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Observations of the Oregon coast’s physical oceanography over the last few 

decades have revealed falling dissolved oxygen levels associated with seasonal 

upwelling, as well as rising water temperatures. In extreme cases, these changes have 

been associated with die-offs, redistribution, and decreased abundance and diversity of 

benthic fish and invertebrates. Many of these benthic species, including the flatfish 

English sole (Parophrys vetulus), are commercially harvested as adults and serve as prey 

for upper trophic levels. English sole utilize nearshore coastal regions and various regions 

within estuaries as nursery habitat during their juvenile life stage. These habitats differ 

with respect to temperature, dissolved oxygen, and dietary carbon sources, highlighting 

the complexity of nursery function and the need to assess relative quality of habitats for 

juvenile English sole. To this aim, I combined laboratory and field approaches to 

examine the effects of dissolved oxygen, temperature, and dietary carbon sources on the 

condition of juvenile English sole. A laboratory-controlled experiment revealed negative 

impacts of higher temperature and potential for an interactive effect of hypoxia and warm 

temperatures. However, like their adult conspecifics, juvenile English sole appear tolerant 

of low-oxygen environments relative to other flatfish species. Additionally, juveniles 

prioritized growth over lipid storage regardless of dissolved oxygen or temperature 

levels. Following the laboratory experiment, I compared the condition of wild-caught 

juvenile English sole collected from upriver and downriver habitats of the Yaquina Bay 



 

 

estuary. The main focus was to investigate the effects of oxygen, temperature, and dietary 

carbon on the energetic condition of these juveniles. I found that fish from the upriver 

habitat exhibited lower lipid condition, which may be attributed to warmer temperatures 

and weaker association with high-quality marine-sourced carbon than fish downriver. 

Downriver-caught fish were enriched in marine-associated biomarkers that were 

positively related to fish energetic condition. Though the downriver habitat appeared to 

provide superior nursery habitat for juveniles during the summer of 2014, this habitat’s 

strong coastal influence may introduce severely hypoxic waters in future upwelling 

seasons, highlighting the importance of preserving both habitats for optimal nursery 

function. 
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1 GENERAL INTRODUCTION 

 

1.1 Thesis Overview 

Intensification of seasonal upwelling and hypoxia has been observed for decades 

along the Oregon coast, and may impact the complex function of nursery habitats for 

valuable benthic fish and invertebrates. Several of these species, including the flatfish 

English sole, utilize upriver and downriver estuarine habitats, as well as nearshore coastal 

areas, in their early life stages. Physical oceanography and biological processes differ 

among these habitats, affecting their relative quality as nurseries. Examining the 

energetic condition of fish resident in each habitat will provide insight on nursery 

function and quality, and this was the objective of my research. 

I used a combination of laboratory and field approaches to assess how 

oceanographic and biological factors impact early growth and condition of juvenile 

English sole. Chapter 1 provides a brief introduction to the study area, species of interest, 

and fish condition metrics. In Chapter 2, I discuss the effects of two oceanographic 

factors, dissolved oxygen and temperature, on fish lipid storage in a laboratory-controlled 

experiment. Pre-existing growth data for this experiment permitted additional 

investigation into trade-offs between growth and energy storage at the level of individual 

fish. In Chapter 3, I present a field study of wild-caught fish from upriver and downriver 

sites in the Yaquina Bay estuary. Fatty acid and bulk carbon and nitrogen stable isotope 

biomarkers in these fish were examined to assess the effects of dietary carbon sources 

and trophic position on fish condition. In Chapter 4, I synthesize my findings from the lab 

and field studies to summarize how variable oceanographic and biological factors may 

affect the realized energetic condition of juvenile English sole from different nursery 

habitats. 

 

1.2 Local Oceanography 

Coastal processes associated with eastern boundary currents support some of the 

most productive ecosystems in the world ocean. The Oregon coast is a highly productive 

but seasonally variable portion of the eastern boundary current known as the California 
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Current System (CCS). During the winter season, poleward wind-driven currents produce 

onshore surface transport, resulting in downwelling of warm, fresh, nutrient-poor water, 

and offshore advection of bottom water (Huyer 1983, Huyer et al. 2007). Conversely, 

equatorward currents during summertime transport surface waters offshore, replacing 

them with cold, saline, nutrient-rich water upwelled from depth. This import of nutrients 

to the photic zone is followed by an increase in phytoplankton biomass, laying the 

foundation for a highly productive summer season (Huyer et al. 2007). 

Within-season variability also contributes to the high productivity of the northern 

CCS. Due to the greater Coriolis parameter at higher latitudes and interference by low-

pressure systems traveling southeastward from the Gulf of Alaska, upwelling in the 

northern CCS is weaker and more variable than that further south. Even when monthly-

averaged wind stress is not favorable for upwelling, short-term wind fluctuations can 

cause “upwelling events.” One event lasting several days can initiate the seasonal 

transition from winter to summer upwelling conditions (Huyer 1983). Additionally, 

“relaxation” and subsequent stratification of coastal waters between these brief upwelling 

events is necessary to keep nutrients, phytoplankton, and other pelagic organisms in the 

sunlit surface waters and close to shore, leading to high coastal productivity (Cury and 

Roy 1989, Shanks and Eckert 2005). 

 

1.3 Upwelling-Driven Hypoxia 

Though wind-driven upwelling contributes to productive coastal ecosystems, it 

can also result in seasonal hypoxia (dissolved oxygen, DO < 1.4 mL L-1). In contrast to 

hypoxia driven by cultural eutrophication, summertime hypoxia along the Oregon coast is 

driven by upwelling of oxygen-poor, nutrient-rich water from depth, followed by high 

export production and respiration (Rabalais et al. 2010). The low DO levels 

characterizing this upwelled water result from its origin in one of the ocean’s largest 

naturally-occurring deep oxygen minimum zones (OMZs). These OMZs are features 

found off the continental shelf in the water column at 200 m to 1,000 m depth, and are 

caused by a combination of respiration and limited gas exchange in deep and slow-

moving ocean waters (Karstensen et al. 2008). Though water upwelled from the top of 
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the OMZ is above the hypoxic threshold when it arrives on the continental shelf’s edge, it 

loses DO as a consequence of high export production and subsequent respiration as it 

moves shoreward across the shelf, resulting in nearshore bottom water with hypoxic DO 

levels (Pierce et al. 2012, Adams et al. 2013, Peterson et al. 2013). Physical processes 

such as advection and mixing work in concert with these biological processes, and the 

balance between ventilation and respiration, combined with upwelling season duration, 

determines the length of hypoxic events (Adams et al. 2013). 

Global climate change can alter the behavior of coastal processes, influencing 

timing, intensity, and variability of upwelling and seasonal hypoxia. Recent and historical 

observations (Barth et al. 2007, Huyer et al. 2007) indicate that the intensity and 

frequency of extreme coastal events have increased in accordance with climate model 

predictions (Bakun 1990, Rykaczewski et al. 2015). These short-term anomalies in wind 

stress and ocean circulation, combined with shoaling of the OMZ and lower DO in 

upwelled water, appear to have increased the frequency and intensity of coastal hypoxic 

events over the last few decades (Grantham et al. 2004, Pierce et al. 2012, Peterson et al. 

2013). Though the most severe observations were recorded in the summers of 2002 and 

2006 (Grantham et al. 2004, Chan et al. 2008), DO has been decreasing for 50 years 

along the central Oregon coast (Pierce et al. 2012), and hypoxia in this region is now an 

annually recurring feature, present for most of the upwelling season (Adams et al. 2013). 

Seasonal hypoxia can have detrimental effects on distribution and survival of 

nearshore benthic fish and invertebrates. Severe hypoxia in 2002 and 2006 was 

associated with large densities of fish seeking refuge in abnormally shallow areas, 

absence of the usual residents in other areas, and massive die-offs (Grantham et al. 2004, 

Chan et al. 2008). Low abundance and species diversity of benthic fish and crabs in 

hypoxic bottom waters raise concerns that declining DO conditions could result in habitat 

compression for species intolerant of hypoxia, and expansion for tolerant species (Keller 

et al. 2010 & 2015). Hypoxia has also been observed to decrease growth rate, condition, 

and behaviors necessary for survival (Stierhoff et al. 2006 & 2009, Keller et al. 2010, 

Stinton et al. 2014, Li 2015, Ryer et al. in review). To anticipate the impacts of shifting 
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oceanographic conditions on coastal ecosystem function, we must assess the effects of 

coastal hypoxia on valuable benthic species.  

 

1.4 English Sole Importance, Life History, and Nursery Habitat Use 

Much of the region affected by coastal hypoxia functions as nursery grounds for a 

variety of commercially important benthic fish and invertebrates. One such species is 

English sole, a benthic flatfish that is part of Oregon’s $36 million multispecies 

groundfish fishery as well as prey for important organisms such as seals, crabs, and 

benthic fish (Gunderson et al. 1990, Cailliet et al. 2000, PacFIN 2016). Since English 

sole shares a spatially and temporally complex life history with other valuable fish and 

invertebrate species, a better understanding of factors influencing its growth and survival 

can inform fisheries management and coastal development. 

The life history of English sole relies greatly on the seasonal shifts in 

oceanographic conditions along Oregon’s coast. During late fall and winter, adults move 

offshore, where they spawn in deeper waters from December until May. Their buoyant 

eggs and larvae must be advected onshore by downwelling conditions in order to settle in 

shallow nearshore habitats (Budd 1940, Barss 1976). The coincidence of spawning and 

onshore surface transport is thus crucial, and has the potential to impact year-class 

success (Kruse and Tyler 1989). As pelagic larvae approach nearshore areas, they settle 

out of the water column and metamorphose into benthic juveniles (Barss 1976). Cued by 

oceanographic factors such as bottom salinity, most of these transforming and newly 

transformed larvae utilize tidal stream transport to enter estuaries (Krygier and Pearcy 

1986, Boehlert and Mundy 1987, Miller and Shanks 2004), where they grow and develop 

during productive summer upwelling conditions before moving back to the nearshore 

coastal zone in the fall (Gunderson et al. 1990). 

Estuaries and other shallow waters are known to serve a role as valuable nursery 

habitats for juvenile fish and invertebrates, providing abundant prey, structural 

complexity, higher temperature, and refuge from deeper-dwelling large predators (Sogard 

1997, Beck et al. 2001, Ryer et al. 2010). However, much of Oregon’s coast is 

characterized by small and mid-sized estuaries, for which nursery value has likely been 
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underestimated due to a general research focus on larger Oregon estuaries (e.g., Willapa 

Bay and the Columbia River estuary; Hughes et al. 2014). Additionally, though nursery 

habitats are generally identified by their greater contribution per unit area to adult fish 

stocks (Beck et al. 2001), this identification of spatially distinct habitat units does not 

sufficiently address the complex nature of nursery habitat functions. Rather, a more 

comprehensive approach incorporating ecophysiological factors, food web dynamics, and 

inputs from allochthonous systems and processes will be necessary to preserve nursery 

habitat functions (Sheaves et al. 2015). 

Patterns of nursery habitat use by juvenile English sole demonstrate the 

complexity of determining essential nursery habitat for marine fish species. Though 

initially thought to reside exclusively in estuaries, recently-settled juveniles are now 

known to inhabit nearshore coastal areas as well (Laroche and Holton 1979, Krygier and 

Pearcy 1986, Gunderson et al. 1990). Some juveniles even appear to settle and 

metamorphose in the nearshore environment initially, and then migrate into estuaries for 

continued development and growth (Krygier and Pearcy 1986, Gunderson et al. 1990). 

Even within a single estuary, distribution of juveniles is not uniform, and varies 

interannually (Rooper et al. 2003, Chittaro et al. 2009). Therefore, it is important to 

investigate the relative quality of various juvenile habitats, whether comparing coastal 

areas and estuaries, or downriver and upriver sites within an estuary. The mid-sized 

Yaquina Bay estuary in Newport (OR) and the nearby region offshore of Moolack Beach 

are examples of this complex nursery habitat use (Fig. 1.1). Yaquina Bay is deep (5-10 

m) relative to estuaries of comparable size (17 km2), but shallow compared to coastal 

waters or larger estuaries. It is used extensively for fishing and recreational activity, and 

its downriver channel is maintained by dredging. Acting as an interface between the 

Yaquina River and the coast, this estuary has a 650-km2 watershed with a mean discharge 

of approximately 7 m3s-1 (summarized in Sigleo and Frick 2007). My research focused on 

the relative quality of habitats within this study area.  

Due to seasonally variable inputs from coastal and riverine sources, English sole 

nursery habitats may differ spatially and temporally with respect to both oceanographic 

and biological properties. Nearshore coastal habitats and downriver estuarine habitats 
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closely reflect seasonal processes within the CCS, so juveniles utilizing these areas as 

nurseries in the summer will experience cold, saline, oxygen-poor conditions as the result 

of wind-driven upwelling and hypoxia (Huyer 1983, Huyer et al. 2007, Brown and Power 

2011). Conversely, those residing in upriver estuarine habitats will likely encounter 

warmer, fresher, more oxygenated conditions, depending on their distance upriver and the 

current stage of the tidal cycle. Though tidally-influenced estuaries like Yaquina Bay do 

receive some recently-upwelled waters from the coast, estuarine DO levels are typically 

not as low as nearshore levels, due to mixing, intrusion of flood-tide waters from multiple 

depths, not just the bottom, and the addition of DO resulting from coastal and estuarine 

primary productivity (Brown and Power 2011). Nonetheless, areas within Yaquina Bay 

do occasionally experience low-oxygen conditions. Approximately 10% of the time 

during the dry season, flood-tide DO levels fall below the threshold (3.2 mL L-1) set by 

Vaquer-Sunyer and Duarte (2008) for maintenance of resident species (Brown and Power 

2011). These low-oxygen conditions, when combined with the relatively shallow 

estuary’s capacity for primary productivity and warming water, could worsen and 

coincide with higher temperature. This combination of conditions could have negative 

impacts on benthic residents of the estuary, as addressed in the next section. With respect 

to biological properties, coastal, downriver, and upriver habitats also exhibit a general 

gradient from marine- to terrestrial-based carbon sources, expressed in organisms at 

multiple trophic levels (Thornton and McManus 1994, Vinagre et al. 2008, Shilla 2014, 

Bosley 2016). Since carbon sources and diet quality can influence a juvenile flatfish’s 

tolerance to hypoxic conditions (McKenzie et al. 2008, Zambonino-Infante et al. 2013), 

these biological factors should be examined in tandem with oceanographic factors for a 

complete understanding of nursery habitat quality. 

 

1.5 Effects of Hypoxia and Temperature 

Researchers have applied both experimental and field approaches to investigate 

the direct effects of hypoxia on behavior, physiology, growth, and condition of benthic 

fish and invertebrates, with mixed findings. While several species have been found to 

avoid hypoxic waters off the Oregon coast, English sole biomass in these areas appears 
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unaffected, though they exhibit lower body condition (Keller et al. 2010). Similarly, 

English sole and Dungeness crab in Hood Canal (WA) show no large-scale movement 

away from seasonally-hypoxic regions (Froehlich et al. 2014). These findings and others 

(see experiment by Boese 1988) suggest that adult English sole are relatively tolerant of 

hypoxic conditions. However, decreased growth rates and escape behavior in juvenile 

flatfish, including English sole, indicate higher potential for hypoxia-driven stress, 

particularly in warmer conditions (Stierhoff et al. 2009, Stinton et al. 2014, Li 2015, Ryer 

et al. in review). 

While the CCS large marine ecosystem as a whole has cooled slightly over the 

last few decades due to intensified upwelling (Belkin 2009), Oregon’s nearshore waters 

appear to have warmed considerably (Huyer et al. 2007), necessitating closer 

examination of temperature’s effects on organisms, as well as its interaction with 

hypoxia. While rising temperature can be associated with increased growth in juvenile 

flatfish, the relationship between growth potential and temperature is dome-shaped, 

demonstrating that negative impacts are observed near an organism’s innate thermal 

limits (Yamashita et al. 2001). Performance in growth, reproduction, foraging, and 

behaviors depends on an organism’s aerobic scope (capacity to transport more oxygen 

than required for basal metabolism), which decreases near its thermal limits (Pörtner and 

Knust 2007, Pörtner and Farrell 2008). While some temperate fish are able to acclimate 

to higher temperatures, thereby shifting their thermal window, this adaptation diverts 

energy away from other processes necessary for growth and survival (Pörtner and Knust 

2007). Optimum temperature varies by species (Yamashita et al. 2001); both juvenile and 

adult English grow slower at temperatures around 21 °C and faster at temperatures 

around 7 to 9.5 °C (Williams and Caldwell 1978, Kreuz et al. 1982). 

Hypoxic conditions are expected to narrow the thermal window and compound 

temperature effects (Pörtner and Farrell 2008). Stierhoff et al. (2006) found the 

simultaneous exposure of cold-water flatfish to low oxygen (1.4 and 2.45 mL L-1) and 

high temperature (20 and 25 °C) reduced their feeding and subsequent growth rates. 

