, and months within years (PERMANOVA: P
< 0.05; Table 4.4). Prey item abundances differed among all juvenile Black Rockfish
size classes (PERMANOVA, P < 0.05) except between fish 50-59 mm and 60-69
mm, 60-69 mm and ≥80 mm, and between fish 70-79 mm and ≥80 mm (Table B6).
As juvenile Black Rockfish size increased, consumption of copepods decreased, and
consumption of amphipods and crabs increased (Figure 4.5a). In every month, more
copepods were consumed at eelgrass habitat compared to the dock habitat, whereas
more crabs, shrimps, and amphipods were consumed at the dock habitat (Figure
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4.5b). Although diet statistically differed among months within years, there were no
striking patterns except a large number of mysids were consumed in July 2017
(Figure 4.5c). Similar numerical abundances for each category across months,
however, are observed for 2016 compared to 2017 (Figure 4.5c). Results of pairwise
comparisons for the habitat by month and the year by month interaction terms can be
found in Table B7 and B8, respectively.
Benthic prey was consumed more frequently and in greater numerical
abundances than pelagic prey for all size classes of juvenile Black Rockfish, habitats,
months, and years (Table 4.5). The only exceptions were that a slightly greater
numerical abundance of pelagic prey was consumed by the largest individuals (≥80
mm) and individuals collected in May and September (Table 4.5).

Discussion
Here we document the most detailed description of juvenile Black Rockfish
prey consumption that has been performed in any system to date, allowing for a
deeper understanding of habitat use in regard to foraging for the early life stages of
Black Rockfish. We found juveniles consumed a wide diversity of prey items, the
majority of which are estuarine in nature, implying that juvenile Black Rockfish
forage within the estuary during summer months. One possible reason for the
continual use of estuarine habitats from April to October for juvenile Black Rockfish
may be due to the availability of diverse prey, leading to increased foraging
opportunities. The continual use of estuarine habitats during the first year of life and
the availability of diverse prey supports the hypothesis that marine-dominated
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estuaries on the Oregon coast can function as a nursery habitat for Black Rockfish,
although additional data like growth and contribution of estuaries to adult populations
are still needed to provide an absolute designation (Beck et al. 2001).
As juvenile Black Rockfish are found in multiple environments including
estuaries and nearshore habitats, such as tide pools and kelp beds (Love et al. 2002,
Studebaker et al. 2009), comparing what prey resources are consumed in these
environments can offer insight into habitat use and ultimately habitat quality. Estuaryrearing juvenile Black Rockfish, those that spend their first year of life in the estuary,
appear to feed on similar benthic prey categories, such as gammarid amphipods and
copepods (specifically harpacticoids), as juvenile rockfishes in nearshore, benthic
habitats (Forsberg et al. 1977, Studebaker & Mulligan 2008, 2009). Details of which
species were in each prey category, however, were not provided in these studies and
thus specific diet comparisons cannot be made. No study has compared feeding
ecology of juvenile rockfishes between estuarine and nearshore environments, and
relatively few studies in general have examined this for other species. Studies
examining benthic macrofauna in Oregon’s nearshore environment have reported the
presence of similar prey categories as was found in the stomachs of the estuarine
juvenile Black Rockfish in the present study (i.e. Crangon spp., mysid, amphipod,
cumacean, isopod) (Henkel et al. 2014, Henkel & Hellin 2015, Hemery et al. 2017);
these studies, however, did not identify the specific species within these larger
taxonomic prey categories, except Crangon spp. and mysid. The lack of studies
providing species specific accounts of zooplankton and benthic macrofaunal
assemblages in Oregon’s nearshore environments precludes direct comparison of
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estuarine and nearshore prey assemblages. Concurrent sampling of nearshore and
estuarine juvenile rockfishes is needed in order to directly compare feeding ecology
and ultimately habitat quality between environments.
Conversely, different prey categories are consumed by juvenile rockfishes in
offshore pelagic habitats and nearshore kelp forests, with high consumption of
euphausiids, copepods (specifically calanoid), crab zoea, and hyperiid amphipods
(Singer 1985, Reilly et al. 1992, Miller & Brodeur 2007, Boldt & Rooper 2009,
Bosley et al. 2014). The diet of individuals at the dock habitat in the present study
more closely resembles that of offshore pelagic and kelp forest habitats, with
increased consumption of pelagic species (e.g. hyperiid amphipods). It should be
noted that hyperiid amphipods have been found in plankton tows at a dock habitat in
Yaquina Bay (B. D. Schwartzkopf and A. Harris, Oregon State University, unpub.
data), so this prey item can be locally available; plankton tows were not conducted at
eelgrass sites so presence of hyperiid amphipods at this habitat cannot be stated. The
dock sites were located in deeper water than the eelgrass sites, so it is possible that
individuals at dock habitats feed throughout the water column due to the increased
depth and vertical structure provided by the pilings, which can increase predation risk
(Cermak 2002). If foraging throughout the water column at the dock habitat does
increase vulnerability to predators, this strategy may not be as beneficial as foraging
within eelgrass habitats, which are known to provide refuge from predators (Cowan et
al. 2012)
In general, it appears that fish are feeding in the habitat in which they are
caught. Prey species that are more associated with hard surfaces and marine fouling
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communities (e.g. the amphipods Ampithoe valida, Capprellidae, Corophiidae, and
Jassa spp., as well as barnacles, Paguridae megalope, Gnorimosphaeroma spp., and
ascidian larvae; Carlton 2007; Hiebert et al. 2016), were consumed in greater
numbers by juvenile Black Rockfish caught at the dock habitat. Interestingly, at least
five invasive aquatic species were consumed by juvenile Black Rockfish (A. valida,
Caprella drepanochir, Monocorophium acherusicum, Grandidierella japonica,
Eobrolgus spinosus; Fofonoff et al. 2018), all of which were consumed in greater
numbers at the dock habitat, except G. japonica. Two other potential invasive species
that may have been consumed but could not be definitively identified to species are
M. insidiosum and Jassa marmorata. Conversely, algae or eelgrass associated species
(e.g. the amphipods A. pugettensis, E. confervicolus, and Pontogeneia spp., as well as
harpacticoid copepods, Pentidotea resecata, Cumella vulgaris, and Crangon
nigricauda; Carlton 2007; Hiebert et al. 2016) were consumed in greater numbers at
the eelgrass habitat. Higher densities of epibenthic invertebrates, harpacticoid
copepods, and benthic invertebrates have been found in eelgrass habitats compared to
mudflats in a northeast Pacific estuary (Hosack et al. 2006).
Interestingly, the isopod Pentidotea resecata was found to make up a large
percentage of epifauna on eelgrass in Yaquina Bay (Hayduk et al. 2019), yet only one
P. resecata was found in the diet of juvenile Black Rockfish. Although juvenile
rockfishes are thought to be opportunistic feeders (Reilly et al. 1992, Studebaker &
Mulligan 2008), juvenile Splitnose Rockfish S. diploproa were found to selectively
avoid certain prey on drift vegetation habitat off Washington (Shaffer et al. 1995).
Juvenile rockfishes have been found to play a role in local invertebrate recruitment
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(Studebaker & Mulligan 2008), with decreased numbers of barnacle cyprids found
when juvenile rockfish abundances are high (Gaines & Roughgarden 1987). The
green color of P. resecata against eelgrass blades could provide camouflage (Hiebert
et al. 2016), or juvenile Black Rockfish may be prey selective. Juvenile Black
Rockfish would potentially be an ecosystem driver if they are selecting against P.
resecata, which could allow P. resecata population abundances to remain high.
Marine waters have been shown to be the dominant source of nutrients during
the dry season (summer) in Yaquina Bay, due to the ingress of upwelled waters into
the bay during tidal exchanges (Lee and Brown 2009). Lower δ13C values have been
found for terrestrial carbon sources compared to that of marine carbon sources
(Dunton et al. 2012, Whitney et al. 2018), with an increase in δ13C values observed
under upwelling conditions and periods of low river flow (Vinagre et al. 2011, Carlier
et al. 2015, Dyer et al. 2019). Higher δ13C values have been found for burrowing
shrimp (Ghost Shrimp Neotrypaea californiensis and Blue Mud Shrimp Upogebia
pugettensis), their potential food items, and juvenile English Sole Parophrys vetulus
collected at sites near the mouth of Yaquina Bay during summer compared to
individuals collected at upriver sites, revealing a diet sourced from marine carbon
(Bosley et al. 2017, Stowell et al. 2019).
When looking at the source of nutrients, an increase in the upwelling index
seasonally correlated to an increase of juvenile Black Rockfish δ13C values,
suggesting that nearshore, marine waters became the dominant source of nutrients
within the estuary as the summer progressed for both 2016 and 2017. Stronger
upwelling that began sooner, in conjunction with reduced freshwater flow in 2016
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likely contributed to the increased δ13C values observed in 2016 compared to 2017,
which indicates a greater proportion of marine-sourced carbon in 2016. Bosley et al.
(2014) also found increased δ13C values of juvenile Darkblotched Rockfish S.
crameri during a year with greater coastal upwelling compared to a year with less.
The increase in upwelling as summer progressed was likely the driving factor for the
positive correlation between total length and δ13C as total length of juvenile Black
Rockfish also increased from May to September.
An increase in marine-sourced carbon throughout the summer in Yaquina Bay
has been correlated with an increase in the energetic condition of English Sole
(Stowell et al. 2019). If this trend holds true for juvenile Black Rockfish, the
prevalence of marine-sourced carbon during summer months may have positive
effects on energetic condition, and years with greater upwelling may lead to
individuals with greater energetic condition. A concurrent study examining the recent
growth (last 30 days) of the juvenile Black Rockfish sampled in the present study
supports this idea, with recent growth found to be highest in 2016 compared to 2017
(Schwartzkopf 2020).
The greater intensity and consistency of upwelling in 2016 likely contributed
to the slight increase in δ15N values and positive correlation to the upwelling index
observed during this year. Marine organisms generally have higher δ15N values
relative to freshwater organisms (France 1995). Increased δ15N values of green
macroalgae in Yaquina Bay were found during the upwelling season, with
macroalgae from sites located at the mouth of the estuary and upriver exhibiting
indistinguishable isotopic compositions, implying that one nitrogen source is being
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utilized during the dry period (Lee and Brown 2009). Possible mixing of both fresh
and marine waters in the present study due to higher discharge and delayed upwelling
in 2017 could have contributed to the increased variability observed for juvenile
Black Rockfish δ15N values in this year.
The prey types consumed by juvenile Black Rockfish in the present study
likely contributed to differences in stable isotope values as well, specifically δ15N.
The influx of upwelled, nearshore waters was likely the dominant driver of δ13C
values rather than what prey were consumed as larger diet differences were observed
between habitat types than between years. Nitrogen isotopes ratios vary between
trophic levels (Fry 2006), but we found that δ15N was not related to total length of
juvenile Black Rockfish. Even though the consumption of copepods decreased and
the consumption of crabs increased as juvenile Black Rockfish size increased, the
species that made up the majority of the crab category consumed by large fish (≥80
mm) were porcelain crab zoea, which are of similar size and are in the same general
trophic level as copepods (Miller et al. 2010), and may help explain the lack of a
correlation between δ15N and total length. Although previous studies have found
ontogenetic shifts of juvenile rockfishes to larger prey items (Boldt & Rooper 2009,
Bosley et al. 2014), the larger prey items in these studies were still around the same
trophic level (i.e. small copepods, large copepods, and euphausiids). The morphology
of juvenile Black Rockfish, with a smaller head and mouth and longer gill rakers
compared to other species like Copper Rockfish S. caurinus (Singer 1985), is a likely
contributor to the consumption of similar sized prey items as length increases.
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Overall, juvenile Black Rockfish in Yaquina Bay, Oregon feed on estuarysourced prey, but the source of dietary carbon and nitrogen is from nearshore, marine
waters. Yaquina Bay appears to be an important foraging ground for juvenile Black
Rockfish, providing a wide diversity of prey items, with special importance of benthic
and eelgrass associated prey. Yaquina Bay has been considerably altered by human
development, with recent construction of a new pier in 2010 that damaged benthic
habitat and replaced eelgrass beds, although mitigation for this included creation of a
transplanted eelgrass bed (Lewis and Henkel 2016; OCMP 2016). Any future
modification or alteration that decreases the amount of available benthic habitat or
flow of marine waters into the bay could have deleterious effects on the prey
resources to juvenile Black Rockfish. Other commercially and recreationally
important species have been found to reside in Yaquina Bay during their early life,
including other rockfishes Sebastes spp., Cabezon Scorpaenichthys marmoratus,
English Sole, Kelp Greenling Hexagrammos decagrammus, and Lingcod Ophiodon
elongatus (Pearcy & Myers 1974, De Ben et al. 1990). If these species exhibit similar
foraging strategies as juvenile Black Rockfish, future modifications of benthic and
eelgrass habitats could have unknown and extensive consequences for multiple
important species and should be considered during management decisions.
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Table 4.1. Number of muscle tissue samples and stomachs per year, by month and
habitat type used in the stable isotope and diet analyses of juvenile Black Rockfish
collected in Yaquina Bay.

