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ABSTRACT 

The vertical distribution of copepods in estuaries is known to vary in 

relation to environmental factors. However, the relationships between 

environmental conditions (e.g., tides, hydrography) and copepod distributions are 

not well understood. This project examined connections between environmental 

parameters and copepod distribution in Mission Bay, San Diego, California. 

Copepods (adults, juveniles, and nauplii) were collected every two hours over a 

diel cycle at three sites across the bay. A plankton pump was used to draw ~2 m
3 

of water from each of two depths - just below the surface and just above the 

bottom. Copepods were retained in a 100 µm mesh net, enumerated and identified 

to the lowest possible taxon. Results showed that the vertical distribution of 

copepods only varied over time at the front bay site, perhaps due to vertical 

migration on diel and tidal time scales. At this site, densities were highest in the 

bottom of the water column during night ebb tides and lowest in the surface and 

near-bottom samples during day flood tides. This result suggests that copepods 

were migrating between the near-bottom waters and the middle of the water 

column throughout the day.  A strong oceanic influence was apparent in both 

hydrographic parameters and migration patterns in the front bay. Samples from 

the front bay site contained mostly coastal species, whereas samples from the mid 

bay site contained both estuarine and coastal species, while mostly estuarine 

species were identified from the back bay site. The results provide support that 

tides have a strong influence on copepod density in the front portion of Mission 

Bay and that both active and passive migration behaviors can be present within a 
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species, depending on hydrographic conditions in a particular region of Mission 

Bay. 
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CHAPTER 1: GENERAL THESIS INTRODUCTION 

INTRODUCTION 

1.1 SPATIAL AND TEMPORAL VARIABILITY OF COPEPODS 

Copepods are key components of marine ecosystems and play important 

functional roles in estuarine ecosystem dynamics (e.g., Kleppel 1993, Day et al. 

2013). The species of copepods present in an estuary can reflect hydrographic 

conditions. For example, in the St. Lawrence Estuary, copepod concentrations 

were highest in the least stratified portions of the estuary (Laprise and Dodson 

1994). In addition, in the Bilbao Estuary (Spain), larger copepods were more 

sensitive to changes in water quality, such as dissolved oxygen and turbidity, 

whereas smaller copepods were affected more by phytoplankton biomass and 

temperature (Intxausti et al. 2012). These relationships were determined by 

correlating factors such as chlorophyll a, temperature, salinity, dissolved oxygen, 

and Secchi disk depth with copepod abundance. Densities of copepods smaller 

than 200 µm were strongly positively correlated with Secchi disk depth and 

dissolved oxygen, whereas densities of copepods smaller than 100 µm were 

strongly positively correlated with chlorophyll a and temperature. This 

phenomenon could be in part due to the foraging habits of each size class. Smaller 

copepods feed on phytoplankton, represented by chlorophyll a, while larger 

copepods feed on both phytoplankton and smaller zooplankton. Turbidity can also 

affect copepod abundance (Morgan et al. 1997). In the Columbia River estuary, 

Coullana canadensis was more abundant in areas of high turbidity. Another 
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example of hydrographic parameters affecting copepod composition can be found 

in the Jiulong Estuary in China. At the mouth of the estuary where salinity was 

highest, Calanus sinicus was most abundant. However, as salinity decreased 

farther into the estuary, C. sinicus became less abundant, and more estuarine 

species of copepods with tolerance for lower salinity, such as Tortanus derjugini 

and Acartia sinesis, were present (Xu et al. 2007). The effects of salinity on 

species composition have also been observed in Mission Bay, San Diego, 

California. When there were large inputs of fresh water that decreased salinity and 

increased nutrients within Mission Bay, more copepod species were present. 

However, when the estuary was inversely stratified, more tintinnid species were 

abundant and relatively few copepods were observed (Elliott and Kaufmann 

2007). 

Copepod patchiness also can be related to food availability. It is well 

known that many copepods feed on phytoplankton (Landry and Hassett 1982, 

Landry et al. 1998, Stoecker and Capuzzo 1990, Strom et al. 2001). Strong 

correlations have been observed between micro-zooplankton biomass and 

chlorophyll concentrations (Strom et al. 2001), and copepod grazing removes 

much of the phytoplankton production in parts of the North Pacific. Additionally, 

micro-zooplankton grazing can consume up to 24% of the phytoplankton biomass 

(Landry and Hassett 1982). However, lack of phytoplankton can also dictate 

copepod composition and abundance.  Toward the end of the summer in Mission 

Bay (a Mediterranean-climate estuary), when bloom conditions were still 
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favorable but food was scarce, smaller copepods tended to prevail and were found 

where phytoplankton abundance was higher (Elliott and Kaufmann 2007). 

Tides are also very important in contributing to copepod patchiness in 

bays and estuaries. In Westernport Bay (Australia), vertical position in the water 

column of Acartia tranteri, was significantly affected by tides, and copepod 

movement in relation to the tides aided their retention in the bay (Kimmerer and 

McKinnon 1987). Kimmerer et al. (2014) modeled zooplankton behavior and 

found that particles exhibiting realistic copepod migratory behavior were 

shallower in the water column during flood tides and deeper during ebb tides. 

This behavior led to retention of migratory particles within the estuary. By 

contrast, most of the passive particles in their model did not remain in the estuary 

and were transported seaward. While copepod patchiness was observed, this 

pattern may have resulted from interactions between the particles’ vertical 

movements and the bathymetry of the estuary. Similar results were observed in 

the Conwy Estuary (North Wales), in which copepod abundance was greatest in 

the seaward portion of the estuary during flood tide and lowest in the landward 

portion of the estuary during ebb tide (Hough and Naylor 1991). In addition, the 

copepod, Eurytemora affinis, was observed in greater abundance at shallower 

depths during spring tides and deeper in the water column during neap tides. This 

result led Hough and Naylor (1991) to determine that E. affinis was actively 

swimming to maintain its position in the water column during semi-lunar cycles. 

Similar results were observed in the Mantang Estuary (China). where more 

estuarine copepods were abundant shallow in the water column during the night 



4 
 

time flood tide while more marine copepods were present deep in the water 

column during the night time ebb tide (Chew et al. 2015). It was inferred that the 

estuarine copepod species were migrating so as to be retained in the estuary, and 

that the marine species were acting so as to be advected from the estuary. The 

tidal migration behavior of copepods for estuarine retention has also been 

observed in the Jiulong Estuary in China (Xu et al. 2007), the Columbia River 

estuary in the United States (Morgan et al. 1997), and the Sundays River estuary 

in South Africa (Wooldridge and Erasmus 1980).  

Vertical migration by copepods in estuaries can also be affected by 

predation. Tidal migration for retention was prominent during day tides in the 

Chikugo River Estuary, Japan (Ueda et al. 2010). However, at night the calanoid 

copepod Pseudodiaptomus inopinus migrated in a manner related more closely to 

predator avoidance than estuarine retention. In the Cochin Backwaters Estuary 

(India), tides had less effect on Decapoda (Luciferidae), Mysidacea, and 

Amphipoda than diel vertical migration for predator avoidance (Vineetha et al. 

2015). 

In Mission Bay, copepod distributions across regions of the bay have been 

characterized over multiple annual cycles. Elliott and Kaufmann (2007) found 

that zooplankton in the back bay were predominantly estuarine species and 

primarily holoplankton, with increasing densities of neritic species and larval 

forms of benthic species in the mid and front bay. The front bay species 

assemblage, in particular, often was dominated by larvae and neritic copepods 
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(Elliott and Kaufmann 2007). These results suggest decreasing exchange with the 

coastal ocean in relation to distance from the mouth and that zooplankton 

behavior might differ in different regions of the bay to enhance retention, in 

relation to a particular lifestyle. Prior to this study, vertical distributions of 

copepods within broad regions of Mission Bay and in relation to environmental 

parameters, including tidal phase, had not been examined. 

 Copepod abundance and species composition also exhibit temporal 

variation on a variety of time scales. Research in the mesotidal Mondego River 

estuary (Portugal) found that vertical distributions of copepods were related 

primarily to water depth and tidal currents, though day-night patterns were 

important during the summer (Gonçalves et al. 2012). Most of the copepod 

species examined in the study had high densities during spring tides in winter, but 

were more abundant during neap tides throughout the rest of the year. Early life 

stages of these copepods were most abundant near the bottom of the estuary 

during ebb tides, which should enhance retention within the estuary (Gonçalves et 

al. 2012).  In addition, neritic copepod species displayed different vertical 

distribution patterns than estuarine species, with adults of neritic species showing 

more homogeneous distributions with depth compared to estuarine species, which 

were more abundant near the bottom during spring tides (Gonçalves et al. 2012). 