These interactive oxygen-temperature effects carry concerning implications for juveniles 

in warm estuarine habitats, leading to recent exploration of habitat quality through 



8 

 

 

laboratory-controlled growth experiments (Ryer et al. in review). Juvenile English sole 

subjected to various levels of DO and temperature exhibited the poorest growth and 

survival at hypoxic (1.4 mL L-1), high-temperature (10 and 13 °C) treatments, 

demonstrating the detrimental impacts of the oxygen-temperature interaction. Statistical 

models combining growth data from the experiment performed by Ryer et al. with 

oceanographic measurements from the Yaquina Bay estuary and two nearby coastal areas 

predict higher potential for fish growth in estuarine habitats during cold hypoxic years, 

and higher growth potential in coastal habitats during warm hypoxic years (Li 2015). 

 

1.6 Lipid Metrics as Indicators of Condition 

Measures of condition metrics can contribute to a mechanistic understanding of 

fish status in suboptimal environments. Condition typically refers to an individual’s 

nutritional status. A commonly-used morphometric condition index referred to as 

“Fulton’s K” is based on an individual’s weight and length, and assumes that for a given 

length, heavier fish are healthier fish. Greater size-specific weight can be associated with 

more energy stored as lipids, which can be mobilized to help prevent starvation during 

periods of food scarcity or inhibited foraging activity. While wintertime food scarcity is 

less likely along the central Oregon coast than at more northern latitudes, reduced 

foraging activity is a concern for juvenile fish in warm or hypoxic summertime 

conditions (Stierhoff et al. 2006, Pörtner and Knust 2007, Pörtner and Farrell 2008). 

Decreased Fulton’s K has been observed for fish in low-quality habitats, from 

hypoxic areas (Keller et al. 2010) to regions of anthropogenic pressure (Amara et al. 

2007). The prevalence of Fulton’s K as an indicator of fish condition is likely associated 

with the relative ease of obtaining length and weight data. However, lipid condition 

indices can sometimes serve as more sensitive indicators of physiological stress than 

morphometric condition (Copeman et al. 2008). Directly measuring lipids, rather than 

weight, also improves the assumption of lower starvation risk with higher condition since 

weight, and thus Fulton’s K, increases with all tissues, not just those storing energy. Lipid 

metrics have been used to examine fish condition relative to habitat characteristics such 

as upwelling (Litz et al. 2010), food web dynamics (Copeman et al. 2016), and 
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anthropogenic disturbance (Amara et al. 2007). Lipid content of juvenile tongue sole was 

found to decrease with increasing water temperature (from 16 to 28 °C, Fang et al. 2010). 

This suggests that lipid condition decreases near the upper thermal limit, which is 

consistent with findings from growth studies (Copeman et al. accepted). In addition to 

their usefulness as indicators of condition, lipid metrics can also provide insight into 

energetics and energy allocation. 

Since drivers of mortality in early life stages include predation as well as 

starvation, juvenile fish survival requires trade-offs between growth and energy (lipid) 

storage. Prioritization of growth yields faster swimming and escape responses, as well as 

protection from gape-limited predation. Prioritization of energy storage reduces the 

likelihood of starvation in stressful or food-poor environments. Energy allocation strategy 

differs based on species physiology as well as environmental variables (Post and 

Parkinson 2001, Hurst et al. 2005, Copeman et al. 2008). Some researchers have 

suggested that the most successful strategy is early growth followed by energy storage 

just prior to winter (Post and Parkinson 2001, Mogensen and Post 2012, Giacomini and 

Shuter 2013, Ivan and Hook 2015). However, rapid growth is also associated with 

behavioral trade-offs such as increased foraging activity, which can raise exposure to 

predators (Hurst et al. 2005). Stressed fish have also been observed to divert energy from 

growth or storage to metabolic processes such as respiration (Fang et al. 2010). Questions 

regarding energy allocation in stressed individuals can be addressed using lipid metrics in 

conjunction with growth information. 

Examining lipid class composition (Fig. 1.2 and 1.3) allows us to more accurately 

measure the energy reserves available to an organism by separating storage lipids (e.g., 

triacylglycerols – TAG) from structural or membrane-associated lipids (e.g., sterols – ST 

and phospholipids – PL). As TAG is generally the group of lipid compounds that fish 

mobilize first when stressed, this lipid class serves as a sensitive indicator of nutritional 

status. However, TAG quantity is also related to body size or ontogenetic stage, and 

should thus be examined relative to ST quantity, which is closely correlated with dry 

weight and does not typically change during starvation (Fraser 1989). The resulting 

TAG:ST ratio has been used successfully as an indicator of condition in larval fish, 
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bivalves, and crustaceans (Fraser 1989), as well as in juvenile flatfish (Amara et al. 2007, 

Gilliers et al. 2012, Kerambrun et al. 2014). The current study utilized TAG:ST as a 

proxy for energy storage or lipid condition in juvenile English sole relative to 

oceanographic and biological factors, in order to estimate relative habitat quality of 

estuarine and coastal nurseries. 

 

1.7 Fatty Acids and Stable Isotopes as Trophic Biomarkers 

Fatty acids provide information on dietary sources (Dalsgaard et al. 2003, Budge 

et al. 2006, Parrish 2013) and prey quality, which may improve our understanding of 

habitat-associated lipid condition patterns in juvenile fish. Fatty acid (FA) structure, 

metabolism, analysis (Fig. 1.4), and interpretation have been thoroughly reviewed by 

Budge et al. (2006) and Parrish (2013). FAs are major components of acyl lipid classes 

such as triacylglycerols and phospholipids, which can account for up to 85% of the total 

lipid mass in juvenile fish. With the exception of odd and branched FAs synthesized by 

bacteria, the FAs of interest here are each comprised of an even number of carbon atoms 

in a straight chain, capped on either end by a terminal methyl (CH3) group and a terminal 

acid (carboxyl, COOH) group (Fig. 1.5). FAs relevant to fish trophic studies typically 

range from 14 to 24 carbons in length, with 0 to 6 double bonds. The shorthand FA 

naming system used within is A:Bn-X, where A refers to the total number of carbons, B 

refers to the total number of double bonds, and X refers to the location of the first double 

bond relative to the methyl terminus. 

The number of double bonds in an FA is referred to as its level of saturation. FAs 

containing no double bonds, one double bond, and more than one double bond are called 

saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), and polyunsaturated 

fatty acids (PUFAs), respectively. Long-chain PUFAs are of particular importance in 

marine ecosystems, as they include essential FAs (EFAs) that cannot be synthesized by 

predators (Twining et al. 2016). The major essential PUFAs in the marine environment are 

EPA (20:5n-3, eicosapentaenoic acid), DHA (22:6n-3, docosahexaenoic acid), and ARA  

(20:4n-6, arachidonic acid) (Sargent et al. 1999a, Parrish 2013), but there are species-

specific and age-specific requirements. These FAs are vital to normal membrane structure 
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and functions, especially in neural tissues, and are also important FA substrates that are 

used in the formation of eicosanoids, a localized hormone (Bell et al. 1994, Parrish 2013). 

Long-chain (i.e., C20 and C22) PUFAs have higher physiological value than short-chain 

(i.e., C18) PUFAs, and, as products of marine phytoplankton, are more abundant in marine 

habitats than in freshwater and terrestrial habitats (Twining et al. 2016). 

FAs are transferred up the food web in consistent and predictable patterns, and 

can thus be examined in biologically-specific combinations (biomarkers) in order to trace 

carbon sources back to primary producers at the base of a food web (Dalsgaard et al. 

2003, Budge et al. 2006, Kelly and Scheibling 2012). For example, the ratio of FAs 

16:1n-7 and 16:0 may indicate contribution by marine diatoms (St John and Lund 1996, 

Copeman and Parrish 2003), while the sum of FAs 18:2n-6 and 18:3n-3 may indicate 

contribution by terrestrial or nearshore sources (Alfaro et al. 2006). Some FAs or 

biomarkers (i.e., from diatoms) are associated with greater accumulation of storage lipid 

in marine organisms (St John and Lund 1996, Pedersen et al. 1999, Copeman and Parrish 

2003), indicating the importance of these particular FAs to promoting fish nutrition. 

As benthic or estuarine ecosystems have varying carbon sources and complex 

food webs (Kelly and Scheibling 2012), carbon and nitrogen stable isotopes are often 

examined in addition to FAs. Carbon isotope ratios (δ13C), like FAs, are fixed by primary 

producers and conserved from prey to predator, and can thus be used to trace carbon 

sources (Fry and Sherr 1984, Peterson and Fry 1987). Nitrogen isotope ratios (δ15N) 

increase in a predictable manner with trophic level, thereby indicating an organism’s 

trophic position (Peterson and Fry 1987, Sweeting et al. 2007). Marine ecologists along 

the coasts of Oregon and Washington have utilized lipid biomarkers in conjunction with 

stable isotope information to study trophic dynamics relative to variation in CCS 

upwelling (Litz et al. 2010) and across estuary ecotones (Howe and Simenstad 2015, 

Bosley 2016). Similarly, examination of lipid class composition, FA biomarkers, and 

stable isotopes in juvenile English sole can facilitate habitat quality assessment along the 

gradient from coastal/downriver habitats to riverine/upriver habitats in the Yaquina Bay 

estuarine system. 
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1.8 Study Significance and Research Objectives 

My research used a combination of laboratory and field approaches to assess the 

importance of oceanographic factors (DO and temperature) and biological factors (dietary 

carbon sources) that may vary among coastal, downriver estuarine, and upriver estuarine 

habitats, with respect to juvenile English sole lipid condition. Based on previous findings 

on growth rates and knowledge of aerobic stress at higher temperatures, I expected results 

from the lab experiment to reveal the lowest lipid condition at low-oxygen, high 

temperature treatments. Individuals were further expected to prioritize growth over 

energy storage, because ecological studies have suggested that the early-growth-late-

storage strategy is the most successful energy allocation strategy for juvenile fish (Post 

and Parkinson 2001, Hurst and Conover 2003, Mogensen and Post 2012, Giacomini and 

Shuter 2013, Ivan and Höök 2015). Finally, I expected the field study to reveal lower 

lipid condition in fish from the upriver habitat, due to warmer temperatures and lower-

quality terrestrial carbon sources at this site. 

This research will provide insight on the functional significance of 

coastal/downriver and estuarine/upriver habitats to juvenile fish growth and condition. A 

better understanding of the essential services that nursery habitats provide to 

commercially important fish (i.e., optimal DO and temperature, or high prey quality) is 

vital to the conservation and management of nursery zones. This research may also 

inform management of species with life histories similar to that of English sole, such as 

Dungeness crab, which constitutes one of the most valuable commercial fisheries in 

Oregon.  
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1.10 Figures 

Figure 1.1 Yaquina Bay estuary and Moolack Beach nearshore site, the habitat areas of 

interest. English sole juveniles settle both in the estuary and in the nearshore coastal 

habitat.  Samples were collected downriver (44.6184 °N, 124.0564 °W; circle) and 

upriver (44.5744 °N, 123.9911 °W and 44.5737 °N, 123.9658 °W; triangles) in Yaquina 

Bay during summer of 2014. 
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Figure 1.2. Structures of representative molecules from lipid classes of interest. 

Triacylglycerols (TAG – storage lipids, e.g., tripalmitin), sterols (ST – neutral structural 

lipids, e.g., cholesterol), and phospholipids (PL – polar structural lipids, e.g., dipalmitoyl 

lecithin). Modified from Parrish 2013. 
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Figure 1.3. Example chromatogram showing separation of lipid classes by thin-layer 

chromatography with flame ionization detection (TLC-FID, Iatroscan). The x-axis depicts 

time or distance along a Chromarod, and the y-axis depicts the detected signal in 

millivolts. Chromatogram recorded and integrated using PeakSimple software (ver. 3.67, 

SRI Inc.). 
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Figure 1.4. Example chromatogram showing separation of fatty acid methyl esters by gas 

chromatography with flame ionization detection (GC-FID). The x-axis depicts time, and 

the y-axis depicts the detected signal in picoamperes. Chromatogram recorded and 

integrated using Chem Station software (ver. A.01.02, Agilent Technologies, Inc.). 
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Figure 1.5. Structure and nomenclature of a fatty acid, (a) with all atoms shown and (b) 

with carbon and hydrogen atoms assumed, using 18:3n-3 as an example. Common 

shorthand FA nomenclature is A:Bn-X, where A refers to total number of carbons (e.g., 

18), B refers to total number of double bonds (e.g., 3), and X refers to the location of the 

first double bond relative to the terminal methyl group (e.g., 3). Modified from Budge et 

al. 2006. 
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2 EFFECTS OF DISSOLVED OXYGEN AND TEMPERATURE ON JUVENILE ENGLISH  

SOLE CONDITION 

 

2.1 Introduction 

The Oregon coast is located at the northern end of the California Current System 

(CCS), an eastern margin upwelling system that supports extremely high levels of 

productivity. In the summer season, wind-driven upwelling promotes this high 

productivity by importing nutrients to the euphotic surface waters (Huyer et al. 2007). 

However, low dissolved oxygen (DO) levels originating in the naturally-occurring deep 

oxygen minimum zone (OMZ, Karstensen et al. 2008) often accompany upwelled 

nutrients, and when followed by high export production and respiration, result in coastal 

hypoxia (DO < 1.4 mL L-1, Rabalais et al. 2010). Intensification of upwelling (Barth et al. 

2007, Huyer et al. 2007, Rykaczewski et al. 2015) combined with declining DO and 

increasing nutrient concentrations in upwelled water appear to have increased the 

frequency and intensity of summertime hypoxic events over the last few decades 

(Grantham et al. 2004, Pierce et al. 2012, Peterson et al. 2013). Hypoxia is now an 

annually recurring feature along the central Oregon coast, present for most of the 

upwelling season (Adams et al. 2013). 

Much of the coastal region affected by hypoxia serves as important nursery 

grounds for a variety of benthic fish and invertebrates that are commercially harvested as 

adults. Hypoxic conditions have decreased habitat quality for these valuable species, 

resulting in low abundance and species diversity, massive die-offs, and altered growth, 

condition, and behavior (Grantham et al. 2004, Stierhoff et al. 2006 & 2009, Chan et al. 

2008, Keller et al. 2010 & 2015, Stinton et al. 2014, Ryer et al. in review). Among the 

species depending on hypoxia-affected habitat is English sole (Parophrys vetulus), a 

benthic flatfish with commercial value as part of Oregon’s $36-million groundfish fishery 

and ecological value as prey for seals, crabs, and coastal demersal fish (Gunderson et al. 

1990, Cailliet et al. 2000, PacFIN 2016). Understanding the effects of hypoxia on this 

flatfish’s growth and survival will help to forecast the impacts of shifting oceanographic 

conditions on Oregon’s coastal ecosystem and fisheries. 
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English sole shares a spatially and temporally complex life history with many 

other fish and invertebrate species. This life history is closely tied to seasonal shifts in 

coastal processes. Spawning occurs offshore in late fall and winter, making buoyant eggs 

and larvae reliant on the onshore surface transport associated with downwelling 

conditions (Budd 1940, Barss 1976, Kruse and Tyler 1989). While seasonal conditions 

transition, pelagic larvae that have reached the nearshore region settle out of the water 

column, metamorphosing into benthic juveniles that grow and develop during the 

productive upwelling season (Barss 1976, Gunderson et al. 1990). Settlement has been 

found to occur not only in estuaries (Krygier and Pearcy 1986, Boehlert and Mundy 

1987, Miller and Shanks 2004), but also in nearshore coastal habitats (Laroche and 

Holton 1979). Some individuals utilize both habitats, settling initially in the nearshore 

region and then migrating into an estuary for continued growth (Krygier and Pearcy 

1986). One example of this complex nursery habitat use exists in Newport, Oregon, 

where juvenile English sole settle both in the Yaquina Bay estuary and in the region 

offshore of Moolack Beach (Fig. 2.1). Estuarine and coastal environments experience 

different oceanographic properties. Estuarine waters are characterized by warmer 

temperatures and higher DO reflecting coastal productivity and fluvial influence, while 

coastal waters have colder, oxygen-poor conditions reflecting upwelling processes 

(Huyer 1983, Brown and Power 2011). Areas within the tidally-influenced Yaquina Bay 

estuary also occasionally experience low-oxygen conditions (Brown and Power 2011), 

which could worsen and coincide with higher temperature. Examining how variable 

oceanographic properties impact juvenile English sole will help scientists and managers 

characterize the relative nursery quality of estuarine and coastal habitats. 

To understand the impacts that hypoxia may have on habitat quality, we must 

determine hypoxia’s direct effects on benthic organisms (i.e., English sole), and how 

effects may be compounded by other factors. Field studies suggest that, in contrast to 

other species, adult English sole are relatively tolerant of hypoxic conditions (Keller et al.  

2010, Froehlich et al. 2014) However, decreased growth rates and escape behavior 

suggest higher potential for hypoxia-driven stress in English sole juveniles, particularly 

when accompanied by higher temperature (Stinton et al. 2014, Ryer et al. in review). 
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While mean sea surface temperature for the overall CCS large marine ecosystem has 

decreased slightly over the last few decades due to intensified upwelling (Belkin 2009), 

water temperatures closer to shore appear to have increased (Huyer et al. 2007). 