Year
2016

2017

Month
May
June
July
August
September
May
June
July
August
September

Muscle tissues
Habitat
Dock
Eelgrass
10
10
10
28
30
30
10
14
10
7
8
10
10
10
10
11
10
10
23
3

Dock
14
15
18
8
26
9
15
15
10
17

Stomachs
Habitat
Eelgrass
20
68
25
25
6
4
19
11
3
3
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Table 4.2. The number and frequency of occurrence (%FO) of prey items found in the
diet of juvenile Black Rockfish at dock (n = 162) and eelgrass (n = 189) habitats in
Yaquina Bay. Bold items in all caps represent the twelve prey categories used in
analyses. *Prey items under “Other Prey” were excluded from analyses. The sample
sizes listed here are pre-exclusion of the “Other Prey” category and those items
thought to be incidentally eaten (i.e., sand, sticks, and wood pieces).
Prey Item
AMPHIPOD
Unidentified amphipod
Allorchestes angusta
Americhelidium sp.
Family Ampithoidae
Ampithoidae
Ampithoe spp.
A. lacertosa
A. valida
Atylus tridens
Caprella spp.
Calprella anomala
Caprella drepanochir
Family Corophiidae
Americorophium spp.
Americorophium brevis
Monocorophium spp.
Monocorophium acherusicum
Monocorophium californianum
Superfamily Calliopioidea
Calliopius sp.
Paracalliopiella sp.
Pontogeneia spp.
Superfamily Gammaroidea
Gammaroidea
Eogammarus confervicolus
Gnathopleustes sp.
Grandidierella japonica
Superfamily Haustorioidea
Eobrolgus spinosus
Eohaustorius sp. (likely E. estuaris)

Count
Dock Eelgrass

%FO
Dock Eelgrass

80
2
-

82
2

22.8
1.2
-

25.4
1.1

2
1
1
3
38
27
1
3
30
5
21
5
18
5

4
3
1
17
9
2
2
10
2
5
14
3

0.6
0.6
0.6
1.9
8.6
6.2
0.6
1.9
10.5
1.2
7.4
3.1
4.3
1.2

1.6
1.6
0.5
1.6
4.2
1.1
1.1
5.3
1.1
2.1
5.3
1.6

2
2

1
1
14

1.2
1.2

0.5
0.5
3.7

3
11
1
3
1

27
78
10
1
10

1.9
6.2
0.6
1.2
0.6

8.5
19
1.6
0.5
3.2

15
1

1
-

1.2
0.6

0.5
-
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Family Ischyroceridae
Jassa spp.
Hyperiid Amphipods
Megamoera sp.
Protohyale frequens
BARNACLE
Barnacle
Barnacle cyprid
Barnacle nauplii
BIVALVE
Bivalve shell
Bivalve egg/larvae
COPEPOD
Subclass Copepoda
Order Calanoida
Calanoid spp.
Acartia longiremis
Epilabidocera sp.
Eurytemora sp.
Calanus spp.
Mertridia sp.
Order Cyclopoida
Cyclopoid spp.
Ditrichocorycaeus anglicus
Triconia spp.
Order Harpacticoida
Harpacticoid spp.
Family Miraciidae
Family Peltidiidae
Thalestris longimana
Zaus spp.
CRAB
Crab Megalope
Brachyuran spp.
Metacarcinus magister
Family Paguridae
Family Porcellanidae
Family Pinnotheridae
Crab Zoea
Family Porcellanidae

2
6
33
3
-

9
1
3
1

0.6
3.1
2.5
0.6
-

3.2
0.5
1.6
0.5

10
28
1

2
43
-

5.6
11.1
0.6

1.1
11.6
-

14
2

2

7.4
1.2

0.5

8

36

1.2

5.8

139
14
-

481
37
1
5
8
15

13
0.6
-

16.9
0.5
0.5
1.1
0.5
0.5

25
1

36
2
8

5.6
0.6

6.9
0.5
3.7

89
1

833
1
1
1
19

22.8
0.6

47.6
0.5
0.5
0.5
6.9

60
18
43
4
20

12
1
5
9

11.1
3.7
5.6
1.2
6.8

3.7
0.5
2.6
3.2

190

30

14.2

5.3
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Pachycheles sp.
Petrolisthes sp.
Family Pinnotheridae
CRUSTACEAN
Unidentified crustacean
Argulus sp.
Family Euphausiidae
Order Isopoda
Suborder Asellota
Gnorimosphaeroma spp.
Pentidotea sp.
Order Tanaidacea
CUMACEAN
Unidentified cumacean
Cumella vulgaris
Family Diastylidae
Mesolamprops dillonensis
Nippoleucon hinumensis
FISH
Unidentified fishes
Family Gadidae
Family Pleuronectidae
MYSID
POLYCHAETE
SHRIMP
Caridean shrimp
Shrimp zoea
Neotrypaea californiensis
N. californiensis zoea
Family Crangonidae
Crangon spp.
C. franciscorum
C. nigricauda
Lissocrangon stylis
Genus Heptacarpus
Heptacarpus spp.
Heptacarpus sitchensis
ZOOPLANKTON
Unidentified Zooplankton
Ascidian larvae

22

5

6.8

2.6

9
1
4
1

10
1
1
1
1
1
6

4.3
0.6
2.5
0.6

3.7
0.5
0.5
0.5
0.5
0.5
2.6

37
15
3
1

11
36
3
3
2

4.3
6.8
1.9
0.6

3.2
12.7
1.6
1.6
1.1

12
1
109
11

9
1
177
24

5.6
0.6
13
6.2

4.8
0.5
11.1
4.8

19
95
3
6

32
9
-

8
10.5
0.6
0.6

7.9
2.6
-

9
2
4
-

6
7
1

4.9
1.2
2.5
-

3.2
3.7
0.5

6
-

1
1

3.7
-

0.5
0.5

6
3

23
-

3.7
1.2

1.6
-
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OTHER PREY*
Superorder Cladocera
Evadne / Pseuoevadne spp.
Class Insecta
Order Diptera (pupae)
Phylum Nematoda

1

-

0.6

-

1
41

37

0.6
17.3

14.3
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Table 4.3. Results of the individual analysis of variance (ANOVA) model testing for
the effects of habitat (dock and eelgrass), month (May, June, July, August, and
September), and year (2016 and 2017) on juvenile Black Rockfish δ15N (nitrogen)
and δ13C (carbon) values. The δ13C model was corrected for fish total length.
Isotope

Source

Sum Sq

Df

F value

Pr(>F)

Carbon

Habitat (Ha)
Month (Mo)
Year (Yr)
Ha:Mo
Ha:Yr
Mo:Yr
Ha:Mo:Yr
Residuals

1.02
13.014
38.611
3.598
3.179
10.886
2.511
78.274

1
4
1
4
1
4
4
244

3.179
10.142
120.359
2.804
9.909
8.484
1.957

0.076
<0.001
<0.001
0.026
0.002
<0.001
0.102

Nitrogen

Habitat (Ha)
Month (Mo)
Year (Yr)
Ha:Mo
Ha:Yr
Mo:Yr
Ha:Mo:Yr
Residuals

0.381
4.187
0.053
0.645
0.004
7.253
0.613
26.933

1
4
1
4
1
4
4
244

3.447
9.484
0.476
1.461
0.035
16.427
1.387

0.065
<0.001
0.491
0.215
0.851
<0.001
0.2390
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Table 4.4. Permutational ANOVA (PERMANOVA) model testing the effects of
juvenile Black Rockfish size class (30-49 mm, 50-59 mm, 60-69 mm, 70-79 mm, ≥80
mm TL), habitat (dock and eelgrass), month (May, June, July, August, and
September), and year (2016 and 2017) on the diet of juvenile Black Rockfish based
on numerical abundance.
Source
Size class
Habitat (Ha)
Month (Mo)
Year (Yr)
Ha:Mo
Ha:Yr
Mo:Yr
Ha:Mo:Yr
Residual
Total

df

Sum of
squares

Mean
square

4
1
4
1
4
1
4
4
307
330

30696
10524
28059
6372.5
17798
2822.4
26843
9704.7
8.38E+05
1.01E+06

7674
10524
7014.8
6372.5
4449.6
2822.4
6710.8
2426.2
2729.4

Pseudo-F P(permutation)
2.812
3.856
2.570
2.335
1.630
1.034
2.459
0.889

0.0001
0.0013
0.0002
0.0316
0.0316
0.4069
0.0001
0.6059

Unique
perms
9919
9953
9890
9954
9906
9948
9897
9893
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Table 4.5. Summary of percent by number (%N) and percent frequency of occurrence
(%FO) of benthic and pelagic associated prey items in the diet of juvenile Black
Rockfish of different size classes, habitats, months, and years within Yaquina Bay,
OR.
%N