Within Mission Bay, temporal variation in the horizontal distribution of copepods 

has been studied on time scales of weeks to years, but vertical distribution of 

copepods has not been studied systematically. 
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Copepods are also known to vary seasonally. Research conducted in the 

Lough Hyne Marine Nature Reserve (UK) showed a stark contrast in zooplankton 

abundance between seasons, with highest abundance in the summer and lowest in 

the winter (Rawlinson et al. 2004).  Many copepod species, bivalve veligers, and 

nauplii were only abundant in summer samples. During a drought in the Mondego 

River estuary (Portugal), seasonal changes in zooplankton community 

composition became less pronounced, and the abundance of dominant copepods 

and cladocerans increased (Primo et al. 2009). Additionally, zooplankton 

distribution throughout the bay became less segregated between upstream and 

downstream communities. Seasonal variation also has been observed in Mission 

Bay, where there is a noticeable difference in species composition and abundance 

between winter and spring. During the wet winter, when stratification throughout 

the bay was lower, only some tintinnid ciliate species were found; however, 

during the dry summer, when the bay was more stratified, most of the identified 

tintinnid species were very abundant (Elliott and Kaufmann 2007). 

1.2 MISSION BAY, SAN DIEGO 

  Mission Bay is a Mediterranean-climate estuary characterized by mixed 

semidiurnal tides that flush regions near the mouth of the bay (front bay) but have 

progressively less influence with increasing distance from the mouth. Water also 

enters Mission Bay through runoff from Tecolote and Rose Creeks as well as 

more than 100 storm drains surrounding the bay (Largier et al. 2003). The runoff 

from Tecolote Creek, which drains into the southeastern portion of the bay, has a 

long residence time and can persist up to a month due to the lack of tidal flushing 
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in the back bay. Runoff from Rose Creek, which empties into the central portion 

of Mission Bay (mid bay), disperses more rapidly and has a shorter residence time 

(days) compared to runoff from Tecolote Creek (Largier et al. 2003).  

 Temperature, salinity, and nutrients, with the exception of nitrate, cycle 

seasonally in Mission Bay (Largier et al. 1997, Kaufmann et al. 2004, Swope 

2005, Elliott and Kaufmann 2007). Temperature, salinity, and chlorophyll a 

concentrations are generally higher in the summer (Largier et al. 1997, Kaufmann 

et al. 2004). Phosphate and silica are generally highest in the summer and winter 

and lower in the spring and fall (Kaufmann et al. 2004, Elliott and Kaufmann 

2007). Surface dissolved oxygen concentrations, which are negatively correlated 

with temperature, also vary seasonally, with higher concentrations in the cool, wet 

winters and lower concentrations in the warm, dry summers (Kaufmann et al. 

2004).  

1.3 RESEARCH QUESTIONS 

 Estuarine copepod assemblages are well known to vary temporally and 

spatially, often in relation to hydrographic parameters (Wooldridge and Erasmus 

1980, Kimmerer and McKinnon 1987, Hough and Naylor 1991, Laprise and 

Dodson 1994, Morgan et al. 1997, Rawlinson et al. 2004, Elliott and Kaufmann 

2007, Xu et al. 2007, Primo et al. 2009, Ueda et al. 2010, Gonçalves et al. 2012, 

Intxausti et al. 2012, Kimmerer et al. 2014, Chew et al. 2015, Vineetha et al. 

2015). In Mission Bay, the gradient of environmental characteristics between the 

front, mid and back bay provides an excellent opportunity to examine these 

relationships under different hydrographic regimes. The front bay is well-flushed 
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by tides and rarely shows a strong influence of freshwater inputs; the mid bay 

shows moderate tidal influence, depending on the season and the magnitude of 

rainfall events; and the back bay is poorly flushed by tides. This setting is well-

suited to a study of copepod vertical and horizontal distribution over time in 

relation to environmental conditions. To this point, copepod research in Mission 

Bay has focused primarily on horizontal distributions and seasonal to annual time 

scales. In order to gain a better understanding of factors affecting the copepod 

community in Mission Bay, I addressed the following question: 

How do the species composition, density, and distribution of copepods vary 

across three regions of Mission Bay (front, mid, back bay) over a diel cycle 

during spring tides, and how does that variation correlate with hydrographic 

conditions?  
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CHAPTER 2: COPEPOD DISTRIBUTION IN RELATION TO 

ENVIRONMENTAL PARAMETERS ON DIEL AND TIDAL SCALES IN 

MISSION BAY, SAN DIEGO, CALIFORNIA 

 

2.1 INTRODUCTION 

2.1.1 SPATIAL AND TEMPORAL VARIABILITY OF COPEPODS 

Copepods are key components of marine ecosystems and play important 

functional roles in estuarine ecosystem dynamics (e.g., Kleppel 1993, Day et al. 

2013). The species of copepods present in an estuary can reflect hydrographic 

conditions, and abiotic conditions can cause zooplankton variability. For example, 

copepod concentrations were highest in the least stratified portions of the St. 

Lawrence Estuary (Laprise and Dodson 1994). In Mission Bay, San Diego, when 

there were large inputs of fresh water that decreased salinity and increased 

nutrients within the bay, more copepod species were present (Elliott and 

Kaufmann 2007). However, when the estuary was inversely stratified, more 

tintinnid species were abundant and relatively few copepods were observed 

(Elliott and Kaufmann 2007). 

Copepod patchiness also can be related to food availability, as many 

copepods feed on phytoplankton (Landry and Hassett 1982, Landry et al. 1998, 

Stoecker and Capuzzo 1990, Strom et al. 2001).  However, the lack of 

phytoplankton can also affect copepod abundance and species composition.  

Toward the end of the summer in Mission Bay, when bloom conditions were still 

favorable but food was scarce, smaller copepods tended to prevail and were 

present where phytoplankton abundance was higher (Elliott and Kaufmann 2007). 
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Tides are also very important in contributing to copepod patchiness. In 

Westernport Bay (Australia), vertical position in the water column of Acartia 

tranteri, was significantly affected by tides, and copepod movement in relation to 

the tides aided their retention within the bay (Kimmerer and McKinnon 1987). A 

model of copepod behavior found that particles exhibiting realistic copepod 

migratory behavior were shallower in the water column during flood tides and 

deeper during ebb tides (Kimmerer et al. 2014). This behavior led to retention of 

migratory particles within the estuary. By contrast, most of the passive particles in 

their model did not remain in the estuary and were transported seaward. While 

copepod patchiness was observed, this pattern may have resulted from 

interactions between the particles’ vertical movements and the bathymetry of the 

estuary. Similar results were observed in the Conwy Estuary (North Wales), 

where copepod abundance was greatest in the seaward portion of the estuary 

during flood tide and lowest in the landward portion of the estuary during ebb tide 

(Hough and Naylor 1991). In the Mantang Estuary (China), more estuarine 

copepods were abundant shallow in the water column during the night time flood 

tide, while more marine copepods were present deep in the water column during 

the night time ebb tide (Chew et al. 2015). It was proposed that the estuarine 

copepod species were migrating in a way that favored retention in the estuary, and 

that the marine species were acting in a way that led to advection from the estuary 

(Chew et al. 2015). The tidal migration behavior of copepods for estuarine 

retention has also been observed in the Jiulong Estuary (China, Xu et al. 2007), 
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the Columbia River Estuary (United States, Morgan et al. 1997), and the Sundays 

River Estuary (South Africa, Wooldridge and Erasmus 1980).  

Copepod vertical migration in estuaries can also be affected by predation. 

In the Chikugo River Estuary (Japan), tidal migration for retention was prominent 

during day tides (Ueda et al. 2010). However, at night, the calanoid copepod 

Pseudodiaptomus inopinus migrated in a manner related more closely to predator 

avoidance than estuarine retention. In the Cochin Backwaters Estuary (India), 

tides had less effect on Decapoda (Luciferidae), Mysidacea, and Amphipoda, and 

diel vertical migration for predator avoidance was observed to be more prominent 

in these zooplankton (Vineetha et al. 2015). 

 Copepod abundance and species composition also exhibit temporal 

variation on a variety of time scales. In the mesotidal Mondego River estuary 

(Portugal), vertical distributions of copepods were related primarily to water 

depth and tidal currents, though day-night patterns were important during the 

summer (Gonçalves et al. 2012). Most of the copepod species examined in the 

study had high densities during spring tides in winter but were more abundant 

during neap tides throughout the rest of the year. Early life stages of these 

copepods were most abundant near the bottom of the estuary during ebb tides, 

which should enhance retention within the estuary.  In addition, neritic copepod 

species displayed different vertical distribution patterns than estuarine species, 

with adults of neritic species showing more homogeneous distributions with depth 

compared to estuarine species, which were more abundant near the bottom during 
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spring tides (Gonçalves et al. 2012). Within Mission Bay, temporal variation in 

the horizontal distribution of copepods has been studied on time scales of weeks 

to years (Swope 2005, Elliott 2007, Kittinger 2006, Griggs 2009), but vertical 

distribution of copepods has not been studied systematically. 