Nearshore warming could become problematic for species with relatively low optimum 

temperature, like English sole (near or below 9.5 °C, Williams and Caldwell 1978, Kreuz 

et al. 1982). Growth, reproduction, foraging, and survival behaviors decrease near an 

organism’s innate thermal limits (Yamashita et al. 2001, Pörtner and Knust 2007, Pörtner 

and Farrell 2008), and though some temperate fish can acclimate to higher temperatures, 

doing so diverts energy away from processes important to survival (Pörtner and Knust 

2007). Hypoxic conditions are expected to narrow the thermal window and compound 

temperature effects (Pörtner and Farrell 2008), as shown by decreased feeding and 

growth in cold-water flatfish simultaneously exposed to high temperature and low 

oxygen (Stierhoff et al. 2006). When Ryer et al. (in review) assessed the effects of DO 

and temperature on English sole through laboratory-controlled growth experiments, 

juveniles exhibited the poorest growth and survival at hypoxic, high-temperature 

treatments (DO = 1.4 mL L-1, T = 10 & 13 °C). 

Condition metrics provide information on an organism’s nutritional status, and 

can contribute to a mechanistic understanding of factors affecting survival. Lipid 

condition indices can serve as more sensitive indicators of physiological stress than 

morphometric condition indices (Copeman et al. 2008), and can directly measure stored 

energy available to fish. By separating lipid classes and taking a ratio of storage lipids 

(e.g., triacylglycerols – TAG) to neutral structural lipids (e.g., sterols – ST), we can 

examine endogenous energy reserves while accounting for body size (Fraser 1989). The 

resulting TAG:ST ratio has been used successfully as an indicator of condition in fish and 

invertebrate larvae (Fraser 1989), as well as in juvenile flatfish (Amara et al. 2007, 

Gilliers et al. 2012, Kerambrun et al. 2014). Like growth, lipid condition decreases near 

an organism’s upper thermal limit, as shown by the decrease in lipid content of juvenile 

flatfish with increasing temperature (i.e., tongue sole, Fang et al. 2010). In addition to 

their usefulness as indicators of physiological stress, lipid metrics can be examined 

alongside growth to provide insight into energetics and energy allocation. Survival 
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strategies in early life stages necessitate trade-offs between growth and energy (lipid) 

storage; faster growth allows faster swimming, escape responses, and protection from 

gape-limited predation, while storage provides energy in physiologically stressful or 

food-poor environments. 

The goal of this study was to determine the effects of variable dissolved oxygen 

and temperature on the lipid condition of juvenile English sole by examining TAG:ST of 

fish kept in controlled laboratory conditions. Newly-settled fish were subjected to three 

levels of DO (1.4, 2.0, and 6.0 mL L-1) and three levels of temperature (7, 10, and 13 °C) 

for a four-week trial, then examined with respect to growth rate (Ryer et al. in review) 

and TAG:ST (the current study). I posed three central research questions: 

(1) How do DO, temperature, and their interaction affect lipid condition in 

English sole juveniles? 

(2) Are lipid condition metrics more sensitive to low DO (2.0 mL L-1) than 

growth metrics? 

(3) Are lipid condition metrics more sensitive to high temperature than growth 

metrics? 

(4) Do fish prioritize growth or lipid storage when exposed to suboptimal DO 

and temperature levels? 

I expected to find (1) significant main and interactive effects of low DO and high 

temperature on lipid condition, (2, 3) greater sensitivity of lipid condition than growth 

metrics to low DO and high temperature, and (4) prioritization of growth over lipid 

storage in suboptimal conditions. Results from this study will increase our understanding 

of English sole’s level of hypoxia tolerance at different life stages, and will inform 

predictions of relative nursery habitat quality for estuarine and coastal areas during 

periods of upwelling-driven hypoxia. 

 

2.2 Materials and Methods 

2.2.1 Laboratory Experiment on Effects of Dissolved Oxygen and Temperature  

A laboratory experiment incorporating controlled DO and temperature treatments 

was performed in July of 2013 by Ryer et al. (in review) to examine the effects of these 
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two oceanographic parameters on the growth of newly-settled English sole. Age-0 

individuals (<70 mm standard length) for the experiment were collected from Yaquina 

Bay (44° 37ʹ 21ʺ N, 124° 02ʹ 13ʺ W, Fig. 2.1) using a small otter trawl in May and June, 

and were conditioned in holding tanks prior to the experimental trial period. Holding 

tanks were maintained at 9 °C, with diurnal light conditions and a fine layer of sand into 

which juveniles could bury. After a brief acclimation period (3-5 days), all individuals 

underwent a series of formalin dips to eliminate any parasitic trematodes. Juveniles in 

holding tanks were fed one to two times weekly with finely-grated gel food comprised of 

squid, herring, krill, and supplemental amino acids and vitamins (Copeman et al. 2013). 

Some fish, such as those used later in the experiment as replacements, were kept in the 

holding tanks for an extended period of time (~50 days) prior to experimental treatments. 

Shortly before exposure to experimental conditions, each individual was tagged with 

Northwest Marine Technology Visual Implant Elastomer, and was allowed 5 days to 

recover and acclimate to its respective temperature treatment before initiating DO 

treatment. 

The experimental setup incorporated three DO levels, hypoxic (<1.4 mL L-1), 

low-oxygen (~2.0 mL L-1), and ambient-oxygen (~6.0 mL L-1), and three temperature 

levels (7 °C, 10 °C, and 13 °C). These specific DO and temperature levels were selected 

to simulate the range of conditions expected in estuarine and coastal nursery habitats for 

English sole. Treatments were run in duplicate and resulted in a total of 18 treatment 

tanks. Ten fish were randomly assigned to each treatment tank, and were subjected to at 

least 29 days of continuous experimental conditions. Dead fish were replaced to maintain 

a constant population density. Dead fish, as well as replacement fish subjected to 

treatment for less than 29 days, were excluded from growth and lipid analyses. 

Experimental fish were fed to satiation daily on the same finely-grated gel food given in 

holding tanks. A fine layer of sand covered the tank bottom as in holding. Fish length and 

weight were measured at the beginning of the experiment, after two weeks, and at the end 

of the four-week experiment. During measurements, fish were not removed from the 

treatment water for longer than 30 seconds. After final measurements, specimens were 

euthanized in a beaker with an overdose of tricaine methanesulfonate (MS-222), stored at 
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-20 °C for one year, and then transferred to -80 °C for up to six months before dissection 

and lipid extraction. Lipid extraction and analysis was performed on all specimens stored 

from the experiment, including replacement fish that underwent treatment for at least 29 

days, and excluding mortalities and replacement fish subjected to treatment for less than 

29 days. This resulted in lipid data for 6 to 10 fish per treatment tank. 

 

2.2.2 Morphometric Data and Dissection of Samples 

Each frozen individual thawed as it was rinsed with deionized water and patted dry. 

Digital calipers were used to take measurements of standard length (SL, from tip of snout to 

end of notochord) and total length (TL, from tip of snout to end of fin ray). A digital balance 

was used to measure wet weight to three decimal places. All samples were dissected in a 

glass petri dish kept on ice. Using dissection tools rinsed three times each with methanol and 

chloroform (i.e., lipid-cleaned), the stomach and intestines were removed and discarded.  

The remainder of the fish body (the lipid sample) was weighed and stored in a 10-mL test 

tube, cut into pieces if necessary to fit. Samples were each stored in 2 mL of chloroform, 

topped with nitrogen and sealed with Teflon tape, at -20 °C for less than one year prior to 

lipid extraction. 

 

2.2.3 Lipid Extraction and Analysis 

Lipids were extracted from each sample using a modified Folch procedure (Folch et 

al. 1957; Parrish 1987). Instrumentation and glassware were lipid-cleaned prior to use. 

Each sample was homogenized in a 2:1 proportion of chloroform and methanol, using a  

Euro-Turrax T20b automated homogenizer (27000 RPM, IKA Works, Inc.). After 

homogenization, samples were vortexed, sonicated for four minutes, and centrifuged (1500 

RPM) for three minutes. The lower, lipid-containing layer of solvent was removed from the 

test tube using a double-pipetting technique, and transferred to a 15-mL vial to be blown 

down under nitrogen. The procedure was repeated from the vortex step three more times, 

for a total of four washes. All four washes were combined in the 15-mL vial, and the 

resulting extract was blown down, transferred to 2-mL vials, and stored at -20 °C until lipid 

class analysis. 
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Analysis of lipid classes was performed using thin-layer chromatography with 

flame ionization detection (TLC-FID) as described by Lu et al. (2008) and as modified by 

Copeman et al. (2016), on a MARK V Iatroscan (Iatron Laboratories, Tokyo, Japan). 

Lipid extracts were spotted onto duplicate silica-coated glass rods (Chromarods, Iatron 

Laboratories), which were developed in a series of three mobile phases in order to 

separate lipid classes. Chromarods were first developed in a chloroform/methanol/water 

mobile phase (5:4:1 by volume) until the leading edge of the solvent system was 1 cm 

above the spotting origin. The second and third developments took place in 

hexane/diethyl ether/formic acid (99:1:0.05) for 48 minutes and hexane/diethyl 

ether/formic acid (80:20:0.1) for 38 minutes, respectively. Before each development, 

Chromarods were allowed to dry for five minutes, and were then conditioned for five 

minutes in a constant humidity chamber (33% humidity). After development in all three 

phases, Chromarods were scanned (Iatroscan) to obtain a signal in millivolts. The 

resulting chromatograms were integrated using PeakSimple software (ver. 3.67, SRI 

Inc.), and absolute amounts of four lipid classes (triacylglycerols, free fatty acids, sterols, 

and polar lipids) were quantified using lipid standards as detailed in Copeman et al. 

(2016). Since each lipid extract was run in duplicate, lipid class values for statistical 

analysis were taken as the average of these duplicates.  

 

2.2.4 Statistical Analysis 

With 18 treatment tanks containing 10 fish each, the expected sample size was 

180 fish. However, due to mortalities, 19 treatment positions needed to be refilled. Of the 

25 fish used as replacements, five underwent treatment for at least 29 days and 20 did 

not, resulting in growth data for 166 fish. Six samples were misplaced in storage and six 

samples were removed by problems in the lipid extraction process, resulting in lipid data 

for 154 fish. Nine of these samples were removed from the data set because their 

morphometric data collected immediately prior to lipid extraction did not match that 

collected by Ryer et al. (in review) at the end of the experiment. The final sample size 

was thus 145 fish, with growth and lipid data for each. This final data set included three 

of the replacement fish. 
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Analyses of lipid and growth data were performed using R statistical software (R 

core development team, 2014). TAG:ST, the ratio of storage to neutral structural lipid 

classes (Fraser 1989), was regressed against wet weight of individual fish. Residuals from 

this linear regression allowed for examination of size-standardized TAG:ST, a measure of 

lipid condition. Similarly, residuals from the regression between log(wet weight) and 

log(standard length) provided a measure of morphometric condition. Two-way analysis 

of variance (ANOVA) was used to examine the effects of DO, temperature, and their 

interaction on lipid and morphometric condition of individual fish. A mixed effect model 

with a random tank effect revealed that the error driven by variability among individual 

fish was much greater than that driven by the random effect, so a fixed effect model  was 

used instead, with tank means (n = 2) instead of individuals (n = 13 to 19) as the unit of 

replication. Upon discovery of significant differences between treatments, pairwise 

differences between treatment group means were determined using Tukey’s Honestly 

Significant Difference (HSD) test. A significance level of α=0.05 was used for all 

analyses. 

Linear regression was used to examine energy allocation strategies; TAG:ST of 

individual fish was regressed against specific growth rate (SGR), which was calculated 

by the following formula (Cook et al. 2000): 

𝑆𝐺𝑅 =  
ln(𝑊2) − ln(𝑊1)

𝑡2 − 𝑡1
× 100 

where 𝑊2 and 𝑊1 refer to final and initial weights, respectively, and 𝑡2 − 𝑡1 refers to the 

time elapsed between weight measurements. This formula assumes exponential increase 

of fish weight, and calculates growth in units of 1/day (d-1) × 100. For values less than or 

equal to 2 d-1 × 100, this measurement is numerically equivalent to %/day (% d-1). After 

visually observing a potential threshold relationship between TAG:ST and SGR, 

breakpoint analysis was performed, using an iterative searching approach with the model: 

𝑦 ~ 𝑥 ∗ 𝐼(𝑥 < 𝑐) + 𝑥 ∗ 𝐼(𝑥 > 𝑐) 

where 𝑦 refers to the response variable (TAG:ST), 𝑥 refers to the explanatory variable 

(SGR), 𝑐 refers to the breakpoint, and the multiplication symbol (∗) is used to signify 

both main effects and interactions for both variables. The best estimation of the 
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breakpoint was obtained from the model with the lowest Akaike Information Criterion 

(AIC). The AIC was also used to select between the final breakpoint and non-breakpoint 

(i.e., linear) model formulations. 

 

2.3 Results 

2.3.1 Morphometric Condition 

Logarithmic transformation was performed to linearize the relationship between 

post-treatment standard length (SL) and wet weight (WWT) of juvenile English sole (Fig. 

2.2 and 2.3a). The log-transformed length-weight relationship was well-described (R2 = 

0.951, p <0.001, Fig. 2.3a) by the linear regression equation Log (WWT, g) = -12 + 3.17 

× [Log (SL, mm)]. Residuals from this linear regression served as a morphometric 

condition index, and when compared across experimental treatments (two-way ANOVA, 

Fig. 2.3b), they revealed no significant effects of DO (F[2, 9] = 0.25, p = 0.78), 

temperature (F[2, 9] = 2.12, p = 0.18), or an interaction (F[4, 9] = 0.66, p = 0.63). 

 

2.3.2 Lipid Composition and Effects of DO and Temperature on Lipid Condition 

Total lipid content and lipid class composition were determined for all individuals 

(Table 2.1). Four lipid classes were detected in all samples. Polar lipids (PL, >85% 

phospholipids) comprised the largest proportion of each sample (60.4% ± 1.22%), 

followed by triacylglycerols (TAG, 22.4% ± 1.58%), sterols (ST, 14.6% ± 0.415%), and 

free fatty acids (FFA, 2.28% ± 0.0804%). As PL and ST generally serve structural roles, 

these lipid classes were not expected to vary much among treatments, as seen graphically 

(Fig. 2.4b and 2.4c). Conversely, TAG serves as a source of endogenous energy to 

organisms, and was thus expected to vary more among treatments as seen in Figure 2.4a. 

Total lipid content varied in a similar fashion to TAG (Fig. 2.4d), indicating that variation 

in lipid content was largely due to the accumulation or mobilization of TAG. 

There was a positive graphical relationship between juveniles’ TAG:ST and body 

size as measured by wet weight (linear regression, R2 = 0.386, p <0.001, TAG:ST = -1.12 

+ 2.04 × WWT, Fig. 2.5a), revealing that TAG:ST depends on body size and size-

standardized analyses should be used to account for potential ontogenetic shifts unrelated 
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to DO and temperature effects. Residuals from the linear regression of TAG:ST and wet 

weight were thus taken as a lipid condition index and were compared among the nine 

treatment groups to determine the effects of DO and temperature. Graphically, size-

standardized TAG:ST appeared similar among fish subjected to all treatments except for 

the hypoxic (DO = 1.4 mL L-1), higher temperature (T = 10 & 13 °C) conditions (Fig. 

2.5b), suggesting a potential interaction effect. Fish subjected to these two treatments 

appeared to exhibit lower lipid condition, as expected. Contrary to this visual trend, only 

temperature exhibited a statistically significant effect on lipid condition (two-way 

ANOVA, F[2, 9] = 6.06, p = 0.022). Lipid condition decreased with increasing 

temperature; at the lowest temperature (7 °C), size-standardized TAG:ST was 

predominantly positive, while at the higher temperatures (10 and 13 °C), size-

standardized TAG:ST was predominantly negative (Fig. 2.5b).  Neither a DO effect (two-

way ANOVA, F[2, 9] = 2.78, p = 0.114) nor an oxygen-temperature interaction effect 

(two-way ANOVA, F[4, 9] = 1.42, p = 0.303) was supported statistically. Examining tank 

means of size-standardized TAG:ST revealed high variability between replicate tanks 

(Fig. 2.6). 

 

2.3.3 Growth-Storage Comparison 

Trends in size-standardized TAG:ST were compared to those for specific growth 

rate (SGR) within the same individuals, to determine if lipid condition is more sensitive 

to low DO. Though growth rate was not observed to decrease at the “low-oxygen” 

treatment (DO = 2.0 mL L-1, medium grey bars in Fig. 2.5b and 2.7), size-standardized 

TAG:ST was expected to do so. However, the pattern observed in lipid condition 

reflected that observed in growth rate (Fig. 2.5b and 2.7); the low-oxygen treatment did 

not result in lower size-standardized TAG:ST than the ambient oxygen treatment (DO = 

6.0 mL L-1), even at higher temperatures (Tukey, p > 0.05). 