%FO

Benthic

Pelagic

Benthic

Pelagic

Size Class

30-49 mm
50-59 mm
60-69 mm
70-79 mm
≥80 mm

57.5
70.1
54.6
75.9
40.7

33.7
27.8
43.7
21.4
58.4

93.8
89.5
95.4
88.9
90.0

50.0
47.6
51.4
39.7
65.0

Habitat

Dock
Eelgrass

53.0
67.8

44.9
29.8

90.5
92.4

56.8
41.8

Month

May
June
July
August
September

47.2
72.2
69.3
50.3
45.3

48.5
24.6
28.7
48.8
54.1

85.4
93.2
92.8
89.1
94.2

58.3
43.6
47.8
56.5
44.2

Year

2016
2017

61.4
65.3

36.3
32.2

92.9
88.7

46.0
53.8
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Figure 4.1. Map of the three dock and three eelgrass sites in Yaquina Bay, Oregon,
U.S.A. where juvenile Black Rockfish were collected.
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Figure 4.2. (a) Abundance and (b) total length (mm) of the 619 juvenile Black
Rockfish collected at dock and eelgrass habitats in Yaquina Bay during 2016 and
2017.
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Figure 4.3. Average monthly values for (a) temperature (˚C), (b) salinity (ppt), (c)
Coastal Upwelling Transport Index (CUTI; m2 · s-1) at 45N 125W, and (c) Yaquina
River discharge (mean daily flow – m3 · s-1) at Station 1430600 near Chitwood,
Oregon for 2016 and 2017. Errors bars represent ± standard error.
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Figure 4.4. (a) Carbon (δ13C) and (b) nitrogen (δ15N) values of juvenile Black
Rockfish muscle tissue for 2016 and 2017 across months from dock and eelgrass
habitats. Errors bars represent ± standard error.
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Figure 4.5. Percent by number (%N) of the twelve prey categories by (a) juvenile
Black Rockfish size class, (b) month at dock and eelgrass habitats, and (c) month in
2016 and 2017. The sample size for each group is listed in parentheses.
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CHAPTER 5: GROWTH OF JUVENILE BLACK ROCKFISH
(SEBASTES MELANOPS) DURING ESTUARINE RESIDENCE

Brittany D. Schwartzkopf, Lorenzo Ciannelli, John Carlos Garza, and Scott A.
Heppell
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Abstract
Many juvenile fishes have specific habitat requirements, and some habitats
may be more important in terms of growth and survival than others. In spite of the
need to understand how habitat type influences growth and survival of fishes, habitatspecific information is missing for the sensitive juvenile life stage of many species.
Given the potential for growth to be impacted by habitat productivity and the
importance of growth to survival, we evaluated the role of specific estuarine habitats
on post-settlement growth of juvenile Black Rockfish (Sebastes melanops).
Specifically, we examined recent growth for individual juvenile Black Rockfish
collected from May to September over a two-year period at both anthropogenic
(dock) and natural (eelgrass) habitats in a marine-dominated estuary on the central
Oregon coast. Recent growth decreased throughout each year, which correlates to an
increase in fish size. Recent growth did not differ between habitats in 2016, which
was a year of increased upwelling, but did differ between habitats in 2017 when
upwelling was reduced. Recent growth remained consistently high between years at
the eelgrass habitat but significantly decreased at the dock habitat between years.
During high upwelling years, Yaquina Bay may simply be an extension of nearshore
waters, where a high diversity of prey resources and less variation in source of
nutrients leads to high juvenile Black Rockfish growth rates in multiple habitat types.
In years of variable ocean conditions, however, habitat type may become more
important for growth, where eelgrass may provide a higher quality and more
consistent habitat compared to anthropogenic structure, and therefore contribute to
consistent interannual growth rates.
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Introduction
Many juvenile fishes have specific habitat requirements, and some habitats
may be more important in terms of growth and survival than others. Low quality
habitats can subject larval and juvenile fishes to increased predation, low quantity or
quality food, or poor physical conditions (Miller & Kendall 2009). When abundant
and high-quality prey are consistently available, excess energy can be stored and
increased growth rates and a larger size at age are realized (Busacker et al. 1990,
Zenitani et al. 2007, Robert et al. 2009, Pepin et al. 2015). Variability in both prey
resources and environmental conditions contributes to increased variability in growth
rate (Boisclair & Leggett 1989a, Matthias et al. 2018), and can subsequently impact
habitat quality.
Larval and juvenile fishes experience both the highest mortality rates and are
the most sensitive life stages to environmental stressors (Houde 1987). Small changes
in growth rates can have large impacts on mortality because mortality in small fishes
is largely size-dependent. At the individual level, there is evidence that the mortality
rate of young fish decreases with increasing growth rates, creating a strong selective
advantage for maximizing growth (Ware 1975, 1978, Houde 1987). Fast growth of
larval and juvenile fishes have been implicated in strong recruitment events for
multiple marine species (Woodbury & Ralston 1991, Gibson 1994, Nordeide et al.
1994, Bergenius et al. 2002). For species that become juveniles in late summer,
overwintering survival probability increases as juvenile size increases (Miller &
Kendall 2009).
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Estuaries are generally recognized as nursery habitats for fish because their
high productivity provides greater food resources and higher growth rates for juvenile
fish (Beck et al. 2001; Le Pape et al. 2003; Yamashita et al. 2003; Cowan et al. 2012).
Larval and juvenile fish distribute themselves in an estuary based on habitat
preferences (Caselle & Warner 1996, Jenkins et al. 1997, Miller & Kendall 2009).
Estuarine habitats that provide recruits to adult populations might be assumed to be
those with high larval and juvenile fish densities (Levin & Stunz 2005, Nagelkerken
et al. 2013). Abundance data alone, however, are not sufficient to prioritize habitats
relative to their quality (Beck et al. 2001), as post settlement survival can be
independent of abundance of recruits and is correlated to habitat quality (Johnson
2007). Knowledge on growth, survival, and functional relationships between habitat
characteristics and fish performance is necessary to understand habitat quality (Able
1999, Minello 1999).
Estuaries on the U.S. west coast are heavily influenced by the ocean
characteristics that are distinct to eastern boundary current systems. The California
Current System (CCS) encompasses the northeast Pacific coast and is an upwellingdominated system (Hickey & Banas 2003). During the spring and summer, winddriven upwelling brings cool, saline, nutrient rich water from the deep and creates
strong interannual, seasonal, and daily variations in the physical environment (Hickey
& Banas 2003, Checkley & Barth 2009). Upwelled nutrients are advected into
estuaries during tidal exchanges and can play an important role in estuarine food
webs (Roegner et al. 2002, Miller & Shanks 2004b). Subsequently, the interannual,
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seasonal, and daily variations in upwelling may contribute to variability in estuarine
habitat quality if prey resources are impacted.
Pacific rockfishes (Sebastes spp.) are highly diverse, (~96 documented
species) and make up a large percentage of the U.S. west coast groundfish fishery
(Love et al. 2002). Rockfish recruitment is highly variable from year to year, and
early life history events strongly influence recruitment and subsequent year-class
strength (Ralston & Howard 1995). Year-class strength is largely set by the time the
pelagic juvenile stage is reached, but post-settlement processes, such as feeding,
growth, habitat selection, and species interactions also contribute to this variability
(Ralston et al. 2013, Haggarty et al. 2017). Interannual variation in growth rate of
multiple juvenile rockfish species has been linked to fluctuations in recruitment
(Markel & Shurin 2015, Woodbury & Ralston 1991).
In spite of this need to understand how habitat type influences growth and
survival, habitat-specific information is missing for the sensitive juvenile life stage of
many species (Abrantes et al. 2015), including rockfishes. Some juvenile rockfish
studies (Copper Rockfish S. caurinus; Haldorson and Richards 1986) have found
differences in growth rates between habitat types, but some have not (Black Rockfish
S. melanops; Gallagher and Heppell 2010). Regardless, these studies, and the
majority of studies on juvenile rockfish growth integrate growth rate over the entire
life of an individual. This approach synthesizes the influences on growth of a wide
variety of biotic and abiotic factors, but it can also miss the specifics of how postsettlement habitats can influence growth immediately after settlement to juvenile
habitat.
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Black Rockfish are of particular importance to Oregon’s recreational fisheries,
with the recreational sector accounting for most of the harvest in recent years
(Sampson 2007). Settlement of Black Rockfish is thought to occur in nearshore
habitats (Love et al. 2002), but the presence of large numbers of juveniles has been
document in multiple habitats types in Oregon estuaries (Pearcy & Myers 1974,
Bottom & Forsberg 1978, Appy & Collson 2000, Miller & Shanks 2005, Gallagher &
Heppell 2010, Dauble et al. 2012, Lindsley 2016); this has led to the identification of
Oregon estuaries being essential fish habitat and nursery areas for Black Rockfish and
the belief that estuaries could play an important role in settlement and recruitment
(Gallagher & Heppell 2010, Dauble et al. 2012, Lindsley 2016).
For Black Rockfish, year-class strength is linked to post-settlement mortality
and movement into suitable habitat (Haggarty et al. 2017); environmental conditions
(i.e. upwelling) can also influence post-settlement growth (Markel & Shurin 2020).
Given the potential for growth to be impacted by habitat productivity, and the
importance of growth to survival and year-class strength, we evaluated the role of
specific estuarine habitats on post-settlement growth of juvenile Black Rockfish.
Specifically, we examined recent growth (last 30 days) for individual juvenile Black
Rockfish collected at both anthropogenic and natural habitats over a two-year period
in a marine-dominated estuary on the central Oregon coast and evaluated how growth
rates varied between habitats and years.
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Methods
Study area
Yaquina Bay is a tidally dominated estuary on the central Oregon coast, and
by estuarine surface area is the fifth largest estuary in Oregon (Lee & Brown 2009).
Oceanic waters are the dominant source of nutrients during the dry season due to a
high marine influence and low freshwater inflow rates (Brown & Ozretich 2009, Lee
& Brown 2009). Yaquina Bay has been considerably altered by human development
due to its use for shipping and commercial fishing activities, but current impacts are
likely reduced compared to historical ones (Brown & Power 2011). Alterations
include dredging, and construction of jetties, piers and dock pilings, commercial boat
basins, aquaculture facilities, and a science center (Borgerson et al. 1991, OCMP
2016). Many of these activities removed existing eelgrass (Zostera marina) beds,
although transplantation of one eelgrass bed did occur for mitigation of a specific
project (Lewis & Henkel 2016). Eelgrass habitats are a known nursery area for
juvenile fishes (De Ben et al. 1990, Hughes et al. 2014), whereas dock pilings in
estuaries have been shown to provide suboptimal habitats for both benthic and pelagic
fishes with reduced feeding success and growth rates compared to those of nearby
natural habitats (Able et al. 1999, Duffy-Anderson & Able 2001).

