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Introduction

The spatial and temporal scales of plankton distributions have been examined for
many years (Cassie 1963; Haury et al. 1978; Bjornsen and Nielsen 1991; Denman
1994) due to the importance of distribution patterns in determining rates of production,
export, and elemental cycling in planktonic food webs (Besiktepe and Dam 2002;

Brentnall et al. 2003). In recent years, there has been a focus on characterizing
finescale (less than 5 m, and often less than 1 m) vertical patterns of plankton
distributions and an increased recognition of the importance of persistent features
occurring at these fine scales (Cowles et al. 1998; Holliday et al. 1998; Cowles 2003;

McManus et al. 2003). This has required technical advancements in sampling
instrumentation and deployment methods. Some of these techniques are now well
established, such as the use of high-resolution optical instruments in combination with
free-fall profiling packages, but others, like acoustic methods, still require careful
investigation to determine the strengths and limitations of the instrument or technique
in a particular application and geographic region.

Characterizing plankton distributions includes determining the spatial and temporal

scales of variability. Improved characterization of plankton distributions will lead to
improved sampling methods which will result in more accurate determinations of

2

plankton biomass and community composition. Combined sampling technologies will
reveal how predator (zooplankton) and prey (phytoplankton) interact spatially and
temporally and can thus help to determine how primary production may be converted
to secondary production and how elements, such as carbon and nitrogen, may be

cycled. Additionally, the distribution patterns of zooplankton determine food
availability to higher trophic levels. For example, are zooplankton concentrated in
non-random layers and patches, thus presenting intermittent but enhanced feeding

opportunities for planktivores? Understanding the mechanisms which control the
formation and maintenance of plankton distributions may help us to predict
distributional patterns and to target sampling more effectively, resulting in improved
accuracy of plankton standing stock and rate measurements.

The sampling technology used will determine the scales at which plankton

distributions can be resolved. Traditional collection systems, such as Niskin bottles
and plankton nets deployed on packages which are coupled to research vessels and
therefore influenced by ship motion, can resolve vertical plankton distributions on the

order of 5-10 meters. The development of other technologies, such as optics and
acoustics, and the use of free-fall profiling packages which sink slowly through the
water colunm independent of ship motion have revealed that plankton distributions
exhibit distinct, non-random patterns at scales of a few meters or less (Cowles et al.
1998). Optical technologies have been developed and used extensively to resolve

distributions of phytoplankton. Acoustic technologies have been used traditionally to
map fish distributions, but have been refined in recent decades to measure zooplankton

3

distributions. There has been a considerable research effort to improve the theoretical
understanding of sound scattering by zooplankton (Holliday 1977; Greenlaw 1979;
Holliday 1980; Greenlaw and Johnson 1982, 1983;Holliday et al. 1989; Stanton et al.

1993a; Stanton et al. 1998; Stanton etal. 1998a; Stanton etal. 1998b) and to assess the
utility of acoustic methods in the field (Holliday and Pieper 1980; Greene etal. 1989;

Holliday et al. 1989; Wiebe etal. 1990; Holliday 1992; Hol!iday and Pieper 1995;

Wiebe et al. 1996; Greene 1998; Holliday etal. 1998; Warren 2001). While much has
been learned from this research, zooplankton acoustics is still an evolving
methodology and requires careful evaluation to understand the strengths and
limitations of this approach.

My dissertation research has focused on characterizing plankton distributions and
identifying the mechanisms which control and maintain these distributions. I utilized
optical and acoustic technologies in a number of different studies over the course of

four years. The work was conducted in the upwelling region over the Oregon
continental shelf which, due to its high productivity, is a region where carbon flux

may be high. Additionally, this area is an important nursery ground for salmon stocks
(Brodeur et al. 2003) and is affected by El Nino and Pacific Decadal Oscillation

climate cycles. A more detailed understanding of plankton distributions and their
relationship to physical factors in this region is an extremely pertinent line of research
and may provide insights to the larger scale questions of global carbon cycles and
climate affects on biological populations.
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An initial investigation was conducted in June 2000 (described in Chapter 2) to
determine the character of plankton distributions over the Oregon continental shelf and

to assess the combined use of optics and acoustics to resolve phytoplankton and

zooplankton distributions. Discrete, sometimes thin (less than 5 m), layers of
phytoplankton and zooplankton were observed in a number of locations over the shelf.
Concurrent measurements of water column properties and horizontal current velocity
were also collected to determine the potential physical mechanisms of formation and

maintenance of these layers. Gradients in chlorophyll were associated with peaks in
water colunm stability and it appeared that these gradients were also associated with

peaks in shear. The vertical resolution of horizontal current velocity was coarse (8 m)
in comparison to the optical, acoustical, and CTD data (1 m and less), so this
relationship was difficult to assess and it became clear that higher resolution velocity
data was necessary to determine the relationships between layers of plankton and

shear. Multi-frequency acoustics appeared to be a promising sampling technology to
resolve zooplankton distributions on fine vertical scales. However, it became clear

that a detailed understanding of the strengths and limitations of the acoustic
instruments used in this research was necessary.

There are many parameters, which affect the way a zooplankter scatters sound

including the size and shape presented to the acoustic beam and material properties of
the zooplankter (Medwin and Clay 1998). The orientation of a zooplankter relative to

the acoustic beam will change the size and shape presented to the beam and can
therefore change the measure of acoustic backscatter. Because I used data from two
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different acoustic instruments in my dissertation research, which were deployed in two
different orientations relative to the water column (down-looking and side-looking), it
was critical to assess the influence of zooplankton orientation on acoustic

measurements (described in Chapter 3). Theoretical calculations demonstrated that
orientation had a large affect on acoustic backscatter measurements and that
measurements of the same zooplankter from systems deployed in different orientations
in the water column may not be the same at some frequencies. This also emphasizes

the importance of accounting for orientation in the most realistic way possible when
interpreting acoustic data and points out the potential limitation in converting acoustic
measurements to biomass or size estimates of zooplankton if in-situ orientation is not
known.

A field comparison of the two acoustic instruments and a multiple net system was
conducted in August 2001 to assess the capabilities and limitations of acoustic
instruments in the Oregon upwelling zone (described in Chapter 4). It was clear that

acoustic technologies were superior to net samplers in resolving the distribution

patterns of zooplankton. However, there are serious limitations on the interpretation
of acoustic data in this system. The magnitude of acoustic backs catter was not directly
related to magnitude of zooplankton biomass, as determined from the net system.
Additionally, size distributions determined from the acoustic data alone did not
resemble those determined from the net samples, nor were the size-abundance

distributions realistic. All sampling systems have some bias and net samples do not
represent an unbiased estimate of zooplankton biomass and size structure. Still, it
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appears that the strength of acoustic technologies lies in resolving the fine scale

patterns of zooplankton distributions and it is limited in its ability to determine
biomass and size structure independently.

Based on these results, I devised a sampling strategy that incorporated a suite of
complimentary technologies to investigate the character and controlling mechanisms
of plankton distributions that had been observed previously in the Oregon upwelling

region (like those described in Chapter 2). I analyzed concurrent measurements from
optical and acoustical instruments as well as measurements of water column properties
and horizontal current velocity to determine the pattern of plankton distributions and
the mechanisms that may control their formation and maintenance (described in

Chapter 5). I designed a pump sampling system to collect discrete samples of
plankton to compliment the optical and acoustical measurements. This more detailed
investigation, with higher vertical resolution velocity data, confirmed and expanded

upon previous findings. Phytoplankton and zooplankton layers (determined from
optical and acoustical data) were characterized by steep vertical gradients and high
concentrations of plankton, relative to surrounding waters. Gradients in chlorophyll

were correlated to gradients in density and local peaks in shear. Phytoplankton and
zooplankton layers were often collocated, though an in-situ indicator of grazing
activity illustrated that grazing rates may not be correlated to biomass and so the

ecological relevance of collocation of predator and prey over these time scales of

observation (2-6 hours) is still unclear. Over the four sampling days in which high
resolution current velocity data was available, the relationship between gradients in
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chlorophyll and physical factors was common, indicating that water colunm stability
and shear forces are potentially important mechanisms of formation and maintenance.

I wanted to expand these observations to determine if layers with these characteristics
existed at other times in the Oregon upwelling system and if the relationship with
physical factors varied.

Sampling with the combined approach described above was conducted on eight days

in 2001. These data revealed that layers with steep gradients and high concentrations
were common over the Oregon continental shelf in summer and early fall and the
relationship between chlorophyll gradients and water column stability and shear were

consistent (described in Chapter 6). I did not have high vertical resolution shear data
for all eight days, but did have data from a bottom-mounted acoustic Doppler current

profiler. The gradient of the velocity direction demonstrated the relationship between
chlorophyll gradients and shear more clearly. Not only did the layers appear to be
common, but two layers observed at different depths at the same time had different

optical and community composition characteristics. This demonstrated that the layers
may have different sources and, that while water column stability and shear forces
appeared to be important controlling mechanisms for both layers, the larger scale

mechanisms of formation may be different. It also became clear that layers of
phytoplankton and zooplankton likely have different mechanisms of formation and
maintenance, with physical factors being more important for phytoplankton layers and
behavior more important for zooplankton layers. By sampling on four successive
days, I was able to track the evolution and persistence of the features.
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The results of my research have increased our understanding of the character of
plankton distributions and the mechanisms which control their formation and

maintenance in the Oregon upwelling region. The results demonstrate that resolving
distributions on vertical scales of 1 m and less is necessary. The sampling approach of

using optical, acoustic, and pump sampling instruments in conjunction with finescale
measurements of water column properties and horizontal velocity was effective in
resolving plankton distributions and their associations with physical factors.
Phytoplankton distributions are clearly controlled by water column stability and shear
forces which may vary under different climate regimes. Behavioral mechanisms

appeared to be more important in controlling zooplankton distributions, but changes in
phytoplankton distributions will undoubtedly have an influence on zooplankton
distributions which may alter the feeding environment for planktivorous fish. This

research has revealed the ubiquity and character of discrete layers of plankton in the
Oregon upwelling system and provided effective methodologies for resolving plankton
distributions and the factors, which control their formation and maintenance.
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2 Acoustic Observations of Finescale Zooplankton
Distributions in the Oregon Upwelling Region

2.1

Abstract

We collected data on two GLOBEC cruises to investigate the ubiquity and character of

small and finescale phytoplankton and zooplankton vertical distributions in continental
shelf waters. Coincident data from a four-frequency echosounding system (38, 120,

200, and 420kHz), CTD, 150 kHz ADCP, and a suite of high resolution bio-optical
instruments were collected at three continental shelf stations off the coast of Oregon in

June and August of 2000. Temporally and spatially coherent finescale features were
identified in the acoustic record at all sites throughout the upper water colunm and
were the dominant characteristics observed. There was evidence of an association

between the vertical structure of horizontal velocity and the finescale structure seen in

the acoustic data. These observations support the hypothesis that discrete, finescale
vertical distributions of phytoplankton and zooplankton may be common in productive

upwelling areas and indicate that additional concurrent physical and biological
measurements, at appropriate temporal and spatial scales, must be made to further
characterize the ecological significance of these finescale distributions.
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2.2 Introduction

The Oregon coastal ocean is physically dynamic due to wind-driven upwelling during

spring and summer (Smith 1968; Small and Menzies 1981; Huyer 1983). The region
supports high primary and secondary production, making it an important nursery

ground for many invertebrate and fish stocks. Fluctuations in coastal salmon stocks
over the last decade, which appear to coincide with changes in climate ocean
conditions (McFarlane et al. 2000), have inspired research efforts to assess the

conditions juvenile salmon encounter in their early oceanic phase (Brodeur et al.

2003). Characterizing the physical environment and determining the abundance and
distribution of zooplankton prey for these fish are important components of these
assessments.

Knowledge of the abundance and distribution of plankton is important for
understanding pelagic food web interactions, population dynamics, community
stability, and elemental cycling (Steele 1974; Levin 1992). Plankton distributions are
known to be patchy at the scales of centimeters to meters (Cassie 1963; Owen 1989).
The importance of finescale (less than 10 m) vertical features depends upon how

common, intense, and persistent they are. Many critical biological processes (feeding,
mate location, etc.) occur on spatial scales of meters or less. Thus, high spatial
resolution sampling may be necessary to properly characterize the distributional
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patterns and variability in plankton populations and to detect significant population
changes.

Detailed mapping of vertical zooplankton distributions on scales less than 10 meters is
difficult, and in many cases impossible, with traditional sampling equipment such as

nets. The relatively coarse sampling resolution of these systems combined with ship
motion and internal wave activity makes it extremely difficult to resolve finescale

features. Multi-frequency acoustics have emerged as a powerful tool for investigating
zooplankton patchiness on small vertical and horizontal scales in a variety of
environments (lakes, protected inlets, coastal and open ocean) (Holliday et al. 1998;

Holliday et al. 2003). Towed multi-frequency acoustic systems have the advantage of
being capable of rapidly surveying a large area and mapping scattering distributions
on vertical scales of a few meters (Wiebe et al. 1996).

Characterizing the temporal and spatial scales of distributional patterns of zooplankton

is essential to understand zooplankton population dynamics. The next step, and
probably most difficult one, is determining the mechanisms that control these
distributions. Some studies have found a correlation between plankton distributions
and physical factors, such as density discontinuities and currents (Boyd 1973; Mackas

et al. 1985; Haury et al. 1990; Mackas et al. 1997; Roman et al. 2001). Most of these
studies focused on patches on the scale of tens of meters. More recent work has
focused on small to finescale vertical layers (Holliday et al. 1998; Osborn 1998;

Dekshenieks etal. 2001; McManus etal. 2003). The results of these studies show that
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there is often an association between the location of layers of plankton and water
column stability, density discontinuities, and vertical shear.

There is evidence of persistent finescale phytoplankton distributions in the Oregon

coastal upwelling region. Thin layers of phytoplankton were observed over the
continental shelf within narrow density intervals (±0.003 o units) (Cowles et al.
1998). These layers were continuously observed for at least 4-6 hours, a time period
in which significant grazing activity can occur and potentially enhance secondary

production. Chlorophyll concentrations were greatly enhanced in these layers
compared to the rest of the water column (4 to 5 times higher), so this phenomenon

could have important implications for zooplankton distributions. Additionally, the
association of these thin layers with physical parameters suggests that with more
observations, we may be able to determine the range of conditions over which layers

occur, and perhaps ultimately predict distribution patterns associated with measured
physical factors.

In an effort to determine the extent to which planktonic distributions are defined by

physical forcing factors, we collected optical, acoustical, and physical data over the
Oregon continental shelf in the summer of 2000 as part of the Northeast Pacific Global
Ocean Ecosystems Dynamics (NEP GLOBEC) program. Our objective was to
evaluate the association among: 1) finescale density structure, 2) horizontal velocity
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patterns, 3) finescale phytoplankton distributions, and 4) finescale acoustic backscatter
features.

2.3 Methods
Density, horizontal current velocity, fluorescence, and acoustic volume backscatter
(Sv) data were collected on two cruises of the RIV Wecoma in June and August, 2000

at three stations over the Oregon continental shelf (Figure 2.1). Density data were
collected with a Seabird 911 CTD and fluorescence was measured with a Wetstar

fluorometer. These instruments were mounted on a profiling frame that was slightly
negatively buoyant and was allowed to drop slowly (15-30 cm s') through the water
column, independent of ship motion, to depths of approximately 90 m. The ship was

allowed to drift during these profiles. The raw data (CTD, 24 Hz; Wetstar, analog
response time 0.17 s) were processed according to standard CTD protocols and
subjected to a seven point median filter, yielding a vertical resolution of approximately
3-5 cm.

Vertical profiles of horizontal current velocity data were obtained with the shipboard
150 kHz narrow-band RD Instruments acoustic Doppler current profiler (ADCP).
The time-averaged data (2 5 mm) have a vertical resolution of 8 m and the shallowest

depth bin is at 17 m. Vertical shear was calculated from the depth bins of velocity
data.
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Figure 2.1. Map of the study area off the coast of Oregon. Black squares mark the
location of the three profiling stations and isobaths are in meters. Station 1 was
sampled on 6 June, 2000 from 17:38-23:13 PDT; Station 2 on 5 August, 2000 from
18:13-6 August 00:37 PDT; and Station 3 on 13 August, 2000 from 17:29-19:59 PDT.
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Acoustic backscatter data were collected with a four-frequency (38, 120, 200, and 420
kHz) scientific echosounder (Hydroacoustic Technologies Inc. 244) system. The
transducers were oriented in a down-looking configuration in a fixed towbody that
was deployed from the port side of the ship and held at a fixed depth of approximately

15 m. The system returned an estimate of volume backscatter (Sw) for each frequency.

Sv = 101og10(s)

Equation 2.1

The volume scattering coefficient, si.,, at a single frequency is defined by Equation 2.2.

It is equal to the sum of the backscattering cross section () for each class of scatterers

(represented by j) multiplied by the number of scatterers (n) in a fixed volume, usually
1m3.

Sv

O]flJ

Equation 2.2

An increase in the abundance of a particular class of scatterer will result in an increase
in the measured S, at all frequencies (Medwin and Clay 1998).

The HTI acoustic data have a vertical resolution of approximately I m. Volume
backscatter measurements were corrected for changes in sound speed, which depends
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upon temperature, salinity, and pressure measured from the CTD profiles. The
shallowest depth bin for the HTI data is 17 m. Buoyancy frequency (N2) and

Richardson Number (Ri) were calculated from the density profiles and vertical shear

calculated from the ADCP data. The water column (or portion thereof) is considered
stable if Ri is greater than 0.25 (Pickard and Emery 1990). In this study, Ri was
calculated over 8 m vertical intervals.

Individual vertical profiles of volume backscatter, current velocity, and vertical shear

were constructed by taking ten minute averages at the time of each CTD/Optics profile
(each profile took approximately 10 minutes to complete). Depth-lagged cros scorrelation analysis was performed on these profiles to determine if volume
backscatter was correlated with velocity, vertical shear, buoyancy frequency, or Ri.

2.4 Results

We observed a spatial relationship between the density structure of the water column

and the distribution of phytoplankton. Fluorescence measurements show that
phytoplankton were concentrated in horizontal layers located above 40 m at all three

stations (Figure 2.2). The layers had sharp boundaries which were spatially correlated

with steps in the density profile (t 0.102 rn-I). This relationship was strongest at
Stations 1 and 3. These steps in density created local peaks in water column stability,
represented by N2. The spatial relationship between density steps, local peaks in N2,
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and boundaries of fluorescence peaks are illustrated with an example profile (Figure
2.3) typical of the 19 profiles collected (time of each profile is shown as an arrow at

the top of each panel in Figure 2.4). The water column was very stable at each station
with Ri values all above 0.25.
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Figure 2.2. Wetstar fluorometer voltage with density (ri) contours from CTD
overlaid. Arrows on the top of each panel indicate the time of each CTD profile. The
circled arrow is the profile shown in Figure 3. The x-axes span the time range of
profiles at each station. Local time is PDT.
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Patterns in acoustic backscatter were characterized by layers and patches that were
narrow in vertical extent (< 10 m), persistent for the time period of the sampling (2.5-6

hours), had intense scattering compared to the background, and had sharp boundaries
(L\Sv/Az> 10dB m1) (Figure 2.4, Layers 1A, 1B, 2A, 2B, and 3A).

At Station 1, the pattern of acoustic backscatter was related to changes in the
bathymetry that occurred as the vessel drifted during our observations. There was a
layer of backscatter centered around 50 m (Layer 1A) located offshore of a submarine

bank. At the edge of the bank, there was a break in this layer and it subsequently
disappeared in the onshore direction over the bank. At Station 2, there was a layer of

backscatter (Layer 2A) that appeared to rise off the bottom and ascend in the water
column approximately one hour after sunset (approximately 20:3 0 or 217.85 local

time). Another scattering layer (Layer 2C) was observed after 23:00, local time, in the
upper water colunm at the offshore edge of the bank.
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CTD profile. The circled arrow is the profile shown in Figure 3. The x-axes span the
time range of collection of acoustic data at each station. Local time is PDT.

24

-55

E

: 70
75

1

Frequency (Hz)
Figure 2.5. Average volume scattering spectra for layers 1A, 2A, and 3A at the four
frequencies 38, 120, 200, and 420 kHz.

106

25
Eastward Velocit Station 1

ms10.30

Northward VeIociy Station 1
20

'

Al

Y
0.25

0.20

15875 158.80

158.85

158.90

158.95

Eastward VelocitLStation 2

CVry

-

'

158,75

20

.. 40

40

6o

60

80

80

100

100

120

120

158.80

158.85 158.90

Northward Veloci

0.15

158.95

Station 2
0.10

0.05

0
140

20

217.80

217.85

217.90

217.95

218.00

140

Eastward Velocity Station 3
20

40

40

60

60

80

80

100

100

120

120

140

140

ISO

160

180

180

200
226.73

226.81

217.80

217.85

217.90

217.95

218.00

-0.55

Northward Velocity Station 3

200

22673 226.81

-0.10

-

-0.15

- -0.20

-0.25

-0.30

Local Time (Decimal Year-Day)

Figure 2.6. Horizontal velocity from shipboard 150 kHz ADCP. The x-axes span the
time range of collection of acoustic data at each station. Local time is PDT.

26

The observed layers had distinct scattering spectra (Figure 2.5). Layers 1A and lB

showed low scattering at 38 kHz, higher scattering at 120 and 200 kHz, and slightly

lower scattering at 420 kHz. Layer 3A showed the same trend at 38, 120, and
200 kHz but because the depth of this layer was beyond the range of the 420 kHz,
there were no acoustic data at this frequency.

There were distinct vertical transitions in the horizontal flow field at all three stations

(Figure 2.6). At Station 1, the east-west component of horizontal flow showed that the
lower portion of the water column, 20-30 m above the bottom, was flowing faster and
to the east while the upper part of the water column was flowing slowly to the west.
There was a layer of faster westward flow between 30 and 40 m. The north-south
component of horizontal flow showed there was a layer of northward flow between 50
and 60 m surrounded by slow, southward flow. Later in the time record there was a
layer of increased southward flow above 50 m. At Station 2, the east-west and northsouth components of horizontal flow show similar patterns. There was a layer of
south-westward flow above 40 m and a layer of south-eastward flow above 80 m later

in the time record. At Station 3, the east-west component of horizontal flow showed
that all the water from 15-200 m is flowing to the west with an increase in velocity

above 100 m. The north-south component of horizontal flow showed there was a
transition between northward and southward flow that bends upward from 160 m at
the beginning of the time record to 120 m at the end of the time record.
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Although there was some spatial correspondence visible in the plots of acoustic
backscatter and current velocity, depth-lagged cross correlation analysis did not reveal
any statistically significant relationships between volume backscatter, horizontal

velocity, or vertical shear. The current velocity data had a much coarser vertical
resolution than the acoustic data (8 m vs. I m) so it is difficult to accurately determine
the relationship between the gradients in current velocity and scattering distributions.

Despite the lack of statistically significant relationships, there were distinct qualitative
correlations between patterns of horizontal current velocity and acoustic backscatter.
There appeared to be some spatial relationship between current velocity and acoustic

backscatter features (Figure 2.7). At Station 1, layer 1A (Figure 2.4) coincided with a
band of weak northerly flow between 50 and 60 m surrounded by slow, southerly

flow. Other scattering layers, labeled lB (Figure 2.4), are located at a gradient in
southward flow. Layer 2A at Station 2 (Figure 2.4) was associated with a transition
between northerly and southerly flow. Layer 2B (Figure 2.4) appears to be affected by
short wavelength internal waves and is located between the 0.08 and 0.03 northward

velocity gradients There was some correspondence between the southeasterly flow in
the upper 100 m of the water column late in the record (decimal year-day 218.0) and
the patches of increased scattering above 30 m. At Station 3, layer 3A (Figure 2.4)
tracked the boundary between northerly and southerly flow, and was located several

meters below this boundary in an area of weak southerly flow. A broad layer of
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increased scattering above 80 m (Layer 3B, Figure 2.4) is located in an area of
stronger northward flow (Figures 1.6 and 1 .7).We observed one case in which a

scattering feature was associated with the peak in fluorescence. At Station 3, there

was a broad layer of increased fluorescence between 5 and 30 m (Figure 2.2) that

corresponded with the location of Layer 3B (Figure 2.4). Layer 1A at Station 1
(Figure 2.4) was clearly not collocated with the peak in fluorescence which was
located between 10 and 30 m (Figure 2.2), approximately 20 m above the scattering

layer. At station 2, the peak in fluorescence is above 15 m (Figure 2.2) and so is
above the shallowest depth bin of acoustic data and the potential spatial relationship
between scattering and fluorescence cannot be determined Overall, there was no
clear pattern to the spatial relationship between acoustic scattering and fluorescence
features, but it is clear that scattering features are not always associated with peaks in
fluorescence.

2.5 Discussion

The data from our three stations show that plankton were distributed in discrete layers
with sharp vertical gradients which were often associated with physical properties of

the water column. These features were seen both near-shore (Stations 1 and 2) and
offshore (Station 3) in June and August 2001 indicating that these distributional

patterns may be common during upwelling off the Oregon coast.
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Phytoplani(ton were concentrated in distinct, though not always thin, layers which

were correlated to the density structure of the water column. Boundaries of
fluorescence peaks were characterized by sharp vertical gradients which were
associated with steps in the density profile and local peaks in N2. The relationship
between the location of fluorescence boundaries and the density structure was seen in
all of the 19 CTD profiles taken at the three stations showing that this is a potentially
common relationship.

Our observations revealed considerable finescale pattern in acoustic volume
backscatter over the Oregon continental shelf. Scattering features frequently took the
form of horizontal layers with sharp vertical gradients that had intense volume
backscatter levels relative to the background (> 10 dB differences between adjacent 1

m vertical bins). These layers were often less than 10 m thick and were persistent for

intervals of 2.5-6 hours. The observed scattering patterns sometimes corresponded
with horizontal velocity patterns, but the relationship was not consistent. Other
studies have also observed distinct scattering features with sharp vertical gradients
(Holliday and Pieper 1980; Greene and Wiebe 1991; Batchelder etal. 1995; Benfield
et al. 1996; Wiebe et al. 1996; Hitchcock etal. 2002; Ressler and Jochens 2003;

Ressler et al. 2004). In some cases, the vertical boundaries of these features were
associated with physical parameters such as the location of the pycnoc!ine or
temperature front (Hitchcock et al. 2002) and horizontal boundaries with the presence
of mesoscale circulation features (Ressler and Jochens 2003; Ressler et al. 2004).

Wiebe et al. (1996) suggest that physical forcing mechanisms may have played an
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important role in the formation of the different types of scattering features they
observed in a stratified versus well-mixed area. No specific comparisons were made

between the location of scattering features and the vertical profile of horizontal
velocity patterns and so we caimot compare this aspect of our results with those of
other researchers.

The spectra of these backscatter features suggest that they may have been composed of

zooplankton. We can use multi-frequency acoustic techniques to indicate whether
observed patches and layers in the water column may have the same composition of

scatterers. Assemblages which give different measures of Sv at different frequencies
can be composed of either different types of scatterers, different numbers of scatterers,
different sizes of scatterers, or a combination of these three (Greenlaw 1979). Figure
2.8 shows the theoretical volume scattering strength curves for several different

individual organisms of a particular size derived from models created by Stanton

(1998a, 1998b). If the size of one of these organisms was decreased, the curve would
retain the same shape, but would shift to the right, to higher frequencies, and the

magnitude of scattering would decrease. The sizes of the individual zooplankton
shown in Figure 2.8 represent maximal sizes encountered in this area (Chapter 4).

Therefore, we make the assumption that these curves represent the upper bound of
expected scattering and that volume scattering spectra from representative
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zooplankton off the Oregon coast would most likely have curves that were shifted to
the right and were lower in magnitude than the curves displayed. Assuming this, we
can make some comparisons between the scattering spectra we measured and these

theoretical curves. From this plot, we can see that organisms such as euphausiids,
copepods, and pteropods have relatively low scattering at 38 kHz, higher scattering at
120 and 200 kHz, and are in the range of geometric scattering at 420 kHz, which

means that measured scattering can show an increase or decrease from 200 to 420

kHz, depending upon the shape and size of the scatterer. Organisms such as fish with
swimbladders and gas-bearing siphonophores have relatively high scattering at 38 kHz

and show little change in scattering level at 120, 200 and 420 kHz. Additionally, other
researchers have shown that the difference in scattering between 38 and 120 kHz can
be used to distinguish patches of fish and euphausiids; euphausiids have low scattering
at 38 kHz and high scattering at 120 kHz (Maduriera et al. 1993; Swarzman et al.
1999).

The average scattering spectra of the three scattering layers we observed (Figure 2.5)
show low scattering at 38 kHz, increased scattering at 120 and 200 kHz, and layers 1A
and 2A show decreased scattering at 420 kHz. The spectral curves for Layers 2A and
3A show the same shape, differing only in amplitude while Layer 1A shows a slightly
different spectral curve with a lower average value of Sv at 200 kHz. kessler et al.
(2004) observed similar scattering features over the Oregon shelf in August 2000 with

the same spectral characteristics. These scattering features were determined to be
composed of euphausiids by net tow data (Ressler et al. 2004). Given the observed
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spectra (lower scattering at 38 kHz and higher scattering at 120, 200), our empirical
knowledge of scattering spectra shown in Figure 2.8, the results of Maduriera et. al.
(1994) and Swarzman et al. (1999), and the supporting evidence from Ressler et al.
(2000), we conclude that these layers are most likely composed of zooplankton

without gas inclusions, keeping in mind that without knowledge of the size structure
of the zooplankton in these layers, exact comparisons are not possible.