Patterns in size-standardized TAG:ST and SGR were also compared to determine 

if lipid condition is more sensitive to high temperature. Statistical analyses revealed 

different effects on lipid condition and growth rate. While the temperature effect was the 

only significant variable on size-standardized TAG:ST (see Section 2.3.2), only a DO 
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effect was evident on growth rate (two-way ANOVA; F[2, 9] = 6.91, p = 0.015). Neither 

temperature (two-way ANOVA; F[2, 9] = 0.82, p = 0.470) nor an oxygen-temperature 

interaction (two-way ANOVA; F[4, 9] = 2.27, p = 0.142) exhibited a statistically 

significant effect on growth rate. However, a positive temperature effect on growth rate 

was observed graphically (Fig. 2.7), in contrast to the negative temperature effect on lipid 

condition. 

 

2.3.4 Energy Allocation 

When investigating energy allocation, the relationship between SGR and TAG:ST 

(not size-standardized) of individual fish appeared biphasic (Fig. 2.8), and was better 

described by a breakpoint model (AIC = 614) than by a linear model (AIC = 622, 

TAG:ST = -0.09 + 2.54 × SGR). Breakpoint analysis revealed a growth threshold at 

0.678 d-1 × 100. Nearly all fish below this growth rate exhibited no storage (TAG:ST ~ 

0). Above this growth threshold, there was a positive relationship between growth rate 

and TAG:ST (linear regression, R2 = 0.192, p <0.001, TAG:ST = -0.652 + 3.07 × SGR). 

However, ANCOVA and linear regression analyses of fish above the growth threshold 

revealed no differences in slope among DO treatments or among temperature treatments; 

neither the interaction term between SGR and DO (p = 0.578), nor that between SGR and 

temperature (p = 0.430) was significant. This indicates that energy allocation strategy of 

juvenile English sole does not vary with DO and temperature. Examination of the SGR-

TAG:ST relationship relative to standard length (Fig. 2.9) revealed no clear trends with 

fish size, suggesting that energy allocation strategy also does not vary with ontogeny. 

 

2.4 Discussion 

This study sought to determine the effects of variable dissolved oxygen and 

temperature on juvenile English sole by examining specimens from a previous laboratory 

experiment (Ryer et al. in review). These flatfish are expected to encounter variable 

oceanographic conditions following their settlement in Oregon’s estuarine and coastal 

nursery habitats, with potential exposure to warm temperatures and hypoxia. Lipid class 

analyses of individuals from nine oxygen-temperature treatments revealed: (1) a 
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temperature effect and potential for a hypoxia-temperature interactive effect on lipid 

condition, (2) similar responses of lipid condition and growth rate to the low-DO (2.0 mL 

L-1) treatment, (3) differing responses of lipid condition and growth rate to high 

temperature, and (4) prioritization of growth over lipid storage for growth rates less than 

0.678 d-1 × 100, regardless of DO and temperature. 

 

2.4.1 Effects of DO and Temperature on Lipid Condition and Morphometric  

Condition 

Contrary to expectation, lipid condition of juvenile English sole was not impacted 

by hypoxia alone. Temperature appeared to play a more important role than DO, 

exhibiting the only statistically significant effect on size-standardized TAG:ST. The 

negative effect of high temperature on lipid condition is consistent with reported impacts 

of temperature on juvenile flatfish growth rate (Williams and Caldwell 1978) and lipid 

content (Fang et al. 2010). Additionally, an oxygen-temperature interaction appeared 

important graphically, aligning with previous reports of growth (Stierhoff et al. 2006, 

Ryer et al. in review). However, this interactive effect was not statistically significant in 

the current study. Contrasting graphical and statistical effects may be the result of greater 

variability between individual fish or replicate tanks than between treatments, which 

could be due to the small sample size for each treatment (n<20). Future experiments 

incorporating a larger sample size could provide stronger support for the effect of the 

DO-temperature interaction on lipid condition. 

Unlike lipid condition, morphometric condition exhibited neither statistically 

significant, nor graphically apparent, trends with DO and temperature. This suggests that 

lipid condition is more sensitive to environmental stressors than morphometric condition, 

and highlights the importance of assessing more than one condition index, as addressed in 

the next section. 

 

2.4.2 Growth-Storage Comparison 

Lipid condition was expected to decrease in the warm low-oxygen (2.0 mL L-1) 

treatments as well as the warm hypoxic (1.4 mL L-1) treatments, thereby indicating its 
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high sensitivity to low DO. However, as was found for growth rate, size-standardized 

TAG:ST in low-oxygen water was statistically similar to that in ambient and fully-

oxygenated water, which may suggest that this lipid metric is no more sensitive to low 

DO than is growth rate. This may also indicate that juvenile English sole are relatively 

tolerant of low-oxygen environments. Similar tolerance to low oxygen was found in a 

previous experiment by Boese (1988). Young-of-the-year English sole subjected to 

various DO levels (1.3 to 6.4 mL L-1) over a short time period (8 to 20 hours) exhibited 

constant oxygen consumption across all levels, with only moderate reduction in oxygen 

extraction efficiency, likened to that of the hypoxia-tolerant common carp, Cyprinus 

carpio. In contrast, other estuarine-dependent flatfish species experience reduced growth 

in low-oxygen conditions. Juvenile summer flounder (Paralichthys dentatus) and winter 

flounder (Pseudopleuronectes americanus) have exhibited reduced growth rates in a DO 

environment of 2.45 mL L-1 (Stierhoff et al. 2006), and juvenile southern flounder 

(Paralichthys lethostigma) have shown decreased growth when exposed to DO of 1.95 

mL L-1 (Taylor and Miller 2001). The potential low-oxygen tolerance of juvenile English 

sole is also somewhat expected, in light of the hypoxia tolerance observed in adults 

(Keller et al. 2010, Froehlich et al. 2014). 

Lipid condition was also expected to be more sensitive to high temperature than 

growth rate. This hypothesis was supported; temperature exhibited a statistically 

significant effect on lipid condition, but not on growth rate. Additionally, graphical trends 

revealed that higher temperature had opposite effects on these two metrics, decreasing 

lipid condition while increasing growth rate. Many lab and field studies have reported 

similarly contrasting results, revealing weak or no correlation between different growth 

and condition indices (e.g., RNA:DNA, recent otolith growth, dry weight, Fulton’s K, 

and TAG:ST) for the same individual fish (Suthers et al. 1992, Amara and Galois 2004, 

Gilliers et al. 2004, Vasconcelos et al. 2009, Walther et al. 2010, Roberts et al. 2011). 

Differences in these indices’ responses may result from the different time scales 

integrated by each (Suthers et al. 1992, Weber et al. 2003, Walther et al. 2010). While 

TAG:ST has been observed to vary on a shorter time scale than size-integrated growth, 

the response time of lipid content and TAG to food deprivation can vary highly by 
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species, ranging from 2 days in juvenile rainbow trout (Oncorhynchus mykiss) to 4 weeks 

in juvenile fathead minnows (Pimephales promelas, Weber et al. 2003). Thus, the 

confounded statistical effects in the current study (i.e., a significant temperature effect on 

lipids, but a significant DO effect on growth) may result from the different time scales 

upon which temperature and DO influence fish, relative to the different response times of 

lipid condition and growth. Though juvenile English sole were subjected to treatment for 

4 weeks, long enough for most growth and condition indices to respond, Bancroft (2016) 

suspected that tagging the fish caused delayed sub-lethal effects (~2 weeks later). A 

longer experiment or removal of the tagging step could reduce discrepancies between 

growth and lipid responses. As noted for morphometric condition in the previous section, 

differences observed in growth and lipid responses indicate that a single index is 

insufficient to fully explain the impact of environmental factors on fish (Gilliers et al. 

2004, Walther et al. 2010).  

An alternative or additional explanation for differing effects on growth and 

storage may be related to the trade-off between hypoxia tolerance and heat tolerance 

found by Roze et al. (2013) for juvenile rainbow trout (Oncorhynchus mykiss). Faster-

growing, larger fish were physiologically more tolerant of hypoxia, while slower-

growing, smaller fish were more tolerant of high temperature. Physiologically, this trade-

off may result from the greater capacity of large fish to anaerobically produce ATP 

(Nilsson and Östlund-Nilsson 2008) combined with the cardiovascular system’s reduced 

ability to support larger body size at higher temperatures (Farrell 1987, Pörtner and Knust 

2007). This hypoxia-heat trade-off may be confounding statistical effects of DO and 

temperature on growth rate and storage in juvenile English sole. It may also explain why 

increasing temperature appears to increase growth rate (graphically) while decreasing 

lipid condition (graphically and statistically). Regardless of the mechanisms behind these 

trends, English sole lipid condition appears more sensitive to changes in temperature than 

changes in DO. Warming temperatures could thus pose the larger problem for this flatfish 

as coastal climate continues to change.  
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2.4.3 Energy Allocation 

Examination of energy allocation strategy revealed a specific growth rate 

threshold at 0.678 d-1 × 100, below which virtually no energy was stored as reserve lipids 

(TAG). The presence of this threshold indicates prioritization of growth over lipid 

storage, as expected. Studies exposing juvenile flatfish to environmental stressors such as 

hydrocarbons and other pollutants (Gilliers et al. 2012, Kerambrun et al. 2014) have also 

found more drastic decreases in storage than in growth rate. Though these studies 

examined group means rather than individual fish measures, and thus did not have high 

enough resolution to observe a growth threshold, their observations of positive growth 

with near-zero TAG:ST suggest a growth threshold that must be surpassed before lipid 

storage can occur. 

The mechanisms driving this energy allocation strategy are unclear. Sogard and 

Spencer (2004) found a clear ontogenetic effect when examining energy allocation of 

juvenile sablefish, in that small fish allocated more energy to growth and less to lipid 

storage than large fish, regardless of temperature or ration treatment. However, such 

ontogenetic changes were not observed for juvenile English sole in this study, and studies 

of flatfish energy allocation relative to ontogeny are scant in the scientific literature. 

Fonseca and Cabral (2007) attempted a more general approach to understanding energy 

allocation in fish, by comparing growth and condition indices across 46 species with 

differing life history strategies. While this meta-analysis confirmed that a rapid growth 

strategy is common for temperate estuarine fish and other species in variable or unstable 

habitats, the authors did not observe differences in species’ energy allocation, and 

suggested that this may be the result of insufficient data on juvenile fish condition. 

However, some studies suggest that rapid-growth strategies are associated with low 

allocation of resources to lipid storage (Morgan et al. 2002, Hurst et al. 2005). 

Ecologically, the early-growth-late-storage strategy has been suggested as the most 

successful energy allocation for juvenile fish (Post and Parkinson 2001, Hurst and 

Conover 2003, Mogensen and Post 2012, Giacomini and Shuter 2013, Ivan and Höök 

2015). Early growth allows for protection from gape-limited predation, while later 

storage prepares juveniles for relatively food-scarce winters. Additional studies on 
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flatfish energy allocation in the future may add physiological support to this ecological 

explanation. 

Above the growth threshold found in the current study, the relationship between 

growth and lipid storage was positive, as found previously in metamorphosing flatfish 

larvae (Amara and Galois 2004), juvenile sablefish (Sogard and Spencer 2004), walleye 

pollock, and Pacific cod (Copeman et al. accepted). This suggests that fish above the 

growth threshold have sufficient resources to maximize both growth and lipid storage, 

rather than prioritizing one activity over the other. Interestingly, the slope of the linear 

growth-storage relationship in juvenile English sole is similar among all DO and 

temperature treatments, suggesting that energy allocation in juvenile English sole is 

predominately determined by factors other than environmental conditions. This contrasts 

with the findings of Sogard and Spencer (2004), whose observations of different energy 

allocation among temperature and ration treatments demonstrate the ability of sablefish to 

modify allocation strategy in response to external variables. 

 

2.4.4 Conclusions 

While my research suggests that juvenile English sole are relatively tolerant of 

low-oxygen conditions and have physiological responses permitting residence in low-

oxygen areas, the potential for detrimental and interacting effects of hypoxia and high 

temperature highlight the importance of both estuarine and coastal nursery habitats. 

Depending on the oceanographic factors associated with a particular upwelling season, 

either of the two habitats could serve as a refuge while the other exhibits poor conditions. 

However, the importance of each of these habitats must be investigated further, utilizing 

field collections to compare juveniles from each habitat. Such a study would help to 

account for other factors influencing lipid condition, such as carbon sources and the 

resulting prey quality in each habitat. The sources and quality of a juvenile flatfish’s diet 

can influence its tolerance to hypoxic conditions (McKenzie et al. 2008, Zambonino-

Infante et al. 2013), making examination of these factors imperative for a complete 

understanding of nursery habitat quality. Such an investigation is described in the next 

chapter of this thesis.  
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2.6 Figures and Tables 

Figure 2.1 Yaquina Bay estuary and Moolack Beach nearshore site, the habitat areas of 

interest. Samples were collected from Yaquina Bay for the experiment. 
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Figure 2.2 Relationship between standard length (SL, mm) and wet weight (WWT, g) of 

juvenile English sole (Parophrys vetulus, n = 145), following exposure to different 

oxygen and temperature treatments in a four-week laboratory-controlled experiment. 

Experiment by Ryer et al. (in review). 
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Figure 2.3 (a) Linear relationship between log-transformed length (SL, mm) and log-

transformed wet weight (WWT, g) for juvenile English sole (Parophrys vetulus) exposed 

to different oxygen and temperature treatments for four weeks (n = 145). Log(WWT, g) =  

-12 + 3.17 × [Log(SL, mm)], R2 = 0.951, p <0.001. (b) Residuals of linear log-length and 

log-weight relationship for English sole in different treatments. Differences in length-

weight residuals between treatments were analyzed using a fixed effect two-way 

ANOVA with tank means (n=2) as the unit of replication, α=0.05. 

(b) 

(a) 

DO      p=0.78 
T         p=0.18 
DO:T   p=0.63 
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Figure 2.4 Triacylglycerol (TAG, a), sterol (ST, b), polar lipid (PL, c), and total lipids (d) per wet weight (mg/g) of juvenile 

English sole (Parophrys vetulus, n = 145) in nine different experimental oxygen and temperature treatments. Differences in lipid 

metrics between groups were analyzed using a fixed effect two-way ANOVA with tank means (n=2) as the unit of replication, 

α=0.05. 

DO       p=0.048 
T          p=0.105 
DO:T   p=0.039 

(a) (b) 

(c) (d) 

DO       p=0.098 
T          p=0.168 
DO:T   p=0.417 

DO       p=0.352 
T          p=0.0014 
DO:T   p=0.788 

DO       p=0.113 
T          p=0.015 
DO:T   p=0.464 
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Figure 2.5 (a) Linear relationship between wet weight (WWT, g) and TAG:ST (ratio of 

storage to structural lipid classes) for juvenile English sole (Parophrys vetulus) exposed 

to different oxygen and temperature treatments for four weeks (n = 145). TAG:ST = -

1.12 + 2.04 × [WWT, g], R2 = 0.386, p <0.001. (b) Residuals of linear weight and 

TAG:ST relationship for English sole in different treatments. Differences in weight-

TAG:ST residuals between treatments were analyzed using a fixed effect two-way 

ANOVA with tank means (n=2) as the unit of replication, α=0.05. 

DO      p=0.114 
T         p=0.022 
DO:T   p=0.303 

(a) 

(b) 
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Figure 2.6 Residuals of (a) linear log-length and log-weight relationship and (b) linear 

weight and TAG:ST relationship for English sole in different treatment tank replicates to 

show high variability between tank means. 

 

(a) 

(b) 
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Figure 2.7 Specific growth rate (SGR, d-1 × 100) for English sole in different treatments, 

for comparison to weight-TAG:ST residuals. Differences in SGR between treatments 

were analyzed using a fixed effect two-way ANOVA with tank means (n=2) as the unit 

of replication, α=0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DO      p=0.015 
T         p=0.470 
DO:T   p=0.142 
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Figure 2.8 The relationship between specific growth rate (SGR, d-1 × 100) and TAG:ST 

(ratio of storage to structural lipid classes) for English sole in different treatments, used to 

examine energy allocation (n = 145). Using statistical breakpoint analysis, a growth 

threshold was found at 0.678 d-1 × 100. 
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Figure 2.9 The relationship between specific growth rate (SGR, d-1 × 100) and TAG:ST 

(ratio of storage to structural lipid classes) for English sole, used to examine energy 

allocation relative to standard length (SL) in mm (n = 145). 
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Table 2.1 Total lipid content (mg lipid per g tissue) and lipid class composition (%) of juvenile English sole (Parophrys vetulus,  

n = 145), averaged for each of nine experimental oxygen and temperature treatment combinations. Means with standard errors in 

brackets. 