Sample collection and processing
Juvenile Black Rockfish were sampled at three anthropogenic (dock piling)
and three natural (eelgrass) sites in Yaquina Bay (Figure 5.1). Fish were collected
monthly in 2016 and 2017 on the low tide during the full and new moons using a pair
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of unbaited and weighted large rectangular minnow traps (Model MT-10, Aquatic
Eco-Systems Inc., Apopka, FL) and fished through two tidal cycles for approximately
24 hours. Temperature (˚C) and salinity (ppt) were discretely measured when traps
were set and retrieved during each sampling event using a YSI-85 multi-meter. The
size selective nature of these traps, where fish generally <200 mm total length are
vulnerable, and benthic placement indicate that the juvenile rockfishes collected were
post-settlement. Samples collected from May to September were included in analyses
as both habitat types were sampled across in these months in both years.
Rockfishes were counted, euthanized, and carcasses were labeled and saved
for further processing in the laboratory. Length (mm TL) and weight (0.01 g) were
measured for each individual and the caudal fin was clipped for genetic species
identification before being frozen for storage. Individuals >100 mm TL were
excluded from growth analysis as some rockfish >100 mm have been found to be one
year old (Leaman 1976, Love et al. 1990). Fin clips were sent to the Molecular
Ecology and Genetic Analysis Lab at NOAA’s Southwest Fisheries Science Center in
Santa Cruz, CA for species identification as juvenile rockfishes are generally difficult
to visually identify to species.
Age and growth
The saccular otoliths (sagittae) were removed, cleaned with Nanopure™
water, dried, and stored in pre-labeled plastic well trays. Each otolith pair was imaged
using a dissecting microscope with an AmScope™ camera and software package. The
left sagitta was chosen for growth analysis, when possible, and was further imaged to
calculate otolith length (Feret length) and width using the ‘ShapeR’ v0.1-5 R package
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(Libungan & Pálsson 2015). A random subset of otoliths that incorporated the size
distribution within each habitat per month per year was chose for growth analysis
(Table 5.1). Left otoliths were mounted sulcus side down on slides using CrystalBond™, polished until flat, flipped, and polished until outer rings were visible on the
edge. Otoliths were ground in a step-down method with wet-dry paper ranging from
800 to 2000 grit and lapping film ranging from 30 µm to 0.5 µm, and polished with
Buehler MicroPolish™ II Alumina (0.3µm).
Daily otolith increment formation has been validated for multiple juvenile
Sebastes spp., including S. melanops (Yoklavich & Boehlert 1987, Laidig et al. 1991,
Woodbury & Ralston 1991, Ralston et al. 1996, Kokita & Omori 1998, Lee & Kim
2000, Plaza et al. 2001). Growth from the most recent time period, termed here
‘recent growth’, can be measured using the width of the most recently formed daily
increments if otolith growth is correlated to somatic growth (Campana & Jones
1992). To determine if daily increment width can be used as a proxy for somatic
growth, otolith length and otolith width was regressed against total length (Figure
5.2a,b), and Pearson's product moment correlation coefficients were calculated. A
linear relationship and high correlation were found between total length and otolith
length (P < 0.001, R2 = 0.92; r = 0.96) and width (P < 0.001, R2 = 0.91; r = 0.95), so
we assume that daily increment width serves as a proxy for somatic growth.
To examine habitat specific growth rate for post-settlement Black Rockfish,
recent growth from the last 30 days was examined. Daily increments were counted
and measured from the outer edge toward the core in the anterior dorsal portion
(Figure 5.3) using a compound microscope at 400x magnification with transmitted
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light, and distance between increments was measured using AmScope™ software.
Two blind reads were performed on the same otolith by the same reader, and if the
second read varied from the first, a third read was performed. The final read was
randomly chosen from the two reads closest to each other. The coefficient of variation
was calculated to assess precision among reads using the ‘agePrecision’ function in
the ‘FSA’ v0.8.26 R package (Ogle et al. 2019). The average coefficient of variation
of counts within a fish was 4.74%, which is considered acceptable (Laine et al. 1991)
An ANOVA was used to test for differences in total length among months and
between habitats and years. For the ANOVA, total length and total weight were log
transformed to meet the assumption of normality. Longitudinal data analysis was
conducted using a mixed modelling approach to examine if recent growth differed
between habitats and years accounting for individual fish, total length, and capture
date. The mixed modelling was done with the ‘lme’ function in the ‘nlme’ v.3.1-145
R package (Pinheiro & Bates 2020). As consecutive increment widths are not
independent, partial autocorrelations were examined and the residual at lag 1 was
used to construct an AR(1) correlation structure. Individual fish were included as a
random component to allow a random intercept for each individual. Different
variance structures were fit (i.e., varFixed, varIdent, varPower, varComb) to account
for the violation of homogeneity of variance, but none fixed the issue. Increment
widths, therefore, were log transformed to meet the assumption of homogeneity of
variance. The final model used in analyses was:
log(Increment) ~ Day + TL + Date + Habitat*Year
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with a random term for individual fish and a corAR1 autocorrelation structure,
where Increment is the width of each daily increment (µm), Day represents the daily
increment number (1:30), TL is the total length of each individual (mm), Date is the
date of collection, Habitat is the habitat in which collected (dock, eelgrass), and Year
is the year in which collected (2016, 2017). Fitted values were predicted using the
‘predict’ function. As the sample size was heavily skewed toward the dock habitat in
September of 2017, the model was rerun without fish collected in the month of
September, but the results did not change and thus fish from September were included
in the model. Visual examination of diagnostic plots of the model revealed the
assumptions of normality and homogeneity of variance were met for both models.
Pairwise comparisons using Tukey’s Honest Significant Difference were
conducted using the estimated marginal means from the ‘emmeans’ v1.4.5 package
(Lenth 2020). Significance was set at P < 0.05. Additionally, Pearson's product
moment correlation coefficient was calculated to examine if recent growth was
linearly related to temperature. All statistical analyses were conducted in R version
3.5.3 (R Core Team 2019).

Results
Environmental conditions
Temperatures varied over the year, but were similar from May to September
and between habitats in both years, with the dock habitat being slightly warmer than
the eelgrass habitat in 2016, and slightly cooler in 2017 (Fig. 5.4a). Salinity showed
similar patterns for both 2016 and 2017, with low values during winter and early
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spring months (January to April) and increasing values during late spring and summer
months (May to September) for both habitats (Fig. 5.4b). Salinity values were greater
from May to September in 2016 than 2017.