Physical phenomena, such as temperature and salinity microstructure, can also cause
scattering (Seim and Gregg 1994; Stanton et al. 1994; Seim et al. 1995; Warren et al.

2003). Our high-resolution temperature, salinity, and density profiles revealed no
evidence of water column overturns and so the presence of significant microstructure
is unlikely.

It is not possible to draw definite conclusions about the correlation between

phytoplankton and zooplankton distributions from these data. Only the scattering
feature located above 30 m at Station 3 was associated with a peak in fluorescence.
Because the acoustic instrument was held at a fixed depth of 15 m, the first effective
acoustic data are from 18 m, which is below part (Stations 1 and 3, Figure 2.4) or all
(Station 2, Figure 2.4) of the peak in fluorescence. However, many of the spatially
discrete, intense, scattering features were observed in areas of the water column where

the fluorescence was low, suggesting that the location of zooplankton may not be
associated with the location of maximum phytoplankton abundance in many cases.
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This observation has been reported in other studies (Herman 1983; Napp et al. 1988;
Huntley et al. 1995; Jaffe et al. 1998).

The role of physical mechanisms of formation and maintenance of finescale scattering

distributions is not clear from this study. The horizontal velocity data had coarse
resolution (8 m vertical bins) compared to the acoustic data (1 m vertical bins). To
more careftilly assess the role of horizontal current velocities and shear in creating
biological structure, we must obtain current data with the same spatial resolution as

the acoustic data. In addition, it is possible that physical factors controlled the
formation of the layers we observed but our sampling began after the formation event

took place. For example, the deep scattering layer at Station 3 closely tracked the
boundary between northern and southern flow, so the boundaries of this layer may
have been associated with areas of increased vertical shear that could act to flatten and
extend a thick layer or patch into the observed thin layer. This station is located at the
southern edge of a mesoscale circulation feature (Barth et al. 2003, Figure 2b) and the

observed scattering distributions may be potentially influenced by this feature.
Unfortunately, the coarse vertical resolution of the horizontal velocity and shear data
does not allow us to clearly determine the relationship between scattering features and

shear. Sampling for longer time periods with higher spatial resolution velocity data
would allow us to observe a sequence of events that may better explain the potential
role of currents and shear in the formation and maintenance of scattering layers. We
also cannot discount the role of behaviors such as aggregation on food sources or

vertical migrations in forming the observed scattering patterns.
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The results of this study show that accurate assessment of the zooplankton biomass
and distribution patterns in this system requires a vertical resolution of less than 10 rn
The finescale scattering features observed on these cruises did not appear to be

random or transient. Sampling must be conducted for longer periods at the
appropriate spatial scales to better quantify the persistence of such features. The
evidence from these data show that finescale aggregations are not so short lived that
they can be treated as random when sampling.

Multi-frequency acoustic measurements can identif' patches of different composition
and, when used in conjunction with theoretical scattering models, we can draw some

broad conclusions about the most likely composition of observed scattering features.
However, these measurements alone caimot give us quantitative numbers of animals

or their identity. The only way to clearly determine the identity of the scatterers in
each patch is to sample them directly or observe them with image forming optical

instruments. Density and identities of zooplankton are critical factors to assess along
with distribution patterns to create a complete spatial picture of the zooplankton
community.

We need a better understanding of how common and persistent finescale zooplankton
distributions are in the Oregon shelf upwelling region. This knowledge will determine
the type of sampling methods necessary to accurately assess zooplankton distribution
and biomass and will illustrate the potential coupling between primary producers and
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grazers which has implications for particle flux and elemental cycling. Finer-scale
current and shear data are necessary to determine the role of physical factors in the
formation and maintenance of these finescale distributions. We also need seatruthing
data to determine the identity of the scatterers so that we can more accurately assess

the biomass distributions and behavioral mechanisms controlling distributions. The
timing of the ascent at Station 2 is consistent with diel vertical migration, but to
correctly assess the importance of this and other behaviors, we must confirm the
composition of these layers. Previous work utilizing the Video Plankton Recorder and
MOCNESS has shown the utility of these technologies to provide seatruthing data for
acoustics on various spatial scales (Benfield et al. 1998; Benfield et al. 2003).

Collecting coincident, finescale physical and biological data which allows us to
determine the distribution and identity of zooplankton is critical to assessing the
factors which control zooplankton distributions.
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2.6 Conclusions

In summary, we found that zooplankton were distributed in finescale, intense, and

persistent vertical layers. There was 1) a strong association between phytoplankton
distributions and density structure but no apparent association between zooplankton
distributions and density structure, 2) some association between zooplankton
distributions and horizontal velocity patterns and 3) no clear association between

maximal phytoplankton and zooplankton distributions. These results indicate that
plankton distributions of this kind may be common and physical mechanisms may

play an important role in the formation and maintenance of these layers. With longer
term sampling and higher vertical resolution velocity data, the relative importance of
physical and biological mechanisms of layer formation can be assessed more clearly.
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3

Effect of Orientation of Euphausiids and Copepods on
Acoustic Target Strength: Implications for Measurements
from Down-looking and Side-looking Acoustic Systems

3.1 Abstract

Individual acoustic target strength (TS) was calculated for a euphausiid and two

copepods in horizontal and head-up orientations in the water column using incident
beam directions corresponding to a down-looking acoustic system. Orientation had a

large effect on TS, the magnitude and frequency dependence of which changed with

orientation for both the euphausiid and the copepods. A given orientation in the water
column was assigned to the euphausiid (200 head-up) and one of the copepods (head-

up) and predicted TS was calculated over ranges of incident beam directions which
would correspond to measurements from a down-looking and side-looking acoustic

system. The magnitude and frequency dependence of predicted TS for each
zooplankter was different for each acoustic system. Predicted volume backscatter (Sv)
was calculated for the contents of a MOCNESS net tow using different ranges of
orientation (horizontal, head-up, and the full range of possible orientations). The
differences among predicted total S values calculated at different orientation ranges

were 1-3 dB, representing a 40-100% change in scattering on a linear scale.
Measurements of the same zooplankton assemblage from side and down-looking
acoustic systems are not expected to be the same.
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3.2 Introduction

Multi-frequency acoustics are a potentially useful tool for zooplankton ecologists to
map distributional patterns rapidly and possibly to determine taxonomic and size

composition of scattering features. The ability to accurately determine taxonomic and
size composition depends upon our ability to realistically model scattering from

different zooplankton. These models can then be applied to acoustic measurements to
determine the number and size of different scatterers present.

One important parameter in these models is the orientation of the zooplankton in the
acoustic beam. When a zooplankter changes orientation, it changes the size and shape
presented to the acoustic beam and the amount of sound scattered back to the receiver,

thus changing the measured acoustic target strength. Many studies have demonstrated
that the orientation of zooplankton can have large effects on the measured acoustic

target strength. This has primarily been examined for euphausiids (Greenlaw 1977;
Sameoto 1980; Everson 1982; Chu et al. 1993; Jaffe et al. 1998; MeGebee et al. 1998;

Warren 2001). Because calculations of predicted backscatter depend upon the range
of orientations chosen, choosing the correct range of orientations is critical to achieve
the most accurate prediction of backscatter.

Unfortunately, there are relatively few observations of the in-situ orientation of

zooplankton. Most in-situ observations of euphausiids indicate that they are oriented
slightly head up (Sameoto 1980; Hamner et al. 1983; De Robertis et al. 2003). This
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has also been seen in laboratory tank experiments (Kils 1981; Price 1989). These
studies report a range of orientation angles above horizontal. Field observations report
angles from 5-10° (Hamner et al. 1983) to 27-51° (Sameoto 1980). De Robertis et al.
(2003) acoustically tracked swimming Euphausia pac?,fIca and found that the majority
of swimming tracks indicated that euphausiids were swimming in an oblique, upward

direction which may result in a head up orientation of 15-20° above the horizontal

plane (J. Jaffe, personal communication). These observations consistently show that
euphausiids are oriented in a slightly head-up position, though the degree of elevation
varied.

There is less information about the in-situ orientation of copepods. One of the few
published studies examined Video Plankton Recorder (VPR) images and found that

Calanusfinmarchicus was predominantly oriented head up (90°±45° above the
horizontal plane) (Benfield et al. 2000). These observations are supported in
laboratory studies with Acartia nauplii (Fields and Yen 1997) and copepodite stages of

Centropages velfIcatus and Paracalanus aculeatus (Bundy and Paffenhofer 1996).
From these few studies, it appears that a head-up orientation may be common in many
copepods in different life stages.

Because there are two primary modes of deployment of acoustics systems to measure
scattering from zooplankton, down-looking and side-looking, the relative orientation
of a zooplankter in the ensonified volume will be different as a function of system
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orientation. This could lead to different measurements of scattering from the same
assemblage of zooplankton with a fixed orientation in the water column for a down-

looking or side-looking acoustic system. it is important to quantify these potential
differences and determine the effect of orientation on measured acoustic backscatter.

Without a clear understanding of these differences, data from these two types of

acoustic systems cannot be compared. Additionally, it may not be valid to apply
models which calculate predicted scattering over one set of orientations to data from a
system that measures scattering over a different range of orientations.

3.3 Methods
Predicted acoustic target strength (TS) and volume backscatter (Sv) were calculated

using theoretical models of scattering for two different zooplankters. Different ranges
of zooplankter orientation were used to determine the sensitivities of the models to
orientation and examine potential differences in measurement of TS and Sv between

down-looking and side looking acoustic systems. Individual target strength was
calculated using specific scattering models for an individual Euphauslia superba and
two copepods, an A cartia tonsa and a Pseudocalanus sp. Predicted volume
backscatter for a sampled zooplankton assemblage was calculated using general
scattering models for different zooplankton taxa and the density estimates and size
measurements of all zooplankton captured in a stratified net tow.
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3.3.1

Individual Target Strength

The target strengths of two copepods and a euphausiid were calculated over different

ranges of orientation at incident beam directions corresponding to both a downlooking and side-looking acoustic systems using methods developed by McGehee et

al. (2002). This approach involves creating a scattering model of an individual
zooplankter based on a digitized image. The outline of the zooplankter is determined
from the digitized image, and circular symmetry is assumed around the center line of

the animal (Figure 3.1). The Distorted Wave Born Approximation (DWBA) model
(Chu et al. 1993; Stanton et al. 1993a; Martin Traykovski et al. 1998; McGehee et al.
1998; Stanton et al. 1998b) is then created for the individual based on the size and

shape characteristics determined from the digital image. Using this model, the
complex backscattering amplitude (abs) can be calculated for any acoustic frequency

and incident beam direction. Backscattering amplitude is related to target strength as:

TS=l Olog1o(cYb)

Equation 3.1

Models for an Acartia tonsa (1.125 mm prosome length), Pseudocalanus sp. (1 7 mm
prosome length) and Euphausia superba (38.35 mm length) were used to calculate TS
at incident beam directions corresponding to measurements from a down-looking
system at the following orientations: horizontal, head up, head down (euphausiid
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Figure 3.1. Axes x, y, and z in spherical space. Ct indicates angles measured in the xz plane and 9 indicates the polar angles measured from the radius of the sphere (i.e.,
angle from y axis) and are out of the x-z plane. Reference incident beam directions
used for individual target strength calculations are shown in the lower panel. There is
no negative component to the range of 0 because it denotes angles around the major
axis of the animal. The animal is modeled as a series of symmetrical disks with
varying radius along the length of the animal. Taken from McGehee et al. 2002.
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only), average head up (head up ± some standard deviation of angles), and averaged
over all relative orientations (over all incident beam angles relative to the acoustic

system) (Table 3.1). The incident beam angles chosen for the euphausiid head-up
orientation were based on Lawson et al. (in press) who recommend that a mean

incident beam direction of 0 =0, J = -70° with a range of +20° be used because this
falls at the middle of the range of observations of in-situ orientation (animal

orientation 20° above horizontal). I chose a range of angles corresponding to a headup orientation for copepods based on observations by Benfield et al. (2000) and Bundy

and Paffenhoeffer (1996). Calculations were made at nine different frequencies: 38,
120, 200, 265, 420, 700, 1100, 1850, and 3000 kHz.

Table 3.1. List of animal orientations and ranges of corresponding incident beam
directions used to calculate predicted TS for a euphausiids and two copepods. in the
spherical coordinate system, J are angles in the x-z plane and 0 are angles out of the
plane. (see Figure 3.1). All relative orientations refers to all incident beam angles
which may occur with either the down or side-looking acoustic system.
Acoustic System

Animal Orientation -

Down-looking

Horizontal

Incident Beam Angles
Eup/iausiid C'opepods
0=90°
0=90°

Head up

0=90°

Head Down

0=90°

Average Head Up

0=90°

0=90°

I-90:-50°

t-45:45°

0=90°

=-1 10°

Side-Looking

Average over all
0=90°
0=90°
relative orientations 1=-l80:l80° Irl80:l80°
Average Head Up
0=0:180°
0=0:180°
I-40:0°
'I=45:135°
Average over all
®0: 180°
0=0:180°
relative orientations
=-180:180° 'F-180:180°
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Predicted TS for an average head-up euphausiid and an average head up
Pseudocalanus were made at incident beam directions corresponding to measurements
from a down-looking and side-looking acoustic system to compare predicted

measurements from these two systems. Predicted TS was also calculated over all
relative orientations for the euphausiid and the Pseudocalanus and compared to
measurements in the average head-up orientation at incident beam angles
corresponding to measurements from a down-looking and side-looking acoustic

system. This was done to investigate how limiting the range of orientations, rather
than averaging over all relative orientations, affects predicted Sv.

3.3.2 Predicted Volume Backscatter

Predicted volume backscatter (Sv) is the logarithmic representation of the volume
scattering coefficient, s.,, which is the sum of the backscattering cross section of all

scatterers in a fixed volume of water, generally 1m3, and is expressed as:

C1sjflj

Equation 3.2

Where n is the number of scatterers in a given scattering class, j. Therefore, the
volume scattering coefficient is the sum of individual target strengths in a given

volume. Predicted volume backscatter (Sy) is then expressed as:
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Sv 1 Ologio(s)
Equation 3.3

Sv was calculated using scattering models created by Stanton and others (Stanton et al.
1 993a; Stanton et al. 1 998a; Stanton et al. 1 998b). These models calculate a predicted

TS for every individual zooplankter in a given data set. Different models are used for
each class of scatterer and are described in Lawson et al. (in press). The models for
euphausiids and copepods are based on the DWBA model and user inputs are the
length of individual zooplankton and the range of orientations in the x-z plane (cI

angles). The code for these models was provided by D. Chu (AOPE, WHOT) and is

designed for comparisons with down-looking acoustic systems. Therefore, it does not
incorporate the ability to use TS from angles of incidence that coincide with a sidelooking system and would vary with changes in orientation out of the x-z plane (®

angles, Figure 3.1). A mean angle and standard deviation of t are chosen, along with
a probability density function (Gaussian or uniform) from which to draw random

angles of orientation. Lawson et al. (in press) recommend that when there is little or
no information on in-situ orientation for a particular taxon, a mean c1 of -90° and a

range of ±30° be used, which corresponds to a horizontal orientation with some
deviation in the head-up and head-down directions. I follow their convention here for
all taxa captured in the MOCNESS with the exception of copepods and euphausiids.

Zooplankton captured with a MOCNESS (Multiple Opening Closing Net and
Environmental Sensing System) (Wiebe et al. 1985) were enumerated and measured.
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Density estimates and size measurements of individuals of all taxa were used to
calculate predicted Sv. Three independent calculations of Sv were made using

different orientations of copepods and euphausiids in each calculation. Ranges of
orientations used are listed in Table 3.2.

Table 3.2. List of animal orientations and ranges of corresponding incident beam
direction from a down-looking echosounder used to calculate predicted Sv. In the
spherical coordinate system, 1' are angles in the x-z plane and ® are angles out of the
plane (see Figure 3.1). ® is held constant at 900, corresponding to incident beam
angles from a down-looking system. All relative orientations refers to all incident
beam angles which may occur with either the down or side-looking acoustic system.

Animal Orientation

Ranfle of Incident Beam Angles

Euphausiid
Horizontal
Head up

Average over all
relative orientations

4::D

-9Q°±3Q°

Pdf=Gaussian
=-70°±20°
Pdf=Gaussian
D =-90°+180°
Pdf=uniform

Cop epods

90°±30°
Pdf=Gaussian
'J =90°±45°
Pdf=Gaussian
t =-90°±180°
Pdf=uniform

Predicted Sv was calculated at the same nine frequencies as individual TS (38, 120,

200, 420, 700, 1100, 1850, 3000 kHz). Three runs of the models were conducted
corresponding to different orientation parameters: 1) Average over all relative
orientations viewed for a down-looking echosounder, 2) euphausiids head up and

copepods horizontal, and 3) euphausiids and copepods head up. In runs 2 and 3, all
other taxa (chaetognaths, amphipods, polychaetes, etc.), which were a minor

component of density and biomass and known to be relatively weak scatterers, were
assigned a horizontal orientation (1 =9O0±3O0) following Lawson et al. 's (in press)

recommendation. The differences in total S were calculated between each of these
runs. The difference in total Sr between model runs 1 and 2 will be due to limiting the
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range of orientation of euphausiids to the head-up position and all other taxa
(including cop epods) to the horizontal position (using ranges of cL recommended by

Lawson et al.) rather than averaging over all relative orientations viewed for a down-

looking system. Differences between model runs 1 and 3 will be due to limiting
euphausiids and copepods to the head-up position while keeping all other taxa in the

horizontal position. Differences between model runs 2 and 3 will be due to changing
copepod orientation from horizontal to head-up while keeping all other taxa in the
horizontal position.

The scattering model assigns differential elements along the zooplankton's length

which are assumed to scatter sound in a particular way. Each element is modeled as a
small cylinder. Using assumptions about the shape of the zooplankter, the model then

integrates over its body to get total scattering. The DWBA model is a numerical
solution to this integral. The higher the frequency, the shorter the wavelength, the
more integration points are required to ensure that each wavelength is adequately

sampled. The user can define the minimum number of integration points. Multiple
runs of the model were made, increasing the number of integration points until the

predicted volume scattering converged on a particular value. Computational
limitations restricted my analysis of the integration points for 1850 and 3000 kHz.

While the model runs at these frequencies display patterns comparable to those at
other frequencies, we cannot discuss the results for 1850 and 3000 kHz with the same
degree of confidence as for the other frequencies.
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3.4 Results
3.4.1 Individual Target Strength

Orientation has a large effect on predicted acoustic target strength of individual

zooplankters. There are large differences in the TS of a euphausiid in three different
orientations: 1) horizontal, 2) 20° head up, and 3) 20° head down (Figure 3.2). The
largest differences occur between horizontal and 200 head up or head down. Animals

in different orientations also have a different frequency dependence of TS; the shape
of the spectral curve is different with minima and maxima occurring at different
frequencies, reflecting differences in shape and size presented to the acoustic beam
between orientations. For example, a euphausiid of this size (38.35 mm) in the 20°
head-up orientation shows minima in TS at frequencies where a horizontal euphausiid
shows maxima, resulting in a difference of 32 dB at 200 kHz and nearly 35 dB at 1850

kHz. This has important implications for the use of multi-frequency data to determine
the identity and size of scatterers.

Orientation also affects the TS of copepods. Scattering from both a 1.125 mm Acartia
tonsa and a 1 7 mm Pseudocalanus changes when orientation changes from horizontal
to average head up (c1 = 90°±45°) (Figure 3.3). The scattering from each copepod is
the same for either orientation at lower frequencies where these zooplankton are in the
region of Rayleigh scattering and the shape of the spectral curve is independent of the

shape and size of the scatterer (Medwin and Clay 1998). As the frequency increases,
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Figure 3.2. Individual Target Strength calculations for a 38.35 mm euphausiid in
dorsal, head-up, and head-down positions at orientation angles corresponding to
measurements from a down-looking acoustic system at nine frequencies (Table 3.1).
Frequencies labeled are in kHz.
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Figure 3.3. Individual Target Strength calculations for an Acartia tonsa (1 .125 mm)
and a Pseudo calanus sp. (1 7 mm) in horizontal and head-up positions at orientation
angles corresponding to measurements from a down-looking acoustic system at nine
frequencies (Table 3.1). Frequencies labeled are in kHz.

scattering from a copepod in the head-up position is less than that of a copepod in the

horizontal position. The shape of the spectral curve at high frequencies (700, 1100,
1850, 3000 kHz) is different between the two copepods reflecting differences in size

and perhaps also subtle differences in shape between the two species. Pseudocalanus
shows a difference in scattering between the two orientations at a lower frequency
(700 kHz) than A cartia tonsa (1100 kllz), indicating that it is in the range of

geometric scattering at a lower frequency than the smaller Acartia. The differences in
scattering between the two orientations at high frequencies range from 2 dB to 20 dB.

The frequency dependence of TS for Pseudocalanus at high frequencies is also
different for the two orientations.
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Figure 3.4. Individual target strengths for a 38.35 mm euphausiid in an average headup orientation corresponding to measurements from a down-looking and side-looking
acoustic system (Table 3.1). Frequencies labeled are in kHz.

59

-105

110
115
120
125

130
135

140
145
106

Frequency (Hz)
Figure 3.5. Individual target strengths for a 1.7 mm Pseudocalanus in an average
head-up orientation corresponding to measurements from a down-looking and sidelooking acoustic system (Table 3.1). Frequencies labeled are in kHz.
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Predicted TS corresponding to measurements from down-looking and side-looking
acoustic systems are also quite different for a given orientation of an individual

zooplankter in the water column. Predicted TS of an average head-up euphausiid at a
given frequency is different for each acoustic system and the frequency dependence of

TS is also different (Figure 3.4). The largest difference (30 dB) is seen at 1100 kHz
and differences of 2-15 dB occur at the lower frequencies (38, 120, 200, 265, and 420

kHz). Similar results are seen for copepods. At higher frequencies (700, 1100, 1850,
3000 kHz) the predicted TS of an average head up Pseudocalanus at a given

frequency is different and the frequency dependence of TS is different for the two

acoustic systems (Figure 3.5). This is in the range of geometric scattering for this
individual, where the size and shape of the scatterer becomes important (Medwin and

Clay 1998). The differences are relatively small at 700 and 1100 kHz (1-2 dB), but
the difference is 22 dB at 1850 kHz.

One approach to simplifying the complex dependence of TS on orientation has been to

average TS over all incident beam angles relative to the acoustic system used to obtain

measurements of Sv. The differences in TS for a euphausiid averaged over all
relative orientations for a down-looking and side-looking systems are greatest at lower
frequencies (up to 20 dB) and TS has a different frequency dependence (Figure 3.6).

The effect of orientation on TS for a down-looking system is large. Choosing an
average head-up orientation (20° above horizontal, ±20°, range of incident beam

angles: t =-90:-50° 0 = 90°) results in much higher scattering at low frequencies and
much lower scattering at the three higher frequencies. The effect of orientation on TS
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for a side-looking system is small at low frequencies (38, 120, 200, 420 kHz), but an
orientation of average head up (20° above horizontal, ±2 00, range of incident beam

angles: 1 =40:00 0 = 0:1800) results in much larger values of TS at higher
frequencies.

Copepods also show orientation-dependent differences in the magnitude and

frequency dependence of TS. Target strength for an average head-up Pseudocalanus
(head up, ±45°) appears to enter geometric scattering at a lower frequency when

viewed from a down-looking system (range of incident beam angles: J

45:450 0

90°) than a side-looking system (range of incident beam angles: cb 45:135° 0 =

0:180°), indicating that the mean size presented to a down-looking acoustic system is

larger than that presented to the side-looking system (Figure 3.6). Values of TS for
the down-looking system are equal to or lower than TS values for the side-looking

system at all frequencies except 3000 kHz. There are also large differences in
predicted TS at some frequencies for both acoustic systems when TS is averaged over
all relative orientations or limited to a range of orientations. Predicted TS averaged

over all relative orientations is equal to or lower than that of a copepod in the average
head-up orientation at most frequencies for a down-looking acoustic system. The
frequency dependence of TS is also different and shows that when IS is averaged over
all relative orientations, a copepod will enter the geometric scattering range at lower
frequencies than if TS were averaged over a limited range of angles corresponding to

an average head-up orientation. Predicted TS for these two orientations is equal up to
700 kHz for a side-looking acoustic system and then the differences are not as large in
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magnitude between the average head-up and averaged over all relative orientations as

they were for the down-looking acoustic system. This indicates that the mean size
presented to the side-looking system when averaged over all relative orientations is
not very different from the mean size presented in the average head-up orientation.
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Figure 3.6. Individual target strengths for a 38.35 mm euphausiid and a 1 7 mm
Pseudoca/anus in an average head-up position and averaged over all relative
orientations corresponding to measurements from a down-looking and side looking
acoustic system (Table 3.1).
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3.4.2

Predicted Volume Backscatter

Orientation changed the predicted total volume backscatter that I calculated for

zooplankton collected in a MOCNESS tow. The overall differences between the three
model runs ranged from less than 1 dB to 3.5 dB (Figure 3.7). The differences
between model runs 1 (all relative orientations) and 2 (euphausiids head up, copepods
horizontal) and model runs 1 and 3 (euphausiids and copepods head up) are nearly

equal for the lower frequencies (38-420 kHz). This indicates that limiting the range of
orientations of euphausiids, rather than averaging over all relative orientations, is

primarily responsible for the change in total Sv at these frequencies. If changing the
range of orientations of copepods had an effect, than the difference between model
runs 1 and 3, where the only parameter changed was copepod orientation, would not
be equal to the difference between model runs 1 and 2. These differences are not
equal at higher frequencies (700-3000 kHz) indicating that it is in this frequency range

where changing the orientation of copepods affects total Sv. The differences between
model runs 1 and 2 are greater than those for model runs 1 and 3 at 700 and 3000 kHz
indicating that limiting the range of orientation of euphausiids has a larger effect on
total Sv at these frequencies than limiting the range of orientation of copepods when
compared with averaging over all relative orientations.
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Figure 3.7. Difference in predicted volume scattering calculated from three different
model runs 1) averaged over all relative orientations, 2) Euphausiids head up and
copepods horizontal, and 3) Euphausiids head up and copepods head up. Calculations
are based on length and density information from a MOCNESS tow and all
orientations correspond to measurements from a down-looking acoustic system.
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Changing the orientation of copepods from horizontal to head up (the difference

between model runs 2 and 3) has a larger effect on total Sy than limiting the range of
orientation of euphausiids at 1100 and 1850 kHz. In fact, the largest differences
between any of the model runs are those between model run 2 and 3 at 1850 kHz.
Clearly, this frequency can be sensitive to changes in the orientation of copepods. The
differences between the model runs vary for each net in the MOCNESS tow at a given

frequency. The differences in predicted Sv appear to arise from a combination of
factors: magnitude of total biomass, proportion of total biomass for a given taxonomic
group, and mean size of that group. Figure 3.8 shows the biomass of different
taxonomic groups in each of these nets. Copepods and euphausiids have each been
divided into two sizes classes, with the divisions set at 1 mm and 5 mm respectively.
Table 3.3 lists the mean size of each taxonomic group for each net in mm.

Table 3.3. Mean lengths in mm of each taxonomic category for each net in the
MOCNESS tow.
Net
Small
Large
Small
Large
Cop epods
Cop epods
Euphausiids
Euphausiids
1
0.69
2.2
None
10.13
2
3

4
5

6
7
8

0.69
0.69
0.70
0.44
0.65
0.61

0.59

1.90
1.60

3.56
2.13

2.10

1.62
1.99

1.70
2.05
1.72
1.80

2.26
2.68
None

15.78
15.07
13.00
14.27
15.74
13.54
9.09
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Figure 3.8. Biomass in mg m3 for major taxonomic groups of the MOCNESS tow
used to calculate predicted volume backscatter.
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Table 3.4 lists the relative ranking (low, medium, or high) of each net for each of the
factors: total biomass, proportion of euphausiids biomass to total biomass, proportion

of copepod biomass to total biomass, mean size of euphausiids, and mean size of
copepods.

Table 3.4. Relative ranking of different biomass and size factors for each net in the
MOCNESS tow.