In Mission Bay, copepod distributions across regions of the bay have been 

characterized over multiple annual cycles.  Copepods in the back bay were 

predominantly estuarine species and primarily holoplankton, with increasing 

densities of neritic species and larval forms of benthic species in the mid and front 

bay (Elliott and Kaufmann 2007). The front bay species assemblage, in particular, 

often was dominated by larvae as well as neritic copepods (Elliott and Kaufmann 

2007). These results suggest decreasing exchange with the coastal ocean in 

relation to distance from the mouth, and that copepod behavior might differ in 

different regions of the bay in ways that enhance retention and in relation to a 

particular lifestyle. 

Relatively few studies have looked at copepod vertical distribution across 

a gradient of tidal influence. Additionally within estuaries, especially 

Mediterranean-climate estuaries, very few studies have looked at the relationship 

between hydrographic parameters and copepod vertical distribution. Prior to this 

study, vertical distributions of copepods within broad regions of Mission Bay and 

in relation to environmental parameters, including tidal conditions, had not been 

examined. This study aims to address the following questions: How do the species 

composition, density, and distribution of copepods vary vertically over a diel 
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cycle during spring tides and how does this variation relate to hydrographic 

parameters? Additionally, how does this variation differ among three locations 

across the bay (front, mid, and back bay)? 

2.2 MATERIALS AND METHODS 

2.2.1 STUDY SITE 

Mission Bay is a Mediterranean-climate estuary characterized by mixed 

semidiurnal tides that flush regions near the mouth of the bay (front bay) but have 

progressively less influence with increasing distance from the mouth. Water also 

enters Mission Bay through runoff from Tecolote (back bay) and Rose (mid bay) 

Creeks as well as more than 100 storm drains surrounding the bay (Largier et al. 

2003). The runoff from Tecolote Creek, which drains into the southeastern 

portion of the bay, has a long residence time and can persist up to a month due to 

the lack of tidal flushing in the back bay (Largier et al. 2003).  

 The bay is relatively shallow with depths ranging from less than 1 m in the 

back bay to 8 m in the front bay at high tide. Temperature, salinity, and 

chlorophyll a concentrations are generally higher in the summer (Largier et al. 

1997, Kaufmann et al. 2004). Phosphate and silica are generally higher in the 

summer and winter and lower in the spring and fall (Kaufmann et al. 2004, Elliott 

and Kaufmann 2007). Surface dissolved oxygen concentrations, which are 

negatively correlated with temperature, also vary seasonally, with higher 

concentrations in the cool, wet winters and lower concentrations in the warm, dry 

summers (Kaufmann et al. 2004).  
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Figure 1. Mission Bay, San Diego. Study sites, Ventura Point (front bay), Fiesta 

Bay (mid bay) and Hilton Dock (back bay), are marked with yellow circles. Tidal 

height buoy (Crown Point) is marked in red. 
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2.2.2 FIELD METHODS 

Research was conducted over a three month period surrounding full moon 

spring tides in Mission Bay, San Diego, from July through September 2016 

(Table 1).  There were three sampling sites within the bay: Ventura Point, near the 

mouth (front bay); Fiesta Bay, in the middle of the bay (mid bay); and Hilton 

Dock, in the eastern portion of the bay (back bay) (Figure 1). To encompass 

different tidal phases during the diel cycle, each site was sampled every two hours 

over a 24 hour period. At each site, one sample was collected at each of two 

depths (just below the surface and 0.5 m above the bottom) during a sampling 

event. There were 13 sampling events per site in a sampling period, and a total of 

3 sampling periods per location over the course of this study. To examine 

copepod (nauplii, juveniles, and adults) abundance and species composition, a 

plankton pump was deployed at these same two depths for 10 minutes at a time, 

pumping ~2 m
3
 of water per sample. The stream of water from the pump’s output 

hose was filtered through a 100 µm mesh net, and the material collected was 

rinsed into a 500 ml opaque polyethlyene bottle. A digital multimeter (YSI 6600 

V2 multi parameter sonde) was used to collect depth profiles of hydrographic 

parameters (salinity and temperature) at each site. Water samples were collected 

at the two pump depths using a Van Dorn bottle, and temperature and salinity 

were measured with thermometers and refractometers, respectively.  In the lab, 

water samples were analyzed for chlorophyll and phaeopigment concentrations. 

These samples were stored in brown polyethylene bottles prior to analysis, to 

reduce the effects of light on water sample chemistry.
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Table 1. Date and location of each 24-hour sampling event. Each sampling event 

started at 8 PM and ended the next night after the 8 PM sample. Full moon is 

indicated by *. 
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Date Location Sunrise Sunset 

July 16-17 Ventura Point 5:54 am 8:04 pm 

July 18-19* Fiesta Bay 5:56 am 8:03 pm 

July 20-21 Hilton Dock 5:57 am 8:01 pm 

August 15-16 Ventura Point 6:16 am 7:38 pm 

August 17-18* Fiesta Bay 6:17 am 7:36 pm 

August 19-20 Hilton Dock 6:19 am 7:33 pm 

September 13-14 Ventura Point 6:36 am 7:00 pm 

September 15-16* Fiesta Bay 6:37 am 6:57 pm 

September 17-18 Hilton Dock 6:39 am 6:54 pm 
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2.2.3 LABORATORY METHODS 

  While many types of zooplankton were collected in this study, only 

copepods were counted and presented in this research. For the purpose of this 

study, copepods were defined as adult and juvenile stages of copepods, whereas 

“nauplii” refers to copepod nauplii.  Each zooplankton sample was preserved in 

3.7% formalin, buffered with borax, and stored in a 500 mL glass bottle. The 

samples were examined using a Sedgewick-Rafter slide under a compound 

microscope at 100x magnification (2.32 mm
3
 per field of view). Each individual 

organism was counted and identified to the lowest taxonomic level. At least two 

slides were prepared for each sample, with 10 randomly-selected non-overlapping 

fields of view per slide examined until at least 100 organisms were counted or 

until a rarefaction curve indicated that the number of species observed vs. the 

number of individuals counted approached an asymptote. If no organisms were 

observed in 10 fields of view, the entire slide (1 mL) was examined, and all 

organisms on the slide were enumerated and identified. The total volume 

examined from each sample ranged from 0.05 to 5 mL. 

Water samples were filtered immediately after returning to the lab. To 

measure photosynthetic pigment concentrations, 250 mL of water was filtered 

through a GF/F glass fiber filter. After filtration, filters were folded in half twice, 

wrapped in aluminum foil and frozen (-80 
o
C) for analysis. Analytical methods 

followed those of Holm-Hansen et al. (1965) and Lorenzen (1966). This analysis 

consisted of extracting the filters by soaking them in a 90% acetone solution for 

24 hours. Chlorophyll and phaeopigments were measured using a Turner Designs 
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fluorometer (model 10-AU, 440 nm excitation wavelength, 685 nm fluorescence 

detection wavelength). Total photosynthetic pigment concentrations for each 

sample were calculated as the sum of chlorophyll and phaeopigment 

concentrations. 

2.2.4 DATA ANALYSIS 

Tidal height was calculated from buoys near Scripps Pier (station ID 

9410230, 32.8669 N, 117.2571 W), near the coast just north of Mission Bay, and 

Crown Point (station ID 9410191) in the front/mid portion of Mission Bay. Tide 

data for Scripps Pier were available every 30 minutes, while the Crown Point data 

were only presented as high and low tide measurements. A linear regression 

between Scripps Pier and Crown Point high tides was performed to approximate 

the tidal height for Mission Bay.  The regression equation was used to estimate 

tidal height with half hour resolution for Crown Point. These data were used for 

subsequent statistical analysis. Supplemental data from field thermometer 

measurements of water samples collected near the surface and 0.5 m above 

bottom were used to fill in missing data from the sonde. It is important to note 

that these values were used to look at trends rather than absolute values. The 

water column was relatively homogeneous in terms of temperature, salinity, and 

chlorophyll concentration, so only surface values were used for visual 

representations of trends.  

For each time and depth at each site, Shannon-Wiener diversity, evenness 

(H/Hmax), and taxonomic richness were calculated. Kruskal-Wallis ANOVAs 



24 
 

were used to examine diversity, evenness and taxonomic richness differences 

among the three study sites over the three month sampling period, and to 

determine the relationship between tidal phase and time of day, and copepod 

density and diversity. To perform these analyses, vertical differences in copepod 

adult, juvenile and nauplii density were used, in which bottom densities were 

subtracted from surface densities at each time for each location. Post-hoc Dunn’s 

tests were performed on the significant relationships identified with the Kruskal-

Wallis ANOVAs. Pearson’s correlations between hydrographic parameters and 

copepod adult, juvenile and nauplii densities were only performed on near-surface 

and bottom data for temperature, salinity, total photosynthetic pigments, and tidal 

height.  