 
 7 °C 10 °C 13 °C 

 1.4 mL/L 2.0 mL/L 6.0 mL/L 1.4 mL/L 2.0 mL/L 6.0 mL/L 1.4 mL/L 2.0 mL/L 6.0 mL/L 

 n = 16 n = 19 n = 17 n = 16 n = 17 n = 15 n = 13 n = 16 n = 16 

Total lipids (mg g-1) 10.4 (0.9) 10.0 (0.7) 10.6 (0.7) 7.8 (0.5) 9.0 (0.8) 10.2 (0.8) 7.3 (0.7) 9.1 (0.7) 8.9 (0.6) 

Lipid classes (% total lipid)         

Triacylglycerols 27.5 (4.4) 22.9 (4.2) 21.8 (5.0) 13.4 (3.6) 20.4 (4.9) 31.8 (4.6) 12.4 (4.3) 26.9 (4.9) 23.0 (5.4) 

Free fatty acids 2.2 (0.1) 2.3 (0.1) 2.5 (0.1) 2.3 (0.1) 2.0 (0.1) 2.1 (0.1) 2.2 (0.3) 1.7 (0.1) 3.4 (0.5) 

Sterols 13.6 (1.3) 13.4 (1.0) 13.7 (1.0) 16.5 (1.0) 14.4 (1.1) 12.8 (1.2) 19.4 (1.5) 12.9 (1.3) 15.9 (1.3) 

Polar lipids 56.7 (3.3) 61.5 (3.3) 62.0 (3.9) 67.8 (2.6) 63.2 (3.9) 53.3 (3.5) 66.0 (3.1) 55.9 (4.2) 57.7 (4.0) 
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3 VARIABILITY IN JUVENILE ENGLISH SOLE CONDITION AT ENDS OF AN  

ESTUARINE GRADIENT 

 

3.1 Introduction 

Estuaries act as valuable nursery grounds for a number of commercially and 

ecologically important fish and invertebrate species (Beck et al. 2001). The abundant 

prey and warmer temperatures provided by these habitats enhance size-selective survival 

of juveniles (Sogard 1997, Beck et al. 2001), while their structural complexity and 

shallow nature afford refuge from predation (Beck et al. 2001, Ryer et al. 2010). For 

some species, estuarine-reared juveniles contribute disproportionately to adult stocks 

compared to those from other rearing grounds (Armstrong et al. 2003, Brown 2006, 

Hughes et al. 2014). This is how nurseries are commonly identified and managed, as 

spatially distinct habitat units contributing more individuals to the adult population (Beck 

et al. 2001). However, nursery functions of different habitats within an estuary are 

complex, and effective identification and management of such nursery habitats 

necessitate a more detailed, comprehensive approach incorporating food web dynamics 

and allochthonous inputs (Sheaves et al. 2015). 

The complexity of estuarine systems, particularly those associated with a river, is 

demonstrated by their highly variable environmental conditions, which arise from tidal 

and fluvial influences. Differing inputs and processes associated with these two 

influences set up a seasonally-changing gradient of salinity, temperature, dissolved 

oxygen (DO), and organic matter sources (Brown and Power 2011, Howe and Simenstad 

2015, Bosley 2016). The present study’s estuary of interest, Yaquina Bay (Newport, 

Oregon, U.S.A., Fig. 3.1), is at the interface between the Yaquina River and a productive 

coastal upwelling ecosystem (Huyer et al. 2007). However, the cold, saline, nutrient-rich 

upwelled water supporting summertime productivity is also characterized by low DO, 

resulting in coastal hypoxia which has increased in intensity and frequency over the last 

few decades and is now an annually recurring feature (Grantham et al. 2004, Pierce et al. 

2012, Adams et al. 2013, Peterson et al. 2013). Both the biological productivity and the 

physical oceanography of Oregon’s coastal waters impact conditions within the tidally-



57 

 

 

influenced Yaquina Bay estuary, constructing a gradient from the saline, cold, oxygen-

poor downriver region to the fresher, warmer, oxygenated upriver region (Brown and 

Power 2011). Organic inputs are also expected to differ, with carbon sources of marine 

origin dominating downriver sites and those of terrestrial and freshwater origin strongly 

influencing upriver sites (Thornton and McManus 1994, Vinagre et al. 2008, Shilla 2014, 

Bosley 2016). All of these factors can affect the growth and condition of juvenile fish and 

invertebrates at different stages of their estuarine residence (Meng et al. 2000, Islam and 

Tanaka 2006, Escalas et al. 2015, Bosley 2016). Thus, determining the quality of various 

juvenile habitats within estuaries is necessary to describe the function of these systems as 

nurseries (Sogard and Able 1991, Mattila et al. 1999, Rooper et al. 2003, Chittaro et al. 

2009, Copeman et al. 2009). 

In Oregon coastal waters, one of the species utilizing estuaries early in life is 

English sole (Parophrys vetulus), a benthic flatfish commercially harvested as part of 

Oregon’s $36-million groundfish fishery and ecologically valuable as prey for 

piscivorous birds and mammals, demersal fishes, and crabs (Gunderson et al. 1990, 

Cailliet et al. 2000, PacFIN 2016). After winter spawning, pelagic onshore transport, and 

settlement to the benthos (Budd 1940, Barss 1976), most English sole juveniles spend 

their first summer in an estuary, even if they initially settled in the nearshore coastal 

habitat (Krygier and Pearcy 1986, Boehlert and Mundy 1987, Miller and Shanks 2004, 

Gunderson et al. 1990). The estuarine habitat is thought to provide greater food 

availability and refuge from competition with other flatfish species, such as butter sole 

(Hogue and Carey 1982, Gunderson et al. 1990). Within the Yaquina Bay estuary, 

juveniles aggregate in shallow areas surrounded by tidal flats, leading to higher densities 

in the lower estuary; this heterogeneous distribution may be related to the temperatures 

optimal for growth (Rooper et al. 2003). However, juveniles have been found to inhabit 

upriver sites as well (Myers 1980), and thus provide a way to examine habitat quality 

along the estuarine gradient. 

To assess nursery habitat quality at the ends of an estuarine gradient, I 

investigated lipid metrics and bulk carbon and nitrogen isotopes of wild-caught juvenile 

English sole from Yaquina Bay. Lipids are a dense source of energy in the diets of 
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metazoan organisms. Stored lipids (i.e., triacylglycerols, TAG) generally indicate greater 

nutritional condition in juvenile fish, because these energy stores can be mobilized to 

prevent starvation during periods of food scarcity or inhibited foraging activity. The 

present study employed a ratio of storage to neutral structural lipids (TAG:ST, Fraser 

1989) as a proxy for fish energy storage or lipid condition, and examined this metric for 

spatial and temporal trends among wild-caught English sole juveniles. To investigate the 

mechanisms driving trends in lipid condition, fatty acid composition was also 

determined. Fatty acids (FAs) are components of lipids, and when consumed in the diet, 

are transferred from prey to predator in a somewhat conservative manner (Dalsgaard et 

al. 2003, Budge et al. 2006, Parrish 2013). They are thus useful tools in understanding 

trophic relationships and food web dynamics. FAs are a diverse group of compounds, and 

some are more commonly synthesized at lower trophic levels, so combinations of certain 

FAs can be used as trophic biomarkers that suggest the presence of particular organisms 

or processes at the base of a food web (Dalsgaard et al. 2003, Budge et al. 2006). Various 

FA biomarkers are associated with diatoms, dinoflagellates, green and red algae, bacteria, 

and terrestrial plants (Budge and Parrish 1998, Dalsgaard et al. 2003, Kelly and 

Scheibling 2012). Some of these carbon sources (i.e., diatoms) are correlated with storage 

lipid in fish, highlighting the greater nutritional quality or value of particular FAs (St 

John and Lund 1996, Pedersen et al. 1999, Copeman and Parrish 2003). 

Marine fish lack the ability to synthesize adequate quantities of all FAs required 

for normal physiological function; those that must be acquired primarily through diet are 

referred to as essential fatty acids (EFAs). Of particular importance are three long-chain 

polyunsaturated FAs (PUFAs): docosahexaenoic acid (DHA, 22:6n-3), eicosapentaenoic 

acid (EPA, 20:5n-3), and arachidonic acid (ARA, 20:4n-6) (Sargent et al. 1999a). These 

EFAs are key components of cell membranes and precursors of eicosanoids (local 

hormones), and deficiencies negatively impact membrane fluidity, pigmentation, 

immunity, reproduction, and behavior, thereby decreasing fish growth and survival 

(Sargent et al. 1999a, b, Copeman et al. 2002, Tocher 2003). Long-chain PUFAs (i.e., C20 

and C22) are typically synthesized by marine producers such as diatoms and 

dinoflagellates (Dalsgaard et al. 2003, Kelly and Scheibling 2012), and have higher 
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physiological value than the short-chain PUFAs (i.e., C18) associated with terrestrial 

producers because marine fish are largely incapable of desaturating short-chain PUFAs 

into long-chain PUFAs (Owen et al. 1975, Cowey et al. 1976, Scott and Middleton 1979, 

Sargent et al. 1999a,Twining et al. 2016). Changes in physical oceanography and 

biological productivity along the estuarine gradient alter the contribution of various 

primary producers to the food web, and thus the availability of their associated EFAs. 

Over the summer season, these changes may differentially impact the physiology and 

condition of juvenile English sole residing in upriver and downriver habitats. 

Fatty acid analyses can be combined with stable isotope analyses to help clarify 

food web dynamics in complex systems with varying carbon sources, such as benthic 

systems and estuaries (Kelly and Scheibling 2012). Stable isotope ratios vary with both 

dietary source and trophic level (Fry and Sherr 1984, Peterson and Fry 1987). Carbon 

isotope ratios (δ13C) provide additional information on dietary carbon sources, because 

different primary producers fix carbon in different proportions of 13C and 12C that are 

conserved from prey to predator. Nitrogen isotope ratios (δ15N) indicate trophic position, 

as δ15N increases in a predictable manner with each trophic level (Δδ15N ~ 2.9‰ for 

whole fish, Sweeting et al. 2007). 

In this study, I combined lipid class, fatty acid, and bulk carbon and nitrogen 

isotope analyses to determine lipid condition (TAG:ST), dietary carbon sources, and 

trophic position of wild-caught juvenile English sole from upriver and downriver habitats 

in Yaquina Bay. Through this approach I addressed four research questions: 

(1) How does habitat affect lipid condition in juvenile English sole? 

(2) How do dietary carbon sources and trophic position vary amongst juveniles 

that are resident in upriver and downriver habitats within Yaquina Bay 

estuary? 

(3) How do dietary carbon sources and trophic position vary for juveniles with 

the progression of the summer season? 

(4) Can dietary carbon sources and trophic position explain observed variation 

in lipid condition of wild-caught juveniles? 
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Based on dissolved oxygen and temperature effects observed in laboratory-reared 

juveniles (Chapter 2), and the summertime oceanographic conditions expected in 

Yaquina Bay estuary’s upriver and downriver habitats, I expected to find (1) lower lipid 

condition in juveniles from the warmer upriver habitat. Furthermore, current 

understanding of carbon sources in the estuary leads me to expect (2) enrichment of 

upriver and downriver fish tissues with carbon of terrestrial and marine origin, 

respectively, (3) greater prevalence of marine-associated carbon sources with the 

progression of the summer season, and (4) greater lipid condition in juveniles with a 

more marine-sourced diet. My findings will provide insight on the relative nursery 

quality of Yaquina Bay’s upriver and downriver habitats, with regards to both 

oceanographic and biological factors. 

 

3.2 Materials and Methods 

3.2.1 Field Sampling 

Wild English sole juveniles were collected from downriver and upriver sites in 

Yaquina Bay near Newport, Oregon in June, July, and August of 2014 to examine spatial 

and temporal trends in lipid dynamics, trophic markers, and habitat quality. Downriver 

collections were made approximately 1 km from the mouth of the estuary (Fig. 3.1, 

circle) with a beach seine (50 ft. × 3.5 ft., 0.25 in. mesh) at low tide. Upriver collections 

were made approximately 11.5 and 13.5 km from the mouth (Fig. 3.1, triangles) via otter 

trawl (15.5 ft. × 4 ft. mouth, 0.125 in. mesh) towed behind a 20-foot whaler traveling at a 

target speed of 1 knot over ground. Upriver sampling began at the location furthest 

upriver at high tide, and progressed downriver until either the sampling quota or the end 

of the cruise time window was reached. Individuals from the two upriver sites were 

grouped for statistical analyses due to similar oceanographic conditions. 

Only individuals smaller than 80 mm standard length were kept in order to focus 

on age-0 juveniles (Rosenberg 1982). Samples were stored on dry ice for the duration of 

each sampling event, and then moved to a -80 °C freezer for long-term storage. Target 

sample size for each of the six sampling groups (two sites over three months) was 10 

juveniles, but more were kept if catch exceeded this sample size (Table 3.1). The sample 
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size for the upriver site in August was only seven individuals, due to difficulty capturing 

fish. 

Environmental data was taken at the approximate time and location of fish 

collection. Near-bottom measurements of dissolved oxygen (DO) were taken with a 

handheld YSI Professional Optical Dissolved Oxygen Meter (ProODOTM), which was 

lowered into the water as deep as possible (4 meters depth in the absence of tidal 

currents) and allowed to acclimate prior to recording a reading. Bottom measurements of 

temperature and salinity were taken with a hand-cast YSI CastAway CTD, which was 

lowered into the water until touching bottom, indicated by slack in the line. Depth 

measurements taken by this CTD did not exceed 4.6 meters, validating the use of the 

handheld ProODOTM meter for measurement of bottom DO. 

 

3.2.2 Morphometric Data and Dissection of Samples 

Each frozen fish thawed as it was rinsed with deionized water and patted dry. Digital 

calipers were used to take measurements of standard length (SL, from tip of snout to end of 

notochord) and total length (TL, from tip of snout to end of fin ray). A digital balance was 

used to measure wet weight to three decimal places. All samples were dissected in a glass 

petri dish kept on ice. Using dissection tools rinsed three times each with methanol and 

chloroform (i.e., lipid-cleaned), a triangle of dorsal muscle tissue for stable isotope analysis 

was removed and stored at -20 °C for less than 19 months. Sagittal otoliths were also 

removed and saved for potential age analysis. Finally, the stomach and intestines were 

removed; the intestines were discarded and the stomach was stored in 95% ethanol for 

potential gut content analysis. 

The remainder of the fish body (the lipid sample) was weighed and stored in a 10-

mL test tube, cut into pieces if necessary to fit. All individuals larger than 70 mm SL were 

processed into two sample tubes for lipid extraction due to volume constraints of the 

extraction procedure; extracts for these fish were combined before analysis of lipid classes. 

Samples were each stored in 2 mL of chloroform, topped with nitrogen and sealed with 

Teflon tape, at -20 °C for less than one year prior to lipid extraction. 
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3.2.3 Lipid Extraction and Analyses 

Lipids were extracted from each sample using a modified Folch procedure (Folch et 

al. 1957; Parrish 1987). Instrumentation and glassware were lipid-cleaned prior to use. 

Each sample was homogenized in a 2:1 proportion of chloroform and methanol, using a 

Euro-Turrax T20b automated homogenizer (27000 RPM, IKA Works, Inc.). After 

homogenization, samples were vortexed, sonicated for four minutes, and centrifuged (1500 

RPM) for three minutes. The lower, lipid-containing layer of solvent was removed from the 

test tube using a double-pipetting technique, and transferred to a 15-mL vial to be blown 

down under nitrogen. The procedure was repeated from the vortex step three more times, 

for a total of four washes. All four washes were combined in the 15-mL vial, and the 

resulting extract was blown down, transferred to 2-mL vials, and stored at -20 °C until lipid 

class analysis. 

Analysis of lipid classes was performed using thin-layer chromatography with 

flame ionization detection (TLC-FID) as described by Lu et al. (2008) and as modified by 

Copeman et al. (2016), on a MARK V Iatroscan (Iatron Laboratories, Tokyo, Japan). 

Lipid extracts with high expected concentration (based on extract color and fish size) 

were diluted; all extracts were analyzed at 1.5, 2.0, 4.0, or 6.0 mL volume. Extracts were 

spotted onto duplicate silica-coated glass rods (Chromarods, Iatron Laboratories), which 

were developed in a series of three mobile phases in order to separate lipid classes. 

Chromarods were first developed in a chloroform/methanol/water mobile phase (5:4:1 by 

volume) until the leading edge of the solvent system was 1 cm above the spotting origin. 

The second and third developments took place in hexane/diethyl ether/formic acid 

(99:1:0.05) for 48 minutes and hexane/diethyl ether/formic acid (80:20:0.1) for 38 

minutes, respectively. Before each development, Chromarods were allowed to dry for 

five minutes, and were then conditioned for five minutes in a constant humidity chamber 

(33% humidity). After development in all three phases, Chromarods were scanned 

(Iatroscan) to obtain a signal in millivolts. The resulting chromatograms were integrated 

using PeakSimple software (ver. 3.67, SRI Inc.), and absolute amounts of four lipid 

classes (triacylglycerols, free fatty acids, sterols, and polar lipids) were quantified using 

lipid standards as detailed in Copeman et al. (2016). Since each lipid extract was run in 
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duplicate, lipid class values for statistical analysis were taken as the average of these 

duplicates. 