Net
1

2
3

4
5

6
7
8

Total
Biomass
Medium
Low
Medium
Medium
Low
Medium
High
High

Proportion of
Euphausiids
Medium
Low
High
High
Low
Low
Low
Low

Proportion of
Cop epods

High
High
Low
Medium
High
High
High
High

Mean Size
Euphausiids
High
High
High
Medium
Medium
High
Medium
Low

Mean Size
Cop epods

High
Medium
Low
High
Low
High
Low
Low

At 38 and 120 kHz, nets 3, 4, and 6 have larger differences between model runs than
the other nets, indicating that limiting the orientation of euphausiids has a relatively
greater effect on the total Sy for these nets at these frequencies (Figure 3.7). Nets 3
and 4 have a relative ranking of medium for total biomass, high for proportion of
euphausiids, and high and medium respectively for size of the euphausiids. When
fairly large euphausiids make up a large proportion of biomass, one would expect that

they contribute substantially to total scattering and so a change in their orientation

would have a relatively large effect on total Sv. Net 6 has a low proportion of
euphausiid biomass, but also has some of the largest euphausiids of any net.
Apparently, large individuals can contribute disproportionately to scattering given
their contribution to total biomass.
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At 700 kHz, the difference between model runs 1 and 2 is greater than those between

model runs I and 3 for nets 2, 3, 6, 7, and 8 (Figure 3.7). This indicates that changing
the orientation of copepods has an effect on total Sv, though the effect is not as great

as that of euphausiid orientation. While nets 2, 6, 7 and 8 have a high proportion of
copepods, net 3 does not. The copepods in net 3 are also relatively small. However,
unlike nets 2, 6, 7, and 8, net 3 has 3.4 very large copepods m3 (4.5 mm) and 14.6 m3

that are approximately 2.7 mm in length. It would seem that a small proportion of
large individuals can contribute disproportionately to total scattering.

Differences between model runs 2 and 3 are greatest for nets 2, 3, 4, 6, 7, and 8.

These nets either have a high proportion of copepods (2, 6, 7, and 8), large copepods
(2, 4, 6) or a small proportion of relatively large individuals (3). Changing the

orientation of copepods from horizontal to head up has a large effect on total predicted

S, for these nets.

3.5 Discussion

My results agree with many previous observations that orientation of euphausiids can
have large effects on acoustic scattering (Greenlaw 1977; Sameoto 1980; Everson
1982; Chu et al. 1993; Jaffe et al. 1998; McGehee et al. 1998; Warren 2001). My

work demonstrates that this is also true for copepods and that the orientation
dependences of TS result in different Individual TS for zooplankton ensonified from a
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down-looking or side-looking system. Different orientation parameters must be used
to calculate predicted scattering for these two systems to ensure the accuracy of the

predictions. My results suggest that measured scattering from a down-looking system
cannot be directly compared with measured scattering from a side-looking system, as
both the magnitude and the frequency dependence of scattering will be differ
significantly.

Orientation is an important parameter and must be accurately represented, but there is
very little information on the in-situ orientation of zooplankton to direct orientation
choices in the models. Based on existing observations, I believe that the current most
realistic orientation for euphausiids is slightly head up (20°±20°) and for copepods is

head up (90°±45°). These orientations may vary greatly during periods of diel vertical
migration and should not be applied in these situations. Everson (1982) noted that
there was an 8 dB reduction in mean volume backscattering strength of Euphausia

superba when they dispersed from compact swarms and he hypothesized that some of
this difference was due to a change in orientation as the animals migrated up and
down. Benfield et al. (2004) noted an immediate reduction in backscatter from

Euphausiapacfica when lights on the fantail of the shipwere turned on. They
hypothesized this change was largely due to a change in orientation, not a dispersal

event. These observations reinforce the importance of orientation to measured
backscatter and illustrate that one set of orientation parameters cannot be used in all
situations.
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Orientation not only has large effects on individual target strength, but also on total

predicted volume backscatter for a zooplankton assemblage. Differences of 1 to 3 dB
are substantial and represent up to a two-fold difference on the linear scale which is

directly related to the density and/or target strength of the zooplankton. Changing
orientation parameters can therefore result in an overestimate of predicted backscatter

of 100% or an underestimate of 50%. The existing models and code which have been
created to calculate predicted Sv for a large number of different zooplankton are
currently tailored to allow for changes of orientation in the x-z plane, but not out of

this plane. They are well suited for their original purpose, to calculate predicted Sv
which is comparable with measured Sv from an up or down-looking system. For these

systems, only changes in the x-z plane will change the resulting backscatter. Changes
out of the x-z plane will not change the size or shape of the zooplankter which is

presented to the acoustic beam. My results demonstrate that models which allow for
changes in orientation in three dimensions are necessary to calculate predicted Sv
which is comparable with measured Sv from a side-looking system.

While it has been known for some time that the orientation of euphausiids has large
effects on predicted and measured scattering, my work shows that this is also true for

copepods. It is reasonable to assume that orientation of other types of zooplankton
may also have large effects on scattering. It is imperative that the most realistic range
of orientations be used for each situation when calculating predicted scattering or

predicted S could be greatly over or underestimated, thus resulting in poor estimates
of biomass. Down and side-looking echosounders view the same assemblage of
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zooplankton from different orientations and the measurements from these two systems
are different in magnitude and frequency dependence. Measured Sv from these
systems may not be comparable and different orientation parameters must be used to
calculate predicted Sv to compare with measurements from each of these systems.

3.6 Conclusions

Orientation of zooplankton can have strong effects on individual target strength.

The magnitude and frequency dependence of TS is different for the same zooplankter
in different ranges of orientation.

These differences mean that predicted TS of a zooplankter in orientations
corresponding to measurements from a down-looking or side-looking acoustic system
will have different magnitudes and spectral scattering curves.

Orientation also has a strong effect on predicted total Sv. Changing the ranges of
orientation can result in up to a 3 dB difference in calculated Sv which corresponds to
a two fold difference in si,, meaning that density and/or individual TS could be greatly

over or underestimated.

Some of the largest changes in magnitude for TS and Sv calculated using different

ranges of orientation occurred at 1850 kHz, indicating that this frequency can be
particularly sensitive to changes in size and shape.
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Changing the orientation of one taxonomic group can have a large effect on the

magnitude of predicted total S, when that group makes up a large proportion of total
biomass or when there are a small number of large individuals.

I recommend that the most realistic ranges of orientation be used to calculate

predicted Sv; slightly head up for euphausiids and head up for copepods. I also
recommend that different ranges of orientation be used to calculate predicted Sy which
is comparable with either down-looking or side-looking acoustic systems. It will be
important to develop computational methods using models similar to D. McGehee's
which will make calculation of predicted Sy for large numbers of zooplankton
efficient and allow for changes in orientation out of the x-z plane.
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4 Comparison of Acoustic and Net Sampling Systems to
Determine Patterns of Zooplankton Biomass and
Taxonomic Groups

4.1

Abstract

Measurements of volume backscatter from two different acoustic instruments were
compared with each other and with predicted volume backscatter calculated from a

coincident net tow. Spatially and temporally coincident data were collected from a 6frequency bioacoustic system (Tracor Acoustic Profiling System, TAPS) and a 1-rn2

MOCNESS (Multiple Opening Closing Net and Environmental Sensing System). The
combined net/acoustic tows were conducted over the Oregon continental shelf in

August, 2001, during both day and night. The TAPS was mounted on the upper frame
of the MOCNESS and ensonified a volume of water directly in front of the net mouth.
A 4-frequency echosounder (Hydroacoustic Technologies Inc., HTI) with downlooking transducers was towed off the port side of the ship during the
MOCNESS/TAPS tows. Finescale vertical distributions of zooplankton that were
resolved acoustically were not apparent within the integrated depth strata of the
individual MOCNESS net samples. The taxonomic and size composition of the

zooplankton community had strong effects on volume backscatter (Sv). Predicted Sv
calculated from scattering models and the contents of the MOCNESS nets agreed best

with measured S, from the TAPS at 265 and 420 kHz and measured Sv at 420 kHz
from the HTI. Inverse calculations to derive zooplankton size classes and biovolume
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were performed on the TAPS data. The vertical pattern and magnitude of biovolume
derived from the inverse calculations matched those derived from the MOCNESS.
Size-abundance histograms calculated from the inverse methods did not match size-

abundance histograms from the MOCNESS. Sampling bias of the net system or
artificially high measured values of Sy due to noise could be responsible for this
discrepancy.

4.2 Introduction

It has long been recognized that a careful assessment of population biomass and
composition is essential for understanding the dynamics of marine food webs (Steele
1974). Characterizing the distributional patterns of zooplankton is therefore a critical

objective for the design of sampling instruments and methods to measure biomass and

taxonomic distributions. Multi-frequency acoustic methods are a promising, and
increasingly popular, approach to estimate zooplankton distribution and biomass

patterns (Greenlaw 1979; Holliday and Pieper 1980; Wiebe et al. 1996). These
instruments provide scientists with the ability to rapidly map distributions of scatterers

at high spatial resolution without disturbing the observed organisms. Interpretation of
measured backscatter is still problematic, however, and there are many limitations

associated with these measurements. As theoretical acoustic scattering models derived
from laboratory experiments have improved, so has our capability to interpret
backscatter data collected in the field.
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With the increasing use of acoustic techniques comes an interest in comparing data

from different types of bioacoustic instruments. Acoustic instruments that are
currently used to measure scattering from zooplankton are varied in their design and
operation, and many were originally manufactured for other purposes. These include:
Acoustic Doppler Current Profilers (ADCPs), which are primarily used for measuring
current velocity, towed echosounders, which were originally designed to measure
scatter from fish and track individual movements (e.g., Hydroacoustic Technologies,
Inc. (HTI) instruments, Simrad instruments), and moored or profiling echosounders
designed specifically to measure backscatter from zooplankton (Tracor Acoustic

Profiling System, TAPS). These instruments have important design and operational
differences that must be considered if data from these different systems are to be

compared. This study was motivated by the paucity of published comparisons of
measurements of zooplankton scattering from different multi-frequency bioacoustic
instruments.

Many factors are important to consider in the design of acoustic instruments. These
include, but are not limited to: the volume ensonified, range from the transducers to

the ensonified volume, method of deployment, and choice of frequencies. A
consequence of the different design approaches to these issues is that measurements
from different acoustic instruments may not be comparable. Changing any one of the

first three of these parameters can change the magnitude of volume backscatter (Sv)

measured at a given frequency. Using different sets of frequencies results in data at
different points on the spectral scattering curve of measured 5v and may influence the
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interpretation of the type and size of organisms responsible for the measured
scattering.

The size of the ensonified volume of an acoustic instrument has important

implications for the magnitude of measured Sv. If zooplankton follow a Poisson
distribution in the ensonified volume, then as the volume increases, the number of

scatterers in that volume will increase proportionally. However, many studies have
shown that zooplankton distributions are patchy on a variety of spatial scales (Cassie
1963; Wiebe 1970; Smith et al. 1976; Haury et al. 1978; Mullin and Williams 1983;

Ueda et al. 1983; Owen 1989; Folt et al. 1993). Therefore, an increase in the
ensonified volume may not lead to a proportional increase in the number of scatterers.
Additionally, because one of the underlying assumptions of volume scattering is that
the scatterers are Poisson distributed, (Greenlaw and Johnson 1983), measurements
made from increasingly larger volumes may violate this assumption and so may not be

accurate. Another assumption of volume scattering is that there are many individuals
in the ensonified volume (Greenlaw and Johnson 1983). As ensonified volume
decreases, the number of individuals in that volume will also decrease and the

variance of the measurements will increase. Finally, acoustic instruments with
different sample volumes may measure scattering from different assemblages of

scatterers. Larger ensonified volumes have a higher probability of containing one or
more relatively large organisms which can dominate the scattering from that volume.

This effect is particularly important at frequencies in the range of Rayleigh scattering
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where target strength (TS) is a function of size to the sixth power (Medwin and Clay
1998).

Distance from the transducers to the ensonified volume will also affect the magnitude
of S that is measured. The signal that is measured at the transducers is known as the

Echo Level (EL) (Medwin and Clay 1998; Foote and Stanton 2000).

EL = SL+RS-2 *TL+K+Sv
Equation 4.1

In this equation, SL is the source level of the transducer, RS is the receiver sensitivity,
TL is the transmission loss, K is a range-dependent system constant which normalizes

the measurements to a unit volume of 1 m3 at the reference distance of 1 m, and 5v is
the volume backscattering strength from targets in the volume ensonified in dB.

Transmission loss of sound is a function of range and it occurs as sound travels to the
ensonified volume, and as the reflected sound travels back to the transducers. The
greater the range between the transducers and the ensonified volume, the smaller the

signal that is measured at the transducers. While the factor 2*TL corrects for this in
Equation 4.1, if the sound received is lower than the ambient sea or electronic noise

level, then the signal cannot be distinguished. Many zooplankton are weak scatterers
of sound, and at longer ranges, the signal received at the transducers may be less than

the noise level. In these cases, Sy will be underestimated if the user determines that all
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echoes in this range are noise, or S will be overestimated if the user determines that
all echoes in this range are signal.

The choice of frequencies used in an acoustic instrument will affect how one can

interpret acoustic data. The amount of sound scattered by an organism at a particular
frequency is a function of its size, shape, material properties, and orientation in the

acoustic beam (Foote and Stanton 2000). Figure 4.1 shows the frequency dependent
nature of scattering for individual zooplankters from different scattering groups: those
with gas inclusions (larval fish and siphonophore), those with elastic shells (pteropod),
and fluid-like scatterers (euphausiid and copepod).

The low-frequency portion of each scattering curve shows scattering increasing as a
function of frequency to the fourth power (Medwin and Clay 1998). This is the region
of Rayleigh scattering where the shape of the scatterer does not strongly affect the

shape of the scattering curve. The high-frequency portion of each scattering curve
shows variability in scattering magnitude as a function of frequency. This is the

region of geometric scattering where the shape of the scatterer affects the shape of the

scattering curve. The transition point between Rayleigh and geometric scattering
depends upon the size of the scatterer. As the size of the individual increases, the Sv
spectrum shifts to lower frequency and has greater amplitude. The two acoustic
instruments (HTI and TAPS) used in this study have different combinations of

frequencies. A set of measurements at the HTI frequencies (38, 120, 200, 420 k}Jz)
resolves one portion of the spectral curve while a set of measurements at the TAPS
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frequencies (265, 420, 700, 1100, 1850, 3000 kHz) resolves another (Figure 4.1).

Although the choice of frequencies may be dictated by the scientific question being
examined, care must be exercised in the interpretation of a limited portion of the
spectral curve to estimate the types and sizes of zooplankton causing the observed
scattering.
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Figure 4.1 Plot of theoretical volume scattering strength at different frequencies for
several different organisms (6 mm long copepod, 2 mm diameter shelled pteropod, 2.5
cm long euphausiids). These curves are based on the scattering models of Stanton, et
al. (1998a, 1998b). Black arrows mark the location of the HTI frequencies (38, 120,
200, and 420 kHz) and purple arrows mark the location of the TAPS frequencies (265,
420, 700, 1100, 1850, 3000 kHz) on the x-axis. (Provided by A. Lavery, Woods Hole
Oceanographic Institution, unpublished).
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The deployment mode of an acoustic instrument also has important implications for

the way it measures S. An instrument that is towed at the surface with down-looking
transducers and operated in an echosounder mode, will have a series of vertical depth
bins which increase in volume as the range from the transducers increases. An
instrument that is lowered through the water column and operated in a profiling mode
will have a constant range from the transducers to the ensonified volume regardless of

water depth and the ensonified volume will be fixed and constant with depth. In
addition, instruments that are deployed in a down-looking configuration may view a
different range of orientation of individual zooplankters than an instrument that is

deployed in a side-looking configuration. This can result in different measurements of
TS from the same zooplankter (see Chapter 3) depending upon the frequency and the
size and shape of the zooplankter.

As the variety of acoustic instruments increases, it is important that differences

between instruments are clearly understood. Comparison of measurements of Sv from
two instruments with the expectation that the same assemblage of scatterers should
result in the same magnitude of S may not be appropriate if the design and operation
of the instruments results in significantly different measurements of Sy from the same

assemblage of scatterers. To quantify these differences, data from the systems being
compared must be collected simultaneously in the same location in conjunction with a
direct sampling method to provide an independent estimate of the size and taxonomic

composition of the zooplankton assemblage. During cruises off the Oregon coast in
August 2001, we conducted the first systematic comparison of a 6-frequency TAPS, 4-
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frequency HTI, and a MOCNESS net sampling system. We found that each acoustic
system detected fines cale vertical distributions of zooplankton that were not resolved

by the MOCNESS. In areas of high volume backscatter, the magnitude of Sv
measured by the two systems was the same, but in areas of low scatter the HTI

measurements were much lower than the TAPS measurements. Taxonomic and size
composition of the zooplankton assemblage had strong effects on measured and
predicted Si,,. Predicted 5v based on MOCNESS collections agreed best with

measured S from the TAPS at 265 and 420 kHz and the HTI at 420 kHz.

This paper also presents the results of inversion of the 6-frequency TAPS data for
those depth intervals that met the assumptions and criteria of multi-frequency acoustic

inversion (Greenlaw and Johnson 1983). The inversion calculation estimated an
acoustically-derived biovolume that agreed with net-derived biovolume, but the
acoustically-derived size-abundance distributions did not agree with net-derived sizeabundance distributions.

4.3 Methods

4.3.1

Collection andAnalysis ofAcoustic and Net Data

Acoustic data were collected concurrently with MOCNESS (Multiple Opening
Closing Nets and Environmental Sensing System) (Wiebe et al. 1985) tows at four
stations over the continental shelf off Oregon (Figure 4.2) during August 2001 as part
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of the Coastal Ocean Advances in Shelf Transport (COAST) program (Table 4.1).
Some stations were sampled more than once and a designation of D or N in the station

name indicates if the sampling was conducted during the day or night.

Table 4.1. Date, time, and water depth of each station where data were collected.

Station

Date

Local Time

CH5N
CP8D
CP8N
HBO5
HBO6

lOAugust200l

4:45
7:25
4:20
13:05
15:26

11 August 2001
12 August 2001
19 August 2001
20 August 2001

-

Depth
137m
125 m

125m
134m
220 m

Acoustic data were collected with a 4-frequency HTI (Hydroacoustic Technology Inc.)
system (38, 120, 200, and 420 kHz) and a 6-frequency TAPS (Tracor Acoustic

Profiling System) (265, 420, 700, 1100, 1850, 3000 kHz). The HTI system was
deployed from the port side of the ship and was held at a depth of approximately 15 m

(Figure 4.3). The TAPS was mounted on top of a 1-m2 MOCNESS and was
positioned so that the ensonified volume was centered ahead of the net mouth during
the upcast of the net tow (Figure 4.3).
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Figure 4.2. Map of the study area showing the locations of the four different station
locations
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Ensonified Volume

Figure 4.3. Diagram of TAPS mounting on MOCNESS and photos of the HTI and
TAPS acoustic instruments.
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The HTI and TAPS have important operational differences which must be considered

when comparing the measurements.. Each system has a different range of frequencies,
mode of deployment, volume ensonified, and method of noise subtraction. The 4frequency HTI has a lower range of frequencies than the 6-frequency TAPS. The HTI
is towed at a fixed depth near the surface and has down-looking transducers with beam
angles of 6 degrees for the 420 kHz transducer, leading to an increase in ensonified

volume with increasing range from the transducers (Table 4.2). Each value of Sv from
the HTI is an average of values recorded over a specified time interval (14 s in this
deployment).

Table 4.2. Volume ensonified for HTI 420 kllz beam at different ranges from the
transducers (range-gated depth bins of im thickness)

Ranjje from Transducers

Volume Ensonified

5m

0.1754 m3
5.1785 m3

25 m
lOOm

85.40m3

The TAPS was used in a data acquisition mode which collects backscatter data from a
constant ensonified volume of 0.0033 m3 (3.3 L) at 420 kHz that is centered 1.5 m

from the face of the transducers. The TAPS uses a range-gating procedure to divide
its ensonified volume into five partitions, obtains an independent measure of Sv for

each partition, and returns an average of these values. The user then decides how to
bin the data to ensure that enough samples are used in each average to achieve a

statistically robust average of Sv. In this case, the data were binned into 1 m vertical
bins to match the 1 m vertical bins of the HTI data. Each 1 m average of Sv was
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comprised of approximately 16 values of Sv, each of which was composed of five

independent measures of S,, so the resulting average consisted of 80 independent
samples. Finally, in this deployment, the TAPS was oriented so that it was sidelooking relative to the surface, while the HTI was down-looking. This means that
each instrument obtained acoustic backscatter from zooplankton whose orientation in
the water column differed relative to each acoustic system.

The noise subtraction routine used by each system was also different. The HTI used a
preset, user-defined profile of noise obtained during field calibration tests. As the
system collected a series of measurements, any echo that was below this noise

threshold was assigned a value of zero. The user sets a time interval over which
echoes are averaged to produce a value of Sv (14 seconds in this case). If there are a
large number of values that are slightly below the noise threshold, the average of all
values over the 14 second interval may be biased toward a low value of Sv due to the

incorporation of relatively large numbers of zero values. Since the system does not
return individual echo values, but only the average for the selected averaging interval,
we do not know how many zeros were used in computing the average.

In contrast, the manufacturer of the TAPS (BAE Systems) recommends defining noise
as the lowest value recorded during a vertical cast, then subtracting this value from all

other values. I followed their recommendation. This could result in an underestimate
of noise if the lowest value recorded in a cast is less than the true noise threshold. To
examine how this might affect the vertical pattern of Sv, I corrected the measured data
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with noise set at a higher threshold. I determined this threshold from a histogram of
measured backscatter for each profile and determined the value below which 5% of

the total values occurred. I set this value equal to the noise threshold and subtracted it
from all other values in the profile.

The shared frequency of 420 kHz was used as a basis for direct comparison of the

TAPS and HTI data. A profile of S was created for the HTI by selecting a value in
each vertical depth bin that corresponded to the time that the TAPS and MOCNESS

passed through that HTI depth bin. Average Sv was calculated over the vertical
sampling interval for each MOCNESS net for both acoustic systems.

Zooplankton were collected in the MOCNESS that was equipped with five nets of 333
p.m mesh and four nets of 150 p.m mesh. One net was deployed on the downcast and

its contents were not enumerated. The remaining eight nets were opened and closed
on the upcast with the four nets of 150 p.m mesh used for the shallowest four sampling
strata.

The zooplankton captured in each net were enumerated into taxonomic categories and

measured. Biomass was calculated following standard length-weight relationships
(Davis and Wiebe 1985). Individual biovolume was estimated from body length,
(equation A.7 in Appendix A).
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4.3.2

Calculations of Predicted Backscatter

Predicted backscatter was calculated by applying theoretical scattering models (see
Chapter 3) to the contents of the MOCNESS nets with each type of scatterer assigned

to a specific scattering model. The cumulative backscatter from all the individuals in a
MOCNESS sample (predicted Sv) was compared to the measured backscatter obtained
from the HTI and TAPS.

4.3.3

Inverse Calculations

Inverse calculations were performed on the TAPS data using the methods described in

Appendix A. Inversion of multi-frequency acoustic data depends upon a sufficient
number of organisms in the ensonified volume, a signal to noise ratio (SNR) that
exceeds a threshold of approximately 10 dB, and a sufficient number of independent
measurements of Sy to achieve a robust estimate of mean Sv (Greenlaw and Johnson

1983), Only TAPS data corresponding to the depth range of net 7 at CH5N were used
for inverse analysis, because this was the only net that met the assumptions regarding

Sv (analysis described in Appendix A). Computational exercises described in
Appendix A revealed that the best inversion results were obtained when data from
either the lowest (265 kHz) or highest (3000 kHz) frequency were eliminated from the

inverse calculations. Calculations were made, therefore, with the five lower
frequencies (265-1850 kHz) and the five upper frequencies (420-3000 kFIz) to

examine differences between the least-squares fits of predicted and measured Sv and
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differences in calculated biovolume. Biovolume calculated from the inverse method
was compared with biovolume calculated from the organisms in the MOCNESS
samples. The size-abundance distributions calculated from the inverse method were
compared to the size-abundance distribution of the MOCNESS contents.

4.4 Results

4.4.1

Comparison of Measured Svfrom TAPS and HTI

Distinct scattering features which had steep vertical gradients and intense backscatter
compared to background levels were observed by both acoustic systems at all stations

(Figures 4.4-4.13). Both the HTI and TAPS resolved steep vertical gradients in
backscatter that were poorly resolved when integrated over the strata of the individual

MOCNESS nets. The steep vertical gradients in Sv led to high variance of Sv within
the depth strata of MOCNESS nets. Examples are, CH5N, net 6 (Figures 4.4 and 4.9);
CP8D, nets 3 and 7 (Figures 4.5 and 4.10); HBO5, net 2 (Figures 4.7 and 4.12);

HBO6, net 4 (Figures 4.8 and 4.13). The 6-frequency TAPS data showed that the
variance of Sy averaged within a depth stratum of a MOCNESS net was greatest at the
four lower frequencies (265-1100 kHz, Figures 4.4-4.8). Acoustic backscatter within

the upper 5 m of the water column was greatly elevated (Figures 4.4-4.8). The high
values of Sv in this shallow zone are considered suspect as bubbles injected by wind
driven surface waves can cause elevated scattering (Medwin and Clay 1998).
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The magnitude of Sv measured at 420 kHz was generally less than 3 dB different
between the HTI and TAPS in areas of high (over -65 dB) backscatter, but in areas of
low (less than -65 dB) backscatter the TAPS measured much higher Sv than the HTI

(Figures 4.9-4.13). When a higher threshold was set for noise (5%), the TAPS
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Figure 4.4 Volume backscattering strength (Sv) profiles for all frequencies of the
TAPS at CH5N. Tick marks on the right y-axis show the vertical sampling strata of
each MOCNESS net (net number indicated). Colored dots mark the average Sv over
the vertical strata of each MOCNESS net and the lines indicate the standard deviation
about the mean. TAPS data is corrected by setting the noise threshold equal to the
smallest value of si., in the cast.
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TAPS at CP8D. Tick marks on the right y-axis show the vertical sampling strata of
each MOCNESS net (net number indicated). Colored dots mark the average Sv over
the vertical strata of each MOCNESS net and the lines indicate the standard deviation
about the mean. TAPS data is corrected by setting the noise threshold equal to the
smallest value of s, in the cast.
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about the mean. TAPS data is corrected by setting the noise threshold equal to the
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Figure 4.9. Plot of HTI backscatter at 420 kHz with the path of the MOCNESS/TAPS
(alternating colors indicate the depth at which nets were opened and closed), profile at
420 kHz for the HTI (black circles) and TAPS (blue line) and biomass from the
MOCNESS for CH5N. Tick marks on the right y-axis show the vertical sampling
strata of each MOCNESS net (net number indicated). The red line indicates the noise
threshold of the HTI and the light-blue line indicates the TAPS profile using the 5%
noise subtraction routine. Red circles on HTI profile indicate Sv averaged over the
sampling strata of each MOCNESS net and the error bars are El std. Small copepods
are defined as individuals <1 mm prosome length and large copepods are defined as
individuals >= 1 mm prosome length.
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Figure 4.10. Plot of HTI backscatter at 420 kHz with the path of the
MOCNES S/TAPS (alternating colors indicate the depth at which nets were opened
and closed), profile at 420 kHz for the HTI (black circles) and TAPS (blue line) and
biomass from the MOCNESS for CP8D. Tick marks on the right y-axis show the
vertical sampling strata of each MOCNESS net (net number indicated). The red line
indicates the noise threshold of the HTI and the light-blue line indicates the TAPS
profile using the 5% noise subtraction routine. Red circles on HTI profile indicate Sv
averaged over the sampling strata of each MOCNESS net and the error bars are +1 std.
Small copepods are defined as individuals <1 mm prosome length and large copepods
are defined as individuals >= 1 mm prosome length.
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Figure 4.11. Plot of HTI backscatter at 420 kHz with the path of the
MOCNES S/TAPS (alternating colors indicate the depth at which nets were opened
and closed), profile at 420 kHz for the HTI (black circles) and TAPS (blue line) and
biomass from the MOCNESS for CP8N. Tick marks on the right y-axis show the
vertical sampling strata of each MOCNESS net (net number indicated). The red line
indicates the noise threshold of the HTT and the light-blue line indicates the TAPS
profile using the 5% noise subtraction routine. Red circles on HTI profile indicate Sv
averaged over the sampling strata of each MOCNESS net and the error bars are ±1 std.
Small copepods are defined as individuals <1 mm prosome length and large copepods
are defined as individuals >= 1 mm prosome length.
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Figure 4.12. Plot of HTI backscatter at 420 kHz with the path of the
MOCNESS/TAPS (alternating colors indicate the depth at which nets were opened
and closed), profile at 420 kHz for the HTI (black circles) and TAPS (blue line) and
biomass from the MOCNESS for HBO5. Tick marks on the right y-axis show the
vertical sampling strata of each MOCNESS net (net number indicated). The red line
indicates the noise threshold of the HTI and the light-blue line indicates the TAPS
profile using the 5% noise subtraction routine. Red circles on HTI profile indicate Sy
averaged over the sampling strata of each MOCNESS net and the error bars are ±1 std.
Small copepods are defined as individuals <1 mm prosome length and large copepods
are defined as individuals >= 1 mm prosome length.
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Figure 4.13. Plot of HTT backscatter at 420 kHz with the path of the
MOCNESS/TAPS (alternating colors indicate the depth at which nets were opened
and closed), profile at 420 kHz for the HIT (black circles) and TAPS (blue line) and
biomass from the MOCNESS for HBO6. Tick marks on the right y-axis show the
vertical sampling strata of each MOCNESS net (net number indicated). The red line
indicates the noise threshold of the HTI and the light-blue line indicates the TAPS
profile using the 5% noise subtraction routine. Red circles on HIT profile indicate Sv
averaged over the sampling strata of each MOCNESS net and the error bars are ±1 std.
Small copepods are defined as individuals <1 mm prosome length and large copepods
are defined as individuals >= 1 mm prosome length.
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measurements were much closer to the HTI measurements in areas of low backscatter.
The resulting TAPS profile was also more variable in areas of low backscatter as the

difference between high and low S values in this part of the profile was accentuated
by subtracting a larger noise value. The only station where the TAPS and HTI showed
a different vertical pattern of Sv at 420 kHz was at CP8N where the HTI recorded
higher backscatter above 40 m and the TAPS showed a fairly constant mean level of
scattering throughout the water colunm with many large spikes (Figures 4.6 and 4.11).