Age and growth
We collected a total of 619 juvenile Black Rockfish from dock and eelgrass
habitats in Yaquina Bay during 2016 and 2017. Out of the 619, 581 were collected in
the months from May to September, and out of the 581, 228 otoliths were read for
growth analysis (Table 5.1). Juveniles were caught in the estuary from April until
October or November for both years, except one individual collected in February
2016. Overall, a greater number of individuals were collected in 2016, especially in
June and July (Figure 5.5). In 2016, total abundances were greater at the eelgrass
habitat in all months except September, and in 2017 abundances were greater at the
eelgrass habitat from April to June, and abundances were greater at the dock habitat
from July to September (Figure 5.5). Sizes ranged from 48 to 118 mm TL at the dock
habitat and 38 to 84 mm TL at the eelgrass habitat. As the eelgrass habitat could not
be accessed from October to March, the full-year size range of individuals at the
eelgrass habitat is unknown.
An exponential relationship was found for total length and weight (Figure
5.6a), where total length is a significant predictor of total weight (Figure 5.6b). Total
length of individuals increased throughout the year, with similar size distributions
between habitat types in May, June, and August (ANOVA: P > 0.05), and a greater
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size for individuals at the dock habitat compared to eelgrass in July and September
(ANOVA: P < 0.05; Figure 5.6c).
Recent growth differed among years, with an interaction between habitat and
year, given total length and date of capture (Table 5.2). Overall, growth increased
from the outer edge (capture date) toward the core, meaning growth slowed as age
increased, within a 30-day period. In each year, recent growth decreased as both time
and length increased (Figure 5.7a,b),. The highest overall growth rate for juvenile
Black Rockfish was found in 2016 at the eelgrass habitat and lowest overall in 2017
at the dock habitat (Fig. 8a). Growth rate differed at the dock habitat between years
but not at the eelgrass habitat (mixed effects model: P < 0.05). No habitat-growth
differences were detected in 2016, but growth was higher at the eelgrass habitat in
2017 (mixed effects model: P > 0.05; Figure 5.8a,b). A negative relationship was
found between mean recent growth and temperature, although the correlation strength
was weak (Pearson's product moment correlation: r = -0.171, P = 0.009; Figure 5.9).
Discussion
Here we document the most detailed analysis to our knowledge of short-term
growth for juvenile rockfish in an estuarine system, allowing for a deeper
understanding of habitat suitability in regard to early post-settlement life stages. Our
work supports the concept that estuaries on the central Oregon coast function as
essential fish habitat for juvenile Black Rockfish (Gallagher & Heppell 2010); large
abundances of juvenile black rockfish were found in the estuary, estuarine residence
occurred during most of the year, and growth exhibited similar patterns to previous
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studies. Recent growth was found to vary between habitats within years and between
years within habitats.
Juvenile black rockfish appear to use Yaquina bay throughout their first year
of life, as seen by the continuous increase in body size observed throughout the year.
The smooth increase in total length throughout the year suggests a single recruitment
pulse, which has been observed for juvenile Black Rockfish in both estuarine and
nearshore environments in Oregon (Gallagher & Heppell 2010, Ottmann et al. 2018).
In September, smaller sized individuals in eelgrass habitat were smaller than those at
dock habitat, but the difference may simply be due to the low sample size for that
time period. This low sample size could be the result of an ontogenetic shift that
occurs in the fall where animals begin to exit the estuary and move toward nearshore
waters. Eelgrass habitat can provide protection from predation (Cowan et al. 2012),
but as size increases, juvenile Black Rockfish may move downstream from eelgrass
beds, and the dock pilings could provide a transition habitat between eelgrass beds
and nearshore waters.
Temperature is a known driver of growth rates in the early life history of
marine organisms (Campana & Jones 1992), including Black Rockfish (Boehlert &
Yoklavich 1983). Temperature did not seem to play a large role in recent growth,
with recent growth instead found to only slightly decrease as temperature increased.
Wheeler et al. (2017) also observed faster growth rates in cooler waters for juvenile
rockfishes (Copper and Gopher [S. carnatus]) in central California, which was
thought to occur due to the presence of lipid rich, cold-water associated copepod
species believed to be of high bioenergetic value (Hooff & Peterson 2006). Lipid
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poor, warm-water associated copepod species, however, dominated the waters off
Oregon in 2016 and 2017 (Peterson et al. 2017). Minimal temperature change was
observed during the summer months in both 2016 and 2017 in the present study, so
temperature is unlikely to be a driver of the growth patterns we observed over this
time period.
Decreasing growth rate for marine fish, including rockfishes, has been
documented in the early to late juvenile stages as age (and presumably size) increases
(Morales-Nin 2000, Plaza et al. 2001). This reduction in growth rate is thought to be
due to ontogenetic changes in metabolism (Morales-Nin 2000), potentially related to
habitat and/or diet shifts. Both prey quantity and type are important predictors of
juvenile fish growth rates (Boisclair & Leggett 1989b, 1989a). Ontogenetic changes
in diet were observed for the juvenile Black Rockfish in the present study, where
smaller individuals consumed more copepods and larger individuals consumed more
amphipods and crabs (see Chapter 4). The change in diet was likely a contributing
factor to the change in recent growth from May to September, which correlated with
an increase in juvenile Black Rockfish size.
Habitat type contributes to multiple post-settlement attributes, including
growth (Johnson 2007). Juvenile rockfish are strongly associated with specific
habitats in Yaquina Bay (Gallagher & Heppell 2010), and during a tag and recapture
study, all recaptures of tagged juvenile rockfishes in Yaquina Bay occurred at the
same site as where they were tagged (Lindsley 2016). Recent growth, therefore, is
likely an accurate representation of habitat specific growth due to site fidelity. Werner
et al. (2019) found that even when fitness was not maximized, Atlantic cod (Gadus
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morhua) did not exhibit movement between habitats, as such movement could
increase predation risk. Similar to our findings, Love et al. (2007) found growth rates
to vary among anthropogenic (oil platforms) and natural habitats for juvenile Blue
Rockfish (S. mystinus) off the coast of California, with the highest growth rates
observed at one anthropogenic site. Conversely, Gallagher and Heppell (2010) found
no differences in growth rate between dock and eelgrass habitats for juvenile Black
Rockfish in Yaquina Bay. Both Love et al. (2007) and Gallagher and Heppell (2010)
examined growth integrated over the whole lifespan of an individual, which may not
provide an accurate representation of recent, habitat-specific post-settlement growth.
Regional productivity has been found to drive growth rates of juvenile
rockfishes (Wheeler et al. 2017), where different prey resources and/or a more
variable diet can contribute greater variability in growth (Boisclair & Leggett 1989a).
Interannual variability in growth rates is a common pattern in the early life history of
marine fish (Rosenberg 1982, Woodbury & Ralston 1991), although differences may
not be as pronounced over short time periods (Gallagher & Heppell 2010). Recent
growth remained consistently high between years at the eelgrass habitat, with greater
variability at the dock habitat; growth decreased significantly at the dock habitat in
2017. Increased recent growth at seagrass habitats compared to other structured and
non-vegetated habitats has been observed for juvenile estuarine species (Stunz et al.
2002). Juvenile fish growth can also be reduced when density-dependent processes
lead to depleted prey resources (Cowan et al. 2000). Although prey diversity was
found to be high at both dock and eelgrass habitat types in Yaquina Bay, juvenile
Black Rockfish at the different habitat types were found to consume different species,
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and fish fed on species associated with the habitat in which they were caught (see
Chapter 4). Given that individuals feed in the habitat in which they are caught, habitat
specific prey resources likely play a role in short-term growth. Both diet and nutrient
source (as inferred by δ13C and δ15N stable isotopes) were less variable in 2016
compared to 2017, likely due to greater intensity and consistency of upwelling in
2016 (see Chapter 4). Similar growth rates in both habitats in 2016 may have been
due to the consistency in prey resources and nutrient source in this year. Consistent
high growth rates within eelgrass habitat across years may be related to the greater
productivity and potentially broader prey types available in that habitat.
Interannual variability in growth rate and upwelling conditions contribute to
fluctuations in rockfish recruitment (Woodbury & Ralston 1991, Markel & Shurin
2020). Recent growth rate was higher in 2016 compared to 2017, which coincided
with higher abundances and increased upwelling, providing an argument against
density-dependent factors playing a role in growth for this study. Markel and Shurin
(2020) also found faster post-settlement growth rates of juvenile Black Rockfish in a
year with stronger upwelling and a large recruitment event off British Columbia,
Canada; delivery of late-stage pelagic juveniles to nearshore and estuarine settlement
habitats is believed to be facilitated by strong upwelling events. High concentrations
of age-0 rockfish were found in 2015 and 2016 along the entire west coast
(Mcclatchie et al. 2016), including Black Rockfish along the Oregon coast (Ottmann
et al. 2018); relatively high densities were also found in 2017, but lower than those
found in 2016 (Wells et al. 2017). If high growth rates in 2016 were also present in
nearshore and offshore pelagic juvenile rockfishes as was observed for estuarine
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residents, growth rate may have played a role in these high recruitment episodes
along with increased upwelling.
Marine influenced estuaries on the Oregon coast appear to provide suitable
habitat for juvenile Black Rockfish in terms of growth. Juvenile Black Rockfish are
also found in large abundances in rocky intertidal tide pools (Appy & Collson 2000,
Studebaker et al. 2009), but the lack of concurrent information on growth rates in
these nearshore habitats precludes a direct comparison of habitat quality. During high
upwelling years, Yaquina Bay may simply be an extension of nearshore waters,
where a high diversity of prey resources and less variation in source of nutrients leads
to high juvenile Black Rockfish growth rates in multiple habitat types. In years of
variable ocean conditions, however, habitat type may become more important for
growth, where eelgrass may provide a higher quality and more consistent habitat
compared to anthropogenic structure, and therefore contribute to consistent
interannual growth rates. For Black Rockfish, overwinter survival has been found to
be an important determinant for year class strength (Haggarty et al. 2017), and as
overwintering survival probability increases as juvenile size increases (Miller &
Kendall 2009), residence in eelgrass beds may increase overwinter survival
probability. As estuaries continue to be altered by anthropogenic impacts,
conservation of high-quality habitats becomes even more important. Limitation of
high-quality habitat, like eelgrass, for juvenile Black Rockfish could increase
mortality rates and negatively impact recruitment to adult populations. Therefore, this
work (see also Chapter 4) provides further evidence that conservation and
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management strategies should consider eelgrass as high quality habitat due to the
direct effect on local population dynamics (Johnson 2007, Haggarty et al. 2017).
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Table 5.1. The numbers by year, month, and habitat of juvenile Black Rockfish
otoliths used in the growth analysis.
Size range (mm)

Count

Year

Month

Dock

Eelgrass

Dock

Eelgrass

2016

May

50–59

41–59

13

21

June

51–61

45–63

5

14

July

52–82

58–68

21

9

August

67–83

60–82

10

15

September

67–93

63–79

10

7

May

48–62

50–57

8

9

June

53–68

46–73

10

10

July

57–88

58–84

10

11

August

63–82

61–79

10

10

September

66–91

57–77

22

3

119

109

2017

TOTAL
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Table 5.2. Results of longitudinal data analysis using a mixed model testing for the
effects of habitat (dock and eelgrass) and year (2016 and 2017) at a given total length
and date of capture on juvenile Black Rockfish increment width (recent growth).

(Intercept)
Day
Total Length
Date
HabitatEelgrass
Year2017
HabitatEelgrass:Year2017