A procedure based on that recommended by Budge et al. (2006) was used to 

derivatize lipid extracts and analyze the resulting fatty acid methyl esters (FAMEs). An 

aliquot (25% of extract volume) was taken from each lipid sample. Lipid class 

information from TLC-FID was used to estimate the amount of fatty acids (FAs) in each 

aliquot, and internal standard (23:0, methyl tricosanoate, quantity ~10 % of estimated 

total FAs in aliquot) was added to each aliquot to allow FAME quantification. Lipids 

were then derivatized through acid trasnsesterification using heat and sulfuric acid in 

methanol, and were isolated in hexane. The resulting FAMEs were analyzed via gas 

chromatography, on an HP 7890 GC-FID equipped with an autosampler and a DB wax+ 

column 30 m in length and 0.25 µm in internal diameter (Agilent Technologies, Inc.). 

Hydrogen was used as the carrier gas, with a flow rate of 2 mL/min. The temperature of 

the GC column began at 65 °C for 0.5 min, was increased (40 °C/min) to 195 °C and held 

for 15 min, and finally was increased (2 °C/min) to 220 °C and held for 1 min. The 

temperature of both the injector and the detector was 250 °C. Chromatograms were 

integrated using Chem Station software (ver. A.01.02, Agilent Technologies, Inc.) in 

conjunction with several standards. Chromatogram peaks were identified from retention 

times based on four Supelco standards (37-component FAME, BAME, PUFA 1, PUFA 

3), while correction factors for individual FAs were obtained using Nu-Check Prep GLC 

487 quantitative FA mixed standard. These FA data were used to calculate biomarkers of 

interest (Table 3.2). 

 

3.2.4 Stable Isotope Analyses 

Stable isotope analyses (13C and 15N) were performed on a subset (n = 81) of fish 

analyzed for lipid composition. As much muscle tissue as possible was obtained from 

frozen dorsal samples and shipped overnight on dry ice to the Colorado Plateau Stable 

Isotope Laboratory at Northern Arizona University (CPSIL-NAU, Flagstaff, AZ) for 

sample preparation and stable isotope analysis (δ13C, δ15N, %C, %N, and C:N). Frozen 

tissue samples were dried at 50 °C to constant weight (72 hours), ground into a fine 
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powder with a cleaned ball-mill grinder (Retsch MM200), and weighed (0.600 to 1.200 

mg) into tin capsules for analysis. Grinding was not performed on small samples that 

were close to the lower weight limit for analysis, in order to avoid sample loss. Samples 

were analyzed using a Thermo-Electron Delta V Advantage isotope-ratio mass 

spectrometer (IRMS) configured through a Finnigan CONFLO III for automated 

continuous-flow analysis of δ13C and δ15N and coupled with a Carlo Erba NC2100 

elemental analyzer for combustion and separation of carbon and nitrogen. 

Isotopic ratios in this study are reported in δ notation, relative to Vienna PeeDee 

belemnite for carbon and atmospheric N2 for nitrogen, according to the formula: 

𝛿𝑋 (‰) = [(𝑅𝑠𝑎𝑚𝑝𝑙𝑒/𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑)  − 1]  × 103 

where X = 13C or 15N and R = 13C/12C or 15N/14N. The analytical precision, based on the 

standard deviation of replicate analyses of a standard (peach leaves, NIST 1547), was 

0.04‰ for δ13C and 0.03‰ for δ15N. As lipid content of muscle tissue varies, and lipids 

are 6-8‰ lower in δ13C than protein or carbohydrates, δ13C values were arithmetically 

normalized using the following formula (Post et al. 2007): 

𝛿13𝐶𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 = 𝛿13𝐶𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 − 3.32 + 0.99 × 𝐶: 𝑁 

The average adjustment resulting from this correction was -0.068‰. 

 

3.2.5 Statistical Analyses 

Standard length (SL) of collected juvenile English sole ranged from 22 to 82 mm. 

Based on SL, all fish processed and analyzed for lipid composition (n = 110) and stable 

isotopes (n = 81) were likely age-0 (Rosenberg 1982). However, the size of fish collected 

downriver was generally smaller than that of fish collected upriver (Fig. 3.2a). To remove 

potential ontogenetic differences, statistical analyses were only performed on fish that fell 

within the size range overlapping between sampling locations (46.43 mm ≤ SL ≤ 71.56 

mm, Fig. 3.2b, n = 81 for lipids/FAs, n = 67 for isotopes, Table 3.1). One additional 

sample from the August downriver sampling group was omitted from statistical analyses 

of FAs (n = 80), because its GC chromatogram peak for DHA (22:6n-3) was 

contaminated.  



65 

 

 

Analyses of lipid class and stable isotope data were performed using R statistical 

software (R core development team, 2014). After these data were subsampled for 

spatially overlapping fish size, the sample size of the six groups varied widely, from n = 4 

in August upriver fish to n = 25 in June downriver fish (Table 3.1). TAG:ST, the ratio of 

storage to structural neutral lipid classes (Fraser 1989), did not exhibit a significant 

relationship with body size, making size-standardized analyses unnecessary. TAG:ST 

was used as a measure of lipid condition. Residuals from the regression between log(wet 

weight) and log(standard length) provided a measure of morphometric condition. Two-

way analysis of variance (ANOVA, fixed effect model) was used to examine the effects 

of location, month, and their interaction on morphometric condition, lipid condition, 

δ13C, and δ15N of individual fish. A significance level of α=0.05 was used for all 

analyses. 

Multivariate graphical analyses were performed with PRIMER v7 software 

(PRIMER-E Ltd) to visually examine patterns in FA composition. FA detected at >0.75% 

in all samples were included in analyses. Bray-Curtis resemblances between transformed 

data (log[X + 1] of % total FA) were examined using non-metric multidimensional 

scaling (nMDS), an iterative graphical technique that uses ranked similarities to arrange 

multivariate data in two dimensions. Similarity of samples grouped in nMDS plots were 

determined with cluster analyses of Bray-Curtis resemblances. 

Differences in FA profiles were also determined with multivariate statistical 

analyses performed in R. To test for statistically significant differences among sampling 

locations and months, non-parametric permutational multivariate ANOVA 

(perMANOVA) was performed on untransformed FA data (% total FA, in decimal values 

0-1), using a Bray-Curtis resemblance matrix. To determine the specific FA variables 

responsible for dissimilarity between fish from different sampling locations and months, 

individual FAs and biomarkers were correlated to nMDS axes. Simple linear regression 

was then performed in R to describe relationships between selected FA biomarkers and 

TAG:ST and determine which FA biomarkers help to explain differences in fish 

condition. 
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3.3 Results 

3.3.1 Sample Collection 

Juvenile English sole were captured at depths ranging from approximately 1 

meter in downriver beach seine collections to 3-4 meters in upriver otter trawls (Table 

3.1). Bottom salinity was lower upriver (~29 PSU) than downriver (~32 PSU), and 

increased at both locations with the progression of the summer season. As expected, 

bottom temperature was higher upriver (~18 °C) than downriver (~12 °C), and decreased 

temporally at the downriver site. Contrary to expectations, the two habitats exhibited 

similar bottom DO (~5 mL/L) throughout the summer, at levels that were much higher 

than those observed to affect energy storage and growth in laboratory-reared fish (Fig. 

3.3, Chapter 2). 

 

3.3.2 Morphometric Condition 

Length-weight relationships (Fig. 3.2a) revealed that downriver-caught fish were 

generally smaller in size than upriver-caught fish. To remove possible ontogenetic effects 

from the examination of spatial and temporal effects, only fish within the overlapping 

size range (46.43 mm ≤ SL ≤ 71.56 mm, n = 81, Fig. 3.2b) were used in statistical 

analyses. This subsample resulted in an average SL of 56.7 ± 1.1 mm for downriver fish 

and 63.0 ± 1.0 mm for upriver fish. 

Log-transformed length and weight of individual fish exhibited a linear 

relationship well-described (R2 = 0.979, p <0.001, Fig. 3.4a) by the regression equation 

Log (WWT, g) = -11 + 2.99 × [Log (SL, mm)]. Residuals from this regression compared 

across sampling groups indicated significantly lower morphometric condition at the 

downriver habitat (two-way ANOVA, F[1, 75] = 11.29, p = 0.0012, Fig. 3.4b). 

 

3.3.3 Lipid Class Composition and Effects of Habitat on Lipid Condition 

I detected four lipid classes in all individuals (Table 3.3). Polar lipids (PL, >85% 

phospholipids) are present in the greatest abundance (56.2% ± 1.35%), followed by 

triacylglycerols (TAG, 30.7% ± 1.79%), sterols (ST, 9.9% ± 0.39%), and free fatty acids 

(FFA, 3.3% ± 0.21%). The neutral storage lipid class, TAG (Fig. 3.5a), varied more 
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among sampling groups than the structural lipid classes, ST and PL (Fig. 3.5b and c). 

Patterns exhibited by total lipid content (Fig. 3.5d) were similar to those exhibited by 

TAG, indicating that variation in lipid content was primarily driven by variation in TAG. 

Regression analyses did not reveal a significant relationship between TAG:ST and 

fish weight (R2 = 0.0342, p = 0.0983, Fig. 3.6a). Size-standardized analyses of TAG:ST 

were thus deemed unnecessary for its use as a lipid condition index. Comparison of 

sampling group means (Fig. 3.6b) revealed higher lipid condition in fish downriver (two-

way ANOVA, F[1, 75] = 22.10, p < 0.001), significant but variable changes over the 

summer season (two-way ANOVA, F[2, 75] = 4.00, p = 0.022), and no interactive effect 

(two-way ANOVA, F[2, 75] = 2.32, p = 0.105). As expected, fish had lower lipid condition 

at the upriver site than at the downriver site, though this spatial trend was opposite to that 

observed for morphometric condition (see Section 3.3.2). Graphically, fish showed a 

temporal increase in condition at the downriver site that was not observed at the upriver 

site. Fish from downriver and upriver sites had more similar TAG:ST in June (3.77 and 

2.13, respectively) than observed in August (6.68 and 1.43, respectively). 

In response to conflicting spatial trends in morphometric and lipid condition 

indices, I further explored juvenile English sole condition by examining length-

independent total lipid content (Fig. 3.7), a condition index used by St. John and Lund 

(1996) while investigating diatom biomarkers in larval cod. Log-transformed total lipid 

content was regressed against log-transformed length (R2 = 0.581, p <0.001, Log(lipid 

content, mg) = -7.95 + 2.83 × [Log(SL, mm)], Fig. 3.7a), and the residuals provided a 

length-lipid condition index. Comparison among sampling groups revealed lower 

condition at the upriver habitat (two-way ANOVA, F[1, 75] = 4.80, p = 0.031, Fig. 3.7b), 

as observed for TAG:ST. 

As DO levels at the time of sampling were higher than those known to detriment 

fish condition (Fig. 3.3, Chapter 2), examination of TAG:ST with respect to field-

measured oceanographic factors focused on temperature (Fig. 3.8). TAG:ST exhibited a 

weak negative relationship with temperature (R2 = 0.219, p < 0.001, TAG:ST = 10.2  

-0.44 × Temperature (°C)), with lower lipid condition in the warm estuarine habitat. 
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3.3.4 Fatty Acid Composition 

In addition to subsampling FA data for overlapping body size (n = 81), one 

sample exhibiting an erroneous GC chromatogram was omitted from multivariate 

analyses of FA composition (n = 80). A total of 10 FA were present at >0.75% in all 

samples and were thus included in multivariate analyses (Table 3.4). 

Saturated FAs (SFAs) comprised 25.9 ± 0.18 % of total FAs in juvenile English 

sole. Of the three major SFAs detected (14:0, 16:0, and 18:0), 16:0 was the most 

abundant, at 15.8 ± 0.11 % on average. Monounsaturated FAs (MUFAs) accounted for 

20.5 ± 0.35 % of total FAs. The proportions of the major MUFAs (16:1n-7, 18:1n-9, and 

18:1n-7) differed with respect to sampling location; downriver fish were characterized by 

higher 16:1n-7 than upriver fish (6.3 ± 0.23 % compared to 2.5 ± 0.11 %), and lower 

18:1n-9 (5.2 ± 0.10 % compared to 8.0 ± 0.12 %). Polyunsaturated FAs (PUFAs) 

comprised 51.6 ± 0.33 % of total FAs. Among the PUFAs present were the EFAs 22:6n-3 

(DHA, docosahexaenoic acid), 20:5n-3 (EPA, eicosapentaenoic acid), and 20:4n-6 (ARA, 

arachidonic acid). DHA was 20.0 ± 0.50 % on average, and decreased over the summer 

season (Table 3.4). EPA was higher in downriver fish than in upriver fish (20.6 ± 0.30 % 

and 14.8 ± 0.22 %, respectively), while ARA was lower (1.5 ± 0.04 % compared to 3.6 ± 

0.17 % in upriver fish). Summary characteristics revealed slightly higher Ʃn-3 PUFA 

downriver, as well as a seasonal decrease in DHA/EPA at the downriver site. 

Statistical comparison of FA profiles among fish revealed significant differences 

across sampling locations (perMANOVA, F1,108 = 103.9, p < 0.001 on 999 permutations) 

and months (perMANOVA, F2,108 = 26.1, p < 0.001 on 999 permutations). The 

interaction term was also significant (perMANOVA, F2,108 = 5.2, p = 0.003 on 999 

permutations), indicating that at each location, FA composition varied with time, and 

similarly, within each sampling month, FA composition differed between locations. 

Multivariate graphical analyses further showed that patterns in FA composition 

varied spatially and, to a lesser degree, temporally (nMDS, Fig. 3.9). Downriver- and 

upriver-collected fish exhibited clear dissimilarity. Some individual FAs (2D stress = 

0.08, Fig. 3.9a) and biomarkers (2D stress = 0.06, Fig. 3.9b) correlated to the nMDS axes 

better than others; the resulting vectors with an R2 greater than 0.80 are shown on the 
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nMDS plots. Downriver fish were strongly associated with EPA and 16:1n-7, FAs 

indicative of diatoms, as well as with the diatom biomarker 16:1n-7/16:0 (i.e., D1 in Fig. 

3.9b). The downriver group also exhibited strong associations with the chlorophyte 

biomarker 18:1n-7/18:1n-9 and the ratio of EPA/ARA, which has been used as a 

rhodophyte biomarker (Alfaro et al. 2006, Bosley 2016) and also relates to eicosanoid 

production in fish (Copeman et al. 2002). Conversely, upriver fish were strongly 

associated with ARA and the dinoflagellate biomarker 18:0 + 18:1n-9 + 18:4n-3 (Table 

3.2). 

Weaker seasonal trends were evident for some FAs and biomarkers. Juveniles 

caught earlier in the summer were associated with DHA (and accordingly, DHA/EPA), 

PUFAs, and Ʃn-3 PUFA, while those caught later in the summer were associated with 

MUFAs and the diatom biomarker (16:1n-7 + 20:5n-3)/(22:6n-3 + 18:1n-9 + 18:4n-3) 

(i.e., D2 in Fig. 3.9b). 

Lipid condition (TAG:ST) exhibited a significant positive relationship with the 

diatom biomarker D1, 16:1n-7/16:0 (R2 = 0.464, p < 0.001, Fig. 3.10). ANCOVA and 

linear regression analyses revealed that the slope of this relationship was significantly 

steeper for upriver-collected fish than for downriver-collected fish (p = 0.005). These 

location-specific relationships were well-described by the regression equations TAG:ST 

= -1.63 + 15.9 × D1 (downriver, R2 = 0.429, p <0.001) and TAG:ST = -4.77 + 45.7 × D1 

(upriver, R2 = 0.484, p <0.001).  

 

3.3.5 Stable Isotopes 

Stable isotope analyses provided measures of δ13C, δ15N, % C, % N, and C:N for 

a subset of fish (n = 67, Table 3.5). Comparison of the six sampling groups revealed that 

δ13C and δ15N both exhibited significant spatial, temporal, and interaction effects (Fig. 

3.11a and b). Examining spatial trends, δ13C of downriver fish was on average 6.2 ‰ 

higher than that of upriver fish (two-way ANOVA, F[1, 61] = 986.9, p < 0.001), while δ15N 

of downriver fish was on average 0.8 ‰ lower than that of upriver fish (two-way 

ANOVA, F[1, 61] = 115.1, p < 0.001). Examining temporal trends, δ13C decreased at the 

downriver site and increased at the upriver site (two-way ANOVA, F[2, 61] = 6.82, p = 
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0.0021), becoming more similar between sites over the summer season. Temporal trends 

in δ15N were significant (two-way ANOVA, F[2, 61] = 10.8, p < 0.001), but less clear; fish 

collected in July exhibited the greatest δ15N. Variability of δ13C and δ15N within sampling 

groups was low, as observed in Figures 3.11c and d. 