4.4.2

Comparison of Measured S andBiomass from MOCNESS

The vertical pattern of Sv was not always similar to the vertical pattern of biomass

obtained from the nets. The vertical pattern of Sv from the HTI and TAPS followed
the vertical pattern of biomass from the MOCNESS at station CH5N (Figure 4.9), and
the vertical pattern of Sv from the HTI followed the vertical pattern of biomass at
CP8N (Figure 4.11), while the vertical pattern of Sv from the TAPS at this station did

not. The vertical pattern of Sv did not match the vertical pattern of biomass at CP8D,
FIBO5, or HBO6 (Figures 4.10, 4.12, and 4.13). The presence of large euphausiids
and copepods, even in relatively small numbers, appears to be correlated to large

increases in scattering. This was the case for the deep scattering feature (below 80 m)
at CP8D corresponding to nets 1 and 2 (Figure 4.10, Table 4.3), the deep scattering
feature (below 70 m) at HBO5 corresponding to net 1 (Figure 4.12, Table 4.3), and the
layer of high backscatter between 60-90 m at HBO6 corresponding to net 3 (Figure
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4.13, Table 4.3). There were many spikes in Sv in the TAPS profile at HBO6 below
60 m, and these may correspond to large euphausiids in nets 1-3 and large
chaetognaths in nets 1 and 2 (9.1 m3, 30.3 mm in length and 3.0 m3, 20 1 mm in

length respectively) (Figure 4.8, Table 4.3). There is no clear relationship between

measured S from the TAPS and biomass at CP8N. Net 5 had the largest biomass, but
this is not the region of highest backscatter. Large euphausiids are present throughout
the water column and their presence appears to be correlated to the many spikes in Sv
seen in the TAPS record (Figure 4.6, Table 4.3).

111

Table 4.3. Density and average length of euphausiids and copepods of all life stages at
each station.
Station Net Euphausiid Cop epod
Copepod Avg.
Euphausiid
Density
Density
Avg. Length
Length
(ii m)
(n m)
(mm)
(mm)
CH5N
1
2.86
382
10.13
1.46
2
3

4
5

6
7
8

CP8D

1

2
3

4
5

0

2.95

1

3

4
5
6

10.41

0.09
0.53
0.24
0.75
0.38
0.13

8

0.07
0.09

1

1.76

7

2
3

4
5

6

HBO6

0
0

7

2

HBO5

1.14
2.55
0.65
1.75
0.62
0.63

6
8

CP8N

6.39
11.94
15.46
15.90

1

2
3

4
5
6

25.64
0.65
0.59
2.66
0
0.01

0.07
0.26
0.01
0.17
0

1309
898
830
740
4154
13498
9417
170.3
419.5
293
412.4
2169.1
5091.3
9004.1
7537.9
432
278
394
1321

38993
7695
27380
12190
1461
1561

5085
24923
24687
3169
277
740
1682

4242
31205
20264

9.68
8.60
7.31
8.13
9.0
8.11
9.09
17.09
9.60
10.29
NA
NA

NA
3.39
0.96
13.63
13.69
11.51

10.64
10.87
16.51
14.85
13.23

7.72
4.12
4.63
4.00
2.29
NA
15.56
9.84
9.57
11.49
2.33
NA

1.34
1.17
1.40
1.08
1.35
1.17
1.20
1.28
1.43
1.53
1.33
1.35
1.18
1.17
1.11
1.31
1.23
1.35
1.08
1.31

1.29
1.04
1.02
1.68
1.64
1.28
1.13
1.11

0.93
1.32
1.33
1.17
1.14
1.12
1.08
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4.4.3

Comparison of Predicted and Measured Sr

Predicted Sr was 5 to 25 dB different from measured Sv for 68% of the depths at all
stations, 32% were less than 5 dB different (Figures 4.14-4.18). Predicted Sv was
generally higher than measured Sv from the HTI at 38, 120, and 200 kllz (94% of all
values, 6% were lower or the same) and lower than measured Sv from the TAPS at
700, 1100, 1850, and 3000 kHz (98% of all values, 2% were higher or the same).

Measured Sv from the TAPS 265 and 420 kHz and the HTI 420 kHz was generally
less than 10 dB (63% of all values) and often less than 5 dB (50% of all values)
different from predicted Sr at most of the stations (37% were greater than 10 dB
different) (Table 4.4).

Table 4.4. Frequencies of HTI and TAPS where measured Sy was less than 5 dB
different from predicted Sv at each station.

Station HTI Frequencies TAPS Frequencies
CH5N

CP8D

38
120

CP8N

420
420

HBO5

38

265
420
700
265
420

265
420
420

420
HBO6

38
120
200
420

420
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Figure 4.14. Profiles of predicted (black) and measured Sv from the HTI (blue) and
TAPS (red) for CH5N Error bars on HTI and TAPS indicate 1 standard deviation
about the mean. Error bars on predicted S, indicate the range of predicted total Sv if
the density in the nets vas changed by ±50%.
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Figure 4.17. Profiles of predicted (black) and measured Sv from the HTI (blue) and
TAPS (red) for HBO5. Error bars on HTI and TAPS indicate 1 standard deviation
about the mean. Error bars on predicted S indicate the range of predicted total Sv if
the density in the nets was changed by ±50%.
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Figure 4.18. Profiles of predicted (black) and measured Sv from the HTI (blue) and
TAPS (red) for HBO6. Error bars Ofl HTI and TAPS indicate 1 standard deviation
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The contribution to predicted scattering from large euphausiids and copepods is
disproportionate in comparison to their contribution to the total biomass (Figures 4.19-

4.23). Large euphausiids are important components of predicted scattering at 38, 120,
and 200 kHz. Small euphausiids, when present, are important contributors to
predicted scattering at 420 kHz and have a decreasing contribution from 700-3000
kHz. Large copepods are important contributors at 200-3000 kHz and small copepods

become important contributors at 1100, 1850, and 3000 kHz. Large chaetognaths are
present at station HBO6 and are an important component of predicted scattering at 38265 kHz but less important at 420-3000 kHz (Figure 4.23).

Profiles of predicted and measured S, (Figures 4.14-4.18) demonstrate more clearly
which nets have a larger disagreement between measured and predicted Sv. In
general, nets containing large euphausiids, copepods, and chaetognaths had higher
predicted Sv than measured Sv (CH5N, nets 3 and 4, Figure 4.14 and Table 4.3;

CP8D, net 3, Figure 4.15 and Table 4.3; HBO6, nets 1 and 2, Figure 4.18,
Chaetognaths 30.28 mm and 20.11 mm in length respectively). Predicted Sv
calculated from nets whose vertical sampling strata spanned a gradient in backscatter

was higher than measured Sv averaged over the same depth interval (CH5N, net 6,
Figure 4.14; HBO5, net 2, Figure 4.17).
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-7

120

38 kHz

0

200kHz

120kHz

I.

50

50

100

1 00

1001

150

0

2

150

4

0

0.5

0.5

0

26kHz x 10

420kHz x°

0

1001

150'

0

2

4

6

1100kHz

0

501

100

100

150

1501

x108

501

100

1001

3000 kHz x 10'

00

1850 kHz X 10

50

700 kHz

0

50

ci

-

50

50
1

150

1

2

0

- LarQe Copepoøs
Small uphauslids
Large EupllauSnds

150L
0

Small Copepods

lOOp

1501
1

2

3

4

0

2

4

10_

Predicted s,
Figure 4.20. Contribution to predicted backscattering (sw) of different taxonomic
groups for CP8D. s. is the linear expression of Sv (see equation 3.3 in Chapter 3).
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Figure 4.21. Contribution to predicted backscattering (sw) of different taxonomic
groups for CP8N. s, is the linear expression of S (see equation 3.3 in Chapter 3).
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4.4.4 Analysis of SNR and Numbers of Individuals in Ensonfied volume

The signal-to-noise ratio (SNR) of the TAPS data was only above 10 dB in a few

discrete depth intervals for the lower five frequencies (Table 4.5). The SNR at 3000
kHz was always below 10 dB. There was, on average, less than one euphausiid in the
ensonified volume of the TAPS (Table 4.6). Nets where there were 25 or more
copepods in the TAPS ensonified volume are indicated by an * (Table 4.6). Nets
which had a minimum of 25 copepods and were in depth ranges where the SNR>
10 dB were used in inversion calculations. The only net that met both these
requirements was net 7 at station CH5N.

Table 4.5. Depth ranges where SNR> 10 dB for all stations and corresponding
MOCNESS net(s).

Station
CH5N
CP8D

CP8N
HBO5
HBO6

Depth Range where SNR>1O dB
10-25 m
0-7 m

- Corresponding MOCNESS Net
7

NA

80-98m

3

0-7

0-6m

NA
NA

86-99 m
0-7m

NA

57-97m
l68-170m
170-187m

1

3
1

1
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Table 4.6. Average number of copepods and euphausiids in the TAPS ensonified
volume at 420 kHz for each net at each station. Nets indicated by an * have over 25
copepods in the TAPS ensonified volume (3.3 L).
Station Net Depth Range
Number of
Number of
cop epods
euphausiids
in the ensonifled
in the ensonified
volume
volume
CH5N
I
100-120 m
1.26
0.01
2
75-100 m
4.32
0.02
3
50-75 m
2.96
0.04
4
47-50m
2.74
0.05
5
35-47m
2.44
0.05
6
20-35 m
13.71
0.003
7*
10-20 m
44.54
0.01
8*
0-10 m
31.08
0.002
CP8D
1
120-130 m
0.56
0.006
2
100-120 m
1.38
0.002
3
75-100 m
0.97
0.002
4
50-75 m
1.36
0
5
30-50 m
7.16
0
6
15-30m
16.80
0
7*
7-15 m
29.71
0.01
8*
0-7 m
24.88
0.034
CP8N
100-114 m
1.43
0.0003
2
80-100 m
0.92
0.002
3

4
5*
6*
7*
8*

HBO5

1

2
3

4*
5*
6

HBO6

1

2
3

4
5*
6*

50-80m
35-50m

1.30

4.36

25-35 m
15-25 m
7-15 m
0-7 m
lOO-120m
60-100 m

128.68

30-60m
20-30m

16.78
82.25
81.47
10.46
0.91
2.44
5.55
14.00
102.98
66.87

10-20 m
0-10 m
150-200 m
80-150 m
60-80 m
20-60 m
10-20 m
0-10 m

25.39
90.35
40.23
4.82
5.15

0.001
0.002
0.001
0.0004
0.0002
0.0003
0.006
0.08
0.002
0.002
0.01
0

0.00003
0.0002
0.0009
0.00002
0.0006
0
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4.4.5

Comparison of Inverse Results and MOCNESS data

There were differences between the least-squares fits of inverse calculations made
with the five lower (265-1850 kHz) and the five upper (420-3000 kHz) frequencies

(Figure 4.24). Normalized residuals of the non-linear least-squares fit and the data
were lower in areas of higher backscatter, and residuals from inverse calculations
made with the five upper frequencies were generally lower than those made with the

five lower frequencies. Normalized residuals that are near unity or smaller indicate
that there is a good fit between measured and predicted Sv from the inverse
calculations (C.F. Greenlaw, personal communication).

Biovolume calculated from inverse methods matched the pattern and magnitude of

biovolume calculated from the MOCNESS data at CH5N (Figure 4.24). In general,
the size-abundance distributions calculated with the inverse method did not match the
size-abundance histograms from the corresponding MOCNESS net (Figure 4.25). The

inverse calculations resulted in higher numbers of individuals m3 than the
MOCNESS, with the size distribution shifted to smaller size classes. The Distorted
Wave Born Approximation (DWBA) portion of the model resulted in size-abundance
distributions that did not match the size-abundance distribution of euphausiids

captured in the MOCNESS for any of the stations. The Truncated Fluid Sphere (TFS)
portion of the model resulted in size-abundance histograms that approximated the size-
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abundance distribution of copepods captured in the MOCNESS, but the number of
copepods predicted by the inverse method was much higher than the number captured
in the net.

4.5 Discussion

4.5.1

Comparison of MeasuredAcoustic Data andBiomass Patterns

Both acoustic systems resolved scattering features that had steep gradients and high Sv

levels compared to the background. These features were often obscured within the
sampling strata of the MOCNESS nets. The TAPS and HTI showed the same vertical
pattern of Sv at the one frequency they have in common, 420 kHz, except at CP8N

where the TAPS signal appeared to be influenced by the presence of large euphausiids
throughout the water colunm (Figure 4.11). The magnitude of Sv was similar in areas

of high scattering, even at increased range for the HTI system. This agreement was
not necessarily expected, because the ensonified volumes and orientations of the two
instruments were different. Both of these factors could be expected to affect the
magnitude of measured 5v, but these results show that in areas of high scattering these
factors may be relatively unimportant.

In areas of low scattering, the magnitude of Sv measured by the HTI was much lower

than that of the TAPS. This could be due to the different noise subtraction routines
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that may bias data from both systems in areas of low scattering. Measurements from
the HTI could be artificially low and measurements from the TAPS could be

artificially high in these areas of the water column. For the HTI, in these areas of low
scatter, an unknown number of zeros could be included in the average for each

measure of S, thus resulting in a potential underestimate of Sy. For the TAPS, if
there are many low values of Sv less than 0.5 dB different from each other, then
setting the lowest value as noise may result in an underestimate of noise and a

subsequent overestimate of Si,. Setting the noise threshold higher, to a point where
5% of the s values lie below the noise threshold, had little affect on the highest Sv
values in the profile but reduced the lower values of Svby up to 10 dB. This method
brought the TAPS values into closer agreement with the HIT values in areas of low

backscatter. Additionally, because of the shorter range between the transducers and
ensonified volume for the TAPS, it is possible that the TAPS is measuring weak
scattering from zooplankton that the HTI is not.

The vertical pattern of measured S did not always match the vertical pattern of total
biomass determined from the MOCNESS contents. The taxonomic and size
compositions of the zooplankton assemblage appeared to strongly influence measured

Sv. Large euphausiids, copepods, and chaetognaths were often associated with intense

scattering features and low total biomass. Patterns of Sv are clearly not analogous to
patterns of biomass.
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4.5.2

Comparison of Predicted and Measured Sr

Calculations of predicted Sv can be used to investigate the relationship between

measured Sv and the MOCNESS contents. In many cases, the relationships between
predicted and measured S, from the two acoustic systems were dissimilar. Measured
Sv at 265 and 420 kHz from the TAPS was often less than 5 dB different from

predicted Sv. Measured Sv at 420 kHz from the HTI was also less than 5 dB different
from predicted Sy at four of the five stations (CP8D, CP8N, HBO5, HBO6). At
HBO5 and HBO6, the coverage from the 420 kHz on the HTI system only fully
ensonified the vertical strata of two nets so relationships at these stations are based on

a small number of points. Measured 5v at 38 kHz was less than 5 dB different from
predicted Sv for nets at stations where the predicted Sv was relatively low and due

primarily to copepods (CP8D, HBO5, and HBO6). If we had obtained measurements
with only one of these instruments, we may have concluded that the models

consistently over-predicted S,, in the case of the HTI, or consistently under-predicted

S, in the case of the TAPS. When we combine the measurements from both
instruments, we have a much greater frequency range to consider. It becomes clear
that the relationship between predicted and measured Sv may be frequency dependent,

and scattering was not consistently over- or underestimated. This illustrates the need
to exercise caution in the interpretation of scattering data from a limited range of
frequencies.
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For most of the TAPS frequencies, scattering from copepods was predicted to be more

important than scattering from euphausiids (Figures 4.19-4.23). The target strength of
copepods is generally higher when measured from a side-looking rather than a downlooking acoustic system (Figure 3.6, Chapter 3). In general, because the TAPS was
oriented in a roughly side-looking position and the orientations used in the predicted
Sv calculations correspond to a down-looking acoustic system, it would be expected

that the TAPS measurements of S would be higher than predicted Sy. This is true for
nearly all nets at all stations from 420-3000 kHz. Measured Sv from the TAPS may
have values closer to predicted Sv than measured Sv from the HTI for at least two
reasons: First, the TAPS is in closer spatial proximity to the net; and second,
copepods, which are the most important contributors to scattering at the TAPS

frequencies, may be sampled more accurately by the net than the larger, faster

swimming euphausiids. Net bias towards copepods, which are the most important
contributors to backscatter at 420 kHz, may also explain why measured Sv from the
HTI at this frequency shows a consistently good agreement with predicted Sv.

The scattering models appear to overestimate scattering from copepods at 265 kHz

relative to measured S. This is seen most clearly for net 5 at CP8N and nets 4 and 5
at HBO5 (Figures 4.16 and 4.17). At 265 kHz, the predicted scattering for these nets
is greater than the measured scattering, while the predicted Sv at 420, 700, and 1100

kHz agrees fairly well with measured Sv. Copepods are predicted to be the most
important contributors to scattering (Figures 4.21 and 4.22) and the biomass of

copepods in these nets is high (Figures 4. hand 4.12).

133

Predicted scattering from large chaetognaths also appears to be overestimated by the

models. Predicted Sr for nets 1 and 2 at HBO6 , where large chaetognaths were
located (Figure 4.13), is consistently higher than measured Sv at 38, 200, and 265

(Figure 4.18). Predicted S for net 2 at 120 kHz agrees well with measured Sv, but
because this is the only comparison point at this frequency, the overall relationship
between predicted and measured S is not completely clear for large chaetognaths.

When the vertical sampling stratum of a MOCNESS net spans a gradient in scattering,

there can be poor agreement between measured and predicted Sv. Net 6 at CH5N and
net 2 at HBO5 both span a steep gradient in scattering (Figures 4.9 and 4.12). The
variance of the average Sv measured by the TAPS and HTI for these nets was high

(CH5N, Figures 4.4 and 4.9; HBO5, Figures 4.7 and 4.12). The predicted Sv is higher
than the measured Sv at 3 8-200 kHz, but the agreement is closer at 265 and 420 kHz

(Figures 4.14 and 4.17). It appears that vertical integration of zooplankton biomass by
nets can result in predicted calculations that are overestimating Sv in this case, though

underestimation is also possible. Direct samples to be used in predicted calculations
should be collected over depth ranges that incorporate distinct scattering features and
do not span gradients in scattering.

4.5.3

Comparison of Inverse Results and MOCNESS Data

The inverse calculations produce biovolume profiles that have a similar vertical
pattern to those derived from the MOCNESS, but the resulting size-abundance
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distributions are different. The vertical pattern and magnitude of biovolume from the
inverse calculation using the upper five frequencies matched the vertical pattern and
magnitude of biovolume calculated from the MOCNESS at CH5N (Figure 4.24).
Although the normalized residuals of the fit of predicted and acoustically derived
biomass were lower with the inverse calculation using the upper five frequencies, the
results of the inverse calculation using the lower five frequencies matched the

MOCNESS data better. A slightly better model fit may not always be the best
solution.

The inverse calculations resulted in much higher densities of smaller individuals than

were found in the MOCNESS samples. Explorations of the inverse method described
in Appendix A showed that the acoustically derived size-abundance histograms
resulted in higher densities of smaller individuals when the 3000 kHz data was

included (Figure A.9). Signal-to-noise ratio calculations show that this frequency has
the lowest SNR, so I hypothesize that noise may bias the inverse results towards

higher densities of smaller individuals. Although the SNR was greater than 10 dB for
net 7 at CH5N which was used in the inverse calculations here, it is still possible that
noise is affecting the results of the calculation. It is also possible that the TAPS is

detecting scattering from large numbers of small organisms which are extruded

through the mesh of the net. This would result in higher Sv, particularly at the higher
frequencies, and this could account for the discrepancy between the acoustically and
net-derived size-abundance distributions.

135

A different noise subtraction routine was explored in which a histogram of measured
s, values at each frequency was created and noise was set at the value below which
5% of the total s, values occurred. This value was then subtracted from all the s,

values in the profile and inverse calculations were performed. While increasing the

noise threshold reduced the magnitude of measured S' in areas of low backscatter, it
had no affect on the magnitude of S, in areas of high backscatter. The SNR of the 5%
corrected acoustic data was greatly improved with nearly all of the measurements at
all frequencies having a SNR

10 dB. The magnitude of predicted biovolume derived

from inverse calculations was reduced in areas of low backscatter but unaffected in
areas of high backs catter. The fit of the predicted Sv to the measured Sv was not
different from calculations made with acoustic measurements which were corrected

for noise by setting the lowest value equal to noise in the profile. The abundance of
small individuals predicted by the inverse calculations were much greater than the net-

derived abundance estimates. The abundance of small individuals in the DWBA
portion of the model was reduced for inverse calculations which used the 5% noise
corrected acoustic data, but these abundances were still much greater than the

MOCNESS-derived abundances. Setting noise at a higher threshold had some effects
on the inverse calculations, but the fit of the model and match of the inverse-derived
size-abundance histograms to the MOCENSS-derived size-abundance histograms was
not greatly improved.
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4.5.4

Comparison with Past Studies

Acoustic systems are clearly superior to net sampling systems in determining

distribution patterns of zooplankton. Previous studies using a towed single frequency
(420 kHz) acoustic system and a MOCNESS (Wiebe et al. 1996) and a two frequency
acoustic system (120 and 420 kHz) mounted on top of a MOCNESS (Greene et al.
1998) have shown that there can be a good relationship between measured and

predicted S, even in taxonomically diverse zooplankton assemblages. Other studies
comparing acoustic systems to nets and pumps have not found such a close agreement.

(Costello et al. 1989; Napp et al. 1993). Costello et al. (1989) found that there was as
much variability between replicate pump samples as between acoustically and pump

derived biovolume estimates, illustrating that sample variability can have large affects
on the comparison of acoustical instruments and direct sampling systems. Napp et al.
(1993) found that sampler bias made comparisons of acoustically derived biomass and

MOCNESS derived biomass difficult. They found that the biovolume of larger, rare
organisms was underestimated by their acoustic instrument relative to the MOCNESS.

Because of the complex nature of scattering from zooplankton and the fact that most
zooplankton assemblages are composed of a number of types and sizes of scatterers, in
the majority of cases, acoustic data alone cannot be translated into biovolume or size-

abundance data. Additional caution must be used in comparing acoustically derived
biomass to biomass derived from a direct sampling system such as a net or pump.
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Every sampling instrument has bias and the variability of plankton distributions

introduces additional variability. Using a direct sampling system in conjunction with
an acoustic instrument is important and comparisons between systems are necessary,
but no one system should be considered an unbiased standard.

In this study, predicted scattering and measured scattering showed a closer agreement
for the acoustic system which was spatially coupled with the direct sampling system
and at frequencies where scattering from copepods is most important. Different direct
sampling systems, such as pumps and image forming optics, must be used in

conjunction with acoustic systems to confirm the composition of discrete backscatter
features (pumps) and resolve densities of faster swimming taxa which can avoid nets

(image forming optics). The deployment methods of acoustic systems, including the
maimer of spatial coupling with direct sampling systems and orientation in the water
column, must be carefully considered, because both factors can affect the agreement

between measured and predicted Sv. Finally, careful attention must be given to the
necessary assumptions of the inverse methods when interpreting the agreement
between these results and direct samples.

4.6 Conclusions

1) The TAPS and HTI resolved scattering features that had steep gradients and high

Sv levels compared to the background. These features were often integrated in the
sampling strata of the MOCNESS nets.
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2). The TAPS and HTI showed the same vertical pattern of Sv at the one frequency

they have in common, 420 kHz, at five of the six stations. The magnitude of Sv was
the same in areas of high scattering, even at increased range for the HTI system. In

areas of low scattering, the magnitude of S measured by the HTI was much lower
than that of the TAPS. This could be due to the different noise subtraction routines
used with each system, which may bias data from one or both systems in areas of low

scattering. Measurements from the HTI could be artificially low and measurements
from the TAPS could be artificially high in these areas of the water column.

The vertical pattern of measured S did not always match the vertical pattern of
total biomass determined from the MOCNESS contents. The taxonomic and size

compositions of the zooplankton assemblage appeared to strongly influence measured

Sv. Large euphausiids, copepods, and chaetognaths were often associated with intense
scattering features and low total biomass.

In many cases, there was not a close relationship between predicted Sv and

measured Sv from either acoustic systems. Measured Sv at 265 and at 420 kHz from
the TAPS and 420 kHz from the HTI had the most consistent relationship with

predicted S. Both acoustic instruments and the MOCNESS are subject to different
limits and errors, and while comparisons between them are important, no one
instrument should be considered the absolute standard.
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5). The scattering models appear to overestimate scattering from copepods at 265 kHz
and scattering from large chaetognaths at low frequencies (38 - 265 kHz) relative to

measured S,.

When the vertical sampling stratum of a MOCNESS net spans a gradient in

scattering, there can be poor agreement between measured and predicted Sv. It
appears that vertical integration of zooplankton biomass by nets can result in predicted

calculations that overestimate S, though underestimation is also possible.

Biovolume calculated from inverse methods agreed with biovolume calculated

from the MOCNESS contents, but the size-abundance distributions did not. The
results of the inverse calculation using the lower five frequencies matched the
MOCNESS data better.
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5

Observations of Finescale Vertical Plankton Distributions
and Associated Physical Parameters

5.1 Abstract

To more accurately define the linkages between finescale plankton distributions and
physical factors, we conducted simultaneous finescale vertical profiles of physical and
optical properties near a bottom-mounted Acoustic Doppler [Current] Profiler (ADP)

over the Oregon continental shelf. Backscatter data from the ADP were used to
determine the finescale distribution of zooplankton. Series of profiles were conducted
on four sampling dates (1 July 2001, 5-7 September 2001). Discrete samples of
phytoplankton, microzooplankton, mesozooplankton, and chlorophyll were collected

with a pump sampling system. Discrete layers of phytoplankton were observed in the
majority of profiles over the four sampling days. These layers had sharp vertical
boundaries associated with steps in the density profile and with local peaks in vertical

shear. On 1 July, 2001, two discrete, collocated layers of phytoplankton and
zooplankton were observed. These layers represent a distinct concentration of the
total water column biomass (35% of the zooplankton biomass in 20% of the sampled
water column) and the phytoplankton and zooplankton community composition of

these two layers was different. This suggests that there may be different sources or
mechanisms of formation of these layers. A separate study on 23 August 2003
investigated whether these observed concentrations of plankton were also areas of

increased grazing activity. In-situ grazing determined from analysis of Colored
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Dissolved Organic Matter (CDOM) had a negative relationship with the vertical
distribution of total biomass of phytoplankton, microzooplankton, and
mesozooplankton, but a positive relationship with the vertical distribution of

pteropods; a minor contributor to zooplankton biomass. These results show that
discrete, concentrated layers of plankton may be common, but even when predator and
prey are collocated, they may not be areas of high grazing rates.

5.2 Introduction

The spatial and temporal distribution patterns of plankton have been an important
focus of oceanographic research for many years (Cassie 1963; Haury et al. 1978;

Denman 1994). It is well recognized that increased temporal and spatial variability in
plankton distributions can affect biomass estimates (Wiebe and Holland 1968). Good
estimates of abundance and biomass are necessary to accurately calculate important
population and ecological parameters, such as population growth, secondary
production, and carbon export flux (Besiktepe and Dam 2002; Brentnall et al. 2003).
It has become clear in recent years that the vertical distribution of plankton can be
highly variable at spatial scales less than 1 m (Cowles et al. 1998; Holliday et al. 1998;

McManus et al. 2003). This has important implications for sampling methods and
understanding foodweb processes.
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Long before sampling technologies were advanced enough to allow researchers to
resolve finescale vertical plankton distributions, it was recognized that discrete
concentrations of phytoplankton must exist because the observed mean concentrations
were too low to support zooplankton metabolism (i.e., Mullin and Brooks 1976).
Optical instruments with rapid sampling rates and new deployment methods have
revealed that discrete, highly concentrated layers of phytoplankton exist in the coastal

ocean. These layers are associated with gradients in density and low turbulence and
can persist for hours (4-6 hours) or days (1-2 days) (Bjornsen and Nielsen 1991;
Cowles and Desiderio 1993; Cowles et al. 1998; McManus et al. 2003). While there

are still relatively few observations of this kind, it appears that these thin layers of
phytoplankton are not rare or randomly distributed and sampling on fine vertical
scales (less than 1 m) is necessary to resolve the distribution patterns of
phytoplankton.

Many zooplankton are known to possess the chemosensory and locomotory
capabilities to sense sharp gradients in phytoplankton concentrations and to change

their swimming behavior to remain within a patch or layer of increased phytoplankton
concentration (Cowles et al. 1988; Price 1989; Tiselius 1992). Very few
investigations have examined the physiological and reproductive consequences of a

patchy food environment. Results of one study showed that increasing temporal
variability in food availability lowered the egg production of two copepod species, but
had no effect on two others (Dagg 1977). Recent modeling efforts have attempted to

quantify the degree of availability of a patchy resource to different species as a
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function of the resource distribution and the consumer's foraging behavior, which

varies among species (Grunbaum 2002). It appears that patchy food environments can
affect zooplankton, but the magnitude of that effect will vary depending upon the
pattern of patchiness, the foraging behavior, and the physiology of the species in

question. Zooplankton not only have the ability, but some may have a critical need, to
efficiently locate and remain within a patch or layer of increased phytoplankton.