Value

Std.Error

DF

t-value

p-value

65.292
0.013
0.004
-0.004
-0.011
1.258
0.123

9.791
0.001
0.002
0.001
0.038
0.221
0.056

6611
6611
222
222
222
222
222

6.669
23.038
1.855
-6.539
-0.299
5.702
2.204

0
0
0.0649
0
0.7649
0
0.0285
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Figure 5.1. Map of the three anthropogenic (dock) and three natural (eelgrass)
sampling sites where juvenile black rockfish (Sebastes melanops) were collected from
May to September 2016 and 2017.
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Figure 5.2. Relationship of (a) otolith length and (b) otolith width to total fish length
for juvenile black rockfish. Gray line indicates best fit line from the linear regression
given as the formula and R2, and r is the Pearson's product moment correlation
coefficient.
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Figure 5.3. The area of the otolith (anterior dorsal) that was chosen for growth
interpretation (red box). Daily increments were counted and measured from the outer
edge toward the core (red line).
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Figure 5.4. Average monthly values for (a) temperature (˚C) and (b) salinity (ppt) for
2016 and 2017 at dock and eelgrass habitats. Errors bars represent ± one standard
error. Temperature and salinity were discretely measured when traps were set and
retrieved for each sampling event using a YSI-85 multi-meter.
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Figure 5.5. Abundance of the juvenile black rockfish (n = 619) collected in Yaquina
Bay during 2016 and 2017 at dock and eelgrass habitats.
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Figure 5.6. Total length (mm) to total weight (g) of (a) raw data and (b) log
transformed data, and (c) total length (mm) distribution by month of the juvenile
black rockfish (n = 619) collected in Yaquina Bay during 2016 and 2017 at dock and
eelgrass habitats. Grey line in (b) indicates best fit line from the linear regression
given as the formula and R2.
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Figure 5.7. Recent growth based on the predicted values from the mixed model for (a)
date of capture and (b) total length of juvenile Black Rockfish. Predicted values are
on the log scale.
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Figure 5.8. (a) Average recent growth based on the predicted values from the mixed
model and (b) daily mean growth based on the predicted values from the mixed
model for juvenile black rockfish at eelgrass and dock habitats during 2016 and 2017.
Day 0 corresponds to the outer edge of the otolith (capture date). Errors bars in (a)
and shading in (b) represent ± one standard error. Predicted values are on the log
scale.
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Figure 5.9. Relationship between mean recent growth of juvenile black rockfish and
temperature. Gray line indicates best fit line from the linear regression given as the
R2, and r is the Pearson's product moment correlation coefficient.
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CHAPTER 6: GENERAL CONCLUSIONS
The goal of my dissertation was to evaluate how juvenile fish, specifically
rockfish, use estuarine habitats and examine the quality of different habitats within
estuaries to early life stages. Chapter 2 looked at the big picture and examined how
the entire juvenile fish community varied over six years and differed between
anthropogenic (dock) and natural (eelgrass) habitats. Chapter 3 took a descriptive
approach and focused on species richness and abundances of the juvenile rockfish
community and determined if richness and abundances differed from previous studies
or between habitat types. Lastly, Chapter 4 and 5 aimed to examine habitat quality for
juvenile Black Rockfish at dock and eelgrass habitats over two years by determining
what prey resources are consumed, the source of nutrients, and examining recent
growth, which can be influenced by diet. I chose to focus the in-depth analysis on
juvenile Black Rockfish as they were the most abundantly caught species and they
represent the most commonly caught rockfish species in Oregon’s recreational
fishery, which makes conserving their populations important for future generations.
Conserving populations is a top priority for fishery managers, and one tool to
help with this is the identification and designation of Essential Fish Habitat (EFH),
which are “habitats that are necessary to the species for spawning, breeding, feeding,
or growth to maturity” (NMFS 2010). As this definition is broad, the National Marine
Fisheries Service adopted four levels of information and data needed to aid in the
identification of EFH; (1) presence/absence data, (2) habitat-specific densities, (3)
habitat-specific measures of growth, reproduction, and/or survival, and (4) habitatspecific contributions to the adult population (Able 1999, Minello 1999). My
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dissertation aimed to contribution knowledge on the first three EFH levels for
juvenile Black Rockfish, and this work supports the concept by Gallagher and
Heppell (2010) that Yaquina Bay functions as EFH for juvenile Black Rockfish; high
abundances of juvenile black rockfish were found in the estuary, estuarine residence
occurred during most of the year, a high diversity of prey items are available, and
growth exhibited similar patterns to previous studies.
I believe a caveat exists for the EFH “designation” of estuaries on the central
Oregon coast for juvenile rockfishes, specifically Black Rockfish, and that is that
marine-dominated estuaries should be designated instead of all estuaries. The two
other estuaries I sampled were Alsea and Nehalem Bay, which are moderately riverand highly river-dominated estuaries, respectively, with decreased salinity values
observed in summer months compared to Yaquina Bay, a marine dominated estuary.
Juvenile rockfish abundance and species richness were much lower in Alsea and
Nehalem compared to Yaquina, which may be due to decreased oceanic influence.
Higher catches of juvenile rockfishes were also found by Dauble et al. (2012) in the
marine-dominated estuaries sampled (Coos Bay and Yaquina), compared to the other
sampled estuaries with higher river influence.
I found that diet, stable isotopes, and recent growth analyses for juvenile
Black Rockfish align with each other. Each of the indices were found to be less
variable in 2016 compared to 2017, and habitat differences in stable isotope and
recent growth values were only found in 2017, with decreased recent growth found at
the dock habitat. This stability likely occurred due to oceanographic conditions. As
shown in Chapter 4, in 2016 upwelling was stronger and began sooner, and
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freshwater influence was reduced compared to 2017. During years of high upwelling,
Yaquina Bay may be an extension of nearshore waters and contain a more stable
water mass. The water parameters at the two habitat types sampled within Yaquina
Bay may be similar due to the presence of nearshore waters and lead to less variation
in life history characteristics. Interannual variations in quality have been found for
specific habitats within estuaries (Kraus & Secor 2005), so in years of variable ocean
conditions, habitat type may become more important if quality varies, where eelgrass
may provide higher quality habitat compared to docks.
Another important concept related to EFH is that of nursery value. Most
studies classify an area as a nursery if higher abundances of juveniles or faster growth
rates are observed compared to other areas (Beck et al. 2001). This classification has
been improved as a habitat where juveniles of a species contribute more, on average,
to adult recruitment compared to other juvenile fish habitats of that species on a per
unit basis (Beck et al. 2001). Subsequent work argued that the definition proposed by
Beck et al. (2001) may miss certain important nursery habitats if a per unit area
contribution was considered. Subsequently, Dahlgren et al. (2006) built on this
definition and proposed the idea of Effective Juvenile Habitat, which considers a
habitat a nursery if the overall contribution to the population is greater than average
compared to other habitats, regardless of area size. However, the definition proposed
by Dahlgren et al. (2006) is believed to miss the overall concept of habitat complexity
and connectivity (Sheaves et al. 2006). Due to these shortcomings, Sheaves et al.
(2015) describes 10 key components put into three broad groups that should be
evaluated when identifying nursery habitat value: (1) connectivity and population
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dynamics, (2) ecological and ecophysiological factors, and (3) resource dynamics.
The key components from Sheaves et al. (2015) get at a deeper level than just
densities by getting at the underlying physical and biological habitat properties that
make it of value, including habitat complexity and connectivity, both of which were
broadly examined in my dissertation.
Providing optimal habitats for juvenile settlement, foraging, and refuge is
thought to be an important component of high-quality nursery grounds (Sheaves et al.
2015). As with the fourth level of EFH, determining specific nursery habitat
contributions to the adult populations is very difficult. A few methods are used to
determine contribution to the population. Otolith microchemical analysis of trace
elements is widely used to evaluate the nursery function of estuaries due to
differences between estuarine water chemistries (Gillanders 2009), although proper
determination of contribution to adult populations can be hindered by both biotic and
abiotic factors (Campana 1999, De Vries et al. 2005, Sturrock et al. 2014, Tanner et
al. 2016). New genetic techniques are becoming more powerful and can determine
sibling and parent/offspring relationships (Baetscher et al. 2018). This tool, however,
may be more useful to determine larval dispersal and/or EFH in terms of spawning
grounds instead of identifying nursery areas of high values. I had the intention of
incorporating otolith microchemistry into my dissertation to examine if signatures
vary temporally and/or spatially, which is the first step toward using microchemistry
to identify natal origin for adult fish, and subsequently contribution. Due to time
constraints and instrument issues I was unable to accomplish this task, but I did
perform microchemical analysis for 144 otoliths from juvenile Black Rockfish

141

collected in Alsea, Nehalem, and Yaquina in June of 2016, but post run analysis was
not completed.
Another important concept related to estuarine use for marine fish is the
concept of ‘estuarine dependence’. Early literature designations of a species as
estuarine dependent occurred if large abundances at some life stage were found in
estuaries (Lenanton & Potter 1987). We now know that the presence of large
abundances of a species in an estuary does not always correspond to estuarine
dependence, but lack of an exact definition has led to many investigations into the
role of estuaries for marine species (Litvin et al. 2018). To help with understanding
the roles that estuaries play in the life of marine species, Elliot et al. (2007)
categorized species that use estuaries into guilds, with refinement and expansion of
this concept by Potter et al. (2015). The definition of the marine estuarine-dependent
guild is species whose “juveniles require sheltered estuarine habitats and are thus not
present along exposed coasts where they spend the rest of their life” (Potter et al.
2015), which may also be thought of as obligatory use. Conversely, the definition of
the marine estuarine-opportunist guild is species that “regularly enter estuaries in
substantial numbers, particularly as juveniles, but use, to varying degrees, coastal
marine waters as alternative nursery areas” (Potter et al. 2015), which may be thought
of facultative use.
Marine fish use multiple habitats throughout their life, generally for different
purposes like rearing, foraging, or spawning. The idea of connectivity becomes
important, where connectivity refers to the dispersal and movement among multiple
habitat types and how dependent populations are on this for production (Secor &
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Rooker 2005). Connectivity is believed to be a version of estuarine dependence, and
dependence is dynamic and can vary geographically and among estuary types (Secor
& Rooker 2005). Although no definition of estuarine dependence can appease
everyone, acknowledging that connectivity and use of nearshore and estuarine
habitats of varying complexity is a continuum is a good first step (Able 2005,
Sheaves et al. 2015). We know that Black Rockfish use estuaries in their early life,
but does this utilization lead to dependence?
One way we can begin to think about dependence on estuaries for Black
Rockfish is to examine English sole Parophrys vetulus, which are considered
estuarine dependent, and determine if similarities exist. English sole have a similar
life history to that of Black Rockfish; they spawn in nearshore waters from September
to April, but large numbers of larvae are present in winter-early spring, interannual
variations in larval abundances occur, juveniles are found in both nearshore and
estuarine habitats, and those juveniles that are found in estuaries are present during
most of the year, with most moving out of estuaries in winter months (Krygier &
Pearcy 1986, Boehlert & Mundy 1987, Gunderson et al. 1990). Based on the
definitions of both the marine estuarine-dependent and marine estuarine-opportunist
guilds by Potter et al. (2015), English sole would be considered the latter due to the
presence of juveniles in both coastal and estuarine areas. English sole, however, are
considered estuarine dependent.
It appears that English sole were given the designation of estuarine
dependence because large numbers of juveniles were collected in estuaries, there was
a lack of individuals collected in some early surveys in nearshore waters, higher
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densities were found in estuarine habitats in some months compared to nearshore
areas, and the presence of an estuarine-only parasite was found in adult populations
(Olson & Pratt 1973, Krygier & Pearcy 1986). Subsequent work corroborated the
presence of high juvenile densities in estuaries but from what I could find the true
definition of estuarine dependence was never re-visited, and most studies moved
toward the concept of estuaries as nursery habitat for English sole. Growth of English
sole was found to be faster in estuaries (Gunderson et al. 1990), whereas Rosenburg
(1982) found growth, calculated from daily otolith increments, to be similar between
estuarine and nearshore populations. Further work was done trying to examine the
contribution that estuaries make to the adult population. Using population models,
Rooper et al. (2004) found the densities of English sole observed in estuaries could
produce enough recruits (~4.3 million) to support the offshore fishery on female adult
English sole, although he acknowledges that use of a different estimate of mortality
could vary the results. Brown (2006), using otolith microchemical analysis, found that
although estuaries on the central California coast only comprised ~6% of the
available juvenile English sole habitat, they contributed almost 50% to the adult
population.
Based on the similarities and facultative use of estuaries for juvenile Black
Rockfish to English sole, I would argue that in the broadest sense, Black Rockfish are
dependent, albeit slightly less, on estuaries like English sole. The only study that I
know of that concurrently and directly compared juvenile rockfish abundances
between nearshore and estuarine habitats in Oregon was that of Appy and Collson
(2000) and Gallagher and Heppell (2010). In a one year sampling period, Appy and
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Collson (2000) collected 699 Black Rockfish at one nearshore, tidepool like site and
402 individuals in Yaquina Bay; the abundance may have been higher at the
nearshore site, but multiple gear types were used in both habitats, so total abundances
may be misleading. Gallagher and Heppell (2010) collected rockfish from Yaquina
Bay using minnow traps, identical to the ones used in my dissertation, and a
nearshore reef habitat using both SCUBA and the minnow traps, but the attempt to
use the traps was unsuccessful in the nearshore environment; no juvenile Black
Rockfish were collected at the nearshore reef. I believe these studies reveal that
abundances can be similar in estuarine and nearshore habitats, but nearshore habitat
use seems to be site specific. Adult rockfish can be cannibalistic with increased
predation during years of high juvenile abundances (Hobson et al. 2001), so estuaries,
especially eelgrass beds, may provide refuge from predators during years of high
recruitment as adult rockfish are not found throughout the estuary, although adults are
present at the mouth.
The biggest limitation of my dissertation is the lack of concurrent data on
abundances, size distributions, and diet and growth for nearshore populations.
Sampling Oregon’s nearshore environments is logistically complicated, and I could
not have done it myself as well as sample estuaries. Using the same gear type
between studies is important for comparative work, and I am unsure if the minnow
traps used in estuarine sampling would be adequate for the nearshore environment
(i.e. tide pool like areas); we know the minnow traps do not work in deeper nearshore
environments with strong currents. The next step would also be to utilize techniques
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like otolith microchemistry and/or genetics to examine estuarine and nearshore
contribution to adult populations.
Ensuring that the appropriate amount of nursery habitat is available to
rockfish is important for population productivity, which subsequently impacts both
humans and other organisms. Adult Black Rockfish are the most commonly caught
recreational species on the Oregon coast (ODFW 2019), and juvenile rockfish are an
important component of the diet for many species, including chinook salmon
(Oncorhynchus tshawytscha), and several species of marine birds and mammals
(Mills et al. 2007). In years of high juvenile rockfish abundance, negative impacts of
El Niño events may be reduced for seabirds because juvenile rockfish can make up a
large percentage of a chicks diet (Wells et al. 2017). As human disturbances continue
to impact the nursery function of estuaries (Courrat et al. 2009), making sure that the
nursery function of estuaries for rockfishes does not decline becomes even more
important.
In my dissertation, I have shown that Oregon estuaries, especially marinedominated ones, provide important habitat for juvenile rockfishes. I believe that my
work provides evidence that estuaries have the ability to function as essential fish
habitat and a nursery for Black Rockfish, although more research needs to be
conducted on contribution from estuaries to adult populations. If estuaries
disappeared, would Black rockfish populations be affected? Probably not to the point
of total collapse, but I do think that population numbers would decline, and I think the
population is healthier with more available juvenile habitats, such as estuaries.
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Coastal and Marine Ecological Classification Standard (CMECS) to determine
site characteristics
Methods
Geographical Information Systems (GIS) data for Oregon Department of Fish
and Wildlife’s habitat types and Oregon Coastal Management Program’s Coastal and
Marine Ecological Classification Standard (CMECS) Geoform, Substrate, and Biotic
components for Yaquina Bay were downloaded from the Oregon Coastal Atlas
(https://www.coastalatlas.net/?option=com_jumi&view=application&fileid=8&e=10
&Itemid=107). The habitat type is represented by a hierarchical system, with habitat
codes for subtidal/intertidal, habitat class (ex. unconsolidated bottom, aquatic bed),
and habitat type (ex. sand, mud). The CMECS is a catalog that provides a standard
format for classifying ecological units in coastal and marine environments, which
offers different user groups a platform for inter-relating data (FGDC 2012). The
CMECS Geoform component (v.0.4, OCMP, 2014) represents the geomorphic
structural character of the seafloor and is meant to “present the structural aspects of
the physical environment that are relevant to – and drivers of – biological community
distribution” (FGDC 2012). The CMECS Substrate (v.0.4, OCMP, 2014) component
represents the character and composition of surface and near-surface substrates. The
CMECS Biotic component (v.0.4.1, OCMP, 2014) represents the assemblages of
benthic or suspended/floating biota (e.g. plants, algae, attached or unattached fauna,
infauna, and bacterial colonies) (FGDC 2012). The aforementioned characteristics
were determined for each site using the Spatial Join tool in ArcGIS (ESRI, Redlands,
CA).
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Results
The Geoform component for all of the dock sites were classified as “Other Water”,
which means it did not fall into one of the components, whereas all of the eelgrass
sites were classified as “Flat” which is just a general term for an area without relief
(Table S1). The Biotic and Substrate components and habitat type were very similar
for all sites. The Biotic component for all sites was classified as “Unclassified” except
for two eelgrass sites classified as “Aquatic Vegetation Bed.” All of the sites were
classified as having “Unconsolidated Mineral Substrates” for the Substrate
Component, and all of the sites had either sand, or a mixture of sand and mud as the
habitat type (Table S1). Given the similarity in substrate types for both the eelgrass
and dock sites, substrate would not likely be a driver of community structure
differences and was excluded in the BIOENV analysis.
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Table A1. Site characteristics of the eleven sites in Yaquina Bay where juvenile fishes
were collected. Depth (bathymetry) for each site was extracted in ArcGIS (ESRI,
Redlands, CA) from the National Centers for Environmental Information’s Central
Oregon Coastal Digital Elevation Model NAVD 88 raster layer. The depth
(bathymetry) data is referenced to a vertical tidal datum of Mean High Water
(MHW), which is the “average of all the high water heights observed over the
National Tidal Datum Epoch” (NOAA 2019), where a more negative value
corresponds to a deeper depth. Geographical Information Systems (GIS) data for
Oregon Department of Fish and Wildlife’s habitat types, and Oregon Coastal
Management Program’s Coastal and Marine Ecological Classification Standard
(CMECS) Geoform, Substrate, and Biotic components (FGDC 2012) for Yaquina
Bay were downloaded from the Oregon Coastal Atlas (https://coastalatlas.net). For
the Habitat type, UB=unconsolidated bottom. *The substrate at E6 for the seagrass
habitat classification is likely UB-Sand/Mud (personal observation).
Site