2.3 RESULTS 

 The predominant species throughout the bay during July to September 

2016 was Oithona similis. Over the three sampling periods, the relative 

abundance of Oithona similis increased from July to August at each site, and 

increased from August to September at Ventura Point (Table 2). In addition, the 

total combined percentage of the five most dominant taxa increased over time at 

each site, with highest percentages in September. Each month, the total 

percentage of the copepod assemblage made up of the top 5 taxa was lowest at 

Ventura Point and increased with increasing distance into the bay.  
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Table 2. Five most numerically dominant taxa at each site during each month 

sampled and mean + std dev copepod adult, juvenile and nauplii density (m
-3

) for 

each sampling period. 
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Ventura Point Fiesta Bay Hilton Dock 

July %   %   % 

Oithona similis 39.21 Oithona similis 73.31 Oithona similis 76.38 

Copepod Nauplii 18.86 

Oithona 

oculata 10.27 Oithona nana 13.00 

Oithona oculata 11.99 

Copepod 

Nauplii 4.76 

Oithona 

oculata 6.28 

Acartia clausi 7.98 

Copepod 

Juveniles 3.84 

Copepod 

Nauplii 1.78 

Copepod Juveniles 7.84 Oithona nana 3.70 

Copepod 

Juveniles 1.24 

Total Percent of 

Top 5 85.88   95.88   98.68 

Mean Density 
150,000  

(+170,000)  
630,000 

(+380,000)  
850,000 

(+300,000) 

August           

Oithona similis 56.34 Oithona similis 88.15 Oithona similis 90.83 

Copepod Nauplii 18.57 

Clausocalanus 

spp. 4.03 

Oithona 

oculata 4.18 

Clausocalanus spp. 7.60 

Copepod 

Nauplii 2.99 

Copepod 

Juveniles 1.84 

Oithona nana 6.37 

Oithona 

oculata 2.10 

Copepod 

Nauplii 1.84 

Oithona oculata 5.94 

Copepod 

Juveniles 1.80 

Clausocalanus 

spp. 1.09 

Total Percent of 

Top 5 94.82   99.07   99.78 

Mean Density 
240,000 

(+290,000)  
730,000 

(+470,000)  
75,000 

(+65,000) 

      

September           

Oithona similis 76.53 Oithona similis 84.65 Oithona similis 88.28 

Clausocalanus spp. 9.68 

Oithona 

oculata 5.60 

Oithona 

oculata 4.48 

Copepod Nauplii 6.07 

Copepod 

Juveniles 3.38 

Copepod 

Juveniles 3.89 

Copepod Juveniles 2.11 

Clausocalanus 

spp. 3.12 

Copepod 

Nauplii 2.26 

Oithona oculata 2.09 

Copepod 

Nauplii 3.12 

Clausocalanus 

spp. 1.00 

Total Percent of 

Top 5 96.48   99.87   99.91 

Mean Density 
180,000 

(+280,000)  
290,000 

(+140,000)  
130,000 

(+88,000) 

 



27 
 

 Near-bottom copepod densities were highest at night at Ventura Point each 

month, specifically during night ebb tides, and lowest during day flood tides 

(Figure 2). At Fiesta Bay and Hilton Dock, surface densities generally were 

higher during early evening. At Fiesta Bay, the highest copepod densities shifted 

from surface to near-bottom in the early morning and remained highest near the 

bottom throughout the day. Copepod densities generally increased with increasing 

tidal height at Fiesta Bay and Hilton Dock. 

 Overall, nauplii densities were relatively low compared to copepod 

densities. Each month, nauplii densities were highest at Ventura Point, peaking in 

August (Fig. 2B). Densities in September were very low across all sites (Fig. 2C). 

There was no consistent relationship between nauplii densities and tidal phase 

across months and sites. 
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Figure 2. Copepod (adult and juvenile) and nauplii densities (x10
6 

m
-3

) just below 

the surface and 0.5 m above bottom over 24 hour sampling periods during July 

(A), August (B), and September (C) 2016 at each site: Ventura Point (VP), Fiesta 

Bay (FB), and Hilton Dock (HD).  Black curve shows tidal height, gray panels 

indicate night time. 
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 Each month, mean species diversity, evenness and richness were highest at 

Ventura Point and decreased with increasing distance into the bay (Table 3). To 

examine relationships between day-night/tidal phase combinations (day/ebb, 

day/flood, night/ebb, night/flood) and copepod adult, juvenile and nauplii density, 

diversity, evenness, and richness at each site for each month, surface and near-

bottom samples were pooled for Kruskal-Wallis tests (Table 4). Copepod adult, 

juvenile and nauplii density for all months combined showed a significant 

difference among day-night/tidal phase combinations at Ventura Point (p=0.02). 

However, no significant differences were detected when the same analysis was 

performed for each month individually. Based on the results of a post-hoc Dunn’s 

test, there was a significant difference in copepod adult, juvenile and nauplii 

densities between day/flood and night/ebb (p<0.001), with the night/ebb densities 

being higher than the day/flood densities (Table 5). Significant differences among 

day-night/tidal phase combinations and total density were detected at Fiesta Bay 

in August (p=0.03) and among day-night/tidal phase combinations and species 

richness at Ventura Point in July (p=0.05). Post-hoc Dunn’s tests showed a 

significant difference between day/ebb and night/ebb for copepod densities in 

August at Fiesta Bay (p = 0.002), and species richness in July at Ventura Point 

(p=0.01) (Table 5). In August, day/ebb densities were higher than night/ebb 

densities. In July, species richness was higher during night/ebb than day/ebb. 
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Table 3. Mean (+ std dev), Shannon-Wiener index, evenness (H/Hmax), and 

species richness for each month and site: Ventura Point (VP), Fiesta Bay (FB), 

Hilton Dock (HD). 
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Month Site Diversity Evenness Richness 

     

July VP 1.52+0.26 0.78+0.10 7.19+1.50 

  FB 0.96+0.48 0.58+0.22 5.12+1.21 

  HD 0.81+0.14 0.48+0.08 5.58+1.10 

     

August  VP 1.34+0.33 0.67+0.12 7.38+1.55 

  FB 0.58+0.36 0.34+0.17 5.31+1.35 

  HD 0.43+0.26 0.28+0.14 4.50+1.03 

     

September  VP 1.25+0.40 0.63+0.16 7.38+1.65 

  FB 0.59+0.20 0.37+0.12 4.92+0.80 

  HD 0.46+0.17 0.31+0.09 4.50+0.86 
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Table 4. Kruskal-Wallis ANOVA results for copepod adult, juvenile and nauplii 

densities, Shannon-Wiener diversity, evenness (H/Hmax) and species richness in 

relation to combined tidal phase and diel cycle: day/flood, day/ebb, night/flood, 

night/ebb. df = 3.  Shaded cells indicate p-values < 0.05. 
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Site Total Density S-W Diversity Evenness Richness 

All 

Months 

Chi-

squared 

p Chi-

squared 

p Chi-

squared 

p Chi-

squared 

p 

Ventura 

Point 
10.31 0.02 1.86 0.60 3.92 0.27 1.75 0.63 

Fiesta Bay 3.7 0.30 3.88 0.27 2.48 0.48 5.35 0.15 

Hilton 

Dock 
3.3 0.35 5.19 0.16 1.77 0.62 3.82 0.28 

 
Site Total Density S-W Diversity Evenness Richness 

Jul Chi-

squared 

p Chi-

squared 

p Chi-

squared 

p Chi-

squared 

p 

Ventura 

Point 
6.35 0.10 1.41 0.70 2.61 0.46 7.64 0.05 

Fiesta Bay 0.57 0.90 2.04 0.56 0.79 0.85 0.94 0.81 

Hilton 

Dock 
3.16 0.37 2.58 0.46 6.60 0.09 5.18 0.16 

 

Site Total Density S-W Diversity Evenness Richness 

Aug Chi-

squared 

p Chi-

squared 

p Chi-

squared 

p Chi-

squared 

p 

Ventura 

Point 
3.42 0.33 3.04 0.39 1.26 0.74 1.63 0.65 

Fiesta Bay 9.08 0.03 6.19 0.10 5.23 0.15 6.44 0.09 

Hilton 

Dock 
1.36 0.72 2.33 0.51 2.22 0.53 2.98 0.40 

 
Site Total Density S-W Diversity Evenness Richness 

Sep Chi-

squared 

P Chi-

squared 

P Chi-

squared 

p Chi-

squared 

p 

Ventura 

Point 
4.67 0.20 1.69 0.64 1.59 0.66 0.53 0.91 

Fiesta Bay 1.96 0.58 2.72 0.44 1.14 0.77 3.45 0.33 

Hilton 

Dock 
1.89 0.60 2.40 0.49 1.40 0.71 2.42 0.49 
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Table 5. Dunn’s post-hoc test for copepod adult, juvenile and nauplii densities for 

all months at Ventura Point (All VP) and in August at Fiesta Bay (Aug FB), and 

July species richness at Ventura Point (Jul VP) in relation to tidal phase and diel 

cycle: day/flood, day/ebb, night/flood, night/ebb. Shaded cells indicate p-values < 