Acoustic and optical instruments have revealed that finescale (less than 1 m) vertical
layers of zooplankton exist (Holliday et al. 1998; Widder et al. 1999; Chapter 2). The
layers observed in these studies were persistent for 4-48 hours and were sometimes
associated with the density structure of the water column (Widder et al. 1999;

Alldredge et al. 2002; McManus et al. 2003). Layers of zooplankton collocated with
layers of phytoplankton or marine snow have also been observed, (Widder et al. 1999;

McManus et al. 2003) but this is not always the case (Herman 1983; Napp et al. 1988;

Huntley et al. 1995; Jaffe et al. 1998; Chapter 2). Additional finescale vertical
measurements of plankton distributions and physical properties of the water column
are needed to further quantify the characteristics of finescale vertical zooplankton
distributions and how they are related to phytoplankton distributions and physical
factors.

Distribution patterns alone are oniy an indicator of potential foodweb interactions. To
fully resolve the ecological impact of finescale plankton distributions, in-situ grazing

rates must be determined. Incubation experiments are one technique to collect such
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data, but these experiments are affected by containment conditions and are time

consuming to conduct. One new and promising technique is to use the spectral
character of the excitation-emission matrix of Colored Dissolved Organic Matter

(CDOM) in seawater to detect metabolic products of grazing. The fluorescent
characteristics of CDOM can provide information on the source of the material (Coble
1996). There have been three previously described excitation-emission regions which
correlate to humic-like materials from terrestrial, riverine, and marine sources.
Laboratory and field experiments have shown that zooplankton grazing on cells in
exponential growth results in a distinct humic-like peak with an excitation maximum
around 285 nm and an emission range of 3 65-460 nm which is intermediate between

peaks A (excitation 260 nm, emission 380-460) and M (excitation 312 nm, emission
380-420 nm) and lower than peak C (excitation 350, emission 420-480 nm) (Urban-

Rich et al. 2004). The strength of this signature has a positive linear relationship with
the amount of grazing activity.

In this study, I collected finescale measurements of phytoplankton, microzooplankton,

mesozooplankton, and physical parameters. Profiles with a free-fall instrument
package showed that phytoplankton were concentrated in distinct layers with sharp
boundaries which were associated with steps in the density profile and with local

peaks in vertical shear. A moored ADP showed that there were distinct scattering
layers collocated with concurrently observed phytoplankton layers. Direct sampling
with a pump system revealed that these scattering layers were composed primarily of
copepods, though each layer had a distinct zooplankton and phytoplankton
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community, suggesting that there were different sources or mechanisms of formation

for each layer. A separate study using the pump sampling system collected finescale
vertical measurements of phytoplankton, microzooplankton, mesozooplankton, and
CDOM. Vertical patterns of the CDOM grazing signature had a negative relationship
with the vertical pattern of mesozooplankton, phytoplankton, and microzooplankton
total biomass, but a positive relationship with the vertical distribution of pteropods.
Depths with maximum concentrations of plankton biomass, even when predator and
prey are collocated, may not be areas of maximal grazing activity.

5.3 Methods
5.3.1

Study Site

The study site was located 10 km off the Oregon coast at historical station NH- 10 on

the Newport Hydrographic Line (Small and Menzies 1981) (Figure 5.1). The water
column depth is approximately 80 m. This station is located within the highly
productive summer upwelling region and there are strong seasonal changes in
temperature, current direction, mixed layer depth, and surface nutrients, with shorter
temporal fluctuations in upwelling favorable conditions occurring within the
upweiling season (Smith 1968; Small and Metizies 1981; Huyer 1983). There are also
strong seasonal changes in the biomass and taxonomic structure of the zooplankton
community in this region (Peterson et at. 1979).
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Figure 5.1. Map of the study area off the coast of Oregon. The black square marks
the location of NH-1O, the site of the bottom-mounted ADP where all samples were
collected.
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5.3.2

Instrumentation

The site was instrumented with a bottom-mounted, 500 kHz Sontek ADP. Three
minute averages of horizontal velocity and acoustic backscatter were used in this

study. Data were collected in the depth range of 8-68 m and had 2 m vertical
resolution. A slightly negatively buoyant profiling package was used to collect high
vertical resolution data on water column physical and optical properties (Figure 5.2,

panel E). The package was equipped with flotation so that it dropped slowly through
the water column (10-20 cm s1) and was allowed to drop freely, independent of the
ship's motion. The package was equipped with the following instruments: Seabird 25
CTD, Wetlabs Wetstar chlorophyll fluorometer, Wetlabs AC9 (measures absorption
and beam attenuation at nine wavelengths), and a Sontek Acoustic Doppler

Velocimeter (ADV) (measures horizontal velocity). Because the package was slightly
negatively buoyant, it moved horizontally with the mean water flow as it descended

through the water column. Therefore, measurements from the ADV are not true
horizontal velocity but are measures of horizontal velocity relative to the free-fall
package and are approximate measures of vertical shear.
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Figure 5.2. Pictures of the pump sampling system and profiling package. A) pump,
B) profiling package with hose attached, C) desurging tank (1) and collection tank (2),
D) collection tank with plankton net, and E) profiling package with flotation attached
for free-fall deployment.
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A pump collection system was designed and built to collect direct samples of

chlorophyll, phytoplankton, microzooplankton, and mesozooplankton. A Homelite
3.5 hp diaphragm pump was used (Figure 5.2, panel A). The intake for the system
was located on the profiling package (Figure 5.2, panel B) and outfitted with a
specialized nozzle which minimizes turbulence at the intake site (Brooks 1979). A 2.5
inch rigid hose was attached to the nozzle and connected to the pump, which was on

deck. After the water passes through the pump, it enters a desurging tank (Figure 5.2,
panel C, 1) which dampens the pulsing flow from the action of the diaphragm. The
water then flows out of the desurging tank and past an Omega FP-5800 flow meter

(Figure 5.2, panel C, 2). The flow could then be channeled in two directions: out an
exhaust hose for water sample collection (chlorophyll, phytoplankton, and
microzooplarikton) or into a water filled tank with a plankton net (75pm mesh) for

mesozooplankton collection (Figure 5.2, panel D). The net was placed in a tank of

water to reduce extrusion of zooplankton through the mesh. The flow rate of the
system was consistent at 200 L min1

Organisms of nearly all sizes, from small flagellates to fragile ctenophores, passing
through the system appeared to be intact and undamaged. Larger medusae were

damaged, and were rarely captured. To compare the sample bias of the pump system
for small organisms to the sample bias of a Niskin bottle, an experiment was
conducted in which water samples were collected from a Niskin bottle closed at the

same depth and time as water was collected from the pump system. The
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phytoplankton taxonomic composition of the Niskin and pump samples were very

similar. Total numbers of phytoplankton cells were different by 8%, but differences in
individual taxa numbers ranged from 0.09-378% (Table B. 1, Appendix B).

An experiment was also conducted to compare the sample bias of the pump system for

mesozooplankton. A vertical net tow was conducted at the same time as a full water
column pump profile. The net was equipped with 220 im mesh and had a 0.5 m
opening. Both the vertical net and the pump samples had the same zooplankton
community composition, though the pump sample had higher overall abundance
estimates, particularly of small copepods (less than 1 mm) and larvaceans and the net

captured a few large copepods (4-5 mm), while the pump captured none (Figure B. 1,

Appendix B). A Kolmogorov-Smimov test for goodness of fit showed that the size
distribution of copepods was not significantly different between the net and pump

samples (Appendix B). Given these results, I feel that the pump samples represent the
same zooplankton community composition and size structure as vertical net samples,
though the pump samples have higher abundance estimates.

5.3.3

Data and Sample Collection

Free-fall profiles to collect data on water column properties and pump profiles to
collect direct samples were conducted on 1 July 2001 and 5-7 September 2001. Table
5.1 shows the number of casts and the depths of discrete pump samples collected on
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each day. The ship was positioned upcurrent of the station and allowed to drift while
repeated free-fall profiles were collected. All profiles were conducted within 1 km of
the bottom-mounted ADP. Pump samples were also collected on 23 August 2003 to
investigate the relationship between vertical distributions of plankton and in-situ
grazing rates determined by CDOM analysis.

Table 5.1. Number of free-fall profiles conducted and depths of discrete pump
samples for each date
Date
Number of Free-fall
Depths of Discrete
Profiles
Pump Samples (m)
1 July2001
7
5, 10,15,20,25 ,30 ,35, 40, 45, 50
5 September 2001
24
NA
6 September2001
20
NA
7 September 2001
7
NA
23 August 2003
NA
5, 10, 15, 20, 25, 30, 35, 40, 45, 50,
55, 60, 65, 70

Chlorophyll, phytoplankton, microzooplankton, and mesozooplankton samples were

collected at each depth. Water was taken directly from the pump exhaust for
phytoplankton and microzooplankton samples. Phytoplankton were preserved in 0.2%

buffered formalin. Microzooplankton were preserved in 10% Lugols solution.
Approximately 2000 L of water was filtered through a 75 jtm mesh net to collect

mesozooplankton which were preserved in 4% buffered formalin. Some
phytoplankton and microzooplankton sample bottles were lost due to breakage, so data
on phytoplankton and microzooplankton density and taxonomic composition do not
exist for every sample depth.
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5.3.4

Sample Analysis

Phytoplankton and microzooplankton samples were placed in settling tubes for 12 h,

then enumerated on an inverted epifluorescent microscope. Dinoflagellates which
were autotrophic or mixotrophic (had some chlorophyll) were counted in the

phytoplankton samples. Dinoflagellates in the Lugols samples could not be separated
into auto/mixotrophic and heterotrophic categories so all dinoflagellates were counted
in the microzooplankton samples.

Mesozooplankton were enumerated and measured using a silhouette photographic

method (Ortner et al. 1979; Davis and Wiebe 1985). The silhouette photographs are
digitized and organism body sizes measured using techniques developed by P. Wiebe,
N. Copley, and R. Little (WHOI) and supported by the US GLOBEC program.
Zooplankton in the silhouette photographs were identified to basic categories (e.g.,

copepod, euphausiid, chaetognath). Zooplankton were also identified and enumerated
using standard microscopy techniques.

The community composition of samples was compared with the Percent Similarity
Index (PSI) which was calculated as in (Wiebe et al. 1973):

PSI=: 100(1 - 0.5E!A-BP
Equation 5.1
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Where A1 and B, are the percent of species i in samples A and B, respectively. PSI is
expressed as a percent.

5.3.5 Data Analysis

Horizontal velocity data from the bottom-mounted ADP were provided by P.M. Kosro

(COAS, OSU) as three minute averages. Vertical shear was calculated as:

Vertical shear = ((dv/dz)2 + (du/dz)2)°5

Equation 5.2

Where dv/dz and du/dz are the vertical gradients in north-south and east-west

horizontal velocity components measured over 2 m vertical intervals. We assumed an
error in horizontal velocity of 2 cm s1 for both U and V which results in an error on
calculated shear of 0.02 s (following discussion in Papoulis, A. 1965). Five profiles

of velocity centered in time around the downcast of a pump profile were averaged and
shear was calculated from the resulting mean velocity profile. The error on this mean
profile was calculated as 0.027(5)05 which results in one standard error of 0.0089 s1 on

the average shear profile.

Raw backscatter data were provided as 'counts' which were converted to volume
backscatter (Sv) following the conversion equation provided by Sontek:
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Sv(dB)

043*(number of counts)
Equation 5.3

The data were then corrected for transmission loss as:

Corrected Sv = Sv + (20log(r) + 2ar)
Equation 5.4

Where u is the absorption of sound by water and is set equal to 0.1 (following Sontek
guidelines) and r is the range from the transducers in meters. The ADP is not
calibrated with standard hydrophones, so the measure of volume backscatter is

relative. While the absolute magnitude of S, cam-iot be determined, the distribution of
scatterer assemblages can be resolved.

Good resolution of vertical shear from the ADV depends upon a smooth free-fall

descent of the profiling package. When the package was on the ship's wire, as for
pump profiles, the ADV data were not reliable, Additionally, if there were vertical
surges in the descent of the profiling package during a free-fall profile due to jerks in
the attached data cable, the ADV data were also not useable. Of the 58 free-fall
profiles over the four sampling dates, only 15 had acceptable ADV data. Vertical
segments of ADV data were excluded from analysis if the descent rate of the profiler
slowed abruptly (A 0.05m s1 over a 0.5m interval), with a simultaneous increase (A 3

degrees) in the tilt of the profiler.
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Temperature, conductivity, and pressure data from the Seabird25 were processed

following protocols recommended by Seabird. Density and salinity were calculated
using the Seabird software. A seven point median filter was run twice, resulting in
profiles with approximately 10-15 cm vertical resolution, depending upon the descent

rate of the profiling package. A regression equation was calculated to relate
fluorescence from the Wetstar fluorometer to direct chlorophyll samples for each

sampling date. This equation was then used to convert fluorescence to chlorophyll.

Absorption and beam attenuation data from the AC9 were used to determine the
proportion of autotrophic cells in the water column profile and to estimate the amount

of Particulate Organic Carbon (POC). The raw AC9 data was corrected for
temperature and salinity (Pegau et al. 1997) and pure water calibrations were applied.
The beam attenuation at 650 nm (c650) has been shown to be a good proxy for POC

(Bishop 1999). The following equation was determined from regression analysis of
c650 measurements and POC concentrations collected in the coastal ocean off Oregon
in August of 2001 (Karp-Boss and Wheeler 2004).

POC (tM) = 62.1 (+ 33) * c650 9.3 (± 1.4)
Equation 5.5
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The vertical profile of the ratio of particulate absorption at 676 nm and beam
attenuation at 650 nm (a6761c650) was used to determine the proportion of particles
(measured by c650) which contain chlorophyll a (which absorbs light at 676 nm) (Kirk

1994). Water samples were collected at each pump sampling depth on 23 August
2003 for analysis of the CDOM signature of zooplankton grazing (Urban-Rich et al.

2004). The samples were filtered through 0.2 tm filters, the filtrate was frozen, and
the samples were analyzed by J. Urban-Rich (University of Massachusetts, Boston)

following Urban-Rich et al. (2004). Samples from 55 and 60 m were contaminated
and not used in this analysis.

5.4 Results

5.4.1

Vertical pattern of Chlorophyll and its Relationship with Vertical Shear and
Density

A representative profile from 1 July 2001 is shown in Figure 5.3. The vertical pattern
of chlorophyll was characterized by distinct subsurface peaks within a broader
chlorophyll maximum which had sharp upper and lower boundaries. These peaks had

chlorophyll concentrations that were two times higher than that in the rest of the
chlorophyll maximum and 10 to 15 times higher than that in the rest of the water

column. The vertical profile of POC (not shown) matched the vertical profile of
chlorophyll indicating that phytoplankton were the main source of POC. The ratio of
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a676/c650 did not change with depth (Figure 5.4). These vertical patterns were
common among the 58 profiles conducted on 1 July, and 5-7 September 2001.
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Figure 5.3. Profiles of relative velocity from the ADV, buoyancy frequency (N2), and
chlorophyll from 1 July 2001. The yellow line on the ADV profile shows the raw data
averaged into 0.5 m bins to illustrate the general trend in relative velocity. Arrows
indicate the location of boundaries in the chlorophyll peak and the closest associated
peaks in N2 and relative velocity.
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Figure 5.4. Profile of a676/c650 showing ratio of autotrophic cells to total particles
and chlorophyll from 1 July, 2001.
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The boundaries of these peaks and the lower bound of the chlorophyll maximum were
spatially collocated with peaks in buoyancy frequency (N2) and relative velocity

(approximate vertical shear) (Figure 5.3). Peaks in N2 were, however, not always

collocated with boundaries of chlorophyll peaks. The chlorophyll peaks were located
in areas of low relative velocity ( 5 cm s'). This vertical pattern of chlorophyll and
its relationship to N2 and relative velocity were seen in 13 of the 15 profiles with good

ADV data over the four sampling dates in July and September 2001.

The spatial relationship of chlorophyll boundaries, peaks in N2, and peaks in vertical
shear were seen during the pump profiles, though the relationship between gradients in
chlorophyll and peaks in shear were not as distinct as those observed during the free-

fall profiles. Vertical shear from the bottom-mounted ADP was compared to vertical
patterns of N2 and chlorophyll because the ADV data were not reliable during pump

profiles. The vertical resolution of the ADP is 2 m and so much of the finescale
vertical structure observed with the ADV may be vertically averaged and not as

obvious in these profiles. Also, while the pump profile was conducted as close to the
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Figure 5.5. Mean of five vertical shear profiles from the bottom mounted ADP with
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from the downcast of the pump profile on 1 July 2001. Black arrows indicate the
boundaries of the chlorophyll peaks and the associated peaks in N2 and vertical shear.
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Figure 5.6. Volume backscatter (Sv) from the bottom-mounted ADP over the time
period of the pump profile on 1 July 2001 (Panel 1) and a single Sv profile taken from
the beginning of the time record corresponding to the pump downcast.
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ADP as possible, there is a greater spatial separation between the ADP and the CTD
on the package and the shear profile calculated from the ADP data may not be
representative of the finescale vertical shear profile in the exact location of the pump

profile. A mean profile of shear corresponding to the time of the pump downcast is
shown here (Figure 5.5). In this example from 1 July 2001, there were two
chlorophyll maxima with distinct peaks within each maximum. The peaks had sharp
boundaries which were sometimes associated with peaks in N2 (5, 15, 32 and 37 m)

and vertical shear (37 m). The ADP data does not extend to the upper part of the
water column where the upper chlorophyll maximum is located.

5.4.2

Relationship between Volume Backscatter and Chlorophyll Peaks

The vertical pattern of volume backscatter collected during the pump cast on 1 July
2001 shows two layers of scatter, one located between 40 and 50 m and another above

20 m (Figure 5.6). The boundaries of these layers have steep gradients and relatively
high Sv in comparison to background levels. These scattering layers are spatially
collocated with the chlorophyll maxima (Figures 5.5 and 5.6).
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5.4.3

Vertical Patterns in Biomass and Taxonomic Composition

The vertical pattern of zooplankton biomass during this 1 July pump profile showed
two distinct peaks, one at 10 m comprising 14.5% of the total water column biomass
and one at 40 m comprising 20.4 % of the total water column biomass (Figure 5.7).
These peaks were vertically collocated with the scattering layers (Figure 5.6). Steep
gradients in biomass were evident with five meter vertical sampling resolution. For

example, the overall biomass minimum was located at 35 m and the overall biomass
maximum was located at 40 m. Copepods comprised the largest portion of the total
zooplankton biomass and were located throughout the water column. Also present,
but in relatively small numbers, were furcilia and juvenile stages of euphausiids,,
chaetognaths, pteropods, larvaceans, polychaetes, ctenophores, and small medusae.
The taxonomic composition at the genus and species level revealed differences in the
community composition throughout the water column (PSI calculations, Tables 5.2

and 5.3). The biomass peak at 10 m was dominated by copepods of the genus Acartia
while the peak at 40 m was dominated by copepods of the genus Pseudocalanus.

There was considerable variability in zooplankton community composition throughout

the water column. Adjacent samples (e.g., 5 and 10 m) had very different zooplankton
community compositions while samples from different parts of the water column (e.g.,

5 and 35 m) had similar zooplankton community compositions (Table 5.2).
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Table 5.2. Percent Similarity Index (PSI) of community structure from 1 July 2001
zooplankton samples. PSI values less than 50 are highlighted.
Depth 5
10
15
20
40
45
50
25
30
35
5

10
15

20
25
30
35
40
45
50

37.95
72.17
59.88
80.60
82.81
74.84
39.42
49.22
54.36

63.66
60.07
53.86
48.97
48.55
53.11
67.72
52.03

85.61

86.52
81.45
80.93
60.11
70.79
74.38

78.53
74.34
76.83
65.77
75.91
80.25

93.96
87.47
52.23
63.73
67.73

86.15
51.36
61.20
66.98

60.25
68.89
76.07

76.83
80.58

80.79

Table 5.3. Percent Similarity Index (PSI) of copepod community structure from 1 July
2001 zooplankton samples.
Depth 5
10
15
20
40
45
50
25
35
30
5
10
15

20
25
30
35
40
45
50

88.05
70.36
52.62
73.00
69.68
36.75
14.84
37.22
25.91

70.36
50.95
71.30
69.97
41.36
19.55

37.32
30.62

79.35
95.63
90.45
58.73
37.33
59.30
49.82

79.37
71.57
66.33
45.08
66.66
57.28

89.13
60.36
38.96
60.86
50.03

64.83
43.63
65.41
55.88

62.24
73.88
68.61

77.62
83.23

88.04

0

hi contrast, the copepod community composition revealed clearer trends in similarity

between adjacent depth samples. Samples were grouped based on similarity
(PSI>50%) and fell into two basic groups, with some overlap: Samples from the
upper water column (5, 10, 15, 20, 25, 30, and 35 m), and samples from samples in the

lower part of the water colunm (20, 25, 30, 35, 40, 45, and 50 m). Interestingly, the
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sample from 40 m, within the lower chlorophyll peak, had a different copepod
community composition from samples at 5-30 m. Samples 10 meters apart, at 30 and

40 m, were less than 50% similar in copepod species composition.

Due to the loss of some samples, data on the density and taxonomic composition of
the phytoplankton and microzooplankton are less complete. However, the data show
important differences in species composition and cell abundance between the two

phytoplankton layers (as defined by the chlorophyll profile) and other regions of the

water column. Phytoplankton were more abundant in the layer centered around 10 m
than in the layer centered around 40 m (Figure 5.8). These cell counts agree with the
chlorophyll profile which showed higher chlorophyll levels in the upper layer (Figure

5.5). The upper layer was numerically dominated by centric diatoms of the genus
Thalassios Era, while the layer at 40 m was numerically dominated by the diatom

Chaetoceros. The PSI value for the comparison of 10 and 40 m is 49.15%, indicating
that these two phytoplankton communities were different using the criteria of

PSI<50% (Table 5.4). PSI values for the zooplankton samples also indicated that
communities at 10 and 40 m were different (19.55%, Table 5.2).

Based on a limited number of microzooplankton samples, microzooplankton were
more abundant in the upper water column, and dinoflagellates occurred only at these

shallower depths (Figure 5.9). The only PSI value between sample pairs that
exceeded 50% was for the 5 and 10 m samples, indicating that the microzooplankton

community composition varied greatly over the water column (Table 5.5).
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Table 5.4. Percent Similarity Index (PSI) of phytoplankton community structure from
1 July2001.
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Table 5.5. Percent Similarity Index (PSi) of microzooplankton community structure
from 1 July2001.
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5.4.4 CDOM
The CDOM excitation-emission matrices from August 23, 2003 had a distinct
zooplankton grazing signature (excitation peak at 285 nm and emission range of 390-

460 nm) at 30, 35, 40, and 50 m (Figure 5.10). The values were highest at 35 and 40
m. Copepods strongly dominated the zooplankton community and had a density
maximum at 20 and 25 m, with low numbers below 20 m (Figure 5.11). There was,
therefore, no relationship between the vertical distribution of copepods and the

location of the CDOM signature of zooplankton grazing. In addition to copepods, the
zooplankton community also contained larvaceans, pteropods, chaetognaths, and

euphausiids (furcilia). Of particular interest is the vertical distribution of pteropods,
which showed relatively low numbers in the upper water column but a peak in
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abundance at 35 and 40 m, matching the depths of the highest CDOM excitation-

emission values. The vertical distribution of all other zooplankton groups did not
show any positive relationship with the CDOM grazing signature. The vertical pattern
of the CDOM grazing signature showed a negative relationship with the vertical

distribution of phytoplankton and microzooplankton (Figures 5.10 and 5.11). The
maximal grazing signature was seen at depths where there were relatively few

phytoplankton and microzooplankton. The majority of phytoplankton and
microzooplankton were located above 20 m where the CDOM grazing signature was
weakest.

5.5 Discussion

5.5.1

Distributional Patterns of Phytoplankton and Zooplankton

A sequence of high-resolution vertical profiles in July and September 2001 revealed
distinct layers of phytoplankton that had steep vertical gradients in concentration
which were associated with peaks in N2 and vertical shear. The results suggest that
these distributional patterns and their associations with the water colunm stability (N2)

and the shear structure of the water column may be common over the Oregon
continental shelf. These patterns have been seen previously over the Oregon
continental shelf (Cowles and Desiderio 1993; Chapter 2) and in other areas (Bjomsen
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and Nielsen 1991; Cowles etal. 1998; McManus et al. 2003). The ratio of a676/c650
increased slightly with depth (0.3 vs 0.28) on 1 July 2001 (Figure 5.4). This indicates
that the proportion of autotrophic cells was slightly higher in the deeper phytoplankton
layer. This could be due to the fact that the total number of particles had decreased,
making cells containing chlorophyll a higher proportion of the total number of
particles.

The phytoplankton layers often persisted over the course of profiling each day, which
ranged from 2-6 hours, a time period in which zooplankton could detect the layer and
potentially ingest enough food to meet their daily ration (Durbin et al. 1990; Tiselius
1992). As Grunbaum (2002) points out, the degree to which a zooplankter will benefit
from this concentrated food source will depend upon its initial location and foraging

strategy. Work by Dagg (1977) also indicates that the relative short-term benefit
(higher egg production) of feeding on patchy resources may also depend upon the

physiology of the zooplankter. Some species, which appear to have a greater ability to
physiologically integrate in a patchy food environment, may not show large changes in
egg production if the concentration of available food varies temporally.

Acoustic backscatter data collected on 1 July 2001 from the moored ADP revealed
distinct layers of scatterers, which had steep vertical gradients. Because this moored
instrument was not calibrated with standard hydrophones, the magnitude of measured
Sv was relative, but did reveal very distinct gradients over short vertical distances (5-
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10 dB over 2 m). The identity of the scatterers in the ADP backscatter data was
determined from enumeration of direct pump samples. These data show that the
layers were indeed composed of zooplankton and that nearly 35% of the total water

column biomass was concentrated in these two layers. These data support the
hypothesis that zooplankton can detect and aggregate on these patchy food sources.
While thin scattering layers presumed to be zooplankton have been observed in a fjord
(East Sound, Orcas Island, WA) (Holliday et al. 1998), the example given here, which
is representative of a larger data set which will be discussed in Chapter 6, is evidence
confirming the composition of such layers, and demonstrating the collocation of
zooplankton with layers of phytoplankton.

The phytoplankton and zooplankton community composition of the two layers

observed on 1 July 2001 were different. The upper layer was dominated by the
centric, chain-forming diatom Thalassiosira and the coastal copepod species of the
genus Acartia while the deeper layer was dominated by the spine-bearing diatom

Chaetoceros and the more oceanic copepod species of genus Pseudocalanus. These
differences in taxonomic composition may indicate different mechanisms of formation
of the two layers or different source populations. Without observations of layer
formation, the underlying mechanisms of these differences cannot be determined One

possibility is that shear dispersion acting over small vertical scales (less than 1 m) in a
stable water column with very little vertical mixing could transform patches of

phytoplankton into layers (Osborn 1998; Cowles 2003). Advection of the upper and
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lower portions of the water column in different directions could then transport a layer
formed in one region over a layer formed in another region resulting in the vertical

pattern of phytoplankton distribution and community composition we observed.
Zooplankton are not passive particles like phytoplankton, and so it is likely that
behavior plays a large role in the formation of layers of zooplankton.

In addition to observing differences in the composition of the two dominant layers at
10 m and 40 m, there was also one case in which the zooplankton community

composition from pump samples only 10 m apart was less than 50% similar (30 and

40 m, Table 5.3). These results suggest that between-sample variability does not
decrease with decreasing spatial separation, further emphasizing the importance of
high-spatial resolution sampling to properly characterize the distributional patterns of
plankton biomass and community composition.

5.5.2

Consequences of Coarse Scale Sampling

The presence of adjacent, narrow vertical intervals of the water column with distinct

phytoplankton and zooplankton species composition is strong evidence in support of
new approaches to sampling that resolve phytoplankton assemblages on vertical scales
of 0.5 m or less, and zooplankton assemblages on vertical scales of 5 m or less. This
point can be illustrated quite clearly through simple simulations of discrete samples of
phytoplankton and stratified net tows through a vertical distribution of zooplankton.
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These simulated data sets help illustrate that while general patterns of abundance may
be captured by coarse sampling, the magnitude of biomass peaks and the sharp

gradients defining these peaks would not have been resolved.

One typical sampling method for vertical chlorophyll patterns is to use a fluorometer
trace to determine depths from which to take discrete samples with Niskin bottles and
filter water for laboratory chlorophyll analysis. Points representing chlorophyll
samples taken every 5 m capture the overall vertical pattern of chlorophyll
distribution, but do not resolve the peaks of chlorophyll within the two maxima or the
sharp gradients around these peaks (Figure 5.12, Panels I and 2). Internal waves can
cause vertical oscillations of a few meters in the chlorophyll profile and the depth of
the features can change from the time of the fluorometer trace to the time of the

sample collection. If these samples had been taken a few meters lower or higher in the
water column, a different vertical pattern would have been resolved (Figure 5.12,

Panel 3). Additionally, fluorometers on traditional tethered profiling packages, which
descend more rapidly through the water column and may be continuously displaced
by

vessel motion, would likely be unable to resolve the sharp gradients in chlorophyll
seen in this profile.