 

3.4 Discussion  

The nursery function of estuaries for juvenile fish and invertebrates is complex, 

due to spatial and seasonal heterogeneity of physical and biological processes. This study 

aimed to assess the nursery quality of juvenile flatfish habitat at ends of an estuarine 

gradient over a summer season. Examination of condition, dietary carbon sources, and 

trophic position of wild-caught juvenile English sole from Yaquina Bay revealed: (1) 

lower lipid condition but higher morphometric condition in juveniles from the warmer 

upriver habitat, (2) dinoflagellate-sourced carbon and slightly higher trophic position 

upriver, with marine diatom-sourced carbon and lower trophic position downriver, (3) a 

transition from dinoflagellate to diatom dominance over the summer season, and (4) a 

positive relationship between TAG:ST and the downriver-associated diatom biomarker. 

 

3.4.1 Effect of Habitat on Fish Condition 

As expected, lipid condition (i.e., TAG:ST) is lower in upriver-collected fish. 

However, this trend conflicts with that observed in morphometric condition (i.e., length-

weight residuals), which is lower in fish from the downriver habitat. Since weight, and 

thus the morphometric condition index, increases with all tissues (including protein), and 

not just those storing energy (lipids), the higher morphometric condition observed upriver 

may be related to development of other structures and tissues or higher water content, 

rather than lipid storage. Examination of an additional condition index, length-

independent total lipid content, corroborated the lower condition observed upriver using 

TAG:ST. The variability in these observed trends highlights the advantage of directly 

measuring lipids when interested in nutritional condition. It is not always correct to 

assume that all changes in fish weight are due to changes in their lipids or energy stores, 

and morphometric indices have been criticized for this and other assumptions (Green 
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2001). Conflicting trends also underscore the importance of examining multiple condition 

indices when assessing the quality of fish habitat. As discussed in Chapter 2, a number of 

studies have found discrepancies between different growth and condition indices for the 

same individual fish (Suthers et al. 1992, Amara and Galois 2004, Gilliers et al. 2004, 

Vasconcelos et al. 2009, Walther et al. 2010, Roberts et al. 2011), which may result from 

different response times or from differing physiological processes underlying each index. 

Though fish from the upriver site had lower lipid storage, their higher morphometric 

condition suggests they may have prioritized growth, which may be related to 

temperature, as discussed next.  

Though spatial trends in lipid condition aligned with my expectations, these 

trends were likely driven more by temperature than by hypoxia in the Yaquina Bay 

estuary. The upriver habitat is known to experience warmer temperatures which, when 

accompanied by hypoxia, have been observed to reduce lipid condition in laboratory-

reared individuals (Chapter 2). However, during fish collections in the summer of 2014, a 

hypoxia-temperature interaction was not a likely driver of variation in fish condition, 

because bottom DO levels were much higher than those affecting juveniles in the lab 

experiment. On the other hand, the upriver habitat’s higher temperatures may still help to 

explain spatial trends in fish condition regardless of DO. In lab treatments, high 

temperature was associated with decreased lipid condition; this negative relationship was 

seen for field-collected fish as well (Fig. 3.8). Additionally, high lab temperatures were 

associated with increased growth rate, suggesting that higher temperatures may promote 

growth over lipid storage in juvenile English sole. As such, measuring more than one 

index of fish condition may improve understanding of habitat quality, because while 

upriver-collected fish had low lipid condition, their potential use of a rapid-growth 

strategy could also contribute to survival and recruitment. . Of course, differences in fish 

condition cannot be fully attributed to the estuarine temperature gradient, as many other 

factors differ between estuarine habitats. To better explain observed variation in English 

sole lipid condition, it was also necessary to examine biological factors such as organic 

inputs and trophic dynamics. 
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3.4.2 Spatial Variation in Dietary Carbon Sources and Trophic Position  

FA and stable isotope data exhibited distinct trends relative to habitat location. 

Multivariate graphical and statistical analyses showed distinct dissimilarity between the 

two habitats with respect to carbon sources. Fish from the downriver habitat were 

characterized by higher EPA and 16:1n-7/16:0, which are indicative of marine diatom 

production (St. John and Lund 1996, Dalsgaard et al. 2003, Kelly and Scheibling 2012). 

Downriver fish were also higher in Ʃn-3 PUFA, a general food quality indicator 

(Dalsgaard et al. 2003), as well as biomarkers for chlorophytes and rhodophytes. 13C 

enrichment in downriver-collected fish indicated a marine-sourced diet in this habitat 

(Fry and Sherr 1984), corroborating diatom production. Though I did not directly 

quantify FAs and stable isotopes in prey items for juvenile English sole, Bosley (2016) 

performed a similar study along the Yaquina Bay estuarine gradient in August 2012, by 

examining FAs and stable isotopes of burrowing shrimp and their potential food items. 

That study also found diatom- and rhodophyte-sourced carbon in the downriver food 

web, as well as good condition in this habitat’s resident shrimp. 

The upriver habitat was associated with higher levels of the dinoflagellate 

biomarker (18:0 + 18:1n-9 + 18:4n-3, Dalsgaard et al. 2003, Kelly and Scheibling 2012). 

ARA was also higher in fish from this site, which can be indicative of macroalgae (Kelly 

and Scheibling 2012). In addition to these characteristics, Bosley (2016) also observed 

indicators of terrigenous detrital material (high SFA/MUFA, 18:2n-6, and 18:3n-3, as 

well as low δ13C). As the sampling sites of these two studies were at nearly the same 

locations, it is likely that carbon sources at my upriver site were terrestrial/freshwater and 

detrital in nature. Contribution of terrestrial plant material to the upriver food web was 

supported by 13C depletion of juvenile English sole in this habitat (Fry and Sherr 1984). 

Additionally, 15N enrichment of upriver residents suggested that these juveniles fed at a 

slightly higher trophic level than those downriver (Peterson and Fry 1987), which may 

have been due to the greater involvement of detritus and bacteria in the upriver food web 

(Pepin and Dower 2007, Bosley 2016). Thus, the observed stable isotope and FA trends 

in each habitat, combined with the more detailed findings of Bosley (2016), generally 
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support my initial expectation of terrestrially-sourced and marine-sourced carbon in 

upriver and downriver habitats, respectively. 

The apparent dominance of diatom production at the downriver habitat and 

dinoflagellate production at the upriver habitat was also expected, based on the 

hydrodynamic processes influencing each habitat (summarized in Cushing 1989 and 

Dalsgaard et al. 2003). The downriver habitat is closely associated with the coastal 

environment, receiving marine water with each flood tide. Along the coast, summertime 

upwelling creates a turbulent environment; light-limitation and high nutrient supply in 

these well-mixed conditions contribute to the dominance of large diatoms, which are 

transported into the lower estuary with the tide. Conversely, the upriver habitat is less 

affected by tidal and coastal processes, and is thus more likely to be limited by nutrients. 

Such environments are dominated by small, autotrophic flagellates (Cushing 1989, 

Dalsgaard et al. 2003). 

 

3.4.3 Temporal Variation in Dietary Carbon Sources and Trophic Position 

Though statistically significant, temporal trends in carbon sources were not as 

clear as spatial trends. With progression of the summer season, general decreases in the 

proportion of DHA and Ʃn-3 PUFA were evident, as well as a decrease in DHA/EPA at 

the downriver site. As DHA can be associated with dinoflagellate production and EPA 

can be associated with diatom production, these trends may reflect the coastal transition 

from relaxed, stratified downwelling conditions to turbulent, mixed upwelling conditions 

(Cushing 1989, Dalsgaard et al. 2003). The Diatom2 biomarker increased with time, 

providing further support for a transition from dinoflagellate to diatom production.  

However, since FA analyses were performed on total lipids rather than storage 

lipids, an alternative explanation for decreasing DHA/EPA must be considered. DHA is 

typically membrane-associated in fish, and is thus incorporated into structural lipids (PL) 

rather than storage lipids (TAG). While TAG reflects diet, the more selective PL class 

does not. Therefore, a decreasing proportion of DHA could simply represent a decreasing 

proportion of PL or rather, an increasing proportion of TAG as fish accumulate storage 

lipid over the summer season. Examination of absolute FA amounts, rather than 
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percentages, could permit the investigation of this possibility. However, additional 

support for a transition from dinoflagellate to diatom production, or fluvial to marine 

influence, was offered by a convergence in carbon stable isotope ratios. Over the 

summer, δ13C increased upriver and decreased downriver, becoming more similar. This 

convergence, combined with patterns observed in FAs, could reflect a combination of 

decreased fluvial input (particularly supported by the δ13C increase upriver) and the 

aforementioned food web changes in the coastal environment. Howe and Simenstad 

(2015) similarly observed homogenization of English sole dietary sources with reduced 

river flow over the summer season. My initial expectation of more marine-associated 

carbon sources with the progression of summer was supported by trends in FAs and δ13C. 

However, temporal changes may result not only from food web transitions within 

estuarine habitats, but also from movement of juvenile English sole, which migrate from 

the nearshore region into the estuarine nursery, and then leave the estuary by the end of 

summer (Gunderson et al. 1990) . This possibility may be addressed by considering the 

time period integrated by stable isotopes (~1 month) and the low variability of δ13C and 

δ15N within sampling groups. If juveniles were moving along the estuarine gradient, we 

would expect to see less separation of δ13C and δ15N between downriver and upriver 

groups, and more variability within groups. The clear separation and low variability 

observed suggests juveniles spent most of the previous month within their site of capture. 

 

3.4.4 Potential Mechanisms Underlying Observed Variation in Lipid Condition 

Higher lipid condition of juvenile English sole was associated with the downriver 

habitat in Yaquina Bay, and with the progression of the summer season at this habitat. 

Spatial and temporal trends in temperature and carbon sources can help to explain these 

patterns in lipid condition. The downriver habitat was characterized by cooler 

temperature, which decreased further over the summer with stronger upwelling and 

marine influence on the estuary. Lower temperatures are related to higher lipid condition 

in laboratory-reared English sole. Additionally, diatom-sourced carbon was more 

prevalent at the downriver site, and appeared to increase with the summer season. A 

positive relationship between TAG:ST and the diatom biomarker 16:1n-7/16:0 suggests 
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that higher nutritional value of prey may also explain the greater lipid condition observed 

in downriver-collected fish and later in the season. Diatom-sourced diets contribute to 

increased condition in larval and juvenile fish (St. John and Lund 1996, Copeman et al. 

2016), and the steeper slope of this relationship for upriver residents indicates that their 

capacity for lipid storage is more responsive to inclusion of diatom-sourced prey, perhaps 

because this dietary source is limited in the upriver habitat. 

Furthermore, the essential fatty acids of greatest importance to juvenile fish (i.e., 

EPA, DHA, and ARA) are usually synthesized by marine producers (Sargent et al. 1989), 

which are more clearly associated with the downriver habitat. In particular, the 

rhodophyte biomarker is the ratio of EPA/ARA, two EFAs competing for inclusion as 

eicosanoid precursors. Higher abundance of ARA (as seen upriver) can cause stress due 

to increased hormone activity, resulting in negative impacts on larval and juvenile flatfish 

development (i.e., malpigmentation in yellowtail flounder, Copeman et al. 2002). 

Conversely, the higher EPA/ARA associated with the downriver habitat may contribute 

to higher lipid condition in these fish. 

 

3.4.5 Conclusions 

In the Yaquina Bay estuary, the spatial and temporal variation observed in 

juvenile English sole lipid condition is best explained by differences in temperature, 

carbon sources, and trophic position, rather than dissolved oxygen. While the downriver 

habitat provides juvenile English sole with near-optimal temperatures for growth 

(Williams and Caldwell 1978, Kreuz et al. 1982, Rooper et al. 2003) and high-quality 

marine-sourced prey, the upriver habitat’s warmer conditions and terrestrial/freshwater-

sourced prey is reflected in the lower condition of juveniles residing there. This 

difference in habitat quality and nursery function highlights the necessity to examine 

habitats within a single estuary for better understanding of the estuary’s nursery role. 

Estuaries and other coastal wetlands are extremely valuable ecosystems, but are rapidly 

degrading and fragmenting as the result of human activity. Thorough understanding of 

processes underlying their function is imperative for effective management and 

protection of these threatened ecosystems.  
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3.6 Figures and Tables 

 
Figure 3.1 Yaquina Bay estuary, the habitat area of interest. Samples were collected 

downriver (44.6184 °N, 124.0564 °W; circle) and upriver (44.5744 °N, 123.9911 °W and 

44.5737 °N, 123.9658 °W; triangles) in Yaquina Bay during summer of 2014. 
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Figure 3.2 Relationship between standard length (SL, mm) and wet weight (WWT, g) of 

juvenile English sole (Parophrys vetulus) collected from downriver and upriver Yaquina 

Bay sites during summer of 2014. To remove potential ontogenetic effects resulting from 

the wide fish size range in the full data set (n = 110, a), this study only examined fish in 

the size range overlapping between sampling sites (n = 81, b). 

(a) 

(b) 
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Figure 3.3 Dissolved oxygen and temperature conditions in Yaquina Bay at the time of 

fish collection (circles and squares), compared to laboratory conditions (diamonds) 

previously found to detriment storage and growth of juvenile English sole. (Chapter 2 & 

Ryer et al. in review.) 
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Figure 3.4 (a) Linear relationship between log-transformed length (SL, mm) and log-

transformed wet weight (WWT, g) for juvenile English sole (Parophrys vetulus) 

collected from downriver and upriver Yaquina Bay sites during summer of 2014 (n = 81). 

Log(WWT, g) = -11 + 2.99 × [Log(SL, mm)], R2 = 0.979, p <0.001. (b) Residuals of 

linear log-length and log-weight relationship for English sole in different sampling 

groups. Differences in length-weight residuals between groups were analyzed using a 

fixed effect two-way ANOVA, α=0.05. 

 

Month  p=0.357 
Location p=0.0012 
Month:Location p=0.124 

(b) 

(a) 
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Figure 3.5 Triacylglycerol (TAG, a), sterol (ST, b), polar lipid (PL, c), and total lipids (d) per wet weight (mg/g) of juvenile 

English sole (Parophrys vetulus, n = 81) collected from downriver and upriver Yaquina Bay sites during summer of 2014. 

Differences in lipid metrics between sampling groups were analyzed using a fixed effect two-way ANOVA, α=0.05. 

Month            p=0.040 
Location            p<0.001 
Month:Location   p=0.106 

Month           p=0.295 
Location           p<0.001 
Month:Location   p=0.0049 

Month           p=0.036 
Location           p=0.159 
Month:Location   p<0.001 

Month           p=0.035 
Location           p=0.0036 
Month:Location   p=0.033 

(a) (b) 

(c) (d) 
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Figure 3.6 (a) Relationship between wet weight (g) and TAG:ST (ratio of storage to 

structural lipid classes) for juvenile English sole (Parophrys vetulus) collected from 

downriver and upriver Yaquina Bay sites during summer of 2014 (n = 81). (b) TAG:ST 

for English sole in different sampling groups. Differences in TAG:ST between groups 

were analyzed using a fixed effect two-way ANOVA, α=0.05. 

Month  p=0.022 
Location p<0.001 
Month:Location p=0.105 

(a) 

(b) 
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Figure 3.7 (a) Linear relationship between log-transformed length (SL, mm) and log-

transformed total lipid content (mg) for juvenile English sole (Parophrys vetulus) 

collected from downriver and upriver Yaquina Bay sites during summer of 2014 (n = 81). 

Log(lipid content, mg) = -7.95 + 2.83 × [Log(SL, mm)], R2 = 0.581, p <0.001. (b) 

Residuals of linear log-length and log-lipid relationship for English sole in different 

sampling groups. Differences in length-lipid residuals between groups were analyzed 

using a fixed effect two-way ANOVA, α=0.05.  

(a) 

(b) 

Month  p=0.047 
Location p=0.031 
Month:Location p=0.083 
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Figure 3.8 Relationship between TAG:ST of juvenile English sole (Parophrys vetulus) 

from downriver and upriver sites in Yaquina Bay, and bottom temperature (°C) at the 

time of fish collection (n = 81). TAG:ST = 10.2 - 0.444 × Temperature (°C), R2 = 0.219, 

p <0.001. 
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Figure 3.9 Results from nMDS (non-metric multidimensional scaling analysis), showing 

the level of similarity in fatty acids (a) and in fatty acid biomarkers (b) among individual 

fish (n=80) collected from Yaquina Bay in summer 2014. Overlays show vectors with R2 

> 0.8. Biomarker abbreviations: D1 = Diatom 1, D2 = Diatom 2, DF = Dinoflagellate, CP 

= Chlorophyte, RP = Rhodophyte. 

(b) 

(a) 

20:5n-3 

18:1n-7 
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Figure 3.10 Relationship between TAG:ST and FA biomarker Diatom 1 (16:1n-7/16:0) 

in juvenile English sole (Parophrys vetulus, n = 80) collected from Yaquina Bay estuary 

during summer of 2014. Downriver TAG:ST = -1.63 + 15.9 × D1, R2 = 0.429, p <0.001. 

Upriver TAG:ST = -4.77 + 45.7 × D1, R2 = 0.484, p <0.001. 
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Figure 3.11 Sampling-group mean δ13C (a) and δ15N (b) for juvenile English sole (Parophrys vetulus, n = 67) collected from 

Yaquina Bay estuary during summer of 2014. Differences between groups were analyzed using a fixed effect two-way ANOVA, 

α=0.05. Relationship between δ13C and δ15N (c) and group-mean δ13C and δ15N (d). Error bars indicate standard error. 