0.01. 
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 All VP Total 

Density 

Aug FB Total 

Density 

Jul VP 

Richness 

Time of Day/Tidal 

Phase 

p-value p-value p-value 

Day/Flood: Day/Ebb 0.12 0.07 0.24 

Night/Flood: Night/Ebb 0.03 0.17 0.04 

Day/Flood: Night/Flood 0.30 0.27 0.26 

Day/Ebb: Night/Ebb 0.07 0.002 0.01 

Day/Ebb: Night/Flood 0.29 0.02 0.46 

Day/Flood: Night/Ebb <0.001 0.05 0.02 
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Temperature and salinity were highest at all three sites in July and 

decreased through September (Figure 3). Each month, both parameters were 

lowest at Ventura Point in the front of the bay and increased with distance into the 

bay. At Ventura Point and Fiesta Bay, temperature and salinity increased during 

ebb tide and decreased during flood tide. At Hilton Dock, temperature decreased 

during night ebb tides but increased during day ebb tides. Salinity increased 

during ebb tides and decreased during flood tides. Temperature was lowest at 

each site from 6-8 am and highest at Ventura Point and Fiesta Bay around 2 pm 

and at Hilton Dock around 4 pm each month. Salinity at each site was highest 

from 2-4 am (Figure 3). 

 Highest pigment concentrations were measured in July at Ventura Point 

(Fig. 3A), in August at Ventura Point and Hilton Dock (Fig. 3D and 3F), and in 

September at Hilton Dock (Fig. 3I). Each month, pigments were lowest at Fiesta 

Bay. At Ventura Point, pigment concentrations were generally higher during the 

day, while at Fiesta Bay, concentrations were generally high from 4 pm to 4 am. 

At Hilton Dock, pigment concentrations were highest at night in July (Fig. 3C) 

and September (Fig. 3I). 

 Copepod adult, juvenile and nauplii density shifted from being highest in 

the back of the bay in July (Fig. 3C) to mid bay in August (Fig. 3E) and 

September (Fig. 3H). Densities were generally higher during the night for all 

locations. Densities were lowest at all sites in September (Figs. 3G, 3H, 3I). At 

Ventura Point and Fiesta Bay, copepod adult, juvenile and nauplii densities 

increased during ebb tides with the exception of September (Fiesta Bay).  
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Densities decreased during the night ebb and increased during the night flood at 

Hilton Dock. Copepod adult, juvenile and nauplii densities generally tracked 

trends in temperature and salinity but were not clearly related to pigment 

concentration. 

In July at Ventura Point, Acartia spp., Oithona similis, and Clausocalanus 

spp. densities were highest in the near-bottom samples at night, while Calanus 

helgolandicus densities were highest in the surface samples throughout the day 

(Appendix Figure 1). In August, Oithona similis, Calanus helgolandicus, and 

Clausocalanus spp. densities were highest in the near-bottom samples at night 

(Appendix Figure 2). At 6 am, a shift in densities was seen from the near-bottom 

to the surface in each of these taxa. In September, densities of Oithona similis, 

Calanus helgolandicus, and Clausocalanus spp. were highest in the near-bottom 

samples at night anddensities of  Acartia spp. were highest in the last 8 pm near-

surface sample (Appendix Figure 3). Across all three months at Ventura Point, 

copepod adult, juvenile and nauplii densities were elevated during low tides and 

consistently higher in the near-bottom samples compared to the surface samples. 

Another interesting pattern emerged when looking at species-specific density 

patterns. Each month at Ventura Point, Oithona similis and Clausocalanus spp. 

near-bottom and surface densities were low or zero through midday then 

noticeably higher in the 2 pm sample. 

At Fiesta Bay, Oithona similis and Clausocalanus spp. often had 

complementary vertical distributions. In July, Acartia spp. and Oithona similis 

tended to vary vertically, with surface densities peaking during the day and near-
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bottom densities peaking at night (Appendix Figure 4). However, unlike at 

Ventura Point, Clausocalanus spp. peaked at night in the near-bottom samples 

and were virtually absent throughout the day. In August, Clausocalanus spp. 

appeared to be the main component in near-bottom samples, while Oithona similis 

dominated surface samples (Appendix Figure 5). In September, densities 

decreased overall, and shifts in surface and near-bottom densities were mainly 

dominated by O. similis (Appendix Figure 6). 

At Hilton Dock a completely different pattern was observed. In August, 

both Oithona similis and Clausocalanus spp. showed similar distribution patterns 

to Ventura Point. However, unlike at Ventura Point, surface densities were 

greatest at night (Appendix Figure 8). In September, the tides appeared to be 

closely correlated with both surface and near-bottom densities (Appendix Figure 

9). 
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Figure 3: Copepod and nauplii density (C), surface temperature (T), surface 

salinity (S), and surface photosynthetic pigments (P) during 24-hour sampling 

events at each site in each month. The left panels (A, D, G) show Ventura Point, 

the middle panels (B, E, H) show Fiesta Bay, and the right panels (C, F, I) show 

Hilton Dock. The left y-axis shows the temperature and salinity scale, while the 

right y-axis shows copepod and nauplii density and pigments. Night time is 

indicated by the gray shaded regions. High and low tides are indicated by the 

solid and dashed arrows, respectively. 
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Table 6. Pearson’s correlation coefficients for copepod and nauplius densities vs. 

tidal height. Asterisks represent p-values below three different thresholds. 
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Location Depth July August September 

  Copepods Nauplii Copepods Nauplii Copepods Nauplii 

Ventura 

Point 

Surface -

0.75**** 

-0.10 -0.65*** -0.19 -0.75*** -0.25 

Bottom -0.59*** -0.12 -0.75*** -0.10 -0.80*** -0.51 

Fiesta Bay 
Surface -0.78*** 0.36 -0.20*** 0.46 -0.50*** 0.28 

Bottom -0.49*** 0.61* -0.18*** 0.05 -0.51*** 0.67** 

Hilton Dock 
Surface -0.47*** -0.48 -0.67*** 0.35 -0.18*** -0.12 

Bottom -0.65*** -0.38 -0.25*** 0.35 -0.30*** -0.34 

* p<0.05, ** p<0.01, *** p<0.005 
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Tidal height correlated most strongly with copepod density at Ventura 

Point, with significant negative correlations between copepod density and tidal 

height in both the surface and near-bottom samples each month (Table 6).  

Overall, tidal height was not strongly correlated with densities of copepods and 

nauplii at Fiesta Bay, and showed a weak positive correlation with copepod 

densities at Hilton Dock. In July at Ventura Point and Fiesta Bay, surface copepod 

densities were significantly negatively correlated with tidal height, while at Hilton 

Dock near-bottom copepod density was positively correlated with tidal height. In 

August, a negative correlation between copepod density and tidal height again 

was observed at Ventura Point, and surface copepod density at Hilton Dock was 

positively correlated with tidal height. In September, copepod density again was 

negatively correlated with tidal height at Ventura Point. At Ventura Point in July, 

the negative copepod density correlation was strongest in the near-surface sample 

while in August and September the negative correlations were strongest in the 

near-bottom samples.  The only strong correlations for nauplii were positive 

correlations with tidal height observed solely in the near-bottom samples at Fiesta 

Bay in July and September. 

 Statistical relationships between temperature, salinity, pigments, and 

densities of copepod adult, juvenile and nauplii were examined with Pearson’s 

correlations (Table 7). At Ventura Point, temperature and salinity were strongly 

positively correlated in August and September (Table 7A) (R > 0.78). In 

September, temperature and salinity were strongly negatively correlated with 

pigment concentrations (R = -0.53, R = -0.50, respectively). Temperature was 
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strongly positively correlated with copepod density during each month (R > 0.53). 

Salinity was negatively correlated with copepod densities in July (R = -0.42) and 

positively correlated with copepod densities in August (R = 0.57). Pigments were 

not strongly correlated with copepod adult, juvenile and nauplii densities at 

Ventura Point. 

 At Fiesta Bay (Table 7B), temperature and salinity were strongly 

positively correlated in July (R = 0.73) and September (R = 0.88). Pigment 

concentration was negatively correlated with salinity in July (R = -0.41) and with 

temperature in August (R = -0.55). Temperature was negatively correlated with 

densities of nauplii in July (R = -0.44) and both nauplii and copepods in 

September (R = -0.50, R = -0.49). Salinity was also negatively correlated with 

densities of nauplii in July (R = -0.56) and both copepods and nauplii in 

September (R = -0.44, R = -0.64), but positively correlated with copepod densities 

in July (R = 0.46). Pigment concentration was strongly positively correlated with 

densities of nauplii in July (R = 0.51) and negatively correlated with copepod 

densities in September (R = -0.21).  