Zooplankton samples are often taken from nets that integrate biomass over a vertical
stratum within the water column, or integrate the whole water column. In this
simulation biomass estimates from adjacent pump samples were averaged to create an
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integrated sample taken over a 10 m vertical stratum (Figure 5.13). The simulation

results show that, in comparison to the 5 m resolution samples (Fig 5.7), absolute
magnitude of the biomass peaks within the 10 m thick sample is reduced and the sharp
gradients in biomass, particularly between 35 and 40 m, are no longer evident (Figure

4.13). Clearly, coarser scale sampling can result in underestimates of biomass and
smear vertical gradients in distribution. Incze et al. (2001) took discrete pump
samples at vertical intervals of 5 m or less over Georges Bank which revealed large

changes in copepod abundance between sampling depths. Our observations show
similar characteristics of the vertical pattern of zooplankton abundance and further
emphasize the importance of sampling at vertical intervals of 5 m or less to more
accurately resolve the vertical pattern and magnitude of zooplankton biomass.

5.5.3

Vertical Grazing Patterns

The results of this study provide a high-resolution picture of the vertical distribution of

phytoplankton and zooplankton, and suggest that grazing may be concentrated within

narrow vertical intervals. The collocation of phytoplankton and zooplankton layers
indicates that zooplanicton may be efficiently locating, and exploiting discrete layers

of concentrated phytoplankton. These measurements alone, however, do not tell us

how intense the grazing activity is in these layers. Such information is critical in the
assessment of trophic energy transfer, elemental cycling, and carbon flux. New
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techniques in the analysis of CDOM may provide us with an in-situ indication of
grazing activity.

The analysis of the CDOM excitation-emission spectra from samples collected in
August 2003 indicate that the maximal grazing activity may not occur at the same
depth as the maximum in biomass. Instead, in this profile, the vertical pattern of
grazing activity followed the vertical pattern of pteropod abundance, a relatively

minor constituent to total zooplankton biomass. These data suggest that during the
time period just before sampling, pteropods were actively grazing while copepods

were not. While CDOM production from pteropod grazing has not been directly
investigated, if zooplanicton taxa as diverse as copepods and larvaceans show the same

CDOM signature, it is quite possible that pteropods will also produce CDOM with the

same spectral characteristics. It is also possible that prior to sampling, copepods
grazed heavily at 35 and 40 m and moved up in the water column when their food
source had been depleted, leaving behind a pool of CDOM. The rate at which CDOM
produced by zooplankton grazing is degraded and the intermediate compounds

produced is currently under investigation. The negative relationship between the
vertical pattern of prey distributions and CDOM grazing signature could be due to the
fact that intense grazing pressure has reduced phytoplankton and zooplankton biomass

at these depths. It does not seem likely that the detection of the CDOM grazing
signature below the copepod biomass maximum is due to sinking of fecal pellets and

excreted materials. If this were the case, we would also expect to detect the CDOM
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signature at the depth where the fecal pellets and excretion are being produced and this
was not observed.

There are factors which may complicate the use of CDOM spectra to indicate grazing

activity. For example, feeding on senescent cells can lead to a net input of protein-like
material (excitation 275 nm, emission 310 nm, tyrosine, or 340 nm, tryptophan) and
this could result in an underestimate of grazing based on CDOM analysis alone.
Additionally, while copepods and larvaceans have both been shown to produce
CDOM with this distinct spectral character (J. Urban-Rich, unpublished), nothing is

specifically known about other zooplankton taxa. Still, the laboratory results indicated
that the primary avenue by which CDOM was released during grazing was excretion

and fecal pellet dissolution, not sloppy feeding. This will result in an input of CDOM
with the distinct spectral characteristics described above and not in CDOM which

would reflect a protein or marine humic-like source. While this is a new area of
research with some uncertainties, the fact that a distinct humic-like peak can be
detected for both copepods and larvaceans feeding on fast-growing phytoplankton
cells is very promising and can be used with some degree of confidence. In addition,
collection of CDOM samples is rapid and, if these samples are collected in
conjunction with samples of mesozooplankton and their prey, relationships between
biomass and taxonomic distributions and grazing rates can be evaluated.

It has been hypothesized that the temporal and spatial match between predator and

prey is critical for the success of the predator population (Cushing 1969). These data

184

suggest that not only is the spatial-temporal match important, but the rate of ingestion
must also be measured to determine the potential benefit to the predator population.
Independent measurements of phytoplankton and microzooplankton production and
longer term observations which might show the decline of a phytoplankton layer due
to grazing, are needed to evaluate this hypothesis.

Vertical distribution patterns of plankton alone are clearly not sufficient to resolve

foodweb interactions. The results of this pilot study show that the relative grazing
activity of zooplankton can be evaluated on fine vertical scales when the vertical
distribution and taxonomic composition of plankton are evaluated in conjunction with
the spectral excitation and emission characteristics of CDOM,. This technique shows
considerable promise in evaluating in situ grazing rates.

5.5.4 Summaiy

The vertical pattern of chlorophyll shown in this example was representative of the 58

profiles conducted in 2001, suggesting that discrete layers of plankton with steep
vertical gradients may occur frequently in the coastal ocean, thus requiring the use of
sampling methods capable of resolving plankton biomass distributions at small scales.

I observed that layers of phytoplankton and zooplankton were collocated, but this
information alone was not sufficient to determine the potential trophic interactions.
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Results from a separate study in August 2003 demonstrated that grazing activity may
not always be positively related to the distribution of zooplankton and their prey, so
we cannot assume that collocated layers of phytoplankton and zooplankton are

necessarily areas of high in-situ grazing rates. Using acoustics and optics to resolve
finescale plankton distributions in conjunction with a direct sampling system capable

of at least 5 m vertical resolution is a promising combination of approaches.
Consistent application of these approaches to resolve finescale plankton distributions
and to determine potential trophic interactions will lead to a better understanding of
the ecological consequences of finescale distribution patterns.

5.6 Conclusions
Discrete layers of phytoplankton were observed in the majority of profiles. The
boundaries of these layers had sharp vertical gradients which were associated with
peaks in N2 and vertical shear. The layers were located in areas of low vertical
shear.

Discrete layers of zooplankton were collocated with layers of phytoplankton.
Acoustic backscatter data showed that these layers had steep vertical gradients and
intense scattering compared to the background.
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Direct samples showed that the two layers observed on 1 July 2003 comprised the
majority of zooplankton biomass and had different phytoplankton and zooplankton
community compositions, indicating different sources or mechanisms of formation.

In-situ grazing rates determined by CDOM analysis showed grazing activity was

negatively related to the vertical distribution of phytoplankton, microzooplankton,

and mesozooplankton. Grazing activity was positively related to the vertical
distribution of pteropod abundance, a minor contributor to total biomass. This
indicates that even when layers of phytoplankton and zooplankton are collocated,
grazing activity may not be high.
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6

Characteristics and Mechanisms of Formation and
Maintenance of Phytoplankton and Zooplankton Layers
Observed in Summer and Fall over the Oregon
Continental Shelf and Their Potential Ecological Roles

6.1 Abstract

The ubiquity and character of phytoplankton and mesozooplankton layers and their
associated physical factors were examined in the Summer and Fall of 2001 in the

midshelf region off the Oregon coast. A free-fall profiling package was used to collect
data on water column stability, horizontal current velocity, water column optical

properties, acoustic volume backscatter, and discrete samples of phytoplankton,
microzooplankton, and mesozooplankton on four successive sampling days in late
June and early July 2001, three successive sampling days in early September 2001,
and one sampling day in early October 2001. Discrete layers of phytoplankton were
observed on all eight sampling days. In general, the layers had steep gradients and
intense chlorophyll concentrations compared to the rest of the water column. The
gradients in chlorophyll were associated with local peaks in buoyancy frequency (N2)
and sometimes with peaks in shear. This suggests that the interaction of water column

stability and shear act to form these layers and water column stability plays an
important role in maintaining the layers. Distinct scattering layers were observed on

all eight sampling days and discrete pump samples indicated that these layers were
composed of mesozooplankton. Phytoplankton and mesozooplankton layers were
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often collocated, but not always. Two distinct layers of phytoplankton and

mesozooplankton were observed from 28 June-i July. These layers had different
water mass properties, optical characteristics, and species compositions indicating that
they had different sources, temporal evolution, and potentially different mechanisms
of formation. I hypothesize that both layers were formed nearshore in the denser,
freshly-upwelled water and the upper layer was advected offshore, maintained in the
euphotic zone as the water became more buoyant due to solar heating and the lower
layer was advected down an isopycnal and transported offshore at depth. These two
layers may be representative of distinct patterns of vertical structure over the
continental shelf that play different, and important ecological roles.

6.2 Introduction

The characteristics of phytoplankton and zooplankton layers determine the sampling
methods necessary to resolve taxonomic and biomass distributions and the potential
ecological role the layers may play. The thickness of the layer, the steepness of the
gradients, and the intensity of the concentration within the layer in comparison to the
rest of the water column are all important characteristics to assess (e.g., McManus et

al. 2003). These characteristics, in conjunction with data on frequency of occurrence
and temporal persistence, help determine the ecological importance of these layers.
Furthermore, understanding the mechanisms of formation and maintenance of layers
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may indicate the physical conditions necessary for their existence and persistence
(e.g., Cowles 2003).

Previous observations have demonstrated that phytoplankton are often concentrated in
distinct layers in the water column (Chapter 5). These layers vary in thickness, but
many have steep vertical gradients and higher concentrations of phytoplankton relative

to the rest of the water column. While sampling at vertical scales typical of many
plankton studies (e.g. 5-10 m resolution) may resolve general patterns of vertical

distribution, the steep gradients and high densities of phytoplankton within layers may

not be adequately resolved (Chapter 5). If the concentration of phytoplankton within a
layer is underestimated, important processes such as rates of primary production may

also be underestimated. Sampling with high vertical resolution (less than 1 m) is
necessary to properly characterize phytoplankton distributions even if the observed
layers are more than 1 m thick.

Steep gradients in phytoplankton concentration create a vertically structured feeding

environment for zooplankton grazers. Many zooplankton are capable of detecting
gradients in phytoplankton and changing their swimming behavior to maintain their
vertical position within a layer or patch of phytoplankton (Price 1989; Tiselius 1992).
Steeper gradients provide better sensory cues to grazers than diffuse boundaries and
may enhance the change in swimming behavior which would increase the likelihood
that the zooplankter would remain in the phytoplankton layer. These enhanced
encounter rates with potential food items should result in enhanced ingestion rates and
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a shorter time interval for the grazer to obtain its daily ration. Decreasing the time
interval required to obtain a daily ration may be important for zooplankton that

encounter ephemeral layers and may only be able to remain in a near surface layer
during the night to feed before descending to avoid visual predators during the day.

Clearly, layers with intense concentrations of phytoplankton and steep vertical

gradients can be areas of enhanced primary production and grazing. Such layers were
observed during several cruises over the of Oregon continental shelf during the

summer of 2001. This paper presents the characteristics of these plankton layers and
their association with the physical processes that form and maintain them. Layers

were observed on eight sampling days in June and September of 2001 indicating that
they may be common in the mid-shelf region off Oregon. In June-July, two distinct
layers were observed in the water column, which contained different phytoplankton

and zooplai±ton species compositions. The vertical separation of these layers suggests

different source waters. The objectives of the study were to identify how common
these layers were in early through late summer and early-fall over the mid-shelf and
determine the potential mechanisms of formation of these layers.
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6.3 Methods
6.3.1

Data and Sample Collection

Samples were collected on eight one-day cruises on the RI\T Elakha at NH1O, a station
10 nmiles off the Oregon Coast which is described in Chapter 5 (Figure 5.1). A free-

fall profiling package (described in Chapter 5) was used to collect high vertical
resolution data on physical and optical water column properties. A pump sampling
system (described in Chapter 5) was used to collect discrete, direct samples of

phytoplankton, microzooplankton, and mesozooplankton. The station is instrumented
with a bottom-mounted 500 k}{z Acoustic Doppler [Current] Profiler (ADP), which

provided data on horizontal velocity and relative acoustic backscatter.

Sampling was conducted on 28, 29, 30 June 2001; 1 July 2001; 5, 6, 7 September

2001; and 4 October 2001. Six to 24 free-fall profiles and one pump cast were
conducted each day (Table 6.1).

Table 6.1. Number of free-fall profiles and depths of discrete pump samples
conducted each sanp1ing day during 2001.
Date
Number of Free-fall
Depths of Discrete
Profiles
Pump Samples
28June
6
10, 30, 38, 50, 65

29June

11

3OJune

10
7

10, 25, 37, 55
9, 25, 45, 65
5, 10 ,15, 20, 25 ,30 ,35, 40, 45, 50

24
20

5, 15,30,65

iJuly
5 September
6 September
7 September
4 October

7
9

5, 15, 40, 65
6, 17, 29, 70
3, 10, 38, 65
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6.3.2

Data and Sample Analysis

Analysis of phytoplankton, microzooplankton, and mesozooplankton samples was

described in Chapter 5. Mesozooplankton biomass was calculated from established
length:weight regression equations and individual length measurements obtained using

the silhouette photographic method (Davis and Wiebe 1985). Percent Similarity Index
(equation 5.1) was calculated between all samples.

The ADP data were analyzed to obtain vertical shear (Equation 5.2) and acoustic
volume backscatter (Sv, equation 5.3) over 2 m vertical intervals. The measurement
uncertainty on velocity was ±2 cm s and so one standard error on shear estimates is
0.021(N)°5 where N = number of profiles averaged together (see Chapter 5). Three

shear profiles, centered in time around each free-fall CTD profile, were averaged

together. Density (ct) was determined from the Seabird 25 CTD data and buoyancy
frequency

2)

was calculated from

over 10 cm intervals. Details of the analysis

are given in Chapter 5. The Richardson number (Ri), an index of water column
stability, was calculated over 2 m vertical intervals as:

Ri = N2/shear2

Equation 6.1

Optical properties of the water column were determined from a chlorophyll a
fluorometer (Wetlabs Wetstar) and a multi-spectral absorption and attenuation meter
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(Wetlabs AC9). Chlorophyll a fluorescence was used to estimate the vertical pattern

of phytoplankton distributions. A regression equation was calculated to relate
fluorescence to direct chlorophyll samples for each sampling date and this equation

was then used to convert fluorescence to chlorophyll. Absorption and beam
attenuation data from the AC9 were used to estimate the proportion of autotrophic
cells in the water column (ratio of absorption at 676 nm and attenuation at 650 rim,
a676/c650) and to estimate the possible contribution of detrital and dissolved material
to the absorption signature at each depth (ratio of particulate absorption at 440 nm and

676 nm,a440/a676). Calibration and analysis of the AC9 data is described in Chapter
5.

Because the ADP only provides data from approximately 8-68 m, I have limited the

detailed analysis of the relationship between water column stability, shear, and
plankton distributions to those days where distinct plankton layers occurred below 10

m (28 June, 29 June, 30 June, 7 September). While there were distinct plankton layers
below 10 m on 1 July, these data were examined in Chapter 5 and will not be
presented in detail here.
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6.4 Results
6.4.1

Character of Phytoplankton Layers

Distinct layers of phytoplankton (as determined by chlorophyll profiles) were

observed on all eight sampling days. Profiles were organized into different groups
based on location of layers in the water column, the steepness of the chlorophyll

gradients, and the general shape of the chlorophyll peak. Seven different groups were
identified: 1) 28 and 29 June, 2) 30 June and 1 July, 3) 5 September, 4) 6 September
profiles 1-9, 5) 6 September profiles 10-19, 6) 7 September, and 7) 4 October.

On 28 and 29 June, there were two phytoplankton layers, one centered at 15 m and a

deeper layer centered between 30 and 40 m (Figure 6.1). The lower layer had a higher
concentration of chlorophyll and steeper gradients than the upper layer. The lower
layer split into two layers for the last three profiles on 28 June. The upper layer
developed steeper gradients and became more distinct throughout the sampling period
on 29 June.

There were also two layers of phytoplankton in the water column on 30 June and 1
July, one centered at 10 m on 30 June and 5 m on 1 July, and a deeper layer centered
between 40 and 60 m on 30 June and 50-60 m on 1 July (Figure 6.1). In contrast to

June 28 and 29, the upper layer had higher concentrations of chlorophyll and steeper
gradients than the deeper layer.
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Figure 6.1. Waterfall plots of free-fall chlorophyll profiles for each sampling day (28
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Profiles on 5 September showed a single phytoplankton layer centered at 10 m (Figure

6.1). The chlorophyll gradients were not steep (

1

tg L' m') for the majority of the

profiles. There was also a single surface layer on 6 September which had two distinct
forms. For the first nine profiles, the layer extended from the surface to 20 m, there
was no distinct peak within this layer, and the lower gradient was not steep (

1

g U'

m1). In the last 10 profiles, a more distinct peak centered at 10 m formed within the
layer and the lower gradient of this peak became increasingly steep with subsequent
profiles.

There was a broad layer of phytoplankton on 7 September which extended from the

surface to 40 m (Figure 6.1). There was a distinct peak from the surface to 20 m with
a more intense peak centered at 15 m for all profiles except the first profile where the

peak was centered at 20 m. This peak had steep gradients relative to the rest of the
chlorophyll profile, though the magnitude of the gradient was not large in comparison

to other days. The chlorophyll concentration in this peak was double that in the rest of
the layer.

On 4 October, there was a single peak in phytoplankton centered at 5 m (Figure 6.1).
The gradients of the phytoplankton peak were not steep (<1 ig U' m') and the

concentration of chlorophyll was lower than on the sampling days in June, July, and
September 2001.
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6.4.2

Character of Backscatter Layers

There were discrete, thin, layers of acoustic backscatter on 28 June-i July (Figure 6.2).

These layers had steep gradients in S, were sometimes less than 5 m thick, and were
persistent over the time period of the sampling. Layers with these characteristics have

been observed previously (Holliday et al. 1998). While the layers were vertically
displaced by internal waves (29 and 30 June), the boundaries of the layers did not

appear to be eroded. On 5 September- 4 October, there was a region of higher
backscatter in the upper water column which had a steep gradient in Sv at its lower

boundary (Figure 6.2). There were no distinct, separate thin layers of backscatter, but
there were discrete layers of more intense backscatter within these regions of elevated
Sv.

6.4.3

Relationship between Gradients in Phytoplankton, Buoyancy Frequency, and
Vertical Shear

Gradients in chlorophyll occurred at the same depths (within ±2 m) as peaks in
buoyancy frequency (N2, a measure of the density gradient) on every sampling day.
On 28 June, peaks in N2 coincided with gradients in chlorophyll between 20 and 35 m

(Figure 6.3). There were many peaks in N2 between 5 and 35 m on 29 June, a depth

range over which several gradients in chlorophyll occur (Figure 6.3). The steep
gradients in chlorophyll at 28 and 34 m were not associated with the largest peaks in
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N2. On 30 June, there was a peak in N2 at the lower gradient of the phytoplankton
layer (12 m) (Figure 6.3). Peaks in N2 were associated with the upper and lower
gradients of the phytoplankton layer between 8 and 15 m on 7 September (Figure 6.3).
There was a third peak in N2 located at 12 m, the same depth as the maximal peak in
chlorophyll.

Peaks in shear were often associated with gradients in chlorophyll. On 28 June, there
were peaks in shear at the upper and lower boundaries of the chlorophyll layer and at

27 m, the location of the chlorophyll gradient within the layer (Figure 6.3). There
were peaks in shear at the lower boundary of the chlorophyll layer on 29 and 30 June.
On 7 September, there were peaks in shear at 12 and 18 m associated with gradients in
chlorophyll and a peak in shear at 37 m at the lower boundary of the chlorophyll
feature.

Gradients in chlorophyll occurred over a range of N2 and shear values. There was no
strong relationship between the magnitude of the absolute value of the chlorophyll
gradient and values of N2 and shear (Figure 6.4). There was a weak linear relationship
between the magnitude of the absolute value of the chlorophyll gradient and shear (r2

= 0.4). Gradients in chlorophyll> 1 tg L' m1 (definition of steep gradients used
here) appear to occur over a range of N2 and shear values that exceed a particular
threshold.
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Absolute values of gradients in chlorophyll ranged from 1 to 7.65 pg U1 m1 (Figure

6.5). Half (54%) of the values were below 2 jig U' m'. Values of N2 ranged from
6.21x105 to 7.7x103 (radians sd)2 and there was a fairly broad distribution of values

across the range 6.21x105 to 6.0x103 (radians s')2. Shear values ranged from 0.02 to
0.12 s' and were broadly distributed across the range 0.02 to 0.08 Sd.

6.4.4

Relationship between Chlorophyll, Phytoplankton, and Microzooplankton
Distributions

While peaks in water colunm stability and shear and gradients in chlorophyll
consistently occurred at the same depths, peaks in chlorophyll concentration and peaks

in the abundance and biomass of plankton did not. Highest chlorophyll concentrations
were not always associated with highest phytoplankton abundances from the discrete

samples. Peaks in microzooplankton distributions were located above 10 m on all
eight sampling days and were not always associated with peaks in phytoplankton

abundance or chlorophyll concentrations. Since the discrete pump samples had a
lower vertical resolution than the chlorophyll profile obtained from the free-fall
package, it is to be expected that there will be some spatial offset between the
observed chlorophyll and abundance maxima.
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Peaks in phytoplankton abundance were located at the same depths as peaks in
chlorophyll concentration on 29 and 30 June and 7 September (Figure 6.6). On 30

June, the absolute peak in phytoplankton biomass was located at 10 m, the same depth
as the upper chlorophyll peak, but the samples at 45 and 65 m also had high
phytoplankton abundance though the chlorophyll concentration at these depths was
much lower than that at 10 m. The exact spatial relationship between phytoplankton
abundance and chlorophyll concentration was not as well resolved on 29 June as on

the other sampling days. The pump sample with the highest phytoplankton
concentration was at 38 m, below the maximal peak in chlorophyll at 30 m but within
the lower phytoplankton layer (Figure 6.6). The next pump sample was at 25 m, just
above the 30 m chlorophyll peak, therefore there is no pump sample at the same depth
as the maximal peak in chlorophyll.

On 28 June, the vertical pattern of phytoplankton abundance did not resemble the

vertical profile of chlorophyll concentration (Figure 6.6). Phytoplankton abundance
was highest in pump samples below 35 m and the magnitude of abundance was similar

among these samples. The pump sample at 38 m was within the deeper phytoplankton
peak, but the samples below were in a region of relatively low chlorophyll.

Microzooplankton abundance was highest at or above 10 m on all sampling days

(Figure 6.6). The distribution of microzooplankton was not related to the vertical
profile of chlorophyll or phytoplankton abundance. Rather, peaks in
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microzooplankton appeared to be restricted to surface waters shallower than 10 m
regardless of distributions of other planktonic groups or physical factors.

6.4.5

Relationship between Chlorophyll, Acoustic Backscatter, and
Mesozooplankton Distributions

Layers of acoustic volume backscatter (Sv), measured by the bottom-mounted ADP,
were located at the same depths as phytoplankton layers on 28-30 June and 7

September. The shallowest depth bin of the ADP is 8 m so the relationship between
Sv and chlorophyll distributions above this depth cannot be resolved. The intensity of
the scattering was not proportional to the magnitude of mesozooplankton biomass

determined from the pump samples. Because high resolution pump profiles were not
conducted each day, only general patterns of mesozooplankton biomass were resolved
and there is no information on biomass patterns in areas of the water column between
adjacent pump samples.

On 28 June, there was a thick band of volume backscatter between 30 and 50 m with

two layers of more intense Sv between 30 and 40 m (Figure 6.7). These more intense
layers were located in the same depth range as the peak in chlorophyll measured on

the downcast of the pump cast (Figure 6.7). Pump samples indicated that these layers
were composed of mesozooplankton, though the intensity of Sv was not related to the
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magnitude of total biomass. There was higher total biomass at 50 m, below the depth
of the intense backscatter, than at 30 and 40 m within the layer of intense Sv (Figure
6.7).

Elevated Sv was observed above 45 m on 29 June with a layer of higher Sv values,
approximately 5 m thick, centered at 35 m at the beginning of the time record (Figure

6.7). This layer was displaced vertically by internal waves throughout the sampling

period. There was a second layer of more intense Sv located between 15 and 25 m

within the region of elevated backscaer. This layer was also displaced vertically by
internal waves during the sampling period. The region of elevated Sv was located in

the region of the water column where the two peaks in chlorophyll were located

(above 40 m). The two intense layers of S were located within the depth range of the
deeper chlorophyll peak, though the most intense layer centered at 35 m is below the

maximum peak in chlorophyll. This layer of Sv was located at the same depth as the
peak in mesozooplanklon biomass determined by discrete pump samples.

On 30 June, there was an area of elevated S, above 30 m with several thin layers of Sv

located below 30 m (Figure 6.7). The lower edge of a more intense area of Sv was
observed at the shallow est range of the ADP data (above 10 m). The two thin Sv

layers were located between 30-40 m and 40-55 m. Each layer was approximately 2

m thick, which is the vertical bin size of the ADP, and was displaced vertically by
internal waves throughout the sampling period. The region of elevated Sv above 30 m
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coincided with the area of the water column where the upper region of chlorophyll
was located and the intense S at 10 m indicated that there may have been a stronger

Sv layer above 10 m in the depth range of the peak in chlorophyll. The thin layers of

S below 30 m were located at the same depths as small peaks in chlorophyll at 35 and
55 m. The pump sample at 25 m had the highest mesozooplankton biomass, though

the region of maximal S may have been above 10 m so the relationship between Sv
and mesozooplankton biomass is not completely resolved. There was no pump sample
shallower than 10 m, so a full comparison between mesozooplankton biomass and
chlorophyll is not possible.

On 7 September, there was a region of elevated S above 45 m and a more intense

layer of Sv above 20 m (Figure 6.7). The lower boundaries of both these layers were
vertically displaced by internal waves and the lower boundary shoaled over the time

period of the sampling from 45 to 35 m. The chlorophyll profile showed a region of
increased chlorophyll above 35 m with two distinct peaks at 5 and 15 m. The region
of elevated chlorophyll encompasses the same depth range as the region of increased
Sv above 35 m and the two peaks in chlorophyll were within the depth range of the

more intense layer of S above 20 m. Discrete pump samples showed increased
mesozooplankton biomass above 20 m, corresponding to the layer of more intense Sv
and the peaks in chlorophyll.
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6.4.6

Contrasting Characteristics of Shallow and Deep Phytoplankton and
Zooplankton Layers

There were two phytoplankton layers in the water column from 28 June-i July and

two distinct mesozooplankton layers (as determined by Sv) coliocated with these

phytoplankton layers on 29 June-i July. Each of these layers was in a different region
of density, horizontal velocity and direction, and each layer had distinct optical

characteristics and species assemblages. The upper layer was centered at 5-10 m and
the lower layer was centered between 30 and 50 m over the four days (Figure 6.1).

The upper layer had r values between 23.7 and 24.5 (range of 0.8) and the lower layer
had

values between 26 and 26.4 (range of 0.4) (Table 6.2). Horizontal current

velocity was on average higher in the upper layer (4.05-5.91 cm s') than the lower

layer (0.63-3.22 cm s'). The mean direction of the upper layer was different from the
lower layer (2100 vs 228° from North).
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Table 6.2. Density (Gt), magnitude and direction of horizontal current velocity, and
value of optical ratios a676/c650 and a440/a676 at the chlorophyll peak within each
phytoplankton layer on 28, 29, 30 June and 1 July 2001. U and L indicate the upper
and lower layer. Standard deviation on direction due to measurement error of ± 2cm s
on velocity is ± 5°. The values of the optical ratios and their standard deviations are
calculated over the depth interval of the maximal chloronhvll oeak in each layer.
Dale
Direction
a676/c650
a440/a676
- Horizontal
Velocip'
Clockwise

(cm s)
U
23.7

from
North(

26.0-

U
4.045

L
3.09

U
177.5

230.8

26.3
26.1

5.91

3.22

216.9

228.1

6/30

23.824.5
24
26.4

5.51

0.63

228.7

227.7

7/1

24.2

26.4

4.39

1.34

217.9

225.8

6/28

6/29

L

L

U
0.17±
0.002
0.18±
0.004
0.20±
0.004
0.20±
0.01

L

0.30±
0.02
0.30±
0.02
0.25±
0.02
0.25±
0.02

U
0.43±
0.004
0.40±
0.03

0.42±
0.007
0.43±
0.02

L
0.45±
0.04
0.45±
0.05
0.60±
0.04
0.63±
0.06

These layers also had distinct optical properties. Changes in the vertical profile of the
optical ratios a676/c650 and a440/c676 correspond to the location of the peaks in
chlorophyll and are different for the upper and lower layers (Figures 6.8 and 6.9). The
standard deviations of the optical ratios expressed in Table 6.2 are computed from the
ratio data and have not been transformed to stabilize the variance and are therefore,
these conservative estimates of the variance of the ratio. In comparison to the
surrounding water, a676/c650 showed an increase and a440/a676 showed a decrease

in the lower layer. The magnitude of the ratio a676/c650 is higher in the lower layer
(0.25-0.30) than in the upper layer (0.17-0.20) (Table 6.2). This is also true for the
ratio a440/a676 (0.45-0.63 in the lower layer and 0.40-0.43 in the upper layer) though
these differences were only significant (greater than 1 standard deviation apart) on

6/30 and 7/1. Over time, a676/c650 increased slightly in the upper layer (increase of
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0.03) and decreased in the lower layer (decrease of 0.05). The ratio a440/a676 showed
no net change in the upper layer and an increase in the lower layer (0.18).