Month          p=0.0021 
Location          p<0.001 
Month:Location  p<0.001 

Month            p<0.001 
Location            p<0.001 
Month:Location   p=0.015 

(a) (b) 

(d) (c) 
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Table 3.1 Summary table of oceanographic data collected from Yaquina Bay in the 

summer of 2014 and number of juvenile English sole included in each step of analysis. 

Oceanographic data were collected at the same time and location as fish, and are 

averaged for each of six sampling groups (means with standard errors in brackets, n = 

number of CTD casts). 

 
 Downriver Upriver 

 June July August June July August 

 n = 2 n = 2 n = 5 n = 2 n = 6 n = 6 

Depth (m) 0.86 (0.02) 1.0 (0.05) 1.0 (0.05) 2.3 (0.2) 3.9 (0.2) 3.6 (0.2) 

Salinity (PSU) 31.1 (0.4) 33.0 (0.01) 32.7 (0.2) 26.2 (1.2) 29.7 (1.0) 30.3 (0.2) 

Temperature (°C) 12.6 (0.02) 12.3 (0.09) 11.0 (0.06) 18.4 (0.6) 16.9 (1.1) 18.6 (0.2) 

Dissolved oxygen (mL/L) 6.2 (0.0) 5.5 (0.3) 4.3 (0.04) 5.2 (0.04) 4.7 (0.1) 4.9 (0.08) 

Fish caught/processed 41 21 14 13 14 7 

Fish in lipid data analyses 25 16 10 13 13 4 

Fish in isotope data analyses 13 14 10 13 13 4 
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Table 3.2 Formulas used to calculate fatty acid (FA) biomarkers for juvenile English sole 

(Parophrys vetulus) collected from the Yaquina Bay estuary in summer 2014. Adapted 

from Bosley 2016. Values used in formulas were % total FA. 

 
Biomarker Formula Reference 

Diatom 1 16:1n-7/16:0 St. John & Lund 1996 

Diatom 2 (16:1n-7 + 20:5n-3)/(22:6n-3 + 18:1n-9 + 18:4n-3) Antonio & Richoux 2014 

Dinoflagellate 18:0 + 18:1n-9 + 18:4n-3 Kelly & Scheibling 2012 

Bacteria i15:0 + ai15:0 + i17:0 + ai17:0 + 18:1n-7 Kelly & Scheibling 2012 

Chlorophyte 18:1n-7/18:1n-9 Nelson et al. 2002 

Rhodophyte 20:5n-3/20:4n-6 Alfaro et al. 2006 

Nearshore 18:2n-6 + 18:3n-3 Alfaro et al. 2006 
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Table 3.3 Total lipid content (mg lipid per g tissue) and lipid class composition (% of 

total lipids) of juvenile English sole (Parophrys vetulus, n = 81) collected from the 

Yaquina Bay estuary in summer 2014. Averages for each of six sampling groups (means 

with standard errors in brackets). 

 
 Downriver Upriver 

 June July August June July August 

 n = 25 n = 16 n = 10 n = 13 n = 13 n = 4 

Total lipids (mg g-1) 12.5 (0.7) 11.6 (0.9) 15.7 (0.8) 9.2 (0.9) 11.6 (1.1) 10.0 (0.6) 

Lipid classes (% total lipid)      

Triacylglycerols 30.4 (2.1) 39.4 (4.2) 43.2 (4.1) 21.2 (4.4) 24.3 (5.1) 17.8 (2.2) 

Free fatty acids 3.3 (0.3) 3.0 (0.4) 1.9 (0.2) 4.6 (0.8) 3.4 (0.5) 3.4 (0.7) 

Sterols 9.0 (0.5) 8.1 (0.7) 6.9 (0.4) 13.2 (1.1) 11.6 (1.0) 12.8 (0.8) 

Polar lipids 57.2 (1.7) 49.5 (3.3) 48.0 (3.5) 61.0 (3.1) 60.7 (3.9) 66.0 (1.7) 
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Table 3.4 Summary of all fatty acids and biomarkers used in multivariate analysis for 

juvenile English sole (Parophrys vetulus, n = 80) collected from the Yaquina Bay estuary 

in summer 2014. Averages for each of six sampling groups (means with standard errors 

in brackets). Formulas for biomarkers given in Table 3.2. 

 
 Downriver  Upriver 

 June July August  June July August 

 n = 41 n = 21 n = 13  n = 13 n = 14 n = 7 

Fatty Acids (% of total FA)        

14:0 1.7 (0.1) 1.8 (0.1) 2.2 (0.1)  1.5 (0.1) 2.0 (0.2) 1.6 (0.1) 

16:0 16.1 (0.2) 15.1 (0.2) 15.0 (0.3)  16.1 (0.2) 16.3 (0.2) 16.7 (0.2) 

18:0 6.0 (0.1) 5.8 (0.1) 5.9 (0.2)  6.6 (0.1) 7.0 (0.1) 7.1 (0.2) 

Ʃ SFA 25.5 (0.2) 24.8 (0.2) 24.9 (0.4)  26.1 (0.4) 27.7 (0.4) 27.7 (0.5) 

        

16:1n-7 6.7 (0.3) 6.3 (0.5) 5.1 (0.3)  2.3 (0.1) 2.8 (0.2) 2.3 (0.1) 

18:1n-9 4.9 (0.1) 5.1 (0.1) 6.0 (0.1)  8.2 (0.2) 8.0 (0.1) 7.6 (0.2) 

18:1n-7 4.2 (0.1) 5.6 (0.2) 4.8 (0.2)  2.9 (0.0) 3.3 (0.1) 3.5 (0.1) 

Ʃ MUFA 19.3 (0.3) 23.6 (0.7) 24.3 (0.7)  17.8 (0.3) 19.5 (0.7) 19.0 (0.5) 

        

20:4n-6 (ARA) 1.6 (0.0) 1.6 (0.1) 1.3 (0.1)  4.2 (0.2) 3.1 (0.2) 2.9 (0.2) 

20:5n-3 (EPA) 18.9 (0.3) 21.7 (0.1) 23.2 (0.3)  14.6 (0.4) 15.0 (0.3) 14.9 (0.5) 

22:5n-3 3.9 (0.1) 4.3 (0.1) 4.4 (0.2)  4.2 (0.5) 4.3 (0.4) 5.4 (0.6) 

22:6n-3 (DHA) 23.3 (0.6) 16.2 (0.9) 14.4 (0.8)  21.9 (0.6) 20.6 (1.2) 19.5 (0.6) 

Ʃ PUFA 53.8 (0.4) 49.7 (0.7) 49.3 (0.6)  53.3 (0.5) 49.9 (0.9) 50.2 (0.8) 

        

Summary Characteristics & Biomarkers 

Ʃ n-3 48.9 (0.4) 44.7 (0.7) 44.2 (0.7)  43.6 (0.5) 42.1 (0.8) 42.5 (0.8) 

DHA/EPA 1.3 (0.1) 0.7 (0.0) 0.6 (0.0)  1.5 (0.1) 1.4 (0.1) 1.3 (0.1) 

Diatom 1 0.4 (0.0) 0.4 (0.0) 0.3 (0.0)  0.1 (0.0) 0.2 (0.0) 0.1 (0.0) 

Diatom 2 0.9 (0.0) 1.3 (0.1) 1.4 (0.1)  0.6 (0.0) 0.6 (0.0) 0.6 (0.0) 

Dinoflagellate 11.6 (0.2) 11.4 (0.2) 12.5 (0.2)  15.4 (0.3) 15.3 (0.2) 15.1 (0.3) 

Bacteria 4.9 (0.1) 6.7 (0.2) 5.6 (0.3)  4.5 (0.1) 5.0 (0.2) 5.4 (0.1) 

Chlorophyte 0.9 (0.0) 1.1 (0.1) 0.8 (0.0)  0.4 (0.0) 0.4 (0.0) 0.5 (0.0) 

Rhodophyte 12.2 (0.4) 13.9 (0.7) 18.2 (0.9)  3.7 (0.3) 5.1 (0.4) 5.2 (0.5) 

Nearshore 0.8 (0.0) 0.9 (0.1) 0.8 (0.0)  1.4 (0.2) 1.2 (0.1) 1.1 (0.1) 
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Table 3.5 Summary of stable isotope results for juvenile English sole (Parophrys vetulus, 

n=67) collected from the Yaquina Bay estuary in summer 2014. Averages for each of six 

sampling groups (means with standard errors in brackets). 

 
 Downriver Upriver 

 June July August June July August 

 n = 13 n = 14 n = 10 n = 13 n = 13 n = 4 

δ13C -11.8 (0.11) -13.1 (0.14) -14.1 (0.10) -19.7 (0.33) -19.1 (0.29) -17.3 (0.39) 

δ15N 11.6 (0.06) 11.7 (0.05) 11.6 (0.07) 12.1 (0.12) 12.7 (0.07) 12.4 (0.29) 

% C 45.3 (0.33) 46.2 (0.20) 46.5 (0.17) 45.4 (0.24) 45.7 (0.23) 45.3 (0.38) 

% N 13.7 (0.09) 13.9 (0.09) 13.8 (0.13) 14.2 (0.07) 14.3 (0.09) 14.3 (0.19) 

C:N 3.30 (0.03) 3.32 (0.03) 3.38 (0.04) 3.19 (0.02) 3.20 (0.02) 3.17 (0.01) 
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4 GENERAL CONCLUSION 

 

4.1 Summary and Significance of Findings 

Changing conditions along the Oregon coast pose a potential threat to nursery 

habitat for commercially harvested fish and invertebrates. The function of these nurseries 

and their use by benthic species are complex, so we need to assess the relative quality of 

various habitats within nurseries for their effective management. To this aim, I examined 

condition of laboratory-reared and wild-caught juvenile English sole with respect to 

habitat-specific oceanographic and biological factors. My findings revealed the complex 

effects of variable dissolved oxygen (DO), temperature, and dietary carbon sources on 

juveniles residing in coastal/downriver and estuarine/upriver habitats, and the need for 

further research on juvenile fish condition relative to their environment. 

In Chapter 2, I examined lipid condition of juvenile English sole subjected to 

various laboratory-controlled dissolved oxygen and temperature conditions. I found 

negative impacts of higher temperature, as well as the potential for an interactive effect of 

hypoxia and warm temperatures. These effects have implications for juveniles settling in 

warm habitats, such as estuaries, that might experience seasonal hypoxia. I also observed 

that juvenile English sole appear fairly tolerant of low-oxygen conditions relative to 

juveniles of other flatfish species, which aligns with the relative hypoxia tolerance of 

English sole adults.. Finally, I found that juvenile English sole prioritized growth over 

lipid storage regardless of DO, temperature, or ontogeny, and that beyond the observed 

growth threshold of 0.678 d-1 × 100, juveniles increased growth and lipid storage 

simultaneously. This supports the common ecological hypothesis that an early-growth-

late-storage strategy is important for juvenile fish survival (Post and Parkinson 2001, 

Hurst and Conover 2003, Mogensen and Post 2012, Giacomini and Shuter 2013, Ivan and 

Höök 2015). However, investigations of energy allocation to growth and lipid storage are 

sparse in the existing literature, and many existing studies (e.g., Suthers et al. 1992) have 

reported discrepancies between various growth and condition indices in the same 

individuals, highlighting the need to examine multiple indices when assessing habitat 

quality. Further research is needed to elucidate confounding factors such as differences in 
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the response time and physiology of different indices, as observed with decreased lipids 

and increased growth at high temperatures. 

In Chapter 3, I compared juvenile English sole resident in upriver and downriver 

habitats in the Yaquina Bay estuary, and tested whether the oceanographic and biological 

characteristics of each habitat could explain observed variation in fish lipid condition. As 

expected based on the oceanographic properties of these habitats, juveniles from the 

upriver site exhibited lower lipid condition. This lower condition may be partially 

attributed to the warmer temperature of the upriver habitat, which resulted in decreased 

fish condition in the lab experiment. However, dietary carbon sources and trophic 

position of upriver and downriver fish may also explain differences in their condition. 

Fatty acid and stable isotope analyses revealed that, while the downriver fish were 

characterized by high-quality marine-sourced (i.e., diatom-sourced) carbon, the upriver 

fish were associated with lower-quality freshwater-, detrital-, and dinoflagellate-sourced 

carbon, indicative of nutrient limitation and riverine influence at this site. Similarly, 

increasing condition of downriver fish over time may have been the result of a seasonal 

transition from dinoflagellate to diatom dominance in coastal productivity, which was 

expected with greater upwelling and water column mixing later in summer. The diatom 

biomarker associated with the downriver habitat exhibited a positive relationship with 

lipid condition in fish, indicating a connection between carbon sources, prey quality, and 

observed variability in condition of estuarine-caught English sole. 

In the summer of 2014, the downriver region of Yaquina Bay seemed to provide 

higher-quality nursery habitat for juvenile English sole, due to its cooler temperature and 

marine-sourced prey. However, the absence of hypoxic conditions during my sampling 

period highlight the uncertainty associated with my conclusions. Later in the summer, or 

in years with more severe hypoxia, the downriver habitat may be a less beneficial nursery 

as the result of its greater coastal influence. The effects of potentially hypoxic conditions 

at this site may or may not be ameliorated by the quality of English sole prey here, as 

dietary carbon sources can influence a fish’s tolerance to hypoxia (McKenzie et al. 2008, 

Zambonino-Infante et al. 2013). This highlights the importance of examining dietary 

carbon sources as well as oceanographic parameters in studies of habitat quality. Based 
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on the findings of my research and the range of oceanographic conditions expected in the 

coastal zone and estuary, two scenarios may be predicted. In summers with normoxia or 

only mild hypoxia, juvenile English sole settling in the downriver habitat may exhibit 

greater condition, as observed during my sampling period. However, during summers of 

particularly severe hypoxia, which could be accompanied by colder temperatures both 

downriver and upriver, juveniles may perform better upriver, where hypoxic conditions 

are less likely (Brown and Power 2011). Statistical models support a similar prediction 

(Li 2015). The potential for each of these two habitats to provide refuge, depending on 

the particular DO, temperature, and carbon sources observed each summer, signifies the 

importance of preserving or protecting both habitats for optimal nursery function, even if 

each habitat is only used intermittently (Chittaro et al. 2009). 

Knowledge of how oceanographic and biological factors may impact juveniles’ 

survival can inform spatial and fisheries management, not only for English sole, but also 

for benthic species with similar life histories such as speckled sanddab (Citharichthys 

stigmaeus) and commercially valuable Dungeness crab (Cancer magister). My research 

has also provided insight on juvenile flatfish physiology by examining the trade-off 

between growth and lipid storage, as well as the relationship between nutritional sources 

and lipid storage.  

 

4.2 Recommendations for Future Research 

The combined complexity of estuarine food webs, seasonally-changing coastal 

and riverine conditions, and interannual variability in oceanographic conditions makes a 

truly mechanistic explanation of Yaquina Bay nursery function difficult to attain, 

requiring additional lab and field studies. Contrasting graphical and statistical effects in 

Chapter 2 suggest that future laboratory experiments should incorporate a larger sample 

size or more replicate tanks to better assess variability between individual fish and 

provide stronger power for assessing the effects of a hypoxia-temperature interaction on 

juvenile fish condition. Additionally, tagging fish in lab experiments may cause sub-

lethal effects that confound the effects of DO and temperature, and should be avoided if 

possible. Experimental treatments would be improved by including warmer treatments to 
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reflect high upriver temperatures and more intermediate DO treatments to search for the 

hypoxia threshold of English sole juveniles.  

Studies should also measure multiple condition indices for an accurate 

understanding of fish status and nursery habitat function. Differences in observed effects 

on growth and lipids in Chapter 2, as well as morphometric condition and lipid condition 

in Chapter 3, highlight this need. Different condition indices respond to changes in an 

organism’s environment on different time scales (Weber et al. 2003, Roberts et al. 2011) 

and through different physiological processes. While the present study focused on lipid 

storage as a measure of fitness, fish with rapid growth and low lipid storage could also 

successfully survive to recruitment. Different nursery habitats may contribute to English 

sole fitness in different ways; the upriver habitat could contribute to growth while the 

downriver habitat contributes to lipid storage. Examining otolith increments and 

microchemistry in addition to lipid composition would provide information on recent 

growth, age, and movement of field-collected fish between habitats. 

Diet analyses and assessment of fatty acid and stable isotopes of potential prey 

items are also crucial for a complete understanding of this estuarine food web. Finally, 

future field studies should monitor fish habitat use and lipid condition over the entire time 

frame of juvenile English sole residence within the estuary. Therefore, sampling should 

be incorporated earlier (April/May) for newly-settled fish, and later (September/October) 

for larger juveniles during hypoxic conditions. A multi-year study with more variation in 

hypoxic conditions would test my prediction of juvenile English sole habitat use, and 

provide further insight on the relative quality of various nursery habitats.  
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