 At Hilton Dock, there were very few strong correlations each month, and 

none in July (Table 7C). In August, temperature and pigment concentration were 

positively correlated (R = 0.49) while salinity was negatively correlated with 

copepod density (R = -0.55).  In September, temperature was positively correlated 

with densities of copepods and nauplii (R = 0.45, R = 0.43, respectively).  
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Table 7. Pearson’s correlations between hydrographic parameters (temperature, 

salinity), pigments, and densities of copepods and nauplii at each site. Values 

above the gray cells are correlation coefficients (R), and values below the gray 

cells are p-values. N = 26 for each correlation. 
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A 

Jul VP Temp Salinity Pigments Copepods Nauplii 

Temperature  -0.12 0.03 0.53 0.14 

Salinity 0.56  -0.27 -0.42 -0.20 

Pigments 0.88 0.19  0.26 0.24 

Copepods 0.005 0.03 0.20  0.47 

Nauplii 0.50 0.32 0.23 0.02  

      

Aug VP Temp Salinity Pigments Copepods Nauplii 

Temp  0.95 -0.34 0.58 0.23 

Salinity <0.001  -0.25 0.57 0.35 

Pigments 0.09 0.23  -0.15 -0.15 

Copepods 0.002 0.002 0.45  0.26 

Nauplii 0.26 0.09 0.45 0.20  

      

Sep VP Temperature Salinity Pigments Copepods Nauplii 

Temperature  0.78 -0.53 0.57 0.44 

Salinity <0.001  -0.50 0.37 0.22 

Pigments 0.005 0.009  0.02 -0.08 

Copepods 0.002 0.06 0.93  0.64 

Nauplii 0.03 0.28 0.71 <0.001  

 

B 

Jul FB Temp Salinity Pigments Copepods Nauplii 

Temperature  0.73 -0.26 0.35 -0.44 

Salinity <0.001  -0.41 0.46 -0.56 

Pigments 0.19 0.04  -0.34 0.51 

Copepods 0.07 0.02 0.09  -0.21 

Nauplii 0.03 0.003 0.007 0.31  

      

Aug FB Temp Salinity Pigments Copepods Nauplii 

Temp  -.004 -0.55 -0.38 -0.12 

Salinity 0.98  0.13 -0.31 -0.24 

Pigments 0.003 0.52  0.18 -0.05 

Copepods 0.06 0.12 0.37  -0.03 

Nauplii 0.54 0.23 0.81 0.89  

      

Sep FB Temperature Salinity Pigments Copepods Nauplii 

Temperature  0.88 0.22 -0.49 -0.50 

Salinity <0.001  0.22 -0.44 -0.64 

Pigments 0.29 0.29  -0.43 -0.21 

Copepods 0.01 0.03 0.03  0.50 

Nauplii 0.01 <0.001 0.31 0.01  
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C 

Jul HD Temp Salinity Pigments Copepods Nauplii 

Temperature  -0.20 0.15 0.30 -0.36 

Salinity 0.33  -0.24 -0.35 0.14 

Pigments 0.47 0.24  0.27 -0.05 

Copepods 0.14 0.08 0.19  -0.11 

Nauplii 0.07 0.48 0.81 0.59  

      

Aug HD Temp Salinity Pigments Copepods Nauplii 

Temp  -0.05 0.49 0.35 0.29 

Salinity 0.79  0.19 -0.55 -0.29 

Pigments 0.01 0.34  0.25 0.13 

Copepods 0.08 0.004 0.23  0.68 

Nauplii 0.15 0.15 0.53 <0.001  

      

Sep HD Temperature Salinity Pigments Copepods Nauplii 

Temperature  0.06 -0.27 0.45 0.43 

Salinity 0.79  0.04 0.04 -0.06 

Pigments 0.19 0.85  -0.20 -0.13 

Copepods 0.02 0.86 0.34  0.56 

Nauplii 0.03 0.76 0.52 0.003  
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2.4 DISCUSSION 

In the past, two surface copepod studies have been completed in Mission 

Bay; however, these studies were conducted by towing a 53 µm mesh net with a 

0.5 m diameter ring (Kittinger 2006, Elliott 2006). In both studies, the most 

abundant copepod species throughout the bay was Oithona similis, which was 

generally about ten times more abundant than the second most abundant species, 

Acartia californiensis. In this current study, Oithona similis was also the most 

abundant species; however, A. californiensis was never observed. The 

disappearance of A. californiensis could be in part due to the different sampling 

methods and pump avoidance compared to net avoidance. Copepods that are 

considered active swimmers have been known to avoid capture by both nets and 

pumps (Fleminger and Clutter 1965, McGowan and Fraundorf 1966, Matthew 

1988, Ianson et al. 2004, Masson et al. 2004); however, it has been observed that 

active swimming copepods are generally better represented in net tows when 

compared to pump samples (Masson et al. 2004). Additionally, the larger the 

diameter of the net or the intake of the pump, the easier it is to capture active 

swimming copepods (Fleminger and Clutter 1965, McGowan and Fraundorf 

1966, Liu et al. 2009).  The diameter of the net used in the previous Mission Bay 

studies (Elliott 2006, Kittinger 2006) was about 1.5x the size of the pump intake 

used in this study, which could explain why A. californiensis was so abundant in 

previous studies but absent from the samples described here. Therefore, is very 

possible that A. californiensis was present in the bay during this current study, but 

actively avoided the intake of the pump. 
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Both Kittinger (2006) and Elliott (2006) found a spatial pattern in total 

density throughout the bay, with greatest surface densities in the back bay and 

lowest surface densities in the front bay in the summer. In 2001-2002, front bay 

densities were highest in August, while mid and back bay densities were highest 

in July and decreased through September (Kittinger 2006). The copepod densities 

observed in both of these studies were an order of magnitude lower than the 

densities observed in the current study, though, as previously noted, the methods 

used in the current study differed in a number of respects: this study used a pump 

system rather than a towed net; used a 100 µm mesh net instead of a 53 µm mesh 

net; filtered a smaller volume of water per sample (~2 m
3 

versus 20-23 m
3
); 

included sampling over a 24-hour period instead of just sampling during the day; 

involved monthly sampling instead of biweekly sampling; and collected more 

samples per sampling event (26 versus 1).
 
Additionally, during July-September, 

the bay in both the previous studies was more saline at each site than in this study. 

Temperature, however, was slightly warmer in this study. 

Cooler, less saline waters were observed in the front and mid bay and were 

likely due to tidal mixing, which becomes increasingly weak with distance from 

the ocean (Largier et al. 1997, 2003). The warmer, more saline waters at Hilton 

Dock were likely a result of limited tidal flushing and long residence times due to 

the location of the site, high evaporation, and reduced freshwater input from 

streams or runoff (Largier et al. 1997, 2003). At Ventura Point and Fiesta Bay, 

temperature and salinity were generally positively correlated with one another, 

while this relationship was not observed at Hilton Dock. In a previous study, no 
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correlation was observed between temperature and salinity in the front and mid 

bay, while in the back bay a strong positive correlation was observed (Swope 

2005). However, it is important to note that the data set analyzed by Swope 

(2005) covered a complete year, compared to the three month period covered in 

this study. Largier et al. (1997, 2003) found that temperature reached a relatively 

stable maximum farther into the estuary, whereas salinity kept increasing. Similar 

spatial patterns for temperature and salinity in the bay have been observed 

previously (Swope 2005, Elliott and Kaufmann 2007, Griggs 2009). 

In previous studies, densities of both copepods and nauplii were strongly 

positively correlated with salinity in the back bay (Elliott 2006). In the mid bay, 

copepod densities were strongly positively correlated with temperature, while 

densities of nauplii were strongly positively correlated with both temperature and 

salinity. In the front bay, densities of nauplii were strongly positively correlated 

with temperature. Kittinger (2006) found that much of the zooplankton variation 

in the back and mid bay was explained by variation in temperature and salinity, in 

addition to phosphate concentration, Secchi disk depth, silica concentration, tidal 

magnitude, day length, and amount of precipitation. In addition, tidal magnitude 

was negatively correlated with temperature and salinity at each site. 