The phytoplankton community composition also was different between the two layers.
Calculations of Percent Similarity Index (P SI) showed that the community

composition between the layers was less than 50% on 29 June and 1 July and less than
63% on 28 and 30 June (Table 6.3). The rank abundance of phytoplankton genera

showed that the dominant genera were different in the upper and lower layers on each

day. Thalassiosira was the dominant genus in the upper layer on 28 and 30 June and 1
July and was ranked as the second most abundant genus on 29 June. Chaetoceros was
the dominant genus in the lower layer on 30 June and 1 July and the third most
dominant genus on 28 June. The rank abundance on 29 June was different from the

other days with Peridinium the dominant genus in the upper layer and Bidduiphia the
dominant genus in the lower layer.

Both of these genera were either ranked third or fourth on the other sampling days
(Peridinium) or were not ranked in the top four most abundant genera on any other

sampling day (Bidduiphia). These changes were primarily due to changes in the
abundance of Thalassiosjra and Chaetoceros (a ten-fold reduction in abundance on 29
June vs other days) and not changes in the abundance of Bidduiphia and Peridinium.

The mesozooplankton community composition was also different between the upper
and lower layers on three of the sampling days when there were two distinct peaks in
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mesozooplankton (29 June-i July). The PSI values calculated between the two layers
were less than 50% on these three days (Table 6.4). The rank abundance of the
different genera and species showed more fluctuations than the rank abundance of

phytoplankton genera. There were no clear trends of one or two species which

dominated each layer. Pseudocalanus sp., Acartia longiremis, and Centropages
abdominalis were the three copepod species ranked in the top four most abundant

species on all four days. These species were present in both the upper and lower
layers indicating that their distributions were not restricted to a consistent depth range.
The abundance of these three species in each layer changed very little from 28-30 June
and so changes in the order of rank abundance are due to small changes in abundance

(20-200 individuals m3) and could therefore be due to sampling error. On 1 July, the
abundance of Pseudocalanus sp. increased 10 times in the lower layer and the
abundance of Acartia longiremis increased 20 times in the upper layer in comparison

to the other three days. Copepods in the upper layer (all species combined) were
significantly smaller in size (0.56 mm prosome length) than in the lower layer (0.64
mm prosome length) (t-test, p=O.0026, a

0.05).

220

Table 6.3. Rank abundance of phytoplankton genera for the upper and lower layers,
phytoplankton Percent Similarity Index (PSI) calculated between the upper and lower
layer on 28, 19, 30 June and 1 July 2001.

Date

6/28

6/29

6/30

7/1

Phytoplankton
Rank Abundance
Upper
1) Thalassiosira
2) Coscinodiscus
3) Peridinium
4) Thalassionema
1) Peridinium
2) Thalassiosira
3) Thalassionema
4) Ceratium
1) Thalassiosira
2) Thalassionema
3) Chaetoceros
4) Ceratium
1) Thalassiosira
2) Coscinodiscus
3) Asterionella
4) Peridinium

-

Lower
1) Coscinodiscus
2) Thalassiosira
3) Chaetoceros
4) Thalassionema
1) Bidduiphia
2) Nitzchia
3) Thalassiosira
4) Coscinodiscus
1) Chaetoceros
2) Coscinodiscus
3) Nitzchia
4) Thalassionema
1) Chaetoceros
2) Coscinodiscus

3) Thalassiosira
4) Nitzchia

Phytoplankton
PSI (%)
62.07

27.00

54.78

49.15
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Table 6.4. Rank abundance of mesozooplankton genera and species for the upper and
lower layer and Percent Similarity Index (PS!) calculated between the upper and lower
layers on 28, 19, 30 June and 1 July 2001.
Date
Mesozooplanklon
Mesozooplankton
Rank Abundance
PSi (%)

6/28

Upper
1) A cart/a long/remus
2) Pseudocalanus sp.
3) Oikopleura sp.
4) Centropages abdominalis

6/29

1) Pseudocalanus sp.
2) Oikopleura sp.
3) A cart/a long/remus
4) Centropages abdominal/s

6/30

1) Qikopleura sp.
2) Acartia longiremus
3) Podon sp.
4) Calanus marshallae
1) Acartia longiremus
2) Pseudocalanus sp.
3) Oikopleura sp.
4) Podon sp.

7/1

Lower
1) Acartia longiremus
2) Pseudocalanus sp.
3) Oithona sp.
4) Centropages
abdominal/s
1) Centropages
abdominalis
2) A cart/a long/remus
3) Pseudocalanus sp.
4) Oikopleura sp.
1) Acart/a long/remus
2) Oikopleura sp.
3) Pseudocalanus sp.
4) Podon sp.
1) Pseudocalanus sp.
2) Oithona sp.
3) Centropages
abdominalis
4) Oikopleura sp.

71.58

42.59

45.62

21.85
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6.5 Discussion

6.5.1

Character of Phytoplankton Layers

The thickness of the phytoplankton layers (defined as the thickens of the chlorophyll
layer with boundaries set at depths where the chlorophyll concentration was 1/2 the
maximal concentration in the peak), observed on the eight sampling days discussed
here varied from 1.5 meters (peak centered at 15 on 7 September) to 10 m (peak

centered at 30-50 m on 28 June). The majority of these layers had steep vertical
gradients at their lower or upper boundary, or both. The layers had intense
concentrations of chlorophyll compared to the rest of the water column (2-25 times
higher) and were persistent for the time period of sampling (4-6 hours). Layers with

similar characteristics, though often thinner, have been observed previously in a
coastal fjord (McManus et al. 2003) and over the Oregon continental shelf (Cowles

and Desiderio 1993; Cowles et al. 1998). These features are not restricted to a
particular coastal ocean environment, and our limited sampling shows that they are

present in summer and fall (June-July and September) when the seasonal changes
associated with wind driven coastal upwelling in this region can be different (Smith
1968).

These layers are vertically discrete concentrations of phytoplankton which may have
important implications for estimates of phytoplankton biomass, primary production
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and carbon export. If thin phytoplankton layers are not resolved or the intensity of
chlorophyll concentration is underestimated while sampling, phytoplankton biomass,
primary production, and the potential export of carbon could all be underestimated.
Phytoplankton layers with steep vertical gradients and intense concentrations of
phytoplankton may benefit the detection strategies of zooplankton and decrease the

grazing time needed to reach individual daily rations. It has been suggested that
patches of phytoplankton are necessary for zooplankton growth and survival (Mullin

and Brooks 1976). I suggest that layers with steep vertical gradients and intense
concentrations of phytoplankton are of particular importance, regardless of the
thickness of the layer.

Layers of acoustic backscatter were also vertically discrete and ranged in thickness
from 2 m (28 June and 30 June) to over 40 m (4 October). These layers had steep
gradients in Sv and often had intense backscatter in comparison to the rest of the water

column. Layers with similar characteristics have been previously observed (Holliday
et al. 1998). Pump sampling revealed that these layers were composed of
zooplankton, primarily copepods, but because there is only data at one frequency (500
kHz) and the ADP has not been calibrated with standard hydrophones, patterns in
magnitude of Sv cannot be interpreted as patterns in magnitude of zooplankton
biomass.

The layers were maintained over the time period of the sampling and although they
were displaced vertically by internal waves, the steep gradients in Sv and the thickness
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of the layer remained unchanged. This indicates that when water column stability is
sufficient, thin, discrete layers of zooplankton can be maintained for at least 6 hours in
an otherwise physically dynamic water column.

6.5.2 Relationship between Gradients in Phytoplankton, Buoyancy Frequency, and
Vertical Shear

Gradients in phytoplankton consistently occurred at depths of locally increased water
column stability (peaks in N2) and often at the same depth as locally increased shear.

These relationships were observed both in summer and early fall indicating that
similar mechanisms of formation and maintenance of phytoplankton layers exist in

different seasons. Previous observations have also noted the spatial relationship
between gradients in chlorophyll and the location of increased water column stability
and shear (McManus et al. 2003).

Water column stability is clearly an important factor in the formation and maintenance
of phytoplankton layers with steep gradients. However, the magnitude of the peak in
N2 was not directly related to the steepness of the chlorophyll gradient. It has been

noted previously that thin layers of phytoplankton occur over a range of N2 values

(Dekshenieks et al. 2001). This indicates that there may be a threshold of water
column stability (N2 = 6.21x105 (radians 51)2 based on these observations) that

supports the formation and maintenance of steep phytoplankton gradients above which
increases in the steepness of gradients do not occur.
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Peaks in shear were spatially associated (within 2 m) with gradients in chlorophyll, as

were peaks in water column stability. There were peaks in shear at the upper and
lower boundaries of the chlorophyll layers on 28 and 29 June at the lower boundary of
the chlorophyll layers on 30 June and 7 September. The range of the ADP data did

not cover the location of the upper boundary of the chlorophyll layer on 30 June and 7

September. Other gradients in chlorophyll were sometimes associated with peaks in
shear (gradient at 27 m on 28 June, gradient at 12 m on 30 June). The vertical
resolution of the ADP was coarser (2 m) than the CTD data (15 cm) so small vertical
scale fluctuations in shear which may be related to gradients in chlorophyll were

possibly not be resolved. Clearly, there is a need to collect higher vertical resolution
velocity data in the same location as the CTD profiles to more accurately resolve the

relationship between chlorophyll gradients and vertical shear.

Data from the acoustic Doppler velocimeter (ADV), as described in Chapter 5,
showed a clear relationship between the location of peaks in shear and chlorophyll
gradients.

Obtaining reliable data from this instrument on a free-fall profiling

package is difficult due to the possibility of excessive pitch and roll of the package as
it descends and reliable ADV data was not available on all of the sampling days

discussed here. Collecting high resolution velocity data is critical to expand our
understanding of the range of shear forces that are associated with gradients in

chlorophyll. Our results do indicate that gradients in chlorophyll occur over a range of
shear values, which is consistent with previous observations (Dekshenieks et al. 2001).
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6.5.3

Possible Mechanisms of Formation and Maintenance of Phytoplankton Layers

It has been proposed that when there is sufficient water colunm stability, shear forces

may stretch out a layer of phytoplankton and create a layer with steep gradients and an
intense concentration of chlorophyll compared to the rest of the water column (Osborn

1998; Cowles 2003). The close spatial relationship between gradients in chlorophyll
and peaks in N2 and shear observed in this study supports this hypothesis. Gradients

in chlorophyll were almost always associated with peaks in N2, indicating that this is

an important physical condition for the maintenance of phytoplankton layers with
steep gradients. Shear was not as consistently associated with gradients in

chlorophyll. This may indicate that the shear forces which acted to form the
phytoplankton layer may no longer be occurring. The shear forces may not be
required to maintain a layer over the observed sampling periods (6 hours, 7

September). Sampling for longer time periods over a larger horizontal area to observe
the formation of phytoplankton layers and continuing to sample the feature over time
could determine if shear forces are only important in the formation of layers. The time
period between vertical mixing events is likely also critical in determining the

maintenance of a layer. A vertical mixing event with sufficient strength to disrupt the
water column stability could erase a layer.

Other possible mechanisms of layer formation include collection of sinking
phytoplankton cells at a density interface and local growth of a phytoplankton

population which exceeds grazing. These results show that the boundaries of
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phytoplankton layers are strongly associated with peaks in N2, which occur at

gradients in density, and this evidence may support the hypothesis that cells are

collecting on an isopycnal. However, the fact that the layers observed often had steep
upper as well as lower gradients and the relationship between the boundaries of
phytoplankton layers and vertical gradients in the horizontal velocity suggest that
these layers were not formed by the sinking and collection of phytoplankton cells from
some shallower source, but were formed by the horizontal action of shear coupled
with water colunm stability.

Local growth of phytoplankton coupled with existing steep density gradients could
also produce layers with steep gradients, but growth must greatly exceed grazing to
produce layers with high concentrations of chlorophyll. Measurements of
phytoplankton growth and zooplankton grazing are necessary to determine if growth
rates exceed grazing rates by a large enough margin to produce a concentrated layer of

phytoplankton. I do not have data on growth and grazing rates and so I cannot
evaluate if this is a likely mechanism of formation of the observed phytoplankton
layers.

6.5.4

Relations hip between Phytoplankton, Acoustic Backscatter, and
Mesozooplankton Distributions

Discrete pump samples indicated that layers of acoustic backscatter were composed of
mesozooplankton. The intensity of backs catter was not directly related to the
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magnitude of mesozooplankton biomass, demonstrating that the magnitude of Sv was

not analogous to biomass. These layers were often collocated with layers of
phytoplankton, but this was not always the case. Previous studies have both observed

the collocation of fluorescence and backscatter layers (Holliday et al. 1998) and the
spatial separation between phytoplankton and mesozooplankton (Herman 1983; Napp
et al. 1988; Jaffe et al. 1998) demonstrating that the spatial relationship between
phytoplankton and mesozooplankton is not consistent.

It is difficult to address the ecological importance of collocation of phytoplankton and

mesozooplankton, or lack thereof because observations of plankton distributions alone
do not address rates of grazing and primary production. For example, if

mesozooplankton are aggregated on a phytoplankton layer, grazing rates may not be
high (see Chapter 5) and so the assumption that primary production is being converted
to secondary production at higher rates than in the rest of the water column may not be

true. Additionally, the presence of a layer of mesozooplankton in an area of low
phytoplankton abundance may not be an indicator of low grazing rates, but may reflect
the consequences of recent grazing.
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6.5.5

Contrasting Characteristics of Shallow and Deep Phytoplankton and
Zooplankton Layers

A special case exists in which two layers with distinct properties and characteristics

occur in the same water colunm. Two distinct layers of phytoplankton and
mesozooplankton were observed in June and July. The layers were located in
different density intervals, were located in water layers with different current velocity
and direction, had different optical characteristics, and had different community
compositions. This suggests that these layers may have different sources and temporal
evolution and these layers may have remained separated from the time they were
formed through the time period of sampling.

The optical characteristics of the two layers demonstrate some important differences.
The ratio of a6761c650 indicates the proportion of autotrophic or mixotrophic cells

(chlorophyll containing) to total particles. This ratio was consistently higher in the
upper layer, which may not mean that there were fewer numbers of cells containing

chlorophyll, but is more likely a function of larger numbers of total particles. The
upper layer is in the region of the water column where microzooplankton abundance
was high and so these cells, as well as other particles, can contribute to higher
measurements of c650, thus resulting in a decrease in the a6761c650. This ratio

showed a slight increase in the upper layer from 28 June-i July which may indicate a
decrease in total particles in this layer due to sinking, andlor an increase in cells
containing chlorophyll, perhaps due to increases in phytoplankton populations. The
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ratio showed a decrease in the lower layer from 28 June-i July which could be due to
a decrease in cells containing chlorophyll as senescence of phytoplankton cells
confined to this deeper layer occurred or could be due to an increase in total particles
as particles sinking from above collect on the deeper density gradient.

The ratio of a440/a676 is an indicator of the pigment composition of phytoplankton

and the presence of detritus and dissolved materials. While chlorophyll a absorbs light
at 440 and 676 nm, photoprotective pigments (e.g. carotenoids and xanthophylls),
detritus, and dissolved constituents absorb light across a broad band between 440-520
rim (Kirk 1992). The a4401a676 ratio was the same in the upper and lower layers on

28 and 29 June but was higher in the lower layer on 30 June and 1 July. A higher ratio
could be due to increased detritus and lower levels of chlorophyll, which would be
consistent with the hypothesis that phytopiankton cells were becoming senescent over

time in the lower layer. A higher ratio could also be due to increased dissolved
constituents, which can be released from dying cells or during grazing activity. The
ratio remained constant in the upper layer, but decreased in the lower layer over time

indicating that a measurable temporal evolution of the phytoplankton layer occurred in
the lower layer.

The phytoplankton species composition was different between the two layers. The

upper layer was consistently dominated by the diatom Thalassiosira. The lower layer
showed more day to day variance in the four dominant groups and the diatom
Chaetoceros emerged as the dominant genus on the last two days. The greater
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changes in dominant species composition in the lower layer and the changes in the
optical ratios indicate a temporal evolution of the health and composition of the
phytoplankton community over the four days.

There were also differences in the mesozooplankton community between the two
layers but unlike the phytoplankton community, there were no consistently dominant

species in either layer. The same species were ranked as the top four dominant groups
in both the upper and lower layers indicating that there may be considerable
movement of mesozooplankton between the two phytoplankton layers over the course
of the four days.

6.5.6 Possible Mechanisms of Formation of Shallow and Deep Phytoplankton
Layers

The two phytoplankton layers observed in June and July may have different sources
and may have remained spatially separated from the time of formation through the

time period of sampling. These layers may also have different large scale mechanisms
of formation, although water column stability and shear forces are important in the
formation of both layers.

The formation of phytoplankton blooms in the nutrient-rich, freshly upwelled water
nearshore has been previously documented (Small and Menzies 1981). These surface
blooms form above the thermocline, which serves to maintain the phytoplankton in the
euphotic zone, and are transported to the south and offshore with the mean surface
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currents that exist during active upwelling (Smith 1968). The upper layer observed in

this study may have formed in this maimer. The lower a value in this layer
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indicates that if the layer was formed in denser, freshly-upwelled water, it must have

become more buoyant over time. If the layer remained at the surface, heating due to
solar insolation and freshening due to mixing with Columbia River plume waters

would reduce the density, and so keep the layer near the surface. Salinity values in the
upper 10 m were less than 32.5 psu, and so some degree of mixing with a freshwater
source is probable.

Deep layers of phytoplankton have been observed in the coastal ocean off Oregon
extending from nearshore to 300 km offshore (Murphy and Cowles 1997; Barth et al.

2002). It has been proposed that these features are formed nearshore and advected
downward along sloping isopycnals and transported offshore (Washburn et al. 1991).
The deeper layer observed in this study had a cJt of 26-26.4, the same value observed

near the coast in early June (COAST data, unpublished, available at
http://damp.oce.orst.edu/coast/ courtesy of J. Barth) and the average direction of
horizontal velocity in the deeper layer is Southwest (average 228° from North). These
observations support the hypothesis that the layer was formed nearshore, advected
downward along the 26

isopycnal, and transported offshore.
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6.5.7

Temporal Evolution of Deep Phytoplankton Layer

The results of this study suggest that the deep phytoplankton layer first observed on
28 June persisted over the continental shelf through 1 July, while displaying changes

in its characteristics over that four-day interval. The density of the water

(Gt

26-

26.4) and the direction of horizontal velocity (228° from North) were consistent over

the four days indicating that the same water mass was passing through our sampling
area at NH 10. The deep layer observed on 28 and 29 June maintained similar shape
characteristics and chlorophyll concentration, which is further evidence that the same

layer was observed on these two days. Assuming, therefore, that this is the same
persistent feature, the horizontal extent and direction of origin of the feature can be

determined. The mean direction of flow over these two days was 228° from North and
the mean magnitude was 3.155 cm s1, meaning that the layer sampled on these two

days was at least 4.54 km in horizontal extent and originated from the Northeast. If it
is assumed that the deep layer observed from 28 June-i July is the same feature, then
using a mean magnitude of 2.07 m s averaged over the four days, the feature had a

minimum horizontal extent of 8.94 km. Combining long-term measurements of
current velocity, water column physical properties, and optical properties may allow

researchers to track the persistence and evolution of phytoplankton features.
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6.5.8

Possible Mechanisms of Formation of Shallow andDeep Mesozooplankton
Layers

Zooplankton, unlike phytoplankton, have the ability to vertically migrate over long
distances (Gushing 1951; Bainbridge 1961 )and modify their swimming behavior to
maintain position in the water column in response to light or food cues (Mauchline

1980; Harris 1988). For these reasons, layers of zooplankton may have different
mechanisms of formation than phytoplankton layers. Layers of mesozooplankton
were collocated with the shallow and deep phytoplankton layers in June and July. The
zooplankton may be actively aggregating on these phytoplankton layers, changing

their swimming behavior to maintain position in areas of high chlorophyll

concentrations (Price 1989; Tiselius 1992). The mesozooplankton community
composition observed in the two layers showed that the same species were found in
both layers, indicating that there may be considerable vertical movement between the
two layers and that the mesozooplankton assemblages are not spatially isolated in the
water column to the same extent as the phytoplankton assemblages.

6.5.9

Potential Ecological Roles of Shallow and Deep Plankton Layers

Each of the layers observed in June and July 2001 may play a different ecological role

in the coastal ocean environment off Oregon. Phytoplankton species differences and
mesozooplankton size differences could mean that carbon fixation and export rates in
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the two layers are different. Additionally, the episodic presence of the deep
phytoplankton layer (observed in June and July but not in September and October)
may increase carbon flux over the mid-shelf in a temporally variable pattern.

Phytoplankton cells of different species, experiencing different light and nutrient
histories, and in different light environments will have different rates of
photosynthesis and primary production (Kirk, 1983). Species assemblages were
different between the two layers and cells in the deeper layer experience reduced light

levels in comparison to cells in the upper layer. Additionally, cells in the deeper layer
have been in a lower light environment for days and so have a different light history

than cells in the upper layer. The percent surface light levels in the deep layer ranged

between 0.0021-0.79% (calculated from equations in Morel 1988). Rates of
photosynthesis and primary production are in general higher in cells which receive
higher levels of light and so it is probable that these rates are higher in the upper layer
than the lower layer.

Rates of zooplankton grazing and fecal pellet production can affect rates of carbon

export. Larger zooplankton have higher rates of grazing and fecal pellet production
and produce larger fecal pellets (Uye and Kaname 1994) which sink more quickly than
smaller fecal pellets, increasing carbon flux to deeper waters and the benthic

environment. The mesozooplankton community was dominated by copepods and the
upper layer had smaller copepods (0.56 mm average body size) than the lower layer
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(0.63 mm average body size). This may result in higher individual grazing rates and
carbon export in the deeper layer than the shallow layer.

Using equations for filtration rate as a function of body size (Mauchline 1998), I

calculated the maximum and mean filtration rates for the copepods in each layer. The
larger copepods in the lower layer had a higher maximal and mean filtration rate (max

= 31.9 mL copepod' day; mean = 8.2 mL copepod -' day1) than the smaller
copepods in the upper layer (max = 26 5 mL copepod' day'; mean = 4.2 mL

copepod

day1). However, because the concentration of phytoplankton cells in the

upper layer was greater than in the lower layer (193 cells mE' vs 110 cells mL), the
maximal number of phytoplankton cells consumed per copepod was higher in the

upper layer than the lower layer (maximum = 5105 cells copepod1 day vs 3526 cells

copepod' day') though the opposite was true for the mean (803 cells copepod day'
in the upper layer vs 906 cells copepod' day in the lower layer). The copepod
density in the lower layer was higher than in the upper layer (2.15 copepods U' vs

1.45 copepods U') and this results in a higher mean percentage of the phytoplankton
cells being removed each day (1.76 % in the lower layer vs 0.60% in the upper layer).
Therefore, the larger copepods in the deeper layer may have a higher grazing impact
on the phytoplankton population and contribute more to carbon export than the smaller

copepods in the upper layer. However, many copepods are selective feeders,
preferentially consuming actively growing, more nutritious phytoplahkton cells

(Cowles et al. 1988). Grazing rates may also be different on different types of
phytoplankton cells which may have different handing times. For example, the centric
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diatom Thalassiosira which dominates the upper layer may have a shorter handling
time than the spiny Chaetoceros cells, which dominate the lower layer. Feeding rates
are also affected by temperature (Irigoien et al. 1993). The temperature difference
between the two layers was 30 C and so the temperature environment of the two layers

is not large or out of the daily range of temperature exposure these copepods

experience. There may be additional complex interactions which affect grazing rates
and carbon export in the two layers making a definite conclusion about which layer
may have higher carbon export rates difficult.

6.6 Conclusions

Phytoplankton layers with steep gradients and intense chlorophyll
concentrations were observed on 7 of the 8 sampling days in June, July,

September, and October 2001. The gradients of these layers were associated
with local peaks in N2 and shear. This indicates that water column stability
and shear forces play important roles in the formation and maintenance of
these layers.

Discrete layers of S were observed on all eight sampling days and pump
sampling indicated that these layers were composed of mesozooplankton.
Layers of mesozooplankton were often collocated with layers of
phytoplankton.
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Two layers were observed in the water column 28 June-i July. These layers
had different water mass characteristics, optical properties, and phytoplankton
and mesozooplankton species compositions suggesting that they had different
sources, temporal evolution, and possibly different large scale mechanisms of

formation. I hypothesize that both layers were formed in the nutrient-rich,
freshly-upwelled water nearshore and advected offshore, the shallow layer
maintaining position in the euphotic zone due to increasing water mass

buoyancy through solar insolation, and the deeper layer advected down along
the

26 isopycnal and transported offshore.

The optical properties and phytoplani(ton species composition in the deeper

layer changed from 28 June-i July suggesting a temporal evolution in the
phytoplankton community and optical characteristics of the layer.

Measurements of optical indices and horizontal current velocity and direction
may be useful to track the persistence and evolution of features.

Though the mesozooplankton community composition in the two layers was
different, the same species were present in both layers and the dominant

species changed from day to day suggesting that mesozooplankton
distributions were not depth restricted and that zooplankters may be actively
aggregating on the layers of phytoplanicton rather than being advected from
nearshore and maintained in particular density intervals.
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6.

Each layer may have a different ecological role. Photosynthesis and primary
production may be higher in the upper layer where light levels are higher and

grazing of primary production and carbon export maybe higher in the deeper
layer where larger copepods may remove a greater percentage of the
phytoplankton standing stock and produce larger, faster sinking, fecal pellets.
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7

Conclusions

This research has advanced our understanding of the character of plankton
distributions over the Oregon continental shelf and the mechanisms of their formation

and maintenance This work has also served to refine existing questions, raise new
ones, and suggest future research efforts. The sampling methodologies described here
were shown to adequately resolve the character of plankton distributions and their
associated physical factors on fine vertical scales. The results of this research have
demonstrated that different layers may have different specific ecological roles,
however, the specific ecological role of layers of plankton remains an open and
intriguing question.

The first objective was to characterize the vertical distribution patterns of plankton

over the Oregon continental shelf. Initial observations indicated that phytoplankton
and zooplankton were frequently distributed in discrete layers with steep vertical

gradients and high concentrations relative to the surrounding water (Chapter 1). More
in-depth studies revealed that these patterns may be common in this area, as they were
observed on seven of eight sampling days in 2001 (Chapters 5 and 6).

Water column stability and horizontal shear appear to be important physical
mechanisms for the formation of phytoplankton layers and water column stability
appears to be important in maintaining these layers. Steep gradients in chlorophyll
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were associated with steps in the density profile and local peaks in vertical shear

(Chapter 4). These associations were observed in 13 of 15 profiles where high vertical
resolution fluorescence (15 cm), density (15 cm), and horizontal velocity data (less

than 50 cm) were collected. Additional observations of vertical fluorescence profiles,
buoyancy frequency, and gradients in the direction of horizontal velocity revealed that
these associations existed on seven of eight sampling days in 2001. While gradients in
chlorophyll were almost always associated with peaks in water column stability (steps
in density or peaks in buoyancy frequency), local peaks in vertical shear were not
always clearly associated with the chlorophyll gradients. For many of the sampling

days, high resolution horizontal velocity data were not available and it is possible that
smaller scale peaks in vertical shear were present, but were averaged within the 2 m

vertical depth bins of the velocity data. It is also possible that shear forces play an
important role in the formation of phytoplankton layers, but are not important in

maintaining these layers. Longer term observations that span the formation of a layer
and track it through time may be able to determine the role of shear in maintaining
layers of phytoplankton more clearly.

There may be different large-scale mechanisms responsible for the formation of

phytoplankton layers. Two layers observed from 28 June-i July had different
phytoplankton communities and different optical properties, indicating they had been
formed from different water masses (Chapter 6). I propose that both layers may have
been formed nearshore, in recently upwelled water, but that the shallow layer was
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maintained in the upper water column and the deeper layer was advected downwards

along a pycnocline and then transported offshore. These larger-scale dynamics of
formation will vary under different environmental conditions and in different
geographical locations. It is important to note that multiple phytoplankton layers,
even when observed in the same water column, may have different origins and have
experienced different light histories and carmot be treated as ecologically similar.

Layers of zooplankton do not appear to be formed by the same processes as layers of

phytoplankton. Initial observations over the Oregon continental shelf demonstrated
that scattering layers, presumed to be zooplankton, did not have the same close
association with peaks in water column stability that phytoplankton layers had

(Chapter 1). More in-depth studies demonstrated that layers of zooplankton were
often collocated with layers of phytoplankton and thus were associated with peaks in
water column stability. It is not clear if physical parameters are important in forming
and maintaining zooplankton layers or if zooplankton are behaviorally responding to
the presence of phytoplaiikton and aggregating in these locations (Chapters 5 and 6).