Habitat
Type

Zone

CMECS
Geoform

CMECS
Biotic

CMECS
Substrate

Habitat

Depth(m)

D1

Dock

Subtidal

Other
Water

Unclassified

Unconsolidated
Mineral
Substrate

UBSand/Mud

-5.25

D2

Dock

Subtidal

Other
Water

Unclassified

Unconsolidated
Mineral
Substrate

UB-Sand

-3.68

D3

Dock

Subtidal

Other
Water

Unclassified

Unconsolidated
Mineral
Substrate

UB

-1.14

D4

Dock

Subtidal

Other
Water

Unclassified

Unconsolidated
Mineral
Substrate

UB-Sand

-2.38

D5

Dock

Subtidal

Other
Water

Unclassified

Unconsolidated
Mineral
Substrate

UB-Sand

-6.68

E1

Eelgrass

Intertidal

Flat

Unclassified

Unconsolidated
Mineral
Substrate

Flat

-0.83

E2

Eelgrass

Intertidal

Flat

Unclassified

Unconsolidated
Mineral
Substrate

Flat-Sand

-2.89

E3

Eelgrass

Intertidal

Flat

Unclassified

Unconsolidated
Mineral
Substrate

Flat-Sand

0.75

E4

Eelgrass

Intertidal

Flat

Aquatic
Vegetation
Bed

Unconsolidated
Mineral
Substrate

Flat-Sand

-0.14
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E5

Eelgrass

Intertidal

Flat

Unclassified

Unconsolidated
Mineral
Substrate

Flat

-0.53

E6

Eelgrass

Intertidal

Flat

Aquatic
Vegetation
Bed

Unconsolidated
Mineral
Substrate

Seagrass*

-0.69
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(a)

(b)

Figure A1. Two-dimensional principal non-metric multidimension scaling plot
(nMDS) of juvenile fish community abundances in Yaquina Bay, Oregon at
individual sites within each (a) dock and (b) eelgrass habitat types for all sampling
years. Dispersion weighting was done for replicate site groups within each year with a
square-root transformation and the resemblance matrix was created using zeroadjusted Bray-Curtis coefficients. Site locations within Yaquina Bay can be found in
Figure A2.
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Figure A2. Map of the 11 individual trapping sites for juvenile fishes in Yaquina Bay
from 2008-2009, 2012-2013, and 2016-2017 at dock and eelgrass habitats.
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Table B1. Habitat association (Hab Assoc.; B = benthic, P = pelagic, T = terrestrial)
of prey items found in the diet of juvenile Black Rockfish at anthropogenic (dock; n =
162) and natural (eelgrass; n = 189) habitats in Yaquina Bay, OR. Superscripts for
prey items represents the reference which documented that item in Yaquina Bay, and
the superscripts after the habitat association represents the source used to determine
association: 1 = Carlton (2007) and 2 = Hiebert et al. (2016). *Prey items under
“Other Prey” were excluded from analyses.
Prey Item
AMPHIPOD
Unidentified amphipod
Allorchestes angusta8,9
Americhelidium sp.9
Family Ampithoidae
Ampithoidae9
Ampithoe spp.5,8,9
A. lacertosa8,9,10
A. valida8,9
Atylus tridens
Caprella spp.9
Calprella anomala
Caprella drepanochir9
Family Corophiidae
Americorophium spp.8,9
Americorophium brevis5,8,9
Monocorophium spp.9
Monocorophium acherusicum8,9
Monocorophium californianum
Superfamily Calliopioidea
Calliopius sp.
Paracalliopiella sp.9
Pontogeneia spp.9,10
Superfamily Gammaroidea
Gammaroidea9
Anisogammarus pugettensis9,10
Eogammarus confervicolus8,9,11
Gnathopleustes sp.8,9
Grandidierella japonica9
Superfamily Haustorioidea

Habitat
Association
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2

171

Eobrolgus spinosus8,9
Eohaustorius sp.5,8,9
Family Ischyroceridae9
Jassa spp.9
Hyperiid Amphipods12
Megamoera sp.9
Protohyale frequens9
BARNACLE
Barnacle9
Barnacle cyprid3
Barnacle nauplii1,3
BIVALVE
Bivalve shell8,9
Bivalve egg/larvae9
COPEPOD
Subclass Copepoda
Order Calanoida
Calanoid spp.9
Acartia longiremis1,4,9
Epilabidocera sp.1,9
Eurytemora sp.1,4,9
Calanus spp.9
Mertridia sp.
Order Cyclopoida
Cyclopoid spp.9
Ditrichocorycaeus anglicus4
Triconia spp.
Order Harpacticoida
Harpacticoid spp.2
Family Miraciidae
Family Peltidiidae
Thalestris longimana
Zaus spp.2
CRAB
Crab Megalope
Brachyuran spp.
Metacarcinus magister
Family Paguridae9
Family Porcellanidae9
Family Pinnotheridae9

B1,2
B1,2
B1,2
B1,2
P1,2
B1,2
B1,2
B1,2
B1,2
P1,2
B1,2
P1,2
U
P1,2
P1,2
P1,2
P1,2
P1,2
P1,2
P1,2
P1,2
P1,2
B1,2
B1,2
B1,2
B1,2
B1,2

P1,2
P1,2
B1,2
B1,2
B1,2
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Crab Zoea
Family Porcellanidae
Pachycheles sp.9
Petrolisthes sp.8,9
Family Pinnotheridae8
CRUSTACEAN
Unidentified crustacean8
Argulus sp.
Family Euphausiidae
Order Isopoda
Suborder Asellota
Gnorimosphaeroma spp.5,8,9
Pentidotea resecata9,11
Order Tanaidacea
CUMACEAN
Unidentified cumacean1,5
Cumella vulgaris8,9
Family Diastylidae9
Mesolamprops dillonensis9
Nippoleucon hinumensis8,9
FISH
Unidentified fishes
Family Gadidae7
Family Pleuronectidae7
MYSID1,9
POLYCHAETE1,5,9
SHRIMP
Caridean shrimp
Shrimp zoea
Neotrypaea californiensis8,9
N. californiensis zoea1,9
Family Crangonidae
Crangon spp.9
C. franciscorum5,6,7,9
C. nigricauda6,7,9,10
Lissocrangon stylis7,9
Genus Heptacarpus
Heptacarpus spp.7,9,10,11
Heptacarpus sitchensis9,10,11
ZOOPLANKTON

P1,2
P1,2
P1,2
P1,2
U
P1,2
P1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B
B1,2
B1,2
U
P1,2
B1,2
B1,2
B1,2
B1,2
P1,2
B1,2
P1,2
B1,2
B1,2
B1,2
B1,2
B1,2
B1,2
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Unidentified Zooplankton
Ascidian larvae9
OTHER PREY*
Superorder Cladocera
Evadne / Pseuoevadne spp.4,9
Class Insecta
Order Diptera (pupae)5,8
Phylum Nematoda8
1. Russell (1964)
2. Crandell (1967)
3. Frolander et al. (1973)
4. Zimmerman (1972)
5. Walker (1974)
6. Krygier and Horton (1975)
7. De Ben et al. (1990)
8. Castillo (2000)
9. Chapman et al. (2012)
10. Lewis and Henkel (2016)
11. Hayduk et al. (2019)
12. Schwartzkopf, B.D., personal observation