In this current study, spatial trends in copepod and nauplii densities 

differed from previous studies and throughout each day of the study period. When 

copepod and nauplius densities were low in surface samples, densities did not 

increase in the near-bottom sample collected two hours later, suggesting that a 

large proportion of the copepods resided below the surface sampling depth, or 



54 
 

copepods moved horizontally with the tide and were no longer at the sampling 

site. Throughout the study at Ventura Point, Oithona similis, Calanus 

helgolandicus, and Clausocalanus spp. densities tended to be greater in the near-

bottom sample during ebb tide, especially during the night ebb. During the night 

ebb, the peak in densities lasted about 6 hours, while the peak around the 2 pm 

ebb tide was less prolonged and only lasted about 2 hours. This pattern in elevated 

densities during ebb tides could be due to the relationship between tidal and diel 

influences on copepod migration in the front bay in addition to food distribution. 

Oithona similis is a very common omnivorous species found throughout 

both hemispheres in oceans and estuaries (Fish 1936, Hansen et al. 2004, 

Castellani et al. 2005, Dvoretsky and Dvoretsky 2009, Zamora-Terol et al. 2014, 

Cepeda et al. 2015). This species has been reported to migrate vertically on a diel 

basis in some locations but not in others. Oithona similis showed consistent 

vertical distributions throughout a stratified water column in the Baltic Sea 

(Hansen et al. 2004) and throughout the year in the South China Sea (Hwang et al. 

2010). In the Southern Ocean, O. similis were near the ocean surface in greater 

abundance at night than during the day, suggesting diel vertical migration north of 

about 65 
o
S but not south of this latitude (Pinkerton et al. 2010). Elsewhere in the 

Antarctic, diel vertical migration by O. similis was observed on a limited basis 

(Tanimura et al. 2008), and in the Arctic, Fortier et al. (2001) reported little 

vertical migration. Limited diel variation throughout the water column was 

attributed to the descent of food sources deeper in the water column (Tanimura et 

al. 2008) and the wide distribution of food sources (Fortier et al. 2001). A very 
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similar species, O. plumifera, has been studied in the Mondego estuary (Portugal), 

a mesotidal estuary somewhat deeper than Mission Bay (Gonçalves et al. 2012). 

In this location, this species was relatively evenly distributed between samples 

collected near the surface and the estuary floor during summer spring tides 

(Gonçalves et al. 2012). Oithona similis has also been observed remaining within 

or below the pycnocline (Lischka and Hagen 2005, Maar et al. 2006), and 

densities have not been significantly correlated with temperature and salinity 

(Hwang et al. 2010). In addition, O. similis has been reported to reside below the 

zone of primary production, likely due to its omnivorous nature (Sameoto 1984).  

Within Mission Bay, a relatively shallow estuary, O. similis did not seem 

to migrate solely on a diel cycle. Rather, it was found throughout the water 

column and predominated in the lower portion of the water column during ebb 

tide, especially at night. This distribution of copepods may have been related to 

the distribution of their food, as reported in previous studies (Fortier et al. 2001, 

Tanimura et al. 2008).  

In the North Atlantic, the predominant food source for O. similis was 

ciliates (Castellani et al. 2005). In fact, clearance rates for O. similis feeding on 

ciliates were higher than those feeding on phytoplankton, and thus O. similis were 

selectively feeding on ciliates (Castellani et al. 2005). However, when ciliate 

densities were low, O. similis fed on other available nano- and microplankton. In 

Australia, O. similis also preferentially fed on ciliates in addition to other 

flagellates (Zamora-Terol et al. 2014). Although densities of ciliates and 

phytoplankton were not measured in this study, a proxy measure for 
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phytoplankton (photosynthetic pigment concentrations) was relatively evenly 

distributed throughout the water column, perhaps affecting the distribution of O. 

similis. 

In a previous study in Mission Bay (Swope 2005), diatoms generally 

dominated the phytoplankton community throughout the summer. In the front 

bay, rapid transitions between diatom blooms and subsequent dinoflagellate 

blooms occurred, though these were less pronounced in the mid bay.  In the back 

bay, the summer months were dominated solely by diatoms. In addition, the 

diatoms in the front bay were more diverse and of more coastal origin, whereas 

the species in the mid and back bay were of more estuarine origin with decreasing 

diversity (Swope 2005). Strong negative relationships between salinity and 

dinoflagellate abundance have been observed (Swope 2005), while strong positive 

relationships between temperature and dinoflagellate abundance have been 

observed (Elliott and Kaufmann 2007). It is possible that the significant 

correlations in this study could be due to a shift in phytoplankton community 

composition between diatoms and dinoflagellates.  

Throughout the study, weak relationships were observed between copepod 

densities and photosynthetic pigment concentrations. This is likely because the 

prevalent species (Oithona similis, Clausocalanus spp., and Acartia spp.) are 

omnivores (Sameoto 1984, Kleppel 1993). When looking at mean species 

diversity, evenness and richness throughout Mission Bay, an interesting pattern 

emerged. Values for all three indices were highest in the front bay and decreased 

with increasing distance from the mouth. In addition, more neritic species were 
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observed in the front bay, while more estuarine species were observed in the back 

bay. This pattern suggests that the front of the bay may be more diverse because 

of the oceanic influence. Similar results were observed by Elliott and Kaufmann 

(2007), and Swope (2005).  

While food distribution may be a driving force for Oithona similis vertical 

distribution in Mission Bay, it is not clear why O. similis densities were highest in 

near-bottom samples at night in the front bay. It is possible that this species acts 

completely differently in areas with higher tidal influence. The mid and back bay 

were less affected by tides and had consistently higher salinities and temperatures. 

This could account for the lack of vertical variation in O. similis distributions 

throughout the day, because O. similis generally is found in areas of high salinity 

(Lischka and Hagen 2005, Maar et al. 2006). The distribution of O. similis could 

also be related to tidal cycles. As the surface temperature increased at Ventura 

Point and tidal height decreased, copepod densities increased. This is likely 

because, during ebb tide, warmer back bay water was being pulled toward the 

mouth of the bay, transporting copepods as well. 

While this migration was observed in the front bay, it was not observed at 

any of the other sites, suggesting a strong ocean influence in the front bay. Unlike 

the results from previous studies in estuaries (Kimmerer et al. 1987, Hough and 

Naylor 1991, Kimmerer et al. 1998, Kimmerer et al. 2002, Kimmerer et al.  

2014), tidal vertical migration was not observed throughout the entire bay. This 

could be due to the shallower depth and gradient of tidal influence within Mission 

Bay compared to those of other bays where similar research has been conducted. 
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Another possibility is that vertical migration throughout the bay only occurs when 

the water column is stratified. Stratification has been reported in previous studies 

on Mission Bay (Swope 2005, Elliott 2006, Kittinger 2006, Elliott and Kaufmann 

2007, Griggs 2009) but was not observed in this study. To further investigate this 

possibility and to understand if diel vertical migration takes place within the bay, 

sampling should be conducted during multiple seasons, including a dry and a wet 

season (specifically after rain events), so that the water column would be well 

mixed in one season and stratified in another. Sampling also could be carried out 

during both spring and neap tides to better understand the impact of tidal range on 

copepod migratory behavior. Additionally, if sampling took place during the same 

months as this study to include both the full moon spring tide and the new moon 

spring tide, the effect of light intensity on copepod vertical distribution could be 

examined. 
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CHAPTER 3: GENERAL THESIS CONCLUSION  

Throughout this study, variations between the three sample sites within 

Mission Bay were evident, and there was a clear effect of tidal influence on the 

copepod community and hydrographic parameters throughout the bay. Consistent 

patterns were observed, with copepod adult, juvenile and nauplii diversity, 

taxonomic richness, and evenness being highest, while temperature and salinity 

were lowest in the front bay. As diversity, richness, and evenness decreased with 

increasing distance into the bay, temperature and salinity also increased with 

distance from the mouth. 

The results of this research about tidal flow and its influence on 

communities throughout Mission Bay could apply more broadly to include 

particle flow, zooplankton communities in general, larval dispersal, and other 

mesotidal Mediterranean climate estuaries. Previous research on the dynamics of 

passive versus active particles in an estuary has shown that passive particles tend 

to be advected from an estuary whereas actively migrating particles are generally 

retained (Kimmerer et al. 2014). However, Kimmerer et al. (2014) speculated that 

the actively migrating particles may have been retained in the estuary due to their 

interaction with bathymetric features. In Mission Bay, copepods in the front bay 

were actively migrating with the tide, suggesting that they were likely to be 

retained within the estuary. However, in the back bay, copepods seemed to be 

more passive, increasing in abundance with the rising tides and decreasing in 

abundance with the ebbing tides, thus potentially being advected toward the front 

bay. This suggests that within Mission Bay there is a spatial dichotomy between 
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active and passive particles interacting with the tides.  Kimmerer et al. (2014) 

treated all copepods within in estuary as either active or passive particles. The 

results of this study suggest that both types of behaviors can be present within a 

species, depending on hydrographic conditions in a particular region of Mission 

Bay. 