While two layers of phytoplankton observed at different depths over four sampling
days maintained distinctly different taxonomic communities, zooplankton layers in the
same locations did not (Chapter 6). Copepods of the same species were found in both

layers. The shallow layer had significantly smaller copepods than the deep layer and
almost all nauplii and copepodite stages were found in the shallow layer. It appears

that copepods may have been migrating to different depths during the daytime based
on body size. Larger copepods may have descended to deeper depths to avoid visual
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predators. Earlier life history stages with weaker migration behavior may have
remained in the upper water column. The discrete layers of zooplankton observed
may have formed when individual zooplankters aggregated on the phytoplankton
layers. However, phytoplankton and zooplankton layers were not always collocated.
This may indicate that there are other behavioral mechanisms regulating the formation

of zooplankton layers besides aggregation on phytoplankton layers. It is possible that
zooplankton were maintaining depth at a particular isolume during the daylight hours

(e.g. Mauchline 1980). While exact mechanisms are not known, behavior appears to
be an important factor in the formation and maintenance of layers of zooplankton,
perhaps more important than physical factors.

The observations in this study were limited to 4-6 hour periods during the day and so
it is possible that there were phytoplankton layers collocated with the zooplankton
layers prior to the sampling period and grazing reduced the phytoplankton biomass

prior to our observations. These studies did not include measurements of primary
production, finescale vertical distributions of microzooplankton, or grazing rates. It is
possible that zooplankton were aggregated in areas of high primary production where
grazing rates were also high, thereby removing the phytoplankton standing stock
almost as quickly as it was formed. This has been observed in the subarctic Pacific
where grazing by microzooplankton appears to control the standing stock of
phytoplankton (Miller et al. 1991).
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The specific ecological importance of discrete layers of plankton is not clear. An insitu indicator of grazing (CDOM) demonstrated that grazing rates were not directly

correlated to the magnitude of the zooplankton biomass. Collocated layers of
phytoplankton and zooplankton cannot be presumed to be areas of high grazing rates.
The biomass of pteropods was directly correlated to the magnitude of the CDOM
signature emphasizing the importance of resolving the community composition of
layers to determine the grazing dynamics of a particular layer.

Layers of phytoplankton and zooplankton can have different ecological roles

reflecting varying taxonomic and size compositions, light history regimes, and grazing

rates. Two layers, one shallow and one deep, were observed over four sampling days
(Chapter 6). These layers each had distinct community compositions of
phytoplankton and zooplankton; unique optical properties, indicating different sources

and light histories; and had dissimilar copepod size structure. Because the
phytoplanktori communities were different and likely experienced differing light
histories, it is possible that rates of primary production and nutrient uptake varied in

each layer. Likewise, because the size structure of the copepod community in each
layer differed, grazing rates, fecal pellet production and size may have been different
in each layer. Consequently, the rate of carbon cycling and energy transfer in each
layer may have been different and each layer could have provided a slightly different
enhanced feeding area for planktivores.
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The combination of sampling technologies and the deployment techniques I used
proved to be adequate to resolve the character of vertical plankton distributions and

the physical factors that are associated with these features. Optical and acoustical
instruments were critical for resolving finescale phytoplankton and zooplankton
distributions. The pump sampling system was necessary to ground-truth the
composition and biomass of the fluorescence and scattering features observed.
Coincident measurements from a CTD and an ADV were essential to quantify the
water column structure and horizontal velocity patterns associated with observed

plankton distributions. The deployment method of the free-fall profiling package was
paramount for obtaining coincident, high vertical resolution data from all of our

instruments. Finally, the coarser vertical scale, but longer-term measurements from
the bottom-mounted ADP proved invaluable in determining the longer-term patterns

of horizontal velocity at the sampling site. This sampling approach has now been
successfully established as a means of resolving finescale vertical patterns of plankton
and the associated physical factors and can serve as a protocol for future
investigations.

Acoustic instruments were superior to nets and pumps for resolving finescale vertical

distributions of zooplankton. Stratified net systems often integrated over steep
gradients in backscatter (Chapter 4). While discrete pump samples taken every five
meters appeared to resolve the peaks in zooplankton biomass and confirm the steep
gradients in observed scattering, samples taken with less resolution (e.g. every 10 m)
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would smear steep biomass gradients and reduce the magnitude of biomass observed
(Chapter 5).

Acoustic methods alone, however, were not adequate for resolving the total biomass
and size structure of the zooplankton community (Chapter 4). There are many factors
which affect backscatter measurements from zooplankton, such as the orientation
relative to the acoustic beam (Chapter 3), and these complexities make it difficult at
the present time to determine the exact composition of scattering features with
acoustics alone. Using a combination of acoustics and a discrete sampling system,
such as a pump, appears to be the best current sampling methodology to resolve

finescale vertical distributions of small zooplankton. The addition of an imageforming optic system would serve as an independent source of data on the composition

of scattering layers with the same vertical resolution as the acoustic data. However,

direct samples are still necessary to positively identif' imaged targets.

This research has advanced our understanding of the character of plankton
distributions over the Oregon continental shelf and the physical factors associated with
those distributions. Additionally, it has established successful sampling methods to
investigate these features and specifically determined the strengths and limitation of

acoustical methods in these cases. This new understanding has refined some existing
questions and raised additional ones about how common and persistent these features

may be and what ecological role they may play.
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While these observations demonstrate that layers of plankton with steep gradients may
be common over the Oregon continental shelf in summer and early fall and are
associated with areas of increased water column stability and local peaks in shear, it is
important to conduct additional sampling to determine if these features are observed in

other geographic areas, other seasons, and under different environmental forcing

conditions. This would expand our understanding of the conditions necessary for the
formation of such layers and the mechanisms which maintain them.

It is also imperative to gain a better understanding of the persistence and evolution of

plankton layers. The results of this work indicate that it is possible to track features
over time and to quantify the evolution of their optical characteristics (Chapter 6). An
ultimate goal would be to continuously monitor features from their genesis through
their dissipation, rather than sample them for 4-6 hours each day. Additionally, with a

better understanding of the mechanisms of formation of plankton layers, it may be
possible to predict with greater probability the location and timing of formation of
layers and target sampling programs to monitor the formation of a feature.

To properly assess the ecological role and importance of plankton layers,

measurements of primary production, nutrient uptake, and grazing rates must be

conducted. Determining the distributional patterns of plankton is the first critical step,
but to truly understand the dynamics of the planktonic community, we must

understand the rates at which energy is flowing through the food web and how

resources are being utilized. The microzooplankton play a key role in food web
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dynamics and elemental cycling, and we still do not have instrumentation which
would allow us to resolve their distributions on fine vertical scales, as we can for

phytoplankton and zooplankton. This is a technical challenge and one that must be
pursued if we are to ever have a clear understanding of the dynamics of planktonic
communities.

Layers of phytoplankton with steep gradients present unique and important food

resources for zooplankton which may aggregate on them and in turn present discrete,

enhanced areas of feeding for higher trophic levels. It is clear that plankton must be
sampled on vertical scales of less than 5 meters, and in some cases less than 1 meter,

to accurately measure the magnitude of biomass. It is also imperative that studies
which focus on characterizing finescale vertical plankton distributions with remote
methods (optics and acoustics) also incorporate direct sampling methods. This is
necessary to determine the relationships between the magnitude of the optical or
acoustic measurement and of the biomass, as well as resolving the taxonomic and size

composition of the optical or acoustical feature. Resolving plankton distributions on
fine scales and measuring the rates of processes within these layers will enhance our
understanding of the critical role of the planktonic community in carbon cycling and
food web dynamics.
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Appendix A.

Inverse Acoustic Methods: Evaluation of
Assumptions and Error and Comparison
with Direct Samples

A.1 Assumptions of Inverse Method
The assumptions for this method are of particular importance. If any one of these
assumptions is not met, the validity of the inverse method may be questionable. The
assumptions, identified by Greenlaw and Johnson (1982) are as follows:

The addition of individual echoes is random such that the total intensity of the
scattering at a particular instant is equal to the sum of the intensities of
individual echoes

The scatterers are assumed to be Poisson distributed within the ensonified
volume

There are a large number of scatterers in the ensonified volume

Most echo measurements from an ensonified volume are composed of echoes from a

number of scatterers. The inversion method is based on separating a single
measurement of volume backscatter into individual components of scattering from the
different types of scatterers present. Assumption 1 will be true if assumptions 2 and 3
are met and assumptions 2 and 3 can be tested with independent data.
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A.2 Inversion Method
The inversion method is based on a set of linear equations of the form:

Sv(,11) = N(aj)R(fj,aj) + N(a2)R(fj,a2) +.... + N(a)R(fj,a)
Equation A. 1

Where I is the relative scattered intensity,f is the frequency, N is the number of
scatterers, a is a vector of size classes, and R is a matrix of the backscatter coefficients

(o, backscattering cross section with units of m2)for each size class at that particular
frequency. These bacicscatter coefficients are taken from a mathematical scattering

model and are related to acoustic target strength (IS) as:
TS = 101ogjo(a,)
Equation A.2

For measurements at multiple frequencies, there would be one equation

corresponding to each frequency. To solve for x number of unknowns (N is the
unknown in this case) and total abundance, x+l number of equations are needed.
Therefore, if y is the number of frequencies, we will have y equations and the number

of size classes that can be resolved in addition to total abundance is y-l.
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Volume backscatter is related to intensity as:

Sv = EL - (SL +RS - 4Olog(r)+K)

Equation A.3
EL= 101ogio(<I>)

Equation A.4

Where EL is the Echo level measured at the transducer and is a logarithmic

representation of the mean intensity, I. SL is the source level of the transducer and RS

is the receiver sensitivity. The range from the transducers to the ensonified volume
where the scattering is measured is r and the term 4Olog(r) accounts for the two-way
transmission loss of sound as it travels through the water (Medwin and Clay 1998). K
converts the measured scattering from the specific ensonified volume, which is not 1
m3, to Sv which is measured in dB m3.

A.3 Data Requirements
Several of the fundamental assumptions are explored in the sections below.

1)

There are a sufficient number of scatterers in the ensonified volume

When there are relatively few scatterers in the ensonified volume, the echo statistics
are dominated by the location of the scatterer in the beam (Gre enlaw and Johnson
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1983) and Equation A.l will be invalid. The summation of the scattered intensities of
each individual no longer will be a function of its average acoustic backscatter at that

frequency. When there are a sufficient number of individuals in the ensonified
volume, the summation of the individual backscatter intensities becomes more

important than the location of individuals in the beam and, following the Central Limit
Theorem, the variance is reduced and the mean value of echo intensity approaches the

theoretical mean value. What constitutes a sufficient number of individuals is not
fixed and is dependent upon the scattering strength of the targets (assumed to be

random) and beam pattern effects (Greenlaw and Johnson 1983). Greenlaw and
Johnson (1983) made theoretical calculations for a circular piston transducer and
found that if the number of scatterers in the ensonified volume was 30 or greater, the

variance of echo intensity was 25-50% of the mean intensity.

2) Acoustic measurements must have low variance and be statistically stationary

Even if all of three assumptions outlined in Section A.1 are met, there are still sources
of measurement error that can affect our ability to invert acoustic data. Measurements
must be composed of an adequate number of samples (echoes) to have low variance.
Greenlaw and Johnson (1983) determined that to achieve intensity measurements with

error bounds of± 1dB, 70 samples of the ensonified volume were required. These
samples must be collected rapidly enough that the assumption of stationarity is not

violated. Increasing the ping rate of acoustic instruments and decreasing the speed at
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which they are deployed through the water can help to increase the number of samples
collected for a given volume.

3) The signal to noise ratio of acoustic measurements must be sufficiently high

Measurements must also have a sufficiently high signal-to-noise ratio (SNR). Noise is
defined here as echoes which arise from factors other than the scattering assemblage.

This can include scatter from physical features such as waves and ship noise. Noise
adds incoherently with echoes from scatterers of interest and this can increase the
magnitude of the measured volume backscatter as well as increase the variance of the

echoes (Greenlaw and Johnson 1983). In areas of the water colunm where there is
relatively weak scattering from zooplankton or relatively high noise levels,
measurements of Sv are suspect and may not be useful for inversion methods. The
signal-to-noise ratio (SNR) is a helpful metric to determine when noise levels may be
too high in comparison to the signal and therefore contribute to excessive echo

variance. The SNR can be calculated as (Greenlaw and Johnson 1983):

SNR = 101ogjo(Is/IN)

Equation A.5

where I is the intensity of the signal and 'N is the root mean square intensity of the
noise. Greenlaw and Johnson (1983) recommend that at minimum, SNR should be at
least 10 dB and demonstrate that the echo variance will be 25% if the SNR is at least
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12 dB. Because changes in 'N can result in large changes in SNR, considerable effort
must be invested in obtaining accurate estimates of 'iv.

4) Accuracy of scattering models

The success of inversion methods also depends upon the accuracy of the scattering

models used. Even if measurements of Sv are accurate, if the matrix of acoustic
backscatter coefficients (R) based on these models is not accurate, then we cannot
hope to compute a realistic number of scatterers in each size class. There is

considerable ongoing research (e.g., Stanton et al. 1998; Warren 2001; Warren et al.
2001) to improve scattering models and minimize the difference between measured

and predicted Sv. Measured Sv may not always agree well with predicted Sv
calculated from these models. This may arise from biases of direct sampling methods,
deficiencies in the models, or factors such as orientation which affects the echo

intensity of individual zooplankton. Additionally, because zooplankton assemblages
are often a mix of different types of scatterers, using a matrix of backscatter
coefficients based on one scattering model may not be adequate.

Given all the above considerations, it was necessary to evaluate the assumptions
underlying inversion of acoustic data before proceeding with analysis of multifrequency acoustic profiles and coincident zooplankton collections obtained with a
MOCNESS system.
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A.4 Development of Inversion Method
A. 4.1

Collection and Analysis ofAcoustic and Net Data

I used data from one stratified, oblique net tow conducted on the night of 10 August
2001 in 150 m of water over the continental shelf off Oregon (station CH5N as

described in Chapter 4). Acoustic data was collected from a 6-frequency TAPS
attached to the frame of the MOCNESS system. Zooplankton size and taxonomic
category were obtained for each depth interval by enumeration of the contents of the
MOCNESS nets. Processing of acoustic data is described in Chapter 4. The SNR of

the acoustic data was calculated following equation A.5. Noise was estimated to be
equal to the lowest recorded backscatter value in the acoustic profile following

manufacturer recommendations for the use of the TAPS.

A.4.2 Inversion ofAcoustic Data

Several different matrices of predicted backscatter coefficients used in inverse
calculations were created using Matlab code provided by C.F. Greenlaw. One set of
matrices of predicted scattering was based on the Truncated Fluid Sphere (TFS) model

(Anderson 1950; Johnson 1977a; Pieper and Holliday 1984). Matrices were created
using the TFS model for a range of size classes of Equivalent Spherical Radius (ESR)
(Holliday 1977; Greenlaw 1979; Holliday et al. 1989; Pieper et al. 1990). Another

approach for obtaining predicted scattering is based on the Distorted Wave
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Born Approximation (DWBA) (Chu et al. 1993; Stanton et al. 1993a; Martin
Traykovski et al. 1998; McGehee et al. 1998; Stanton et al. 1998b). Using code
provided by D.V. Holliday for a fixed range of ESR (0.1-2.5mm), a two model matrix
was created by combining one matrix based on the TFS model and one based on the
DWBA model. Each half of this matrix, corresponding to the TFS or DWBA models,

contains predicted target strength for ESR ranging from 0.1-2.5mm The DWBA
matrix was added to the TFS to determine if the inclusion of a matrix based on
backscatter coefficients corresponding organisms of different shapes improved the

performance of the inverse calculations. The parameter ESR is related to the length of
the zooplankton as: (Greenlaw and Johnson 1982)

ESR =
Equation A.6

Where 'y and

are parameters determined for each species that relate the length of an

individual to its equivalent-volume sphere. The equivalent volume spheres are
determined from the regression of displacement volume (DV), or biovolume, of the

zooplankton and its length (Greenlaw and Johnson 1982).

DV= aL
Equation A.7
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The relationship between ESR, DV, and length is different for different species
(Figures A. 1 and A.2, values for a, , y;

taken from Greenlaw and Johnson 1982).

An average relationship between ESR and length for copepods was determined by

taking the mean ofy and

for A cartia tonsa and CalanusJlnmarchicus. While the

maximum prosome length of these species does not extend beyond 1.5 mm and 3.5
mm respectively, the lines have been extended for the full range of ESR. These are
the only species for which these measurements are readily available. The average

relationship between length and ESR is assumed to be reasonable for larger species

such as Eucalanus bungii calfornicus, and has been extended to encompass the full
size range of all the copepod species present.

Tests with five matrices of predicted target strength were conducted (Table A. 1). Each
matrix was based upon a particular scattering model across a range of ESR.
Table A. 1. Scattering model and ESR size range used to create matrices of predicted
backscatter to use for inverse calculations

Matrix Scattering Model ESR rane (mm) Number of size bins
1

2
3

4
5

TFS
TFS
TFS
DWBA
TFS +DWBA

0.05-2.5
0.10-2.5
0.50-2.5
0.10-2.5
0.10-2.5

30
30
30
30
30

Inverse calculations were conducted using measured Sy data from the TAPS for one

TAPS/MOCNESS cast (Station CH5N) and each of these matrices. The inverse
calculations were made using code provided with the TAPS by Holliday and
Greenlaw. Inversions were run with all six frequencies, and with either 3000 kHz or
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Figure A. 1. Relationship between body length and Equivalent Spherical Radius (ESR)
for Acartia tonsa, CalanusfInmarchicus, the average of these two copepods, and

Euphausia pacfIca.
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Figure A.2. Relationship between Equivalent Spherical Radius (ESR), body length,
and biovolume for individual Euphausiapacflca, Calanusfinmarchicus, and Acartia
tonsa.
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265 kHz removed to determine if the fit between the measured and predicted Sv was
improved by limiting the range of frequencies. The residuals for each inversion were

examined to determine the fit between measured and predicted Sv, with the criterion
for acceptance of the inversion based on the minimization of the normalized residual

fit. The inversion calculation returns the number of individuals m3 in each ESR size
class. These size classes were converted from ESR to length using the relationships
for the average copepod and Euphausiapacflca illustrated in Figure A. 1 and given by

equation A.6. The number of individuals in each size class and the profile of predicted
biovolume were compared with data from the MOCNESS to determine how well the
inverse results agreed with direct samples.

A.5 Evaluation of Scattering Models

The predicted individual backscatter coefficients for each ESR size class were
different for the TFS model and the DWBA model at a particular frequency (Figure

A.3). At the lowest frequency, 265 kRz, the magnitude of predicted backscatter is half
that at the other frequencies. As frequency is increased, the ESR size class at which
predicted backscatter begins to increase is smaller. The TFS model predicts an
increase in backscatter at smaller ESR size classes than the DWBA model at higher
frequencies (700-3000 kHz) while the DWBA models predicts a backscatter increase

at smaller size classes than the TFS model at lower frequencies (265 and 420 kHz). At
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Figure A.3. Backscatter coefficients (abs) at 30 discrete ESR size classes between 0.1
and 2.5 mm at six frequencies (265, 420, 700, 1100, 1850, and 3000 kHz) for the
Truncated Fluid Sphere model (TFS, solid line) and the Distorted Wave Born
Approximation (DWBA, dashed line) model.
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3000 kHz, the backscatter predicted by the TFS model differs by less than 1 .5x107 m2
across the 0-1.5 mm ESR range.

A.6

Evaluation of Data Used in Inversion

All of the acoustic data met the requirement of a sufficient number of independent

samples to achieve low variance. Data from the lower 5 frequencies (265, 420, 700,
1100, 1850, 3000 kHz) collected between 10-20 m met the requirement that SNR>10

dB. Total zooplankton abundance in the net samples was dominated by copepods.
The number of copepods and euphausiids in the ensonified volume of the TAPS varied

for each net (Table A.2). There were over 5 copepods in the ensonified volume for
every net except for net 1, but only net 7 had over 30 copepods. There was less than
one euphausiid in the ensonified volume for every net. I have used the Greenlaw and
Johnson (1982) criterion of 30 scatters in the volume (assumed to yield a variance of
echo intensity of 25-50%) for my evaluation. Unfortunately, only the number of
copepods for net 7 is above this threshold.
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Table A.2. Number of copepods and euphausiids in the TAPS ensonified volume for
each MOCNESS net
Net Number of Copepods
Number of Euphausiids
1
4.44
0.16
2
7.74
0.14
3
7.28
0.12
4
5.79
0.10
5
5.64
0.09
6
7
8

15.52
35.20
19.10

0.11
0.08

0.09

A.7 Evaluation of Scattering Models

Inversion calculations using the different matrices listed in Table A. 1 showed that

some models fit the measured Sv better than others (Figure A.4). Based on the
acceptance criterion, a good fit between the predicted Sv from the inversion and the

measured S, is assumed if the normalized residuals are near unity (1) or smaller. The
tests of the matrices also revealed that

The fit of the TFS model or the TFS+DWBA model was improved by

decreasing the lower bound of ESR size classes. Inversions run with matrices
1, 2, and 5 had a better fit to the measured acoustic data than the inversion run

with matrix 3, based on the fit of the normalized residuals.

The DWBA model alone did not perform well, with residuals exceeding the
acceptance criterion.
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3) The fit is better for all the inversions in the area of high backscatter above 20
m. This indicates that the inversion calculations are more robust when the
SNR is higher.
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Figure A.4. Depth profile of the norm of the model residuals (RNORM) from inverse
calculations using five different matrices of predicted scattering and measured Sv from
all six TAPS frequencies (265, 420, 700, 1100, 1850, 3000 kHz).
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Figure A.5. Biovolume calculated from results of the inverse calculation for five
matrices of predicted scatter using measured Sv from all six TAPS frequencies (265,
420, 700, 1100, 1850, and 3000 kHz).
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The vertical pattern of estimated biovolume (mL m3) was similar for the different
inversion calculations though the magnitude was different (Figure A.5). The
following points summarize the analysis of biovolume fits:

Inversion calculations with matrices 1, 2 and 5 produced very similar

magnitudes of biovolume (they differed by less than 5% within the 1 0-20m
depth interval).

Inversions using the TFS model that excludes smaller ESR size classes (matrix

and the DWBA model which includes smaller ESR sizes (matrix 4) also
show similar magnitudes of biovolume which are 50% lower than those for
matrices 1,2, and 5.

Excluding the S data measured at 265 or 3000 kHz from the inversion calculation
had an effect on the fit of the models (Figure A.6) and the magnitude of the calculated

biovolume (Figure A.7). Matrices 2, 3, and 5 were compared in this analysis to
determine how removal of one frequency affected the TFS model with different size
ranges (Matrices 2 and 3) and models with the same size range, but changes in
scattering model (Matrices 2 and 5, addition of DWBA component).

1) Inversions calculated without 3000 kHz had lower residuals than those
calculated with measured data from all frequencies.
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2) Eliminating measured S from 265 kHz did not change the fit of the inversions
calculated with matrices 2 and 5, but dramatically improved the fit of the
inversion calculated with matrix 3.

The magnitude of calculated biovolume was also affected by eliminating

measurements from one frequency (Figure A.7). Because there was no change in
model fit for matrices 2 and 5 when 265 kHz was eliminated, a calculation of
biovolume eliminating this frequency was not performed for these matrices.

Excluding measured data from 3000 kHz slightly lowered the magnitude of
biovolume, particularly in areas of lower measured backscatter, for matrices 2

and 5. The magnitude was unchanged for matrix 3 and the profile of
biovolume for the inversion excluding 3000 kHz plots directly on top of the
inversion which uses all frequencies.

Eliminating measured Sv from 265 kHz increased the magnitude of biovolume
for matrix 3, particularly in the area of high backscatter.

The evaluation of the measured versus predicted Sv, and the estimation of biovolume
suggested that matrices 2 and 5 should be evaluated further for the estimates of sizeabundance distributions from the inversion calculations. I found that the sizeabundance distributions were similar for inversions calculated with the different

matrices, but the magnitude of abundance was different (Figure A. 8). Only inversion
data from 10-25 m was used to create these histograms because the SNR was
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generally over 10 dB and this is the depth range of net 7 of the MOCNESS (Figure
4.4) which is the only net strata that had over 30 copepods in the ensonified volume
(Table A.2).
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Figure A.6. Normal of the residuals (RNORM) from inverse calculations using three
matrices of predicted scattering and measured Sv from all six TAPS frequencies (2653000 kHz), the five lower TAPS frequencies (265-1850 kllz), and the five upper
TAPS frequencies (420-3000 kHz).
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All of the inversions calculate a high abundance of individuals in one of the smallest
ESR size classes.

Inversions using matrices 2 and 5 calculate a similar magnitude of abundance
across the small size categories.

Eliminating measured S, from 3000 kHz in the inversion calculations changed
the size-abundance distribution slightly but did not greatly affect the overall

abundance (Figure A.9). The primary effect of eliminating data from this
frequency was to shift some fraction of the abundance from the dominant ESR
size class to adjacent, larger size classes.

Eliminating 265 kHz increased the total abundance and shifted the distribution
to higher ESR size classes.

A.8 Best Methodology
Based on this investigation of several configurations of scattering models, I chose to
use matrix 5 (TFS+DWBA, size range 0.1-2 5 mm) to conduct inverse calculations for

this data set. The results suggested that only data from 265-1850 kHz should be used,
since data from 3000 kHz had a low SNR. While both matrix 2 and 5 performed
similarly in terms of model fit and agreement between predicted and MOCNES S
derived biovolume, model 5 provided a more realistic size abundance distribution
when the 3000 kHz data were eliminated (the numbers of individual predicted was
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lower). Using a matrix based on backscatter coefficients corresponding to organisms
of different shapes slightly improves the accuracy of the inverse calculations in
comparison to the MOCNESS samples.
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Appendix B.

Comparison of Pump, Niskin Bottle, and
Vertical Net Samples

B.1 Density and Taxonomic Composition of Niskin Bottle and Pump
Samples
Table B.l. Number of cells E' in coincident pump and Niskin bottle samples and the
percent difference in number of cell U1 between the two sampling methods.
Taxa
coscinodiscus
Thalassiosjra
Rhizosolenja delicata
Chaetoceros
Asterionella
Nitzchia
Dytilum
Thalassjonema
Ceratium

Pleurosigma
Eucampia
Lauderja
Bidduiphia
Peridinium
Total

Pump

Niskin

6960
2360
20800
1920
5400
4280
840
510
370

7400
2250
21920
7920

120
250
90

660
80
44640

1130
4276
700
350
230
110

450
450
860
50

48096

Percent Difference
5.95

4.89
5.11
75.76

377.88
0.094
20
45.71
60.87
9.09
44.44
80
23.26
60
7.19
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B.2 Density and Taxonomic Composition of Net and Pump Samples
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Figure B. 1. Density (number m3) of different taxonomic categories in concurrent
vertical net and pump samples taken from 0-70 m. Taxonomic categories are: 1)
Small copepods (less than 1 mm), 2) Large copepods (greater than 1 mm), 3)
Euphausiids (jrimarily furcilia) 4) Decapods, 5) Ostracods, 6) Crustacean larvae, 7)
Pteropods (Limacina), 8) Chaetognaths, 9) Polychaetes, 10) Medusae, 11)
Siphonophore bracts, 12) Larvaceans, 13) Ciprids
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The vertical net and the pump sampled from 70 m to the surface. The vertical net

filtered 17.928 m3 and the pump filtered 5.3 17 m3. The pump sample results in
higher estimates of abundance in all taxonomic categories. In particular, the pump
sample estimates over 2 times the number of small copepods (Category 1) and
larvae eans (Category 12). The larvaceans are primarily small individuals (average
length 2.77 mm) and so both small copepods and larvaceans could be extruded

through the mesh of the net. The net could also possibly be undersampling due to
clogging, a problem that does not exist for the pump.

B.3 Length Distribution Comparisons of Vertical Net and Pump

The vertical net and the pump samples appear to have similar copepod length

distributions. The pump sample has more smaller copepods and the vertical net
sample has a few much larger individuals (between 4 and 5 mm) The Kolmogorov-

Smimov test for goodness of fit was conducted to determine if these distributions were
significantly different.
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Figure B.2. Length distributions of copepods in 11 equally spaced bins (0.5-5 0 mm)
for coincident samples from a vertical net and a pump profile.
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BA

Kolmogorov-Smirnov Goodness of Fit Test for Continuous

Data

Ho: There is no difference between the length frequency distributions of copepods in
the vertical net and the pump samples.
All equations used are taken from Zar (1984).

rel F, = F1/n

Equation B.l
Where F is the observed frequency in each of the categories i and n is the total number

of categories. In this case, there are n=1l because there are 11 length bins.

D = rel F1 rel G1j
Equation B.2
D', = rel F11 - rel G11

Equation B.3

D max [(max D.), (max D',)]
Equation B.4
max D, = 0.0288

max D ' = 0.0378

maxD=0.0378
= 0.39122

The critical value is greater than the test statistic so we accept Ho, the length
distributions are the same.
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