P1,2
P1,2

P1,2
Terrestrial1
B1,2
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Table B2. Pairwise comparisons of estimated marginal means (emmean) from the
δ13C ANOVA for both months within years and years within months. The groups
were determined by Tukey’s Honest Significant difference with a significant level of
0.05.
Year

Month

emmean

SE

df

2016

May
June
July
August
September
May
June
July
August
September

-0.303
0.383
0.461
0.605
0.377
-0.567
-1.263
-0.466
-0.343
-0.242

0.127
0.104
0.073
0.117
0.140
0.134
0.127
0.124
0.127
0.174

244
244
244
244
244
244
244
244
244
244

Month

Year

emmean

SE

df

May

2016
2017
2016
2017
2016
2017
2016
2017
2016
2017

-0.303
-0.567
0.383
-1.263
0.461
-0.466
0.605
-0.343
0.377
-0.242

0.127
0.134
0.104
0.127
0.073
0.124
0.117
0.127
0.140
0.174

244
244
244
244
244
244
244
244
244
244

2017

June
July
August
September

lower.CL upper.CL
-0.552
0.177
0.317
0.374
0.102
-0.832
-1.512
-0.71
-0.592
-0.585

-0.053
0.588
0.605
0.836
0.652
-0.303
-1.013
-0.222
-0.093
0.100

lower.CL upper.CL
-0.552
-0.832
0.177
-1.512
0.317
-0.710
0.374
-0.592
0.102
-0.585

-0.053
-0.303
0.588
-1.013
0.605
-0.222
0.836
-0.093
0.652
0.100

group
a
b
b
b
b
a
b
a
a
a
group
a
a
a
b
a
b
a
b
a
b
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Table B3. Pairwise comparisons of estimated marginal means (emmean) from the
δ13C ANOVA for both months within habitats and habitats within months. The
groups were determined by Tukey’s Honest Significant difference with a significant
level of 0.05.
Habitat

Month

emmean

SE

df

May
June
July
August
September
May
June
July
August
September

-0.329
-0.650
0.025
0.103
-0.185
-0.541
-0.229
-0.031
0.160
0.320

0.134
0.127
0.103
0.127
0.107
0.127
0.104
0.100
0.117
0.195

244
244
244
244
244
244
244
244
244
244

Month

Habitat

emmean

SE

df

May

Dock
Eelgrass
Dock
Eelgrass
Dock
Eelgrass
Dock
Eelgrass
Dock
Eelgrass

-0.329
-0.541
-0.650
-0.229
0.025
-0.031
0.103
0.160
-0.185
0.320

0.134
0.127
0.127
0.104
0.103
0.100
0.127
0.117
0.107
0.195

244
244
244
244
244
244
244
244
244
244

Dock

Eelgrass

June
July
August
September

lower.CL upper.CL group
-0.594
-0.900
-0.178
-0.147
-0.397
-0.791
-0.435
-0.227
-0.071
-0.065

-0.065
-0.401
0.229
0.352
0.026
-0.292
-0.024
0.166
0.391
0.705

ab
a
b
b
b
a
ab
b
b
b

lower.CL upper.CL group
-0.594
-0.791
-0.900
-0.435
-0.178
-0.227
-0.147
-0.071
-0.397
-0.065

-0.065
-0.292
-0.401
-0.024
0.229
0.166
0.352
0.391
0.026
0.705

a
a
a
b
a
a
a
a
a
b

176

Table B4. Pairwise comparisons of estimated marginal means (emmean) from the
δ13C ANOVA for both years within habitat and habitats within years. The groups
were determined by Tukey’s Honest Significant difference with a significant level of
0.05.
Habitat

Year

emmean

SE

df

Dock

2016
2017
2016
2017

0.107
-0.521
0.503
-0.631

0.075
0.078
0.070
0.096

244
244
244
244

Year

Habitat

emmean

SE

df

2016

Dock
Eelgrass
Dock
Eelgrass

0.107
0.503
-0.521
-0.631

0.075
0.070
0.078
0.096

244
244
244
244

Eelgrass

2017

lower.CL upper.CL
-0.040
-0.674
0.364
-0.821

0.254
-0.369
0.641
-0.441

lower.CL upper.CL
-0.040
0.364
-0.674
-0.821

0.254
0.641
-0.369
-0.441

group
a
b
a
b
group
a
b
a
a
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Table B5. Pairwise comparisons of estimated marginal means (emmean) from the
δ15N ANOVA for both months with years and years within months. The groups were
determined by Tukey’s Honest Significant difference with a significant level of 0.05.
Year

Month

emmean

SE

df

lower.CL

upper.CL

group

2016

May
June
July
August
September
May
June
July
August
September

12.5
12.6
12.6
12.6
12.7
12.1
13
12.8
12.3
12.2

0.074
0.061
0.043
0.069
0.082
0.079
0.074
0.073
0.074
0.102

244
244
244
244
244
244
244
244
244
244

12.4
12.4
12.5
12.4
12.5
12
12.9
12.6
12.1
12

12.7
12.7
12.7
12.7
12.9
12.3
13.2
12.9
12.4
12.4

a
a
a
a
a
a
b
b
a
a

Month

Year

emmean

SE

df

lower.CL

upper.CL

group

May

2016
2017
2016
2017
2016
2017
2016
2017
2016
2017

12.5
12.1
12.6
13
12.6
12.8
12.6
12.3
12.7
12.2

0.074
0.079
0.061
0.074
0.043
0.073
0.069
0.074
0.082
0.102

244
244
244
244
244
244
244
244
244
244

12.4
12
12.4
12.9
12.5
12.6
12.4
12.1
12.5
12

12.7
12.3
12.7
13.2
12.7
12.9
12.7
12.4
12.9
12.4

a
b
a
b
a
a
a
b
a
b

2017

June
July
August
September
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Table B6. Pairwise comparisons of size classes from the PERMANOVA testing the
effects of size class, habitat, and year on the diet of juvenile Black Rockfish based on
numerical abundance. Size class 3/4 = 30-49 mm, 5 = 50-59 mm, 6 = 60-69 mm, 7 =
70-79 mm, 8 = ≥80 mm.
Groups
3/4, 5
3/4, 6
3/4, 7
3/4, 8
5, 6
5, 7
5, 8
6, 7
6, 8
7, 8

t

P(perm)

1.743
0.0152
1.930
0.0028
2.067
0.0005
No test, df = 0
1.282
0.1365
1.782
0.0046
1.499
0.0471
1.752
0.0064
1.315
0.1184
1.390
0.0651

Unique
perms
9942
9949
9939
9952
9948
9939
9926
9941
9942
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Table B7. Pairwise comparisons of the habitat by month interaction term from the
PERMANOVA testing the effects of size class, habitat, and year on the diet of
juvenile Black Rockfish based on numerical abundance.
Month
May
June
July
August
September

Groups

t

P(perm)

Unique
perms

Dock, Eelgrass
Dock, Eelgrass
Dock, Eelgrass
Dock, Eelgrass
Dock, Eelgrass

1.821
2.098
1.080
0.818
1.346

0.0121
0.0008
0.3279
0.6787
0.0798

9953
9955
9932
9941
9947

t

P(perm)

Unique
perms

Habitat

Groups

Dock

May, June
May, July
May, August
May, September
June, July
June, August
June, September
July, August
July, September
August, September

0.996
0.907
0.808
0.675
1.452
1.273
1.202
1.720
1.663
1.265

0.4234
0.5573
0.6623
0.8545
0.0561
0.1464
0.1839
0.0061
0.0073
0.1375

9949
9946
9947
9938
9944
9948
9938
9948
9947
9945

May, June
May, July
May, August
May, September
June, July
June, August
June, September
July, August
July, September
August, September

1.538
0.0418
1.615
0.0336
No test, df = 0
1.010
0.3803
1.504
0.0542
1.576
0.0299
0.832
0.6352
1.891
0.0045
1.201
0.2147
1.161
0.2416

9950
9957

Eelgrass

9951
9945
9946
9951
9946
9961
9966
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Table B8. Pairwise comparisons of the year by month interaction term from the
PERMANOVA testing the effects of size class, habitat, and year on the diet of
juvenile Black Rockfish based on numerical abundance.
Month
May
June
July
August
September

Groups

t

P(perm)

Unique
perms

2016, 2017
2016, 2017
2016, 2017
2016, 2017
2016, 2017

1.108
2.012
2.110
1.798
1.095

0.2822
0.0032
0.0011
0.0084
0.3103

9943
9952
9939
9940
9942

Year

Groups

2016

May, June
May, July
May, August
May, September
June, July
June, August
June, September
July, August
July, September
August, September
May, June
May, July
May, August
May, September
June, July
June, August
June, September
July, August
July, September
August, September

2017

t

P(perm)

1.640
0.0204
0.872
0.5897
No test, df = 0
No test, df = 0
1.726
0.0125
1.571
0.0292
1.393
0.0704
1.217
0.188
0.799
0.7114
0.825
0.6675
1.269
0.1587
1.620
0.0334
1.008
0.4101
1.000
0.4532
1.372
0.0966
1.294
0.1302
0.662
0.8594
2.171
0.0008
1.120
0.2948
1.028
0.4016

Unique
perms
9947
9950

9943
9960
9954
9944
9947
9940
9944
9950
9955
9960
9938
9954
9931
9946
9958
9928
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Figure B1. Bi-Plot of average monthly carbon (δ13C) values of juvenile Black
Rockfish muscle tissue against the previous months average (a) Coastal Upwelling
Transport Index (CUTI; m2 · s-1) and (b) Yaquina River discharge (mean daily flow –
m3 · s-1) for 2016 and 2017. For example, the δ13C data point for the month of May is
plotted against the average CUTI value for the month of April. Errors bars represent ±
standard error. Daily values of CUTI (m2 · s-1) at 45N were gathered from NOAA’s
Southwest Fisheries Science Center Environmental Research Division
(https://oceanview.pfeg.noaa.gov/products/upwelling/cutibeuti). Yaquina River
discharge data (mean daily flow – m3 · s-1) from Station 1430600 were gathered from
the State of Oregon Water Resources Department (https://www.oregon.gov/owrd).
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Figure B2. Bi-Plot of average monthly nitrogen (δ15N) values of juvenile Black
Rockfish muscle tissue against the previous months average (a) Coastal Upwelling
Transport Index (CUTI; m2 · s-1) and (b) Yaquina River discharge (mean daily flow –
m3 · s-1) for 2016 and 2017. For example, the δ15N data point for the month of May is
plotted against the average CUTI value for the month of April. Errors bars represent ±
standard error. Daily values of CUTI (m2 · s-1) at 45N were gathered from the
NOAA’s Southwest Fisheries Science Center Environmental Research Division
(https://oceanview.pfeg.noaa.gov/products/upwelling/cutibeuti). Yaquina River
discharge data (mean daily flow – m3 · s-1) from Station 1430600 were gathered from
the State of Oregon Water Resources Department (https://www.oregon.gov/owrd).