The influence of tidal flow can also be applied to larval dispersal and 

broader zooplankton communities. The tidal information gleaned from this 

research could be very helpful in predicting where the greatest densities of larvae 

can be found. One would expect to see an overall greater diversity in both larval 

and zooplankton communities (not just copepods) in the front bay. With the great 

diversity in the lower levels of the food chain observed in the front bay, one could 

also theorize that overall species density would be higher in the front bay. 

This research may also be applied to other Mediterranean climate estuaries 

as a baseline. There are relatively few published studies on Mediterranean climate 

estuaries, and consequently there are very few studies on copepods within those 

estuaries. This research could help in understanding overall density trends 

observed in these estuaries. Also, very few studies have been conducted with such 

high temporal resolution. Previous research in these estuaries, including Mission 

Bay, may have misidentified certain density trends due to a lack of samples. 

Future research in Mission Bay should be conducted with sufficiently high 

resolution to properly address the questions being posed. 
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CHAPTER 4: APPENDIX  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Copepod density vs. time at Ventura Point in July. Blue lines with 

diamonds indicate near-surface (Sf) densities. Red lines with squares indicate 0.5 

m above bottom (Bt) densities. A: Acartia clausi and Acartia tonsa, B: Oithona 

similis, C: Calanus helgolandicus, D: Clausocalanus spp. 
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Figure 2. Copepod density vs. time at Ventura Point in July. Blue lines with 

diamonds indicate near-surface (Sf) densities. Red lines with squares indicate 0.5 

m above bottom (Bt) densities. A: Oithona similis, B: Calanus helgolandicus, C: 

Clausocalanus spp. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



70 
 

 

   

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

200000

400000

600000

800000

8:00
PM

10:00
PM

12:00
AM

2:00
AM

4:00
AM

6:00
AM

8:00
AM

10:00
AM

12:00
PM

2:00
PM

4:00
PM

6:00
PM

8:00
PM

D
e

n
si

ty
 m

3  

Sf O. similis Bt O. similis

0

5000

10000

15000

20000

8:00
PM

10:00
PM

12:00
AM

2:00
AM

4:00
AM

6:00
AM

8:00
AM

10:00
AM

12:00
PM

2:00
PM

4:00
PM

6:00
PM

8:00
PM

D
e

n
si

ty
 m

-3
 Sf Calanus Bt Calanus

0

20000

40000

60000

80000

100000

120000

140000

160000

8:00
PM

10:00
PM

12:00
AM

2:00
AM

4:00
AM

6:00
AM

8:00
AM

10:00
AM

12:00
PM

2:00
PM

4:00
PM

6:00
PM

8:00
PM

D
e

n
si

ty
 m

-3
 

Sf Clausocalanus

Bt Clausocalanus

A 

B 

C 



71 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Copepod density vs. time at Ventura Point in July. Blue lines with 

diamonds indicate near-surface (Sf) densities. Red lines with squares indicate 0.5 

m above bottom (Bt) densities. A: Acartia clausi and Acartia tonsa, B: Oithona 

similis, C: Calanus helgolandicus, D: Clausocalanus spp. 
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Figure 4. Copepod density vs. time at Ventura Point in July. Blue lines with 

diamonds indicate near-surface (Sf) densities. Red lines with squares indicate 0.5 

m above bottom (Bt) densities. A: Acartia clausi and Acartia tonsa, B: Oithona 

similis, C: Calanus helgolandicus.  
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Figure 5. Copepod density vs. time at Ventura Point in July. Blue lines with 

diamonds indicate near-surface (Sf) densities. Red lines with squares indicate 0.5 

m above bottom (Bt) densities. A: Oithona similis, B: Clausocalanus spp. 
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Figure 6. Copepod density vs. time at Ventura Point in July. Blue lines with 

diamonds indicate near-surface (Sf) densities. Red lines with squares indicate 0.5 

m above bottom (Bt) densities. A: Oithona similis, B: Clausocalanus spp.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 



78 
 

 

 

 

 

 

 

 

 

 

  

  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

100000

200000

300000

400000

500000

600000

8:00
PM

10:00
PM

12:00
AM

2:00
AM

4:00
AM

6:00
AM

8:00
AM

10:00
AM

12:00
PM

2:00
PM

4:00
PM

6:00
PM

8:00
PM

D
e

n
si

ty
 m

-3
 

Sf O. similis Bt O. similis

0

5000

10000

15000

20000

25000

30000

8:00
PM

10:00
PM

12:00
AM

2:00
AM

4:00
AM

6:00
AM

8:00
AM

10:00
AM

12:00
PM

2:00
PM

4:00
PM

6:00
PM

8:00
PM

D
e

n
si

ty
 m

-3
 

Sf Clausocalanus Bt Clausocalanus

A 

B 



79 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Copepod density vs. time at Ventura Point in July. Blue lines with 

diamonds indicate near-surface (Sf) densities. Red lines with squares indicate 0.5 

m above bottom (Bt) densities. A: Acartia clausi and Acartia tonsa, B: Oithona 

similis, C: Calanus helgolandicus. 

 

 

 

 

 

 

 

 

 

 

 



80 
 

 

 

 

 

    

 

 

 

 

 

 

 

 

0

5000

10000

15000

20000

25000

30000

35000

8:00
PM

10:00
PM

12:00
AM

2:00
AM

4:00
AM

6:00
AM

8:00
AM

10:00
AM

12:00
PM

2:00
PM

4:00
PM

6:00
PM

8:00
PM

D
e

n
si

ty
 m

-3
 

Sf Acartia

Bt Acartia

0

200000

400000

600000

800000

1000000

1200000

8:00
PM

10:00
PM

12:00
AM

2:00
AM

4:00
AM

6:00
AM

8:00
AM

10:00
AM

12:00
PM

2:00
PM

4:00
PM

6:00
PM

8:00
PM

D
e

n
si

ty
 m

-3
 

Sf O. similis Bt O. similis

0

5000

10000

15000

20000

25000

8:00
PM

10:00
PM

12:00
AM

2:00
AM

4:00
AM

6:00
AM

8:00
AM

10:00
AM

12:00
PM

2:00
PM

4:00
PM

6:00
PM

8:00
PM

D
e

n
si

ty
 m

-3
 

Sf Clausocalanus

Bt Clausocalanus

B 

A 

C 



81 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Copepod density vs. time at Ventura Point in July. Blue lines with 

diamonds indicate near-surface (Sf) densities. Red lines with squares indicate 0.5 

m above bottom (Bt) densities. A: Oithona similis, B: Clausocalanus spp.  
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Figure 9. Copepod density vs. time at Ventura Point in July. Blue lines with 

diamonds indicate near-surface (Sf) densities. Red lines with squares indicate 0.5 

m above bottom (Bt) densities. A: Oithona similis, B: Clausocalanus spp. 
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Figure 10. Temperature, salinity, chlorophyll a, and dissolved oxygen depth 

profiles at each of the three study sites over the three month period from July to 

September 2016. Solid lines indicate high tide. Dashed lines indicate low tide. 

Solid arrows indicate sunrise. Dashed arrows indicate sunset. In most cases when 

depth profiles could not be measured, panels with missing data show 

measurements from water samples collected near the surface and 0.5 m above 

bottom 
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Figure 11. Chlorophyll a and phaeopigment concentrations at the surface and 0.5 

m above bottom over 24 hour sampling periods during July – September 2016 at 

each site: Ventura Point (VP), Fiesta Bay (FB), and Hilton Dock (HD). Shaded 

boxes represent nighttime. Solid arrows indicate high tide, dashed arrows indicate 

low tide. 
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Table 1. Complete list of taxa observed in this study. 
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Copepods Acartia clausi 

  Acartia tonsa 

  Calanus helgolandicus 

  Clausocalanus spp. 

  Corycaeus giesbrechti 

  Euterpina acutifrons 

  Juvenile copepods 

  Oithona nana 

  Oithona oculata 

  Oithona setigera 

  Oithona similis 

  Oncaea sp. 

Larvae Barnacle nauplius 

  Bivalve veliger 

  Bryozoan larva 

  Chrysopetalidae 

  Crab zoea 

  Gastropod veliger 

  Longepedia sp. 

  Nauplius 1-2 

  Nauplius 3-4 

  Nauplius 5-6 

  Phyllodoridae 

  Polychaete larva 

  Worm planula 

 Tintinnid Codonellopsis bulbulus 

 

Parafavella sp. 

  Tintinnopsis campanula 

  Tintinnopsis cylindrica 

Other Amphipod 

  Cladoceran 

  Foraminiferan 

  Jellyfish  MOQ 

  Mysid 

  Oikopleura sp. 

  Polychaete 

  Radiolarian 

  Tanaid 
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Figure 12. Copepod densities (x10
6
 m

-3
) for each site just below the surface and 

0.5 m above bottom over 24-hour sampling periods. Solid arrows indicate high 

tide, dashed arrows indicate low tide. Blue is Ventura Point, red is Fiesta Bay, and 

green is Hilton Dock. 
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